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Skewed ALK Mutation Spectrum in MYCN-Amplified Neuroblastoma

when analyzed in a model with MYCN, stage, and age in a

logistic regression analysis (data not shown).

ALK low copy number gain, gene expression, and
survival

Low copy number gain of chromosome 2p material or
whole chromosome 2 gain was detected in 19.3% (49 of
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Fig. 1. Comparison of the distribution of MYCN status (A) and genomic
subtype (B) in tumors with one of the two frequent ALK mutations or ALK
amplification versus wild-type tumors. Wt, wild-type ALK; Amp, ALK
amplification; MNA, MYCN amplification.

Fig. 2. Kaplan-Meier and log-rank analysis of ALK-mutated and ALK-
amplified tumors versus ALK wild-type cases (A), F1174 mutated versus
R1275 mutated cases (B), and F1174 mutated versus wild-type cases
(C). DOD, dead of disease.
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254) and 17.7% (45 of 254) of the cases, respectively, in
keeping with the high occurrence reported in previous
studies (6, 8-10, 17). No focal low copy number gains
were detected for ALK. In cases with partial 2p gain, the
extra chromosomal segments varied in size from 15 to
87 Mb and induded the MYCN gene except for one case.
In the latter, MYCN amplification was present together
with a more distal 15 Mb gain with a telomeric breakpoint
immediately proximal to the ALK locus (Supplementary
Fig. S3). The ALK gene was included in all except four cases
of partial 2p gain (91.8%). An interesting observation,
particularly in view of the high frequency of ALK copy
number gain, was that 2p gains encompassing the ALK lo-
cus were present in only 2 of 17 mutated tumors (11.8%),
indicating that 2p gain is not a common mechanism for
increasing mutated ALK copy number.

To evaluate the possible impact of ALK copy number
gain on ALK expression, we compared Affymetrix exon ar-
ray expression data and arrayCGH data for 101 neuroblas-
tomas. This showed a strong correlation between copy
numbers of the ALK gene and expression levels (Spearman
correlation coefficient, 0.308; P = 0.002; one ALK-ampli-
fied sample was omitted from this analysis; Supplementa-
ry Fig. $4). This was confirmed by Mann-Whitney analysis
comparing the expression in tumors with normal ALK
copy number versus tumors with ALK gain (CGH result
>0.3; P = 0.001).

Next, we evaluated the relation between ALK gene ex-
pression and survival. We analyzed expression levels in
three independent datasets including a total of 440 tumor
samples (14).'® Each analysis was done on samples pro-
filed on one particular platform. These showed a correla-
tion of ALK gene expression with survival in the global
patient population (log-rank P values for overall and pro-
gression-free survival <0.05; Fig. 3A-C). Multivariate logis-
tic regression analysis (in a model testing MYCN status,
age, stage, and ALK expression) could show an indepen-
dent prognostic value for ALK mRNA expression in the
larger dataset (ref. 14; odds ratio, 2.94; 95% confidence
interval, 1.29-6.69; P = 1.02E-2), but this could not be
confirmed in the other two smaller datasets.

ALK immunoreactivity

In addition to the relation between ALK transcript ex-
pression and survival, we also investigated the ALK protein
expression status and patient survival using a tissue micro-
array containing 70 primary tumors. Kaplan-Meier and
log-rank analysis show a significant correlation between
ALK protein expression and overall survival (OS; P =
0.014) and progression-free survival (PFS; P = 0.002;
Fig. 4). The three cases with ALK mutation (R1275Q) pres-
ent on the tissue microarray had a median expression value
(score 2) whereas in the remaining ALK wild-type tumors,
ALK reactivity varied from low (score 0) to high (score 3).

'6 Koster et al., submitted.

For the evaluation of ALK activity, the level of activated/
phosphorylated ALK (p-ALK) was investigated. However,
as the specificity of p-ALK antibodies remains to be deter-
mined, we carried out Western blot analysis rather than
immunohistochemistry experiments on a panel of 22 neu-
roblastoma cell lines. This allowed for comparison of ALK
mRNA expression levels (P = 0.011) and native ALK pro-
tein levels (P = 1.55E-07) versus p-ALK protein level. We
clearly show a significant correlation between both ALK
mRNA expression levels and native ALK protein levels
with p-ALK protein levels (Supplementary Fig. S5). Inter-
estingly, we could also show that cell lines harboring the
F1174 mutation (except for the SK-N-SH cell line with
very low ALK expression levels) or ALK amplification have
relatively more phosphorylated ALK than do cell lines
with the other hotspot mutation. Moreover, cell lines with
wild-type ALK have very low levels of phosphorylated ALK
(Supplementary Figs. S6 and S7).

Transforming capacity of ALK hotspot mutations

Given the observed concordance between mutation type
and ALK activity, we also compared the transforming ca-
padcity of both ALK hotspot mutations in IL-3-dependent
Ba/F3 cell lines.

Although both mutants were able to transform Ba/F3
cells to IL-3-independent growth, cells expressing ALK
F1174L transformed the cells significantly faster than did
Ba/F3 cells expressing ALK R1275Q (Fig. 5).

Discussion

The present meta-analysis of ALK mutations of 709 neu-
roblastomas in relation to genomic profiles and clinical
parameters resulted in a number of new important obser-
vations. First, substitutions at residue F1174, one of the
two hotspot mutations, were significantly overrepresented
in MYCN-amplified tumors. Moreover, patients with the
F1174 mutation present with a particularly poor outcome.
Second, our results indicate that, although both hotspot
mutations have constitutive ALK phosphorylation, the
F1174L mutation has stronger autophosphorylation and
transformation capacity of Ba/F3 cells than does the
R1275Q mutation. Third, in contrast to some previous re-
ports, we show that ALK mutations also occur in a signif-
icant proportion of tumors with favorable stages 1, 2, and
4S (5.7% versus 7.5% in stage 3 and 4 tumors). Fourth, we
show that copy number gain of the chromosome 2 region
encompassing ALK is associated with an increased ALK ex-
pression. Fifth, increased ALK expression is associated with
a worse outcome in the global population. Finally, we
show that chromosome 2p is not frequently gained in
tumors with ALK mutations, indicating that mutated
ALK alleles are not selected for high expression by copy
number gain.

The functional relevance of the high proportion of
F1174 mutations in the subset of MYCN-amplified ALK-
mutated neuroblastomas remains undetermined, but their
co-occurrence may suggest a cooperative effect between
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Fig. 3. Kaplan-Meier and log-rank analysis for overall (OS) and progression free survival (PFS) comparing tumors with high and low ALK mRNA expression in
a published set of 251 neuroblastoma tumors (A; ref. 14), and in unpublished sets of 101 (B) and 88 (C) neuroblastoma tumors.

both aberrations in these tumors. The F1174 mutation
might contribute to an additional growth and survival
benefit in MYCN-amplified neuroblastoma cells, which
may explain the particularly poor survival of these pa-

tients. The fact that neuroblastoma cell lines with MYCN
amplifications have a relatively high frequency of F1174
mutations might also point at a particular growth advan-
tage that may have facilitated in vitro growth of these cells.
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Fig. 4. Kaplan-Meier and log-rank analysis for overall (OS) and progression free survival (PFS) comparing tumors with high (expression >2) and low

(expression <2) ALK protein expression. X-axis, number of days.

Of further interest in this context is the observation that
F1174 mutations in the germline have not been reported
up to now, which could suggest embryonic lethality. Of
particular interest was the observation that only 1 of the
10 patients with MYCN amplification together with a
F1174 mutation survived, in contrast to a 32% 5-year
overall survival rate in patients with MYCN-amplified tu-
mors without the F1174 mutation.

The different distribution across the genomic subtypes
and the adverse impact of the F1174 mutations on surviv-
al raise the question of whether the F1174 and R1275 mu-
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Fig. 5. Proliferation curve of Ba/F3 cells stably expressing the F1174L or
R1275Q ALK mutants. Ba/F3 cells expressing mutant ALK as well as
parental Ba/F3 cells were grown in the absence of IL-3 for a period of
9 days. A day 9 value for ALK F1174L was not included in the figure
because the culture had reached maximal density before this time point.

tations may execute distinct effects on tumor biology.
George and colleagues have previously also shown that
both F1174L and R1275Q mutants could transform Ba/
F3 cells, but their analysis did not reveal major differences
in oncogenic potential between these two mutants, in part
because the proliferation data were not reported in detail
(7). In our hands, the F1174L mutant transformed the Ba/
F3 cells more efficiently than did the cells expressing the
R1275Q mutant. This correlated with higher autopho-
sphorylation levels of ALK F1174L, which was not ob-
served for the R1275Q mutant.

The occurrence of mutations of particular genes in rela-
tion to genomic subgroups has been reported in certain
tumor entities, such as PIK3CA mutations in head and
neck squamous carcinomas without EGFR amplification
and B-catenin mutations in medulloblastomas with loss
of chromosome 6 (18-20). However, to the best of our
knowledge, a different distribution for mutations within
the same functional domain of one specific gene, as ob-
served here for the F1174 mutation in ALK, has not been
reported.

Our study also showed, in contrast to some of the initial
studies, that ALK mutations occur in fairly equal frequency
in both low- and high-stage tumors. Therefore, mutation
analysis should also be done in patients with low-stage tu-
mors, and the clinical characteristics and behavior of such
tumors should be carefully monitored in further studies.

In addition to mutations, ALK activation can also result
from high level gene amplification as shown by previous
studies (8-10). Meta-analysis showed that this is a recur-
rent but rare mechanism, detected in only 1.7% of the cases.
In keeping with previous studies, amplification of ALK al-
most exclusively occurs in MYCN-amplified tumors. Apart
from such rare ALK high-level amplification, high-stage

Clin Cancer Res; 16(17) September 1, 2010

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on April 12, 2011
Copyright © 2010 American Association for Cancer Research

63



Published OnlineFirst August 18, 2010; DOI:10.1158/1078-0432.CCR-09-2660

Skewed ALK Mutation Spectrum in MYCN-Amplified Neuroblastoma

neuroblastoma tumors often exhibit gain of a large part of
2p that mostly encompasses the ALK locus. In our cohort,
mutation analysis showed that only a minority of tumors
with 2p gain carried ALK mutations, although 2p gains are
present in as much as 19.3% of all neuroblastomas with
segmental imbalances. This observation indicates that 2p
gain does not act as a mechanism for increased copy num-

ber of mutated ALK, in contrast to what has been described .

for other oncogenes in other tumor entities (21, 22). In
view of the variability of centromeric break points for 2p
gains but almost consistent presence of ALK in these seg-
ments, one could assume that low copy number gain of
ALK could also imply a growth or survival advantage for
neuroblastoma cells. To test this hypothesis we analyzed
the relation between ALK copy number and expression
and the impact of increased ALK gene expression on sur-
vival. ALK gene expression was indeed shown to be copy
number sensitive, and increased ALK expression correlated
with poor survival. Using immunostaining, Passoni et al.
(2009) recently showed that ALK overexpression correlat-
ed with patient survival although no correlation was
found between mRNA and protein expression in their tu-
mor cohort (23), which is in contrast with our observa-
tions in cell lines. Our findings, together with those of
Passoni et al. (2009), indicate that increased ALK expres-
sion might be functionally relevant. Therefore, patients
with increased ALK expression might benefit from future
clinical trials with ALK inhibitors.

In conclusion, this meta-analysis shows for the first time
that the recurrent F1174 mutation predominantly occurs
in MYCN-amplified tumors, and clearly shows differences
in the frequency and distribution of ALK mutations across
the different genomic subtypes in neuroblastoma. The
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Neuroblastoma is one of the most common solid tumors in chil-
dren. Its clinical behavior ranges widely from spontaneous regres-
sion to life-threatening aggressive growth. The molecular etiology
of neuroblastoma is still enigmatic and the overall cure rate of
advanced disease is still very poor. Recent microarray-based tech-
nology provided us with important information such as compre-
hensive genomic alterations and gene expression profiles to help
us understand the molecular characteristics of each tumor in
detail. Several retrospective studies have revealed that these sig-
natures are strongly correlated with patient prognoses and led to
the construction of new risk stratification systems, some of which
are considered for evaluation in upcoming clinical studies in a pro-
spective way. Large-scale analyses using a variety of genetic tools
also discovered a major familial neuroblastoma predisposition
gene ALK, as well as new candidate susceptibility genes at 6q22
and 2q35 for sporadic neuroblastoma. Of note, ALK is mutated in
6-9% of sporadic cases, and is either amplified or constitutively
activated through mutations mainly within the kinase domain,
promoting the possibility of new therapeutic strategies using ALK
inhibitors. Additional candidates for outcome predictors such as
the methylation phenotype of tumor DNA and expression profiles
of microRNA have also been proposed. Such variety of information
will help us understand the heterogeneity of neuroblastoma biol-
ogy and further, the combined use of these signatures will be ben-
eficial in predicting prognosis with high accuracy, as well as
choosing a suitable therapy for the individual patient. (Cancer Sci

2010; 101: 2295-2301)
N euroblastoma is one of the most common pediatric solid
tumors, which accounts for 15% of all pediatric cancer
deaths. It originates from the sympathoadrenal lineage derived
from the neural crest and clinical behavior is markedly hetero-
geneous.'"” Tumors found in patients under 1 year of age are
mostly favorable and often show spontaneous differentiation or
regression, whereas tumors found in patients over 1 year of aﬁe
tend to grow aggressively and often have a fatal outcome.™
Recent development of chemotherapy has dramatically
increased the survival rates of many pediatric cancers; however,
advanced stage neuroblastoma, especially those with genomic
amplification of the MYCN oncogene, are frequently resistant to
any therapy and the outcome for patients is still very poor.t!"?
Table 1 shows the 10-year survival rates for patients in each
stage whose tumors were clinically found in Japan and sent to
Chiba Cancer Center Research Institute from 1995 to 2007. In
our dataset, MYCN-amplified cases (n = 83) showed only a 29%
long-term survival rate despite intensive multimodal therapy,
while MYCN non-amplified cases (n = 260) displayed 65% sur-
vival. Furthermore, part of the neuroblastomas categorized in

doi: 10.1111/.1349-7006.2010.01681.x
© 2010 Japanese Cancer Association

the intermediate-risk group (stage 3 or 4 tumors that possess a
single copy of the MYCN gene) often recur after a complete
response to the initial therapy. Such differences in the final out-
come of patients with neuroblastoma are presumably considered
attributable to differences in the genetic and biological charac-,
teristics that are reflected in the gene and protein expression pro-
files of the tumor.

Thus, neuroblastoma is still one of the most challenging
tumors to treat. A better understanding of the molecular charac-
teristics of neuroblastoma and a novel therapeutic strategy,
which is most effective for each tumor subset, combined with
precise tumor risk classification are required for improvement
of the cure rate, as well as the quality of life of the patients. In
this review, we summarize recent efforts to construct a novel
tumor-risk stratification system for neuroblastoma based on
the latest genome-wide genetic and gene expression profiling
assays.

Conventional risk markers for neuroblastoma

Early studies based on cytogenetics have presented several prog-
nostic markers such as DNA ploidy,”> MYCN amplification,*"’
and gains of chromosome arms 1q, 2p and 17q, as well as allelic
losses of 1p, 3p and 11q.“” Many gene expression markers
have also been reported so far through comparisen between neu-
roblastoma subsets with good and poor prognosis,®® or based
on neuronal functions; the genes whose mRNA expression is
high in the favorable type of neuroblastoma include TRKA,
CD44, pleiotrophin, N-cadherin, H-RAS, ECELI, NLRR3,
BMCC1, NEDLI and ZNF423,"%'® and those in the unfavor-
able ones include TRKB, TERT, CDC10, NLRRI, HEN2 and
LM03.1%1%2) Several positional candidate genes such as
SVV/BIRCS5, NM23-HI and NM23-H2 and PPMID on 17q,
whose expression levels are hiﬁher in advanced neuroblastomas,
have also been identified.Z>® Similarly, 7SLC1/IGSF4/
CADM1, which is mapped to 11q and known as a tumor sup-
pressor gene for lung cancer, showed lower expression in
advanced neuroblastomas.*””

Gene function-based approaches identified several important
signaling pathways strongly affecting tumor progression and
treatment resistance. In addition to the Trk family, the PI3K/Akt
pathway, Ret, HGF/c-Met pathway and Src family kinases such
as Fyn and Shc family were reported to be closely associated
with several prognostic factors and biological characteristics of
neuroblastoma cells.?*=? Because MYCN amplification is a
strong poor prognostic factor, many researchers have been inter-
ésted in searching for the genes transcriptionally regulated by
the MYCN transcription factor to understand the molecular
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Table 1. Long-term survival rates of neuroblastoma in each

international neuroblastoma staging system (INSS) stage

INSS stage No. patients Survivalt (%) MYCN amplification
1 48 100 0
2 29 92.6 3
3 60 70.4 14
4 179 333 64
4s 27 59.3 2
Total 343 83

tTen-year survival rate.

characteristics in tumors with and without MYCN amplifica-
tion.C>>*

Thus, certain numbers of markers have been proposed; how-
ever, each single marker has still not been sufficient to be newly
included in clinical practice. Therefore, current clinical studies
using many divergent therapeutic strategies have adopted only
limited clinical markers with a strong prognostic impact, includ-
ing: patient age at diagnosis with two age cut-offs of 12 and
18 months; 3~ disease stage defined by the intemational neu-
roblastoma staging system (INSS);*” MYCN copy number and
1p loss; and sometimes add DNA ploidy and histopathological
information®® for risk stratification (US, Europe and Japan). To
make an efficient tumor classification system, multiple genes
that explain each character of tumor subsets need to be consid-
ered in a computational machine-learning approach that is
recently sophisticated for cancer study.

Risk classification of neuroblastoma by gene expression
signatures

Microarray technology enabled us to examine simultaneously
enormous molecular features including gene expression and
genome alterations in tumors and to construct a novel prognosis
classifier by using those with high performance. One of the good
practical examples is the 70 genes-based risk classification sys-
tem for breast cancer, which was approved by the FDA as the
first microarray-based biomarker for cancer diagnosis.®? As for
neuroblastoma, the study by Wei et al.“*? for the first time indi-
cated that a gene-expression-based classifier can predict the
prognosis of patients efficiently by profiling the 56 tumors using
c¢DNA microarrays containing 42 578 cDNA clones (classifica-
tion accuracy was 95% for 21 test samples).

We also conducted gene expression analysis of 136 neurobl-
astomas diagnosed in Japan by using a 5340 neuroblastoma-
derived genes chip.*" The top-ranked 70 prognosis-related
genes were selected through machine learning with the survival
information of patients and used to construct a computational
algorithm for prognosis prediction. The algorithm calculates sur-
vival probabilities of each patient at 2 years or 5 years after
diagnosis, which is indicated by a ‘‘posterior’’ value range from
0 to 1 (Fig. 1). The microarray classifier could predict patient
prognosis with high efficiency (90% accuracy, 96% sensitivity
and 90% specificity), and is revealed to be the only powerful
predictor to classify intermediate-risk-type neuroblastoma (stage
3 or 4 without MYCN amplification, prediction accuracy was
86%), whereas the current clinical markers (age, stage and
MYCN) exhibited only 64% accuracy.

Based on these results, we subsequently made a *‘mini-chip’’
carrying the top-ranked 200 genes for clinical use.*" The inde-
pendent test of 50 tumor samples for evaluation indicated high
reproducibility as well as high efficiency (approximately 89%)
for our chip system. This mini-chip test is now under clinical
validation in a larger cohort in Japan. This work is the first to
construct a clinically available DNA chip harboring prognosis-
related genes specifically selected for prognosis prediction,

2296

which gave a highly reproducible result to those obtained by the
chip for the original screening.

Oberthuer et al.*? then indicated that the gene expression
classifier may improve the risk estimation of current neuroblas-
toma trials. By using a customized oligonucleotide microarray
comprising 10 163 probes, they constructed a 144-gene predic-
tor from 77 samples, which could classify 174 patients more
accurately than risk stratification of current trials from Germany,
Japan and the United States (P < 0.001).

Asgharzadeh et al.*® focused their work on 102 intermedi-
ate-risk neuroblastomas (with MYCN nonamplified stage 4 dis-
ease) using Affymetrix arrays containing 45 000 probes. This
work describes the first gene-expression-based classifier specifi-
cally generated for metastatic neuroblastoma lacking MYCN
amplification.

Although the precision and reproducibility of microarray
analysis have been markedly improved, validation of micro-
array data obtained by different platforms has been necessary
to evaluate selected genes using an independent technolog
such as quantitative real-time PCR (qPCR). Schram et al.™
first applied the multiplex gQPCR method to have their gene-
expression-based classifier from 63 neuroblastoma patients.
They showed gPCR was almost comparable, although with
some exceptions, with results obtained using the Affymetrix
platform, and that multiplex gPCR could provide a convenient
and less expensive tool for routine application in a clinical set-
ting.

To select reliable genes that will provide a stable prediction
result to make better risk classification, meta-analysis of previ-
ously reported studies have also been conducted.“*>*S Chen
et al.*> compared the gene expression profiles of 42 neuroblas-
toma samples using both cDNA and the Affymetrix platforms
and concluded that gene expression studies performed in differ-
ent platforms could be integrated for prognosis analysis after
removing the variation msultin% from the different platforms.
Quite recently, Vermeulen e al.”*® selected 59 genes as a prog-
nosis classifier based on a re-analysis of seven published micro-
array gene expression studies combined with previously
reported single-candidate prognostic genes, and conducted a
large-scale retrospective study by applying qPCR to 30 training
samples, 313 test samples and 236 blind validation samples.
Their multigene-expression signature exhibited 85.4% accuracy,
84.4% sensitivity and 86.5% specificity for those samples.

Risk classification of neuroblastoma by genomic
signatures

In the 1990s, loss of heterozygosity, fluorescence in situ hybrid-
ization, and comparative genomic hybridization (CGH) analyses
have been used for detecting the chromosome alterations that
occurred in neuroblastoma with approximately several ten
megabases of resolution. From the 2000s, microarray-based
technology combined with the CGH method (array CGH)
enabled us to obtain genome-wide, high-resolution genomic
information simultaneously (from 1 megabase to <10 kilobases).
Early studies have used in-house bacterial artificial chromosome
(BAC) array or cDNA microarray to identify novel cancer-
related genes or crucial genome copy number alterations that
determine distinct genetic subgroups for risk stratification.*’*®
Recent array CGH studies also strongly support the idea that
neuroblastoma tumors can be categorized by the genomic signa-
ture into several subgroups with different alteration patterns and
prognosis. To unveil DNA copy number alterations that charac-
terize distinct subsets of neuroblastoma, we have conducted
array CGH with a DNA chip carrying 2464 BAC clones (whose
resolution was approximately 1 Mb) to examine genomic aberra-
tions in 236 primary neuroblastomas in Japan (112 sporadic and
124 mass screening cases, Fig. 2).*%
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Fig. 1. Gene expression profile-based classifier to predict prognosis of the patient with neuroblastoma. (a) Posterior probability of survival at
5 years for 50 neuroblastomas measured by 200 genes-diagnostic mini-chip. Left panel: neuroblastoma samples with clinical information. DA,
outcome (red, dead; blue, alive) at 2 years and 5 years after diagnosis; ST, international neuroblastoma staging system (INSS) stage (red, 3 or 4;
blue, 1, 2 or 4s); NM, MYCN amplification (red, amplified; blue, not amplified); AG, age at diagnosis (red, >1 year; blue, <1 year); TA, TRKA
expression (red, low; blue, high); PL, DNA ploidy (red, diploidy; blue, aneuploidy). A red or blue horizontal line denotes the survival period after
diagnosis for a dead or alive patient, respectively. Right panel: prediction results when the supervised classifier constructed from 136 training
samples is applied to the 50 independent samples (blue). Leave two out cross-validation analysis using the 50 samples (red). Higher value of
posterior means a higher probability of a good prognosis. (b,c) Representative examples of the mini-chip test. Case 1 predicted as the
unfavorable type. Posterior: 0.018. Case 2 predicted as the favorable type. Posterior: 0.925. )

Ohira and Nakagawara Cancer Sci | November 2010 | vol. 101 | no. 11 | 2297
© 2010 Japanese Cancer Association

69



Our array CGH analysis demonstrated three major groups of tumors.®*” To validate this risk classification in a new, indepen-
genomic alterations in sporadic neuroblastomas (z = 112) that  dent sample set, we started additional array CGH analysis by
can well define the prognoses of neuroblastomas: a genetic  applying another genome platform (Agilent oligo-microarray and
group (GG) of silent with no obvious losses and gains except ~ Affymetrix SNP chip) (Ohira et al., manuscript in preparation).
MYCN amplification (GG-S, n = 23; 5-year cumulative survival Similarly, Janoueix-Lerosey et al.®® examined 493 French
rate: 68%; DNA ploidy: 87% diploidy); that of partial chromo-  patients by array CGH and indicated that analysis of the overall
somal gains and/or losses (GG-P, n = 53; 43% survival; 77%  genomic pattern is essential to predict relapse in neuroblastoma
diploidy); and that of whole chromosomal gains and/or losses patients. Their subclassification uses the structural alterations of
(GG-W, n = 36; 80% survival; 22% diploidy). Further subcate-  ‘‘segmental’’ and ‘‘numerical’’ in addition to MYCN amplifica-
gorization of the three groups was based on signatures with tion. The resulting five subgroups have clearly differing out-
strong correlation values to the prognosis (1p loss, MYCN ampli- comes. Tumors presenting exclusively numerical were
fication and 11q loss) resulting in several cohorts with highly  associated with excellent survival, whereas the presence of seg-
contrasting outcomes (Fig. 2). mental alterations with or without MYCN amplification was the

Statistical analyses of our two classifiers constructed by array  strongest predictor of relapse.

CGH (GG-S, GG-P and GG-W) and gene expression profiling In contrast to the gene expression microarray analysis, array
(posterior value)“*" in sporadic neuroblastomas showed that, in ~CGH technology needs smaller amount of tumor materials and
addition to the gene expression signature, the genomic signature  provides highly reproducible data even if different kinds or a lot
is also a significant prognostic indicator for all and/or the inter-  of platforms are used. Considering that the gene expression sig-
mediate risk-type of neuroblastoma (Table 2). More importantly, nature and the %enome alteration signature were independent
multivariate analysis indicated that these two signatures were risk predictors, 49 prospective studies using both gene
mutually independent prognostic indicators (Table 2, bottom), expression and array CGH signatures will really be necessary to
especially among the patients with intermediate-risk-type validate each potential in risk stratification for neuroblastoma.
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Fig. 2. Genome alteration-based risk classification of neuroblastoma. Representative genomic signatures of 112 sporadic neuroblastomas
detected by array comparative genomic hybridization (CGH). In this figure, only the major subgroups (sample number in genomic subgroups 23)
are shown. The panel in the middle shows 20 Mb-averaged frequencies of gains (upper panel, shown by red lines) and losses (lower panel,
shown by green lines) at chromosome locations complementary to bacterial artificial chromosome (BAC) clones in each genomic subgroup. The
right panel shows the S-year overall survival rates (5y-OS), as well as the important features of chromosomal events including MYCN
amplification, deletions of chromosomes 1p and 11q and gains of chromosome 17q or whole chromosome 17. Genomic groups (GG-S, GG-P, and
GG-W) and subgroups (Sa, Ss, etc.) with the sample number involved in each group (N, total sample number in each genomic group; *note that
only representative groups are shown) and subgroup (in parenthesis) are also indicated on the left. a, MYCN amplified; s, MYCN non-amplified.
Note that GG-S, GG-P and GG-W corresponded well with the pattern of chromosome 17 abnormalities, namely, no gain of either chromosome
17 or 17q, gain of chromosome 17q and gain of whole chromosome 17, respectively. Subgroup 1 harbors 1p loss but not partial 11q loss.
Subgroup 2 has both 1p and 11q losses. Subgroup 3 has partial 11q loss but not 1p loss. Subgroup 4 has no partial 1p and 11q loss. Subgroup
GG-WS5 is the exception and has whole chromosomal gains and losses in several chromosomes, but not whole chromosome 17 gain. GG-W
subgroups showed a favorable prognosis, except for two cases with MYCN amplification. Sa is very poor (Sy-OS: 0%), whereas Ss showed
favorable prognosis (5y-OS: 89%). Patients with GG-P tumors exhibited various survival rates but a lower range, from 0% to 67%; the P2s
subgroup (5y-OS: 40%) had a worse survival rate than P3s (5y-OS: 59%). It may be that 1p and 11q loss may have a similar impact on patient
survival and work additively to the prognosis. Only the P1a subgroup showed a better prognosis among Pa tumors (Sy-OS: 44%). For more
detail, see reference 49.
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Table 2. Clinical impact of genomic and gene expression signatures, as well as other conventional prognostic factors in sporadic

neuroblastomas

Sporadic neuroblastomas (n = 112)

n P-value HR Cl

Univariate analysis

Array CGH signature (P versus W + S) 53 vs 59 0.003 2.6 (1.4, 4.9)

Gene exp. signature (Posterior <0.5 vs 20.5) 22 vs 18 <0.001 11.2 (2.5, 49.4)

Age at diagnosis (21 year old versus <1 year old) 74 vs 38 0.006 2.7 (1.2, 5.8)

INSS stage (3, 4 vs 1, 2, 4s) 73 vs 38 <0.001 4.9 (1.9, 12.5)

MYCN (Amplification versus Single copy) 36 vs75 <0.001 4.0 (2.2, 7.9)
Multivariate analysis

Array CGH signature (P versus W + S) 15vs 25 0.045 29 (1.0, 8.3)

Gene exp. signature (Posterior <0.5 vs 20.5) 22 vs18 0.002 7.5 (1.7, 33.4)

CGH, comparative genomic hybridization; Cl, confidence interval; HR, hazard ratio; INSS, international neuroblastoma staging system; n, sample

number; P, P-value.

ALK gain-of-function mutations in familial and sporadic
neuroblastoma cases

A familial history of neuroblastoma is identified in 1-2% of
cases. A genome-wide scan in neuroblastoma pedigrees and sub-
sequent resequencing of candidate loci have identified a major
familial neuroblastoma predlsposmon gene Anaplastic lym-
phoma kinase (ALK).®" Somatic ALK mutations or _ghﬁca-
tions were also identified in 6-9% of sporadic cases.’
is a receptor tyrosine kinase predominantly expressed in the
developing nervous system. Most of the ALK mutations
reported so far are localized within the kinase domain and are
assumed to produce constitutively activated proteins. A number
of neuroblastoma cell lines were also shown to harbor activating
ALK mutations. According to the recent success of small mole-
cule tyrosine kinase inhibitors in a certain subset of cancers,
such as gefitinib in non-small-cell lung carcinoma with epider-
mal growth factor receptor (EGFR) mutations, a similar thera-
peutic approach based on inhibition of ALK-mediated signaling
will be expected to target oncogenic ALK mutations in neuro-
blastoma. Several studies using the existing ALK inhibitor com-
pounds have shown that neuroblastoma cell lines harboring
different activating ALK mutations appear to respond differently
to the agent. The reasons behind this differential response to the
inhibitor are currently unclear, but may indicate differences in
the genetic background, or reflect complex genetic predisposi-
tions acquired by these cells.

Under the current protocols, patients with ALK mutation or
amplification appear to have a worse prognosis. However, ALK
abnormalities seem to highly correlate with MYCN amplifica-
tion, so whether ALK mutation is an independent risk factor for
poor prog)nosns or not needs to be further investigated in a large
cohort.®

Loss-of-function germ line mutations have been detected in
PHOX2B, a homeobox gene functioning as an important regu-
lator of normal autonomic nervous system development, impli-
cating this pathway in neuroblastoma initiation in a certain
subset of cases.”’” However, subsequent studies for this gene
have indicated that PHOX2B mutations explain only a small
subset of hereditary neuroblastoma and are rare in sporadic
neuroblastomas.

Genome-wide association study: risk alleles associated
with malignant neuroblastoma

Since the majority of neuroblastomas arise without a family his-
tory of the disease, the hypothesis that multiple common DNA
variations cooperate to increase the risk for neuroblastic malig-
nant transformation was considered. By using a large number of

Ohira and Nakagawara

samples from more than 1700 neuroblastoma patients, as well as
over 4000 controls, Maris et al.‘ conducted a genome-wide
association study (GWAS) of 550 000 SNP genotypes and iden-
tified common SNP alleles within the putative FLJ22536 and
FLJ44180 genes at 6p22 and within the introns of the BARD!
gene at 2q35, which are associated with sporadic neuroblastoma
with malignant phenotypes. BARDI is known to heterodimerize
with the familial breast cancer gene product BRCA1 and is con-
sidered to be essential for the tumor suppressive function of
BRCAL. .

Copy number variations (CNV) have been shown to signifi-
cantly influence mRNA expression levels and recent studies
have described associations of CNV with some of the common
diseases. Subsequent CNV-based GWAS indicated that a com-
mon CNV at 1q21.1 likewise contributes to neuroblastoma sus-
ceptibility, and that this CNV leads to an altered expression of
NBPF23, a new member of the neuroblastoma breakpoint family
(NBPF) genes.(m

Ongoing studies are now focused on understanding the bio-
logical consequences of these common DNA variations in the
developing sympathetic neuroblast and how these influence
malignant transformation.

Epigenetic alterations

Recently, epigenetic alterations have been reported to be
strongly related to the patient prognosis with neuroblastoma.
Methylation of CpG islands (CGI), which is deeply involved in
embryonic development and tissue differentiation, is one of the
epigenetic alterations in cancer. According to early studies, pro-
moters such as RASSFIA, CASP8, BLU and DCR2 genes, were
frequently hyperme! (ylated in primary neuroblastomas and neu-
roblastoma cell lines.®

Abe et al.‘% first proposed that CpG island methylator
phenotype (CIMP) in the tumor genome, which is defined sensi-
tively by five CGI such as the Protocadherin beta family, is
strongly associated with poor survival of patients with neuro-
blastoma with extremely high hazard ratios, reaching as high as
22 and 9.5 in Japanese and German cases, respectively. Strik-
ingly, the CIMP was also a significant and strong Pro&nostic
marker among the cases without MYCN amplification.>°®

Very recently, a sensitive method to detect methylation of
RASSFIA and DCR2 promoters in circulatin tumor-orlgmated
genomic DNA in serum has been developed.®’ Hypermcthy-
lation of these genes is strongly correlated with poor prognosis.
This technique will also be available for other systems like gen-
ome copy number changes in the near future, so the diagnosis
and risk classification of neuroblastoma will be quicker and less
stressful for patients.
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Expression profiles of non-coding RNA also correlate the
neuroblastoma subtypes

MicroRNA (miRNA) is a class of small non-coding RNA that
regulates gene expression at a post-transcriptional level.(®%79 Jts
deregulation has recently been implicated in the pathogenesis of
neuroblastoma. For instance, miR-34a on chromosome 1p acts
as a suppressor of oncogene in neuroblastoma,”'~"® whereas
some miRNA, such as miR-17-5p, OncomiR-1 and miR-9,
behave like oncogenes or metastasis-promoting genes through
direct up-regulation by MYCN."*7® Expression profiling stud-
ies of miRNA have identified a set of miRNA that are differen-
tially expressed between favorable and unfavorable tumor
subtypes of neuroblastoma”*7%"® and these expression profiles
were also predicative of the clinical outcome, highlighting the
potential for miRNA-mediated diagnostics and therapeutics.
Bray and co-workers analyzed 145 neuroblastomas for miRNA
expression (430 loci) by stem-loop RT gPCR.7 They devel-
oped a signature from 15 miRNA that was predictive of overall
survival with 73% sensitivity and 87% specificity in the 49 vali-
dation set of tumors.

The large non-coding RNA are another class of non-coding
RNA that are usually produced by RNA polymerase II and
lack a significant open-reading frame.”” We have identified
ncRAN, a novel large non-coding RNA transcript whose
higher expression significantly correlated with a poor progno-
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sis of patients (P = 0.0002), and was recognized as an inde-
pendent pr%nostic factor from age, disease stage and MYCN
expression.*”’ Because a certain number of such long non-
coding cDNA have been observed in our neuroblastoma
cDNA library,®%*D further analysis of such clones will be
necessary to examine the role of long non-coding RNA in
neuroblastoma biology.

Future directions

The era of personalized medicine is likely to see an escalation in
the use of biomarkers to ensure cancer patients receive optimal
treatment. Microarray contents are still getting more variations
with higher resolution (genomes, SNP, transcripts, miRNA and
proteins). In addition, new generation DNA sequencing technol-
ogies have been developed rapidly. In the next few years, we
will have a lot of information about mutations of oncogenes and
tumor suppressors, as well as detailed mRNA expression profiles
to be integrated into future personalized medicine for neuroblas-
toma. Data obtained by these technologies will facilitate our
understanding for the mechanism of heterogeneity in the clinical
phenotype. The integration of multiple molecular profiles after
sufficient validation by multivariate-statistical analyses will
make tumor risk classification for neuroblastoma much more
feasible.
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Murine induced pluripotent stem cells

can be derived from and differentiate
into natural killer T cells
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NKT cells demonstrate antitumor activity when activated to produce Th1 cytokines by DCs loaded with
o-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 Val4-Jal8 in mice (1) and by Va24-
Jo18 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 Thl 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 tcumor reduction was
detected, tumor markers were significantly decreased.

A more extensive phase I/Ila clinical trial of a-GalCer-load-
ed DC therapy (totral 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.

Resules 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
CS57BL/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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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 dimer+TCR-g+ population and further
analyzed for the expression of the indicated markers, NK1.1 versus CD3e 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 mMRNA levels by quantitative real-time PCR (2 x 10° 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 (10%/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,Band C). Therefore, the iPSC-7a and iPSC-7g cells were sufficient-
ly reprogrammed. Furcthermore, 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 IEN-y in the switching culture
on OPY/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 Fle-3 ligand (Fle3L) at the
culcure 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 105 iPSCs gave rise
to 3 x 107 iPSC-derived NKT cells at culture day 25 (Supplemen-
tal Figure 4C) that expressed TCR- 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
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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 CD24bi, CD44l/in, CD62LM, CD69*, CD122!/~, and
NKG2D-, which phenotypically resemble the earliest thymic NKT
cells, so-called stage 0 NKT cells (Supplemental Figure S). 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,
Cand D). TheiPSC-derived NKT cells from both iPSC-7a and iPSC-7g
proliferated similarly to splenic NKT cells (Figure 2C). The
cytokines, such as [FN-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 pg 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 Jo.187~ mice, which lack endogenous NKT
cells. A considerable number of the 7a-NKT and 7g-NKT cells were
detectable in the liver of o187~ 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 Ja18~~ mice. Interestingly,
7a-NKT and 7g-NKT cells detected in the liver were CD24'°, CD44",
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 [FN-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-f- 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,
[FN-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
Ja187~ 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 10° 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 Jal87~ mice (Figure 3F).
The growth of EG7 tumor cells in Jol8~7~ 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 106) 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 SSEAL,
Oct3/4, and Nanog in the iPSC-14k cells (Figure 4B) and the
expression of endogenous Oct3/4, Sox2, KIf4, Nanog, Ecatl, 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 theiPSC-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 CD24hi, CD44%,
CD62LM, CD122%, CD69, and NKG2D- (Supplemental Figure 5),
and of note, approximately 30% of them expressed NK1.1 (Figure
4F). 0-GalCer/CD1d dimer*TCR-f* 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-B* 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
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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 Ja.78-- mice at indicated time
points after adoptive transfer of liver NKT, 7a-NKT, or 7g-NKT cells
(4 x 108 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 Ja78-- mice that received iPSC-derived NKT cells were
primed i.v. with a-GalCer (2 ng). 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 OVA;s7.064 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 105 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 [FN-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 PaxS 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-targered 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 sSeciﬁc 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 Tcr 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 Jal8~~ 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, immacure
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
Fle3L 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) obrtained from
NKT B6 mice generated by the cloned ESCs; iPSCs (iPSC-7a, iPSC-7g) gen-
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