5986 Y. Yuki et al. / Vaccine 27 (2009) 5982-5988

2

100 H

80

60 +

40

20 4

GM-1 bindng index of CT (%)

dmCT

(B) Positive controt

dmCTA cTB8

WT-rice

dmCTA WT PBS
+CTB

dmCTA-riE:e

Fig. 5. In vitro demonstration of neutralising antibody induction by oral vaccination with MucoRice-dmCT. (A) Neutralising indices, calculated with OD4sonm Obtained by
GM1-ELIZA. Sera of mice immunised with rice-expressed dmCT, CTB, or CTB plus dmCTA, but not with rice-expressed dmCTA, wild-type (WT) rice, or PBS completely
blocked the binding of CT to coated GM-1-ganglioside. (B) Elonintesinalgation assay with CHO cells revealed a morphology similar to that of normal cells when the cells
were stimulated with CT pretreated with sera from mice immunised with rice-expressed dmCT or CTB. In contrast, there was marked elongation of cells stimulated by CT
pretreated with sera from mice immunised with WT rice or rice-expressed dmCTA. Immunisation conditions are as described in Fig. 4.

(Fig. 5B), similar to that induced by the non-pretreated native form
of CT. These results revealed that subunit MucoRice-dmCT could
induce biologically active antibodies that not only had a GM-1
binding inhibition effect but were also able to neutralise CHO elon-
gation.

Finally, in an in vivo CT oral challenge experiment, mice orally
vaccinated with powder forms of MucoRice-dmCT, -CTB or -dmCTA
plus CTB showed no, to very weak, clinical signs of diarrhoea,
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whereas those given MucoRice-dmCTA, WT rice or PBS orally devel-
oped severe diarrhoea (Fig. 6). The volumes of intestinal fluid in
mice immunised with MucoRice-dmCT, -CTB or -dmCTA plus CTB
were significantly lower after oral challenge with CT than the vol-
umes in mice given WT rice or demCTA rice or PBS. Interestingly,
the reduction in volume of intestinal fluid depended on the level
of mucosal CTB-specific IgA antibody but not on that of systemic
CTB-specific IgG antibody (Fig. 4). These data demonstrated that
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Fig. 6. Induction of protective immunity against CT by oral immunisation with MucoRice-dmCT. Mice immunised with rice-expressed dmCT, CTB, or CTB plus dmCTA, but
not with rice-expressed dmCTA, wild-type (WT) rice, or PBS showed no symptoms of diarrhoea and low volumes of intestinal fluid. Inmunisation conditions are as described

in Fig. 4.
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oral vaccination with MucoRice-dmCT could induce a high level of
protective antibody response against CT challenge.

4. Discussion

It is well known that oral administration of CT to mice induces
strong protective immunity against CT-induced diarrhoea [16].
Although appropriate oral administration of CT itself can protect
mice from toxin-induced diarrhoea, it is unsuitable for use in
humans because of its toxicity, causing severe diarrhoea if given
orally. To overcome this obstacle, a killed Vibrio cholerae vaccine
combined with recombinant CTB was successfully developed and
approved by the European Union in 2004 and in many other regions,
including South Asia and South America [17]. Although the killed
cholera vaccine has been shown to be useful, further advances
are required in the practical aspects of vaccine production and
global distribution. For instance, the vaccine is not heat stable;
instead, it requires a “cold chain” en route from vaccine manu-
facture to the field of vaccination {18,19]. In this regard, the rice
expression system is recognised as a new form of bioreactor for
cost-effective production of large-scale recombinant proteins on
an industrial scale and offers a highly practical global strategy for
cold-chain and needle-free vaccination against infection [3]. In fact,
CTB-expressing transgenic rice seeds (or MucoRice-CTB) preserved
for over 1.5 years at room temperature have been shown to induce
both systemic and mucosal antigen-specific immune responses
for the protection of mice against CT-induced diarrhoea [3]. Our
additional and separate data (Tokuhara, D., et al., manuscript
in preparation) show that the MucoRice system maintained the
immunogenicity of expressed vaccine at room temperature for
2.5 years.

Here, we expressed two major subunits (A and B) of nontoxic
mutant CT in a MucoRice system. We used dmCT as an exam-
ple of nontoxic cholera toxin for rice transgene expression; it has
two amino acid substitutions, in the ADP-ribosyltransferase activ-
ity centre (E112K) and the carboxyl-terminal KDEL [6]. dmCT lacks
ADP-ribosyltransferase activity, has proven unable to move from
the Golgi to the endoplasmic reticulum (ER), and does not elicit
fluid accumulation in mouse-ligated ileal loops [6]. These results
suggest that dmCT is a good and safe candidate for a vaccine against
the toxin. To enhance the accumulation of CTB protein in rice, an
ER retention signal (KDEL) was fused to the 3’ end of the CTB genes
when we originally established rice-expressed CTB or MucoRice-
CTB [3]. In this study, not only did we change the KDEL sequence of
the carboxy! terminal of dmCT and dmCTA into KDGL, but we also
did not add the KDEL sequence to the CTB gene construct (Fig. 1).
There is therefore no potential for orally administered dmCTA or
CTB to be redirected to the plasma membrane by retrograde trans-
port via the ER and to thus be taken up from the mucosal surface
[6]. Removal of the KDEL signal prevents the intracellular trafficking
of dmCTA; we consider this prevention to be an important safety
issue.

When dmCT was expressed separately as dmCTA and CTB
subunits by using different promoters, SDS-PAGE analysis under
non-reducing conditions indicated that dmCT formed a CTB pen-
tamer in rice but did not assemble dmCTA and CTB pentamer
(Fig. 2C and D). Because dmCTA gave a 26-kDs band (Fig. 2B), the
dmCTA was synthesised with a trypsin-sensitive bond that joined
the CTA-1 and CTA-2 to make unnicked dmCTA. Authentic cholera
toxin gave two CTA bands, CTA (26 kDa) and CTA-1 (20 kDa), under
reducing conditions (Fig. 2B), and the band of CTA-1 shifted the
complex between CTA and the CTB pentamer under non-reducing
conditions, suggesting that there were unnicked and nicked CTs and
that the nicked CT could still assemble CTA and CTB pentamer under
non-reducing conditions (Fig. 2C, D). Although native purified CT
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assembles CTA and CTB pentamer, the association of unnicked CT
may be easy to break down under non-reducing conditions when
compared with that of nicked CT. If this is the case, it is possible that
the dmCTA and CTB subunits may assemble as a weak complex in
rice seed. The unnatural forms of mdCTA and CTB expression in the
rice protein bodies may explain why MucoRice-dmCT possesses
oral immunogenicity of not the CTA but the CTB subunit, which is
capable of inducing neutralising antibodies against the toxin.

Although dmCT prepared by an E. coli expression system is a
potent and safe mucosal adjuvant when administered intranasally
[6], assembly of CTA and CTB as an intact molecule has been consid-
ered important for adjuvant activity. Here, we expressed rice-based
dmCT separately as dmCTA and CTB pentamer, which did not
assemble together. The separate expression of dmCTA and CTB in
the protein body of the rice seed may contribute to the lack of
adjuvant activity. Thus, oral immunisation with MucoRice-dmCT
did not induce rice-storage-protein-specific immune responses,
whereas oral administration of WT rice in the presence of CT (10 p.g)
induced a rice-storage-protein-specific immune response (Fig. 3A).
In addition, oral administration of MucoRice-dmCT did not support
the induction of a co-administered TT-specific immune response
(Fig. 4B), suggesting that MucoRice-dmCT is a safe vaccine can-
didate for oral immunisation because it shows no unnecessary
adjuvanticity.

When MucoRice-dmCT was administered orally, we found high
CTB-specific antibody responses in both the systemic and mucosal
compartments (Fig. 4A and B) but no marked CTA-specific anti-
body responses in either compartment (data not shown). Mucosal
CT (10 pg) can induce CTB-specific antibody responses at both sys-
temic and mucosal sites [20]. In our separate study, we found
induction of CTA-specific antibody responses at both sites follow-
ing oral immunisation of CT (Tokuhara, D., et al., manuscript in
preparation). Because MucoRice-dmCT did not assemble an intact
form of dmCTA and CTB, its oral administration may be unable to
induce CTA-specific immune responses. In support of this view,
when the mixture of MucoRice-dmCTA and -CTB was tested, CTB-
but not CTA-specific antibody responses were induced (Fig. 4). As
an alternative possibility, the removal of ADP-ribosyltransferase
activity from CTA may contribute to the lack, or reduction, of A-
subunit-specific responses. In this case, the 10-20 g of dmCTA
used for oral immunisation may be too small an amount to induce
A-subunit-specific responses. It has been shown that mutant forms
of CT with loss of ADP-ribosyltransferase activity, such as mCT and
dmCT, maintain their adjuvant activity but have lower immunoen-
hancing potency than that of the native form of the toxin [6,21]. In
support of this possibility, the adjuvanticity of CTA-DD, a chimeric
adjuvant CTA with adimer of an immunoglobulin (Ig)-binding frag-
ment of Staphylococcus aureus protein A, has been reported to be
dependent on ADP-ribosyltransferase activity [15].

To test the quality of the CTB-specific antibody induced by oral
vaccination with MucoRice-dmCT, we used both in vitro (e.g., GM1-
ELISA and CHO-celi elongation assay) and in vivo (e.g., CT oral
challenge model) neutralising analyses. The results obtained by
the neutralising investigation showed that there were no differ-
ences in the quality of the CTB-specific antibody responses among
mice orally immunised with MucoRice-dmCT, -CTB, or -dmCTA
plus CTB (Figs. 5 and 6). Thus, all of the serum samples from
the immunised mice showed similar levels of toxin neutralising
activity. Importantly, the reduction in the volume of intestinai
fluids caused by oral CT challenge depended on the level of CTB-
specific mucosal IgA antibodies but not systemic IgG antibodies
(Figs. 4 and 6). A reduction in the volume of CT-induced intestinal
fluid was always associated with the presence of antigen-specific
mucosal IgA antibodies. Our findings further suggest that effective
induction of the production of CTB-specific mucosal SIgA antibod-
ies is crucial for preventing the diarrhoea induced by CT. Together
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with our previous findings concerning the rice-based CTB oral
vaccine (MucoRice-CTB) [8], our current results demonstrate that
subunit MucoRice-dmCT has almost the same protective effect as
MucoRice-CTB against CT.

In summary, we successfully developed MucoRice expressing
two major components, dmCTA and CTB, and we demonstrated that
oral vaccination with MucoRice-dmCT induced protective immu-
nity against CT in vivo. MucoRice-dmCT vaccine specifically induced
CTB- but not CTA-specific serum IgG and mucosal IgA antibodies.
Furthermore, it did not induce rice-protein- or co-administered
unrelated antigen-specific immune responses when administered
orally. These results showed that MucoRice-dmCT had neither
adjuvanticity nor oral immunogenicity of CTA. Taken together, our
results show that MucoRice can be used as a multicomponent vac-
cine expression system. Furthermore, because the quality of the
protective immunity induced by MucoRice-dmCT against CT was
almost the same of thatinduced by MucoRice-CTB, MucoRice-dmCT
could be used as an experimental tool for analyses of other CT-
derivative-based rice vaccines.
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A Rice-Based Oral Cholera Vaccine Induces Macaque-Specific
Systemic Neutralizing Antibodies but Does Not Influence
Pre-Existing Intestinal Immunity’

Tomonori Nochi,* Yoshikazu Yuki,* Yuko Katakai,” Hiroaki Shibata,* Daisuke Tokuhara,*
Mio Mejima,* Shiho Kurokawa,* Yuko Takahashi,* Ushio Nakanishi,* Fumiko Ono,’
Hitomi Mimuro,® Chihiro Sasakawa,” Fumio Takaiwa,l Keiji Terao,” and Hiroshi Kiyono®*

We previously showed that oral immunization of mice with a rice-based vaccine expressing cholera toxin (CT) B subunit (Muco-
Rice-CT-B) induced CT-specific immune responses with toxin-neutralizing activity in both systemic and mucosal compartments.
In this study, we examined whether the vaccine can induce CT-specific Ab responses in nonhuman primates. Orally administered
MucoRice-CT-B induced high levels of CT-neutralizing serum IgG Abs in the three cynomolgus macaques we immunized. Al-
though the Ab level gradually decreased, detectable levels were maintained for at least 6 mo, and high titers were rapidly recovered
after an oral booster dose of the rice-based vaccine. In contrast, no serum IgE Abs against rice storage protein were induced even
after multiple immunizations. Additionally, before immunization the macaques harbored intestinal secretory IgA (SIgA) Abs that
reacted with both CT and homologous heat-labile enterotoxin produced by enterotoxigenic Escherichia coli and had toxin-neu-
tralizing activity. The SIgA Abs were present in macaques 1 mo to 29 years old, and the level was not enhanced after oral
vaccination with MucoRice-CT-B or after subsequent oral administration of the native form of CT. These results show that
oral MucoRice-CT-B can effectively induce CT-specific, neutralizing, serum IgG Ab responses even in the presence of
pre-existing CT- and heat-labile enterotoxin-reactive intestinal SIgA Abs in nonhuman primates. The Journal of Immu-
nology, 2009, 183: 6538-6544.

even distinct cholera pandemics have occurred since 1817 2006 (236,896 cases, including 6,311 deaths) because of several
(1). The first six originated from the Indian subcontinent, major outbreaks (3).
whereas the last arose on the island of Sulawesi in Indo- Currently, three oral cholera vaccines, Dukoral, Orochol, and
nesia in 1961 and is still spreading throughout the world (1). These the Vietnamese vaccine, have been developed for public use (4).
pandemics were all caused by oral infection with Vibrio cholerae Dukoral, the most widely used cholera vaccine, especially in Eu-
01 biotype El Tor; however, a non-O1 serogroup, now categorized rope, consists of four types of inactivated V. cholerae O1 plus
as 0139, recently appeared and caused a large epidemic of cholera recombinant cholera toxin (CT)* B subunit (CT-B; 5, 6). Orochol
in India and Bangladesh (2). A recent report on cholera in the contains live attenuated CVD 103-HgR derived from the classical
weekly epidemiological record of the World Health Organization V. cholerae Inaba strain with 94% deletion of the toxic activity (7,
showed that the number of cholera cases dramatically increased in 8). The Vietnamese vaccine contains inactivated forms of both V.
cholerae O1 and 0139 (9, 10). The primary reason for choosing an
oral vaccine against cholera is that oral vaccines induce Ag-spe-
*Divi_sion Qf Mucosal Immunology, §Di\{ision of Bactf:rial quection, DeparFment cific immune responses in both systemic and mucosal compart-
o plreilony Il AT el e DT S ment, therby providing two layers of protctve immunity (11-
Japan; *Tsukuba Primate Research Center, National Institute of Biomedical In- 13). Despite the eﬂicacy of these three vaccines, their requirement
novatign, J_apan; e'md YPlant Biotechnology Department, National Institute of for “cold-chain” maintenance for preservation is a major concern
Agrobiological Sciences, Japan . . . . . .
for their use in the field, especially in developing countries (14).
Received for publication May 11, 2009. Accepted for publication September 3, 2009. Owing to this difficulty, the development of a “cold-chain-free”

The costs of pub!lcaﬁon of this article were defrayed in part by the payment of page oral vaccine is needed (15, 16).
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

To overcome this concern, we have turned to a foreign protein
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in mice without coadministration of whole-cell V. cholerae or mu-
cosal adjuvant, and its immunogenicity was maintained for over
1.5 years in storage at room temperature (17). Another advantage
to using the rice expression system for the development of oral
vaccines is that the rice seeds possess unique protein storage or-
ganelles, the protein bodies (PBs; 18, 19). In particular, the endo-
plasmic reticulum-derived PB that deposits prolamins, PB-I, is not
susceptible to digestive enzymes, and thus can survive in the harsh
environment of the gastrointestinal tract (18, 19). The use of an
endosperm-specific promoter and a signal peptide in MucoRice-
CT-B causes CT-B to be expressed and to accumulate in PBs,
making the CT-B highly resistant to digestive enzymes and thus
giving it mucosal immunogenicity that induces serum IgG and
intestinal secretory IgA Abs (SIgA), which protect against CT
7.

Before testing MucoRice-CT-B in human studies, we de-
signed experiments to assess its immunogenicity in nonhuman
primates. As it did in mice (17), it successfully induced CT-
protective serum IgG Ab responses in cynomolgus macaques.
However, to our surprise, the macaques also had pre-existing
CT-reactive intestinal SIgA Abs, which appeared to be maxi-
mally expressed without immunization. This provided an
opportunity to explore the effects of pre-existing intestinal im-
munity on the potential use of MucoRice-CT-B as a new-gen-
eration oral cholera vaccine in humans.

Materials and Methods

Nonhuman primates

We used serum and fecal extracts from 26 randomly selected, untreated
cynomolgus macaques (Macaca fascicularis, 1 mo to 29 years old; 6
male, 20 female) bred and housed in two different environments in the
Tsukuba Primate Research Center (n = 22, Ibaraki, Japan) and Hamry
Company (n = 4, Ibaraki, Japan) to examine whether Abs against CT-B
and heat-labile enterotoxin (LT)-B were present before immunization.
All other experiments, including the study of MucoRice-CT-B immu-
nization, were performed at the Tsukuba Primate Research Center with
four additional cynomolgus macaques (each S years old; female). All
animal experiments were approved by the Animal Care and Use Com-
mittee of the Institute of Medical Science at the University of Tokyo
and the Tsukuba Primate Research Center at the National Institute of
Biomedical Innovation.

Immunization

MucoRice-CT-B was generated as described previously (17). In brief, the
codon-optimized CTB gene was inserted into a binary vector (pGPTV-35S-
HPT), and the plasmid was transformed into rice (Oryza sativa L. cv.
Kitaake). After harvest, the seeds were first ground to a fine powder in a
Multibeads shocker (Yasui Kikai). Three cynomolgus macaques (no. 001,
no. 002, and no. 003) were orally immunized with 667 mg of powdered
MucoRice-CT-B, containing 1 mg of CT-B, and one macaque (no.004) was
given the same amount of powdered nontransgenic wild-type (WT) rice.
The rice powder was suspended in 5 ml of physiologic saline and admin-
istered on five occasions at 2-wk intervals under ketamine anesthesia. Six
months after the last immunization, the macaques were orally boosted with
the same amount of MucoRice-CT-B or WT rice. Finally, to follow up the
Ag-specific Ab responses including pre-existing CT-reactive SIgA, 100 ug
of CT dissolved in PBS was given orally to all four macaques on three
occasions at 2-wk intervals.

Sample collection and gel filtration chromatography

Serum and fecal extracts were collected from the four macaques before
immunization; 1 wk after each immunization; and 2, 4, and 6 mo after the
last oral immunization with MucoRice-CT-B (Fig. 2). The feces were sus-
pended (20% w/v) in cold PBS containing Complete Protease Inhibitor
Cocktail (Roche) and 0.1% sodium azide. After centrifugation, the super-
natant was filtered through a 0.45-um filter (Pall Corporation) and stored
at —80°C before use. A 1-ml aliquot of each fecal extract was separated
by gel filtration chromatography on a Sephacryl S-500 (GE Healthcare)
column (1.5 X 50 cm, Bio-Rad). Each 2-ml fraction collected was used
in the CT-specific ELISA and toxin-neutralizing GM1-ELISA. Bovine
IgM (Sigma-Aldrich; MW: 90 kDa) and p-lactoalbumin (Sigma-

123

6539

Aldrich; MW: 18.4 kDa) were used as molecular standards for the gel
filtration chromatography.

ELISA

The Ag-specific Ab responses were analyzed by ELISA as described pre-
viously (17), with some modifications. In brief, 5 ng/ml CT (List Biologic
Laboratories), recombinant CT-B, or recombinant LT-B prepared in our
laboratory (20) or 20 ug/ml rice storage protein extracted with 0.01%
Triton X-100 was used to coat 96-well plates overnight at 4°C. Two-fold
serial dilutions of samples were blocked with 1% BSA, added to the plates,
and incubated for 2 h at room temperature (RT). For the CT-specific anal-
ysis, the samples were then treated with HRP-conjugated goat anti-monkey
IgG (Nordic Immunological Laboratory) or HRP-conjugated goat anti-
monkey IgA (Cortex Biochem), each diluted 1/1,000, or HRP-conjugated
anti-human IgE cross-reacting with monkey IgE (Serotec) diluted
1/10,000, for 1 h at RT. Because our recent and separate murine study
showed that free form of GM1 ganglioside in fecal extracts affected the in
vitro toxin-neutralizing assay, it was also important to address the presence
or absence of GM1 ganglioside in gel-filtrated fecal extracts. The samples
were thus also treated with rabbit anti-GM1 ganglioside (Calbiochem) di-
luted 1/1,000 for 2 h at RT, followed by an HRP-conjugated anti-rabbit IgG
(Southern Biotechnology Associates) diluted 1/4,000 for 1 h at RT. The
reaction was developed by using TMB Substrate (XPL), and end-point
titers were expressed as the reciprocal log, of the last dilution that gave an
OD,s, of 0.1 greater than the negative control.

Western blotting

Extracts of rice were prepared with sample buffer containing 2% (w/v)
SDS, 8 M urea, 5% (v/v) 2-ME, 50 mM Tris HCI (pH 6.8), and 20% (v/v)
glycerol as described previously (17). The rice extracts and CT-B were
subjected to SDS-PAGE in a NuPAGE 12% Bis-Tris Gel (Invitrogen) be-
fore being transferred to a polyvinylidene difluoride membrane (Millipore).
After blocking with 5% skim milk (Wako), the membranes were treated for
1 h at RT with serum diluted 1/500 or undiluted fecal extract obtained
before immunization or after the booster dose, followed, respectively, by
HRP-conjugated anti-monkey IgG (Nordic Immunological Laboratory) or
HRP-conjugated anti-monkey IgA (Cortex Biochem), each diluted 1/500,
for 1 h at RT. After washes, the reactions were developed with 3,3-diami-
nobenzidine substrate (Vector).

Neutralizing assay

A neutralizing assay was performed by using a GMI1-ELISA as de-
scribed previously (17), with some modifications. In brief, serum (10%,
v/v) or gel-filtered fecal extract (50%, v/v) was pretreated with CT (50
ng/ml final concentration) for 1 h at RT and then incubated in 96-well
plates coated with monosialoganglioside GM1 (5 ug/ml, Sigma-
Aldrich) for 1 h at RT. After washes, the plates were incubated with an
HRP-conjugated rabbit anti-CT-B Ab (500 ng/ml) prepared in our lab-
oratory (17) for 1 h at RT, and the reaction was detected by using TMB
substrate. The inhibitory effect of serum against the binding of CT to
GM1 ganglioside was determined by comparison to CT treated with
PBS (positive control).

Results

Unimmunized cynomolgus macaques have intestinal SIgA Abs
reactive to CT and LT

The cynomolgus macaques used in this study had been bred in a
conventional environment and not in a specific pathogen-free en-
vironment. Therefore, before immunizing them with MucoRice-
CT-B, we first examined whether they already possessed Abs
against CT in the sera and fecal extracts. The fecal and serum
samples obtained from 22 randomly selected macaques aged from
1 mo to 29 years old had very few to no CT-B-specific Abs in
serum (Fig. 14), as expected, because the quarantine record of
these animals did not indicate any V. cholerae infection (data not
shown). However, all of the fecal extracts unexpectedly contained
CT-B-reactive intestinal SIgA Abs (Fig. 1B). Because CT pos-
sesses high homology to LT (21), we next examined whether the
intestinal SIgA Abs present in the fecal extracts reacted with LT-B.
Although the serum samples did not show any LT-B-reactive IgG
Abs (Fig. 1C; similar to the reactivity against CT-B), all of the
macaques had LT-B-reactive SIgA Abs in their feces (Fig. 1D).
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FIGURE 1. Macaques spontaneously acquire intestinal SIgA but not se-
rum IgG Abs specific for CT-B and LT-B. CT-B-specific (4, B, E, F) and
LT-B-specific (C, D, G, H) immune responses in serum (A, C, E, G) and
fecal extracts (B, D, F, H) of 22 randomly selected macaques (A-D) and 4
additional macaques housed at a different facility (E-H) were examined by
ELISA.

To examine whether cynomolgus macaques bred in different hous-
ing conditions also had CT-B- and LT-B-reactive SIgA Abs, we
randomly selected four additional macaques housed in a different
facility. These macaques were 2 to 4 years old, with no record of
V. cholerae infection. All of these additional macaques also pos-
sessed CT-B— and LT-B-reactive intestinal SIgA Abs in their fe-
ces (Fig. 1, F and H) but not serum IgG Abs (Fig. 1, £ and G).
Taken together, our results show that macaques acquire CT-B- and
LT-B-reactive SIgA Abs in their gastrointestinal immune system
under the conventional environment.

Oral immunization of cynomolgus macaques with MucoRice-CT-
B induces CT-specific serum IgG Ab responses

To test the immunogenicity of the rice-based vaccine in macaques,
we orally immunized three macaques with MucoRice-CT-B, and
gave one other macaque nontransgenic WT rice. Five doses of
MucoRice-CT-B were given orally at 2-wk intervals as the pri-
mary immunization and a booster was given 6 mo after the last
immunization (Fig. 2). Serum IgG and intestinal SIgA Abs were
measured before immunization and after each dose. Similar to the
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Cynomolgus macaques used for this oral rice CT-B study
Oral immunization study Oral expasure study
Monkey (age, sex) Antigen Dose Antigen Dose
#001 {5 years, female) MucoRice™-CT-B 667 mg (1 mg CT-8} (ag 100 g
#002 (S years, female) MucoRice™-CT-B 667 mg {1 mg CT-8) [a3 100 g
#003 (S years, female) MucoRice™-CT-B 667 mg {1 mg CT-8) [ag 100 g
H004 {5 years, female) WTrice 667 mg cT 100 ug
Experimental schedule
¥ Oralimmunization with MucoRice™-CT-B or WT Rice W Oral exposure
Primary immunization Booster Immunlx_ztlon e
IBABAR v vy v v
ATATRTR0ANR X X e e e
A Sampling

FIGURE 2. Schedule of oral immunization with MucoRice-CT-B. Ma-
caques were orally immunized with 667 mg of MucoRice-CT-B, contain-
ing 1 mg of CT-B, or the same amount of wild-type (WT) rice on five
occasions at 2-wk intervals. Six months after the fifth immunization, the
macaques were given boosters of MucoRice-CT-B or WT rice. All ma-
caques were subsequently given 100 ug of CT orally on three occasions at
2-wk intervals.

26 unimmunized macaques used in the initial study, these four
macaques also had pre-existing CT-reactive SIgA Abs with toxin-
neutralizing activity but did not have serum IgG Abs (Figs. 3A and
5A). The aim of this study was to examine whether oral MucoRice-
CT-B could induce Ag-specific immune responses in nonhuman
primates, which are closer to humans than the rodents used in our
previous study (17). After two to three doses of the primary im-
munization, the levels of Ag-specific serum IgG, but not serum
IgA, increased in all macaques immunized with MucoRice-CT-B,
but not in the control macaque (Fig. 3A). Among the three immu-
nized macaques, no. 001 maintained a high titer of CT-specific Ab
responses for more than 6 mo (Fig. 34). Although the Ab levels
gradually decreased in the other two macaques after the final im-
munization, they continuously exceeded the detection limit for 6
mo (Fig. 3A). When these macaques were given an oral booster
dose of the rice-based vaccine 6 mo after the last immunization,
the levels of CT-specific serum 1gG Abs immediately recovered to
titers higher than those observed after the initial immunization
(Fig. 3A). These results indicate that MucoRice-CT-B is a potent
oral vaccine that is capable of both inducing long-term Ag-specific
systemic immunity and eliciting oral booster activity in nonhuman
primates.

CT-specific serum IgG Abs induced by MucoRice-CT-B possess
toxin-neutralizing activity

To determine the ability of the CT-specific serum IgG Abs induced
by oral immunization with MucoRice-CT-B to protect against the
toxin, we performed an in vitro neutralizing assay by using a GM1-
ELISA, a standard assay for demonstrating the neutralizing activ-
ity of CT-specific Abs (17, 22). When CT was preincubated with
serum and assayed, the binding of CT to its receptor, GM1 gan-
glioside, was inhibited by sera from all of the immunized ma-
caques at a level corresponding to the toxin-specific Ab titer,
whereas the serum obtained from the control macaque did not
show any inhibitory effect (Fig. 3B). Although serum from the
macaque with the highest Ab responses (no. 001) also showed
more neutralizing activity than the sera from the other two immu-
nized macaques, the activity of the sera from these two macaques
dramatically increased after the oral booster dose (Fig. 3B). Taken
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together, these results indicate that oral immunization with
MucoRice-CT-B can induce Ag-specific serum IgG Abs that have
potential protective activity in nonhuman primates.

Oral immunization with MucoRice-CT-B does not induce
IgE Ab responses to rice storage protein

To assess whether oral immunization with MucoRice-CT-B could
induce a rice allergy, we examined rice storage protein-specific
serum IgE and IgG Ab levels before and during the vaccination
study. Rice storage protein-specific serum IgE Abs were barely
detected before immunization and were not above the limit of de-
tection after the macaques were orally immunized with the rice-
based vaccine or WT rice (Fig. 4A). Similarly, all four macaques
possessed low levels of rice storage protein-specific serum IgG
Abs before immunization, but these levels were not elevated after
vaccination (Fig. 4B). A subsequent Western blot analysis con-
firmed that the reactivity of serum IgG Abs against rice storage
proteins prolamin and glutelin did not change between the preim-
munization and post booster measurements, whereas the reactivity
of Abs against CT-B did increase after vaccination (Fig. 4C).
Taken together, these results suggest that oral MucoRice-CT-B can
safely induce protective immunity without causing undesired im-
mune responses.

Oral immunization with MucoRice-CT-B does not increase
CT-reactive intestinal SIgA Abs from pre-existing levels

We next assessed whether oral immunization with the rice-based
vaccine would increase the spontaneously acquired CT-reactive
intestinal SIgA Abs in fecal extracts. Despite the induction of high
titers of CT-specific serum IgG Abs, the pre-existing CT-reactive
intestinal SIgA Ab titers did not increase even after multiple oral
doses of the vaccine (Fig. 5A). The booster immunization 6 mo
after the last immunization also did not influence the level of CT-
reactive intestinal SIgA Abs (Fig. 5A). Similarly, a Western blot
analysis showed that the reactivity of the SIgA Abs against CT-B
did not change from preimmunization levels, even after the booster
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vaccination (Fig. 5SB). These findings suggest that oral vaccination
with MucoRice-CT-B cannot modulate the pre-existing CT-reac-
tive intestinal SIgA Ab responses.
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FIGURE 4. Oral immunization with MucoRice-CT-B does not induce
rice storage protein-specific immune IgE Ab responses. Very low levels of
serum IgE Abs specific for rice storage proteins were detected in each of
the macaques orally immunized with MucoRice-CT-B or WT rice (A). In
addition, rice storage protein-specific serum IgG Ab levels did not increase
after multiple vaccinations (B). A Western blot analysis also showed that
levels of serum IgG Abs to rice storage proteins prolamin and glutelin did
not change during the vaccination period, but Abs against CT-B did in-
crease (C). w = week.
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FIGURE 5. Oral immunization with MucoRice-CT-B does not increase
spontaneously acquired CT-reactive intestinal SIgA Ab responses, but
these SIgA Abs possess toxin-neutralizing activity. Unlike the CT-specific
serum IgG Ab responses, CT-specific SIgA Ab responses were not en-
hanced by oral immunization with MucoRice-CT-B (A). Western blot anal-
ysis of feces also showed that the reactivity of SIgA Abs to CT-B did not
change even after boosting with MucoRice-CT-B (B). Fecal extracts col-
lected from the immunized (no. 001, no. 002, and no. 003) and control (no.
004) macaques separated by gel chromatography showed a CT-specific
SIgA Ab fraction that corresponded with the toxin-neutralizing activity
(inhibitory effect), but did not show a CT-reactive GM1 ganglioside-con-
taining fraction (C). The inhibitory effect was calculated in comparison to
the control (PBS added instead of sample). Bovine IgM and B-lactoalbu-
min were used as molecular standards for the gel filtration chromatography
(C). w = week.

Pre-existing CT-reactive intestinal SIgA Abs acquired in a
conventional environment possess toxin-neutralizing activity

We recently showed that fecal extracts obtained from naive mice
and mice immunized with MucoRice-CT-B contained equivalent
levels of abundant, high-molecular mass, CT-reactive GM1 gan-
glioside derived from dead intestinal epithelial cells; this gangli-
oside possessed neutralizing activity in vitro but not in vivo (D.
Tokuhara, Y. Yuki, T. Nochi, T. Kodama, M. Mejima, S. Kuro-
kawa, Y. Takahashi, M. Nanno, F. Takaiwa, T. Honda, et al., in
preparation). To examine whether the pre-existing CT-reactive in-
testinal SIgA Abs can neutralize the binding of CT to GM1 gan-
glioside, we first used gel filtration chromatography to separate
SIgA Abs from the high-molecular mass form of GM1 ganglioside
in the fecal extracts obtained after the final immunization, then
assayed the collected fractions by CT- and GM1 ganglioside-spe-
cific ELISAs and an in vitro neutralizing assay. However, unlike
our observation in the fecal extracts obtained from mice, we did
not observe the released GM1 ganglioside in the expected molec-
ular mass fractions obtained from immunized or control macaques
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FIGURE 6. Oral administration of CT enhances serum IgG but not CT-
reactive intestinal SIgA Ab responses. CT-specific serum IgG Ab re-
sponses were sharply increased in the control macaque (no. 004) and
showed a further tendency to increase in three macaques previously im-
munized with MucoRice-CT-B (no. 001, no. 002, and no. 003). In contrast,
CT-reactive intestinal SIgA Ab responses did not change consistently in
any of the macaques after oral doses of CT. w = week.

43 45 47 w 41 43 45 47 w

(Fig. 5C). In contrast, CT-specific intestinal SIgA Abs were ob-
served in the expected fractions of all macaques (Fig. 5C), which
consisted of the fractions containing polymeric form of the total
IgA (data not shown). The weak inhibitory signals were also de-
tected by CT-specific ELISA in some low-molecular mass frac-
tions (fractions 36 to 44) from one immunized macaque (no. 001;
Fig. 5B). However, these fractions did not contain polymeric or
dimeric forms of total IgA (data not shown), suggesting that these
signals could be due to nonspecific reactivity of the secondary Ab
used in this study. Most importantly, the inhibition of the binding
of CT to GM1 ganglioside was observed only in fractions con-
taining the CT-reactive intestinal SIgA Abs (Fig. 5C). These re-
sults support that the macaques had spontaneously acquired CT-
reactive intestinal SIgA Abs possessing toxin-neutralizing activity.

CT-reactive SIgA Ab responses were not affected by oral
administration of the native form of CT

Because the primary and booster oral immunization with Muco-
Rice-CT-B did not influence the level of pre-existing CT-reactive
intestinal SIgA Abs, we next administered the native form of CT
to all macaques to test whether this potent Ag, which is highly
immunogenic and possesses strong adjuvant activity (23) in addi-
tion to its toxic effects, would alter the SIgA Ab levels (Fig. 2).
CT-specific serum IgG Ab responses dramatically increased in the
control macaque and showed further increases in the three ma-
caques previously immunized with MucoRice-CT-B (Fig. 6).
However, CT-reactive SIgA Ab responses were not consistently
altered in either the control or the experimental macaques even
after three oral doses of CT (Fig. 6). These results suggest that the
pre-existing CT-reactive intestinal humoral immunity that had de-
veloped in the conventional housing environment may have al-
ready reached immunological plateau levels.
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Discussion

A major benefit of oral vaccines is that they induce protective
immunity in both the systemic compartment and the aerodigestive
mucosa (13). One of most important roles of the mucosal immune
system is to elicit Ag-specific IgA Ab production in mucosal tis-
sues and simultaneously to assist in the induction of Ag-specific
systemic Ab responses (11). In fact, oral vaccination of cynomol-
gus macaques with MucoRice-CT-B effectively induced Ag-spe-
cific serum IgG Ab responses with toxin-neutralizing activity. In
addition, a booster dose of the vaccine enhanced the Ag-specific
Ab responses. However, to our surprise, because the macaques
already had pre-existing CT-reactive intestinal SIgA Abs and
probably permanently maintained them at maximum levels, these
SIgA Ab levels were not increased by oral administration of Mu-
coRice-CT-B or even by oral administration of the native form of
CT. Considering their housing conditions, it is not likely that the
macaques were naturally exposed to V. cholerae, and their medical
records showed no evidence of V. cholerae infection. Although we
do not have any definitive explanation of how the macaques may
have spontaneously acquired CT-reactive SIgA Abs, CT and LT
have high homology (21), and the CT-reactive intestinal SIgA Abs
also cross-reacted with LT. Tt is therefore reasonable to consider
that they had been infected by LT-producing enterotoxigenic Esch-
erichia coli or homologous unknown bacteria, which may be ca-
pable of producing a CT- or LT-like molecule.

In contrast to the pre-existing CT-reactive intestinal SIgA Abs,
few or no CT-specific serum IgG Abs were detectable in macaques
of any age before oral immunization. The dendritic cells (DCs) in
Peyer’s patches and isolated lymphoid follicles can retain com-
mensal microbiota sampled by M cells, thereby facilitating the
induction of intestinal SIgA Ab responses specific for commensal
flora-derived Ags (24). In contrast, commensal-specific immune
responses are not induced in the systemic compartments, such as
the spleen, because the mesenteric lymph nodes confine the circu-
lation of intestinal commensal-derived Ags to DCs (24). Similar to
the commensal microbiota-induced Ag-specific SIgA Ab re-
sponses, naturally infecting enterotoxigenic E. coli may not be
pathogenic for macaques but may still spontaneously stimulate the
gastrointestinal (but not systemic) immune system and induce lo-
cal Ag-specific SIgA Ab production in the intestine. In contrast,
the mechanisms that induce the acquired systemic immune system
to respond to mucosa-derived Ags may be totally different from
those spontaneously acquired mucosal Ab families, including the
pre-existing CT-reactive intestinal SIgA Abs, because we recently
showed in a separate study that oral immunization of Peyer’s
patch-deficient mice with the rice-based vaccine induces normal
CT-specific serum IgG Ab responses (D. Tokuhara, Y. Yuki, T.
Nochi, T. Kodama, M. Mejima, S. Kurokawa, Y. Takahashi, M.
Nanno, F. Takaiwa, T. Honda, et al., in preparation). In this regard,
it is known that intestinal DCs in the lamina propria directly take
up luminal Ags by extending their dendrites (25, 26), and villous
M cells also participate in sampling external Ags (27). Thus, an-
other possible explanation for our current results is that MucoRice-
CT-B is directly taken up by intestinal DCs and/or villous M cells
even in the presence of pre-existing CT-reactive intestinal SIgA
Abs, and therefore induces Ag-specific systemic IgG Ab responses
through Peyer’s patch-independent immunity. Although we do not
have any direct evidence to support this hypothesis, it is worth
testing in a future study.

IgA is the most abundant Ig produced in our body (11), espe-
cially in mucosal tissues, and the production of intestinal IgA is
initiated shortly after birth in response to the colonization of com-
mensal microbiota in the gastrointestinal tract (28). However, be-
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cause the intestinal microbial composition of SIgA-lacking
plgR ™~ mice is not completely different from that seen in WT
mice (29), the precise immunological role of naturally occurring
SIgA Abs is still obscure. plgR ™'~ mice are more susceptible to
Salmonella typhimurium infection than WT mice because they
lack naturally occurring bacteria-reactive SIgA Abs (30), suggest-
ing that these SIgA Abs may contribute to the formation of the first
protective barrier against mucosal pathogens. It should be noted
that macaques are not susceptible to V. cholerae, and oral chal-
lenge with V. cholerae does not cause any cholera symptoms, such
as diarrhea (31). In our study, we also found that the macaques did
not have diarrhea even after the oral administration of CT (data not
shown). Taken together with the previous findings (31), our results
suggest that spontaneously acquired CT-reactive intestinal SIgA
Abs may play a pivotal role in protecting against V. cholerae in-
fection in macaques.

An epidemiological study of 62,285 volunteers in Bangladesh
showed that oral vaccination with 1 X 10" killed V. cholerae plus
1 mg of CT-B elicited a 26% reduction in diarrhea for 1 year after
the vaccination (32). Similarly, one of three macaques immunized
with MucoRice-CT-B retained CT-specific long-term protective
immunity in the serum for at least 6 mo after the final vaccination
without a booster immunization. Although the Ab level gradually
decreased in the other two immunized macaques, it remained
above the detection limit, and high titers were rapidly recovered
after oral boosting with the rice-based vaccine. These results in-
dicate that oral immunization with MucoRice-CT-B is a suitable
strategy not only for inducing long-term immunity, in this case
over several months, but also for boosting immunity in nonhuman
primates.

Another important revelation of this study is that only 667 mg of
MucoRice-CT-B, which contains 1 mg of CT-B and is equivalent
to approximately 30 seeds, was sufficient to induce CT-specific
serum IgG Ab responses in macaques in our mouse study, we used
more than 50 mg of MucoRice-CT-B, containing 75 ug of CT-B,
to induce Ag-specific immune responses in mice, even though the
body weight of mice is 1/150 that of macaques (17). These facts
suggest that MucoRice-CT-B will be effective as a new form of
oral vaccine. At same time, we also realize that five oral doses at
2-wk intervals is not a practical schedule for vaccination in the
field. Because the present study was the first opportunity to dem-
onstrate whether orally administered MucoRice-CT-B can induce
Ag-specific Ab responses in limited numbers of macaques, we
chose to use an excessive immunization schedule and therefore
could not precisely elucidate the minimum effective dose and fre-
quency of oral MucoRice-CT-B. To address this important issue,
we are designing a new series of experiments to test the minimum
dose and frequency of oral MucoRice-CT-B that can successfully
induce Ag-specific immunity.

In addition, it was interesting to note that macaques harbored
rice storage protein-specific IgG Abs in serum obtained before
immunization (Fig. 4, B and C). The response was most likely
induced by their dietary chow, which contained small amounts of
rice-derived materials. However, it is important to emphasize that
the pre-existing rice-specific serum IgG Abs did not increase even
after multiple oral immunizations with the rice-based vaccine, and
there was no evidence of induction of rice-specific IgE Ab re-
sponses (Fig. 4A). These results suggest that oral immunization
with MucoRice-CT-B did not lead to undesired allergic immune
responses even when rice-specific Abs were present in the host.
Thus, we conclude that MucoRice-CT-B is a safe, immunogenic
oral cholera vaccine for nonhuman primates and should be studied
in humans for its possible use as a new-generation cold-chain- and
needle/syringe-free vaccine.
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Mucosal vaccines are considered the most suitable type of vaccines to combat emerging and
re-emerging infectious diseases because of their ability to induce both mucosal and systemic
immunity. Considerable advances have been made toward the development of mucosal vaccines
against influenza virus and rotavirus. Many additional mucosal vaccines are in development,
including vaccines against cholera, typhoid, traveler’s diarrhea and respiratory infections. In
addition to oral and nasal vaccines, transcutaneous (or skin patch) and sublingual immunizations
are now part of a new generation of mucosal vaccines. Rurthermore, a rice-based oral vaccine
(MucoRice™) has been receiving global attention as a new form of cold chain-free vaccine,
because it is stable at oom temperature for a prolonged period. This review describes recent

developments in mucosal vaccines with promising preclinical and clinical results.

Keyworps: MucoRice ™ ® nasal vaccine » oral vaccine ® transcutaneous vaccine

Injected vaccines are designed to induce pro-
tective immunity in the systemic compartment
but are not aimed at providing mucosal immu-
nity as a first line of defense against mucosal
pathogens. Vibrio cholerae, Salmonella enter-
ica, enterotoxigenic Excherichia coli (ETEC),
Mjyrobacterium tuberculoss influenza virus,
rotavirus and HIV invade and infect the body at
the mucosal surfaces of the digestive, respiratory
and reproductive tracts [1,2]. Because mucosal
administration of a vaccine can induce both
systemic and mucosal antigen-specific immune
responses, mucosal vaccination would probably
improve the efficacy of current parenterally
delivered vaccines and could prevent a range
of infectious diseases at the sites where their
causative pathogens invade [2].

Several routes of vaccine administration
induce both systemic and mucosal immunity.
In general, oral administration effectively
induces antigen-specific antibody responses in
the small intestine, colon and salivary glandsin
addition to systemic compartments, but gener
ates relatively low levels of antigen-specific IgA
antibody responses in the large intestine, ton-
slls, respiratory tract and female genital tract [3).
Nasal administration of antigen induces potent
antigen-specific antibody responses in the oral

and nasal cavities and respiratory tract, aswell as

in systemic compartments, but not in the intes
tines (4). Interestingly, nasal immunization also
can effectively induce antigen-specific IgA and
cytotoxic T lymphocytes (CTLs) in the female
genital tract, making it an attractive immumizar
tion route for the development of an effective
mucosal vaccine against HIV infection and
other sexually transmitted diseases 1.

Other than the early development of an oral
polio vaccine (OPV), few mucosal vaccines have
been available clinmcally, despite recent progress
in understanding the unique basic and clinical
aspects of the mucosal immune system. In recent
years, only a nasal influenza vaccine and oral
rotavirus vaccine are available to the public, but
numerous mucosal vaccines are in development
wordwide (Tame1 & 2). In thisreview, we concisely
mtroduce the current conceptsof mucosal immur
nity and vaccines and discuss their application to
human studies and trials for the development of
globally licensed mucosal vaccines

Vaccine development for the mucosal
Immune system

We continuously expose our respiratory, diges
tive and reproductive tracts to both beneficial
and pathogenic antigens from the outsde world
by inhalation, ingestion and sexual contact. The
mucosal immune system is equipped with two
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Table 1. Approved mucosal v

Live-attenuated polio vaccine (Oral Polio Vaccine®)
Ihactivated Vibrio cholerae O1 plus cholera toxin B subunit (Dukoral®)
CVD 103 live-attenuated V. cholerae O1 HgR (Orochol®)

Live-attenuated B21a vaccine (Vivotif®)

Live-attenuated cold-adapted influenza virus (FluMist®)

Live-attenuated monovalent human rotavirus (RotaRix®)

Live-attenuated pentavalent human—bovine ressortant virus (Rotaleq®) Merck

immunological machineries that mediate the active and quies
cent phases of antigen-specific immune responses, both provid-
ing a front line of defense against invading pathogens by induc-
ing positive immune responses and also inducing immunologic
unresponsiveness to food antigens as a negative immune response
(mucosally induced tolerance). The mucosal immune system thus
maintains a balance between the host's mucosal surfaces and the
external environment [s]. In order to further advance our efforts
toward the development of a mucosal vaccine, it is necessary to
appreciate and understand the anatomical and functional unique
ness of the mucosal immune system when compared with the
better known systemic immune system, which is situated in a
totally segregated, germ-free compartment [6].

Antigen-specific mucosal immunity consists of secretory
IgA (SIgA) and/or CTL responses and is generally induced by
interconnected mucosarassociated inductive and effector sites
i7]. When vaccine antigens or pathogens are encountered as a
result of ingestion or inhalation, these antigens are taken up
by the organized inductive tissues, known as mucosa-associ-
ated lymphoid tissues (MALTS) that lie in the digestive and
respiratory tracts. The MALTS family includes gut-associated

yle 2. Mucosal vaccines in development

Many Bolio Oral

SBL Vaccine Cholera Oral

Bema (Swiss Serum and Cholera Oral

Vaccine hstitute)

Bema (Swiss Serum and TBphoid Oral

Vaccine Institute)

MedImmune Influenza Nasal

GlaxoSmithKline Rotavirus Oral
Rotavirus Oral

lymphoid tissues (GALTS) such as Peyer's patches (PPs) and
isolated lymphoid follicles, nasopharynx associated lymphoid
tissues (NALTS), and bronchus associated lymphoid tissues.
PPs and NALTs are well-characterized members of the MALTSs
family that are located in the intestinal and respiratory tracts
respectively. Tens of PPs are generally found in the small intes
tines of rodents and hundreds in the small intestines of humans.
NALTS are located at both basal sides of the nasal cavity in
rodents. Although there is anatomically no equuvalent of NALTs
in humans, oropharyngeal lymphoid tissues including the ade-
noids and palatine tonsils are thought to act as functionally
and histologically organized lymphoid structures for the upper
respiratory tract (8,9].

In general, MALTS are covered by a follicle-associated epithe-
lium (FAE) that contain professional antigen-sampling cells,
known asM cells, that effectively take up antigens from the lumen
of the respiratory and digestive tracts Immediately undermeath
the FAE, layers of professional antigen-presenting cells or den-
dritic cells (DC9) are situated for the subsequent capture and
processing of antigens taken up by the M cells 10]. MAITs con-
tain a well-organized microarchitecture of B- and T-lymphocyte

Live-attenuated Vibrio cholerae Peru-15 AVANT Inmunotherapeutics  Cholera Onal Phase IT
(Cholera Garde®)

Live-attenuated Ty800 vaccine AVANT Inmunotherapeutics  Tphoid Oral Phase 1
Tive-attenuated CDV909 vaccine Acambis/Berma TBphoid Oral Phase I
(HolaVax-Typhoid®)

Live-attenuated cold-adapted influenza viris Medinmune Influenza Nasal Phase II
(CAIV-T®)

Live-attenuated b/hPIV3 expressing Fprotein ~ MedImmune RSV and PIV3 Nasal Phase 1
of RSV

Heat-labile enterotoxin omai Taveler's diarthea Tanscutaneous  Phase II

PIV: Parainfluenze virus; RSV: Respiratory syncytial virus.
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zones that can respond to the processed peptide antigens pre-
sented by DCs, and that can become antigen-specific effector and
memory B and T cells for the generation of an antigen-specific
mucosal immune response. Following D C-mediated stimulation,
activated CD4* Th2 cells preferentially induce IgA-commutted
B cells (IgA* B cell9) in the germinal center of the lymphoid

follicle. After p(IgM)-to-ou(IgA) isotype class switching, these
IgA-committed B cells become plasma blasts and then rapidly
egress from the MALTS to enter the migration pathway via the
connected lymphoid tissues, such as mesenteric and cervical
Iymph nodes, and continue through the efferent lymphatic system
(11). Finally, these antigen-specific CD4* T cells and IgA* B cells

Antigen #
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Figure 1. Mucosal immune system for the induction of antigen-specific secretory IgA.
MadCAM: Mucosal addressin cell adhesion molecule; NAIT Nasal-associated lymphoid tissue; TCR T cell receptor; VCAM: Vascular cell

adhesion molecule.
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migrate to effector sites including the intestinal lamina propria
region and nasal passages, through the thoracic ducts and blood
circulation (Reure 1) [10].

The activated Band T cells migrating from PPs express a4 7
integrin and CCR9 as guidance molecules which direct them
to the intestinal lamina propria. The integrin interacts with
intestinal high endothelial venules expressing mucosal vas-
cular addressin cell adhesion molecule 1 (MadCAM1), and
CCRY enables specific migration to the intestinal lamina pro-
pria, where the epithelial cell-produced chemokine CCL25 is
expressed [12-14]. In addition to their original antigen processing
and presentation capacities, mucosal D Cs produce retinoic acids
and, therefore, are critical for educating antigen-specific B and
T cellsto express the gut-imprinting molecules 437 and CCR9
in PPs (15,16). By contrast, antigen-stimulated B and T cells in
NALTS express 04B1 integrin and CCR10, allowing them to
be selectively trafficked to the effector sites of the nose, trachea,
and bronchus, where their ligands VCAM1 and CCL28, are
strongly expressed [17]. The same mucosal migration molecules
are involved in the trafficking of activated lymphocytes to the
genitourinary tract, which can explain the effective induction
of antigen-specific immune responses in the genital tract after
nasal immunization [18].

When IgA* B cells have migrated to the distant effector sites
(e.g., intestinal lamina propria), the cells enter into the final
differentiation stage to become IgA-producing plasma cells in
the presence of IgA-enhancing cytokines such asIL-5 and IL: 6,
which are produced by Th2 cells for subsequent production of
dimeric or polymeric forms of IgA (dIgA and pIgA, respec-
tively) 19). dIgA and pIgA then bind to polyimmunoglobulin
receptors (pIgR) expressed on the basolateral surfaces of epithe-
lial cellsfor the formation and transport of SIgA [20]. During the
time that dIgA (or pIgA) and pIgR complexes are transported
to the apical surface, extracellular proteolytic fragments of pIgR
are cleaved to become the secretory component, which forms a
part of SIgA [21].

Although M cells located in the FAE of PPs and NALTS have
been considered an important gateway for the outside environ-
ment and subsequent initiation of antigen-specific mucosal immu-
nity againgt orally or nasally encountered antigens [22], mucosally
administered antigens can also be taken up from the mucosal sur
face, including from columnar epithelial cells such as small intes
tinal and rectal epithelia, in collaboration with mucosal DCs 23).
For example, mucosal DCs can directly sample antigen from the
ntestinal lumen by extending dendrites between the tight junctions
of intestinal epithelial cells These intraepithelial D Csthen migrate
to the mesenteric lymph node for antigen presentation to naive
Iymphocytes(24]. Recently, we demonstrated that M-like cellsin the
villous epithelium, which we termed villous M cells, have the poten-
tial to act as alternative antigen sampling cells for the initiation of
antigen-specific immune responses [25]. The gut immune system
contained more antigen sampling sites than we had expected; these
included inductive sites (e.g., M cells in the FAE of PPs and iso-
lated lymphoid follicles) and effector sites (e.g., intraepithelial DCs

and villous M cells) for the initiation of antigen-specific immune

responses We till do not know whether these mucosal DCs and
M cells form a dynamic antigen sampling network that influences
the quality or quantity of antigen-specific immune responses in
both the mucosal and systemic compartments, however; one has
to consider the presence of such a variety of antigen-sampling cells
in the intestinal mucosa when developing an oral vaccine.

In addition to DCs in the intestinal epithelium, two kinds of
professional antigen-sampling DCs, Langerhans cells (LCs) and
submucosal DCs have been shown to locate within (LCs) and
beneath (submucosal DCs the body surfaces that are covered
by stratified epithelial cell layers, such as the skin, oral cavity
and sublingual mucosa(23]. These mucosal surfaces are devoid of
MALTS structures but are drained by regional lymph nodes The
DC-like LiCscan migrate between skin epithelial cells, where they
can sample antigen directly from the cell surface [26]. Although
LCsstem cells are present in dermis and submucosa, submucosal
DCs do not migrate above the basement membrane. These cells
migrate to draining lymph nodes such ascutaneous and proximal
Iymph nodes, and present antigens to naive lymphocytes The
ability of these DCs to directly sample antigen from skin and
oral mucosa surfacesleadsto the possibility of transcutaneous27]
or sublingual immunization [28] as altemative strategies for the
development of needle/ syringe-free vaccines

Mucosal vaccines

Oral vaccines

Enteric invasion by pathogenic viruses, such as poliovirus
and rotavirus, or bacteria, including V. cholerae, ETEC and
Salmondla enterica serovar Typhi, are serious threats to public
health worldwide, particularly to children living in developing
countries[29]. Here, we summarize and discuss mucosal vaceines
currently approved or in development for human use against
enteric infections (Tases 1 & 2).

Polio vaccine

The live-attenuated OPV developed by Albert Sabin was the first
approved mucosal vaccine [30]. Similar to the injectable inactivated
polio vaccine (IPV) developed by Jbnas Salk (30], OPV effec-
tively induces systemic antibody immune responses with excel-
lent protection against poliomyelitis, a paralytic disease resulting
from the destruction of motor neuronsin the CNS30]. There are
three sarotypes of poliovirus that recognize a common cellular
immunoglobulin-like receptor (CD155) for host cell attachment
and entry. All three sarotypes cause poliomyelitis [31], and both
OPV and IPV are trivalent vaccines that provide good protection
againg all three serotypes.

Poliovirus is an enterovirus, and infection occurs via the oral
route (32]. OPV both produces a higher titer of virus-specific IgG
antibodies than IPV and also induces mucosal IgA immune
responsesin the intestine, the primary poliovirus entry site. OPV
therefore prevents infection and transmission of poliovirus at the
intestinal epithelium. Despite the advantages of OPV in terms
of efficacy and administration, OPV can revert to neuroviru-
lence, causing vaccine associated paralytic poliomyelitis at a rate
of approximately one case in 500,000 administered doses [32].
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Although global vaccination with OPV decreased the annual
incidence of poliomyelitis in the year 2006 to approximately
2000 cases woldwide [30], outbreaks of paralytic polio caused by
the vaccine derived strains have been reported every year since
2000 [33]. Thus most industrialized countries have replaced OPV
with IPV [30). Although IPV is currently consdered to be a safe
vaccine owing to the inability of the vaccine to induce paralytic
polio, one of disadvantages of IPV is that it is unable to induce
mucosal immunity for the elimination of the virus at the site of
invasion. Developing countries continue to use OPV because the
oral form provides the same efficacy at a lower cost. Nonetheless,
to achieve the global eradication of polio, OPV will have to be
improved in terms of its safety and efficacy as well as cost. The
development of an inactivated mucosal polio vaccine may be pos:
sble and is an attractive goal for overcoming these obstacles but it
may need anovel mucosal adjuvant that supports the induction of
excellent polio-specific protective immunity in both the mucosal
and systemic compartments

Cholera vaccine

Diarrheal disease remains a major global health problem.
Approximately 4 billion cases of diarthea occur worddwide each
year, resulting in approximately 2.2 million deaths mostly
of children under 5 years of age in developing countries [301].
Approximately half of the cases are caused by pathogenic bacteria
that produce enterotoxins. Cholera, which results from infection
with V. cholerae, isthe most severe of the enterotoxic enteropathies.
Injectable vaccination with inactivated V. cholerae was used until
the end of the 20th Century. Although the injectable vaccine is
ill available in the USA, it is no longer recommended because
it can induce adverse reactions and offers only partial protection
of short duration [34]. The limited efficacy of the injection-type
vaccine for the control of V. cholerae infection is predictable, given
our current knowledge of the gut mucosal immumne system and the
nature of the pathogen invasion site.

To overcome the limitations of the injected vaccine, two oral
cholera vaccines have been developed and licensed (Tare 1. One
is a recombinant live-attenuated vaccine (Orochol®). The vac-
cine strain CVD 103 HgR was constructed by modifying the
cholera toxin (CT) gene from V. cholerae Inaba strain 569B [35)
by deleting the gene encoding the toxic A subunit of CT, leav-
ing the nontoxic but immunogenic B subunit (CTB). A single
oral dose of CVD 103 HgR gave high vibriocidal seroconversion
and prevented disease in adult volunteers living in industrialized
countries [35,36), but when the vaccine was tested in a large field
trial in Thailand and Indonesia, vibriocidal seroconversion was
low and no significant protection was observed [35-37]. Therefore,
the vaccine is not currently being produced.

The other internationally licensed oral cholera vaccine is an
inactivated V. cholerae O1 combined with a recombinant CTB
(CTB-WC, Dukoral®) (35]. rCTB-WC inducesboth antibacterial
and antitoxic SIgA mucosal immunity in the intestinal tract, as
well as serum antigen-specific [gG immune responses. Three oral
doses of rCTB-WC gave 85% protection for the first 6 months
and 50% in the third year in a trial in Bangladesh; protective

efficacy of rtCTB-WC for children aged 2-5 years after 6 month
and reached 26% at 3 years, compared with 63% efficacy for
adults and children over the age of 5 years [38-40]. In addition
to the direct protection of vaccine recipients, the r*CTB-WC
vaccine resulted in significant herd protection to neighboring
nonvaccinated individuals 41]. The rCTB-WC vaccine was also
highly effective in short-term protection against severe cholera
in an area of sub-Saharan Africa with a high prevalence of HIV
infection [42). Because of the immume responses to CTB after oral
vaccination with rCTB-WC, the vaccine also possessed significant
cross protection againgt ET'EC, which produces aheatabile entero-
toxin (IT) that shares high homology with CT and causes severe
diarthea in children in developing countries and in travelers to
those countries [43).

A live oral V. cholerae O1 El or Inaba vaccine, Peru-15® (also
known as Cholera Garde®), is currently in development. Peru-15
is also genetically engineered by deleting the native CT gene and
introducing the gene encoding CTB [44]. The vaccine has been
found to be safe, immunogenic and efficacious in North American
volunteers as well as Bangladeshi adults and children [45]. Asingle
dose of oral Peru-15 has provided promising resultsin a Phase /IT
clinical trial in Bangladeshi children aged 9 monthsto 5 years4¢).
Although we have to wait for additional efficacy results from
ongoing field trials in developing countries, this form of oral vac-
cine will probably add another option for the global control of
V. dholerae infection.

Anideal cholera vaccine should be a single oral dose that offers
ahigh degree of long: term protection without side effectsin chil-
dren in endemic areas. It should also be an economical and cold
chain-free (or refrigeration-free) product, s that the population at
potential risk in developing countries can afford the vaccine (34).
It may not be an easy task, but we must develop a vaccine that
fulfils these criteria in order to conquer cholera.

Typhoid vaccine

Typhoid fever caused by Salmonella enterica serovar Typhi
remains a serious public-health problem, with an estimated
33 million cases and 500,000 deaths annually around the
world (47). The incidence of typhoid fever is the highest in chil-
dren from 5 to 19 years of age, followed by those 1-5 years
of age, in developing countries including areas of Africa, Asia
and South America [48]. Travelers from industrialized countries
who visit areas where typhoid fever is endemic are also at risk
of contracting the disease.

Two types of vaccine are currently available, a purified Vi
polysaccharide (PS) injection vaccine and an attenuated Ty21a
live oral vaccine [2]. The Vi capsular PS of S. enterica serovar
Typhi is an effective vaccine antigen that can induce protective
antibody responses against O antigen, leading to the elimination
of the bacterium from blood circulation (47]. A trial of single-dose
Vi PS parenteral vaccine in South African children (average age:
9 years) gave 70% protection for the first 18 months and 55%
protection over 3 years against typhoid fever [49]. Despite the
efficacy in young children, the purified Vi PS is considered a poor
immumogen for infantsbecause it behaves asa T-cell-independent
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antigen, and therefore induces low antigen-specific antibody
responses in immunologically immature infants (49). However,
the conjugation of the PS antigen to a protein vaccine antigen
improved the generation of protective antibody responses in
infants (s0]. Thus, current efforts are aimed at the development
of a Vi-protein conjugate vaccine [so].

The oral attenuated S. enterica serovar Typhi strain Ty21a vac-
cine (Vivotif®) was generated by chemical mutagenesis of the wild-
type strain T2 as a lyophilized live bacteria in an enteric-coated
capsules1]. In clinical trials, the vaccine was initially administered
as three doses with 2-day intervals, which provided 67% overall
protection against the disease over 3 years, and 62% protection
over 7 years [52]. The vaccine was found to elicit Typhi-specific
serum IgG and mucosal IgA (s3] as well as Thl and CD8" CTL
responses [s4]. Although the attenuated S. enterica Typhi strain
Ty21ahasbeen characterized asunable to synthesize the Vi capsular
antigen, the mutation has not yet been fully defined, and the possi-
bility remains that this strain could revert to virulence even though
no revertants have been isolated so far. In addition, Ty21arequires
three to four dosesfor optimal immunogenicity. ss]. Thus asingle-
dose and better defined oral vaccine is highly desirable. Two new
attenuated S. enterica seovar Typhi strains designed to overcome
the concemsrelated to oral Ty21avaccine are currently in advanced
clinical trials. S. enterica Typhi Ty800, which has the Salmonella
phoP/phoQ virulence region deleted, was shown in a Phase I trial
to be a safe and immunogenic typhoid fever vaccine. The single-
dose Ty800 vaccine induced brisk serum O-antigen-specific IgA
and IgG responses in adult volunteers s¢]. A Phase IT trial (s7) has
been successfully completed of another single-dose live attenuated
oral vaccine, CVD 909 (HolaVax'Typhoid®), a Salmonella aroC/
aroD/htrA deletion mutant that constitutively expresses the Vi
antigen. There was no difference in the rates of frequent diarthea
in the 21 days after vaccination among those receiving low and
high doses of the vaccine and placebo. Antibody-secreting cells
producing lipopolysaccharide (LPS)-specific IgA were detected
in 100 and 92% of recipients of the high- and low-dose vaccines
respectively. Serum anti-LPS IgG, lymphocyte proliferation and
IFN-y production against Typhi antigen occurred in a substantial
proportion of vaccinees. Additional Phase IT or IIT human studies
of these vaccines will be needed to define the immunogenicity
of heterologous antigens carried by live S. enterica Typhi vectors

Rotavirus vaccine
Rotavirus is a major cause of acute gastroenteritis worldwide in
children younger than 5 years, causing more than 600,000 deaths
annually, mainly in developing countries [ss]. Rotaviruses have
two surface proteins, VP4 and VP7, which determine the serotype-
specific neutralizing antigens P and G, respectively. Although
there are 15 G serotypes and 14 P serotypes, only five combina-
tions G1P[8], G2P[4], G3P{8], G4P{8] and GIP[8], account
for 90% of the human rotavirus strains(ss]. Thus, these five G-P
combinations are theoretically targets for vaccine development.
Rotashield® (Wyeth) was introduced in 1998 as the first
licensed live attenuated oral rotavirus vaccine. It was a tetravalent
reassortant vaccine composed of thesus (G3) and human (G1, G2

and G4) rotavirus strains. It was given in a three-dose schedule
starting at 8 weeks of age, with two subsequent doses adminis
tered at 8-week intervals [¢0]. Although Rotashield was highly
efficacious for the prevention of diarrhea and hospitalization by
rotavirus infection, the vaccine might have triggered intussuscep-
tions after the oral vaccination period [¢0]. The risk of intussuscep-
tion was estimated at more than one case of intussusception per
32,000 infants during the postimmunization period (¢1]. Wyeth
thus withdrew the vaccine in 1999.

Currently, two live-attenuated oral rotavirus vaccines, Rotarix®
(GlaxoSmithKline) and RotdTeq® (Merck), are licensed in 88 and
47 countries, respectively [ss]. The two vaccines were designed
from Rotashield by using different approaches. Rotarix is an
attenuated human rotavirus vaccine that is made of a tissue-cul-
ture adapted human isolate, 89-12 (G1P[8]). The 89-12 strain
was chosen as avaccine candidate because natural infection with
similar G1P[8] rotaviruses provides broadly crossreactive neutral-
izing antibody responses and excellent protection against rotavirus
gastroenteritis [62]. In addition, human rotavirus G1P[8] is the
predominant strain worldwide. Rotarix is given in a two-dose
schedule starting at 6-13 weeks of age, with asecond dose admin-
istered after a 4- to 8-week interval. The safety and efficacy of
Rotarix in a Phase I trial involving 63,225 infants showed that
the vaccine was efficacious at protecting infants against severe
rotavirus gastroenteritis and was not associated with an increased
risk of intussusceptions|63]. The vaccine efficacy was 92% against
G1 serotype-specific rotavirus gastroenteritis, whereas the effi-
cacy against G2, G3, G4 and G9 serotype-specific rotavirus
gastroenteritis ranged from 41 to 87%.

RotaTeq is composed of five reassortant rotavirus strains, which
were derived from a WC3 bovine strain containing two genes,
VP4 (P) and VP7 (G), encoded by arotavirus of human origin. It
is given orally in a three-dose schedule starting at 6-12 weeks of
age, with subsequent doses administered at 4- to 10-week inter
vals A Phase III safety and efficacy trial of RotaTeq involving
70,301 infants showed that the vaccine is efficacious in preventing
rotavirus gastroenteritis. The vaccine efficacy against G1, G2, G3,
G4 and G serotype-specific rotavirus gastroenteritis was 75, 63,
83, 48 and 65%, respectively (64]. The risk of intussusceptions was
similar between the recipients of vaccine and placebo.

During the process of developing a safe and effective oral rotar
virus vaccine, it was consistently shown that the levels of serum
rotavirus-specific IgA measured shortly after either vaccination
or natural infection generally reflects the levels of antigen-specific
intestinal IgA antibodies and may be the best available marker
for protection against rotavirus gastroenteritis¢s] . Intestinal rotar
virus-specific IgA is probably the most important mechanism
for long-term protection against rotavirus gastroenteritis but the
mechanism by which the vaccine elicits protective immunity in
humans remains poorly understood [65].

Nasal vaccines
Acute respiratory illness causes the highest burden of disease in
the world. In particular, influenza virus, respiratory syncytial virus

(RSV), parainfluenza virus (PIV) and M. tuberculods are major
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respiratory pathogens that cause acute respiratory infectious dis
eases [66]. The mucosal immune system protects against these
pathogens, which invade the host via the mucosal surfaces cover-
ing the upper and lower airway tracts. To make use of this mucosal
immune system, a nasal vaccine has been developed for the fluand
is currently available to the public in the USA in addition to the
injection-type influenza vaccine. Here, we summarize and discuss
mucosal vaccines that are currently approved or in development
for human use against respiratory infections (Tanes 1 & 2).

Influenza vaccine

Acute respiratory infectionsincluding viruses and bacteriacaused
nearly 4 million deaths every year in worldwide, mostly in young
children and infantsin developing countries. The public burden
of influenza in the USA is estimated 25-50 million cases and
30,000-40,000 deaths per year. The average global burden of
pandemic influenza may be on the order of 1 billion cases [67].
Influenza causes particularly high rates of severe disease in chil-
dren younger than 5 years of age and adultsolder than 50 yearsof
age (¢8]. Influenza viruses are divided into three genera, A, B and
C. Influenza A viruses are further divided into subtypes accord-
ing to antigenicity of the major envelope proteins hemagglutinin
(HA) and neuraminidase (NA) (7). Although there are 15 HA
variants and nine NA variants, and thus 135 possble combina
tions, only viruses of the HIN1, HIN2 and H3N2 subtypes are
currently circulating widely in human populations, although the
pandemic influenza viruses HSN1, H7N2, H7N7 and HON2 also
cause human disease [¢7).

Injectable vaccines against influenza have been in common
use for a long time. Serum-derived immunoglobulins are the
antibodies primarily responsible for the protection of the lower
respiratory tract, whereas mucosal antibodies play a critical role in
the protection of the upper respiratory tract and are considered to
be more important to overall protection againgt airway infection
with influenza [69]. Recently, a nasal live-attenuated, trivalent
influenza vaccine, FluMist® (MedImmune), was approved in the
USA based on the advanced molecular and cellular knowledge
of influenza infection and mucosal immunity. The vaccine con-
tains two type A (HIN1 and H3N2) and one type B attenuated,
cold-adapted, temperature-sensitive reassortant influenza virus
strains that express the HA and NA surface glycoproteins of the
targeted wild-type strains [70]. The vaccine strain can replicate
at 25°C, which is the temperature of the nasal surface, but can-
not survive at 37°C, the temperature of the lungs(71,72]. FluMist
was highly efficacious in a 2-year Phase III trial, with overall
protective efficacy of 92%; the vaccine showed 86% protective
efficacy against antigenic variants that circulated in the region (70).
The currently licensed formulation of FluMist requires storage at
-15°C or less. To overcome this impractical storage requirement,
a liquid formulation of cold-adapted trivalent influenza vaccine
(CAIV-T) that is stable at refrigerator temperatures of 2-8°C is
being evaluated in a Phase I11 tnal (73).

Although FluMist was originally approved only for healthy indi-
viduals aged 549 years, the USFDA further approved FluMist for
children aged 2-5 yearsin 2007. The US CDC recommends that

children 6 months and older should be vaccinated for influenza.
However, the FDA decided that children under 2 yearsof age should
not be given FluMist because of an increased risk of wheezing and
other side effects possibly associated with the nasal administrar
tion (302). Thus, mucosal vaccines for influenza that can safely be
administered to children less than 2 years of age still need to be
developed. In addition to the infant population, one must remember
that the eldedy population of more than 50 years of age isalo at
major risk for influenza infection and its associated medical com-
plications, and thus the availability of a mucosal influenza vaccine

will contribute to improving public health in our aging society.

RSV/PIV vaccines

Respiratory syncytial virus is the most important cause of severe
lower respiratory infectionsin infants worddwide. RSV isestimated
to cause approximately 64 million infections each year, and mor-
tality could be as high as 160,000. Almost all children will have
been infected with RSV by 2 years of age, and the peak incidence
of mortality with RSV infection occurs at less than 3 months of
age [74]. The viral surface glycoproteins F and G are major pro-
tective antigens. F protein, which is highly conserved in RSV A
and B groups, is responsible for fusion of the virus envelope with
the target host cell membrane [75). PIV types 1, 2 and 3 are also
important respiratory pathogens in infants and young children.
For example, PIV-3 infects approximately 60% of infants before
the age of 2 years [74]. The viral surface glycoproteins HA-NA
(HN) and F protein are responsible for attachment and fusion
of virus to target host cells (e.g., respiratory epithelial cells) [7s].

In general, immunity against RSV and PIVs is mediated by
humoral antibodies, including secretory antibodies acquired as
a result of infection or materally derived in infants and cell-
mediated immune responses by cells such as CTLs A variety of
immunological approaches against RSV have been tested for the
development of a vaccine, but with limited success For example,
young infants frequently fail to respond adequately to vaccinar
tion due to immunogenic immaturity. In addition, one forma
lin-inactivated RSV not only failed to protect infants against
RSV infection, but also induced exaggerated clinical responses
to wild-type RSV infection in infants who were naive to RSV
before vaccination. The early trials resulted in the hospitalization
of 80% of vaccinees and two deaths [74].

At present, there is no licensed vaccine against RSV [67.74],
altknughnasalva:cmagangSVammchmcalmals Nasal
immunization with alive attenuated vaccine should induce both
systemic and nmucosal immumity, and may protect against viral ill-
nessesof the upper and lower respiratory tracts. A live-attenuated
vaccine containing achimeric bovine/ human PIV3 expressing the
human PIV3 Fand HN proteins and the human RSV F protein
(b/hPIV3/RSVE) hasbeen produced. Nasal immunization with
the b/hPIV3/RSVF vaccine not only induced RSV-neutralizing
serum antibodies and protective immunity against RSV chal-
lenge in African green monkeys, but also resulted in production
of serum antibodies that neutralized hPIV3 and inhibited the
hemagglutination of hPIV3 [75]. The b/hPIV3/RSVF vaccine is
currently being tested in a Phase I study.
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Tuberculosis vaccines

Tuberculosis (TB) iscaused by the respiratory pathogen M. tuber
culossand isa major health problem in both developed and devel-
oping countries. Globally, TB causes nearly 2 million deaths
annually and is the leading cause of death among HIV-infected
populations because of the inhibition of the immune system that
accompanies HIV infection (303). The currently available bacillus
Calmette—Guérin (BCG) vaccine protects against TB in child-
hood, but the immunity wanes with age, with the result that
this vaccine is ineffective at protecting against adult pulmonary
TB. Protective immunity to TB is dependent on strong cellular
immune responses involving both CD4* and CD8* T cells that
have the ability to produce the cellular immunity-enhancing
cytokine IFN-y (76].

New approaches toward the development of vaccine against
TB have been reported in preclinical and clinical studies[77,78].
These approaches include using recombinant BCG, live-atten-
uated strains of M. tuberculoss subunit vaccine approaches,
and nonreplicating viral vectorbased systems used alone or
in prime-boost regimens. There is increasing evidence that a
heterologous prime-boost approach induces higher levels of cel-
lular immunity than homologous boosting with the same vac-
cine [79]. In addition, there is some experimental evidence that
nasal vaccination protects against TB in mice. Although these
findings provide strong supportive evidence that nasal vaccina-
tion isthe best way to attain robust protective immune responses
in the lungs no nasal TB vaccine candidate has reached the
clinical trial stage (7s].

The TB-specific immunity induced by the current parenteral
BCG vaccine 1s markedly enhanced when it is boosted by nasal
administration of an adenovirus vector expressing M. tubercu-
lossantigen 85A (AdAg85A) in a mouse model. The enhanced
protection afforded by nasal AdAg85A correlates with the num-
bers of IFN-y-positive CD4* and CD8* T cells in the lung (so).
Moreover, nasal immunization with the fusion protein con-
sisting of Ag85B and 6-kDa early secretory antigenic target
(ESAT)-6 (s1] together with a combined adjuvant composed of
immunoimulating complexes|(s2] and afusion of the A1 CT sub-
unit with two copies of the D domain from Staphylococcus aureus
protein A (CTA1-DD) (s3], srongly boosts the pre-existing BCG
immunity in mice, promotes an antigen—spcciﬁc Thl immune
response dominated by IFN-y-secreting CD4* T cells and con-
tributes to protective immunity in the lung [84]. Unlike other
toxin-based nasal adjuvants, the CTA1-DD adjuvant itself does
not redirect to the CNS after nasal immumization ss]. Thus the TB
mucosal vaccine system with CTA1-DD is a promising candidate
for human application.

Conversely, priming with a nasally administered BCG fol-
lowed by boosting with a parenteral modified vaccinia virus
Ankara expressing Ag 85A (MVAS5A) also induces high lev-
els of anngen spectﬁc CD4* and CD8" T cells and protective
Immunity in mice (86]. Because MVAS5A has been shown to be
safe and highly immunogenic in a human Phase I study (87], the
nasal BCG followed by boosting with MVAS5A will probably be
further evaluated as a T'B vaccine candidate for humans.

New horizons in the development of mucosal vaccines
One of advantages of a mucosal vaccine over the injectable vac-
cine is, of course, that administration devices such as needles
and syringes are not necessary. A departure from the disposable
syringes and needles that are currently most commonly used for
vaccination would be friendly to both humans and the environ-
ment, because it would eliminate the necessity of administration
device (e.g., syringe and needle) leading to the secondhand spread
of infectious diseases and pain associated with vaccine administrar
tion, and the vast amounts of medical waste generated by mass
immunizations. Ongoing research into the molecular and cellular
mechanisms of surface immunological barrier systems is provid-
ing practical strategies for the development of a new generation
of mucosal vaccines. Here, we introduce and summarize some of
the key discoveries for the development of a new generation of
mucosal vaccines for the control of infectious diseases.

Transcutaneous vaccines
In addition to the mucosal immune system, the skin serves as
another major surface barrier system with unique and dynamic
immune attributes [27]. Transcutaneous immunization (TCI)
relies on the application of a vaccine antigen with or without an
adjuvant to the outer layer of the skin and subsequent delivery
of the vaccine antigen to underlying L.Cs that serve as antigen-
presenting cells (10,27,88]. TCI can induce systemic and mucosal
immunity through antibody and mucosal CT Lresponses|27,89,90].
Recent studies have shown that T'CI activates LCs carrying skin-
derived antigens and allows them to migrate in a retinoic acid-
dependent manner from the skin to the mesenteric lymph nodes,
where they present antigen directly to resident lymphocytes for
the initiation of antigen-specific mucosal immune response [90,91].
TIOMAI Corporation has developed aneedle-free skin patch con-
taming alT from E cohi asa T'CI vaccine againgt traveler’s diarrhea,
As discussed above, a strain of ET'EC 1s a major cause of traveler's
diarthea. Bvery year; 27 million travelers and 210 million children
suffer from this acute diarrhea, causing 380,000 pediatric deaths
LT is a key pathogenic molecule in approximately two-thirds of
casesof ETEC diarthea[s2,93). Vaccines that induce immumity to IT
offer protection against ET'EC diartheabecause the toxin produced
by the pathogen causes the watery stool [93]. In a double-blind,
placebo-controlled trial, 59 volunteer adults received 50 pg of LT
or placebo in a patch applied to the arm on days 0, 21 and 42. On
day 56, 27 vaccinees and 20 controls were challenged orally with
LT*/ST* (heat-stable toxin) ET'EC. The [T patch did not prevent
ETEC infection, but asingle LT patch produced saroconversion in
97% of vaccinated subjects and levels of anti-LT-specific IgG and
IgA antibodies were higher than those of the control group follow
ing challenge with a virulent L'I* expressng ETEC (87). In oxder to
further investigate the safety and efficacy of a LT-patch vaccine,
wolunteer travelers to Mexico and Guatemala were vaccinated before
travel with two doses of the LI*patch vaccine given at 2-3-week
intervals The [T patch recipients had shorter episodes of diarthea
with fewer loose stools than those receiving placebo [93]. The results
of this Phase I trial suggest that a I'T"patch vaccine could protect
travelers suffering from diarrhea, but the efficacy of the LT patch
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needs further confirmation in a Phase III trial. Vaccine delivery
with patches or TCI may allow self-administration, ambient tem-
perature stabilization, and ease of storage, making this approach an
attractive needle- and cold chain-free form of vaccination (Reure 2).

Plant-based vaccines
Since 1990, plant-based vaccines have been proposed as the next
generation of mucosal vaccines 201]. The production of vaccines
in plants could have significant advantages over the existing
production systems, including cost-effective production, rapid
scaling-up production of the proteins a low risk of contamina-
tion by human pathogens and expression of multiple genes in
a plant. Many candidate vaccine antigens, including bacterial
diarthea antigens, hepatitis B antigen, Norwalk virus antigen,
cytomegalovirusglycoantigen, Clogridiumtetani fragment C and
RSV antigen, have been expressed in tobacco, tomato or potato to
demonstrate the feasbility of plant-based vaccines [94-97).
Approximately 250 million episodes of acute gastroenteritis due
to Norwalk virus occur annually in children and the elderly in the
USA, causing vomiting, abdominal cramps, diarthea, headache
and fever. Thus the development of a plant-based Norwalk virus
oral vaccine would benefit public health. Immune responses were
Investigated in volunteers who ingested 150 g of transgenic potatoes
expressing 0.21-0.75 mg of Norwalk virus capsid protein formed

Antigen uptake via M cell

into virus like particles A total of 19 out of 20 volunteers developed
an antigen-specific immune response with a modest titer of serum
antibodies [98]. In another study, transgenic com (2.1 g of plant
material asa dose) expressing 1 mg of the Bsubunit of IT (ITB)
wasfed to adult volunteers in three doses. Seven of nine volunteers
developed LT B-specific serum IgG and four of nine volunteers also
developed LTB-specific stool IgA antibodies (99]. These studies
demonstrated the feasbility of developing plant-based oral vaccine.
Despite their attractiveness some these plant-based vaccinesdid not
advance to the next stage of development. To further advance the
practicality and effectiveness of plant-based vaccines it is essential
to make them stable at room temperature for long periods able
to withstand the harsh environment of the gastrointestinal tract,
and targeted to the mucosal inductive tissues including PP. To
overcome these hurdles we have introduced a rice-based vaccine
system (MucoRice™), in which the vaccine is physically and chemi-
cally stable and capable of generating protective immunity against
enterotoxin such asa CT [100].

In MucoRice, CTB is used as the vaccine antigen [100]. The
expressed antigen accumulates in protein bodies, the rice seed
organelles for protein storage, which confers resistance against
digestive enzyme activity while allowing uptake of the vaccine
antigen. A minimal dose of oral antigen is therefore effective
at inducing an antigen-specific immune response. In fact, when

Tablet of rice-based powder

Sublingual mucosa Patch on skin
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Hgure 2. New horizon for the development of needle/syringe-free vaccine.
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ingested by mice, MucoRice-expressed CTB was taken up by the
M cells covering the PP and induced toxin-specific serum IgG and
mucosal IgA antibodies with neutralizing activity. In addition, the
rice-based CTB vaccine remained stable and was immunogenic
after storage at room temperature for 2 years and was protected
from pepsin digestion in vitro. Taken together, these findings
suggest that the MucoRice system would be a needle- and cold
chain-free oral vaccine against infectious diseases (Fcure 2) [100].

M-cell-targeted vaccines

M cells possess the ability to take up luminal antigens and are
the gateway of the respiratory and digestive immune system,
making them attractive targets for vaccine antigen delivery (101].
Several molecules bind preferentially to M cells. For example,
Ulex europaeus agglutinin (UEA)-I has specificity for o(1,2)
fucose and specifically reacts with murine M cells (102]. The
ol protein derived from reovirus specifically binds to a carbo-
hydrate structure containing o.(2,3)-linked sialic acid on the
membranes of M cells103]. Vaccination with UEA-1-conjugated
(104] or 61-protein-conjugated [105] nasal vaccines induces strong
antigen-specific plasma IgG and mucosal IgA responses as well
as CTL immunity. However; because UEA-1 also reacts strongly
with goblet cells on the intestinal epithelium, the usefulness of
UEA-1 as an M-cell-targeting vehicle is limited.

To overcome this obstacle, we established a novel M cell-specific
monoclonal antibody (mAb) that selectively recognizes M cells
but not goblet cells or epithelial cells (106]. Oral administration
of a tetanus toxoid (T'T)- or botulinum neurotoxoid (BoNT)-
conjugated M cell-specific mAb together with the mucosal adjuvant
CT induced high-levels of antigen-specific serum IgG and mucosal
IgA responses T'T- or BoONT-conjugated control rat IgG induced
no or very low antigen-specific immune responses, and the immune
response to even 10-times the amount of noncoupled T'T wasmuch
Jlower than that in mice vaccinated with the T'Tconjugated M cell-
specific mAb. In addition, an oral vaccine formulation of BoNT-
conjugated M cell-specific mAb induced protective immunity
against a challenge with 10,000-times the LD, dose of botulinum
toxin [106]. The results suggest that an M cell-targeted vaccine using
the concept of a mAb guiding system could be a useful approach
for developing highly effective mucosal vaccines

Sublingual vaccines
The oral mucosa, including the buccal and sublingual mucosa,
may be useful as a delivery site for therapeutic drugs because pro-
teins do not degrade to the same extent in these regions asthey do
in the intestine [28]. Of the routes of oral administration, the sub-
lingual route has been used for the immunotherapeutic treatment
of allergies because antigens are quickly absorbed and enter the
bloodstream without passing through the intestine or liver; and are,
therefore, able to efficiently elicit antigen-specific tolerance [107.108].
These findings suggest that the sublingual route might be used for
delivery of vaccine antigens for infectious diseases

Sublingual administration of inactivated influenza A/PR8 virus
(HINY together with a mucosal adjuvant such as CT (28] or non
toxic mCTA/ITB adjuvant (the A subunit of mutant CT with

the B subunit of IT) 109,110] induces both systemic and mucosal
virus-specific antibody responses as well as CTL responses with
protective immumnity after respiratory challenge with the A/PR8
virus(28,110]. The studiesalso showed that the sublingual epithelium
harbors a dense lattice of DCs, and that using CT as a mucosal
adjuvant mobilizes DCs within the sublingual epithelium. These
cells migrate to the proximal draining lymph nodes such as the
submaxillary and superficial cervical lymph nodes, on uptake of the
tion, sublingual immunization induces antigen-specific immune
responses in the female reproductive tract in addition to the res
piratory tract and oral/nasal cavity, suggesting that sublingual
immunization uses the same cellular trafficking system as nasal
immunization [28). The sublingual mucosa represents a special-
ized immunological microenvironment favoring the initiation of
antigcn—spcciﬁc immune responses [28,110].

A nasal inactivated influenza virus vaccine together with a toxin-
based adjuvant (IT) was associated with the incidence of Bell's
palsy during human clinical trials (111]. In addition, toxin-based
adjuvant such as CT and CTB are redirected to the olfactory bulb
in the CNS when administered via the nasal route [112], which has
resulted in concems about side effects in the nervous system. By
contrast, inactivated influenza virus with a mucosal adjuvant did
not migrate to or replicate in the CNS after sublingual immunizar
tion [110]. These findings suggest that sublingual immunization
may be another attractive and safe mucosal route for adminis-
tering influenza vaccines for the generation of influenza-specific

neutralizing antibodies and CTL responses (Feure 2).

Expert commentary

As discussed above, several live-attenuated forms of mucosal vac-
cines are already clinically available or are now in or being con-
sidered for clinical trials. In general, these live attenuated vaccines
can induce potent protective immunity against pathogensbecause
they are strong immunogens and at same time contain natural
forms of vaccine adjuvants, such as Toll-like receptor (TLR) lig-
ands (e.g., TLR3, 4 and/or 7) 113]. However, a couple of live-
attenuated vaccines, such as the OPV and Rotashield rotavirus
vaccines, have been reported to revert to virulent formsor to cause
seriousside effects. Although these risks are quite low (e.g., one out
of 500,000 for OPV [32] and one out of 30,000 for Rotashield (1),
these possibilities must be eliminated in order to safely control
infections through vaccination. Further; these unfortunate facts
are often revealed after the vaccine is approved for the public (32,61].
Although live-attenuated vaccines induce more potent protective
immunity in healthy adults than inactivated or subunit vaccines,
the latter may be useful for immumzation of the elderly, naive
infants and children at high risk of disease.

Another practical reason for the use of some of live-attenuated
vaccines is their low production costs. Distribution costs also
contribute greatly to the increased total medical cost of global
vaccination, and one of the major practical obstacles to vaccinar
tion in the field, especially in the developing countries, is the need

for refrigerated storage of the vaccine (the cold chain) (114]. The
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