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Fig. 2 Pancreatic homing and
expansion of ES cells in STZ-
treated mice were monitored in
vivo by bioluminescent 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, e), 150 mglkg
(b, £, 100 mg/kg (c, g) or citrate
buffer only (d, h), followed 24 h
later by i.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
interconnected with the host
pancreas vasculature (*).

j confirmation of ES cell
homing to pancreas by ex vivo
imaging

{sysuojoud g0 LX)

Insulin-positive cell clusters are associated with c-amylase-
positive acinar cells in ES cell tumour foci, suggesting a
COIINOn 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 o-amylase and insulin

@ Springer

staining. The occurrence of endocrine and exocrine cells at
common foci suggests that they originated from a cominon
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 oc-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




Diabetologia (2006) 49:2948-2958

Fig. 3 Hormone-positive clusters are indaced in ES cell tumours
following 150 mg/kg STZ treatment. Serial sections of ES cell tumour
foci were stained alternately for glucagon (red; a-d, i-1) and insulin
(red; e-h). Hormone-positive cells were observed within the lumenal
epithelium (E, arrowheads) and in adjacent islet-like clusters (I). In
close proximity to the islet-like clusters were clusters of farge granular
celts with acinar-like cell morphology (A). ¢ Inset (scale bar=5 um)

in maturing islets and acini in the pancreas post embryonic
day (E) 14.5, and occurred in proximity to simple columnar
epitheliuvm 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. Following
lineage commitment, PDX-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 cell tumour acinus. The pyramidal cefl shape with nucleus at broad
basal surface and cosinophilic zymogen granules in the apicai
cytoplasm towards the lumen (arrow) are clearly seen. a, i Glucagon;
e insulin; b, £ j DAPI; ¢, g, k phase contrast; d, h, ! hormone/DAPY
phase contrast overlay. Scale bar=25 pm

(50%) (Fig. 5a)., The PDX-l-positive epithelium was
hormone- and o-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 c-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 o-amylase-
positive cells were PDX-I-negative. We confirmed that
PDX-1-positive foci originated from the endodermal 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- (=2} and citrate buffer-treated (n=2)
mice (ESM Fig. 2). Approximately 2% of the kidney

_@ Springer
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Fig. 4 Induction of beta cell-like clusters in ES cell tumour foci
appears to follow a developmental pathway. Serial sections of tumour
foci were stained for insulin {green) and a-amylase (brown). Clusters
of insulin-positive cells appear in closs 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

Immunohistochemical marker  Percentage of peri-pancreas tumour

HNF3[3 1542.1
PDX-1 1.4£0.11
PDX-1/insulinfec-amylase” 0.1£0.022
PDX-1/insulin® 0.0120.003

Data at day 24 following ES transplantation. Tumouss from three mice
were evalated, Data is presented+SD, Peri-pancreas ES tumours
expressing pancreas-associated proteins also expressed luciferase.

*Foci containing cells representing all three markers, either single-
or double-positive. Average number of foci per tumour section=2

¥ Double~positive cells

@ 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, e, i Insulin; b, T, j DAPL; ¢, g, k
cc-amylase; d, h, 1 insulin/DAPL/x-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 glucago/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 x-amylase-positive (hrown) 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
cutside the luminal epithelium (arrowheads). These cells are insulin-
positive (not shown). a PDX-1; b a-amylase; ¢ PDX-1/DAPI overlay;
d DAPL Scale bar=10 pm. e~k Co-localisation of PDX-1 and HNF3[3
proteins in pancreatic foci in ES cell tumours confirms their
endodermal lineage, Sections of peri-pancreas tumours were stained
for PDX-1 (red) and HNF3§ (brown), both revealing nuclear local-
isation. Examples of double-positive cells are indicated by arrows.
e PDX-1; f DAPL;, g PDX-1I/DAPI overlay; h HNF3p. Scale
bar=10 pm

HNF3B protein with PDX-1 and insulin (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 tumours were indeed
derived from the transplanted cells (Fig. 61—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 intro-
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
comnected to that of the host pancreas. These nodules
contained cells with characteristics of endocrine (alpha and
beta cells) and exocrine (o-amylase-positive) cells, indicat-
ing that regenerative signals produced by the injured
panereas are capable of stimulating organ morphogenesm
from precursor PDX-1-positive endodermal eplthchum
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-mitotic 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); & PDX-1/C-peptide/DAPI overlay; e—g PDX-1
(green), insulin (red), DAPI (biue); h PDX-1/insulin/DAPI overlay;
i-k PDX-1 (green), glucagon {red), DAPI (blue); 1 PDX-1/glucagon/
DAPI overlay showing a PDX-1-negative/glucagon-positive cell
adjacent to PDX-I-positive/glucagon-negative beta cells (arrows) —
both cell types have characteristics of mature pancreatic islet cells.
Scale bars=5 um. m—q Mature beta celis in ES cell tumours are
induced from the endodermal lineage. HNF3 co-localises with PDX-
1 in the nuclei of insulin-positive cells {@rrows). m PDX-1; n insulin;
o DAPIL; p PDX-Vinsulin/DAPI overlay; q HNF3B. Scale bar=5 pm.
r-v Hormmone-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
tumour sections. r insulin (green); s glucagon (red); t DAPI (blue);
u insulin/glucagon/DAPI overlay; v luciferase (brown). Scale
bar=1{ um

The presence of PDX-I-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
tamours 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 itsclf, 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 transt-
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 ES 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/l), nor the possibility of ghicose-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 lineages—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
fusion between ES and host stem cells in this model, it
cannot vet be tuled out that cell 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 from 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 Va14-Ja18 TCR rearrangement (Veel4i NKT cells) are able to regulate immune responses through
rapid and large amounts of Thl and Th2 cytokine production. It has been reported that in vive administration of the Vee14i NKT cell ligand,
a-galactosylceramide {a-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 Vol4i 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) Fy mice.

We found that the adoptive transfer of cultured spleen cells with a combination of e-GalCer and IL-2, which contained many Val4i NKT cells,
modulated acute GVHD by exhibiting long-term mixed chimerism and reducing liver damage. Subsequently, the transfer of Val4i NKT cells
purified from spleen cells cultured with e-GalCer and IL-2 also inhibited acute GVHD. This inhibition of acute GVHD by Va14i NKT cells was
blocked by anti-IL-4 but not by anti-IFN-y monoclonal antibody. Thesefore, 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

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

Keywords: Graft-versus-host disease; NKT cell; o-Galactosylceramide; Chimerism

1. Introduction

Mouse natural killer T cells with an invariant Vel4-Jel8
TCR rearrangement (Va14i NKT cells) are a unique T cell
population {hat is specifically activated by a synthetic gly-
colipid, a-galactosylceramide (o-GalCer) in a non-classical

Abbreviations: GVHD, grafi-versus-host disease; HSCT, hematopoietic
stem cel} transplantation; c-GalCer, a-galactosylceramide; Vol14i NKT cells,
natural killer T cells with an invariant Ve14-Tal8 TCR rearrangement; B6,
C57BL/6; BDF,, (B6 x DBA/2) F1; 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 invadant Va24-JoQ TCR rearrangement; GOT, glutamic
oxaloacetic transaminase; GPT, glutamic pyruvic transaminase,
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MHC class 1T molecule CD1d-restricted manner [1]. Val4i
NET cells are known as immunomodulating cells influenc-
ing the Th1/Th2 balance, mainly via rapid secretion of robust
amounts of Th1 (such as IFN-y) and Th2 (IL-4, IL-10 and -
13) cytokines. Thus, Val4i NKT celis have a critical role for
various immune responses including autoimmune disease [2],
tumor-immunity [3.4], infection and allogeneic transplantation
[5].

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 aitempted. In mouse acute GVHD models, a Thi
dominant cytokine secretion profile and expansion of donor
CD87 T cells have been reported [8-10]. Hence it is suggested
that acute GVHD is reduced by the skewed ThZ 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], NK1.1* 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 Vail4i NKT cells suppressed acute ‘GVHD
in a mouse model [13,14], which suggests the potential of
a-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 VB11 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
vive administration of a-GalCer alone in patients with acute
GVHD.

Several investigators have reported that human V241 NKT
cells were effectively expanded using o-GalCer plus a com-
bination of cytokines, such as IL-2, IL-7 and IL-15 in vitro
[19—221, 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 «-GaiCer and IL-2 for 4 days efficiently
induced the expansion of Val4i NKT cells [24]. Moreover, we
revealed that in vitro-expanded Val4i 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 TL-4 using neutralizing anti-IL-4 mono-
clonal antibody. Our findings indicate the therapeutic potential
of in vitro-expanded Ve 14i NKT cells for the prevéntion of acute
GVHD.

2. Materials and methods
2.1. Mice

. Female C57BL/6N (B6, H-2%), DBA/2N (DBA/2, H-2%) and
(C57BL/6 x DBA/2) F; (BDF;, H-2"4) 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 IL4 and IFN-vy

in vive, anti-IL-4 (clone: 11B11) 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-microglobulin expression vector was provided by Dr.
M. Kronenberg (La Jolla Institute for Allergy and Immunology,
San Diego, CA).

2.3. Cell culture and purification of Val4i 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 a-GalCer (50 ng/ml) and
recombinant human IL-2 (100IU/ml) in RPMI 1640 culture
medium (Sigma-Aldrich, Saint Louis, MO) supplemented with
8% fetal calf serum (JRH Biosciences, Lenexa, KS), penicillin
(50 Ufml), streptomycin (50 pg/ml) and 2-mercaptoethanol
5x 103 M) for 4 days in a 37 °C, 5% CO; incubator. In some
experiments, in vitro-expanded Va14i 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
trief, dead cells were removed from cultured SC as described
above using a dead cell removal kit (Miltenyi Biotec), LS columnn
(Miltenyi Biotec) and SuperMACS system (Miltenyi Biotec).
Then, the SC were preincubated with anti-CD1 6/32 (2.4G2,BD
PharMingen), stzined with appropriate diluted PE-conjugated
CD1d/o-GalCer tetramer on ice in the dark for 30 min, and
washed three times by buffer (phosphate buffered saline sup-
plemented with 0.5% bovine serumn aibumin and 2 mM EDTA).
The stained cells were then incubated with anti-PE microbeads
(Miltenyi Biotec) (1 x 107 cells/microbeads 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 SupertMACS 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 (GVHD mice) as previously described [3]. One day
later, 2 x 107 spleen cells cultured with «-GalCer and 1L-2 for
4 days (o-GCSC) were injected intravenously into BDEF; mice
with GVHD. In other experiments, purified Val4i NKT cells
were transferred into GVHD mice. In some experiments, GVHD
mice were administered with anti-IL-4 mAb (3 mg/mouse) or
anti-TFN-y mAb (1 mg/mouse) intraperitoneally on the day of
a-GCSC transfer, referring previous reports for effective doses
of mAbs [26-28].
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2.5. Flow cytometry

The phenotype 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-CD16/32
(2.4G2, BD PharMingen). The relative percentages of host- and
donor-origin cells in the recipient spleens were determined by
anti-H2-K¢ (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 lineage-specific
chimerism, recipient spleens were stained with FITC-conjugated
antibody against H-2K9 and PE-conjugated antibodies against
CD3, CD4, CD8, B220, DX-5. Valdi NKT cell frequency
was determined by FITC-conjugated CD3 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,
Tapan) by serological examination using standard methodolo-
gies. Additionally, liver and small bowel were embedded in
paraffin, cut into 5 wm-thick sections, and stained with H&E
for histological examination.

3. Results

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

In order to obtain a large number of Val4i NKT cells,
spleen cells from BDF; mice were cultured with o-GalCer
and TL-2 for 4 days as previously reported [24]. As shown in
Fig. 1A, the percentage of CD3* CD1d/a-GalCer tetramer™ cells
increased approximately 20-fold after expansion in culture. In

B - GVHD

" ' Normal +a-GCSC

'GVHD

" D3 —

— D4 P

—CDs—b

Fig. 1. Adoptive transfer of spleen cells cultured with a-GalCer and IL-2 reduced percentages of donor chimerism depending on cell number. (A) Spleen cells
(SC) of BDF; mice were cultured with 50 ng/ml a-GalCer and 100 1U/m] [L-2 for 4 days. The percentage of Vou14i 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 CD1d/a-GalCer tetramer-APC. The numbers in each of
the quadrants represent the percentage of total anatyzed 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 o-GCSC as indicated at 2 x 107 or 2% 10% 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 colummy), transplanted with B6 SC
alone (GVHD: center column) and transplanted with both B6 SC and 2 x 107 a-GCSC (GVHD +o-GCSC: right column) mice were stained with anti-H-2K9-FITC
and each of anti-CD3, CD4, CDS, B220, DX-5-PE mAb at day 14. 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. (C) The bars indicate averages of percentage of donor chimerism with standard
ercor of the mean. The number of each group is «-GCSC transfer of 0: n=6; 2 x 165 n=6; 2% 10": n=7. **p <0.01 versus group of a-GCSC transfer of 0.
The differences between groups wese analyzed using non-repeated measures ANOVA with Bonferroni correction. Data are representative of three independent
experiments.
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addition, CDD3~ NK1.17 cells (NK cells) in a-GCSC were also
expanded 2.5-fold. To investigate whether o-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 c-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 CD§* cells (21.53%), while mice transplanted with B6 SC
plus 2 x 107 @-GCSC had reduced donor chimerism (% donor
chimerism {mean =& S.E.M.): 22.9 4-5.6), lower engraftment of

83

donor CD4* 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 «-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 GVHI mice
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Fig. 2. Transplanted BDF; a-GCSC alleviated GVHD signs serologically and histologically. (A) Induction of GVHD and infusion of «-GCSC were performed as
described in Fig. 1. The serum GOT levels of mice group with 2 x 107 «-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 significantly high compared with normal (n=6).
(B) Histology of Tiver tissue of GVHD mice with or withont &-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 trans- .

ferred with 2 %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 % 108 a-GCSC.
Serum GPT levels were not significantly different among all
groups (Fig. 2A). Histological analysis showed remarkable hep-
atic lymphocyte infiltration in the portal area in GVHD mice,
while very little or no infiltration was detected in GVHD mice
sransferred with 2 x 107 &-GCSC. Mice treated with 2 x 10° o-
GCSC showed no reduction in fymphocyte infiltration (Fig. 2B).
These results 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
«-GCSC on GVHD is mainly attributable to the potential of
Vald4i 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 a-GCSC

Next, we examined whether the inhibition of acute GVHD
was due to rapid rejection and/or graft failure by w-GCSC. Long-
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term donor chimerism was observed in GVHD mice with or
without e-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 -
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 o-GCSC at 100 days. These
results suggest that the transfer of a-GCSC did not impair
donor cell engraftment or maintenance of long-term mixed
chimerism. _

It has been known that activated Va14i NKT cells rapidly
produced H.-4 and IFN-y {23,24). We therefore examined
whether IL-4 andfor IFN-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 antj-IFN-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
+ a-GCSC

—p220~—+ —CD§—F —CD4—> —CDI—>

®

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. SC of GVHD mice transplanted with or without ¢-GCSC were stained with anti-H-2K® mAb and then donor
chimerism was determined on days 14, 42 and 100 afier GVHD induction. Percentages of donor chimerism in SC of GVHD mice transplanted with o-GCSC gradually
increased as days passed. GVHD indicates GVHD mice without transfer of 0~GCSC (=6 on day 14, n=6 on day 42, n=4 on day 100); GVHD +cultured SC,
GVHD mice with transfer of a-GCSC (n=7 on day 14, n=5on day 42, n=4 on day 100). Values are mean 4: S.E.M. on days 14, 42 and 100. **p <0.01 versus group
of GVHD. (B) SC of uatreated (normal: the left columnj, transplanted with B6 5C atone (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-2KI-FITC and each of anti-CD3, CD4, CD8, B220, DX-5-PE mAb on day 160. The numbess in
each of the guadrants 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 IL-
4, but not IFN-vy. Induction of GVHD and a transfer of o-GCSC wetre performed
as described in Fig, 1. GVHD mice with or without o-GCSC were injected with
or without anti-IL-4 (3 mg/mouse) or IFN-vy (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=5,6,6,4,4and 3, respectively.

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

3.4. Purified in vitro-expanded Vol4i NKT cells
ameliorated acute GVHD

We next determined whether «-GCSC derived from the
parental strain (B6 or DBA/2) could also inhibit rapid donor
cell engraftment. Firstly, 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 related to their strain of
origin.

To examine which cell compartment in the «-GCSC inhibits
acute GVHD, Vo 14i 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 108 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 «-GCSC
(Fig. 6B). This data indicates that transfer of purified Vald
NKT cells alone can ameliorate GVHD.
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Fig. 5. a-GCSC from B6 or DBA/2mice 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 a-GCSC
was significanity lower compared with GVHD mice with none {GVHD). The
number of each group is GVHD (GVHD mice with none), n=15; BDF;, n=7;
B6, n=6; DBAS, n=6. ~"p<0.01 versus group of GVHD by non-repeated
measures ANOVA and Bonfesroni 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 NK1.17 NKT cells from
donor bone mamrow [3] or residual host [30] can inhibit acute
GVHD. Recently, several groups reported that i vivo adminis-
tration of the Val14i NKT cell specific ligand, «-GalCer, mod-
ulated acute GVHD and prolonged survival [13,14,31]. These
studies suggest the therapeutic potential of a-GalCer or Va14i
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 Va14i NKT cells, we
used in vitro-expanded Vo 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 BDFy «-GCSC also alleviated GVHD. (A, B) Induction of GVHD and cell culture were performed as described in Fig. 1. The
purification of NXT cells from BDF| o-GCS5C was done as 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/a-GalCer tetramer-APC or CD1d/a-GalCer tetramer-PE mAb. The numbers in each of the quadrants represent the
pescentage 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 BDFy a-GCSC or 4 x 10° purified NKT cells from o-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 GVHD (GVHD mice with none), n =6; a-GCSC 2 x 107, n=35; isolated Vo 14i NKT cells 4 x 106, n=6.
“p <0.01 versus group of GVHD by nen-repeated measures ANGVA and Bonferroni correction.

planted spleen cells of parental B6 mice into low dose totalbody  Panetal. [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 Val4i NKT cells and  mixed to a complete chimera by transfer of o-GCSC leads to
an injection with «-GalCer seems to 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 V14 NKT cells mainly contributed tothe  stable mixed chimerism of GVHD mice transplanted with Vo 141
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 IL-4 levels were distinct between suggest that the stable chimerism induced by Valdi NKT cells
direct administration of a-GalCer and the transfer of a-GalCer  is not due to graft rejection.
pulsed dendritic cells [32]. Direct administration of a-GalCer a-GCSC including CD1d* cells loaded with a-GalCer acti-
_induced more rapid and higher levels of serum IL-4 levels as vated recipient Va14i NKT cells (data not shown). Therefore,
compared with e-GalCer-pulsed dendritic cells. We propose that both recipient and transferred Vel4i NKT cells might con-

the distinct donor chimerism in GVHD mice between a trans-  tribute to alleviation of GVHD as previously reported [31].
fer of Var14i NKT cells and an injection with a-GalCer may be ~ However, we showed that inhibition of GVHD by Va14i NKT
attributable to the different amount and time course of serum IL-  cells was due to IL-4 produced exclusively by Vo14i NKT cells

4 levels. Furthermore, we measured Th polarization (IL-4 and  among a-GCSC {24], and that a transfer of purified Va14i NKT
IFN-y production) in total (donor 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 ifaTh2z  GVHD.
dominant response differed between donor and recipient derived Recently, Haraguchi et al. [31] reported the effect of in vivo
cells. administration of a-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 a-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 Vo141
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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CLINICAL STUDY

Efficient Ex vivo Expansion of Va24" NKT Cells Derived
From G-CSF-mobilized Blood Cells

Osamu Imataki* 1§ Yuji Heike,*+ Toshihiko Ishida§ Yoichi Takaue* Yoshinori Ikarashi t
Mitsuji Yoshida,1 Hiro Wakasugi,{.and Tadao Kakizoedt

Summary: Natural killer T (NKT) cells are involved in the
function of innate immune systems and also play an important
role in regulating acquired immune responses. In previous
reports, we showed that Vo224t NKT cells proliferated more
efficiently from granulocyte-colony stimulating factor (G-CSF)-
mobilized peripheral blood mononuclear cells (PBMC) than
from non-mobilized PBMC. However, the mechanism of this
enhanced NKT cell expansion is not yet clear. The goal of this
research was to develop culture conditions for the more efficient
ex vivo expansion of NKT cells. G-CSF-mobilized PBMC was
cultured in AIM-V medium supplemented with 10% auto-
plasma, 100ng/ml a-galactosylceramide
100TU/mL recombinant human (rh) interleukin (IL)-2. The
efficiency of the expansion of Ve24™ NKT cells was evaluated
on day 12. The expansion-fold of Vu24™ NKT cells was
augmented depending on the proportion of CD147 cells at the
beginning of culture. The depletion of Vo24® NKT cells
abrogated the expansion of Va24" NKT cells. Depletion of
CD56" NK cells from mobilized PBMC enhanced, and add-
back of purified CD36" NK cells suppressed the expansion of
V24 NKT cells. Experiments with different timings for the
addition of cells, IL-2 and o-GalCer suggested that follow-up
supplementation with [1.-2 or CD147 cells should be avoided
for the efficient expansion of Vu24™ NKT cells. These results
should be useful for the development of an efficient and practical
expansion protocol for adoptive immunotherapy with Vo24™
NKT cells.

Key Words: Va24® NKT cells, a-galactosylceramide, CD14™
cells, CD56™" NK cells
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(a-GalCer) and -

INTRODUCTION

NKT cells are lymphoeyte Imeage and show
characteristics of both T cells and NK cells.’ NK.T cells
coexpress T cell receptors (TCRs) and NK cell markers,
and display an extremely restricted TCR repertoire,
consisting of Vu24 chain preferentially paired with Vil
chain. Upon activation by a specific ligand, NKT cells
produce high levels of interferon-gy (IFN-y) and inter-
leukin-4 (JL-4), and yield a strong 1mmune response
against several types of tumor cells.* Therefore, these
invariant NKT cells are considered key effector cells, and
play critical roles in immunity against microbial infection,
tumor and autoantigens.

The marine sponge-derived glycosphingolipid
o-galactosylceramide (¢-GalCer) specifically actlvates
human and mouse invariant NKT cells.** In
vivo activation of NKT cells by o-GalCer induced strong
cytot0x1c1ty and the production of several cytokines in
mice,” and it is well known that NKT cells differentiate
efﬁment]y with the in vitro admmlstratmn of a-GalCer to
acquire cytotoxic activities.® Therefore, this glycolipid
agent may be able to effectively expand and activate NK'T
cells, and thus may be a useful tool for clinical
immunotherapy.

For the clinical application of NKT cells in cancer
immunotherapy, efficient expansion of the cells is very
important. We previously reported that granulocyte
colony-stimulating factor (G-CSF) -mobilized PBMC
showed a higher efficacy of expansion of NKT cells,’
and a fetal bovmc serum (FBS)-free culture system has
been developed.® In this study, we further attempted to
improve the culture system by evaluating the effects of
other cell components and interleukin (IL)-2.

MATERIALS AND METHODS

Cells and Plasma Preparation

Peripheral blood (PB) or apheresis products were
obtained from norma!l healthy donors for allogeneic
peripheral blood stem cell transplantation (PBSCT) after
written informed consent was obtained. Healthy donors
were administered G-CSF (filgrastim) 10 pgfkg subcuta-
neously for 4 continuous days, and leukapheresis was
performed on the 4th day. PB was collected in a heparin-
containing collection tube before and after G-CSF
mobilization. The plasma was separated from cell
components by centrifugation at 3,000rpm for 15
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minutes. The cell§ were loaded on lymphocyte separation
medium (Ficoll-Conray, Immuno-Biologic Laboratories,
Gunma, Japan), and centrifuged at 2,000rpm for 20
minutes. PBMC were collected from the intermediate
layer of Ficoll-Conray density gradient centrifugation
and washed twice with PBS. The plasma was subjected to
heat-inactivation and stored at -20°C until use. A cell
separator (COBE-Spectra, GANBRO, Stockholm,
Sweden) was used for leukapheresis. Any residual mono-
nuclear cells were collected from apheresis tubes and bags
by washing with PBS after cells were collected for clinical
transplantation, and separated by Ficoll-Conray density
gradient centrifugation. The apheresis plasma was also
collected from the collection bags.

Expansion of Va24" NKT Cells

In this manuscript, we use the term Vo24™ NXT
cells to refer to Vo24™ CD3 ™" double-positive NKT cells
and confirmed the co-expression of V1l chain. Isolated
PBMC were cultured in 6-well culture plates (Costar,
Corning, NY) at 2.0 x 103cells/mL (each well filled
with 4mL media) in AIM-V media (Life Technologies,
Rockville, MD) containing 10% autologous plasma,

supplemented with 100ng/mL «-galactosylceramide (o- .

GalCer, supplied by Kirin Brewery Co., Tokyo, Japan)
and 100TU/mL recombinant human (rh) IL-2 (R&D
Systems, Minneapolis, MN) for 12 days. IL-2 was freshly
added every 3 days to maintain its biologic activity. In the
first experiment to define the efficacy for Vo24™ NKT
cells expansion between before and after G-CSF mobili-
zation, we used steady-state autologous plasma before G-
CSF administration (pre-G-CSF), autologous plasma
derived from PB after G-CSF administration (post-G-
CSF PB) and autologous plasma obtained from apheresis
product after G-CSF administration (post-G-CSF apher-
esis). In other experiments, we uniformly used autologous
plasma obtained from apheresis product.

Monoclonal Antibodies

For flow cytometry analysis, anti-CD3-APC, anti-
CD14-FITC, anti-CDIG-PE, anti-CD56-FITC, anti-
CDI161-PE, anti-CD20-FITC and anti-CD19-PE mono-
clonal antibodies (mAbs) were purchased from BD
Biosciences (Mountain View, CA). IgGI-FITC and
IgG1-PE (cocktail), anti-Ve 24-FITC, anti-Ve24-PE,
anti-Vgl1-PE and anti-CD4~ FITC and anti-CD8™ PE
(cocktail) mAbs were from Immunotech (Marseilles,
France). Anti-CD3-FITC mAb was from BD Pharmingen
(San Diego, CA). For cell separation, anti-CD34-FITC,
anti~-CI56-FITC and anti-CD14-FITC mAbs were pur-
chased from BD Biosciences (Mountain View, CA).
Anti-Va24-FITC mAb was from Immunotech (Marseilles,
France). Anti-CD3-FITC mAb was from BD Pharmingen
(San Diego, CA).

Cell Surface Antigen Analysis

For cell surface antigen staining, cells were incu-
bated with FITC-, PE- or APC- conjugated mouse anti-
human mAbs for 30 minutes on ice. After staining, cells
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FIGURE 1. Proportion and absolute number of Vo24* NKT
cells on day 12 The proportion (A) and absolute number (B} of
Ve24* NKT cells increased 18(SD+23)- and 182(+158)-fold
at the end of 12 days of culture.for cells harvested before
G-CSF administration, whereas these values were 333(+34/)-
and 669(+925)-fold in celis harvested after treatment with
G-CSF. The highest increase was observed with apheresis
product, which showed values of 1384(x1434)- to
7091(+2160)-fold respectively. The results were based on
data obtained from 20 healthy donors. The bar means
standard deviation. (*; P<0.05)

were washed twice and re-suspended in PBS. Staining
with propidium iodide (PI; Sigma-Aldrich, St. Louis,
MO) preceded all experiments to remove dead cells. Data
were acquired by flow cytometry (FACSCalibur; BD
Biosciences) and analyzed using CellQuest software (BD
Biosciences). In this manuscript, we considered. “CD56™
cells” as NK cells and use the phrase “CD56 7 NK.” cells.

Cell Separation and Coculture
PBSC Obtained from apheresis products were
stained with FITC-conjugated mAbs against CD34,
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Vo224, CD14, and CD36 for 20 minutes at-4°C and

washed once with 5mM EDTA-PBS. Anti-FITC-
microbeads (Miltenyl Biotec, Gladbach, Germany) were
then added to PBSC. After target cells were reacted with
anti-FITC-microbeads, they were soried by a magnetic
cell separation system (Super MACS; Miltenyl Biotec),
according to the manufacturer’s protocol. The purity of
isolated cells in the positive fraction was monitored and
assured to be higher than 90% by flow cytometry, except
for V24 ™ NKT cells, which are difficult to obtain in high
purity because of their rarity in PB. Although Ve24 ™
NKT cells had a low purity (20% at most) after isolation
by MACS, they were still considered enriched Vo24™
NKT cells. On the other hand, contamination by CD147,
CD 56%, CD34%, or Vo24" cells in their respective
negative fractions was less than 10%.

To evaluate the influence of each cell population on
Vo24™ NKT cell expansion, we depleted and/or added
back CD34™ cells, Vo24* NKT cells, CD14™ cells or
CD56™ NK cells, and evaluated the results on days 3,6, 9
and 12. To evaluate the direct cell-cell interaction between
CD356™" NK cells and others, we used a Cell Culture

Insert System with a 3 um-pore membrane (Transwell,
Corning, NY), and placed the CD56™ NK fraction in the
upper chamber and the CD36~ fraction in the lower
chamber. On day 12, the cells in the lower chamber were
analyzed.

Contribution of CD14™ Cells to Va24™ NKT Cell
Expansion

To evaluate the contribution of CDI14™ cells to
Vo24™ NKT cell expansion and to optimize the CD147
cell conditions in our culture system, we depleted and
added back CD147 cells to CD14 ™ cells on day G, on day
3, on day 6 or on day 9. CD14™ cell was depleted by
MACS gdescribed above) and each added-back cells were
4.0 x 10° cells with optimized medium to maintain final
concentration of IL-2 and.autologous plasma. We also
evaluated changes of concentration of CD14™ cells before
and after G-CSF administration and also evaluated the
effects of them between different CD14™ cell/CD14 ™ cell
ratio on Va24™ NKT cell expansion using the following
culture conditions. The whole cell number was adjusted to
2.0 x 10°cells/ml in all wells, and the ratio of CD14™
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FIGURE 2. Effect of CD34", Va24", and 102 24 102 102
CD14" cells on expansion of Va24* NKT
cells (A) ;rhe proportion of (a) CD347, 1 100 10!
(b} Vee24™ on day 0 were not associated
with the expansion efficacy of Va24™ 10° 10° S——— 10°
NKT cells (*=0.171, 0.016, respec- 10° 101 107 103 10 10° 10" 10?2 10° 10
tively). Cnly CD14" cells {c) in the
initial cell mixture_had a relatively (d) CD14+:60% (e)  CD14+:80% (3] control
strong correlation (F*=0.545) with the 10f 10°
proliferation of cultured Ve24* NKT 3.44% (1aa%
cells. These results were analyzed in 16 103 5 108

healthy donors. (B) The efficacy of
Va24% NKT expansion depended ' on
the proportion of CD14% cells in apher-
esis products. The proportion of CD14*
cells was as follows: (&) 0, (b) 20, (c) 40,
(d) 60 and (e) 80% with a fixed total
cell number of 2.0 x 10° cells/ml. The
control means the result by using
apheresis product without manupira-
tion. These results are representative
data from four experiments.
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cells: CD147 cells was 0:5, 134, 2:3, 3:2, 4:1 or 5:0. The
purpose of these manipulation was to detect the
contribution of CD14" cells in the different timing of
culture process and by the different proportion.

Modification of IL-2 Supplementation Schedule
In our original protocol established by Mikami and
Harada, we added IL-2 to the cell culture medium every 3
days to maintain its biologic activity. However, in this
study, we modified the schedule of II.-2 administration to
determine the suitable culture conditions for Vo24™ NKT
expansion as follows: addition of IL-2 i} only on day 6, ii)
days 0 and 3, iii) days 0, 3 & 6, and iv) days 0,3, 6 & 9.
Each supplementation of IL-2 was oriented to 100 IU/mL
as a final conceniration. The cell numbers and their
phenotypes were analyzed on day 12. x-GalCer was also
supplemented at final concentration 100 ng/mL.

Statistical Analysis

Student’s ¢ test was used to compare 2 groups and
P values of < 0.05 were considered statistically signifi-
cant. Correlation was estimated by the ordinary least
squares method. Correlation coefficients are shown as
squared values (). '

RESULTS

Efficient Expansion of Va24" NKT Cells Derived
from G-CSF-Mobilized PBSCT of Normal
Healthy Donors

We compared the expansion-fold of Ve24* NKT
cells in PBSCT before and after G-CSF mobilization in 20
healthy donors. The expansion fold of percentage and
absolute number of Va24™ NKT cells increased, respec-
tively, 18(SD =+ 23)- and 182( & 158)-fold in PBMC
before G-CSF mobilization, whereas these were
333( & 347)- and 669( < 925)-fold in G-CSF-mobilized
PBMC. Apheresis products from collection bags showed
more efficient expansion capacities, from 1384{ & 1434)-
to 7091( £+ 2160)-fold (Figs. 1A, B). Thus, G-CSF
mobilization significantly increased the capacity for
Vo24™ NKT cell expansion.

Relationship Between the Concentration of
CD34", Va24™ and CD14" Cells on V o 24" NKT
Expansion

To analyze the contribution of CD34™, V24" and
CD14™ cells on the proliferation of Va24™ NKT cells in
apheresis product, we compared the percentage of
CD34™", Vo24™" and CD147 celis on day 0 and Vo24™
NK'T expansion efficacy on day 12. The results suggested
only CDI4" cells showed the correlation with the
expansion of V24" NKT cells. (Fig. 2A).

Contribution of CD14" Cells to the Ex Vivo
Expansion of Va24" NKT Cells
It has been reported that CD14™ cells, dendritic

cells and monocytes play a critical role in the initiation of
proliferation of Va24™ NKT cells.? In PB after G-CSF
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FIGURE 3. Effects of CD34", Va24* NKT, CD14* and CD567
NK cell depletion on the expansion of Vu24" NKT cells
CD34%, Ve24* NKT, CD14%, and CD56" NK cells were
depleted using a MACS sorting system. (A) When CD34"
cells were depleted, Vo24* NKT cells proliferated the same as
in culture without CD34* cell-depletion. When (B) Va24”
NKT cells or {C) CD14* cells were depleted, Va24* NKT cells
did not expand. (D) When CD56" NK cells were depleted,
the expansion efficiency of Ve24* NKT cells improved. These
are each representative results from four experiments. The
control in this experiment means the result by using
apheresis product without target cell depletion.
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