EEFBHERERMYE AIREBRMEEFLEE)
SHEMRREE

FR-BRBLECHTIE FMAERENREED S F O RRICET IHE

MEDHEE : REFR(E
(Bf) BRRMAEMRFESBE FHER ik

MAEE
EEOERFREIZBVWT, A VIV P HA VI F o 2T RADOBEICHE

L72BE AV INZ U F YA NV RER: BEEIE 1gA HiELM F 1gG Hitk % Y
AL ARV EE CHETEZLEZALNILE, 4E., 2Oy bHA v
TN HFE) Ju—F (IgA) HEEZERL, Boh=7 o—roMRizoNT
B &1iT-o 7=,

0 BEDIgA £/ Zu—FAHERBON, Z05b §EEIZ, FREEEZAL
TWBZ EWBFhol, ZOZLDOL, AV INT P I I FU2BERET D
L2k, BHELECPFESEE2 LS A E2BETEZZLBTR SN, &
%, BE~DTINY -V RTLEBETENE, A VIV FHAUIF U %
FRLTHIHBET 7 F U OBRRBIIEVOL LEX DL,

A HHEEH RT4ERERTo, B, BOIOD
BENBECHFEET A MMEZENE 3 EORBICIEIT Va0 e LTH
THRIAVINZ YU IFoOfELY HEARERZ Opg/ERMLE, 4
BBREL L. AV IZAZ U FILNAD FEBEOHREND 3 BRI, BEEEE
EERAFEORELZITo-TWD, EE LHFEZEIRL, BZEHREER»DIXA
OHEIZBNT, A ILZ VP HA v I7NLz P UL L RERM IgA-
D7F o~V AOBBICEERET ELISA fikfiz. ME»LIIHFEY
BILiTED,. AV I T AL IgG-ELISA filkfli # T~ 7=, T ORER.
AR B IgA M T 1gG HilE WThofgdd s REBH LV~ V2 +
FHETRILNTEE, SEIZZDO BIIBATWB I EBghoiz,

RUANLHRA VI UYE) I 1 LE, ¥ 725 AN IgA DA TV
—F (IgA) HikZzERL, 208K U FOAMARERNE/) 7 u—F
IZOWTHRFT 21T o 7, HEZEMTEZZLEEZENEL, 20

BEE»SEBERFBYVELT, vV
B. BtEFTE ZIxo—<fig (SP-2/0-Agl4) L #H

MEEE OAFEIZIB VT, A/Solomon  fAME ¥, "4 7Y F—~fiflaz{E
Islands/3/2006(HINDED A v 7Ny BLi=z, "M 7Y F—<HEDRZ Y
¥ HA U 7 F % BALB/c ¥ 7 X (M, —=1 7%, ELISA ¥ T\, Bk
10~11@##) IT&E LT, REEIX, HLJEIZ1Z A/Solomon Islands # @ HA U
500ug/le L. YUTEAWTERNIE 27Fr2, ZRAKCEAYY R IgA
EEBETAFEICLST 2~3 B Hifk (HRPOAEM) %A/,
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(REE~DER)
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HEZ L LI, MBEZIDEE - &
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BHECRBITI2HMERSOERMICET
HEAREH) (XBRFEEERE 71 5
YRk 1846 A 1 B) ICE S BFEMERR
DEMEBRTA K74 VTR, 818
DIREWE - BREBrOF 1L - BEE - AT
BRERY, ERIHIIHLTOER
FERERRYVEB TE A FETEMBL
7o

C. R

A/ Solomon Islands Bk A » 7 v %
HA V7 F U THRERBESNT TV R
e, 0BEOA LTI UF DAV
AR IgA £/ 7 u—F LGk ES
= (R ZDHH, 8 BEOFEIZ,
HI M. IFA, FFEHEO L2 TH B
Thol-Z b, ZThbil HA EH
BiiHTrHETHI LEELDNT,
—F . IFA 2Bt T, HI & & FmiE
MRBREOHEIX s BEHY., T,
eTREOHEI: T BEH-T-, Th
LiZ.HABBEUAND VANV AEBRE
PRBTINETHD LHEREIND,
LA InxzsY HA U7 F Uik, £R
Ky LT HA EREEZEAT D45,
NP. M. BXU'NA EEER LAY
siBELRTEY., IhHIIHTD
FH&EDOFRREELH D,

£1. EBT7T v ItBITAREH
A/PR8: A/Pueruto Rico/8/34, A/NC: A/New
Caledonia/20/99, A/Bris: A/Brisbane/59/2007

RIZ, Thb20@EOE) 7 a—F
WAEORERGHEEZRAL DI,
A/Solomon Islands Bk HA U 7 F721F
T/ <., @FEDHINI VA4 VAD HA
7 7 5 (A/Puerto Rico/8/34, A/New
Caledonia/20/99. A/ Brisbane/59/2007)
% ELISA 7L — MZENENEMLL
(100ng/well) , ELISA 3Bk & EHE L 7=,
A/Solomon Islands # & DG %
100% & L-BADHEMEEZRIZTT,
FORER HAZHEZRBT 5 LH#HER
Ehs sEEORER, thovsF
BRE DREMENE L . FFIT A/Puerto
Rico kL DRIGHEDIE S IIEETH -
7-. A/Solomon Islands ¥k 1% 2007/2008
=X DBERTHHOITH L. A/
Puerto Rico #£1Z 1950/1951- 1954/1955
V=AU DRERTHHZ LD, T
NIIMEHEOEBRRERE EEZDOND,
Wi, PREEEAE LAV 2 EEO
FED> boEL X, thDOU 7 F UK
LOREERE LT, ZTOIZEMND
H, ZNbiX. NPXMEBERED
HEEROBZVIZKWEREIIXT
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GEINERIE a7 e Tul s MY —
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BRI IVFUBREDAY v hO—2IZERFEE T 2R XHHEDOTHEHNEET
bbb, BHIKREERDOUE D THS B-1 MR~ RREICH T RGMEER D,
KRR O [pA FEEACHLBEE L TWA I EBHLNTWS, £ 2 TB-1 fifaZ X#ET
BBtk /v 7T U NTURAOMNT L B-1 MIREEEERICLY, BRU 7 FUNEI

B-1 il 5 T2 ERHLNE ol

A BIZEER

BERU 7 FUREIIHRREHTHE
&, HEREmICEIEEBEE TS
L. ERBREICT 2 RZXGHENS
LB EBRRRHIRAY v FTHB,
BMERICBVWTREYV 7 FUREIZIT
T2y FOHABRMLEATHDH, R
R A E U P RERA~OBTICX 58
ERORBER YIC L v BEBRISABENT
W3, £, RERBRERICOAR, &
BEREEICRT RN BHES R S
ZONHBH LM EN TRV,

B-1 #if8iX B MRELHO—>TBER
PR Z AT D130, B IgA OEAEIC
LEbo TS, £/, BRARHMEE A
TN UFTA N REBETRRL TRIREE
KRG 2RO ERPEIN TV,
BIEIE IgA ZEAT SMBBALNTR
T, RXBSHEEE O BAERHIA D AT
RABFIT TR, FTOMBREENE L
FHERRAUIF LTV POBRED
FAEND,

FZTB1MREORRY 7 FUIEE~
OBz VTR LT,
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T P any MZ poly(:C)Z @V, A~
TN I F U e RBRETH L,
MNEHEV A TEIREBERSEBEPICH
HA-IgA FifA3 R S /-2, Bk / v 7
TU e URATIIRHSW 2ol *F
BB IO ITH HA 1gGl, 1gG3, IgA
DERERBRHEENA, Btk /v 77
U R XTI TROBRHI N2
1o T P23 RZ chitosan ZHWTY
I FURBBRERITRoTGE . WRH
T SRR RTH HA IgA Hik, i
IgG1, IgG3, IgA FilEAi R S /-5, Bk
o7 T U ATIIINLDS b
ER HA IgGl b riciri s
FiFTthot,

B6.SIL <~ REEEHF CLP ZBME LT
Btk / v 77 b= v ZATI3BMHES A%
(I3 IgM, IgG3 %3 C57BL/6 ¥ 7 R L [F]
ZOMIcERALE, ThoDv Yy ZA0OR
BRFR O BERGFERFICIIH HA IgA
HRENELBDO Btk /vy 7TV RvU X
LHNFRCERSBRHEENE, £, K&
feippash o K- —md¥kMiE (CD45.1 B
M) DIFEALRB-IHRTHT,

BB VINTUYFIIFUREZ T
HMIANREE L TWAELTARDDHIIX—
Re TR Z1lpugDA 7NV U7 F
V% 10 pug @ poly(LC) & & bIRARE
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D. % £
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BIZRUSE LW I X TH LM A
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S RE L EARIICESE Lz 2H, B-1
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Cholera and enterotoxigenic Escherichia coli (ETEC) are among the
most common causes of acute infantile gastroenteritis globally. We
previously developed a rice-based vaccine that expressed cholera
toxin B subunit (MucoRice-CTB) and had the advantages of being
cold chain-free and providing protection against cholera toxin (CT)-
induced diarrhea. To advance the development of MucoRice-CTB for
human clinical application, we investigated whether the CTB-specific
secretory IgA (SigA) induced by MucoRice-CTB gives longstanding
protection against diarrhea induced by Vibrio cholerae and heat-
labile enterotoxin (LT)-producing ETEC (LT-ETEC) in mice. Oral immu-
nization with MucoRice-CTB stored at room temperature for more
than 3 y provided effective SigA-mediated protection against CT-
or LT-induced diarrhea, but the protection was impaired in polymeric
Ig receptor-deficient mice lacking SigA. The vaccine gave longstand-
ing protection against CT- or LT-induced diarrhea (for >6 months
after primary immunization), and a single booster immunization ex-
tended the duration of protective immunity by at least 4 months.
Furthermore, MucoRice-CTB vaccination prevented diarrhea in the
event of V. cholerae and LT-ETEC challenges. Thus, MucoRice-CTB is
an effective long-term cold chain—free oral vaccine that induces CTB-
specific SigA-mediated longstanding protection against V. cholerae-
or LT-ETEC-induced diarrhea.

cholera toxin B subunit | mucosal vaccine | oral vaccine | plant-made
vaccine | MucoRice

holera is an acute diarrheal disease leading to death by severe

dehydration without appropriate treatment, especially in deve-
loping countries (1). Cholera toxin (CT), produced by Vibrio chol-
erae, consists of a B-subunit pentamer (i.e., CTB) and a single A
subunit (i.e., CTA) (2). Diarrhea in cholera is induced by the ele-
vation of intracellular cAMP levels in the intestinal epithelial cells
by CTA with ADP ribosyltransferase activity after the binding of
CT to GM1 ganglioside, expressed on the epithelial cells, via CTB
(2). One of the current oral cholera vaccines, Dukoral, consists of
recombinant CTB (rCTB) and whole cells of killed V. cholerae
(CTB-WC) and is the one that has been used the most extensively
worldwide (3). The oral CTB-WC vaccine induces both V. cholerae-
and CTB-specific immune responses, and past epidemiological
studies have clearly shown that it reduces the development of di-
arthea by 55% to 85% (3, 4). We recently developed a rice-based
cholera vaccine expressing CTB (MucoRice-CTB). This vaccine has
the advantages of being suited to long-term storage without the need
for a cold chain (>1.5 y), and delivery of the vaccine antigen is
needle- and syringe-free (5).

To advance the development of MucoRice-CTB for human
clinical application, several key issues remain resolved, despite the
promising results obtained in our murine studies (5, 6). First, it is
necessary to assess the immunogenicity of MucoRice-CTB in non-
human primates. Our recent study demonstrated that oral
MucoRice-CTB can effectively induce antigen-specific neutralizing

8794-8799 | PNAS | May 11,2010 | vol. 107 | no. 19

antibody responses in nonhuman primates (7). Second, despite the
generally accepted concept that mucosal vaccine induces antigen-
specific secretory IgA (SIgA) production, thus providing a first line
of specific defense against mucosal infectious diseases, there is no
direct evidence that the CTB-specific SIgA production induced by
MucoRice-CTB is essential for protection against CT-induced di-
arrhea. The fact that nonhuman primates have preexisting pro-
tective intestinal immunity and do not develop CT-induced diarrhea
(7) makes it uncertain whether MucoRice-CTB-induced CTB-
specific SIgA can in fact prevent diarrhea in these animals. There-
fore, it is essential to elucidate the significance of the CTB-specific
SIgA production induced by MucoRice-CTB in mice. Third, al-
though several oral CTB vaccines have demonstrated the induction
of protective immunity against CT-induced diarrhea in mice (5, 8), it
remains unclear whether CTB-specific intestinal SIgA responses,
including those induced by oral MucoRice-CTB, can protect against
diarrhea induced by live V. cholerae. Finally, minimal information
on the duration of the protective immunity induced by oral
MucoRice-CTB vaccine is currently available. To clarify these un-
resolved key issues, we aimed to (i) directly demonstrate whether
antigen-specific SIgA production induced by oral MucoRice-CTB s
a critical element in protective immunity against CT-induced di-
arrhea in mice; (i) examine the longevity of MucoRice-CTB~in-
duced primary antigen-specific neutralizing humoral immunity and
the effects of oral boosters; and (jii) elucidate in vivo whether oral
MucoRice-CTB-induced antigen-specific mucosal IgA responses
provide protective immunity against diarrhea caused by V. cholerae.

In addition to V. cholerae, enterotoxigenic Escherichia coli
(ETEC) is a major cause of bacterial diarrhea in developing coun-
tries (9, 10) and a leading cause of travelers’ diarrhea in developed
countries (11). ETEC produces heat-stable enterotoxin (ST) and/
or heat-labile enterotoxin (LT) (2). LT is found in approximately
two thirds of cases of ETEC-induced diarrhea (12-14). In addition,
previous studies have shown that anti-LT immunity protects against
ETEC-induced diarrhea in human (15-17). LT is structurally and
biologically similar to CT (2, 18), and several studies have demon-
strated cross-protective immunity between CT and LT (19-21). It
was therefore an obvious and important question to address whether
CT-specific mucosal IgA induced by oral MucoRice-CTB vaccine
could provide cross-protective immunity against LT-induced
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diarrhea and, if so, whether it could also provide protection against
diarrhea induced by LT-producing ETEC (LT-ETEC).

We demonstrated here that the CTB-specific SIgA response
induced by oral MucoRice-CTB is solely responsible for antibody-
mediated, cross-protective, long-term immunity against LT- and
CT-induced diarrhea; this effectiveness was further extended to
V. cholerae—- and LT-ETEC-induced diarrhea in vivo. These
findings enforce the attractiveness and advantages of the cold
chain- and needle- and syringe-free MucoRice system and should
enable the development of an innovative oral vaccination strategy
against V. cholerae and LT-ETEC.

Results

MucoRice-CTB-Induced Protection Against CT-Induced Diarrhea Is
Impaired in Polymeric Ig Receptor-KO Mice. To examine whether
induction of the secretory form of CTB-specific IgA by oral
MucoRice-CTB vaccination is a critical element in protection against
CT-induced diarrhea, we compared polymeric Ig receptor (pIgR)-
KO and WT mice vaccinated orally with MucoRice-CTB. We thus
clarified the direct role of CTB-specific SIgA in providing protection
against CT-induced diarrhea. MucoRice-CTB-immunized pIgR-
KO mice, which lacked the formation and transepithelial transport

of SIgA, had significantly lower (P = 0.0001) antigen-specific mu-
cosal IgA levels in their intestinal secretions than did immunized
WT mice (Fig. 14). In contrast, lack of CTB-specific SIgA forma-
tion and transport caused a significant increase (P < 0.0001 vs.
immunized WT mice) in the serum CTB-specific IgA level in oral
MucoRice-CTB-immunized pIgR-KO mice, whereas the antigen-
specific serum IgG titer was comparable to that of WT mice orally
immunized with MucoRice-CTB (Fig. 14). When the frequency of
CTB-specific IgA antibody-forming cells (AFCs) was examined in
the small intestinal lamina propria (LP), significantly more antigen-
specific IgA AFCs were found in MucoRice-CTB-immunized
pIgR-KO mice (P = 0.0007) than in MucoRice-CTB-immunized
WT mice (Fig. 1B). Our finding of large numbers of antigen-specific
IgA AFCs in immunized pIgR-KO mice is compatible with the
results of a previous study that found a marked accumulation of IgA
in the intestinal LP of pIgR-KO mice by immunohistochemical
analysis (22). When these two groups (pIgR-KO and WT), of
MucoRice-CTB-vaccinated mice were orally challenged with
a native form of CT, the immunized WT mice showed protection
against CT-induced diarrhea, whereas the pIgR-KO mice de-
veloped severe diarrhea (P = 0.002 vs. immunized WT mice), de-
spite the presence of high titers of antigen-specific serum IgG and

A . : M“‘. P0.23 B P+0,0001
P § X P=0.0003 P=0.000} ¢ 10%cells) P+0.0007
» Yy 1 it M 120 2
= =
gi 12 12 6 g’-; 90 -%
510 10 a»
H3 8 ! Sg ®
8 s
I . | &
2 30
E% s 61 | é?.ﬂ
4 Has ‘ o o 5 - > =
" Wimice WTmice plgRo-
Serum 1gG Serum fgA Focal igA {WT rice) { MecoRice (MuscoRice
; <T8)  £TB
lw‘l‘m (WT rice) * P<0-0001 d '
B WT mice (MucoRice-CTB)
T3 plgR- (MucoRice-CTB)
C o004 Fecal igA
. | . -
o o P0.002 e
1200 f ¥ !
!
b
'ég 000 WWT mice (WT rice)
%-é, 800 5 WT mice (MucoRice-CTB)
£3 3 plgRo- (MucoRice-CTB)
6§ o
E
400
E P=0.10
b o P<0.0006
1200 B WT mice (WT rice)
& WT mice (MucoRice-CTB)

LF-induced
Intestinal fluid volume
g 8

g .
400

3 plgR-- (MucoRice-CTB)

3. WTmice (WT rice)
b.  WT mice (MucoRice-CTB )
pligR-/- (MucoRice-CTB)

<

Fig. 1. Critical role of antigen-specific SIgA induced by oral MucoRice-CTB vaccine in protection against CT- or LT-induced diarrhea. Cross-protective antigen-
specific antibody immune responses were examined and compared among oral MucoRice-CTB (100 mg)-immunized WT mice (gray columns), oral MucoRice-
CTB-immunized plgR-deficient mice (white columns), and WT rice-fed WT mice (black columns). (4) Antibody immune responses against CTB. (B) ELISPOT
assay. Frequency of CTB-specific IgA AFCs in intestinal LP was elevated in MucoRice-CTB~immunized WT mice (gray squares), and markedly increased in
MucoRice-CTB-immunized plgR-deficient mice (white triangles), but absent in WT rice—fed mice. (C) Oral CT challenge (20 pg). WT rice—fed WT mice (black
column) or MucoRice-CTB-immunized pigR-deficient mice (white column) had severe fluid accumulation, whereas MucoRice-CTB-immunized WT mice (gray
column) had markedly reduced fluid accumulation. (D) Cross-protective specific serum IgG and fecal IgA against LTB were induced in mice by oral MucoRice-
CTB immunization. (E) Oral LT challenge: 30 ug of LT was intragastrically administered to mice. WT rice-fed WT mice (black column) or MucoRice-CTB-im-
munized plgR-deficient mice (white column) had severe fluid accumulation, whereas MucoRice-CTB-immunized WT mice (gray column) had markedly re-
duced fluid accumulation. Data represent means + SD. *P < 0.0001.

Tokuhara et al. PNAS | May 11,2010 | vol. 107 | no. 19 | 8795

230 -




2
V4
=

IgA and the increased numbers of CTB-specific IgA AFCs in the
intestinal LP (Fig. 1C). Taken together, these findings directly
demonstrated that CTB-specific SIgA, and not serum antibodies,
was responsible for humoral protective immunity against CT-
induced diarrhea.

We next clarified the essential role of CTB-specific SIgA by
examining whether oral MucoRice-CTB gave protection superior
to that of parenteral CTB immunization against CT-induced di-
arrhea. Comparison of the quantity and quality of antigen-specific
protective immune responses, including diarrhea protection, be-
tween oral MucoRice-CTB and parenteral rCTB revealed that
oral MucoRice-CTB induced the production of not only CTB-
specific serum IgG but also CTB-specific SIgA, whereas the in-
jectable vaccine induced only CTB-specific serum IgG production
(Fig. S14). The parenterally induced CTB-specific IgG response
did not provide sufficient protection against CT-induced diarrhea,
but oral MucoRice-CTB offered full protection because of the
induction of antigen-specific SIgA responses (Fig. S1B). These
findings suggest that MucoRice-CTB oral immunization provides
protection superior to that from parenteral CTB immunization
against experimental cholera because it induces significantly
greater production of antigen-specific SIgA (P = 0.008).

MucoRice-CTB Induces Cross-Protective Immunity Against LT. An-
other important aspect of the antigen-specific SIgA induced by
oral MucoRice-CTB was the demonstration of cross-reactivity
with ETEC-associated toxin (i.e., LT; Fig. 1D). Cross-protective
serum IgG and fecal SIgA production against B subunit of LT
(LTB) was significantly greater (P = 0.002 and P = 0.001, re-
spectively) in WT mice immunized with MucoRice-CTB than in
unimmunized mice. Oral MucoRice-CTB vaccination induced
SIgA-mediated protective immunity against LT-induced diarrhea
in WT mice, whereas MucoRice-CTB-immunized pIgR-KO mice

failed to form cross-reactive SIgA and thus developed severe di-
arrhea after oral challenge with LT (Fig. 1E). These findings
demonstrated another advantage of the SIgA responses induced
by MucoRice-CTB, whereby oral vaccination induced cross-
reactive SIgA-mediated immunity against LT-induced diarrhea.

Long-Lasting Protection and Boosting Effects of MucoRice-CTB
Vaccination Against CT-Induced Diarrhea. The duration or memory
of protective immunity is another critical issue for further ad-
vancement of MucoRice-CTB as a new form of oral vaccine. After
three or four primary oral immunizations with MucoRice-CTB,
the extent of protective immunity was monitored over a 6-month
period. High titers of CTB-specific serum IgG and IgA were
maintained during the 6 months (Fig. 24). Levels of CTB-specific
SIgA were also high in intestinal secretions, although they grad-
ually decreased during the 6 months: the antibody titer at 6 months
was half of the level 1 week after the final immunization (Fig. 24).
When a single oral booster MucoRice-CTB vaccination was given,
the declining antigen-specific SIgA levels bounced back to high
titers within 1 week. The numbers of CTB-specific IgA AFCs in the
intestinal LP were thus rapidly and markedly increased after the
booster immunization to levels significantly (P < 0.0001) greater
than in unvaccinated mice or in vaccinated mice 1 or 24 weeks after
the last of the first four doses of the primary immunization (Fig.
2B). Even though the levels of antigen-specific SIgA had declined
by 6 months, partial protection against CT challenge was main-
tained (Fig. 2C). A single oral booster dose of MucoRice-CTB
resulted in the recovery of full protection against CT challenge
(Fig. 2C) and maintained effective protective mucosal immunity
for at least another 4 months (Fig. 24). These findings suggested
that a CTB-specific-memory type of mucosal SIgA response was
induced by oral vaccination with MucoRice-CTB.
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mouse were evaluated over the same time period. (C) Oral
CT challenge. Mice were immunized and challenged over the
same time course as described earlier. Data represent means +

booster SD. *P < 0.0001.
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MucoRice-CTB Induces Protection Against V. cholerae- and LT-ETEC-
Induced Diarrhea. We used an intestinal loop bacterial challenge to
examine whether oral MucoRice-CTB-induced antigen-specific
SIgA provided protection against V. cholerae-induced diarrhea.
When the small intestines of mice orally vaccinated with
MucoRice-CTB were exposed to V. cholerae, almost full pro-
tection was achieved (Fig. 3). In contrast, most of the mice orally
immunized with WT rice developed V. cholerae-induced diarrhea.
Our preliminary results had shown that although the incidence of
diarrhea was low (20-40%) when naive murine intestines were
exposed to LT-ETEC, the incidence was sufficient for us to es-
tablish the LT-ETEC in vivo challenge model. The incidence of
diarrhea was compatible with that in a previous study, which found
that 34% of loops tested by using ETEC strains isolated from di-
arrheic infant mice showed signs of diarrhea (23). Under our ex-
perimental conditions, oral MucoRice-CTB vaccination imparted
significantly (P = 0.04) greater resistance to LT-ETEC challenge
than did oral administration of WT rice (Fig. 3). Our findings thus
directly demonstrated that oral MucoRice-CTB could induce
cross-protective immunity against V. cholerae- and LT-ETEC-
induced diarrhea.

Discussion

These findings demonstrated the critical role of antigen-specific
SIgA responses induced by oral MucoRice-CTB vaccine in long-
term cross-protective immunity against V. cholerae— and LT-
ETEC-induced diarrhea. Thus, these results further reinforced the
attractive features of MucoRice-CTB as a new-generation oral
vaccine. Qur results demonstrated that oral MucoRice-CTB-
induced SIgA is a critical protective element in the neutralization of
CT- and LT-induced diarrhea. Our comparative study of the quality
of oral MucoRice-CTB—induced intestinal SIgA levels and paren-
teral CTB-induced serum IgG levels showed that the former mu-
cosal immunity plays a more critical role than the latter systemic
immunity in protection against CT- and LT-induced diarrhea (Fig.
S1). Although previous studies have demonstrated the important
role of CT-specific SIgA in protection against CT-induced diarrhea
(24, 25), our study shows that induction of CTB-specific SIgA is
sufficient for protection against CT-induced diarrhea. When naive
mice were orally immunized with CT, production of CTA-specific
intestinal SIgA was much lower than that of CTB-specific intestinal
SIgA (Fig. S2). In our separate study, we demonstrated that both
CTA and CTB are necessary for CHO cells to exhibit the toxic
effects of CT (Fig. S3). However, in the inhibition of the CT-
induced elongation, CTB- but not CTA-specific antibody alone was

V. cholerae

LT-ETEC

WTrice
Hueokis - -
V.cholerae LT-ETEC
n  Numberofmice with Number of mice with
positive loop (%) positive loop (%)
WTricc ? 6(35) 20 735)
MucoRice 7 1(14y 14 1)

Fig. 3. Oral MucoRice-CTB-induced antigen-specific SIgA provides cross-
protective immunity against V. cholerae- and LT-ETEC-induced diarrhea.
Murine intestinal loop assay using V. cholerae (10° cells) and LT-ETEC (10°
cells) was executed in WT mice orally immunized with MucoRice-CTB or WT
rice. Unlike WT rice, oral MucoRice-CTB vaccination markedly reduced the
incidence of V. cholerae- and LT-ETEC-induced diarrhea. When the ratio of
fluid to length was greater than 30 pl/cm, the intestinal loop was considered
positive for diarrhea. The positive loop ratio is shown in the parentheses as
a percentage of the total number of mice examined. (a) P = 0.004 compared
with WT rice-fed mice. (b) P = 0.04 compared with WT rice—fed mice.
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sufficient (Fig. S3). These results further indicate that CTB-specific
SIgA plays a critical role in protection against CT-induced diarrhea.

The essential role of CTB-specific SIgA was directly demon-
strated by our oral vaccination of pIgR-deficient mice with
MucoRice-CTB. In pIgR-deficient mice, the lack of formation in
the intestinal LP of CTB-specific SIgA with cross-neutralizing
activity, and thus the lack of its secretion into the lumen, resulted
in loss of protection against CT- or LT-induced diarrhea (Fig. 1).
The critical role of CTB-specific SIgA in the neutralization of CT
was further demonstrated by in vitro assay (Fig. S4). When SIgA
was purified from intestinal secretions of mice orally immunized
with MucoRice-CTB and tested in the two standard in vitro neu-
tralization assays (CHO cell elongation assay and GM1 binding
assay), the purified intestinal CTB-specific SIgA effectively neu-
tralized CT. Whereas previous studies have demonstrated the
neutralizing ability of CTB-specific serum antibodies in vitro (5, 8),
our study directly demonstrates that intestinal CTB-specific SIgA
is responsible for humoral immunity in preventing CT- and live gut
pathogen-induced diarrhea (Fig. S4).

As a practical aspect of vaccination in the clinical setting, in-
duction of immune memory is another key factor in strategic ap-
proaches to the development of a new generation of vaccines
against cholera. Our recent and separate study in nonhuman pri-
mates showed that the level of CTB-specific humoral immunity was
maintained 6 months after oral primary immunization with
MucoRice-CTB (7). Our study further provided evidence that oral
MucoRice-CTB vaccination could offer long-term protection, be-
cause CT-neutralizing antibodies were maintained over a 6-month
period in the systemic and mucosal compartments after the final
oral primary immunization in mice. In long-term humoral immu-
nity, long-lived plasma cells and memory B cells are key factors (26).
Upon antigen rechallenge, memory B cells expand rapidly
and differentiate into plasma cells (26). Our results indicated that
immunological memory was induced by oral MucoRice-CTB vac-
cination; thus a single oral booster immunization at 6 months
resulted in a rapid increase in levels of CTB-specific neutralizing
SIgA and their additional long-term maintenance. Although we
need clinical trials to investigate the effectiveness of oral MucoRice-
CTB in inducing memory-type immune responses in humans, ex-
trapolation of the mouse lifespan to that of humans suggests that
the long-lasting protective immunity (i.e., 6 months) observed in
mice will cause MucoRice-CTB to be of practical use in humans.

Another practical advantage of MucoRice-CTB is our original
demonstration that refrigerated storage is not necessary for main-
tenance of immunogenicity through induction of neutralizing anti-
bodies (5). Our uninterrupted investigation has now further
demonstrated that oral immunization with MucoRice-CTB stored at
room temperature for more than 3 y induces levels of serum and
intestinal ific antibodies comparable to those induced by
fresh harvested MucoRice-CTB (Fig. S5). This ability of cold chain—
free MucoRice-CTB to induce long-term immune memory offers
a global vaccination strategy by which MucoRice-CTB can be sup-
plied to health care facilities at low cost. It can be conveniently stored
without refrigeration, even in rural areas of developing countries
where populations regularly suffer from V. cholerae infection, for
primary and/or booster oral immunization against the infection.

The other important aspect of these results is that oral MucoRice-
CTB vaccination induced SIgA-mediated cross-protective immu-
nity against LT- and LT-ETEC-induced diarrhea (Figs. 1 and 3).
ETEC is an important cause of acute infantile diarrhea and trav-
elers’ diarrhea (9-11), and LT-ETEC is found in approximately two
thirds of cases of ETEC-associated diarrhea (12-14). Our results
suggest that MucoRice-CTB could therefore be used to control
a large proportion of ETEC-induced diarrhea.

Oral MucoRice-CTB induced intestinal SIgA-based protective
immunity that could neutralize artificially and acutely inoculated
large doses of CT or LT in the intestinal canal. In the oral CT chal-
lenge model, a bolus of toxin passes through the intestinal canal in
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a short time and induces acute diarrhea (27). In the murine intestinal
loop assay, inoculated and proliferated bacteria gradually release
small amounts of toxin and induce fluid accumulation in the loop 12
to 18 h after inoculation (27). By using these two related but different
in vivo models simultaneously, we demonstrated that MucoRice-
CTB is a compelling vaccine for inducing effective SIgA-mediated
immunity that can control enterotoxin-mediated clinical signs.

A previous study found that intragastric administration of mono-
clonal LPS-specific IgA, not but CTB-specific IgA, protects against
V. cholerae-induced death in neonatal mice (28). This study revealed
the important role of anti-LPS antibody as a vibriocidal antibody.
Moreover, a new modified killed WC oral cholera vaccine was re-
cently reported to be effective in providing 70% protection over a 2-
year period (29). However, early studies have shown that the CTB-
WC vaccine is initially more effective than the WC vaccine (85% vs.
58% for the initial 4-6-month period) (3, 4), indicating that the in-
duction of anti-CTB antibody has a substantial protective effect
against cholera. We showed here that physiologically and continu-
ously secreted CTB-specific SIgA supplied from the gut mucosal
immune system was important in protecting against V. cholerae- (and
LT-ETEC-) induced diarrhea in vivo. We therefore offer an alter-
native to WC- or LPS-based vaccines. Furthermore, our prevention
of LT-ETEC-induced diarrhea by the induction of cross-protective
CTB-specific SIgA is not achieved by the WC cholera vaccine.

Transcutaneous immunization with LT supplied in patch form has
recently been reported to be protective against ETEC-induced
travelers’ diarrhea; the increase in serum LT-specific IgA levels in-
duced is correlated with the mucosal immune response (17). A recent
study revealed that transcutaneous immunization induces the activity
of Ag-specific IgA-secreting cells expressing CCR9 and CCR10 in
the small intestine in a retinoic acid-dependent manner and that
cross-talk between the skin and gut immune systems might be me-
diated by langerin(+) dendritic cells in the mesenteric lymph nodes
(30). These results provide supportive evidence that our MucoRice-
CTB-induced toxin-specific neutralizing SIgA contributes to the
induction of protective immunity against CT-producing V. cholerae
and LT-ETEC in humans. Oral MucoRice-CTB vaccination effec-
tively induces CTB- and LTB-cross-reactive SIgA that most likely
does not block colonization by V. cholerae and LT-ETEC but strongly
inhibits CT- and LT-induced watery diarrhea, which is the clinical
sign of greatest concern in V. cholerae and LT-ETEC infections.

Previous studies show that CTB can be used as an antigen
delivery vehicle for the induction of oral tolerance, whereas CT
can be used as an adjuvant agent and can abrogate oral tolerance
(31-33). Enhancement of tolerance has been clearly demon-
strated when a protein is coupled to CTB and given orally (31,
32). In contrast, CTB does not induce oral tolerance to itself (33).
Because MucoRice-CTB at varying doses (18.75-150 pg) induces
antigen-specific immune responses against CTB (7), we consider
that the MucoRice-CTB does not induce oral tolerance to the
CTB itself. MucoRice expressing CTB-based chimeric protein
with a foreign antigen (MucoRice-CTB-Ag) may become an ef-
fective delivery vehicle for the induction of oral tolerance to the
antigen. In fact, rice seed containing CTB-fused allergen-specific
T cell epitopes induces oral tolerance to allergen more efficiently
than does rice expressing allergen-specific epitopes alone (34).
Moreover, conjugation of an antigen to CTB can induce the
proliferation of regulatory T cells (35, 36); this may be the
mechanism by which the above mentioned rice seed containing
the CTB-fused epitopes effectively induces oral tolerance.

In summary, our study has further elucidated the mechanism and
practical attractiveness of oral MucoRice-CTB vaccine, as well as its
immunological effectiveness. This vaccine is capable of inducing long-
term CTB- and LTB-cross-reactive mucosal IgA-mediated protective
immunity against V. cholerae- and LT-ETEC-induced diarrhea. This
feature will be useful in vaccine strategies against outbreaks of not
only V. cholerae but also LT-ETEC, both in the inhabitants of de-
veloping countries and in at-risk travelers in developed countries.
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Methods

Animals. Female BALB/c mice (4-7 weeks old) and pIgR KO mice on a BALB/c
background were used (22). All of the mice were housed with ad libitum
food and water on a standard 12 h/12-h light/dark cycle. All experiments
were performed in accordance with the Guidelines for Use and Care of Ex-
perimental Animals and approved by the Animal Committee of the Institute
of Medical Science of the University of Tokyo.

Vaccine. MucoRice-CTB, a rice-expressed CTB with a KDEL signal at the C-
terminal of CTB, was produced as reported previously (5). Rice seeds that had
been stored at room temperature for more than 3 y were ground to a fine
powder in a Multi-Beads Shocker (Yasui Kikai).

Immunization. Eight-week-old female mice (six per group) were orally given 100
mg of powdered MucoRice-CTB containing 150 ug of CTB by stomach tube a total
of three or four times at 2-week intervals (5). To evaluate vaccine booster effects,
mice (six per group) were orally given one dose of MucoRice-CTB 6 months after
the final primary immunization. In the control group, mice (six per group) were
orally given 100 mg of powdered nontransgenic WT rice in distilled water.

ELISA. Serum and fecal extracts were collected 1, 4, 12, 16, and 24 weeks after
final oral immunization to assess CTB- and/or LTB-specific antibody immune
responses by ELISA. Coating antigens [5 pg/mL rCTB and/or recombinant LTB
(rLTB)] were used, as previously described (5). rCTB was expressed in Bacillus
brevis and purified by using immobilized galactose (Pierce) (5, 37). rLTB was
expressed in Brevibacillus choshinensis and purified by using immobilized
galactose (Pierce) as previously described, with some modification (38).

Enzyme-Linked Immunospot Assay. CTB- and LTB-specific IgA AFCs in the small
intestinal LP were evaluated by using an enzyme-linked immunospot (ELI-
SPOT) assay as previously described (39). LP mononuclear cells were isolated
as previously described and processed on MultiScreenyrs 96-well filtration
plates (Millipore) coated with 5 pg/mL rCTB or rLTB (39).

Neutralizing Assay. An in vivo oral CT or LT challenge test was used as described
previously (5). After being fasted for 12 h, mice (12 per group) were orally
challenged with 20 ug of CT (List Biological Laboratories) or 30 ug of LT purified
from a human ETEC strain in our laboratory. Nine to 12 hours after the chal-
lenge, the mice were killed. The small intestine and colon were removed for
clinical diarrhea observation and collection of intestinal contents. After cen-
trifugation of the samples, the volume of intestinal water was measured (5).

Bacterial Challenge. An in vivo bacterial challenge, the ligated intestinal loop
test, was performed based on a published method, with some modification
(28). The bacterial strains used were obtained from the Research Institute for
Microbial Diseases (RIMD) Bacterial Culture Collection at Osaka University.
RIMD 2203363 is a typical V. cholerae strain (El Tor O1 Inaba) of human
origin and has been confirmed to secrete CT. RIMD 0509328 is an ETEC strain
of human origin confirmed to secrete LT only, without ST. This LT-ETEC strain
was selected from among 27 LT-ETEC strains by a reverse-passive latex ag-
glutination test (Denka Seiken) as producing large amounts of LT. V. chol-
erae and LT-ETEC microorganisms were grown overnight in Trypticase Soy
Broth (TSB; Becton Dickinson) at 37 °C. V. cholerae and LT-ETEC from these
cultures were further grown in TSB for 3 h at 30 °C and 4 h at 37 °C, re-
spectively. Bacteria were washed twice in P8BS solution to remove secreted
toxin and diluted to a concentration of 10'° organisms/mL in TSB. Colony-
forming units of V. cholerae and LT-ETEC were quantified on thiosulfate-
citrate-bile salt-sucrose agar plates and on TSB agar plates, respectively.

For the challenge experiments, BALB/c female mice were starved for 36 h but
had free access to water. The mice were then anesthetized and subjected to
laparotomy. The small intestine was withdrawn and ligated at a distance of
approximately 6 cm from the stomach. One loop of 4 to 6 cm was made in each
animal. A dose of 10° V. cholerae cells or LT-ETEC cellsin 0.2 mL TSB was delivered
into the mouse intestinal loop by syringe. After 12 to 18 h, the challenged mice
were killed and the abdomen was reopened. The loops were removed for as-
sessment of the length of each one and the volume of accumulated fluids. The
extent of fluid accumulation was expressed as a ratio of the volume (in mL) of
accumulated fluid per length (in cm) of the loop. The results were considered
positive when the ratio of fluid to length was more than 30 ul/cm (as determined
in preliminary studies). Control experiments with 20 normal mice revealed that
injection of 0.2 mL of sterile TSB alone into the loop caused no positive reaction
in terms of fluid accumulation.
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