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Figure 3. Cynomolgus ES cell-derived cells express ERas but do not form tumors in vivo. (A) The ERas gene was expressed in
cynomolgus ES cell-derived neurons and teratoma cells as assessed by RT-PCR, whereas the Oct-4 gene was expressed in neither.
DW indicates no template in the reaction. RT-PCR of the GAPDH sequence is also shown as an internal control. (B) The ERas
gene expression level was nearly five times higher in the cultured teratoma cells than in the undifferentiated cynomolgus ES cells
as assessed by quantitative RT-PCR. The gene expression level was adjusted using the internal control GAPDH. (C) The cultured
teratoma cells were transplanted into the thigh muscles of NOG mice and examined for tumorigenicity in vivo after 2.5 months.
Staining of the specimen with anti-GFP is shown. Although the transplanted cell progeny (GFP positive, brown) were detected, no

tumor was observed.

tomas in all NOG mice. Taken together, cynomolgus ES
cell-derived differentiated progeny and teratoma cells
also express the ERas gene, but do not produce tumors
in vivo.

ERas Overexpression in Cynomolgus Cells

To examine whether the cynomolgus ERas contrib-
utes to cell proliferation, we transfected cynomolgus

stromal cells with a plamid expressing the cynomolgus
or mouse ERas, EGFP, and puromycin resistance genes.
Transfectants were obtained by treatment with puromy-
cin and more than 90% of the cells expressed EGFP
(Fig. 4A). These transfectants did not show significant
morphological changes. Quantitative RT-PCR showed
that the transfected cells expressed approximately 1000
times more ERas than undifferentiated cynomolgus ES
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Figure 4. Overexpression of ERas does not promote cell proliferation but improves plating efficiency. (A) The plasmids expressing
the cynomolgus or mouse ERas, EGFP, and puromycin resistance genes were. transfected into cynomolgus stromal -cells.. After
puromycin selection, more than 90% of cells expressed EGFP (upper). The ERas expression was also detected by flow cytometry
(lower). (B) The level of cynomolgus ERas gene expression was 1000 times higher in the cynomolgus ERas-transfected cells
(cyERas) than in naive cynomolgus ES cells (CMKS6) or mock-transfected cells by quantitative RT-PCR. The gene expression
levels were adjusted using the internal control GAPDH. (C) The mock-, cynomolgus ERas (cyERas)-, and mouse ERas (mERas)-
transfected cells were plated at 5 X 10° per well and total cell numbers were measured after 6, 24, 36, 48, and 80 h of incubation
(upper). The mock-, cyERas-, and mERas-transfected cells were plated at 2 x 10° per well and proliferating cell numbers were
measured after 24, 36, 48, 72, and 96 h of incubation (lower). The cyERas- and mERas-transfected cells showed larger total cell
or proliferating cell numbers after plating than the mock-transfected cells, but did not show any more rapid proliferation thereafter,
Statistical differences with the t-test are indicated: *p <0.01 for the cyERas- versus mock-transfected cells, **p < 0.01 for the
mERas- versus mock-transfected cells.
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cells (Fig. 4B). These cells expressing either cynomol-
gus or mouse ERas showed larger total cell numbers or
proliferating cell numbers after plating than the mock-
transfected cells, but did not show any more rapid prolif-
eration thereafter (Fig. 4C). Thus, cynomolgus ERas im-
proves plating efficiency but does not promote cell pro-
liferation, even when it is expressed at high levels.

In this report, we showed that the cynomolgus ERas
gene is expressed in cynomolgus ES cells and tissues.
Its expression pattern is quite different from that of
mouse ERas, which is not expressed in mouse ES cell-
derived differentiated progeny or mouse tissues. Although
cynomolgus ERas improved the plating efficiency when
overexpressed, its expression did not promote cell pro-
liferation or induce tumor formation in vivo (Figs. 3C,
4C). Thus, cynomolgus ERas might only suppress the
apoptosis of cynomolgus cells (5). Because the forma-
tion of teratomas is one of the greatest obstacles to the
clinical application of human ES cells (3,8,18), it is im-
portant to elucidate whether the ERas gene expressed in
cynomolgus ES cells is related to teratoma development
in vivo in order to tell whether nonhuman primate mod-
els are really suitable for preclinical research. From our
study, it is at least suggested that cynomolgus ES cells
are more similar to human than mouse ES cells in that
ERas does not contribute to the formation of teratomas
in vivo. :

To date, the pluripotent marker Oct-4 has been used
to predict the formation of teratomas (4) and the removal
of Oct-4-positive cells from ES cell-derived progenitor
preparations is reported to prevent teratomas from devel-
oping posttransplant (2). However, Oct-4-negative im-
mature cells are also reported to contribute to the forma-
tion of teratomas (6). Therefore, although Oct-4 -could
be used to predict whether teratomas develop to some
extent, it does not regulate the developmental process.
For future clinical applications, the mechanism by which
primate ES cells form teratomas should be studied in
more detail.
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Objective. Hematopoietic stem cells (HSCs) reside in the osteoblastic niche, which consists of
osteoblasts. Mesenchymal stromal cells (MSCs) have an ability to differentiate into osteo-
blasts. Here, using nonhuman primates, we investigated the effects of cotransplantation
with MSCs on the engraftment of HSCs after autologous intra-bone marrow transplantation.

Materials and Methods. From three cynomolgus monkeys, CD34-positive cells (as HSCs) and
MSCs were obtained. The former were divided into two equal aliquots and each aliquot was
genetically marked with a distinctive retroviral vector to track the in vivo fate. Each HSC
aliquot with or without MSCs was autologously injected into the bone marrow (BM) cavity
of right or left side, enabling the comparison of in vivo fates of the two HSC grafts in the
same body,

Results. In the three monkeys, CD34" cells transplanted with MSCs engrafted 4.4, 6.0, and 1.6
times more efficiently than CD34" cells alone, as assessed by BM colony polymerase chain
reaction. In addition, virtually all marked cells detected in the peripheral blood were derived
from the cotransplantation aliquots. Notably, colony-forming units derived from the cotrans-
plantation aliquots were frequently detected in BM distant sites from the injection site,
implying that cotransplantation with MSCs also restored the ability of gene-marked HSCs
to migrate and achieve homing in the distant BM.

Conclusion. Cotransplantation with MSCs would improve the efficacy of transplantation of
gene-modified HSCs in primates, with enhanced engraftment in BM as well as increased
chimerism in peripheral blood through migration and homing. © 2009 ISEH - Society for
Hematology and Stem Cells. Published by Elsevier Inc.

Hematopoietic stem cells (HSCs) have been shown to
reside in the hematopoietic niche, such as the osteoblastic
or vascular niche [1,2]. The osteoblastic niche is provided
by bone marrow (BM) osteoblasts, which are derived
from mesenchymal stromal cells (MSCs) [3-5]. Although

Offprint requests to: Yutaka Hanazono, M.D., Ph.D., Division of Regen-
erative Medicine, Center for Molecular Medicine, Jichi Medical Univer-
sity, 3311-1 Yakushiji, Shimotsuke-shi, Tochigi 329-0498, Japan; E-mail:
hanazono@jichi.acjp

Supplementary data associated with this article can be found, in the
online version, at doi:10.1016/j.exphem.2009.07.008.

conditioning, such as total body irradiation or administra-
tion of busulfan, would be required for successful engraft-
ment of transplanted HSCs, the treatment may destroy the
osteoblastic niche, hampering engraftment [6]. If an osteo-
blastic niche could be generated through cotransplantation
with MSCs, the engraftment of HSCs would be enhanced;
however, MSCs cannot home to or engraft in BM when
transplanted via vessels {7]. On the other hand, the direct
transplantation of HSCs into a BM cavity, namely intra-
bone marrow transplantation (iBMT), improves engraftment
of HSCs compared with intravascular transplantation [8—13].
In fact, one clinical trial of iBMT has been published
recently [14] that demonstrates early donor engraftment

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.

doi: 10.1016/j.exphem.2009.07.008
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after allogeneic iBMT, suggesting safety and efficacy of
iBMT. Previous studies have demonstrated that cotransplan-
tation with MSCs improves engraftment of HSCs in mice
[15-17], especially after iBMT [18]. However, neither
systematic human nor large animal’s studies have been con-
ducted to evaluate the efficacy of cotransplantation with
MSCs.

To assess the efficacy of cotransplantation with MSCs in
nonhuman primates, we applied hemi-iBMT in cynomolgus
monkeys; i.e., the BM on one side (right or left) of the body
was transplanted with HSCs together with MSCs and the
other side was transplanted with HSCs alone. We geneti-
cally marked HSCs before transplantation with two distinct
retroviral vectors to identify transplanted cells derived from
the two HSC aliquots and to compare their in vivo fates
[19,20]. This hemi-iBMT method combined with the dual
genetic marking technique enables us to evaluate the results
in the same body, comparing the outcomes of cells of
interest with that of control cells; thus, there is no need to
consider the variation in results among monkeys. Here we
show that cotransplantation with MSCs improves engrafi-
ment of HSCs after iBMT in nonhuman primates.

Materials and methods

Animals

Cynomolgus macaques (Macaca fascicularis) were housed and
handled in accordance with the Rules for Care and Management
at the Tsukuba Primate Research Center (Ibaraki, Japan) and
with the Guiding Principles for Animal Experiments using Non-
Human Primates formulated by the Primate Society of Japan.
The protocol of the experimental procedures was approved by
the Animal Welfare and Animal Care Committee of the National
Institute of Biomedical Innovation (Osaka, Japan).

Isolation of cynomolgus MSCs and CD34™ cells

BM cells were collected by aspiration from the iliac bone of cynomol-
gus monkeys and processed as described previously | 13,21]. From the
harvested cells, the nucleated cell fraction was obtained after red
blood cell lysis with ACK buffer (155 mM NH4CI, 10 mM
KHCO3, and 0.1 mM ethylenediamine tetraacetic acid; Wako, Osaka,
Japan). MSCs were isolated by plastic adherence for 1 hour, and
cultured for 2 to 3 weeks (i.e., three to four passages) in Dulbecco’s
modified Eagle’s medium supplemented with 20% fetal bovine serum
and penicillin/streptomycin at 37°C with 5% CO;. After isolation of
adherent cells, nonadherent cells were enriched for CD34™ cells by
magnet beads conjugated with anti-human CD34 (clone 561; Dynal,
Lake Success, NY, USA) which cross-reacts with cynomolgus CD34
[21]. The purity of CD34* cells ranged from 90% to 95%, as assessed
with another anti-human CD34 (clone 563; Pharmingen, San Diego,
CA, USA) which cross-reacts with cynomolgus CD34 (21]. Mean
enrichment after the selection of CD34™ cells was 84-fold in terms
of colony-forming units (CFUs).

Retroviral transduction

We used GINa and LNL6 retroviral vectors expressing the
neomycin resistance gene (neoR) 119,20]. Titers of the viral
supernatants used in the present study were both 1x10°

particles/uL., as assessed by Retrovirus Titer Set (for real-time
polymerase chain reaction [PCR]) according to manufacturer’s
instruction (Takara, Shiga, Japan). CD34" cells were cultured at
starting concentrations of 1 to 5x 10° cells/mL in vector superna-
tant (frozen-and-thawed once) of GI1Na or LNL6. Four-day trans-
duction (one supernatant transduction per day) with recombinant
human stem cell factor (SCF), recombinant human Fms-like tyro-
sine kinase 3 ligand (Flt3-ligand) (R&D Systems, Minneapolis,
MlI, USA), and recombinant human thrombopoietin (Kirin, Tokyo,
Japan) each at 100 ng/mL in dishes coated with 20 pg/em? of Ret-
roNectin (Takara, Shiga, Japan) was conducted as described previ-
ously [13]. After 4-day transduction, cells were washed, frozen,
and stocked until transplantation.

iBMT

Before transplantation, conditioning was performed; either total
body irradiation (550 ¢cGyx2) in the first monkey examined, or
administration of busulfan (Busulfex) in the second (8 mg/
kgx2) and third (10 mg/kgx1) monkey. After conditioning,
monkeys were anesthetized and two needles were inserted into
both ends of the femur or humerus [13,22]. A syringe containing
50 mL heparin-added saline was connected to one needle and an
empty syringe was connected to the other. Normal saline was irri-
gated gently from one syringe to another through the marrow
cavity twice to remove BM cells physically. Then, gene-marked
CD34% cells with or without MSCs were suspended in 500 pL
phosphate-buffered saline (PBS) containing 50% autologous
serum, and injected into the marrow cavity.

Sampling of BM cells and peripheral blood cells

One or two months after transplantation, peripheral blood (PB) and
BM cells were taken to assess the in vivo fate of two aliquots. PB
cells were collected routinely post-transplantation. To harvest BM
cells, monkeys were sacrificed, the ilium marrow was aspirated
using BM needles, and the limb marrow was taken by irrigation
with PBS.

Clonogenic hematopoietic progenitor assays

Cells were plated in a 35-mm Petri dish in 1 mL MethoCult GF*
H4435 (StemCell Technologies, Vancouver, BC, Canada). After incu-
bation for 14 days at 37°C with 5% CO,, colonies containing > 50
cells were counted using an inverted light microscope, and plucked
for PCR as described here. Experiments were conducted in triplicate.

PCR

All the procedures were followed in detail as described previously
{13]. From PB nucleated cells, genomic DNA was extracted using
the QlAamp DNA Blood Mini Kit (Qiagen, Chatsworth, CA,
USA). From BM colonies, genomic DNA was extracted as
follows; well-separated, individual colonies at day 14 were
plucked into 50 pL distilled water, and digested with 20 pg/mL
proteinase K (Takara, Shiga, Japan) at 56°C overnight, followed
by 99°C for 10 minutes. For the semi-quantitative PCR of
PB samples, DNA (50 ng) was amplified in triplicate with
neo®-specific primers for both GINa and LNL6 (5'-TCCAT
CATGGCTGATGCAATGCGGC-3' and 5'-GATAGAAGGCGAT-
GCGCTGCGAATCG-3'). The final sizes of the PCR products
were 435 base pairs (bp) for both GINa and LNL6. For PCR of
BM colonies, the outer primer set for both GINa and LNL6
vector was 5'-GGCCAGACTGTTACCACTCC-3' and 5-CAGT
CATAGCCGAATAGCCTCT-3, and the inner primer set for
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Figure 1. Study design using cynomolgus monkeys. Autologous bone marrow (BM) cells were harvested and separated into two populations, either adherent
stromal cells or nonadherent cells. From the nonadherent cells, CD34™ cells were purified (referred to as hematopoietic stem cells [HSCs]), and divided into
two equal aliquots. Each aliquot was genetically marked with a distinctive neo®-retroviral vector, G1Na or LNL6. The stromal cells (referred to as mesen-
chymal stromal cells [MSCs]) were expanded ex vivo, and then transplanted together with HSCs as a cotransplantation aliquot into the right side of the BM
cavity after conditioning. The other aliquot of HSCs was transplanted alone into the left side of the BM cavity of the same body, namely hemi intra-bone
marrow transplantation (iBMT). After transplantation, BM and peripheral blood (PB) cells were taken and subjected to colony and semi-quantitative poly-

merase chain reaction (Q-PCR), respectively.

both GiNa and LNL6 vector was 5-CGGATCGCTCACAAC
CAGTC-3' and 5'-AGAACCTGCGTGCAATCCATC-3'. The final
sizes of the nested PCR products were 455 and 439 bp for GINa
and LNL®, respectively. The final PCR products were separated on
2% agarose gels, or analyzed by capillary electrophoresis (HAD-
GT12 System; Qiagen), which allows distinguishing of the sizes

of DNA products (16-bp difference) in high resolution.
Statistics

Statistical analyses were performed using Student’s t-test. A p
value <0.05 was considered statistically significant,

Results

Improved engraftment of

HSCs after cotransplantation with MSCs

We examined whether gene-marked CD34% cells with
MSCs would engraft more efficiently than those without

Table 1. Ex vivo transduction and transplantation

MSCs after iBMT in a cynomolgus autologous transplanta-
tion model. We performed hemitransplantation (Fig. 1); the
concept has been explained in the introduction. CD34"
cells were isolated from three monkeys and divided into
two equal aliquots. Each aliquot was transduced with the
neo®-expressing retroviral vector GINa or LNL6. The
mean transduction efficiency was 74.0% with no marked
differences between the two vectors (Table 1). We injected
the transduced CD34™ cells with or without MSCs directly
into the BM cavity after gently irrigating the cavity with
saline. The procedure was safely conducted without pulmo-
nary embolism or infection of BM. After iBMT, we
compared the engraftment of the two aliquots by BM
colony PCR; that is, we plated BM cells in methylcellulose
medium and examined resulting colonies for the provirus
by PCR. Schematic representation of the study design is
shown in Figure 1.

Fraction of
provirus-positive

Sex/Age (y)/ Groups of Vectors for No. of infused CFUs in infused No. of infused
Animal (ID no.) body weight (kg) hemi-iBMT marking CD34™ cells/kg CD347 cells (%) MSCs/kg
Monkey 1 (H025) Male/5/3.5 Cotransplant* GINa 4.1x10° 7112 (58.3) 3.0x10°
HSC alone LNL6 3.3x10° 6/11 (54.5) 0
Monkey 2 (H030) Male/8/6.5 Cotransplant* LNL6 34x10° 23/33 (69.7) 7.7%x10°
HSC alone GiNa 2.8%10° 27/30 (90.0) 0
Monkey 3 (H033) Male/8/6.2 Cotransplant* GINa 6.6x10* 11/13 (78.6) 5.2x10°
HSC alone LNL6 7.1x10* 13/14 (92.9) 0

CFUs=colony-forming units; HSC=hematopoietic stem cell; iBMT=intra-bone marrow transplantation; MSCs=mesenchymal stromal cells.

*Cotransplant means transplantation of HSCs combined with MSCs.
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Figure 2. Improved engraftment of hematopoietic stem cells (HSCs) after cotransplantation with mesenchymal stromal cells (MSCs). (A) Efficacy of co-
transplantation with MSCs. The numbers of engrafted gene-marked colony-forming units (CFUs) are shown, either derived from the cotransplantation
aliquots (black columns) or from the HSC-alone aliquots (white columns). After sacrificing the animals, BM cells were harvested from the ilium in Monkey
1 and from the limbs (humerus and femur of both sides) in Monkeys 2 and 3. Total numbers of CFUs marked with G1Na or LNL6 from the marrow samples
of each animal are indicated. (B) The engraftment site of gene-marked CFUs. Numbers of gene-marked CFUs detected in the limbs of either the injection or

opposite side are separately shown for each aliquot.

In the first monkey examined (Monkey 1), one HSC
aliquot, genetically marked with G1Na, was transplanted
into the right side together with MSCs, while another
HSC aliquot, genetically marked with LNL6, was trans-
planted into the left side without MSCs. At day 46 after
transplantation, the cotransplafitation aliquot engrafted 4.4
times more efficiently than the HSC-alone aliquot, as as-
sessed by colony PCR of the ilium marrow that was neutral
from both sides (47.8% vs 10.9%, respectively) (Table 2
and Fig. 2A). In the second monkey (Monkey 2), hemi-
iBMT was conducted with the switching of vectors to
exclude the possibility of a vector-associated bias. The
cotransplantation aliquot again engrafted more efficiently
(6.0 times) than the HSC-alone aliquot, as assessed by
colony PCR of marrow from the four limbs at day 39 after

transplantation (6.0% vs 1.0%, respectively) (Table 2 and
Fig. 2A). In the third monkey (Monkey 3), the cotransplan-
tation aliquot engrafted more efficiently than the HSC-
alone aliquot at day 56 after transplantation, although the
difference in this monkey was not as significant, as assessed
by colony PCR (7.1% vs 4.5%, respectively) (Table 2 and
Fig. 2A). These results suggest that cotransplantation with
MSCs improves engraftment of HSCs in nonhuman
primates.

In addition, in two of the three animals (Monkeys 2
and 3), CFUs derived from the cotransplantation aliquots
were detected in the BM of the opposite side (Fig. 2B),
implying that the transduced CD34% cells injected into
the BM might migrate and achieve homing to the
distant BM.
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Table 2. In vivo transduction levels post-transplantation with or without MSCs

In vivo marking

Groups of Site of Sampling of BM* (% of provirus- Fold increase

Animal (ID no.) hemi-iBMT iBMT Vectors for marking  (post-transplantation) positive colonies) in engrafted CFUs/
Monkey 1 (H025) Cotransplant: Right humerus/femur GINa Itium (day 46) 22/46 (47.8) 4.4

HSC alone Left humerus/femur LNL6 5/46 (10.9)
Monkey 2 (H030) Cotransplant  Right humerus/femur LNL6 Limbs (day 39) 12/192 (6.0) 6.0

HSC alone Left humerus/femur GINa 2/192 (1.0)
Monkey 3 (H033) Cotransplant  Right humerus/femur GINa Limbs (day 56) 8112 (7.1) 1.6

HSC alone Left humerus/femur LNL6 5/112 (4.5)

BM=bone marrow; iBMT=intra-bone marrow transplantation; MSCs=mesenchymal stromal cells.
*Bone marrow cells were taken from the ilium and/or limbs (humerus and femur on both sides).
'Fold increase in engrafted colony-forming units (CFUs) was calculated by dividing the number of CFUs derived from cotransplantation aliquots by that from

hematopoietic stem cell (HSC)-alone aliquots.

Origin of marked cells in PB

Although there were no marked cells detected in the PB in
Monkey 1, 2.0% and 0.4% of the PB cells were marked in
Monkeys 2 and 3 on days 33 and 35 post-transplantation,
respectively, as assessed by semiquantitative PCR
(Fig. 3A). With capillary electrophoresis, which can detect
a 16-bp difference between G1Na and LNL6, these cells
were proven to be marked with the vector for the cotrans-
plant aliquot (Fig. 3B). In all monkeys examined, cells
derived from the HSC-alone aliquots were barely detected
in the PB. These results clearly indicate that cotransplanta-
tion with MSCs enhances transplant-derived chimerism in
the PB.

Mechanism of improvements by MSCs

Previous studies demonstrated that, in human-mouse xeno-
graft models, transplanted human MSCs, after their differ-
entiation into osteoblasts, osteocytes, and  endothelial
cells, appeared to be involved in the maintenance of human
hematopoiesis through two ways: via their physical interac-
tion with primitive hematopoietic cells [18] and via factors
they secrete, such as stromal derived factor-1 (SDF-1) [18],
which have been shown to regulate the proliferation and
survival of hematopoietic stem and progenitor cells
[12,23-25]. To assess the former possibility, we retrovirally
marked MSCs with the B-galactosidase gene before trans-
plantation in Monkey 3, but could not detect LacZ-positive
cells in the BM (data not shown); possibly due to the low
expression level or immune clearance of LacZ. As grounds
of the latter possibility, it has been reported that the expres-
sion of hematopoiesis-supporting cytokines including SCF,
SDF-1, and angiopoietin-1 was upregulated in preadipo-
cytes during differentiation from MSCs [26]. Contrary to
our expectations, we found the reverse tendency: decreased
concentrations of these cytokines in the BM transplanted
with HSCs and MSCs as compared to those with HSCs
alone, albeit not at significant levels (SDF-la, p=0.21;
SCF, p=0.46; angiopoietin-1; p=0.39; Supplementary
Figure E1 (online only, available at www.exphem.org). It
is possible to speculate that poor engraftment with HSCs

alone might stimulate compensatory signaling pathways
to . upregulate: the expression of these hematopoiesis-
supporting cytokines.

Discussion

Clinical trials to intravenously coinfuse MSCs have already
been: reported both in the autologous [27] and allogeneic
[28,29] settings;  however, they aimed at feasibility and
safety, and ‘are not controlled studies. We obtained the
favorable results in termis of engraftment of HSCs in the
controlled autologous setting in monkeys.

Although the migration of HSCs post-transplantation has
already been demonstrated in mouse syngeneic iBMT,
human-mouse xeno-iBMT, and monkey auto-iBMT models
[8,10-13], it has been reported that ex vivo cultured HSCs
lose their capacity for migration and homing [30].
However, there was still a residual capacity for migration
in ex vivo manipulated HSCs without cotransplantation of
MSCs in our study (Fig. 2B). After cotransplantation with
MSCs, the ex vivo manipulated HSCs began to migrate to
the distant BM much more frequently, suggesting that
cotransplanted MSCs restored the properties of HSCs for
migration and homing, at least in part. Moreover, the effi-
cacy of MSCs was much more marked in the PB rather
than in the BM, implying that MSCs might have some
effects on the mobilization steps.

Our setting of hemitransplantation with dual genetic
marking allows tracking and comparison of two HSC grafts
with or without MSCs in the same monkeys, and thus it is
meritorious for evaluation- of migration and homing as
described here. It is also useful, considering that there are
large individual differences in outbred monkeys, unlike
mice. Individual differences in monkeys often overwhelm
differences in experimental data. In fact, the differences

in the engraftment post-transplantation among Monkeys

1 to 3 (up to 10-fold) are apparently larger than the differ-
ences in the engraftment between the two HSC grafts (up to
6.0-fold) (Table 2).
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Monkey 2

H,0

Monkey 3
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Sample Standard
(day33) 0.2% 2% 20% 200%

Neo ==

Standard
0.002%0.02% 0.2% 2% 20% 200% {day3$)

B Monkey 2 Monkey 3
H,0 _Standard _Sample -Standard Sample
GINa LNL6 (day28) (day33) GINa LNL6 (day3s)
G1Na G1Na
LNL6 LNLo6

Figure 3. Contribution of ttansplant-derived cells to the peripheral blood (PB). (A) Polymerase chain reaction (PCR) products separated on agarose gels. The
genomic DNA extracted from the PB of Monkey 2 on day 33 and Monkey 3 on day 35 post-transplantation was subjected to semiquantitative PCR for the
vector neo” sequence. Neo®-marked cells were detected in the PB after transplantation. Positive controls corresponding to 0.002%, 0.02%, 0.2%, 2%, 20%,
and 200% of marked cells were included. (B) Capillary electrophoresis of PCR products. The PCR products in (A) were subjected to capillary electrophoresis
with positive controls. This technique enables us to distinguish G1Na and LNL6 markings with only a 16-bp difference. Upper and lower bands denote GINa
and LNLG6, respectively. The detected bands in the PB were all derived from the cotransplantation aliquots.

Current literature on the subject of coinfusion of MSCs
with HSCs in an allogeneic setting suggests that enhanced
engraftment is achieved via dampening of the immune
response against donor HSCs [28,29]. Such a mechanism
cannot be formally ruled out, even in our autologous
setting, because transplanted HSCs were genetically
modified to express a foreign gene (neo®.

Although the efficacy of cotransplantation with MSCs
was suggested, the overall rate of HSCs engraftment in this
study appears to be low, as is the case in other studies using

nonhuman primates [31,32]. Further improvements should
be needed to apply these methods to human trials. We did
not follow the animals long-term in the present study. We
would like to see whether or not cotransplantation with
MSCs brings better engraftment. Thus, we euthanized
monkeys at 1 to 2 months post-transplantation to harvest
all the ilium and limbs marrow and we could not follow
them longer-term. Therefore, the present results will reflect
the behavior of short-term hematopoietic repopulating cells,
and longer follow-up (at least 180 day) should be needed to
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evaluate the long-term efficacy of cotransplantation with
MSCs. There also remains a concern over safety. Because
we used ex vivo expanded MSCs, there is a possibility of
causing tumors, such as osteosarcoma. Longer-term studies
are needed to assess safety as well. '
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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,! 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 homolegous 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.

nology, 2009, 183: 6538-6544.

even distinct cholera pandemics have occurred since 1817

(1). The first six originated from the Indian subcontinent,

whereas the last arose on the island of Sulawesi in Indo-
nesia in 1961 and is still spreading throughout the world (1). These
pandemics were all caused by oral infection with Vibrio cholerae
O1 biotype El Tor; however, a non-O1 serogroup, now categorized
as 0139, recently appeared and caused a large epidemic of cholera
in India and Bangladesh (2). A recent report on cholera in the
weekly epidemiological record of the World Health Organization
showed that the number of cholera cases dramatically increased in
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2006 (236,896 cases, including 6,311 deaths) because of several
major outbreaks (3).

Currently, three oral cholera vaccines, Dukoral, Orochol, and
the Vietnamese vaccine, have been developed for public use (4).
Dukoral, the most widely used cholera vaccine, especially in Eu-
rope, consists of four types of inactivated V. cholerae O1 plus
recombinant cholera toxin (CT)* B subunit (CT-B; 5, 6). Orochol
contains live attenuated CVD 103-HgR derived from the classical
V. cholerae Inaba strain with 94% deletion of the toxic activity (7,
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-
cific immune responses in both systemic and mucosal compart-
ments, thereby providing two layers of protective immunity (11—
13). Despite the efficacy of these three vaccines, their requirement
for “cold-chain” maintenance for preservation is a major concern
for their use in the field, especially in developing countries (14).
Owing to this difficulty, the development of a “cold-chain-free”
oral vaccine is needed (15, 16).

To overcome this concern, we have turned to a foreign protein
expression system that uses rice as a vaccine production platform,
because rice seeds can be preserved for long periods at ambient
temperatures (17). Oral immunization with a rice-based oral vac-
cine expressing CT-B, named MucoRice-CT-B, successfully in-
duced protective immunity in both systemic and intestinal tissues

* Abbreviations used in this paper: CT, cholera toxin; CT-B, cholera toxin B subunit;
PB, protein body; SIgA, secretory IgA Ab; LT, heat-labile enterotoxin; LT-B, heat-
labile enterotoxin B subunit; WT, wild type; RT, room temperature; DC, dendritic
cell.

Copyright © 2009 by The American Association of Immunologists, Inc. 0022-1767/09/$2.00
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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
an.

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 5 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 GMI1-ELISA. Bovine
IgM (Sigma-Aldrich; MW: 90 kDa) and B-lactoalbumin (Sigma-
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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 ug/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 GMI-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 pg/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 (4, 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 (F~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, E 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

Oralimmunization study Oral exposure study
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#001 (S years, female} MucoRice™-CT-8 667 mg (1 mg CT-B} cr 100ug
#002 (5 years, female) MucoRice™-CT-8 667 mg {1 mg CT-B) =3 100pg
HO03 {5 years, female) MucoRice™-CT-8 667 mg {1 mg CT-B) cr 100 pg
H004 {5 years, female) WT rice 667 mg €T 100 ug
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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. 34 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. 34). Among the three immu-
nized macaques, no. 001 maintained a high titer of CT-specific Ab
responses for more than 6 mo (Fig. 3A). 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 IgG 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. 44). 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. 54). 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

vaccination (Fig. 5B). 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 (4). 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-rieutralizing 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 GMI 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 seram 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.

(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. It 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 celis 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
pIgR ™~ mice is not completely different from that seen in WT
mice (29), the precise immunological role of naturally occurring
SIgA Abs is still obscure. pIgR ™/~ 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 resuits
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 pug 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. 44). 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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Introduction

For nearly 30 years, the genetic manipulation of laboratory
mice has contributed substantially to the development of many
fields in medical research and mammalian biology. Remarkably,
by genetically altering the mouse genome with single nucleotide
precision, it is now possible to create mice with desired genetic
modifications to assess gene function in healthy animals and in
animal models for human diseases. One major issue associated
with mouse genetic engineering is that the biological function of
engineered genes can vary with their genetic background [1-3].
This often raises serious concerns, because transgenic (TG) or
knockout (or knockin, KI) mice are generated in strains that have
historically been selected for the ease and convenience of
generating the TG or knockout strain, rather than phenotypic
characterization of the mutation itself. For example, most

@ PLoS ONE | www.plosone.org

embryonic stem: (ES) cell lines: used for knockout experiments
are derived from the 129 strain.. Unfortunately, however, this
strain has significant biological limitations that interfere with the
phenotypic analysis of a target mutation. It consists of a’ diverse
and complex family of substrains: [4] and many of these have an
atypical brain structure [5]. Therefore, for facilitating definition of
transgene or gene-targeted effects over a:given: genetic back-
ground, the engineered gene should be introduced from the donor
strain into the desired recipient strain.

The classical protocol for such purpose is congenic breeding:
serially backcrossing the gene donor to ‘the recipient strain
accompanied by selection for progeny carrying the desired gene
in each backcross generation. This protocol calls for 10 backcross
generations (N10), followed by an intercross (F1) to produce
founders that are homozygous for the desired gene (theoretically
more than 99% of the genome) [6]. Although the strategy is
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