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Abstract

Aims/hypothesis 1t appears that the adult pancreas has
limited regenerative ability following beta cell destruction
by streptozotocin (STZ). However, it is not clear if this
limitation is due to an inability to respond to, rather than an
absence of, regenerative stimuli. In this study we aimed to
uncouple the regenerative signal from the regenerative
response by using an exogenous stem cell source {o detect
regenerative stimuli produced by the STZ-injured pancreas
at physiological blood glucose levels.

Method Adultnude mice received 150 mg/kg STZ and 1x10°
J1 mouse embryonic stem (ES) cells by ip. injection.

Permanent beta cell depletion of 50% was estimated from’

the ratio of beta:alpha cells in pancreata from STZ-lreated
mice compared with control animals after 24 days.

Resuits Transplanted ES cells homed to the STZ-injured
pancreas and formed twmours. Inmmunocytochemical analy-
sis of pancreas-associated ES tumours revealed foct con-
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taining insulin/PDX-1 double-positive and glucagon-
positive/PDX-1-negative cell clusters associated with
PDX-1-positive columnar lumenal epithelium and extensive
c-amylase-positive pancreatic acini comprising approxi-
mately 0.1% of ES tumour volume.
Conclusions/interpretation These dala indicate that (1) the
adult pancreas produces a wmilieu of regenerative stimuli
following beta cell destruction, and (2) this is not dependent
on hyperglycaemic conditions; (3) these regenerative
stimuli appear to recapitulate the signalling pathways of
embryonic development, since both exocrine and endocrine
lineages are produced from PDX-1-positive precursor
epithelium. This mode! will be useful for characterising
the regenerative mechanisms in the adult pancreas.

Keywords c-amylase - Embryonic stem cells - Glucagon -
Insulin - Morphogenesis - PDX-I - Regeneration -
Streptozotocin - Transplantation

Abbreviations

DAPl 4 6-diamiding-2-phenylindole

E embryonic day

ES embryonic stem (cells)

ESM Electronic supplementary malerial

IVIS in vivo imaging system
PDX-1 pancreatic and duodenal homeobox protein-1

STZ streptozotocin

Introduction

Cuwrrent mainstream treatments for type | (insulin-depen-
dent) diabetes are frequently dogged by risks of hypogly-
caemic episodes, increased body weight and numerous
lifestyle restrictions [I]. On the other hand, type 2 (non-
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insulin-dependent) diabetes is spreading at an epidemic
pace in the developing world. Hence, there is a pressing
need for superior treatments, which will benefit from
deciphering the mechanisms of islet beta cell regeneration.
The adult pancreas has the ability to regenerate following
injury by a variety of means, although this regenerative
capacity appears to be lirited [2-5].

Streptozotocin (STZ) is a glucose-conjugated nitrosourea
taken up via the pancreas-specific GLUT2 transporter. A
single high dose of STZ can induce acute hyperglycaemia
by rapid necrosis of pancreatic beta cells within 24 h [3],
while multiple low doses of STZ can produce a gradual
onset of hyperglycaemia by T cell-mediated autoimmune
destruction of beta cells, a model sharing characteristics
with type 1 diabetes [6]. Early studies in the hyper-
glycaemic rodent indicated that following a high dose of
STZ, some but not significant numbers of beta cells were
recovered [7]. A lower dose of STZ, producing less severe
hyperglycaemia, resulfed in permanent beta cell damage
with negligible replacement of beta cells from the duct [8,
9]. However, it is not clear from these studies whether the
lack of beta cell recovery in STZ-treated animais with
normal blood glucose levels resulted from an absence of
regenerating factors or from an inability of potentiﬁl
endogenous beta cell progenitors to respond to nascent
regenerating stimuli.

We reported that following transplantation, undifferenti-
ated mouse embryonic stem (ES) cells migrated to the liver
and formed tumours in amimals with hepatic injury [10].
These ES cell tumours contained differentiated hepatocytes
induced by regenerating factors from the injured liver. The
aim of the present study was to investigate the lack of beta
cell recovery by introducing an exogenous multi-potent cell
source to the nude mouse following a single STZ dose that
induced partial beta cell destruction with neither the
induction of hyperglycaemia nor the knock-on effect of T
cell-mediated further beta cell damage.

We investigate whether moderate STZ-induced pancre-
atic injury can stimulate induction of pancreas morphogen-
esis in transplanted ES cells as well as self-regeneration.
This approach could be important for unravelling the adult
pancreas regeneration process and for identifying potential
soluble factors for in vitro differentiation of insulin-
. producing beta cells for the treatment of diabetes.

Materials and methods
Antmals and STZ treatment
Animal experiments in the present study were performed in

compliance with the guidelines of the Institute for Labora-
tory Animal Research at the National Cancer Center

Research Institute (Tokyo, Japan). In addition, the Princi-
ples of Laboratory Animal Care (NIH publication no. 85-
23, revised 1985; available from hitp://grants].nih.gov/
grants/olaw/references/phspel.htm, last accessed in July
2006) were followed. Female BALB/c nude mice (CLEA,
Tokyo, Japan) aged 7 weeks were used as recipients for ES
cell transplantation. Mice received a single 300-p1 i.p. dose
of STZ (Sigma Aldrich, St Louis, MO, USA) within 20 min
of dissolution in freshly prepared 20 mmol/i cold citrate
buffer (pIi 4.5) at a dose ranging from 100 to 200 mg/kg
body weight. Control mice received 300 pl citrate buffer
alone. Duplicate glucose measurements were performed on
whole venous blood collected from the tail vein of non-
fasting animals at 48 h after STZ treatment and twice
weekly thereafter, using the Freestyle Flash Blood Moni-
toring System (Nipro, Tokyo, Japan) according to the
manufacturer’s instructions. For investigation of the effect
of STZ concentration on ES cell differentiation, 12 mice
were used. Mice received ES cells 24 h after STZ injection
by ip. administration. All ES cells were injected on the
same day and from the same cell preparation. The cell
injection site was the lower abdomen, as far from the
pancreas as possible. Physiological sample data at day 14
for these animals is shown in Table 1. For renal capsule
transplantation experiments, 1x10% ES cells were trans-
planted 24 h following treatment of mice with 150 mg/ke
STZ (n=2) or citrate buffer (n=2). Briefly, recipient mice
were anaesthetised by exposure to 1-3% isoflurane, and a
1.5-cm cut through the skin and muscle of the left flank

Table 1 Physiological characteristics of animals transplanted i.p. with
mouse embryonic stem cells

STZ Blood glucose  Weight (g)*  ES homing
treatment tmmol/1)™® to pancreas?”
Citrate buffer #1 4.2 21.6 No

Citrate buffer #2 44 20.4 No

Citrate buffer #3 5.0 21.9 No

STZ 100 mgikg #1 6.6 23.3 No

STZ 100 mg/kg #2 6.7 2.6 No

STZ 100 mg/kg #3 6.2 22.8 No

STZ 150 mg/kg #1 6.2 20.2 Yes

STZ 150 mg/kg #2 4.9 21.2 Yes

STZ 150 mg/kg #3 5.0 20.2 Yes

STZ 200 mgrkg #1 8.7 20.5 Yes

STZ 200 mg/kg #2217 17.3 Yes

STZ 200 mghkg #3  19.6 17.4 Yes

Relationship between STZ dose, blood glucose concentration

{>11.1 mmol/I=hyperglycacmic) and effect on homing to the pancreas
of transplanted mouse ES cells measured by in vivo imaging.
Representative data is shown for mice at day 14. Blood glucose
concentration remained similar to day 14 values for each animal until
mice were killed on day 24. Average weight of mice at day 0=194] g.
* At day 14 post-treatment

" Average of two consecutive readings
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dorsal to the spleen was made. The exposed wound was
fiushed with 1 ml PBS containing penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA) and the kidney was
pushed through the wound. A small cut was made laterally
on the kidney membrane using a scalpel, and 10 pl PBS
containing 1x10% ES cells was gently expelled towards
the botiom of the kidney capsule using a 20-pl pipette tip.
The kidney was replaced in the abdominal cavity, and the
incision was closed with small wound clips. For iv.
transplantation, 1x10° BS cells in 100 pl PBS were
injected via the tail vein 24 h after STZ treatment. For
evaluation of induction of hormone-positive duct cells in
the pancreas of STZ-ireated mice, animals were treated with
citrate buffer (group 1, n=3), 150 mg/kg STZ (group 2,
n=6) or 200 mg/kg STZ (group 3, n=6), and killed 24, 48
and 72 h later {one in group 1, two in group 2, three in
group 3 for each time point), and tissues were sectioned and
stained for glucagon and insulin.

For estimation of permanent beta cell depletion in
150 mg/kg STZ- vs citrate buffer-injected mice, six animals
were used. Mice were treated with 150 mg/kg STZ (n=3)} or
citrate buffer (»=3) and killed after 24 days, then pancreas
sections were double-stained using immunofluorescence for
glucagon and insulin as described below. All six mice had
blood glucose concentrations <11.1 mmol/] throughout the
24-day period. Islets containing between 10 and 400 cells
for each animal were photographed, and alpha and beta
cells were counted using Imagel software (version 1.31v)
available from http://rsh.info.nih.gov/ij/download.html, last
accessed in July 2006, For each islet, the ratio of beta:aipha
cells was calculated and averaged for >30 islets per mouse
{100 islets per group). For evaluation of the percentage of
ES cell tumours occupied by pancreatic foci and PDX-1-
positive foci Image] sofiware was used to draw a closed
perimeter around the foci and measure the sum of the areas
occupied by these foci relative to the area of a closed
perimeter drawn around the whole tissue section. This was
repeated for several tissue sections from each mouse and
averaged. For estimation of numbers of insulin-positive and
PDX-1/msulin double-positive cells, individual cells were
counted within the closed perimeter area of the ES cell
tumour pancreatic foci only and their overall ES cell
tumour proportion was then estimated.

Culture and in vivo transplantation of ES cells

The firefly luciferase-expressing ESJ1 cell line, a JI cell
clone of 1295V male origin, was established as described
previously [11]. Twenty-four hours after STZ treatment,
mice received 1x10° ES cells by single ip. injection in
300 pl PBS prepared as described previously [11]. In vivo
imaging analysis of transplanted ES cells was conducted in
a cryogenically cooled IVIS system (Xenogen, Alameda,
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CA, USA). Mice were administered D-luciferin (150 mg/kg;
Promega, Madison, WI, USA) by i.p. injection and
anaesthetised by exposure to 1-3% isoflurane. Photons
from animal whole bodies were counted 10 min later using
the IVIS imaging system according to the manufacturer’s
instructions, and data were analysed using LIVINGIMAGE
2.50 software (Xenogen). The amount of light generated
was directly related to the amount of luciferase-producing
cells. The development of pancreatic ES cell tumours was
monitored twice weekly.

Immunofluorescence and immunohistochemical analyses

Following killing of mice by cervical dislpcation, pan-
creases and ES cell tumour tissues were preserved in 10%
formalin solution, before being embedded in paraffin and
sectioned. Sections were deparaffinised in xylene and
rehydrated through a graded ethanol series. Antigen
retrieval was performed by boiling sections for 5 min in
10 mmol/l citrate buffer followed by cooling for 30 min fo
room temperature. Blocking was carried out using Image-iT
FX Signal Enhancer (Invitrogen) for 30 min at room
temperature. Primary antibodies were applied overnight at
4°C. AlexaFluor secondary antibodies (1:1,000; Invitrogen)
were applied for 30 min at room temperature. All anti-
bodies were diluted in ChemMate Antibody Diluent (Dako,
Kyoto, Japan). Immunofluorescence-stained sections were
mounted with Vectashield mousting medium (Vector
Laboratories, Burlingame, CA, USA) containing 4,
6-diamidino-2-phenylindole (DAPI) to visualise nuclei.
The following primary antibodies were used: anti-insulin
(1:400, #MAB1417; R&D systems, Minneapolis, MN,
USA), anti-glucagon (1:200, #sc-7779; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-C-Peptide
(1:400, #4023-01; Linco, St Charles, MO, USA), anti-
HNF33 (1:100, #3¢-9187; Santa Cruz) anti-PDX-1 (1:100,
#07-696; Upstate, Charlottesville, VA, USA}, anti-cc-amy-
lase (1:200, #A8273; Sigma) and anti-luciferase (1:100,
#PMO16; MBL, Woburmn, MA, USA}. Luciferase, HNF3[3
and cc-amylase staining was performed using the Vectastain
ABC kit (Vector Laboratories) according to the manu-
facturer’s instructions, followed by haematoxylin or eosin
counter-staining using standard methods.

Resulis

Beta cell neogenesis following STZ treatment

Doses of 150 mg/kg STZ or below consistently failed fo
induce overt hyperglycaemic blood glucose concentrations

>11.1 mmol/l) up to 4 weeks following treatment (Table 1;
sample data is shown at day 14), while doses of 200 mg/kg
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usually led to acute hyperglycaemia (blood glucose
concentration >11.1 mmol/l) within 48 h, which was

accompanied ‘by sustained poor weight gain and polyuria

thereafter. The lowest single STZ dose that can.induce
hyperglycaemia in mice is varfable and dependent on
genetic background for inbred strains. The BALB/c genetic
background displays unusually high resistance to STZ-
induced DNA. damage, which is. directly related to poly
(ADP-ribose) polymerase (PARP) activation and NAD
depletion [!2]. This would explain why a STZ dose of
150 mg/kg, which is sufficient to induce rapid hyper-
glycaemia in some mouse strains, did not do so in this
study. Nevertheless, since STZ degrades rapidly and mice
treated with 150 mg/kg STZ did not develop elevated blood
glucose levels in this study, an alternative method was
necessary to establish that the STZ dose administered in
this instance induced some degree of beta cell depletion. As
STZ s a selective destroyer of beta cells, the alpha cell
population should remain constant before and after treat-
ment (unless there is an expansion of alpha cells during
regeneration that has not previously been demonstrated).
We therefore compared the average ratio of beta (insulin-
positive): alpha (glucagon-positive) cells over a range of
islet sizes from non-ES cell-transplanted control mice (n=3)
and mice treated with 150 mg/kg STZ (n=3) 24 days after
treatment. Using this approach we estimated that the
average rate of penmanent destruction of beta cells in
euglycaemic mice treated with 150 mg/kg was 50%
(Fig. 1). Between 24 and 48 h after 150 mg/kg STZ
treatment, some ductal hormone-positive cells were detect-
able in the pancreas of freated mice, including occasional
insulin/glucagon double-positive cells (data not shown).
However, 24 days after treatment, hormone-positive duct
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Fig. 1 Permanent beta cell depletion in the pancreatic islets of
euglycaemic mice treated with STZ. Mice received 150 mg/kg STZ
(white bar; n=3) or citrate buffer alone (black bar; n=3). The
average ratio of beta (insulin-positive):alpha (glucagon-positive)
cells in >100 islets pér group at day 24 after STZ treatinent revealed
approximately 50% permanent beta cell depletion. Data are
presented as meanstSEM. *p<0.05, 1 test

cells were not detectable. In contrast, in hyperglycaemic
mice treated with 200 mg/kg STZ, clusters of insulin-
positive cells within the pancreatic ducts were common
after 24 days (data not shown), as previously observed in
the regenerating adult pancreas under hyperglycaemic
conditions [13].

Transplanted ES cells migrate to and proliferate
in the STZ-injured pancreas

Pancreatic homing and proliferation of i.p. transplanted ES
cells was clearly detectable by in vivo imaging in all
animals that received doses of 150 mg/kg or 200 mg/kg
STZ from day 14 afier transplantation (Fig. 2). At lower
STZ doses (100 mg/kg) and in citrate buffer-treated mice,
homing to the pancreas was not detected in any animals up
to day 24 when all mice were killed. Earlier attempts using
i.v. transplantation of ES cells also gave rise to small peri-
pancreatic tumours. However, these tumours developed
more slowly than following i.p. transplantation (Electronic
supplementary material [ESM] Fig. 1} and mice were prone
to lethal pulmenary teratomas. All mice produced s.c.
tumours at the site of injection, presumably due to some
leaking of cells into the s.c. space during ES cell injection.
In addition to s.c. tumours, small teratomas were occasion-
ally observed at random sites (non-pancreas-associated)
sites in the peritoneum of i.p. ES cell fransplanted mice.
Aunatomical analysis of the pancreata of 150 me/kg STZ-
treated mice following killing at 24 days after ES cell
injection revealed vascular networks interconnecting ES
cell-derived tumour nodules with the vasculature of*the host
pancreas (Fig. 2), indicating that the movement of soluble
factors between pancreas and ES cell tumour was facilitated
during ES cell fumour growth and differentiation.

Transplanted ES cells differentiate into hormone-positive
cell clusters in STZ-treated mice

ES cell-derived pancreatic tumours were analysed for expres-
gion of hormonal markers of pancreatic islet (alpha and beta)
cells. Staining of serial ES cell tumour sections alternately for
insulin and glucagon revealed foci with clusters of hormone-
positive cells spatially associated with each other and arranged
along the periphery of rosettes of large eosmophilic granular
cells, which displayed histological similarity to pancreafic
acini (Fig. 3¢, inset). These acinar-like cells were hormone-
negative. In addition, these ES cell tumour foci always
contained limenal columnar epithelium adjacent to the
hormone-positive clusters. This epithelium showed weak
hormone staining that was polarised towards the acinar-like
and hormone-positive cell clusters and occasionally
contained cells that stained strongly positive for glucagon
or insulin (Fig. 3, arrowheads).
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Fig. 2 Pancreatic homing and
expansion of ES cells in STZ-
treated mice were -monitored in
vivo by bicluminescent imaging
using the IVIS system. Day 14
(a~d) and day 24 (e~h) repre-
sentative images of nude mice
injected i.p. on day 0 with STZ
at 200 mg/kg (a, €), 150 mg/kg
(b, £), 100 mg/kg (¢, g) or citrate
buffer only (d, h), followed 24 h
later by 1.p. injection of 1x10°
ES cells in 300 1l Dulbecco’s
PBS are shown; pancreas-asso-
ciated ES cell tumours are indi-
cated by arrowheads; all mice
developed s.c. ES cell tumours
at injection site (arrows). i At
day 24, 150 mg/kg STZ dose,
highly vascularised ES cell
tumour nodules (T) were
injerconnected with the host
pancreas vasculature (*).

j confirmation of ES cell
homing to pancreas by ex vive
Imaging

(sysuojoyd g0 LX)

Insulin-positive cell clusters are associated with x-amylase-
positive acinar cells in ES cell tumour foci, suggesting a
common origin

Closer analysis of ES cell tumour foci revealed that insulin-
positive cell clusters were located in close contact with
o-amylase-positive acinar-like cells (Fig. 4). However,
there was no overlap between a-amylase and insulin

@ Springer

staining. The occurrence of endocrine and exocrine cells at
common foci suggests that they originated from a common
precursor cell type. Approximately 0.1% of the peri-
pancreas teratomas comprised pancreatic foci that we define
as cell clusters containing lumenal epithelial cells positive
for o-amylase, insulin and PDX-1 in close association
(Table 2). Furthermore, this tight arrangement of cells with
distinguishable specialised functions is similar to that found
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Fig. 3 Hormone-positive clusters are induced in ES cell tumours
following 150 mg/kg STZ treatment. Serial sections of ES cell tumour
foci were stained altemately for glucagon (red; a—d, i-1} and insulin
(red; e—h). Hormone-positive cells were observed within the lunenal
epithelium (E, arrowheads) and in adjacent islet-like clusters (I}. In
close proximity to the islet-like clusters were clusters of large granular
cells with acinar-like cell morphelogy (A). ¢ Inset (scale bar=5 1m)

in maturing islets and acini in the pancreas post embryonic
day (E) 14.5, and occurred in proximity to simple columnar
epithelium resembling endodermal gut epithelium.

ES cell tumour foci contain PDX-1-positive epithelium
resembling pancreatic anlage

PDX-1 is the earliest marker of pancreatic stem cells that
give rise to all three pancreatic lineages [14] and is essential
for pancreatic morphogenesis. It is expressed almost
uniformly in the dorsal and ventral pancreatic buds that
evaginate from the ventral gut epithelium. Foliowing
lineage commitment, PDXX-1 expression is lost in pancreas
cells, and is re-expressed at high levels in mature beta cells
as a key transactivator of beta cell-specific hormone
expression. PDX-1 staining of lumenal epithelium in ES
cell tumour foci revealed a high density of positive cells

shows a haematoxylin and eosin photomicrograph of a segment of an
ES celi tumour acinus. The pyramidal cell shape with nucleus at broad
basal surface and eosinophilic zymogen granules in the apical
cytoplasm towards the lumzn {(arrow) are clearly seen. a, i Glucagon,
e insulin; b, f, § DAP!; ¢, g, k phase contrast; d, h, ] hormone/DAPU
phase contrast overlay. Scale bar=25 um

(50%) (Fig. 5a). The PDX-1-positive epithelium was
hormone- and «-amylase-negative, and displayed polar-
isation with distinct tracts of uniformly PDX-1-positive
cells distinguishable from PDX-1-negative epithelial cells.
Co-staining of foci for cc-amylase revealed that this polarity
was towards exocrine-like cells, which arose as a contin-
uum of the PDX-1-positive epithelium, with a clear down-
regulation of PDX-1 at the interface with cells undergoing
induction of the gene for w«-amylase. The x-amylase-
positive cells were PDX-1-negative. We confirmed that
PDX-1-positive foci originated from the endedermal lin-
eage by co-staining for HNF3[ (Fig. 5h). To determine
whether ES cell tumours could undergo pancreatic mor-
phogenesis in another well-vascularised location, we trans-
planted undifferentiated ES cells under the kidney capsule
of 150 mg/kg STZ- (n=2) and citrate buffer-treated (#1=2)
mice (ESM Fig. 2). Approximately 2% of the kidney
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Fig. 4 Induction of beta cell-like clusters in ES cell tumour foct
appears to follow a developmental pathway. Serial sections of tumour
foci were stained for insulin (green) and o-amylase (brown). Clusters
of insulin-positive cefls appear in close association with o-amylase-

capsule ES cell tumour from the 150 mg/kg STZ-treated
mice contained polarised PDX-1-positive luminal epitheli-
um (ESM Fig. 3), compared with 0.1% of citrate buffer-
treated mice (data not shown).

Table 2 Proportion of peri-pancreas ES tumours expressing pancreas-
associated proteins

Immunchistochemical marker  Percentage of peri-pancreas tumour

HNF3B 15+2.1
PDX-1 1.420.11
PDX-1/insulin/cc-amylase® 0.1£0.022
PDX-1/insulin® 0.01£0.003

Data at day 24 following ES transplantation. Tumours from three mice
were evaluated. Data is presented+SD. Peri-pancreas ES tumours
expressing pancreas-associated proteins also expressed luciferase.
TFaci containing cells representing all three markers, cither single-
or double-positive. Average number of foci per tumour section=2

b Double-positive celis

& Springer

positive acinar cells without overlap of marker expression. This
arrangement is similar to that found in the later stages of pancreatic
organogenesis (after E 14.5). a, ¢, i Insulin; b, 1, ] DAPI; ¢, g, k
ce-amylase; d, h, 1 insulin/DAPV o-amylase overlay. Scale bars=5 pm

ES cell tumour foci contain mature beta cells

To further characterise the pancreatic cells of our ES cell
tumour foci we performed double-staining for C-peptide/
PDX-1, insulin/PDX-1 and glucagon/PDX-1. During de-
velopment, the majority of early insulin cells do not express
PDX-1 when they first appear, but PDX-1 is later
upregulated in the mature beta cells [15). However, mature
alpha cells, which are interspersed with beta cells in the
mature islet, are PDX-1-negative. Figure 6a-h illustrates a
strong PDX-1/insulin/C-peptide triple-positive mature beta
cell located in an ES cell tumour focus but separate from
the PDX-1-positive epithelium. Glucagon-positive putative
alpha cells were PDX-1-negative but adjacent to PDX-1-
positive cells (beta cells) in a similar arrangement to that
found in pancreatic islets. To confirm that the ES cell
tumour-derived beta cells were derived from the endoder-
mal lineage, we dempnstrated nuclear co-expression of the
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Fig. 5 a—d PDX-1 (green) is expressed in the nuclei of 50% of
lumenal epithelial cells in ES cell tumour pancreatic foci. PDX-1-
positive luminal epithelium is usually hormone-negative and is
polarised towards c-amylase-positive (brown) acinar cells (A) which
can be seen emerging as a continuum from the PDX-1-positive
epithelium (PE) and cells at the interface show downregulation of
PDX-1 expression {(arrows). PDX-1-positive cells are also located
outside the fuminal epithelivm (@rrowheads). These cells are insulin-
positive (not shown). a PDX-1: b a-amylase; ¢ PDX-1/DAPI overlay;
d DAPL Scale bar=10 pm. e-h Co-localisation of PDX-1 and HNF3p
proteins in pancreatic foci in E$ cell tumours confirms their
endodermal lineage. Sections of peri-pancreas tumours were stained
for PDX-1 (red) and HNF3j3 (brown), both revealing nuclear local-
isation. Examples of double-positive cells are indicated by arrows.
e PDX-1; f DAPL; g PDX-1/DAPI overlay; h HNE3[3. Scale
bar=10 pm

HNF3f protein with PDX-1 and msulin (Fig. 6m-q).
Finally, tissue sections were co-stained for luciferase along
with glucagon and insulin to demonstrate that the hormone-
positive cells observed in the ES cell fumours were indeed
derived from the transplanted cells (Fig. 6r—v).

Discussion

The pancreas appears to lack the ability to sense its size,
unlike the liver, and regeneration following pancreatectomy
is incomplete [16]. Nevertheless, the observation that a
range of stimuli can increase growth of acini [4, 17], ducts
[5] and beta cells [2] suggests that there must be local
signals capable of promoting growth in the postnatal
animal. Following STZ treatment, irrespective of whether
a high or low dose is used, beta cell replenishment is
incomplete [9], which raises the possibility that regenerat-
ing signals are present but the pancreas is incapable of an
effective response.

We demonstrated here that when ES cells were infro-
duced to mice with partial STZ-induced beta cell ablation,
the cells migrated to the pancreas and proliferated, forming
highly vascularised tumour nodules whose vasculature was
connected to that of the host pancreas. These nodules
contained cells with characteristics of endocrine (alpha and
beta cells) and exocrine {x-amylase-positive) cells, indicat-
ing that regenerative signals produced by the injured
pancreas are capable of stimulating organ morphogenesis
from precursor PDX-1-positive endodermal epithelium.
This provides a clear demonstration, for the first time, that
pancreatic beta cell ablation in the absence of hyper-
glycaemia in the adult produces soluble signals that can
recapitulate elements of embryonic pancreatic development.

In the mouse embryo, the pancreatic primordium is first
visible at E 9.5 as an evagination of the foregut endoderm,
consisting of a highly folded epithelial sheet with apical and
basal surfaces continuous with those of the gut tube [18].
At this stage most of the cells express PDX-1, the master
regulator of pancreas development [14], and glucagon-
positive cells can be detected, although these first glucagon-
positive cells are post-mitofic and do not contribute to the
final alpha cell pool [18]. One day later, insulin-positive
cells appear, and over the next 2-3 days, cells are
frequently found to express both hormones together [19].
However, alpha and beta cells appear to be derived
independently in the mouse pancreas [20]. At around E
14.5, exocrine cells become distinguishable from endocrine
cells [18). Endocrine cells are largely individual and
associated with the ducts until the end of gestation (about
E 18.5), when they are found as islets [18].
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< Fig. 6 Mature beta and alpha cells are found in ES cell tumour
pancreatic foci.. a—d and e-h represent serial sections. a~d and

i-I represent the same tissue section. a—¢ PDX-1 (green), C-peptide

(red), DAPI (blue); d PDX-1/C-peptide/DAPL overlay; e-g PDX-1
{green), insulin (red), DAPI (blue); h PDX-1/insulin/DAPIL. overlay;
i~k PDX-1 (green), glucagon (red), DAPI (blue); | PDX-1/glucagon/
DAPI overlay showing a PDX-1-negative/glucagon-positive cell
adjacent to PDX-1-positive/glucagon-negative beta cells {(arrows) —
both cell types have characteristics of mature pancreatic islet cells.
Scale bars=5 pm. m—g Mature beta cells in ES cell tumours are
induced from the endodermal lineage. HNF3[3 co-localises with PDX-
1 in the nuclei of insulin-positive cells (arrows). m PDX-1; n insulin;
o DAPL; p PDX-1/insulin/DAPI overlay; g HNF3(3. Scale bar=5 um.
r—v Hormone-expressing cells in ES cell tumour pancreatic foci are
induced from the transplanted cells. Luciferase staining is co-localised
in hormone-expressing cells (arrows) from peri-pancreas ES cell
tamour sections. r insulin (green); s glucagon (red); t DAPI (blug);
w insulin/glucagon/DAPL overlay; v luciferase (brown). Scale
bar=10 pm

The presence of PDX-1-positive lumenal epithelium,
hormone-positive cell clusters and pancreatic acini in ES
cell tumours indicates that the insulin-positive cells most
likely arose from pancreas morphogenesis and not merely
by cytodifferentiation. Additional support for this conclu-
sion comes from both tissue reconstitution and genetic
experiments [21-23] that have definitively demonstrated
that pancreatic mesenchyme is required for exocrine, but
not endocrine, differentiation. Subcutaneous ES cell
tumours that formed at the ES cell injection site in both
STZ-treated and non-treated mice revealed no evidence of
pancreatic differentiation (data not shown), indicating that
factors produced by the regenerating pancreas were
required for the ES cell differentiation and suggesting that
these factors may be more effective at close range.

In the pancreas itself, we observed evidence of ineffi-
cient beta cell neogenesis in 150 mg/kg STZ-treated
animals, indicated by islets with altered beta:alpha cell
ratios, as compared with control mice 24 days after
treatment. Approximately half of islet beta cells were
permanently lost following this treatment regimen. Al-
though we have not measured the rate of insulin production
in these injured islets, we found that normal glucose levels
were maintained throughout a 24-day period. However,
increasing the STZ dose to 200 mg/kg almost invariably
induced rapid hyperglycaemia, suggesting that 150 mg/kg
animals were close to exhibiting pathological blood glucose
levels. In the present study our aim was to separate the
secondary effects of high blood glucose, a known inducer
of beta cell neogenesis, on its own in the absence of beta
cell damage [24] from the primary effects of beta cell loss.
Fernandes et al. [25] found that while a key subpopulation
of intra-islet somatostatin/PDX-1 double-positive transi-
tionary cells were expanded in mice following high-dose
STZ treatment, low doses of STZ did not induce beta cell
neogenesis, suggesting that the neogenic response observed

at high STZ doses was dependent on or related to
elevated blood glucose levels. The rate of pancreatic foci
and PDX-1/insulin double-positive cells was similar in peri-
pancreas BES cell tumours from 200 mg/kg-treated mice
(data not shown). However, since these mice were mildly
hyperglycaemic (<22.2 mmol/l) we cannot yet remark on
the effect of higher blood glucose concentrations
(>22.2 mmol/), nor the possibility of glucose-induced
regenerative stimuli obscuring a reduction in beta cell
loss-induced regenerative stimuli caused by the higher
STZ doses required for induction of severe hyperglycaemia.
That euglycaemic STZ-treated mice induced neogenesis of
multiple lincages—islet and acinar—in exogenous multi-
potent cells strongly suggests that STZ-mediated beta cell
damage, in the absence ‘of hyperglycaemia, produces
pancreas regeneration signals, although they apparently
have limited effect in the adult pancreas itself since beta cell
loss by the same STZ dose is never fully replenished. Our
data raises the possibility that this lack of self-regeneration
may be due to a limitation of the organ to respond to signals
rather than an absence of regenerating stimuli per se. While
it is unlikely that pancreatic morphogenesis depends on cell
fiision between ES and host stem cells in this model, 1t
cannot yet be ruled out that celi fusion events may occur
that involve host cells such as macrophages, which are
known to be relatively abundant in nude mice.

In conclusion, by uncoupling the regenerative signal
produced by the damaged pancreas fiom the regenerative
response, the model described here recapitulates elements
of embryonic pancreas development in the injured adult
pancreas. Future studies will focus on identification of
factors produced by the injured pancreas. In addition, it will
be important to characterise the response of putative adult
beta stem cell types, such as bone marrow-derived
mesenchymal stem cells {26] and intra-pancreatic stem’
cells [27, 28], to stimuli produced by the STZ-injured
pancreas. This may be a valuable system for understanding
the mechanisms of beta cell neogenesis in the adult and for
identification of regenerative factors for use in tissue
engineering in vitro.
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Abstract

Mouse natural killer T cells with an invariant Vo14-Joe18 TCR rearrangement (V14 NKT cells) are able to regulate immune responses through
rapid and large amounts of Thi and Th2 cytokine production. It has been reported that irz vive administration of the Valdi NKT cel] ligand,
a-galactosyleeramide (c-GalCer) significantly reduced morbidity and mortality of acute graft-versus-host disease (GVHD) in mice. In this study,
we examined whether adoptive transfer of in vitro-expanded Val4i NKT cells using «-GalCer and IL-2 could modulate acute GVHD in the
transplantation of spleen cells of C57BL/6 mice into (B6 x DBA/2) F; mice.

‘We found that the adoptive transfer of cultured spleen cells with a combination of a-GalCer and IL-2, which contained many Va14i NKT cells,
madulated acute GVHD by exhibiting long-term mixed chimerism and reducing liver damage. Subsequently, the transfer of Val4i NKT cells
purified from spleen cells culiitred with e-GalCer and IL-2 also inhibited acute GVHD. This inhibition of acute GVHD by Val4i NKT cells was
blocked by anti-IL-4 but not by anti-IFN-y monoclonal antibody. Therefore, the inhibition was dependent on IL-4 production by Val4i NKT
cells. Our findings highlight the therapeutic potential of in vifro-expanded Va14i NKT cells for the prevention of acute GVHD after allogeneic

hernatopoeietic stem cell transplantation.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Graft-versus-host disease; NKT cell; a-Galactesylceramide; Chimerism

1. Introduction

Mouse natural killer T cells with an invariant Val4-Jul8
TCR rearrangement (Val4i NKT cells) are a unique T cell
population that is specifically activated by a synthetic gly-
colipid, o-galactosylceramide (o-GalCer) in a non-classical

Abbreviations: GVHD, grafi-versus-host disease; HSCT, hematopoietic
stem cell transplantation; a-GalCer, a-galactosylceramide; Valdi NKT cells,
natural killer T cells with an invariant Va14-Je18 TCR rearrangement; B6,
C57BL/6; BDF;, (B6 x DBA/2) Fy; SC, spleen cells; a-GCSC, SC were cul-
tured with IL-2 and a-GalCer; mAb, monoclonal antibody; Va24i NKT cells,
NKT cells with an invariant Ve24-JaQ TCR rearrangement; GOT, glutamic
oxaloacetic transaminage; GPT, glutamic pyruvic transaminase,

* Corresponding authors. Tel.: +81 3 3547 5248; fax: +81 3 3542 1886.

E-mail addresses: yikarash@gan2.ncc.go.jp (Y. Ikarashi),
hwakasug @ gan2.nce.go.jp (H. Wakasugi).

0165-2478/% - see front matter @ 2006 Elsevier B.V, All rights reserved.
doi:10.1016/}.imlet.2006.05.001

MHC class T molecule CD1d-restricted manner [1]. Valdi
NKT celis are known as immunomodulating cells influenc-
ing the Th1/Th2 balance, mainly via rapid secretion of robust
amounts of Thl (such as IEN-vy) and Th2 (IL-4, IL-10 and I-
13) cytokines. Thus, Valdi NKT cells have a critical role for
various immune responses including autoimmune disease [2],
tumor-immunity {3,4], infection and allogeneic transplantation
[51.

Graft-versus-host disease (GVHD) is an intractable and
severe obstacle in allogeneic hematopoietic stem cell trans-
plantation (HSCT). To resolve this, various treatments such as
donor T cell depletion [6] and immunosuppressive drugs [7]
have been attempted. In mouse acute GVHD models, a Thi
dominant cytokine secretion profile and expansion of donor
CD8* T cells have been reported [8-10]. Hence it is suggested
that acute GVHD is reduced by the skewed Th2 polarization
of host immunity and the suppression of donor CD8* T cell
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expansion. It has been reported that immune-regulatory cells
such as CD4* CD25% T cell [11], NKL.I* or DX5* T cells
[5,12] reduced acute GVHD. Recently, it has been demon-
strated that the administration of a-GalCer to induce IL-4 pro-
duction by host Val4i NKT cells suppressed acute ‘GVHD
in a mouse model [13,14], which suggests the potential of
o-GalCer/NKT cell-based immunotherapy for the prevention
of acute GVHD. Nevertheless, the frequency of human NKT
cells with an invariant Va24-JaQ TCR rearrangement paired
with VBI1 TCR (Va24i NKT cells) is very low (less than
0.5%) in peripheral blood mononuclear cells [15]. Further-
more, it has been reported that the number of NKT cells in
recipients of HSCT with acute GVHD is lower compared to
those without acute GVHD [16). Given that in vivo adminis-
tration of a-GalCer could not expand host NKT cells in some
cases [17,18], we hypothesized that an adoptive transfer of
in vitro-expanded NKT cells would be more effective than in
vivo administration of e-GalCer alone in patients with acute
GVHD.

Several investigators have reported that human Ve:241 NKT
cells were effectively expanded using a-GalCer plus a com-
bination of cytokines, such as 1L-2, IL-7 and IL-15 in vitro
{19-22], while mouse Va14i NKT cells could also be expanded
with a-GalCer in vitro [1,23]. We found that the culture of
spleen cells with a-GalCer and IL-2 for 4 days efficiently
induced the expansion of Va14i NKT cells [24]. Moreover, we
revealed that in vitro-expanded Vel4i NKT cells retained the
ability to produce IL-4 and IFN-y and migrated into peripheral
organs after adoptive transfer {24]. Therefore, adoptive trans-
fer of in vitro-expanded Val4i NKT cells may reduce acute
GVHD.

In this study, we demonstrated that adoptive transfer of in
vitro-expanded Va14i NKT cells reduced acute GVHD such as
liver injury and maintained long-term mixed chimerism. This
effect is dependent on IL-4 using neutralizing anti-IL-4 mono-
clonal antibody. Our findings indicate the therapeutic potential
of in vitro-expanded Va14i NKT cells for the prevention of acute
GVHD.

2. Materials and methods
2.1. Mice

. Female C57BL/6N (B6, H-2%), DBA/2N (DBA/2, H-29) and
(C5TBL/6 x DBA/2) F; (BDF;, H-2"?) mice were purchased
from Charles River Japan (Kanagawa, Japan). All mice main-
tained in our animal facilities were 8-12 weeks of age at the
time of transplantation. All animal protocols for this study were
reviewed and approved by the committee for ethics of animal
experimentation in the National Cancer Center.

2.2. Monoclonal antibodies and reagents

Fluorescein isothiocyanate (FITC)-conjugated mAb against
H-2K9 and phycoerythrin (PE)-conjugated mAb against CD3,
CD4, CD8, B220, DX-5, NK1.1 were all purchased from BD
Pharmingen (San Diego, CA). For blocking IL-4 and TFN-y

in vivo, anti-IL-4 (clone: 1IB11) and anti-IFN-y (clone: R4-
6A2) mAb were obtained from the ascites of nude mice inoc-
ulated with the hybridomas. a-GalCer was kindly provided by
Pharmaceutical Research Laboratory, KIRIN Brewery Co. Ltd.
{Gunma, Japan). Recombinant human IL-2 was kindly donated
by Takeda Chemical Ind. Ltd. (Osaka, Japan). PE or APC-
conjugated CD1d/e-GalCer tetramer was prepared in a bac-
ulovirus expression system as previously described [25]. Mouse
CD1d/B2-microgiobulin éxpression vector was provided by Dr.
M. Kronenberg (La Jolla Institute for Allergy and Immunology,
San Diego, CA).

2.3. Cell culture and purification of Vel4i NKT cells

In vitro expansion of Va14i NKT cells was performed as
previously described [24]. Briefly, spleen cell (SC) suspensions
(5 x 10° celis/ml) were cultured with o-GalCer (50 ng/ml) and
recombinant human IL-2 (100 TU/mI) in RPMI 1640 culture
medium (Sigma—Aldrich, Saint Louis, MO) supplemented with
8% fetal calf serum (JRH Biosciences, Lenexa, KS), penicillin
(50 U/ml), streptomycin (50 pg/ml) and 2-mercaptoethanol
(5 x 10~3 M) for 4 days in a 37 °C, 5% CO3 incubator. In some
experiments, in vitro-expanded Vol4i NKT cells were posi-
tively selected with PE-conjugated CD1d/a-GalCer tetramer,
anti-PE microbeads and SuperMACS system (Miltenyi Biotec,
Bergisch Gladbach, Germany), as preciously described [24]. In
brief, dead cells were removed from cultured SC as described
above using adead cell removal kit (Miltenyi Biotec), LS column
(Miltenyi Biotec) and SuperMACS system (Miltenyi Biotec).
Then, the SC were preincubated with anti-CD16/32 (2.4G2, BD
PharMingen), stained with appropriate diluted PE-conjugated
CD1d/e-GalCer tetramer on ice in the dark for 30min, and
washed three times by buffer (phosphate buffered saline sup-
plemented with 0.5% bovine serum albumin and 2 mM EDTA).
The stained cells were then incubated with anti-PE microbeads
(Miltenyi Biotec} (1 x 107 cellsfmicrobeads in 40 1) on ice in
the dark for 30 min, suspended in 2 ml buffer, and finally passed
through a LS column using the SuperMACS system with addi-
tive 3x 3 ml of buffer for washing column. Consequently, we
acquired the purified Va14i NKT cells as residual cells in the
column. The purity of CD1d/a-GalCer tetramer* CD3" cells
was more than 96%.

2.4. Cell transfer and treatment with antibodies

For the induction of GVHD, 7 x 107 spleen cells from B6
mice were transferred into BDF; mice intravenously through
the tail vein (GVHID mice) as previously described [8]. One day
tater, 2 x 107 spleen cells cultured with a-GalCer and IL-2 for
4 days (a-GCSC) were injected intravenously into BDFy mice
with GVHD. In other experiments, purified Vai4i NKT cells
were transferred into GVHD mice. In some experiments, GVHD
mice were administered with anti-IL-4 mAb (3 mg/mouse) or
anti-IFN-y mAb (1 mg/mouse) intraperitoneally on the day of
«-GCSC transfer, referring previous reports for effective doses
of mAbs [26-28].
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2.5. Flow cytometry

The phenotypé of cells was determined by multicolor flow
cytometory as previously described [24]. To prevent non-specific
binding of mAb, cells were pre-incubated with anti-CID16/32
(2.4G2, BD PharMingen). The relative percentages of host- and
donor-origin cells in the recipient spleens were determined by
anti-H2-K9 (recipient type) as an indicator of GVHD in which
donor chimerism was elevated [29]). The relative percentage of
donor-origin cells (% donor chimerism) in chimeric recipients
was calculated by the following formula: 100 — %H-2K9 posi-
tive cells.

In addition, for the determination of a lincage-specific
chimerism, recipient spleens were stained with FITC-conjugated
antibody against H-2K? and PE-conjugated antibodies against
CD3, Cb4, CDS§, B220, DX-5. Val4i NKT cell frequency
was determined by FITC-conjugated CDD3 and APC-conjugated
CD1d/a-GalCer tetramer. Propidium iodide was used to exclude
dead cells. The stained cells were analyzed using FACSCalibur
(BD Biosciences, San Jose, CA) and Flow Jo software (Tree Star
Inc., San Carlos, CA).
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2.6. Assessment of GVHD

Recipient mice were sacrificed on day 14. The serum glu-
tamic oxaloacetic transaminase (GOT) and glutamic pyruvic
transaminase (GPT) levels were detected (SRL Inc., Tokyo,
Japan) by serological examination using standard methodolo-
gies. Additionally, liver and small bowel were embedded in
paraffin, cut into 5 pum-thick sections, and stained with H&E
for histological examination.

3. Results

3.1. Adoptive transfer of spleen cells cultured with
ca-GalCer and IL-2 (a-GCSC) inhibit donor T cell
engraftment in mice with acute GVHD.

In order to obtain a large number of Valdi NKT cells,
spleen cells from BDF; mice were cultured with o~-GalCer
and IL-2 for 4 days as previously reported {24]. As shown in
Fig. 1A, the percentage of CD3* CD1d/a-GalCertetramer™ cells
increased approximately 20-fold after expansion in culture. In

(B) - GVHD

Normat +o-GCEC

U e CD3 =

e CDA

Fig. 1. Adoptive transfer of spleen cells cultured with a-GalCer and IL-2 reduced percentages of donotr chimerism depending on cell number. (A) Spleen cells
(SC) of BDF; mice were cultured with 50 ng/m! o-GalCer and 100 IU/ml IL-2 for 4 days. The percentage of Ve14i NKT cells and NK1.1* CD3~ NK cells were
determined. Before and after culture cells were stained with anti-CD3-FITC, anti-NK1.1-PE mAb and CDId/a-GalCer tetramer-APC. The numbers in each of
the quadrants represent the percentage of total analyzed cells. The fluorescence profiles are representative of at least three independent experiments. (B, C) BDF,
mice were transferred with 7 x 107 B6 SC on day 0 for GVHD induction and with or without «-GCSC as indicated at 2 x 107 or 2 x 106 on day 1 and then
donor chimerism and surface phenotype of SC were analyzed by flow cytometory on day 14. (B) SC of untreated (normal: left column), transplanted with B6 SC
alone (GVHD: center colurnn) and transplanted with both B6 SC and 2 x 107 a-GCSC (GVHD + «-GCSC: right column) mice were stained with anti-H-2K4-FITC
and each of anti-CD3, CD4, CD8§, B220, DX-5-PE mAb at day 14. The numbers in each of the quadrants represent the percentage of total analyzed cells. The
fivorescence profiles are representative of at least three independent experiments. (C) The bars indicate averages of percentage of donor chimerism with standard
error of the mean. The number of each group is «-GCSC transfer of 0: 7=6; 2 x 108: n=6; 2% 107: n=7. *"p<0.01 versus grovp of a-GCSC transfer of 0.
The differences between groups were anatyzed using nom-repeated measures ANOVA with Bonferroni correction. Data are representative of three independent
experiments,
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addition, CD3~ NK1.17% celis (NK cells) in a-GCSC were also
expanded 2.5-fold. To investigate whether «-GCSC containing.
large amounts of Va14i NKT cells could inhibit acute GVHD,
we transplanted BDF) mice with 7 x 107 spleen cells from B6
on day 0 for GVHD induction and a-GCSC (2 x 107 or 2 x 10°
cells) on day 1. Normal mice received saline only on day 1.
At day 14, mice transplanted with spleen cells from B6 mice
alone (GVHD mice) exhibited donor-dominant chimerism (%
donor chimerism (mean & S.E.M.): 61.7 & 3.0%) and expansion
of donor CD3 cells (41%) including both CD4*cells (25.2%)
and CD8™ cells (21.5%), while mice transplanted with B6 SC
plus 2 x 107 a-GCSC had reduced donor chimerism (% donor
chimerism (mean & S.EM.): 22.9 - 5.6), lower engraftment of

donor CD47 cells (12.6%) and CD8* cells (7.1%) as compared
with GVHD mice (Fig. 1B and 1C). These data indicate that
the transfer of «-GCSC suppressed early donor T cell engraft-
ment. However, lower number of a-GCSC (2 x 108 cells) did
not significantly inhibit donor cell engraftment (Fig. 1C).

3.2. Adoptive transfer of a-GCSC reduces symptoms of
acute GVHD

Next, we examined whether the transfer of a-GCSC ame-
liorate serological and histological findings of acute GVHD, by
analyzing the serum levels of GOT and GPT, and histology of
liver tissue specimens. The serum GOT levels of GVHD mice
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Fig. 2. Transplanted BDF; a-GCSC alleviated GVHD signs serologically and histologically. (A) Induction of GVHD and infusion of a-GCSC were performed as
described in Fig. 1. The serum GOT levels of mice group with 2 x 107 a-GCSC were low compared with other GVHD mice groups (*p<0.05 and **p <0.01 by
non-repeated measures ANOVA and Bonferroni correction), although the serum GPT levels of all mice groups were significanily high compared with normal (n=6).
(B) Histology of liver tissue of GVHD mice with or without a-GCSC as described above and normal. Representative of three independent experiments of each group

is shown.
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were significantly higher as compared with untreated control
mice, whereas the serum GOT levels in GVHD mice {rans-
serred with 2 x 107 «-GCSC were reduced by 50% as com-
pared with GVHD mice (Fig. 2A). The reduction of serum
GOT was not observed when transferred with 2 % 10° a-GCSC.
Serum GPT levels were not significantly different among all
groups (Fig. 2A). Histological analysis showed remarkable hep-
atic lymphocyte infiltration in the postal area in GVHD mice,
while very little or no infiltration was detected in GVHD mice
ransferred with 2 x 107 0-GCSC. Mice treated with 2 x 105 -
GCSC showed no reduction in lymphocyte infiltration (Fig. 2B).
These resnlts indicate that a-GCSC alleviated acute GVHD and
retarded donor T cell engraftment. However, spleen cells con-
taining about 3% Val4i NKT cells cultured with IL-2 alone
could not inhibit acute GVHD and rapid donor T cell engraft-
ment (data not shown), suggesting that the inhibitory effect of
a-GCSC on GVHD is mainly attributable to the potential of
Valdi NKT cells.

3.3. Maintenance of donor cell engraftment and mixed
chimerism in GVHD mice requires IL-4 but not IFN-y
following adoptive transfer of «-GCSC

Next, we examined whether the inhibition of acute GVHD
was due to rapid rejection and/or graft failure by «-GCSC. Long-
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term donor chimerism was observed in GVHD mice with or
without &-GCSC (2 x 107 cells) at 14, 42 and 100 days after
the induction of GVHD (Fig. 3A). GVHD mice exhibited com-
plete donor chimerism at day 100. Approximately 20% donor
chimerism was observed in GVHD mice when treated with a-
GCSC at day 14, and this gradually increased to 35% by day
100. Therefore, GVHD mice with a-GCSC sustained mixed
chimerism for a significant period of time. Donor-derived lym-
phocytes in these mice contained T cells (CD4* and CD8")
and B cells (Fig. 3B). Although very few donor-derived B
cells (0.5%) were detected at 14 days after induction of GVHD
with a-GCSC administration, 6% donor-derived B cells were
appeared in GVHD mice with «-GCSC at 100 days. These
results suggest that the transfer of @-GCSC did not impair
donor cell engraftment or maintenance of long-term mixed
chimerism. )

It has been known that activated Vo141 NKT cells rapidly
produced IL-4 and IEN-y [23,24]. We therefore examined
whether IL-4 andfor TFN-y produced by Val4i NKT cells is
the cytokine(s) responsible for mediating inhibition of GVHD.
Neutralizing mAbs against IL-4 and IFN-y were administered
intraperitoneally into GVHD mice with or without a-GCSC.
As shown in Fig. 4, administration of anti-IL-4 or anti-TFN-y
mAb had no effect on donor chimerism of GVHD mice. How-
ever, the inhibitory effect on GVHD by a transfer of a-GCSC

GVHD
+ o-GCSC

—p220=* -——=CD§—* =—CD4—*+ ~—CD3-=

(B)

Fig. 3. Donor cells were not rejected and mixed chimerism was maintained in GVHD mice with a-GCSC for a long term. (A} Induction of GVHD and a transfer
of a-GCSC were performed as described in Fig, 1. $C of GVHD mice transpianted with or without o-GCSC were stained with anti-H-2KP mAb and then donor
chimerism was determined on days 14, 42 and 100 after GVHD induction. Percentages of donor chimerism in SC of GVHD mice transplanted with a-GCSC gradually
increased as days passed, GVHD indicates GVHD mice without transfer of @-GCSC (n=6 on day 14, n=6 on day 42, n=4 on day 100); GVHD + cultured 5C,
GVHD mice with transfer of a-GCSC (n="7 on day 14, n=3 on day 42, n=4 on day 100). Values are mean £ S.E.M. on days 14, 42 and 100. *“p<0.01 versus group
of GVHD. (B) SC of untreated (normal: the Ieft columa), transplanted with B6 SC alofie (GVHD: the center) and transplanted with both B6 SC and 2 x 107 a-GCSC
(GVHD + cultured SC: the right) mice were stained with anti-H-2K3-FITC and each of anti-CD3, CD4, CD8, B220, DX-5-FE mAb on day 100, The numbers in
each of the quadrants represent the percentage of total analyzed cells. The fluorescence profiles are representative of at least three independent experiments.
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Fig. 4. GVHD was inhibited by the function of BDF; o-GCSC depending on -
4, but not IFN-y. Induction of GVHD and a transfer of «-GCSC were performed
as described in Fig. 1. GVHD mice with or without a-GCSC were injected with
or without anti-IL-4 (3 mg/mouse) or IFN-y (1 mg/mouse) neutralizing mAbs
on day 1. Donor chimerism was determined by anti-H-2K® mAb on day 14.
Values are mean + SEM on day 14. The number of each group is from the left
n=5, 6,6, 4, 4 and 5, respectively.

was blocked by anti-IL-4, but not by anti-IEN-y mAb (Fig. 4).
Therefore, the retardation of denor cell engraftment and allevi-
ation of acute GVHD by a-GCSC appears to be mediated by an
TL-4-dependent mechanism.

3.4. Purified in vitro-expanded Val4i NKT cells
ameliorated acute GVHD

We next determined whether o-GCSC derived from the
parental strain (B6 or DBA/2) could also inhibit rapid donar
cell engraftment. Firsily, a-GCSC containing 30 or 15%
of Valdi NKT cells in B6 mice or DBA/2 mice, respec-
tively, were transferred (2 x 107) into GVHD mice. Expectedly,
transfer of «-GCSC, originating from both B6 and DBA/2
mice reduced the percentage of donor chimerism in GVHD
mice (Fig. 5). The results suggest that the inhibitory "effect
of a-GCSC on GVHD was not refated to their strain of
origin.

To examine which cell compartment in the a-GCSC inhibits
acute GVHD, Va14i NKT cells were purified from a-GCSC by
using CD1d/a-GalCer tetramer and MACS system. The purity
of Valdi NKT cells was more than 96% (Fig. 6A). Donor
chimerism of GVHD mice injected with 4 X 10 purified Va14i
NKT cells (nearly equivalent to 2 X 107 a-GCSC) was lower
than that of mice with GVHD alone, although it was higher
than that of GVHD mice transplanted with 2 x 107 of a-GCSC
(Fig. 6B). This data indicates that transfer of purified Vel4i
NKT cells alone can ameliorate GVHD.
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Fig. 5. a-GCSC from Bé or DBA/2 mice could also inhibit GVHD. Induction
of GVHD and infusion of a-GCSC were performed as described in Fig. 1. The
percentages of donor cell chimerism at day 14 in GVHD mice with any o-GCSC
was significantly lower compared with GVHD mice with none (GVHD). The
number of each group is GVHD (GVHD mice with none), n=15; BDF, n=T,
B6, n=6; DBAS2, n=6. ““p<0.01 versus group of GVHD by non-repeated
measures ANOVA and Bonferroni correction. ’

4. Discussion

-

Va14i NKT cells play an important role in immune regulation
including autoimmunity, tumor immunity and infection. Fur-

‘thermore, it has been demonstrated that NKI1.1* NKT cells from

donor bone marrow [5] or residual host [30] can inhibit acute
GVHD. Recently, several groups reported that in vivo adminis-
tration of the Voeldi NKT cell specific ligand, a-GalCer, mod-
ulated acute GVHD and prolonged survival [13,14,31]. These
studies suggest the therapeutic potential of o-GalCer or Vo 14i
NKT cells for the prevention of acute GVHD after allogeneic
HSCT.

Although we also obtained similar results regarding the inhi-
bition of GVHD by a-GalCer-activated Val4i NKT cells, we
used in vitro-expanded Ve 14i NKT cells and non-myeloablative
F; mice as recipients. It is likely that this difference led to the
distinct results in regard to the difference in donor chimerism.
We found that GVHD mice with a transfer of Va14i NKT cells
could maintain mixed chimerism (donor chimerism frequency
of 20-30%) for a long period. By contrast, Morecki et al. trans-
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Fig. 6. Purified Va14i NKT cells from BDF} a-GCSC also alleviated GVHD. (A, B) Induction of GVHD and cell culture were performed as described in Fig. 1. The
purification of NKT cells from BDF; a-GCSC was done a5 described in materials and methods. (A) Before and after the purification of NKT cells, BDF; a-GCSC
were stained with anti-CD3-FITC and CD1d/x-GalCer tetramer-APC or CD1d/e-GalCer tetramer-PE mAb. The numbers in each of the quadrants represent the
percentage of total analyzed cells. The fluorescence profiles are representative of at least three independent experiments. (B) Mice were additionally infused with
or without 2 x 107 BDF; o-GCSC or 4 x 10° purified NKT cells from «-GCSC by MACS system. The percentage of donor cell chimerism in SC in each mouse
was determined on day 14. The number of each group is GYHD (GVHD mice with none), n=6; a-GCSC 2 x 107, n=3; isolated Ve 141 NKT cells 4 x 108, n=6.
**p<0.01 versus group of GVHD by non-repeated measures ANGVA and Bonferroni correction.

planted spleen cells of parental B6 mice into low dose total body ~ Panet al. [35] also showed that a stable and lower level of donor
irradiated (BALB/c x B6) Fy mice similar to our GVHD model chimerism should be enough to induce donor—recipient recipro-
and showed that the donor chimerism of a-GalCer- administered cal tolerance. Thus, their and our data show that IL-4-dependent
mice was very low (2% of donor chimerism). This difference in retention of mixed chimerism or a gradual transition from a
donor chimerism between a transfer of Va14i NKT cells and  mixed to a complete chimera by transfer of a-GCSC leads to
an injection with a-GalCer seems Lo be attributable to IL-4, alleviation of GVHD. It should be noted, however, that systemic -
although previous studies [14,31] and our current results demon- administration of IL-4 is ineffective or toxic [36]. Moreover, a
strated that IL-4 from Ve 14i NKT cells mainly contributed tothe  stable mixed chimerism of GVHD mice transplanted with Val4i
inhibition of acute GVHD. It has been reported that the amount ~ NKT cells was sustained for an expanded period. These results
and time course of serum Ii-4 levels were distinct between suggest that the stable chimerism induced by Va1l4i NKT cells
direct administration of a-GalCer and the transfer of @-GalCer  is not due to graft rejection.

pulsed dendritic cells [32]. Direct administration of a-GalCer a-GCSC including CD1d* cells loaded with «-GalCer acti-
induced more rapid and higher levels of serum IL-4 levels as  vated recipient Val4i NKT cells (data not shown). Therefore,
compared with a-GalCer-pulsed dendritic cells. We propose that both recipient and transferred Val4i NKT cells might con-

the distinct donor chimerism in GVHD mice between a trans-  tribute to afleviation of GVHD as previously reported [31].
fer of Va14i NKT cells and an injection with a-GalCer may be  However, we showed that inhibition of GVHD by Val4i NKT
attributable to the different amount and time course of serum IL-  cells was due to IL-4 produced exclusively by Vol4i NKT cells

4 levels. Furthermore, we-measured Th polarization {IL-4 and among a-GCSC [24], and that a transfer of purified Vo141 NKT
IFN-y production) in total (domor plus recipient) cells 7 days  cells alone prevented acute GVHD. These data suggest that
after transplantation by ELISA assay and found a Th2 dominant  transferred Va14i NKT cells were sufficient to modulate acute
response (data not shown). However, we do not know if a Th2 GVHD.
dominant response differed between donor and recipient derived Recently, Haraguchi et al. {31] reported the effect of in vivo
cells, administration of o-GalCer and the adoptive transfer of NKT
Previous reports [29,33,34] indicated that rapid engraftment  cells on the prevention of GVHD. This seems to be logical
of donor cells was always accompanied by severe GVHD, and  considering the relationship between host-residual and trans-
that, conversely, slow engraftment led to a reduction of GVHD.  ferred NKT cells as they mentioned that host-residual, but not
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transferred, NKT cells are essential for amelioration of GVHD.
Although the authors indicated that maximal GVHD reduction
and survival were mainly accompanied by graft rejection, our
data demonstrated that effective GVHD reduction was accompa-
nied by maintenance of mixed chimerism. This discrepancy may
be explained by the different GVHD settings, non-myeloablative
and myeloablative recipients, and by the balance between the
dose of alloreactive donor cells and the'activity of host-residual
NKT cells.

Although several studies have reported that the number of cir-
culating NKT cells was reduced in cancer patients [17,37,38],
direct injection of o-GalCer is not expected to induce anti-tumor
effects. On the other hand, adoptive in vitro-expanded NKT cell
immunotherapy may be useful for cancer therapy. In support of
this, we found that adoptive transfer of in vitro-expanded Vet14i
NKT cells could prevent lung tumor metastasis in a mouse model
(unpublished data Tkarashi et al.). We believe that adoptive trans-
fer of NKT cell therapy combined with allogenic HSCT may be
beneficial for cancer patients, because of NKT cell function for
prevention of GVHD and anti-tumor effects.
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