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NKT cells demonstrate antitumor activity when activated to produce Th1 cytokines by DCs loaded with
a-galactosylceramide, the prototypic NKT cell-activating glycolipid antigen. However, most patients do not
have sufficient numbers of NKT cells to induce an effective immune response in this context, indicating a need
for a source of NKT cells that could be used to supplement the endogenous cell population. Induced pluripo-
tent stem cells (iPSCs) hold tremendous potential for cell-replacement therapy, but whether it is possible to
generate functionally competent NKT cells from iPSCs has not been rigorously assessed. In this study, we suc-
cessfully derived iPSCs both from embryonic fibroblasts from mice harboring functional NKT cell-specific
rearranged T cell receptor loci in the germline and from splenic NKT cells from WT adult mice. These iPSCs
could be differentiated into NKT cells in vitro and secreted large amounts of the Th1 cytokine IFN-y. Impor-
tantly, iPSC-derived NKT cells recapitulated the known adjuvant effects of natural NKT cells and suppressed
tumor growth in vivo. These studies demonstrate the feasibility of expanding functionally competent NKT

cells via an iPSC phase, an approach that may be adapted for NKT cell-targeted therapy in humans.

Introduction

NKT cells are characterized by their expression of an invariant
TCR o chain encoded by Vai4-Jal8 in mice (1) and by Vo.24-
Jal8 in humans (2, 3). NKT cells recognize glycolipid antigens
and can be efficiently activated through recognition of a-galac-
tosylceramide (a-GalCer) in the context of CD1d, a mono-
morphic MHC class I-like molecule (4). Although activated
NKT cells produce both Th1 and Th2 cytokines, they medi-
ate strong adjuvant activity essential for protective responses
against tumors (5-7) and pathogens through their production
of Th1 cytokines.

Based on these observations, a-GalCer can be used as a drug for
clinical applications. Several clinical trials with injection of 5 x 10°
a-GalCer-pulsed DCs have been carried out in patients with can-
cer, including colon cancer (8, 9), multiple myeloma, anal cancer,
and renal cell cancer (10). Although no clear tumor reduction was
detected, tumor markers were significantly decreased.

A more extensive phase I/Ila clinical trial of a-GalCer-load-
ed DC therapy (total 4 x 10° cells per person in 4 consecutive
injections at 1 week intervals) for advanced lung cancer patients
(stages IIIB, IV, and recurrent) was launched. Encouragingly, this
trial validated the antitumor effects of NKT cells in humans,
since 60% of 17 enrolled patients with only a primary treatment
showed a prolonged median survival time (MST) of 31.9 months
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without tumor progression and metastasis compared with the
MST of 4.6 months under the best supportive care (11). How-
ever, despite its clear antitumor activity, two-thirds of patients
were not eligible for NKT cell-targeted therapy because they no
longer had sufficient NKT cells (less than 10 cells/ml of blood)
(12). These observations underscore the urgent need to establish
an efficient method to supplement NKT cells.

Results from our previous study, in which we used embryonic
stem cells (ESC) derived from NKT cell-cloned mice (hereafter
called the NKT mouse) established by nuclear transfer from
CS7BL/6 (B6) hepatic NKT cells, had already suggested that
these cells could give rise to NKT cells both in vivo and in vitro
(13). Since induced pluripotent stem cells (iPSCs) and ESCs are
functionally equivalent in many respects, these observations
suggested the feasibility of the clinical potential of iPSCs for
NKT cell-targeted adjuvant therapy (14-16). Moreover, it is
important to mention that iPSCs rather than ESCs are more
feasible in the clinical setting because embryos or donor oocytes
are not required for generation of iPSCs. In addition, iPSCs are
fully syngeneic, while ESCs, even if introduced with patient
cell nucleus, carrying oocyte-derived mitochondrial maternal
antigens may cause problems in generating allogeneic immune
responses. The present study has been designed to examine the
feasibility of ex vivo generation of functionally competent NKT
cells from iPSCs. Here, we have addressed 2 specific issues: (a)
generation of iPSCs from mature NKT cells and their in vitro
generation of functional NKT cells, and (b) investigation of the
adjuvant activity of iPSC-derived NKT cells transferred in vivo
and their clinical potential in a mouse model.
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Generation of iPSCs harboring NKT cell-specific rearranged T cell receptor loci. (A) Colony shape and the expression of stage-specific embryo
antigen 1 (SSEAT1), Octamer-binding protein 3/4 (Oct3/4), and Nanog in the iPSC-7a and iPSC-7g cells. ESCs are shown as a reference. Scale
bars: 100 um (phase); 10 um (immunofluorescence). (B) Expression of ESC marker genes in iPSC-7a and iPSC-7g cells. Results for RT-PCR
analyses are shown. NKT-ES C-1 and NKT-ES D-1 were used as positive controls, and NKT-MEF was used as a negative control. (C) External
views of chimeras generated by injecting iPSC-7a and iPSC-7g cells into BALB/c blastocysts. (D) Transmission of the rearranged Tcra chain
locus to the offspring of chimeras, which is characteristic of iPSC-7a (upper panel) and iPSC-7g cells (lower panel).

Results
Generation of iPSCs harboring NKT cell-specific rearranged T cell recep-
tor loci. Mouse embryonic fibroblasts obtained from the NKT mice
(NKT-MEF) that had been established from ESCs generated by NKT
cell nuclear transfer (NKT-ES) (13) were reprogrammed to generate
iPSCs using a conventional protocol with retroviral vectors (14). Eight
ESC-like colonies were selected and expanded in ES medium. We
found that most of the lines stably exhibited ESC-like morphology
and selected lines, iPSC-7a and iPSC-7g, for further analysis to verify
that they were indeed iPSCs. We analyzed their expression of molecu-
lar markers that define iPSCs and determined the degree of repro-
gramming and their ability to generate teratomas and chimeras.
Immunofluorescence analysis revealed that the expression
of SSEA1, Oct3/4, and Nanog in both the iPSC-7a and iPSC-7g
lines was similar to that in the control ESCs (Figure 1A). We also
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detected the expression of endogenous Oct3/4, Sox2, KIf4, Nanog,
Ecatl, Gdf3, Rex1, and Zfp296 by RT-PCR analysis (Figure 1B).
Consistent with the reactivated expression of Oct3/4 and Nanog
in the iPSC-7a and iPSC-7g cells, DNA methylation patterns at
these gene loci were similar to ESCs and significantly reduced
in comparison with the parental NKT-MEF (Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/JC142027DS1).

We went on to compare the gene expression profiles of the iPSC-
7a and iPSC-7g cells against NKT-ES and NKT-MEF. The genome-
wide expression profile of the iPSC-7a cells showed a much higher
correlation coefficient to NKT-ES C-1 than to the parental NKT-
MEF (Supplemental Figure 2A). Cluster analysis placed the iPSC-7a
and iPSC-7g cells in the NKT-ES (C-1 and D-1) or ESCs but not
the NKT-MEF, iPSC-derived NKT cells (7a-NKT and 7g-NKT) nor
Number 7 2611
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Figure 2

In vitro generation of NKT cells from iPSCs in the 25-day culture system. (A) Expression of cell surface markers on iPSC-derived NKT cells
(7a-NKT and 7g-NKT). 7a-NKT and 7g-NKT cells generated in vitro were gated as the a-GalCer/CD1d dimerTCR-f+ population and further
analyzed for the expression of the indicated markers, NK1.1 versus CD3¢ and CD4 versus CD8. Numbers show percentage of each gate.
(B) Quantitative PCR analysis. Indicated genes in iPSC-derived NKT cells and FACS-sorted thymic NKT and CD4 T cells were analyzed
for mRNA levels by quantitative real-time PCR (2 x 103 cells/sample). (C and D) Proliferative response (C) and cytokine production (D) of
iPSC-derived NKT cells upon stimulation with a-GalCer. The 7a-NKT, 7g-NKT, or WT splenic NKT cells (108/ml) were cocultured with bone
marrow—derived DCs (105/ml) in the presence of the indicated dose of a-GalCer (0, 1, 10, 100 ng/ml). Mean + SD of triplicate wells is shown.

One representative experiment of 3 is shown.

splenic NKT cell (NKT 1 and NKT 2) cluster (Supplemental Figure
2,B and C). Therefore, the iPSC-7a and iPSC-7g cells were sufficient-
ly reprogrammed. Furthermore, we tested the ability of these cells
to form teratomas in nude mice and produce germline chimeras
upon blastocyst injection. Both iPSC-7a and iPSC-7g cells formed
teratomas with 3 germ layers upon s.c. injection into nude mice
(D. Yamada and H. Koseki, unpublished observations), and when
injected into BALB/c blastocysts, they generated 7 and 3 coat color
chimeras, respectively (Figure 1C). The male chimeras tested were
found to be germline chimeras that transmitted the rearranged Tera
loci to their offspring (Figure 1D). We thus concluded the iPSC-7a
and iPSC-7g lines satisfied all the known criteria for iPSCs.

In vitro generation of NKT cells from iPSCs in the 20-day culture sys-
tem. We first attempted to investigate the potential of NKT cell
development from iPSC-7a and iPSC-7g in the 20-day culture
system used for analysis of ESCs described previously (Supple-
mental Figure 3A) (13). Similar to ESC-derived NKT cells, iPSC-
derived NKT cells mainly produced IL-4 on OP9/DII-1 culture for
20 days, while mainly producing IFN-y in the switching culture
on OP9/control starting at day 14 (Supplemental Figure 3B),
indicating that iPSCs are potentially the same as ESCs. More-
over, the yield of NKT cells from the Notch-dependent condi-
tions was 3 x 106 from 1 x 10% iPSCs (30 times), while those from
Notch-independent conditions were only 3 x 10° (3 times). Thus,
the culture conditions with or without Notch signaling reflected
the proliferation activity of iPSC-derived NKT cells such as ESC-
derived NKT cells in vitro (Supplemental Figure 3C).
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The 25-day culture system efficient for generation of iPSC-derived NKT
cells producing large amounts of IFN=y. It is important to obtain a high
yield of NKT cells with the desired function for the establishment
of NKT cell therapy. For this purpose, we attempted to develop a
new 25-day culture system efficiently to generate functional NKT
cells from the iPSC-7a and iPSC-7g cells in vitro. Since prolifera-
tive activity is totally depend on Notch signaling (Supplemental
Figure 3D), iPSCs were cocultured on OP9/DII-1 in the presence of
various cytokine combinations to manipulate NKT cell function
(Supplemental Figure 4A). The addition of IL-15 at culture day
20 for 5 days suppressed the proliferative function of NKT cells
(Supplemental Figure 4B), while IL-2 promoted NKT cell expan-
sion but suppressed IFN-y production upon stimulation with
a-GalCer (Supplemental Figure 4B). In contrast with the above
cytokines, the addition of both IL-7 and Flt-3 ligand (F1t3L) at the
culture day 20 for 5 days yielded the highest number of NKT cells
and also the highest amounts of IFN-y production (Supplemental
Figure 4B), which are equivalent to those by splenic NKT cells
(see Figure 2D). Under these conditions, 1 x 10° iPSCs gave rise
to 3 x 107 iPSC-derived NKT cells at culture day 25 (Supplemen-
tal Figure 4C) that expressed TCR-f on their surface and bound
o-GalCer-loaded soluble CD1d dimer, which are specifically rec-
ognized by the NKT-specific TCR (Figure 2A). The iPSC-derived
NKT cells (7a-NKT and 7g-NKT) did not express NK1.1 (Figure
2A). Moreover, a significant fraction of the 7a-NKT and 7g-NKT
cells were doubly positive for CD4 and CD8 (Figure 2A). There-
fore, the iPSC-derived NKT cells generated in this 25-day culture
Volume 120
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system were more similar to immature CD4*CD8* (double-posi-
tive [DP]) thymocytes than to mature liver NKT cells. Moreover,
they were CD24h, CD44lo/in. CD62LM, CD69*, CD122'/, and
NKG2D-, which phenotypically resemble the earliest thymic NKT
cells, so-called stage 0 NKT cells (Supplemental Figure 5). The
iPSC-derived NKT cells expressed significant levels of Zbtb16 (also
known as PLZF) (17, 18) and also Sh2d1a (also known as SAP) (19,
20) compared with those of thymic CD4 T cells, indicating that
iPSC-derived cells are phenotypically immature and likely to be
typical NKT cells, but not conventional T cells (Figure 2B).

To further investigate functional activity of iPSC-derived NKT
cells, proliferative responses and cytokine production were inves-
tigated upon stimulation with a-GalCer-pulsed DCs (Figure 2,
CandD). TheiPSC-derived NKT cells from both iPSC-7aand iPSC-7g
proliferated similarly to splenic NKT cells (Figure 2C). The
cytokines, such as IFN-y, IL-4, IL-5, IL-10, and IL-13, were also
produced by iPSC-derived NKT cells at levels similar to those of
splenic NKT cells (Figure 2D and Supplemental Figure 6). Taken
together, these observations indicated that the iPSC-derived NKT
cells possess functional properties similar to those of NKT cells.
It is also important to mention that, as opposed to the 20-day
culture system used for iPSC-derived (Supplemental Figure 3) or
ES-derived NKT cell development (13), the 25-day culture system
yielded 10 times the number of NKT cells and produced S times
the amount of IFN-y (Figure 2 and Supplemental Figure 4).

Adjuvant activity of iPSC-derived NKT cells. We then addressed wheth-
er iPSC-derived NKT cells (7a-NKT or 7g-NKT) can exert adjuvant
activity in vivo in mice. We and others have previously developed an
experimental model to evaluate the adjuvant activity of activated
NKT cells (21-24). In this model, we observed significant enhance-
ment of antigen-specific CD8 T cell priming by coadministration
of OVA-loaded dying spleen cells from TAP~~ mice (2 x 107/mouse)
with 2 ug a-GalCer (TOG) in an NKT cell-dependent manner (Sup-
plemental Figure 7) (23, 24). We first determined whether iPSC-
derived NKT cells could repopulate in the recipient tissues after
adoptive transfer into JaI8~7~ mice, which lack endogenous NKT
cells. A considerable number of the 7a-NKT and 7g-NKT cells were
detectable in the liver of Jo.18 7/~ mice 1 and 2 weeks after the transfer
(Figure 3A). These cell numbers are almost similar to those of WT
mature liver NKT cells transferred into Jo.l87~ mice. Interestingly,
7a-NKT and 7g-NKT cells detected in the liver were CD24l°, CD44bi,
CD62L°, CD69*, CD122*, and NKG2D*, phenotypically similar
to mature liver NKT cells in WT mice (Supplemental Figure 8),
indicating the maturation of their phenotypes in vivo. To test the
ability of IFN-y production from iPSC-derived NKT cells upon anti-
gen stimulation, the mice that received the 7a-NKT or 7g-NKT cells
were injected with a-GalCer i.v. a-GalCer administration led to the
significant expansion (0.3%-0.4% [Figure 3A] vs. 4.9%-5.7% [Figure
3B]) of 7a-NKT and 7g-NKT cells with downmodulated TCR-f
expression (Figure 3B vs. Figure 3A) and significant IFN-y produc-
tion (Figure 3B), indicating the in vivo activation of iPSC-derived
NKT cells. Moreover, we observed in vivo bystander adjuvant effects
on NK 1.1*'TCR-- cells after activation of iPSC-derived NKT cells in
terms of their significant IFN-y production (Figure 3C).

We further investigated the bystander adjuvant activity by the
iPSC-derived NKT cells on CD8 T cells in vivo, in which the mice
transferred with the 7a-NKT or 7g-NKT cells were immunized with
TOG and examined for the extent of induction of OVA-specific,
IFN-y-producing CD8 T cells. We indeed observed a significant
increase in the number of these CD8 T cells (10-50 times increases
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over the control group) (Figure 3, D and E). Thus, the iPSC-derived
NKT cells were shown to function as a cellular adjuvant for both
innate and adaptive immune responses.

We next adoptively transferred the 7a-NKT or 7g-NKT cells into
Jou187/- mice to test for their acquisition of antigen-specific anti-
tumor activity. Seven days after the adoptive transfer, mice were
primed with TOG, challenged with EL4, a B6-derived thymoma
line, or with the OVA-expressing EL4 subline EG7 (2 x 105 cells
injected s.c.), and then observed for tumor growth. In this model,
we observed strong antitumor activity against EG7 but not EL4
in TOG-immunized B6 mice but not in JoI87 mice (Figure 3F).
The growth of EG7 tumor cells in Jal87~ mice was significantly
suppressed by adoptive transfer of the 7a-NKT or 7g-NKT cells,
whereas the growth of EL4 was not. These results indicate that
the iPSC-derived NKT cells can enhance the generation of func-
tionally sufficient numbers of antigen-specific CD8 T cells to exert
antitumor immunity. Therefore, the iPSC-derived NKT cells are
functionally competent to mediate adjuvant activity in vivo.

Generation of iPSC from splenic NKT cells. We finally confirmed
splenic NKT cells also could be reprogrammed into iPSCs. NKT
cells (1 x 10°) were isolated from normal B6 splenocytes and then
activated by anti-CD3/CD28 magnetic beads together with IL-12
(10 ng/ml) and IL-2 (10 ng/ml) for 1 week, followed by reprogram-
ming according to the conventional protocol (14). From 2 experi-
ments, we established at least 3 independent iPSC-like lines. After
confirming that the 14k cell line (iPSC-14k) was NKT cell-derived,
based on the nucleotide and deduced amino acid sequences of the
CDR3 junctional regions of the Tcra and Terb loci (Figure 4A), we
focused on this line to determine whether it is an authentic iPSC.
Immunofluorescent analysis revealed the expression of SSEA1,
Oct3/4, and Nanog in the iPSC-14k cells (Figure 4B) and the
expression of endogenous Oct3/4, Sox2, KIf4, Nanog, Ecat1, Gdf3,
Rex1, and Zfp296 mRNA could be detected by RT-PCR (Figure
4C). Genome-wide gene expression profiles of the iPSC-14k cells
showed a higher correlation coefficient to ESCs or iPSCs, such as
NKT-ES C-1 and iPSC-7a or iPSC-7g, than to splenic NKT cells
(Figure 4D and Supplemental Figure 9A). Therefore, the iPSC-14k
cells were shown to be adequately reprogrammed. We went on
to test the ability of these cells to form teratomas and chimeras
as described above. Teratomas with 3 germ layers were generated
from the iPSC-14k cells upon s.c. injection into nude mice (Sup-
plemental Figure 9B). Three coat color chimeras were generated
upon injection into BALB/c blastocysts, and one of them was a
germline chimera (Figure 4E). Taken together, the iPSC-14k cells
were confirmed to be an authentic iPSC line.

We further examined the redifferentiation potential of the iPSC-14k
cells into splenic NKT cells in vitro in the 25-day culture system. In
the culture system, the iPSC-14k cells (1 x 10°) gave rise to 3 x 107
0-GalCer/CD1d dimer*TCR-f* cells, equivalent to the potential
of iPSC-7a or iPSC-7g cells. The induced NKT cells were mostly
immature CD4*CD8" phenotypes (Figure 4F) with CD24h, CD44l°,
CD62LM, CD122%°, CD69'", and NKG2D- (Supplemental Figure 5),
and of note, approximately 30% of them expressed NK1.1 (Figure
4F). a-GalCer/CD1d dimer*TCR-B* cells derived from the iPSC-14k
also exhibited a significant proliferative response and production of
IFN-y and IL-4 upon antigenic stimuli (Figure 4G). Therefore, the
iPSC-14k-derived a-GalCer/CD1d dimer*TCR-f* cells represent
NKT cells. However, since some of the cells express NK1.1, their
developmental stage may be slightly more advanced compared with
those derived from the iPSC-7a or iPSC-7g cells. It is interesting
Volume 120 2613
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Figure 3

Adjuvant activity of iPSC-derived NKT cells on antitumor responses in
vivo. (A) FACS analysis of liver MNCs in Jo.718- mice at indicated time
points after adoptive transfer of liver NKT, 7a-NKT, or 7g-NKT cells
(4 x 1068 cell/mouse). (B and C) In vivo expansion and IFN-y produc-
tion of 7a-NKT and 7g-NKT cells (B) and their bystander effects on NK
cells (C). The Ja718- mice that received iPSC-derived NKT cells were
primed i.v. with a-GalCer (2 ug). The indicated cells in liver MNCs in
B and C were investigated for their intracellular IFN-y production by
FACS using anti—IFN-y compared with rat IgG1. (D-F) iPSC-derived
NKT cell-mediated bystander adjuvant activity on CD8 T cells (D and
E) and antitumor responses (F) based on the experimental procedure
shown in Supplemental Figure 7. (D) IFN-y production by CD8 T cells
upon restimulation with OVAss7.264 peptide in vitro. Representative data
from 3 experiments are shown. Numbers show percentage of each
gate. (E) Summary and statistical analysis for the results shown in D.
The frequency of OVA-specific, IFN-y—producing CD8 T cells is sum-
marized as percentage of total lymphocytes in the spleen. P values
indicate differences between each group. (F) Adjuvant activity of
7a-NKT and 7g-NKT cells on antitumor responses. Mice were challenged
with 2 x 10% EL4- or OVA-expressing EL4 (EG7) cells s.c. Tumor size
in each group was measured at the indicated time points. Mean + SD
from 2 independent experiments is shown. *P < 0.01, differences
between WT naive and other groups in EG7-injected mice.

that the ability of iPSC-14k-derived NKT cells to proliferate and to
produce IFN-y was similar to that of iPS-7a-derived NKT cells or
splenic NKT cells in the 25-day culture (Figure 2), while no signifi-
cant responses were obtained by iPSC-14k-derived NKT cells gen-
erated in the 20-day culture system (Figure 4G), indicating that the
functions of iPSC-derived NKT cells are largely dependent on the
duration of the culture in vitro and that at least the 25-day culture
period is required to obtain functional iPSC-derived NKT cells.

Discussion
Although several attempts have been made to generate iPSCs from
mature B or T lymphocyte cells by the introduction of Oct3/4, Sox2,
Kif4, and c-Myc, the efficiency is very low (25). Recently, B- or T-derived
iPSCs have efficiently been generated by gene modulation of the
myeloid transcription factor CCAAT/enhancer-binding protein-o.
(C/EBPa) or Pax5 for B cells (26), or of the p53/p21 pathway for
T cells (27). However, efforts to regenerate functional B or T lympho-
cytes from these lymphocyte-derived iPSCs have remained unsuc-
cessful. In the present studies, we have successfully demonstrated
for what we believe is the first time the generation of functional
NKT cells in vitro from splenic NKT cell-derived iPSCs and also the
clinical potential of iPSC-derived NKT cells to control the growth of
a syngeneic tumor through their adjuvant activity. Given the prom-
ise of patient-specific therapy, it might be prudent to consider the
establishment of cell banks of NKT cell-derived iPSCs. Since the
functions and antigen specificity of NKT cells are highly conserved
between mice and humans, this study has opened up an alternative
pathway to realize the potential of NKT cell-targeted therapy in can-
cer patients. Moreover, NKT cells play multiple roles in modulation
of immune responses, such as in antiviral immunity and rejection
of transplanted tissues (1, 4). Therefore, therapeutic applications
of iPSC-derived NKT cells through their adjuvant activity could be
extended to other serious diseases involving immune mechanisms.
Furthermore, this and our previous studies have suggested that
derivation of NKT cells from iPSCs does not depend on the cellular
origin of the iPSCs but likely on their intrinsic ability to express the
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invariant TCR that is specific for NKT cells. If this interpretation
is correct, it would imply that iPSCs and ESCs could be induced to
differentiate into the NKT cell lineage once the appropriate rear-
ranged Ter genes were introduced, either by homologous recombi-
nation or simple transfection. Since this approach should be more
generally available than the more complex procedure of generating
iPSCs from NKT cells by retrovirus-mediated reprogramming, we
are currently addressing this possibility in mice.

During the course of this study, we found some subtle differences
among iPSC-derived NKT cell lines in their phenotypes and in their
ability to proliferate or to produce cytokines (Figure 2 and Supple-
mental Figure 6). Such functional heterogeneity that is manifested
upon differentiation has previously been reported for human ESCs
(28). However, in general, there is no significant difference in their
phenotypes (Supplemental Figures 5 and 8). The phenotypic chang-
es are largely dependent on culture conditions. In the 20-day culture
system, iPSCs cultured on OP9/DII-1 give rise to NKT cells bearing
immature phenotypes similar to CD4*CD8* DP thymocytes in vitro
as shown in Figure 2, while iPSC-derived NKT cells in the switch
culture showed mature CD4* or double-negative (DN) NKT cell
phenotypes (Supplemental Figure 3B). These are similar to those
obtained by the ESC culture as described (13). Therefore, Notch sig-
naling inhibits phenotypic maturation of NKT cells.

The phenotypic maturation of iPSC-derived NKT cells with
immature phenotypes occurs in vivo because the majority of
iPSC-derived NKT cells, when transferred into Jo.I87~ mice in vivo,
developed downmodulated expression of CD24 and CD62L but
augmented expression of CD44, CD69, CD122,and NKG2D (Sup-
plemental Figure 8), similar to mature liver NKT cell phenotypes.

Most important is that, without maturation of cell surface phe-
notypes, iPSC-derived NKT cells acquire their potential to produce
large amounts of IFN-y, which is essential for in vivo adjuvant
activity on antitumor responses. In fact, the iPSC-derived NKT
cells obtained in the 25-day culture showed the ability to produce
cytokines at levels similar to those of splenic NKT cells (Figure 2D
and Figure 4G). In particular, IFN-y production was significantly
high in the 25-day culture system using OP9/DII-1 (Figure 4G and
Figure 2D), although, similar to ESC-derived NKT cells (13), iPSC-
derived NKT cells mainly produced IL-4 but not IFN-y in the 20-day
culture system using OP9/DII-1 (Supplemental Figure 3C). There-
fore, IFN-y production by iPSC-derived NKT cells is apparently
due to the duration of the culture. In fact, iPSC-derived NKT cells
produced large amounts of IFN-y at culture day 25, but produced
small amounts of IFN-y at day 20 (see Figure 4G). Thus, immature
cell surface phenotypes on iPSC-derived NKT cells generated in the
present system do not correlate with their functional activity.

Taken collectively, the 25-day culture system using IL-7 and
Flt3L and OP9/DII-1 has several advantages; it yielded 10 times the
number of NKT cells and produced 5 times the amount of IFN-y
(Figure 2D and Figure 4G) than what was obtained in the 20-day
culture system (Supplemental Figure 3). Although the system we
described here is a mouse model, it is helpful to establish methods
for generation of iPSCs from human NKT cells and protocols for
developing NKT cells from iPSCs suitable for clinical settings.

Methods

Cells. The cells used in the present studies were ESCs (R1, E14); cloned
ESCs, such as NKT-ES C-1 and NKT-ES D-1, obtained by direct nuclear
transfer of B6 splenic NKT cells (13); MEFs (NKT-MEF) obtained from
NKT B6 mice generated by the cloned ESCs; iPSCs (iPSC-7a, iPSC-7g) gen-
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Figure 4

Generation of iPSC from splenic NKT cells and their development of iPSC-derived NKT cells with function in vitro. (A) Nucleotide and deduced
amino acid sequences of the CDRS3 junctional regions of the Tcra and Tcrb loci in iPSC-14k cells. (B) Colony shape and expression of SSEA1,
Oct3/4, and Nanog in iPSC-14k. Scale bars: 100 um (phase); 10 um (immunofluorescence). (C) Expression of ESC marker genes in iPSC-14k
cells analyzed by RT-PCR. (D) Analysis of global gene expression profiles comparing iPSC-14k cells to NKT-ES C-1, iPSC-7a, iPSC-7g, and
splenic NKT cells. Note that the iPSC-14k cells are closely related to NKT-ES C-1, iPSC-7a, and iPSC-7g. (E) Offspring obtained by mating
chimeras generated from the iPSC-14k cells and C57BL/6 females. Black coat color (indicated by arrows) represents germline transmission of
iPSC-14k. (F) Expression of cell surface markers on the 14k-NKT cells. Numbers show percentage of each gate. (G) Proliferative response (left)
and cytokine production (middle and right) by 14k-NKT cells (culture day 20 and day 25) upon stimulation with a-GalCer. Mean + SD of triplicate

wells is shown. One representative experiment of 3 is shown.

erated by NKT-MEF or iPSCs (iPSC-14k) by B6 splenic NKT cells; iPSC-
derived NKT cells (7a-NKT, 7g-NKT, 14k-NKT); and splenic NKT cells.
Generation of iPSCs. NKT-MEF cells were reprogrammed by using retrovi-
ral vectors expressing Oct3/4, Sox2, KIf4, and Nanog according to the protocol
established previously (14), which generated iPSC clones, such as iPSC-7a
and iPSC-7g. The iPSCs from splenic NKT cell lines, such as iPSC-14k, were
established by Yamanaka’s method (14) using B6 splenic NKT cells (1 x 106)
activated with anti-CD3 and anti-CD28 in the presence of IL-12 and IL-2.
2616
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Nucleotide sequences for primer pairs used for RT-PCR analysis of ESC mark-
ersare available in a previous report by Takahashi and Yamanaka (14). All ani-
mal studies were approved by the RIKEN Yokohama Institute Review Board.
Genomic PCR. Genomic DNA was isolated from cells using a Gentra Pure-
gene kit (QIAGEN) for genotyping. Genomic PCR was performed with
LA Taq (Takara). Primers used are listed in Supplemental Table 1.
Immunofluorescence. Immunofluorescence staining was performed
using the following primary antibodies: anti-SSEA-1 (MAB4301; Milli-
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pore), anti-Nanog (ab21603; Abcam), and anti-Oct3/4 (sc-5279; Santa
Cruz Biotechnology Inc.).

Flow cytometry. FITC-, PE-, PE-Cy7-, APC-, APC-Cy7-, or Pacific Blue-
conjugated mAbs were purchased from BD Biosciences or eBioscience and
are listed in Supplemental Table 2. Flow cytometry was performed using
FACSCalibur and FACSAria (BD) with FlowJo software (Tree Star). The
purity of sorted cells was usually greater than 99%.

Bisulfite DNA sequencing analysis. Genomic DNA was purified from ESCs,
iPSCs, and MEFs by using the Allprep DNA/RNA Mini Kit (QIAGEN), and
2 ug of DNA was utilized for bisulfite conversion by using the EpiTect Bisul-
fite Kit (QIAGEN), according to the supplier’s protocol. Bisulfite-treated
DNA was amplified by PCR and cloned into the pCR 2.1-TOPO vectors
(Invitrogen); positive clones were examined by DNA sequencing using the
BigDye Terminator v3.1 Cycle Sequencing Kit (ABI), following the vendor’s
instructions. Sequences extracted from individual clones were then analyzed
to reveal the status of CpG methylation for the Oct3/4 and Nanogloci (15).

Correlation analysis of microarrays. Gene expression detected by using
microarrays was normalized by the quantile normalization method (29).
Pearson’s correlation values of logarithms of all signal intensities from
45,101 probes were calculated, and we performed hierarchal clustering of
correlation matrices to indicate the degree of similarity between cell types.
Scatter diagrams (Supplemental Figure 2) were drawn to display how simi-
larly or differently genes were expressed in 2 samples. These diagrams con-
tain only probes whose signals were present.

Generation of NKT cells from iPSCs. OP9/control and OP9/DII-1 were used
as a monolayer with OP9 medium (a-MEM supplemented with 20% FCS
[HyClone], 10 U/ml penicillin, 100 ug/ml streptomycin, and 2.2 g/l of sodium
bicarbonate). In brief, iPSCs (iPSC-7a, iPSC-7g, or iPSC-14k; 5 x 10%) were cul-
tured with OP9/DII-1 as an adherent cell layer in OP9 medium. On day 6 of
culture, most iPSC colonies were disrupted by treatment with 0.25% trypsin
(Invitrogen). The nonadherent cells were then cultured for another 4 days ona
fresh OP9/DII-1 in OP9 medium with the addition of Flt3L (10 ng/ml; Pepro-
tech). On day 10 of culture and every 4 days thereafter, nonadherent iPSC-
derived hematopoietic cells were cultured on a fresh OP9/DII-1 in OP9 medi-
um with Flt3L (10 ng/ml; Peprotech) and IL-7 (1 ng/ml; Peprotech). In some
experiments, cells obtained at the indicated days of the NKT-ES/OP9/DII-1
cultures were further cocultured on OP9/control. The method outlined above
is similar to a published protocol (also see Supplemental Figure 3) (30).

Quantitative real-time PCR. Total RNA was isolated from FACS-purified
cell populations using the TRIzoL reagent (Invitrogen). cDNA was pre-
pared by Superscript IIl RNase H- Reverse Transcriptase with random hex-
amers (Invitrogen). Quantitative real-time PCR was performed with SYBR
GreenER qPCR SuperMix (Invitrogen) for ABI PRISM 7900HT (Applied
Biosystems). Cells (2 x 103) for Zbtb16, Sh2d1a, or Hprt were used as tem-
plates. Gene-specific primer sequences were as follows: Zbtb16-fw: AAC-
GGTTCCTGGACAGTTTG, Zbtb16-rv: CCCACACAGCAGACAGAAGA;
Sh2dla-fw: ACGCCTCTGCAGTATCCAGT, Sh2dla-rv: ATGGTG-
CATTCAGGCAGATA; and Hprt-fw: TCCTCCTCAGACCGCTTTT, Hprt-rv:
CCTGGTTCATCATCGCTAATC. Quantitative analysis was performed by
AACt method by using hprt as an internal control.

Intracellular cytokine staining. Intracellular cytokine staining was per-
formed as described previously (31). For IFN-y staining in NKT cells and
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NK cells, liver MNCs from Ja187/~ mice that had received iPSC-derived
NKT cells were prepared 16 hours after administration of a-GalCer.
Brefeldin A (Sigma-Aldrich) was added for the last 4 to 5 hours of cul-
ture of liver MNCs to accumulate intracellular cytokines. Cells were
then washed and incubated with a-GalCer/CD1d dimer and anti-mouse
TCR-f3 mAD for NKT cells and anti-mouse NK1.1 and anti-mouse TCR-3
mAD for NK cells for 20 minutes at 4°C after first blocking Fc receptors
with an anti-CD16/CD32 antibody. Following fixation with Cytofix/
Cytoperm Plus (BD Biosciences), cells were stained for intracellular IFN-y
for 15 minutes at room temperature.

T cell immunity. The experimental protocols for evaluating T cell immu-
nity have been previously described in detail (see also Supplemental Fig-
ure 7 and ref. 5). Briefly, to prepare the cell-associated OVA, spleen cells
from TAP~~ mice were treated with hypertonic medium in the presence
of 10 mg/ml OVA and then incubated with hypotonic medium. The cell-
associated form of OVA (2 x 107 cells/mouse) and 2 ug a-GalCer were
coadministered i.v. to mice. Seven days later, spleen cells from immunized
mice were cultured for 6 hours with 1 uM OVA;s7.264 peptide in the pres-
ence of brefeldin A to accumulate IFN-y intracellularly. Cells were incu-
bated with the 2.4G2 mAb, then FITC anti-CD8 for 20 minutes at room
temperature, and then permeabilized and stained for PE-conjugated
anti-IFN-y (XMG1.2) mAb. For reconstitution in Jal187~ mice, iPSC-
derived NKT cells (7a-NKT or 7g-NKT cells; 4 x 10° cells per mouse) were
transferred i.v. Two weeks later, the mice were immunized with cell-asso-
ciated OVA together with a-GalCer (TOG). A week later, spleen cells from
the recipient mice were challenged with OVA;s7.264 peptide and analyzed
for IFN-y production as above.

Tumor protection experiments. As above, 2 x 107 OVA-loaded spleen cells
and 2 ug a-GalCer were coadministered to WT or Jal8/~ mice that had
been transferred with 7a-NKT or 7g-NKT cells 2 weeks before. A week later,
2 x 105 EG7 cells were inoculated s.c. into the TOG-treated or naive mice.
The parental non-OVA-transduced EL4 cells were used as control tumor
cells. Tumor growth was monitored by measuring tumor size.

Statistics. The statistical significance of differences between the experi-
mental groups was determined by the Mann-Whitney exact rank sum test.

P <0.05 was considered statistically significant.
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