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Mucosal vaccines based on rice (MucoRice) offer a highly practical and cost-effective strategy for vac-
cinating large populations against mucosal infections. However, the limitation of low expression and
yield of vaccine antigens with high molecular weight remains to be overcome. Here, we introduced RNAi
technology to advance the MucoRice system by co-introducing antisense sequences specific for genes
encoding endogenous rice storage proteins to minimize storage protein production and allow more space
for the accumulation of vaccine antigen in rice seed. When we used RNAI suppression of a combination

;(iegr;vords: of major rice endogenous storage proteins, 13 kDa prolamin and glutelin A in a T-DNA vector, we could
Nasal vaccine highly express a vaccine comprising the 45 kDa C-terminal half of the heavy chain of botulinum type
MucoRice A neurotoxin (BoHc), at an average of 100 g per seed (MucoRice-BoHc). The MucoRice-Hc was water

RNAi soluble, and was expressed in the cytoplasm but not in protein body I or Il of rice seeds. Thus, our adapta-
Botulinum neutrotoxin tion of the RNAI system improved the yield of a vaccine antigen with a high molecular weight. When the
mucosal immunogenicity of the purified MucoRice-BoHc was examined, the vaccine induced protective
immunity against a challenge with botulinum type A neurotoxin in mice. These findings demonstrate the
efficiency and utility of the advanced MucoRice system as an innovative vaccine production system for

generating highly immunogenic mucosal vaccines of high-molecular-weight antigens.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Although several plants have been shown to be useful for
vaccine production [1], there is accumulating evidence that the
seed crop rice is one of the most suitable systems for vac-
cine production, storage, and delivery [2]. We have previously
developed rice expressing the B subunit of cholera toxin (CTB)
vaccine, MucoRice-CTB, which possesses mucosal immunogenic-
ity and prevents diarrhea in the event of V. cholerae and heat-labile
enterotoxin-producing enterotoxigenic Escherichia coli challenges

Abbreviations: Ab, antibody; BoHc, a nontoxic subunit fragment of Clostridium
botulinum type-A neurotoxin; BoNT/A, C. botulinum neurotoxin type-A; CT, cholera
toxin; CTB, cholera toxin B-subunit; ELISA, Enzyme-linked immunosorbent assay;
ER, endoplasmic reticulum; LPS, lipopolysaccharide; mCTA/LTB, A subunitof mutant
cholera toxin E112K with the pentameric B subunit of heat-labile enterotoxin from
enterotoxigenic Escherichia coli; PB, protein body; PBS, phosphate-buffered saline;
RNAI, RNA interference; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; SIgA,
secretory IgA; T-DNA, transfer DNA.

* Corresponding author. Tel.: +81 3 5449 5274; fax: +81 3 5449 5411.

E-mail address: yukiy@ims.u-tokyo.ac.jp (Y. Yuki).

0264-410X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http:f/dx.doi.org/10.1016/j.vaccine.2012.04.064

{3-6]. This rice-based vaccine has proven to be stable at room tem-
perature for three years and thus could be used as a cold-chain-free
vaccine [3,6].

In this study, we co-introduced antisense sequences specific
for genes encoding endogenous rice storage proteins to block
expression of these proteins and allow space for the increased
accumulation of vaccine antigen in rice seed [7]. A previous
report showed the feasibility of increasing the accumulation of an
endogenous seed storage protein, cruciferin, by using an antisense
sequence to reduce the production of another authentic seed pro-
tein (napin) in Brassica napus seeds [8]. In general, there are two
types of protein storage organelles, called protein bodies (PB-I and
-II), in rice seeds. Alcohol-soluble prolamins are expressed in PB-I
(10,13 16 kDa) and alkali-soluble glutelins (A and B) are expressed
in PB-II [9-11]. To examine whether suppression of the production
of prolamins or glutelins can effectively increase the expression of
atransgene-encoded vaccine antigen, we investigated the effects of
RNAI suppression of 13 kDa prolamin and/or glutelin A in a T-DNA
vector on expression of a candidate vaccine.

Toincrease the versatility of the MucoRice system, it is necessary
to develop high-yield vaccines for antigens with high molecular

42



Y. Yuki et al. / Vaccine 30 (2012) 4160-4166 4161

weight. In the original study, we successfully expressed a low-
molecular-weight CTB antigen (monomer, 11kDa) at 30 pg per
seed [3]. Here, we chose a nontoxic 45kDa fragment of the C-
terminal half of the heavy chain of botulinum neurotoxin type A
(BoHc) to use as an example of a high-molecular-weight vaccine
antigen to evaluate the advanced MucoRice expression system.
Although the botulinum neurotoxin is known as oral poisons and is
absorbed from the gut to reach peripheral nerve terminals via the
blood circulation, the toxin also acts as an inhalant poison, which
is absorbed from the airway [12]. The Hc fragment of type A (BoHc)
has been successfully used as a nasal vaccine against botulism in
mice and nonhuman primates [13].

Here, we could successfully express high yields of high
molecular-weight BoHc in a soluble form with the use of an
optimized RNAI vector. Because the rice-based BoHc vaccine (or
MucoRice-BoHc) was water-soluble and could be purified easily
by standard gel filtration, our results demonstrate that advanced
MucoRice system can be used for the preparation of purified
antigen for nasal immunization and the induction of protective
immunity against a neurological toxin.

2. Materials and methods

2.1. DNA construction, transformation of rice plants, and
purification of rice-based BoHc

The sequences encoding BoHc were synthesized with optimized
codon usage for rice [3] and inserted into a binary T-DNA vector
(pZH2B/355Nos) [14] with an overexpressing cassette of BoHc and
a combination cassette for RNAi suppression of either 13 kDa pro-
lamin or glutelin A or both storage proteins (Fig. 1A) as described
previously [7]. ARNAi casette containing no RNAi trigger sequences
for rice endogenous storage proteins was called pZH2BiK. RNAi cas-
settes containing RNAI trigger sequences for the suppression of the
genes encoding 13 kDa prolamin and glutelin A were constructed
and called pZH2Bik45 and pZH2BikG1B, respectively. The RNAi trig-
ger sequence for the gene encoding 13 kDa prolamin was a 45bp
fragment of rice 13 kDa prolamin gene comprising coding sequence
1-45. The RNAI trigger sequence for glutelin gene was a 129bp
fragment of the rice glutelin A gene comprising coding sequence
142-270. The Acs I-Mul I fragment of the BoHc expression cas-
sette was subcloned into pZH2BiK, pZH2Bik45, pZH2BikG1B, and
pZH2Bik45-G1B. The expression vectors were used to transform
a japonica variety of rice, Nipponbare, by using an Agrobacterium-
mediated method described previously [3] and the recombinant
BoHc produced was termed MucoRice-BoHc. The rice expressing
BoHc together with a combination cassette for RNAi suppression of
both 13 kDa prolamin and glutelin A was polished and extracted by
using PBS and then purified by using gel filtration on a Sephadex
G-100 column.

2.2. Preparation of recombinant proteins

Arecombinant BoHcwas constructed and produced by use of the
E. coli expression system as previously described [13]. A nontoxic
form of chimeric mucosal adjuvant that combines the A subunit
of mutant cholera toxin E112K with the pentameric B subunit of
heat-labile enterotoxin from enterotoxigenic E. coli (mCTA/LTB)
was constructed and produced by use of the Brevibacillus choshi-
nensis expression system as previously described [15]. The level of
LPS contamination in the purified BoHc and mCTA/LTB (<10 endo-
toxin units/mg protein) were measured by using a Limulus Test
(Wako).
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2.3. Protein analyses

Total seed protein was extracted from transgenic rice plant
seeds as described previously {3]. Briefly, seeds of rice plants were
ground to a fine powder by using a Multibeads shocker (Yasui Kikai,
Osaka, Japan) and extracted in the sample buffer (2% [w/v] SDS, 5%
[w/v] B-mercaptoethanol, 50 mM Tris-HCl [pH 6.8], and 20% [w/v]
glycerol) and the proteins were separated by SDS-PAGE followed by
Western blot analysis with rabbit anti-BoHc antibody (Ab), which
was established in our laboratory using E. coli-derived recombi-
nant BoHc. The level of BoHc accumulated in the rice seeds was
determined by densitometry analysis of a Western blot against a
standard curve generated with the use of purified E. coli-derived
BoHc, as previously described [3].

2.4. Immunohistochemical and immune electronmicroscopic
analyses

To microscopically evaluate the localization of BoHc in the
MucoRice-BoHc seed, a frozen section of the rice seed was reacted
with polyclonal rabbit anti-BoHc Ab and visualized with the use of
3,3’-diaminobenzidine. We confirmed that normal rabbit IgG as a
control showed no immune-reactivity in MucoRice-BoHc seed. The
distribution of BoHc expressed in rice seeds was analyzed by using
immunoelectron microscopy with polyclonal rabbit anti-BoHc Ab
as described previously [16].

2.5. Immunization, sample preparation and ELISA for detection of
BoHc-Ab

To examine the mucosal immunogenicity of MucoRice-BoHc,
the purified material of MucoRice-BoHc (100 p.g) alone, E. coli-
derived rBoHc (100 ug) alone, MucoRice-BoHc (25 pg) with or
without CT (1 g, List Biological Laboratories, Campbell, CA) or
MucoRice-BoHc (25 g) with mCTA/LTB (10 .g) dissolved in 20 pl
of PBS, or PBS vehicle alone was intranasally immunized in
mice (10 pl/nostril, N=10) on 3 occasions at 1wk intervals. The
serum and nasal wash were collected prior to immunization, and
1wk after each immunization. BoHc-specific Ab responses were
determined by using BoHc-specific enzyme-linked immunosorbent
assay (ELISA) as described previously [17]. Endpoint titers were
expressed as the reciprocal log2 of the last dilution that gave an
0D450 of 0.1 greater than that of the negative control.

2.6. Preparation of botulinum neurotoxin A (BoNT/A)

BoNT/A from C botulinum type-A 62 was purified from the
culture supernatant as previously described [18]. The toxic-
ity of purified BoNT/A (1.1 x 108 mouse i.p. LDsg/mg protein) was
assayed by time to death after intravenous injection into mice [19].

2.7. Neutralizing assay

To analyze the protective activity of antigen-specific mucosal Ab
immune responses induced by the use of purified MucoRice-BoHc
asanasalvaccine against toxin-induced neurological death, we per-
formed a toxin challenge study, as described previously with some
modification [17]. Briefly, the immunized mice were intraperi-
toneally challenged with 100ng (1.1 x 10%i.p.LDsp) or 500 ng of
BONT/A (5.5 x 10%i.p.LDsp) diluted in 100 ul of 0.2% gelatin/PBS,
and their survival was observed for 7 days.
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2.8. Data analysis

Differences between groups were assessed by Tukey's t-test for
ELISA data and the log-rank (Mantel-Cox) test for survival analyses.
Pvalues<0.05 were considered to indicate statistical significance.

3. Results

3.1. Establishment of rice-expressed botulinum type A neurotoxin
vaccine

To increase the levels of high-molecular weight vaccine anti-
gens, such as BoHc, that can be accumulated in rice grains, we
constructed T-DNA vectors containing expression cassettes with
four combinations of RNAI triggers specific for different storage
protein genes together with a vaccine gene cassette (Fig. 1). Sev-
eral independent transgenic rice lines were generated for each of
the four types of MucoRice and the BoHc accumulation levels in
seeds were determined by densitometry analysis of Western blots.
For each of the four types of MucoRice, the plant line with the high-
est levels of BoHc antigen accumnulated in the seed was selected and
advanced to the T3 generation by self-crossing to obtain homozy-
gous lines.

SDS-PAGE showed that the content of 13 kDa prolamin and/or
glutelin in MucoRice BoHc lines were approximately half that of the
WT (Fig. 2B). Examination of the expression levels of BoHc by den-
sitometry analysis revealed that the expression level of BoHcinrice

Y. Yuki et al. / Vaccine 30 (2012) 4160-4166

seeds suppressing both 13 kDa prolamin and glutelin A reached an
average of 100 jLg per seed, whereas rice seeds carrying the vector
with no RNAI trigger obtained an average of 10 ug BoHc per seed.
Seeds carrying vectors that suppressed 13 kDa prolamin alone or
glutelin A alone obtained an average of 10 pg or 30 pg BoHc per
seed, respectively. All further experiments were performed with
MucoRice-BoHc derived from rice suppressing both 13 kDa pro-
lamin and glutelin A.

When MucoRice-BoHcwas extracted by PBS, densitometry anal-
ysis showed that an average 85% of all the MucoRice-BoHc was
recovered in PBS (Fig. 2C). Because the MucoRice-BoHc was sol-
uble in PBS, we were able to purify the protein from polished rice
without the aleurone layer by using gel filtration (Fig. 2C). The yield
of purified BoHc from the total amount of harvested rice seeds
was approximately 68% (an average of 68 g per seed). The level
of LPS contamination in purified MucoRice-BoHc was less than 10
endotoxin units/mg protein, which was equivalent to that in highly
purified rBoHc from the E. coli expression system.

3.2. MucoRice-BoHc accumulated in the cytoplasm between
protein bodies in rice seeds

Because expression of BoHc was under the control of the
13kDa prolamin-specific promoter as a rice-seed-specific pro-
moter (Fig. 1), we examined the location of BoHc expression
in MucoRice-BoHc seeds. The results of immunohistochemistry
showed that BoHc accumulated in the endosperm cells under

Tandem T-DNA vector for BoHc Expression in Rice (MucoRice-BoHc)

4 . ~
LB pZH2B/35SNos  Asc! Miul P! [mp
k—---——Cansss-P mHPT| Nos-T[= Vaccine Cassette = RNAI Cassette —/

Ascl  Xbal —Sacl Ml
sevss413P-P -10P-S BoHe 13P-T  Kooe ‘1 mUbi-P H RAP intron H Nos-T T’l
45-129bp ‘l’ 45-129bp
RNAI Cassette antisense sense
1. No RNAi (pZH2BiK)
mUbi-P RAP intron Nos-T
2. 13kDa Prolamin-specific RNAi (pZH2Bik45)
. - . - Sense/Antisense :
mUbi-P RAP intron Nos-T Part of 13kDa Prolamin signal sequence(45bp)
3. Glutelin A-specific RNAi (pZH2BikG1B)
. - . N Sense/Antisense :
mUbi-P RAP intron Nos-T Part of Glutelin A cDNA (129bp)
4. 13kDa Prolamin- and Glutelin A-specific RNAi (pZH2Bik45G1B)
Sense/Antisense :
mUbi-P =P == RAP intron |[G==g= Nos-T Part of 13KDa Prolamin signal sequence (45bp)

Part of Glutelin A cDNA (129bp)

Fig. 1. T-DNA plasmids for RNAi suppression of storage proteins and overexpression of BoHc in rice seed. We constructed a tandem T-DNA plasmid containing a BoHc
overexpression cassette with BoHc vaccine antigen sequences controlled by the promoter of rice 13 kDa prolamin, and a combination cassette of RNAi triggers for suppression
of major rice endogeneous storage proteins, 13 kDa prolamin and/or glutelin controlled by the ubiquitin promoter. CaMV35S-P, cauliflower mosaic virus 35S promoter;
mHPT, mutant hygromycin phosphotransferase; 13P-P, 13 kDa prolamin promoter; 10P-S, signal sequence of 10 kDa prolamin; 13P-T, 13 kDa prolamin terminator; Nos-T,
nos terminator; RAP intron, rice aspartic protease intron; Ubi-P, ubiquitin promoter; LB, T-DNA left border; RB, T-DNA right border.
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Fig. 2. Expression and purified MucoRice-BoHc. (A) Conceptual scheme of BoHc antigen expressed in MucoRice or E. coli. (B) SDS-PAGE analysis comparing protein expression
among MucoRice-BoHc lines containing various T DNA plasmids: #1, no RNAi suppression; #2, RNAi suppression of 13 kDa prolamin; #3, RNAi suppression of glutelin A;
#4, RNAI suppression of 13 kDa prolamin and glutelin A. WT indicates wild-type rice, and E. coli BoHc indicates recombinant BoHc from E. coli system. The results showed
predominant expression of MucoRice-BoHc with a molecular weight of approximately 48 kDa (red arrowhead, E. coli derived BoHc with 45 kDa). Endogenous rice proteins
(blue arrows, glutelin A and 13 kDa prolamin) were reduced in MucoRice-BoHc with RNAI suppression of glutelin and/or 13 kDa prolamin compared with levels in non-
transformed WT rice. Western blotting revealed that a transgenic protein of 48 kDa specifically reacted with anti-BoHc Ab. (C) The samples were analyzed by SDS-PAGE and
Western blot with rabbit anti-BoHc. 1, extract from MucoRice-BoHc transgenic #4 seed (with RNAI suppression of both 13 kDa prolamin and glutelin A) powder produced by
using PBS; 2, extract from the MuocRice-BoHc #4 seed powder produced by re-extracting the PBS extract with SDS-sample buffer [2% (w/v) SDS, 5% (w/v) B-mercaptoethanol,
50 mM Tris-HCl (pH 6.8)]; 3, purified MucoRice-BoHc, which was isolated from PBS-extract of the MucoRice-BoHc #4 seed powder by using a gel filtration on Sephadex

G-100 column. rBoHc indicates BoHc purified from E. coli.

the aleurone layer in MucoRice-BoHc seeds, whereas immune-
reactivity was absent in wild-type rice seeds (Fig. 3A).

Furthermore, immune-electron-microscopy analysis of
MucoRice-BoHc seeds showed that the vaccine antigens were
unexpectedly expressed in cytoplasm at the interspace between
PB-1 and PB-II (Fig. 3B). It is interesting to note that destruction of
PB-II was found in MucoRice-BoHc seeds but not WT rice. Because
expression level of rice storage proteins including 13 kDa prolamin
and glutelin A in MucoRice-BoHc seeds were suppressed (Fig. 2B),
the RNAI knockdown on MucoRice system most likely accounts for
the abnormal storage organelle formation.

3.3. Nasal MucoRice-BoHc induces not only systemic but also
mucosal antigen-specific Ab immune responses

To examine whether purified MucoRice-BoHc antigen main-
tained sufficient immunogenicity to induce a protective Ab
response, mice were nasally immunized with PBS (vehicle control)
or 100 g of purified MucoRice-BoHc or rBoHc from an E. coli-BoHc
expression system. Antigen-specific Ab responses were assessed
by using E. coli-derived BoHc as a coating antigen for ELISAs. After
nasal immunization, the levels of BoHc-specific IgG Ab titers were
not significantly different between mice nasally immunized with
MucoRice-BoHc and those nasally immunized with E. coli-derived
rBoHc (Fig. 4A). However, a detectable level of rBoHc-specific secre-
tory IgA (SIgA) Ab titers was found in the nasal washes of mice that
were nasally immunized with MucoRice-BoHc (Fig. 4A).

To confirm whether the immunogenicity of MucoRice-BoHc
was sufficient for the induction of antigen-specific mucosal
immunity, mice were nasally immunized with 25 pg of purified
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MucoRice-BoHc with or without CT or nontoxic chimera mCTA/LTB
as mucosal adjuvants. Both nasal MucoRice-BoHc with CT and
nasal MucoRice-BoHc with mCTA/LTB induced brisk rBoHc-specific
serum IgG and nasal IgA Ab immune responses (Fig. 4B).

3.4. Nasal MucoRice-BoHc induces protective immunity against
botulinum neurotoxin

Next, a challenge test with BoNT/A was performed on all
BoHc-vaccinated mice and control mice to examine the quality of
BoHc-specific Abinduced. Mice that were vaccinated with 100 g of
purified MucoRice-BoHc or E. coli-derived rBoHc without the pres-
ence of mucosal adjuvant, but not the control mice, were partially
protected against the high lethal dose (100ng, 1.1 x 104 1.p.LDsp)
of intraperitoneally injected BoNT/A (Fig. 5A). The mice that were
nasally immunized with 25 p.g of purified MucoRice-BoHc with CT
or mCTA/LTB were completely protected against the extraordinar-
ily high lethal dose (500 ng, 5.5 x 10%1i.p. LDsq) of intraperitoneally
injected BoNT/A, since the mice nasally immunized with 25 pg
of MucoRice-BoHc or PBS only failed to protect against the same
amount of toxin (Fig. 5B). In the group of mice that were nasally
immunized with 25 p.g of MucoRice-BoHc with CT or mCTA/LTB,
there were no clinical signs of toxin-associated disease over a 1 wk
observation period following the BoNT/A challenge test.

4. Discussion

One of our major goals was the adoption of RNAIi technology
to advance the MucoRice system by co-introduction of antisense
sequences specific for endogenous rice storage proteins. We used
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Fig. 3. Immunohistochemical and immune electronmicroscopic analyses of MucoRice-BoHc seed. (A) Immunohistochemical analysis showed that BoHc had accumulated
in the whole MucoRice-BoHc seed, whereas it was not detected in a WT-rice seed. (B) Immune electronmicroscopy of MucoRice-BoHc showed that BoHc in the endosperm
cells of MucoRice-BoHc was observed as black spots (white arrows). BoHc was predominantly localized in cytoplasm as the interspace between PB-I and PB-1I. Destruction
of PB-H structure was found in MucoRice-BoHc seed (black arrows) when compared with WT rice seed.

a high-molecular-weight protein vaccine antigen - the 45kDa C-
terminal half (BoHc) of botulinum neurotoxin [13,17] - to showcase
the practicality of using this system to improve the capacity for vac-
cine antigen accumulation in rice seed. To optimize the choice of
endogenous storage protein to suppress, we performed RNAi sup-
pression of rice 13 kDa prolamin, glutelin A, or both by altering the
sequences included in RNAi cassette in the T-DNA vector and then
assessed the level of expression of the antigen MucoRice-BoHc.
SDS-PAGE and western blot analysis revealed that suppressing both
13 kDa prolamin and glutelin A greatly improved the production of
high-molecular-weight vaccine antigen, BoHc (100 p.g/seed) when
compared the T-DNA vector without RNAI (10 pg/seed) (Fig. 2B).
Thus, introduction of the RNAi technology into the MucoRice
vaccine antigen expression system allowed a high-molecular-
weight vaccine antigen to be expressed in MucoRice with high
yields.

Another unique feature of the BoHc antigen produced by using
the advanced MucoRice system was its water-solubility. Because
proteins in PBs are not soluble in water [10,11], the unique and
advanced property of MucoRice-BoHc comes from its expression in
cytoplasm between PB-I and PB-11 of endosperm cells in rice seed
(Fig. 3B). Because we use prolamin promoter and signal for target-
ing BoHc to PB-I or PB-1l in rice endosperm cells, we cannot explain
logically why the vaccine antigen accumulated in cytoplasm and
not in PBs. However, BoHc antigen location and level of accumula-
tion might be attributed to abnormal storage organelle formation
including destruction of PB-II structure caused by the knock-down

of glutelin A in the advanced MucoRice system (Fig. 3B). The
MucoRice-BoHc from rice powder of polished rice could be eas-
ily dissolved in and extracted from PBS and could be purified
by a single-step gel filtration without endotoxin contamination.
Thus, the high expression level and PBS-solubility of MucoRice-
BoHc confer an economic advantage over vaccine products that are
expressed in bacteria or other plant systems.

SDS-PAGE analysis indicated that the molecular weight of
MucoRice-BoHc (48 kDa) was slightly higher than that of rBoHc
from E. coli (45kDa) (Fig. 2B and C). Because there are nine
glycosylation-sequon (N-X-T/S) positions in the sequence of BoHc
[20], we considered that several sugar chains attach to MucoRice-
BoHc at these positions but not to rBoHc from E. coli. SDS-PAGE,
and Western blot analysis detected a least 3-4 bands correspond-
ing to MucoRice-BoHc, whereas E. coli-derived rBoHc was detected
as a single band only (Fig. 2B and C). These results suggest that
MucoRice-BoHc is a mixture of fully and partially glycosylated pro-
tein.

We next examined whether MucoRice-BoHc was highly
immunogenic when compared with E. coli-derived rBoHc after
nasal administration in mice. When mice were nasally immu-
nized with 100 g of purified MucoRice-BoHc or E. coli-derived
rBoHc, there are no statistical differences in BoHc-specific IgG
immune responses and protective immunity against high lethal
dose of a neurotoxin challenge test between mice immunized with
MucoRice-BoHc and E. coli-derived rBoHc. Taken together, these
results demonstrate that the quality of the toxin neutralization
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Fig.4. Immunogenicity of purified MucoRice-BoHc produced by using advanced MucoRice system. (A) Mice were nasally immunized with 100 g of purified MucoRice-BoHc
alone on 3 occasions at 1-week intervals and compared with mice that were nasally immunized with same dose of recombinant BoHc prepared by means of a standard E. coli
system (E. coli-BoHc). (B) In a separate study, mice were immunized with nasal vaccine containing 25 pg purified MucoRice-BoHc with or without mucosal adjuvant cholera
toxin (1 ug) or nontoxic chimera adjuvant (mCTA/LTB, 10 p.g) on 3 occasions at 1-week intervals. Data are expressed as means - standard deviation (N=10). The experiments

were conducted three times. *P<0.05; **P<0.01.

Ab activity induced by MucoRice-BoHc was comparable to that
induced by E. coli-derived rBoHc and that the immunogenicity of
the MucoRice-BoHc and E. coli-derived rBoHc mucosal vaccines was
equivalent.

To examine whether MucoRice-BoHc could induce high levels
of mucosal immune response when nasally administered together
with mucosal adjuvant, mice were immunized with nasal vaccine
composed of 25 p.g of MucoRice-BoHc and mucosal adjuvant CT or
mCTA/LTB. As one might expect, antigen-specific serum IgG and
nasal IgA Ab responses were rapidly induced in mice immunized
with nasal MucoRice-BoHc plus adjuvant. Further, there was no dif-
ference between the antigen-specific immune responses induced
by nasal MucoRice-BoHc administered with CT or mCTA/LTB.
Native CT is a potent enterotoxin and induces high total and
vaccine-specific immunoglobulin E responses; however, use of the
mCTA/LTB chimera adjuvant did not have the same effectin our pre-
vious study [15]. To confirm the quality of BoHc-specific antibodies
induced by MucoRice-BoHc plus CT or mCTA/LTB, we performed a
challenge test on vaccinated mice by using an extraordinarily high
lethal dose (5.5 x 10 mouse i.p. LDsg) of intraperitoneally injected
BoNT/A. Regardless of the adjuvant used, the immunized mice
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survived after the challenge, indicating that they had gained full
protection from the neurotoxin. In contrast, the non-immunized
mice died within 12 h. These results suggest that MucoRice-BoHc
with nontoxic chimera adjuvant CTA/LTB has the potential to be
used as a promising nasal vaccine against botulism.
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The levels and properties of neutralizing anti-
bodies in nasal wash and serum collected from
five healthy adults were examined after intrana-
sal administration of an A/Uruguay/716/2007
(H3N2) split vaccine (45 pwg hemagglutinin (HA)
per dose; five doses, with an interval of 3 weeks
between each dose). Prior to the assays, nasal
wash samples were concentrated so that the
total amount of antibodies was equivalent to
about 1/10 of that found in the natural nasal
mucus. Vaccination induced virus-specific neu-
tralizing antibody responses, which increased
with the number of vaccine doses given. Neu-
tralizing antibodies were produced more effi-
ciently in the nasal passages than in the serum:
A >4-fold increase in nasal neutralization titres
was observed after the second vaccination in
four out of five subjects, whereas a rise in se-
rum neutralization titres was observed only
after the fifth vaccination. Nasal and serum
neutralizing antibodies were mainly found in
the polymeric IgA and monomeric IgG
fractions, respectively, after gel filtration. Taken
together, these results suggest that intranasal
administration of an inactivated split vaccine
induces high levels of nasal neutralizing
antibodies (primarily polymeric IgA) and low
levels of serum neutralizing antibodies (primarily
monomeric 1gG). J. Med. Virol. 84:336-344,

2012. © 2011 Wiley Periodicals, Inc.
KEY WORDS: influenza; vaccine; neutralizing
antibody
INTRODUCTION

To prevent influenza, protective immunity must be
induced in advance by administration of a vaccine.

© 2011 WILEY PERIODICALS, INC.
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Currently available inactivated vaccines, detergent
disrupted split-viruses, or purified glycoproteins
(surface antigen vaccines) are given via parenteral
injection [Murphy and Webster, 1996]. Parenteral
vaccination, that is, vaccination via the non-mucosal
route, induces serum IgG antibodies, which are highly
protective against homologous virus infection, but less
effective against heterologous virus infection. Thus,
intramuscular vaccination of seasonal influenza
vaccine would be less effective in protecting against a
heterologous virus epidemic.

A large number of studies show that the protective
immunity induced by influenza virus infection is
mainly mediated by secretory IgA (S-IgA) and IgG
antibodies within the respiratory tract. S-IgA is
carried to the mucus by transepithelial transport,
while serum IgG is transported from the serum to the
mucus by diffusion [Murphy and Clements, 1989;
Brandtzag et al., 1994; Murphy, 1994; Asahi et al.,
2002; Asahi-Ozaki et al., 2004]. S-IgA in the upper
respiratory tract prevents viral infection, while IgG
supports S-IgA-mediated protection by neutralizing
newly-generated viruses [Ito et al., 2003; Renegar
et al., 2004]. IgG is the main antibody involved in
anti-viral protection in the lungs [Ramphal et al.,
1979; Palladino et al., 1995; Renegar et al., 1998; Ito
et al., 2003]. Also, polymeric S-IgA neutralizes viruses
more effectively than monomeric IgA or IgG [Taylor
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and Dimmock, 1985; Renegar et al., 1998]. The poly-
meric nature of S-IgA also explains why S-IgA cross-
reacts with variant influenza viruses to a greater ex-
tent than serum IgG [Tamura et al., 1990, 1991, 1992,
Asahi-Ozaki et al., 2004]. Thus, intranasal adminis-
tration of an inactivated influenza vaccine is advocat-
ed to elicit S-IgA and IgG responses and improve the
protective efficacy of current vaccination procedures
[Tamura and Kurata, 2004; Tamura et al., 2005,
2010].

Several clinical trials have examined the induction
of both S-IgA and IgG following intranasal adminis-
tration of inactivated influenza vaccines, either
with or without adjuvant [Kuno-Sakai et al., 1994;
Hashigucci et al., 1996; Muszkat et al., 2000; Green-
baum et al., 2002; Durrer et al., 2003; Treanor et al.,
2006; Atmar et al., 2007]. The antibody responses af-
ter intranasal administration of inactivated influenza
vaccines were assessed by measuring hemagglutina-
tion inhibition (HI) titres in the serum, and anti-hem-
agglutinin (HA) IgA and IgG titres in nasal wash
samples. They did not measure the titre of neutraliz-
ing antibodies, which is considered to be a better
criterion for functional protective antibodies. Neutral-
ization titres can directly inhibit the complex process
involved in virus replication, which include virus at-
tachment and entry to the host cells, and release of
newly-synthesized virus from the infected cells in tissue
culture. In addition, a previous study found that HI
titres were lower, or higher, than the corresponding
neutralization titres, depending on a strain of influenza
A or B virus used for the assay [Okuno et al., 1990],
whereas other studies show that anti-H5 HI antibodies
fail to detect H5N1 viruses [Lu et al., 1982; Rowe et al.,
1999]. Thus, neutralizing antibody responses following
intranasal administration of an inactivated influenza
vaccine remain to be fully characterized.

Therefore, the aim of the present study was to ex-
amine the levels and properties of neutralizing-anti-
bodies in nasal wash and serum samples from healthy
adults after intranasal administration of an inacti-
vated vaccine (five doses, with an interval of 3 weeks
between each dose). The inactivated vaccine used in
this study was a concentrated split-virus vaccine
(containing 45 pg HA per dose), prepared from the
A/Uruguay/716/2007 (H3N2) strain. A concentrated
split-virus vaccine was chosen because the vaccine
has already been shown to induce mucosal antibody
responses after intranasal vaccination [Kuno-Sakai et
al., 1994]. To ensure that neutralization titres specific
for the A/Uruguay/716/2007 virus were assayed
at equivalent levels in both serum and nasal wash
samples, the neutralization titres were measured
using concentrated nasal wash samples (1 mg/ml total
protein) that contained approximately 1/10 of the IgA
found in undiluted mucus [Kurono and Mogi, 1987].
The properties of the neutralizing IgA and IgG anti-
bodies induced by intranasal vaccination were then
examined, and their relative levels and molecular size
were determined.
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MATERIALS AND METHODS
Subjects

Five healthy male subjects (P1, P2, P3, P4, and P5)
were enrolled in the study (aged 22, 32, 42, 42, and 68
years, respectively, at the time of the first vaccina-
tion). All participants had already acquired some de-
gree of immunity to HIN1 and H3N2 influenza A
virus subtypes after previous exposure to these virus-
es and/or as a result of previous vaccinations. Each
subject provided informed consent and the study pro-
tocol and other relevant documentation were reviewed
and approved by the Ethics Committee of the National
Institute of Infectious Diseases (Tokyo, Japan).

Virus and Vaccine

The A/Uruguay/716/2007 (A/Uruguay; H3N2) influ-
enza virus strain was propagated in the allantoic cavi-
ty of 10-day-old embryonated hen’s eggs and purified
from the allantoic fluid. The TCIDsq (50% infectious
dose in tissue culture) of the virus was estimated as
described previously [Tobita et al., 1975; Kadowaki
et al., 2000]. In brief, 10-fold serial dilutions of the
allantoic fluid containing the virus were inoculated
into Madin-Darby canine kidney (MDCK) cells (ATCC
No. CCL-34) cells in 96-well culture plates and incu-
bated for 4 days at 37°C in a 5% COg humidified
atmosphere. The cytopathic effects in the virus-
containing wells were monitored under a microscope
and the TCIDs, was calculated using the Reed—
Muench method. The split product virus vaccine was
supplied by the Research Foundation for Microbial
Disease of Osaka University (BIKEN, Kanonji,
Japan). The vaccine was prepared from purified virus-
es, which were sedimented through a linear sucrose
gradient according to the manufacturer’s protocol.
The viruses were then treated with ether and forma-
lin according to the manufacturer’s protocol, which
was based on the method of Davenport et al. [1964].
The concentrated split vaccine containing 45 pg HA
was the product of a process used to prepare a triva-
lent vaccine comprising A/HIN1, A/H3N2, and B type
vaccines, each containing 15 pg HA.

Vaccinations

All participants were immunized intranasally with
a threefold concentrated split H3N2 virus vaccine
(A/Uruguay, containing 45 ug HA). Each received five
doses, with an interval of 3 weeks between each dose.
Intranasal vaccination was performed by spraying
0.25 ml of the split vaccine into each nostril (0.5 ml
total) using an atomizer (Keytron, Ichikawa, Japan).
The mean droplet diameter was 56.5 pm, ranging in
size between 10 pm and 90 pm.

Nasal Wash and Serum Samples

About 100 ml of nasal wash was collected from each
participant in polypropylene tubes by washing the
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nasal cavity several times using a nose irrigation de-
vice (Hananoa; Kobayashi Pharmaceutical, Osaka,
Japan) filled with saline solution according to the
manufacturer’s instructions. Pieces of dental cotton
(Dental Cotton Roll; B.S.A. Sakurai, Nagoya, Japan)
were then immersed in the collected nasal washes.
Dental cotton pieces (containing a combined absorbed
volume of about 25 ml of nasal wash) were then
placed into a filter insert (Oxi Fil filter insert; TOHO,
Tokyo, Japan) with bottoms drilled to create several
pores, and placed in 50 ml polypropylene centrifuge
tubes. Clean nasal wash was separated from mucopo-
lysaccharides and other debris by centrifugation at
2,200g for 5 min at room temperature. This procedure
was repeated for the entire 100 ml nasal wash sample
from each participant. The pooled, clean nasal wash
was then concentrated to a final volume of approxi-
mately 0.5 ml using Vivaspin centrifugal concentra-
tors (Vivaspin 20, MWCO = 30,000; Sartorius Stedim
Biotech, Aubagne, France). The concentrated nasal
wash was stored at —80°C before use.

Quantitation of IgA, IgG and IgM Antibodies
and Other Proteins

The levels of human IgA, IgG, and IgM antibodies
in the nasal wash and serum samples were estimated
using human IgA, IgG, or IgM ELISA kits (Bethyl
Laboratories, Montgomery, USA). The level of human
serum albumin in the nasal wash samples was esti-
mated using a Human Albumin ELISA kit (Bethyl
Laboratories). The protein concentration in the sam-
ples was measured using either a BCA Protein Assay
Kit, or a Micro BCA Protein Assay Kit (Thermo Fisher
Scientific, Yokohama, Japan) according to the manu-
facturer’s instructions.

Neutralization Assays

The level of serum antibodies against the vaccine
viruses was examined wusing micro-neutralization
assays as previously described [Belshe et al., 2000;
Kadowaki et al., 2000] with minor modifications. In
brief, serum samples were treated with a receptor-
destroying enzyme (RDE(I); Denka Seiken, Tokyo,
Japan) overnight at 37°C and heat-inactivated for
30 min at 56°C before use. The first dilution tested in
the assays was 1:10. The concentrated nasal wash
samples [1 mg/ml total protein, corresponding to
about 1/10 of the total IgA found in nasal mucus
(2.20 mg/ml)] [Kurono and Mogi, 1987] were also
treated with RDE(I) and heat-inactivated before use.
The first dilution tested in the nasal wash assays was
1:20. Twofold serial dilutions of the serum samples
were mixed with an equal volume (50 ul) of diluent
containing influenza virus equivalent to 100 TCIDs5,.
Each mixture was added to the wells of a 96-well
plate containing a monolayer of MDCK cells. Four
control wells were included on each plate and con-
tained either virus or diluent alone. The plates were
then incubated for 4 days at 37°C in a 5% COs-
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humidified atmosphere. The monolayer in each well
was observed for the presence or absence of cytopathic
effects, fixed with 10% formalin for more than 5 min
at room temperature, and stained with Naphthol blue
black. After the plates were washed and dried, the
stained cells were solubilized with 0.1 M NaOH and
the absorbance (A) was measured at 630 nm. The
average Agso nm value was determined from quadru-
plicate virus-infected wells (Ayius) and cell culture-
only controls (A.g). All values above 50% of the
specific signal, calculated using the formula: X =
(1/2) x (Acen — Avirus) + Avirus, were considered posi-
tive for neutralization. The titres recorded were the
reciprocal of the highest dilution, where Agzo was >X.

Hemagglutination Inhibition

The antibody responses to the vaccine viruses were
examined in serum and nasal washes using HI anti-
body assays incorporating a microtiter method as de-
scribed elsewhere [Hierholzer et al., 1969]. All
samples were pre-treated with RDE(I) at 37°C for
18 hr, subsequently inactivated at 56°C for 30 min,
and mixed with packed red blood cells to remove any
nonspecific inhibitors. The starting material for the
assays was a 1:10 dilution for the serum samples and
a 1:40 dilution for the nasal wash samples.

Fractionation of Nasal and Serum Samples

The concentrated nasal wash samples (100 ul,
6 mg/ml) and diluted serum samples (10-fold dilution,
100 i, about 6 mg/ml) were fractionated on a Super-
ose 6 10/300 GL gel filtration column using an FPLC-
AKTA chromatography system (GE Healthcare, Little
Chalfont, UK). The concentrated nasal wash sample
was treated with 1 pg/ml of lysozyme (Sigma-Aldrich,
St. Louis, MO) for 1 hr at 37°C to decrease the viscosi-
ty and then centrifuged using Vivaspin to remove the
lysozyme prior to gel filtration. Fractions (each
500 pl) were collected in PBS at a flow rate of
0.1 ml/min; little or no change in the fractionation
pattern of the antibodies in the concentrated nasal
wash samples was observed following lysozyme treat-
ment. Molecular weight marker proteins (Kit for
Molecular Weights 29,000—-700,000 Da; Sigma-Aldrich)
were eluted under the same conditions to determine
the size of each fraction.

RESULTS

Measurement of Neutralization and HI Titres
in Concentrated Nasal Wash Samples

The total protein level and the levels of IgA, IgG,
and IgM and human serum albumin in 100 ml of
unconcentrated nasal wash and in approximately
0.5 ml of concentrated nasal wash are shown in
Table 1. About 70% of the total nasal wash proteins
were lost during the concentration process. Also, a
fraction of the higher molecular weight (MW) proteins
and lower MW proteins (less than 30 kDa) was lost by
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TABLE 1. Concentration of IgA, IgG, IgM and HSA in 0.5 ml*of Solution Concentrated From 100 ml of Nasal Wash
(n=10)

Concentration: Mean + SD

Unit Total protein IgA IgG IsM HSA
Nasal wash (n = 10)
Unconcentrated
mg/100 ml 5.875 + 1.856 1.132 £ 0.678  0.125 &£ 0.057  0.032 £ 0.021 0.531 + 0.280
Concentrated
mg/0.43 + 0.06 ml 1.647 £ 0.549 0.375 +0.193  0.093 £+ 0.044  0.007 + 0.006  0.292 + 0.214
Concentration calculated in 1.00 0.217 0.057 0.004 0.177

terms of total protein (mg/ml)

*The concentration was calculated using two nasal wash samples collected from five participants (with a 1 week interval).

adsorption to the cotton and during Vivaspin centrifu-
gation, respectively. However, better recovery was
observed for IgA and IgG. When the concentration of
the enriched nasal washes was adjusted to 1 mg/ml
total protein, the amount of IgA was 0.217 mg/ml
This amount of IgA in the concentrated nasal
wash corresponded to about 1/10 of the levels of total
IgA recovered from nasal mucus (2.20 mg/ml) by aspi-
ration as reported by Kurono and Mogi [1987]
(Table I). In subsequent experiments, neutralization
and HI titres in the nasal wash samples were
measured using concentrated nasal wash proteins
(1 mg/ml of total protein), which contained 1/10 of the
IgA found in mucus, to ensure that the nasal and
serum neutralization titres were assayed at equiva-
lent levels.

The amount of total IgA and total IgG in the
nasal wash samples from each participant varied
slightly at each sampling time. Also, the level of total
IgA and IgG antibodies did not increase significantly
between pre-vaccination and post-vaccination in any
of the participants. Thus, the average amount of total
IgA or total IgG in the nasal wash samples from the
five participants was relatively constant (data not
shown).

Neutralizing Antibody Responses in Nasal Wash
and Serum Samples

Next, antibody responses in the nasal wash and se-
rum samples were examined in all five study partici-
pants. The responses are presented as neutralization
titres against the A/Uruguay (H3N2) virus in
Table II. The responses recorded in the four young
adults (between 18- and 50-years-old) are also shown
as geometric neutralization titres (Fig. 1). The nasal
wash and serum neutralization titres increased in all
participants as the number of vaccinations increased,
although the degree of increase differed between par-
ticipants. In addition, nasal wash neutralization titres
increased more rapidly than serum titres. The nasal
wash titres showed at least a fourfold increase after
the second vaccination in the four young participants
(all of whom had a nasal wash neutralization titre of
1:20 or 1:40 before vaccination). By contrast, a four-
fold increase in the serum titre was observed only af-
ter the fifth vaccination in three of the participants
(all of whom had serum titres of <1:10, 1:20, or 1:40
before vaccination). Participant P5, who was 67 years
old, showed at least a fourfold increase in nasal wash
titre after the fourth vaccination, but no significant

TABLE II. Neutralizing Antibody Responses in Subjects who Received the Threefold Concentrated A/Uruguay/716/2007
(H3N2) Split Vaccine

Neutralization titre against A/Uruguay virus (H3N2)*

P1 P2 P3 P4 P5
Weeks Nasal Nasal Nasal Nasal Nasal
(vaccination) wash Serum wash Serum wash Serum wash Serum wash Serum
0 (1st) 20 (1) 40 (2) 20(1) <10(<0) 40 (2) 20 (1) 20 (1) <10 (<0) 20(1) <10 (<0)
3 (2nd) 80(3) 160(4) 20(1) <10(<0) 80 (3) 20 (1) 20 (1) <10 (<0) 40(2) <10(<0)
6 (3rd) 160 (4) 160 (4) 80 (3) 10 (0) 320 (5) 20 (1) 80 (3) <10 (<0) 40 (2) <10(<0)
9 (4th) 320(5) 160(4) 160(4) 20 (1) 1280 (7) 40 (2) 160 (4) 10 (0) 40(2) <10(<0)
12 (5th) 320(5) 160(4) 320(5) 40 (2) 2560 (8) 80 (3) 80 (3) 10 (0) 80(3) <10(<0)
15 1280 (7) 160(4) 320 (5) 40 (2) 2560 (8) 80 (3) 160 (4 20 (1) 160 (4) 10 (0)
28 640 (6) 160(4) 160 (4) 40 (2) 1280 (7) 80 (3) N.D. N.D. 80 (3) 10 (0)
N.D., not done.

“Respective values are a reciprocal titre and a geometric titre (10 x 2") in a parenthesis.
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Fig. 1. Nasal wash and serum sample neutralization titres against A/Uruguay (FI3N2) (pre- and
post-intranasal immunization). Neutralization titres against the A/Uruguay virus in nasal washes (A)
and serum (B) were determined in samples collected from four participants (18-60 years old; P1, open
circle; P2, open triangle; P3, open square; and P4, cross). The participants were given five doses of the
threefold concentrated A/Uruguay split influenza vaccine intranasally with an interval of 3 weeks
between doses (each arrow indicates a point of vaccination). The neutralization titre shown is the

geometric titre.

increase was observed in serum titre after five vacci-
nations. In all participants, the nasal wash and serum
titres were largely maintained, even at 16 weeks after
the fifth vaccination, at which point the nasal wash
titre decreased only slightly, while no decrease was
observed in the serum titre (Table II).

HI Antibody Responses in Nasal Wash
and Serum Samples

Antibody responses were also examined by measur-
ing the HI titre against the A/Uruguay (H3N2) virus.
Table III shows the pre-vaccination HI titres of the
nasal wash and serum samples from two participants,
and the HI titres 3 weeks after each of the five vacci-
nations. For each participant, the HI titres were lower
than the neutralization titres shown in Table II. The
HI titres were approximately 1/4-1/8 the level of the
neutralization titres. Statistical correlation analysis

TABLE IIl. Hemagglutinin Inhibition (HI) Antibody
Responses in Subjects who Received the Threefold Concen-
trated A/Uruguay/716/2007 (H3N2) Split Vaccine

HI titre against A/Uruguay virus (H3N2)?

P1 P2
Weeks Nasal Nasal
(vaccination) wash Serum wash Serum
0 (1st) N.D. 10 (0) <40 (<2) <10(<0)
3 (2nd) <40 (<2) 20 (1) <40 (<2) <10(<0)
6 (3rd) <40 (<2) 20 (1) <40 (<2) <10(<0)
9 (4th) 40 (2) 20 (1) <40 (<2) 10 (0)
12 (5th) 40 (2) 20 (1) 80 (3) 20 (1)
15 160 (4) 40 (2) 80 (3) 20 (1)
N.D,, not done.

“Respective values are a reciprocal titre and a geometric titre
(10 x 2" in a parenthesis.
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of the data presented in Tables II and III showed a
strong correlation between the HI titres and the neu-
tralization titres (r = 0.8699). Thus, the HI titre cor-
related with the neutralization titre, although it was
less sensitive than the neutralization titre.

Fractionation of The Nasal Wash
and Serum Samples

The types of antibody present in the nasal wash
and serum samples were examined after fractionation
on a gel filtration column. The concentrated nasal
wash samples (100 pl, about 6 mg/ml) and diluted se-
rum samples (10-fold diluted sera, 100 pl, about 6 mg/
ml) were fractionated on a Superose 6 column in PBS.
The antibody concentration in each fraction was then
measured by ELISA. Figure 2 shows the profiles for
IgM, IgA, and IgG antibodies, together with the absor-
bance values for the total protein in each fraction.
The nasal wash samples contained IgM, which com-
prised less than 1% of the total protein and showed a
peak MW of 970 kD; IgA, which comprised about 20%
of the total protein and showed a peak MW of about
660 kD; and IgG, which comprised about 6% of the
total protein and showed a peak MW of 150 kD. The
MW of the nasal IgA (150 kD-900 kD, with a peak
MW of 660 kD) appeared to correspond to that of tet-
rameric IgA (the MW of dimeric IgA is estimated to be
about 360 kD). The maximum absorbance value ob-
served in the protein profile (at around 66 kD) was
due to the presence of human serum albumin
(Fig. 2A).

The serum samples contained IgM, which com-
prised about 3% of the total protein and showed a
peak MW of 970 kD; IgA, which comprised about 6%
of the total protein and showed a peak MW of about
150 kD; and IgQG, which comprised about 23% of the
total protein and showed a peak MW of 150 kD
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Fig. 2. Fractionation of nasal wash (A) and serum (B) samples from representative participants on
Superose 6 columns. Quantification (pg/ml) of IgA (open circles), IgG (open squares), or IgM (open
triangles) antibody levels and the absorbance at 280 nm (mAu, broken line) are shown. The grey zones
in the upper part of the curves indicate the positions of the molecular weight markers [thyroglobulin
(669 kD), apoferritin (443 kD), B-amylase (200 kD), and bovine serum albumin (66 kD)].

(Fig. 2B). Serum IgA (which showed a lower peak at
about 360 kD in addition to a peak at about 150 kD)
appeared to comprise both monomeric and dimeric
IgA.

Taken together, the results of the fractionation
analysis suggests that highly polymeric IgA is the pre-
dominant nasal antibody, and can be separated from
nasal IgG and IgM. By contrast, the monomeric forms
of IgG are the major component of total serum
antibodies.

Neutralization Activity of the IgA and IgG
Antibodies in The Nasal Wash and Serum Samples

To determine the isotype of the antibodies responsi-
ble for the neutralization activity induced by
intranasal administration of the inactivated vaccine,
nasal wash and serum samples from participant P1,
who showed relatively high neutralization titres after
the fifth vaccination, were separated on a Superose 6
column and the neutralization titre of the resulting

antibody fractions assayed. The nasal polymeric IgA
fraction (No. 27) showed a neutralization titre of 1:10,
whereas the nasal monomeric IgG fraction (No. 33)
showed a reciprocal neutralization titre of <1:10.
However, the serum dimeric IgA fraction (No. 30)
showed a neutralization titre of <1:10, whereas the
serum peak monomeric IgG fraction (No. 33) showed
a neutralization titre of 1:10 (Table IV). The respec-
tive peak fractions in the nasal wash were then
concentrated to 100 pg/ml, and the neutralization
activity of the nasal IgA antibodies (a mixture of frac-
tions 26 and 27) was compared with that of the nasal
IgG antibodies (a mixture of fractions 33 and 34). The
nasal IgA fractions showed a neutralization titre of
1:40, whereas the nasal monomeric IgG fractions
showed a neutralization titre of 1:10. Similarly, the
neutralization activity of the serum IgA antibodies
(100 pg/ml; a mixture of fractions 30 and 31) was com-
pared with that of serum IgG antibodies (a mixture of
fractions 33 and 34). The serum IgA fractions showed
a neutralization titre of <1:10, whereas the serum

TABLE IV. Neutralization Titre of the IgA and IgG Fractions From the Nasal Wash and Serum Samples Following
Separation on Superose Columns

Neutralization titre?

Nasal wash Serum
Polymeric IgA IgG Dimeric IgA IgG
A/Uruguay (A/H3N2)
Peak fraction: Separated on Superose column 10 (0) <10 (<0) <10 (<0) 10 (0)
Concentrated fraction (100 pg/ml) 40 (2) 10 (0) <10 (<0) 10 (0)

The samples were collected from a representative subject vaccinated five times with an interval of 3 weeks between vaccinations.
®Respective values are a reciprocal titre and a geometric titre (10 x 27) in a parenthesis.
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