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Abstract

The recent discovery that natural killer T (NKT) cell nuclei are totipotent opens a novel avenue for further understanding
NKT cell function in normal and diseased states. The progeny of a cloned mouse harboring the in-frame rearranged Vo.14-
-Jo18 T cell receptor in one allele showed a significant increase in NKT cell number compared with wild-type or littermate
control mice that possessed a different TCR. Importantly, NKT cells from such progeny produced both interferon-y and in-
terleukin-4, a hallmark of NKT cells. In these progeny, NKT cell development appeared to be instructively, rather than per-
missively, determined. Using embryonic stem cells prepared via the somatic cell nuclear transfer of NKT nuclei, relatively
mature NKT cells were induced under conditions permissible for T cell induction. Furthermore, these NKT cells matured

autonomously upon injection into mice, resulting in an antigen-specific adjuvant effect.
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INTRODUCTION

Natural killer T (NKT) cells are characterized by
their unique expression of both the T cell receptor
(TCR) and natural killer (NK) receptors on the cell sur-
face. Because NK receptor expression in activated
CD8* T cells is dependent upon developmental stage,
activation state, and genetic background, it is difficult to
define NKT cell types precisely. Although TCRs expres-
sed on NKT cells may consist of several different V-J
combinations, the most studied and well-characterized
subset harbors the invariant Va14-Jol8 in mouse and
Vo24-Jo18 in human (hereafter referred to as iNKT
cells). Whereas the development of conventional T cells
is restricted by polymorphic major histocompatibility
complex (MHC) class I and class II molecules, the deve-
lopment of INKT cells is contingent upon CD1d,
a MHC class I-related antigen-presenting glycoprotein
that is monomorphic (Bendelac et al. 2007; Kronenberg
2005; Taniguchi et al. 2003). Invariant NKT cells are
self-reactive and behave similarly to regulatory T cells in
that they secrete various types of cytokines and thus may
be important in the immune system. Indeed, accumula-
ting evidence demonstrates that INKT cells play pleio-
tropic roles in many of the disease models studied so far
(reviewed in Bendelac et al. 2007; Tupin et al. 2007).
Therefore, INKT cells may represent a potential target

for therapeutic intervention in a variety of autoimmune
diseases, tumor growth, and bacterial and viral infec-
tions (Kronenberg and Rudensky 2005; Tupin et al.
2007). In the first part of this review we describe the to-
tipotent effect of NKT nuclei upon transfer into enucle-
ated oocytes. In the second part we discuss the mode of
NKT cell differentiation. Finally we will discuss the ge-
neration of iNKT cells from embryonic stem cells
(ESCs) and their potential therapeutic use in regenera-
tive medicine.

TOTIPOTENCY OF THE /NKT CELL NUCLEUS

It was not until 1996 and the successful birth of
a lamb cloned via somatic cell nuclear transfer (SCNT)
that the scientific world accepted the notion of cloning
amammal (Campbell et al. 1996). In 1997, Dolly was clo-
ned from a mammary gland-derived cell line, demonstra-
ting that cloning is possible even from a differentiated
cell (Wilmut et al. 1997). There is, however, a caveat to
such an immediate conclusion. Totipotency (i.e. the po-
tential to reset genomic programming and give rise to
a cloned animal upon SCNT) is thought to be imparted
to only a limited set of cells, such as fertilized eggs (zygo-
tes), first-cleavage blastomeres, and perhaps somatic
stem cells; therefore, it is impossible to preclude the po-
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ssibility that Dolly originated from a stem cell present in
cultured cells. The controversy as to whether terminally
differentiated cells induce totipotency upon direct nucle-
ar transfer is due, in part, to the lack of genetic trait(s)
through which to ascertain the origin of cells giving rise
to cloned animals. In the case of Dolly, DNA microsatel-
lite analysis demonstrated the authenticity of the clone,
but it remains unclear whether the clone originated from
a differentiated cell or a stem cell (Ashworth et al. 1998).
It is thus desirable to use cells harboring identifiable ge-
netic trait(s) to demonstrate the totipotency of differen-
tiated cells. Since T and B cells circulating in the peri-
pheral tissues harbor rearranged TCRs/B cell receptors
(BCRs) upon emigration from the thymus or bone mar-
row, respectively, these cells can be considered fully dif-
ferentiated. Antigen-specific TCRs/BCRs are produced
via recombination of the V and J genomic DNA frag-
ments, and these changes in genomic configuration are
detectable via Southern blot analysis, making it possible
to ascertain the origin of the cell that gave rise to the clo-
ned individual. However, a previous report that periphe-
ral T and B cells cannot be used to generate a cloned ani-
mal via direct nuclear transfer suggests that differentia-
ted cells are not totipotent. Indeed, two-step nuclear
transfer involving ESCs and tetraploid complementation
was required to generate cloned mice (Hochedlinger and
Jaenisch 2002).

Similarly, cloned mice can be generated from post-
-mitotic neuronal cells via two-step nuclear transfer
(Eggan et al. 2004; Li et al. 2004). Although these mi-
ce stem from “terminally differentiated cells”, the fact
that a two-step procedure is required indicates that, si-
milar to T and B cells, post-mitotic neuronal cells are
not totipotent. From these data it appears that these
differentiated cell types are able to give rise to the fe-
tus but not to the placenta; that is, they are not truly to-
tipotent. However, it remains unclear whether termi-
nally differentiated cells exhibit totipotency upon
SCNT. In this regard, our finding that NKT cells can
be used to generate cloned mice and placenta upon

P P

nuclear transfer with
NKT cell nucleus

enucleated oocyte

SCNT without resorting to a two-step procedure de-
monstrates that terminally differentiated cells are ca-
pable of producing a cloned animal via genomic repro-
gramming (Fig. 1).

Since all cells in the cloned mouse and placenta are
derived from the NKT cell nucleus, all must possess
the rearranged Vo-Jo specific to NKT cells (Vol4-
-Jo18) at least on one allele; consequently, the origin
of the clone is readily identifiable (Inoue et al. 2005).
Intriguingly, the efficiency of generating ESCs upon
SCNT is much higher with NKT cells than with T or
B cells (Hochedlinger and Jaenisch 2002; Inoue et al.
2005). It is noteworthy that the efficiency of establi-
shing ESCs from T or B cells is quite low compared
with that using other cell types (Hochedlinger and Ja-
enisch 2002). Moreover, it is remarkable that mice clo-
ned from NKT cells show no apparent abnormality
after birth, grow normally, and are fertile (Inoue et al.
2005; Wakao et al. 2007; Wakao et al. unpublished ob-
servation); by contrast, findings reported to date show
some defect in conceptus or as neonates, such as large
offspring syndrome, prolonged gestation, dystocia
(strenuous labor), fetal and placental edema, hydral-
lantois and hydramnios, abnormal organ size, respira-
tory problems, or perinatal death (Cibelli et al. 2002;
Farin et al. 2006; Hochedlinger and Jaenisch 2003; Ja-
enisch and Young 2008; Yang et al. 2007; Young et al.
1998). Notably, most of these defects appear to be se-
condary to defects in placental function (Constant et
al. 20006). This lack of defect among mice cloned from
NKT cells may reflect a unique feature of the NKT cell
nucleus that facilitates genomic reprogramming. Given
that reprogramming of genomic imprinting, histone
modification, and X-chromosome inactivation plays
a pivotal role in the induction of totipotency upon nuc-
lear transfer, it would be interesting to elucidate the
underlying molecular mechanisms that impart such
a unique ability. Such knowledge would provide a no-
vel avenue for the use of NKT cell nuclei in regenera-
tive medicine.

reconstituted embryo

. cloned mouse
placed into the uterus =P (fetus +placentm
ICM culture

h

cloned ESC (ntESC)

Fig. 1. Generation of a cloned mouse from an NKT cell nucleus and cloned embryonic stem cells (ntESCs) via SCNT. The nucleus from an
iNKT cell is transferred into an enucleated oocyte. The reconstituted embryo is then placed into the uterus of a pseudopregnant mouse. The
conceptus develops into placenta and fetus, giving rise to a cloned mouse. At the blastocyst stage of the reconstituted embryo, cloned ESCs

(ntESCs) can be derived from the inner cell mass (ICM).
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A NOVEL MOUSE MODEL TO STUDY THE
MODE OF /NKT CELL DEVELOPMENT

Misconceptions regarding the instructive versus permissive
mode in lymphocyte development

The fact that iINKT cell development is contingent
upon CD1d, but not upon MHC class I or class II, has
prompted many researchers to question the origin of
iNKT cells and their mode of development. Despite
extensive investigation, however, it has not been possi-
ble to identify the progenitor(s) of INKT cells with cer-
tainty. However, a recent genetic study has strongly sug-
gested that they stem from CD4*CD8* double-positive
(DP) thymocytes (Egawa et al. 2005). Whether iNKT
cell development is predetermined before the DP stage
is beyond the scope of this review. Those who are inte-
rested in such a debate may refer to recent reviews on
the topic (Bendelac et al. 2007; Godfrey and Berzins
2007; Kronenberg and Gapin 2002). In this section we
will discuss a long-unresolved issue: whether extrinsic si-
gnaling “permissively” or “instructively” determines the
fate of INKT progenitor cells.

Cell lineage commitment in a multipotent stem cell
is governed by combinatorial interactions among extrin-
sic and intrinsic factors. Extrinsic factors influence fate
determination in multipotent progenitor cells. In such
circumstances, cell lineage commitment is determined
in a permissive or instructive manner. In the permissive
model, the decision to differentiate into a particular li-
neage is made independently of extrinsic factors; inste-
ad, the raison d’étre of these factors is to support the survi-
val and proliferation of committed cells (Fig. 2A, right pa-
nel). In the instructive model, extrinsic factors drive proge-
nitor cells to select one lineage at the expense of others
(Fig. 2A, left panel) (Morrison et al. 1997).

Intensive investigation in neural crest stem cells has
demonstrated that neural cell fate is determined instruc-
tively by cytokines such as bone morphogenetic protein-
2 (BMP-2), glial growth factor (GGF), and transforming
growth factor (TGF)-B (Shah et al. 1994; Shah et al.
1996). BMP-2 promotes differentiation into autonomic
neurons, whereas GGF and TGF-B induce Schwann
(glial) cells and smooth muscle cells, respectively. Simi-
larly, ciliary neurotrophic factor cues CNS stem cells to
form astrocytes (Johe et al. 1996).

In hematopoiesis, however, the relative contribution
of these two mechanisms remains in debate (Mayani et
al. 1993; Metcalf 1991). Virus-mediated erythropoietin
receptor (EPOR) transduction into bone marrow cells
induced the formation of erythrocytes, granulocytes, ma-
crophages, and megakaryocytes in the presence of EPO,
indicating that EPO possesses no instructive potential in
dictating erythrocyte lineage commitment (Dubart et al.
1994). EPOR ablation resulted in a marked decrease in
erythrocytes, although the generation of erythrocyte pro-
genitors remained relatively stable (Wu et al. 1995). This
type of combined gain- and loss-of-function study de-
monstrates that EPO/EPOR-mediated signaling plays

a permissive role in erythropoiesis. Similarly, the trans-
genic expression of granulocyte colony-stimulating factor
(GCSF) receptor results in the development of primitive
multipotent progenitors, but not exclusive commitment
to the myeloid lineage, again reinforcing the notion that
GCSF-elicited signaling does not operate instructively in
determining the fate of such progenitor cells (Yang et al.
1998). Thus far, most if not all studies on cytokine/cyto-
kine receptor signaling support the permissive model.
Moreover, one must be cautious when interpreting data
showing that constitutive activation or complete ablation
of a given signal results in the generation of lineage
A over lineage B, as demonstrated below.

Notchl plays a crucial role in T lineage commitment,
based on an experiment in which Notchl over-expres-
sion triggered T cell production in bone marrow, where-
as few B cells were produced (Pui et al. 1999). Further-
more, the conditional deletion of Notchl in hematopo-
ietic lineages revealed that B cells differentiated in the
thymus, whereas few T cells developed (Radtke et al.
1999). These results indicate that Notch may function as
more than a growth factor. However, it remains unclear
whether Notch determines the fate of progenitor cells
per se, or whether it merely supports the survival and
proliferation of T cell lineage-committed progenitors.

Accumulating evidence shows that antigen receptor-
mediated signals are required for lymphocyte develop-
ment. Mice lacking the TCRVa chain exhibit develop-
mental arrest at the DP stage (Mombaerts et al. 1992).
However, it is unknown whether the formation of
a TCR complex instructively or permissively governs
lymphocyte development. It has been proposed that the
formation of a pre-TCR complex composed of the
TCRVB chain together with pTo. and CD3e instructive-
ly induces ofiT cell lineage commitment (Aifantis et al.
1998). Another report suggested that o/ydT cell linea-
ge diversification occurs well before TCR rearrange-
ment, thus suggesting permissive commitment (Kang et
al. 2001). Recent studies have suggested that commit-
ment to o T cells versus yd T cells is contingent on the
strength of the yYdTCR signal (Haks et al. 2005; Hayes et
al. 2005). Nevertheless, these models raise questions as
to whether such lineage commitment is instructively or
permissively determined.

It has also been long disputed whether the decision
to become a helper or cytotoxic T cell is instructive or
permissive. In this case, the CD4 or CD8 molecule func-
tions as a co-receptor to monitor whether the preformed
TCR complex can interact with MHC class II or 1. The
transgenic expression of CDS8 substantially improves
MHC class I-specific CDS selection while having little
effect on class II-specific CD4 selection, suggesting that
CD8*cell lineage commitment is instructively determi-
ned (Robey et al. 1991). Subsequent studies using MHC
class I knockout mice confirmed the absence of CD8*
cells. However, the reintroduction of transgenic CD4 in-
to these mice restored the CD8* cell population and vi-
ce versa (Davis et al. 1993; Robey et al. 1994). These stu-
dies indicate that the decision to form CD4* or CD8*
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Fig. 2. A: Instructive versus permissive mode of extrinsic signaling. In the instructive mode, the extrinsic signal constrains the fate of the mul-
tipotent progenitor cell pABC to one lineage (e.g. lineage B at the expense of lineages A and C). In the permissive mode, the multipotent
progenitor cell pABC simultaneously gives rise to lineages A, B, and C, independently of the extrinsic signal. However, the extrinsic signal
supports the survival/proliferation of the selected lineage alone (in this case, lineage B). Therefore, lineages A and C cannot survive and are
eliminated through apoptosis. B: Deterministic versus stochastic mode of instructive signaling. In the deterministic mode, the extrinsic si-
gnal constrains the fate of the multipotent progenitor cell pABC to lineage B alone with 100% probability. In this case, lineages A and C are
not generated (instructive extrinsic signaling). In the stochastic mode, the extrinsic signal constrains the fate of the multipotent progenitor
cell pABC to lineage A or B at a given probability. Note that when lineage A arises through extrinsic signaling, lineages B and C are not ge-
nerated. When B lineage is induced via the extrinsic signal, lineages A and C are not generated (instructive extrinsic signaling).

cells is not dictated by CD4 or CDS8 per se, but rather by
CD4/8-mediated signaling that contributes to the survi-
val or proliferation of the committed cells. In the recen-
tly proposed kinetic signaling model, the transient re-
duction of CD8 DP thymocytes is a proposed prerequi-
site for cell fate determination in CD4* or CD8* T cells

(Bosselut et al. 2003). Accordingly, persistent TCR si-
gnaling in intermediate cells directs them to become
CD4* cells, whereas the cessation of TCR signaling re-
sults in co-receptor reversal and generates CD8* cells.
However, it is unclear whether CD4* versus CD8* line-
age is instructively or permissively determined. The re-
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cent discovery of Th-POK/cKrox as a transcription fac-
tor responsible for CD4 lineage determination is an im-
portant clue to the above issue (He et al. 2005; Sun et al.
2005). Since the retrovirus-mediated expression of Th-
-POK in hematopoietic cells, or its T cell-specific trans-
genic expression, not only reinstates normal develop-
ment of class II-restricted T cells to the CD4 lineage in
HD~" mice in which no CD4* cells is present, but also
engenders redirection of class I-restricted cells to the
CD4 lineage in both HD- and wild-type background
(He et al. 2005), and the absence of functional Th-POK
is sufficient to drive development of the CDS8 lineage,
the identification of the extrinsic stimuli that induce the
expression of Th-POK will help to decipher the mode of
CD4 versus CDS lineage commitment.

The above uncertainty is largely due to a problem in-
herent in the experimental design: the lack of an appro-
priate read-out system. If cells are analyzed only during
late events (i.e. after proliferation), it is impossible to
determine whether such cells represent the progeny of
instructively or permissively fated cells. Therefore it is
imperative to examine early events in lymphocyte deve-
lopment, during which time pre-committed and commit-
ted cells coexist.

Great effort has been made to understand the deve-
lopment of iNKT cells, and it has been suggested that
their commitment is “selected” during thymocyte deve-
lopment (Gapin et al. 2001). According to this hypothe-
sis, cells undergo random TCRa rearrangement. Those
expressing Vol4-Jol8 diverge from CD4*CD8* DP
cells and become iNKT cells. The fact that few iNKT
cells are present in CDId knockout mice suggests that
these cells are only detectable after vigorous post-selec-
tion proliferation. Therefore it is probable that such
cells represent the progeny of cells committed to be
iNKT cells after extensive proliferation. If this is the ca-
se, it is impossible to determine whether iINKT cell com-
mitment is instructively or permissively determined.
Moreover, given that the probability of forming Va14-
-Jal8 is extremely low (<1 in 50,000) due to random
TCRo rearrangement and N-nucleotide insertion be-
tween the V and J segments, it is impossible to determi-
ne whether the resultant cells represent pre-committed
progeny following the normal course of development or
the descendants of pre-committed conventional T cells
undergoing further rearrangement to alter cell fate or
induce apoptosis (Bendelac et al. 1997; Gapin et al.
2001). It is noteworthy that this “selection model” does
not appear to be instructive in nature. Similarly, a study
using transgenic Va14-Jo18 demonstrated that both the
preponderance of iNKT cells in thymocytes and a biased
decrease in VB7* and VB8*TCR in CD8* cells favors
the selection of Va14-Jol8 (Bendelac et al. 1996; Ben-
lagha et al. 2000). Nonetheless, it is unclear whether the
predominance of iINKT cells in thymocytes is the result
of instructive commitment or permissive selection. Mo-
reover, such bias in TCRJ does not necessarily ensure
iNKT lineage commitment upon the assemblage of
Vol4-Jol8 and TCRB7 or TCRPS; it is possible that

such a combination may instead inhibit positive selec-
tion imposed by VB8*/CD8* cells.

As discussed in the case of EPO, GCSF, of} versus Yo
T cells, and CD4* versus CD8* lineage commitment,
use of the Va14-Ja18 transgene in experiments creates
uncertainty in that the spatiotemporal expression of
Vol4-Jol8 is not ensured, and cells are not allowed to
delete such a transgene through further rearrangement.
It is thus desirable to create a novel mouse model in
which the expression of Val4-Jal8 TCR is under the
control of endogenous promoter(s) and enhancers that
promote proper expression and remain subject to fur-
ther rearrangement. Such a model would provide im-
portant insight into the nature of INKT commitment.

Generation of a novel mouse model

In a previous study we generated fertile cloned mice
from NKT cells using SCNT (Inoue et al. 2005). After
crossing with C57BL/6 females, we obtained progeny
harboring the in-frame rearranged V-J specific to Va14-
-Ja18, the in-frame rearranged VB8S2-DB1-JB2S5 spe-
cific to TCR8.2, and progeny harboring both rearran-
gements (Fig. 3A). Among these progeny, we focused
on those harboring the in-frame rearranged Vol4-Jo18
specific to the INKT cell TCR in one allele (hereafter
referred to as Vol4-Jo18 mice, Fig. 3A-(2)). This geno-
mic configuration allows the further deletion of Val4-
-Jo18 via recombination and the transcription of ano-
ther Tcro from the other allele, which may be useful in
studying the mode of iNKT cell development. Indeed,
Voal4-Jo18 mice show normal y8 T cell numbers and the
ratio of o to yd T cells is almost identical to that in the
wild-type (Wakao et al. 2007), implying Tcrd transcrip-
tion from the other allele. Intriguingly, the number of
iNKT cells increased markedly in the Va14-Ja18 mice,
which is consistent with observations in Vol4-Jol8
transgenic mice (Bendelac et al. 1996). Analyses of cell
surface molecules expressed on iINKT cells revealed that
these cells were mostly CD4+*CDS8™ or CD4-CDS8§", whe-
reas CD4-CDS8" cells were present in secondary organs
such as the liver. However, the expression profile of NK
receptors, such as Ly49A and Ly49D, and of CD25 in
Va14-Jo18 mice was equivalent to that found in control
mice in the thymus and spleen, in which the percentage
of NK1.1* cells decreased concomitantly with an incre-
ase in CD44%! cells. In contrast, the CD24* cell popu-
lation increased in thymocytes from Val4-Jo18 mice.
This discrepancy indicates that INKT cells in Vo14-Jou18
mice are composed of at least two different populations,
including pre-committed (CD1d-nonreacted) and post-
-committed (CD1d-reacted) cells.

The iNKT cell population is composed of CDI1d-reacted
and -nonreacted cells

Previous studies have reported that INKT cells are
present in mice even in the absence of CDId (Hong et
al. 2001; Singh et al. 2001), although such cells are very
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scarce and their nature remains unclear. This observa-
tion is somewhat strange given that the development of
iNKT cells is dependent on CD1d. Nonetheless, it is po-
ssible that these cells represent an immature iNKT po-
pulation expressing Vo14-Ja1l8 and recombination-acti-
vating genes at the DP stage. Because the presence of
both pre-committed (CD1d-nonreacted) and post-com-
mitted (CD1d-reacted) cells is necessary to study the ro-
le of extrinsic signaling in progenitor cell fate, these
INKT cells in CD1d~ mice most likely represent a pre-
committed population. The presence of pre-committed
iNKT cells becomes more apparent when the allele har-
boring Va14-Ja18 is expressed in CDId~~ mice. In the-
se mice, iINKT cells represented ~1% of thymocytes,
and staining for iINKT cells with various monoclonal an-
tibodies revealed that although there were few CD69*,
CD44high or NK1.1+ cells, the expression of CD24 (an
immature marker) was elevated relative to the control
(Fig. 4A) (Wakao et al. 2007). These cells were also pre-
sent in the thymocytes of Val4-Jol8 mice. Thus the
iNKT population in Vol4-Jol8 mice is composed of
both pre-committed (CD1d-non-reacted) and post-
committed (CD1d-reacted) cells (Fig. 4A). Importantly,
iNKT cells in Va14-Jo18 mice produced both interferon
(IFN)-v and interleukin (IL)-4 upon appropriate stimu-
li, whereas Va14-Ja18 transgenic mice failed to produ-
ce IFN-y upon TCR engagement (Bendelac et al. 1996;
Wakao et al. 2007). Therefore, Vo14-Jou18 mice are ide-
al for examining the mode of iINKT cell development.
Ignoring the precise definition of permissive versus
instructive commitment of progenitor cells has led to
a great deal of confusion regarding these terms. In the
case of INKT cell development, if extrinsic signals me-
diated through interaction with CD1d operate in an in-
structive manner, progenitor cells are fated to become
iNKT cells at the expense of other cell types (i.e. other
cell types are not produced; Fig. 4B, left panel). In con-
trast, should such a signal operate in a permissive man-
ner, progenitor cells should simultaneously give rise to
many types of differentiated cells, including cytotoxic
T (Tc) cells, helper T (Th) cells, and iNKT cells. In this
case it is important to remember that CD1d-mediated
signaling does not constrain the fate of progenitors per
se, but it supports the survival or proliferation of the
committed iINKT cells alone. Consequently, nascent Tc
and Th cells are eliminated via apoptosis or forced to
change their TCR to Val4-Jal8 (Fig. 4B, right panel).

Stochastic versus deterministic mode of extrinsic signaling

The terms stochastic and deterministic may be em-
ployed in an instructive or permissive manner when di-
scussing extrinsic signaling. In other words, an instructi-
ve signal can result in both stochastic and deterministic
output, and the same is true for a permissive signal.
When an extrinsic signal cues the progenitor cell pABC
to commit to the B lineage with 100% probability, such
a signal is said to operate deterministically in pABC cell
fate (Fig. 2B, left panel). In contrast, if the extrinsic si-

gnal merely constrains pABC to adopt the B or C linea-
ge at a given probability, such a signal is said to operate
stochastically (Fig. 2B, right panel). This principle can
also be applied to permissive signals and may thus sup-
port the survival/proliferation of permissively selected
cell lineages whose destiny is determined either deter-
ministically or stochastically (see above discussion of
EPOR or GCSF receptor in transgenic mice). Given
that a permissive signal selects a cell lineage to be rescu-
ed from cell death, an extrinsic signal may operate selec-
tively. In this context, the word selective is equivalent to
the word permissive. However, an antagonistic concep-
tion of permissive/selective is instructive, but not stocha-
stic or deterministic, as described above (Wakao et al.
2007).

Evidence exists that iINKT cell development is in-
structively governed by CD1d-(Va14-Ja18TCR) signa-
ling. The first piece of evidence is the predominance of
iNKT cells in Va14-Ja18 mouse thymus. The second in-
dication is CD1d-dependent association of Vol4-Ja18
with V(8; while 80% of TCRB8*/TCRp* cells consist of
iNKT cells in Va14-Jo18 mouse thymocytes, only 20%
of the population in Vo14-Jo18/CD1d~~ are iNKT cells.
Third, immature iNKT cells in the DP stage are less li-
kely to perform further rearrangement relative to imma-
ture conventional T cells, as evidenced by decreased Rag
transcription (Wakao et al. 2007). Fourth, the lack of
massive apoptosis and of significant number of fast-cyc-
ling cells in Vo14-Jo18 mouse thymocytes. These obse-
rvations indicate that immature iNKT cells do obey the-
ir fate to be iNKT cells upon CD1d-(Va14-Ja18TCR)
signaling without striving to change the TCRa. by opera-
ting the recombination machinery, and without dying
massively by apoptosis.

In summary, the above data strongly support the hy-
pothesis that extrinsic CD1d-mediated signaling instruc-
tively determines the fate of progenitor cells via Vou14-
-Jo18 TCR, resulting in the formation of iNKT cells at
the cost of other cell types (Fig. 4B).

REGENERATIVE MEDICINE
USING iNKT CELLS

Status quo of the iNKT cell study

Invariant NKT cells play multiple roles in the immu-
ne system. In mice they maintain self tolerance and per-
form tumor surveillance (Godfrey and Kronenberg
2004; Kronenberg and Rudensky 2005). Although iNKT
cells could conceivably be used to alleviate autoimmune
diseases and graft-versus-host disease, as well as to indu-
ce tolerance in allogeneic cardiac transplantation, there
are several hurdles to clinical application. The first pro-
blem is the Janus-like behavior of INKT cells in immu-
ne regulation; that is, INKT cells are both immunosup-
pressive and immunostimulatory in nature. Therefore it
is necessary to elucidate the underlying molecular me-
chanisms of these opposing effects before clinical appli-
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Fig. 3. A: Genomic configuration of the progeny of a cloned mouse crossed with a C57BL/6 female. Possible combinations of the TCRa and
TCRB loci in the genome of the progeny. Only one allele is used to depict the presence of Val4, Jol8, VB8, VBD, and VJ. In-frame rear-
ranged Va14-Jo18 and VB8-VBD-VPJ are indicated by unified boxes. This genomic configuration is passed to the next generation. B: Ge-
nomic configuration of ESCs and ntESCs. ESCs prepared from a fertilized egg possess the non-rearranged Vo14 and Jo18 locus and V(38
VBD, and VpJ. In contrast, ntESCs prepared via SCNT using NKT nuclei harbor in-frame rearranged Vo14-Jo18 and VB8-VBD-VfJ in at

least one allele.

cation is possible. The ability of iINKT cells to produce
both Thl cytokines, such as IFN-y, and Th2 cytokines,
such as IL-4, IL-10, and IL-13, undoubtedly plays a cri-
tical role in the immunoregulatory function of iINKT
cells. The second piece of necessary information is whe-
ther the presence of iINKT cells per se is sufficient to
exert a protective effect in cancer, to alleviate autoim-
mune diseases, and to induce transplantation tolerance
or whether activation of these cells is required. The sti-
mulation of iINKT cells is required to inhibit cancer cell
growth and to mitigate autoimmune diseases, but tole-
rance induction in allogeneic cardiac transplantation
does not require activation. Furthermore, there are con-
flicting results regarding the efficacy of iINKT cell stimu-
lation in alleviating disease (Godfrey and Kronenberg
2004; Kronenberg and Rudensky 2005). The third bar-
rier to the clinical application of iINKT cells is functional
differences between mouse and human iNKT cells. In
humans, the CD4~ iNKT cell subset produces IFN-y,
whereas the CD4* iNKT cell subset produces both Th1
and Th2 cytokines (Gumperz et al. 2002; Lee et al.
2002). Such differential expression of cytokines is not
evident in mice.

Until now, our knowledge regarding the function of
iNKT cells was limited in that neither biochemical nor
molecular biological information was available, primari-
ly due to the limited number of iNKT cells. Thus the de-
velopment of novel techniques to study INKT function is
required to explore the potential clinical applications of
this cell type.

ESCs prepared via SCNT using NKT cell nuclei

Derived from the inner cell mass of the blastocyst,
ESCs possess the ability to differentiate into all cell ty-
pes of the body, with the exception of placenta. Unlike
somatic stem cells, ESCs expand indefinitely while re-
maining multipotent. The derivation of iINKT cells from
ESCs would provide an indefinite number of cells,
which would, in turn, greatly facilitate biochemical and
molecular analyses of iNKT cells. It would also make it
possible to prepare naive iNKT cells without being affec-
ted by housing conditions that often cause a Th1 or Th2 bias
in mice.

Since iNKT cells are a subset of T cells, previous stu-
dies have attempted to induce these cells by incubating



124 H. Wakao: NKT cells and regenerative medicine

A control mice Va14-Ja18 mice Va14-Ja18/CD1d”- mice

&) B
C%@ SIE BB
%%@@ @%@&?&?@ &%ﬁm@

. Va14-Ja18 TCR

PNKT/Th/TC
(DP)

5 Crgy O
survival and ‘ @

ex?ansmn RAG

@ further apoptosis

rearrangement
) . o TCR other than
instructive mode of permissive mode of Val4-Ja18
CD1d-elicited signal CD1d-elicited signal

Fig. 4. A: Presence of CD1d-reacted and CD1d-nonreacted iNKT cells in thymocytes. In control mouse thymocytes (e.g. C57BL/6), most
iNKT cells are CD1d-reacted (plain text and shaded ovals), whereas few CD1d-nonreacted iNKT cells are present (half-tone text and open
ovals). In Va14-Jo18 mice, CD1d-nonreacted iNKT cells are present among Vol4-Ja18 thymocytes, as evidenced by the expression profi-
le of the cell surface molecules. In Vo14-Ja18/CD1d~ mice, no CD1d-reacted iNKT cells were present in thymocytes from mice harboring
in-frame Va14-Jo18 in the absence of CDId. B: Instructive versus permissive signaling in determining iINKT cell fate from multipotent pro-
genitors. In the instructive mode of CD1d-mediated signaling (left panel) in the DP stage, the (Vo14-Ja18TCR)-CD1d signal instructs mul-
tipotent progenitor cells (pNKT/Th/Tc) to become iNKT cells at the expense of helper T (Th) and cytotoxic T (Tc) cells (half-tone text).
Note that neither Th nor Tc cells are generated via (Vo14-Ja18TCR)-CD1d signaling. In the permissive mode of CD1d-mediated signaling
(right panel), the (Va14-Jal8TCR)-CD1d signal supports the survival and proliferation of the committed iINKT cells alone. The commit-
ment of these INKT cells is determined independently of the (Va14-Jo18TCR)-CD1d signal. In this case, simultaneously generated Th and
Tc cells that happen to express the Vol4-Jol8 TCR are eliminated via apoptosis. Alternatively, Th and Tc undergo further rearrangement
(i.e. become Val4-Jo18) and develop into iNKT cells. Such a mechanism may explain the predominance of iNKT cells in Va14-Jo18 mo-
use thymocytes.

ESCs prepared from fertilized eggs under the same con- ve/proliferate upon receiving the CD1d-mediated signal.
ditions used to induce T lymphocytes (Schmitt et al. Given that the progeny of a cloned mouse from a NKT
2004). However, few iNKT cells were present among the cell harboring an in-frame rearranged Vol4-Jol8 in one
DP T cells that differentiated from ESCs as judged by sta- allele (Va14-Jo18 mouse) possessed an increased num-

ining with a-galactosylceramide (GalCer)-loaded ber of iINKT cells, ESCs were generated via SCNT using
CD1d dimer (Wakao et al., unpublished observation). nuclei from NKT cells (ntESCs) and subjected to T lym-
These results indicate that the generation of INKT cells is phocyte differentiation (Fig. 1 and 3B) (Inoue et al 2005;
not a predetermined event before the onset of T cell Wakao et al. 2007; Wakao et al. 2008). The co-culture of
ontogeny; rather, it is the result of the random recombi- ntESCs with OP9 cells resulted in B cell generation, whe-
nation of Vo and Jo. during thymocyte development. It is reas the use of OP9 cells ectopically expressing delta-like
thus highly probable that cells that happen to harbor in- 1 (OP9-dlk1) culminated in T lymphocyte generation.
frame rearranged Vol4-Jal8 are permitted to survi- During ntESC differentiation, T lymphopoiesis is charac-



H. Wakao: NKT cells and regenerative medicine

125

terized by the appearance of the Rag2, Cd3e, Gata3, and
Val4-Jal8 transcripts in OP9-dlk1, but not in OP9 cells.
Analyses using T lymphocytes with aGalCer-CD1d dimer
revealed that more than 90% of the T cells were iNKT
cells whose TCRP repertoires were quasi-limited to V[38.
Subsequent analyses of cell surface markers revealed that
these cells were NK1.1-CD69-CD44°"CD24*, resem-
bling the most immature stage of iINKT cells in the thy-
mus (Benlagha et al. 2002; Benlagha et al. 2005). Intrigu-
ingly, iINKT cells generated from ntESCs were composed
of CD8* and CD4*CDS8"* cells. However, few CD4*
iNKT cells were present, which is similar to T lymphocy-
tes derived from ESCs (Schmitt et al. 2004). The cytoki-
ne profile of these iINKT cells was Th2 predominant, al-
though co-culture with CD4*CD8" cells generated from
ESCs drove the production of IFN-y, suggesting that
iNKT cells mature via interaction with CD4+CD8* DP
cells. The former observation is consistent with a previo-
us report that immature thymic iINKT cells showed a Th2-
-biased cytokine production profile (Benlagha et al.
2002). T lymphocytes generated from ESCs did not ma-
ture on their own after adoptive transfer; rather, matura-
tion ex vivo via fetal thymic organ culture (FTOC) was re-
quired to reconstitute immune response in immunocom-
promised mice (Schmitt et al. 2004). Human FTOC, ho-
wever, is not feasible, making it difficult to apply T lym-
phocytes in clinical use. In marked contrast, iINKT cells
generated from ntESCs matured autonomously upon in-
travenous transfer and exerted an antigen-specific adju-
vant effect (Wakao et al. 2008). Invariant NKT cells co-
nverted to a mature phenotype, as evidenced by the
expression profile of cell surface molecules. Indeed,
CD44, CD69, and NK1.1 were concomitantly up-regula-
ted with a decrease in CD24 in both the spleen and liver.

It is noteworthy that INKT cells are also detectable in
bone marrow, but not in the thymus upon adoptive trans-
fer, indicating that the homing activity of INKT cells may
not be pre-determined in the thymus. Further detailed
study is required to elucidate the mechanism underlying
homing activity and to identify the molecules involved.

After adoptive transfer, INKT cells become CD4~
CDS8 or CD8*, whereas CD4*CD8* iNKT cells disap-
pear. Given that CD4 CD8  iNKT cells stem from
CD4+ iNKT cells, the absence of CD4* iNKT cells is so-
mewhat mysterious (Benlagha et al. 2005). It is possible
that the differentiation of INKT cells from ntESCs does
not mirror what happens in the thymus; alternatively,
CD4* iNKT cells may stem from CD4-CDS8" iNKT cells.
In either case, it is important to note that in vitro diffe-
rentiation of iINKT cells directly demonstrates the pre-
sence of CD4*tCDS8* iNKT cells, which are considered
to be the most immature cell type in INKT ontogeny.
The presence of CD8* iNKT cells has been reported in
Val4-Jo18 mice (Wakao et al. 2007). Since little infor-
mation is currently available regarding this cell type, fur-
ther analyses are required to better understand the na-
ture of this novel iNKT cell subset.

Maturation in INKT cells upon adoptive transfer is si-
gnaled by phenotypic change and the cessation of Rag

transcription. Invariant NKT cells obtained from ntESCs
expressed Rag, even though they were capable of produ-
cing cytokines, suggesting that these cells are at a stage
equivalent to positive selection; further maturation could
therefore occur in the periphery or the thymus, depen-
ding on the presence of CD1d. Although the endogeno-
us ligand(s) responsible for autonomous maturation are
unknown, isoglobotrihexosylceramide (iGB3), a recently
reported endogenous ligand, is a likely candidate (Zhou
et al. 2004). However, the presence of iNKT cells in
iGB3 synthetase knockout mice indicates the existence
of other endogenous ligands (Porubsky et al. 2007).

ntESC-derived iNKT cells against cancer

A subset of IFN-y-producing CD8* T cells was
shown to be responsible for protective immunity against
the liver stage of mouse malaria (Nussenzweig et al.
1967). Subsequent studies showed that the co-admini-
stration of ouGalCer with irradiated mouse malarial spo-
rozoites or recombinant adenoviruses expressing a ma-
larial antigen, the Plasmodium yoelii CS protein, increa-
sed the level of protective anti-malarial immunity (Gon-
zalez-Aseguinolaza et al. 2002). This adjuvant effect of
oGalCer is now known to be contingent upon iNKT
cells, CD1d, and IFN-y. In terms of innate immunity, the
administration of aGalCer induces the maturation of
dendritic cells (DCs), which in turn results in IL-12 pro-
duction. IL-12 then activates NK cells, culminating in
the production of IFN-y and the destruction of MHC
Tlov cells. Activated iNKT cells can also produce IFN-y
and kill tumor cells. In contrast, in mice treated with an-
tigen and aGalCer, CD40L in iNKT cells triggered DC
maturation and the mounting of strong antigen-specific
CD4* and CD8* T cell responses (Fujii et al. 2007).

Therefore we explored the ability of ntESC-derived
iNKT cells to elicit this antigen-specific adjuvant effect
and found that iINKT activation with o.GalCer resulted
in the enhanced production of IFN-y from CD8* T cells,
a prerequisite for anti-tumor activity. Consequently, the
injection of ntESC-derived iNKT cells concomitant with
oGalCer resulted in the antigen-specific repression of
cancer cell growth (Wakao et al. 2008). These data de-
monstrate that ntESC-derived iNKT cells exert an anti-
gen-specific adjuvant effect, reinforcing the immune re-
action. Whether these iINKT cells are beneficial for the
induction of organ transplantation tolerance or could be
used to alleviate autoimmune diseases, such as experi-
mental autoimmune encephalomyelitis and type I diabe-
tes mellitus, requires future study.

FUTURE DIRECTIONS

The advent of ntESC-derived iNKT cells opens new
avenues into the development of human iNKT cells
from ESCs. However, the preparation of ntESCs via
SCNT using the nuclei from human iNKT cells is a tech-
nical hurdle. Moreover, ethical concerns regarding the
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use of human eggs remain. Alternatively, it may be po-
ssible to produce cells capable of differentiating into
iNKT cells via the transduction of human ESCs with re-
troviral vectors expressing Vo24-Jo18 TCR. From the
perspective of genetic reprogramming, it may also be fe-
asible to prepare induced pluripotent cells by incubating
INKT cells with specific factors (Jaenisch and Young
2008). This will ensure the appropriate genomic confi-
guration (i.e. the presence of in-frame rearranged Vo24-
-Jal8 in the TCRo locus), which is a prerequisite for the
induction of iINKT cells. However, the probability of de-
veloping cancer from these cells would not be negligible.
It is also important to consider the use of glycolipids
other than aGalCer to modify the cytokine production
profile of iINKT cells for therapeutic use. For example,
OCH, an analog of aGalCer with a shorter aliphatic
chain, drives iINKT cells toward Th2 cytokine produc-
tion and alleviates autoimmune disease (Miyamoto et
al. 2001; Stanic et al. 2003). By contrast, the use of C-
-glycoside, another analog of aGalCer, preferentially
produces IFN-y and culminates in superior protection
against malaria and melanoma metastases (Schmieg et
al. 2003). However, the efficacy of these glycolipids has
only been reported in mice; it remains unclear whether
these factors will be equally effective in humans. In mi-
ce, glycolipid treatment does not consistently produce
beneficial results; in some cases, glycolipid treatment
exacerbated the disease state. Therefore, further inve-
stigation of glycolipids (or mimetics) that control the
iNKT activity in a disease-dependent manner is critical
for the successful use of INKT cells (Kronenberg and
Rudensky 2005). Armed with such compounds, ESCs-
-derived iNKT cells may have significant future potential
in regenerative medicine or cell-based immunotherapy.
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