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Abstract

Forced expression of certain transcription factors in somatic cells results in generation of induced
pluripotent stem (iPS) cells, which differentiate into various cell types. We investigated T-cell and
B-cell lineage differentiation from iPS cells in vitro. To evaluate the impact of iPS cell source, murine
splenic B-cell-derived iPS (B-iPS) cells were generated after retroviral transduction of four
transcription factors (Oct4, Sox2, Kif4 and c-Myc). B-iPS cells were identical to embryonic stem (ES)
cells and mouse embryonic fibroblast (MEF)-derived iPS cells in morphology, ES cell marker
expression as well as teratoma and chimera mouse formation. Both B-iPS and MEF-derived iPS cells
differentiated into lymphocytes in OP9 co-culture systems. Both efficiently differentiated into T-cell
lineage that produced IFN-y on T-cell receptor stimulation. However, iPS cells including B-iPS cells
were relatively resistant to B-cell lineage differentiation. One of the reasons of the failure of B-cell
lineage differentiation seemed due to a defect of Pax5 expression in the differentiated cells. Therefore,
current in vitro differentiation systems using iPS cells are sufficient for inducing T-cell but not B-cell

lineage.
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Introduction

Pluripotent stem cells are being used extensively in biomedi-
cal research as they are proving invaluable for an array of
potential applications. Pluripotency can be induced in
mouse and human somatic cells by forced expression of
OCT4 and SOX2 with a combination of either KLF4 and
MYC or NANOG and LIN28 (1-4), resulting in the formation
of induced pluripotent stem (iPS) cells. Differentiation of iPS
cells into various cell types belonging to the three germ
layers has been demonstrated by the analysis of teratomas
generated from mouse and human iPS cells. In addition, the
pluripotency of iPS cells is further evidenced by the contri-
bution of iPS cell-derived cells to development of various
organs of chimeric mice developed from iPS cell-introduced
blastocysts (5). Regarding in vitro generation of cells of me-
sodermal lineage from iPS cells, differentiation into cardiac
myocytes and endothelial cells from mouse iPS cells has
been recently reported (6-8). However, it remains to be de-
termined whether fully differentiated and functional haemato-

poietic cells can be generated from iPS cells by direct
differentiation in vitro. Senju et al. (9) recently reported that
mouse iPS cells can differentiate into macrophages and
dendritic cells. Lei et al. (10) recently reported that mouse
iPS cells can differentiate into T cells. However, information
regarding differentiation into B cells is limited.

Differentiation of iPS cells into haematopoietic cells includ-
ing lymphoid lineage is being considered for establishing
new therapeutic tools for treating some haematological or
immunological disorders. To assess the lymphoid lineage
differentiation from iPS cells, we used the in vitro OP9 co-
culture system. It has previously been demonstrated that
haematopoietic stem and embryonic stem (ES) cells can dif-
ferentiate into both T and B cells in this system (11). We
were able to induce differentiation of mouse embryonic fibro-
blast-derived iPS (MEF-iPS) cells and found that they could
easily differentiate into T-cell lineage, but not B-cell lineage,
using this system (described below). We hypothesized that
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this disparity was dependent on the source of iPS cells.
Therefore, we attempted to generate iPS cells from B cells
instead, using the ‘classical’ retroviral transduction of four
Yamanaka transcription factors (Oct4, Sox2, KlIf4 and
c-Myc) (3) and successfully generated iPS cells from murine
splenic B-cell-derived iPS (B-iPS) cells. Here, we report the
generation of B-iPS cells and their efficient and reproducible
differentiation into T-cell lineage in vitro. In contrast, the
results indicated that iPS cells are relatively resistant to dif-
ferentiate into B-cell lineage in vitro.

Materials and methods

Mice and cell lines

Imprinting control region (ICR) mice and non-obese diabetic
(NOD)-SCID mice were purchased from Japan CLEA, Inc.
(Tokyo, Japan). C57BL/6-Ly5.1 mice were purchased from
RIKEN Bioresource Centre (Ibaraki, Japan). All animal pro-
cedures were approved by the St Marianna University Ani-
mal Care Committee. The mouse iPS-MEF-Ng-38C-2 cell
line (MEF-iPS), which was generated from MEFs by retroviral
transduction of Oct4, Sox2, KlIf4 and c-Myc (5), was kindly
provided by Dr Yamanaka (Kyoto University). MEF-iPS cells
were maintained in DMEM medium supplemented with 15%
FCS, 2 mM L-glutamine, 0.1 mM non-essential amino acids,
0.1 mM 2-mercaptoethanol, 10 U ml~" of penicillin and
100 pg mi~" of streptomycin (all from Invitrogen) containing
100X of recombinant human leukaemia inhibitory factor
(LIF) supernatant (Wako, Tokyo, Japan) on feeder layers of
irradiated MEF in 6-cm culture dishes. OP9 and OP9-DL1
cell lines were generous gifts from Dr Hiroshi Kawamoto
[Research Center for Allergy and Immunology (RCAI),
RIKEN, Yokohama, Japan] and were cultured as monolayers
in OP9 media (a-MEM supplemented with 20% FCS, 0.1
mM 2-mercaptoethanol, 0.1 mM non-essential amino acids,
1 mM sodium pyruvate, 10 U mi~" penicillin, 100 ng mi~" of
streptomycin and 2.2 g I=" sodium bicarbonate). The ES cell
line (B6 Ly5.1 ES) was a generous gift from Dr Haruhiko
Koseki (RCAI, RIKEN). ES cells were maintained in ES cell
media DMEM high glucose supplemented with 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, 100 pM
beta-mercaptoethanol, 15% FCS, 100 U mi~? penicillin and
100 ug ml~" of streptomycin and recombinant human LIF su-
pernatant on irradiated MEFs. MEFs were generated from
embryos on day 14 as described previously (3).

Generation of iPS cells from peripheral B cells

pMXs vectors encoding Oct4, Sox2, Klf4 or c-Myc were
established as described previously (3). Retroviruses were
prepared as described previously (3, 5), and 8 pg mi~" of
polybrene (Sigma-Aldrich, St Louis, MO, USA) was added
to the virus-containing supernatant. Murine splenic B cells
were isolated with MACS beads (Miltenyi Biotech) as deter-
mined by CD19" expression (purity > 98%). The isolated
CD19" cells were incubated in RPMI1640 medium supple-
mented with 10% FCS, 10 U mI~" penicillin, 100 ug mi~"
streptomycin, 2 mM glutamine, 1 mM sodium pyruvate and
50 uM 2-mercaptoethanol in the presence of 10 ng mI~" IL-4
(Peprotech) and 1 pg mi~' LPS (Sigma-Aldrich). After

24 h, the four reprogramming factors or Green fluorescent
protein was introduced by retroviral transduction with centri-
fugation (780 X g for 60 min) and then incubated for 4 h in
a 32°C, 5% CO, incubator and then incubated at 37°C. Viral
transduction was performed twice over two consecutive
days. Four days after the first transduction, RPMI medium
was replaced with iPS cells medium. Twelve days after the
first transduction, cells were plated onto irradiated MEF su-
pernatant in iPS cells medium in 100-mm dishes. Seventeen
days after the first transduction, iPS cell colonies were iso-
lated in iPS cell lines.

Teratoma formation, histological examination and blastocyst
injections

iPS cells (3 X 10°) suspended in PBS containing 10% FCS
were inoculated into testes of NOD-SCID mice. Four weeks
after the injection, tumours were surgically dissected from
the mice and fixed in 4% formaldehyde. The samples were
embedded in paraffin. Sections (5 pm) were stained with
haematoxylin and eosin. For blastocyst injections, a con-
trolled number of B-iPS cells was micro-injected into ICR
blastocysts and transferred to pseudopregnant female mice.

OP9 co-cultures

Differentiation of iPS cells was induced with a withdrawal of
LIF from the culture in a non-treated plastic dish. By day 5
of culture, embryonic body-like round-shaped spheres were
formed. The spheres were disrupted with 0.25% trypsin
(Gibco-BRL). The resultant single-cell suspensions were re-
plated at a density of 6 x 10° cells per 100-mm non-treated
dish containing fresh OP9 cells with the addition of FIt3 li-
gand (20 ng mi~" for B-cell lineage or 5 ng mi~' for T-cell
lineage differentiation; R&D Systems). On day 8 of culture,
loosely adherent haematopoietic cells were harvested by
gentle pipetting. Every 6 days thereafter, non-adherent iPS
cell-derived haematopoietic cells were collected by vigorous
pipetting, filtered through a 70-pm nylon mesh and trans-
ferred onto fresh OP9 (for B-cell lineage culture) or OP9/
DL1 (for T-cell lineage culture) monolayers in OP9 media.
On day 8 of culture, another FIt3 ligand and exogenous IL-7
(5 ng mi~": R&D Systems) were added. Both cytokines were
included at all subsequent passages.

Flow cytometry and antibodies

Flow cytometry was performed with an FACScalibur® or
FC500® instrument and analyzed by CellQuestPro® or
FlowJo® software. FITC-conjugated anti-CD3 (clone 145-
2C11) and -CD45 (clone 30-F11); PE-conjugated anti-CD8
(clone 53-6.7), -CD19 (clone 1D3), -CD25 (clone 7D4), IFN-
v (clone XMG1.2), TCRy3 (clone GL3), Flk-1 (clone
89B3A5); allophycocyanin-conjugated anti-CD4  (clone
GK1.5), CD11b (clone M1/70), CD44 (clone IM7), TCRp
(clone H57-597), biotin-conjugated anti-CD3 (clone 145-
2C11) and CD19 (clone 1D3) mAbs were purchased from
Biolegend. A PE-conjugated anti-FoxP3 (clone FJK-16s) was
purchased from eBioscience. An FITC-conjugated TCR
panel was purchased from BD Biosciences. For analysis,
live cells were gated based on forward and side scatter as
well as lack of propidium iodide uptake.

$20z Iudy 2| uo1senb Aq |Z8199/G9/1/£Z/e1oMe/Wwiwnul/wod dnoolwspede//:sdiy woly papeojumoq



T-cell stimulation assay

Non-adherent cells from iPS-cells/OP9-DL1 co-cultures at day
21 were collected by vigorous pipetting and filtered through
a 70-um nylon mesh. Collected cells were pre-plated into
a fresh dish and cultured for 1 h at 37°C in 5% CO, incu-
bator to avoid contamination of MEFs. Then the collected
cells were stimulated for 2 days with plate-bound anti-CD3
(1 ng mi~"; clone 145-2C11) mAb in differentiation medium
in the presence of IL-2 (1 ng ml~") and anti-CD28 (1 ng
mi~"; clone 37.51). Cells were subsequently cultured for
6 h in the presence of phorbol myristate acetate/ionomycin. In-
tracellular staining for IFN-y was performed with Cytofix/
Cytoperm® (BD Bioscience) according to the manufacturer’s
instructions. Cells were analyzed by flow cytometry.

Bisulphite genomic sequencing analysis

Genomic DNA was prepared by using QIAGEN DNA extrac-
tion kit (QIAGEN). Whole genomic DNA was bisulphited by
MethylEasy™ Xceed (Human Genetic Signatures); follow
the manufacture’s protocol. The resultant DNA was amplified
using AmpliTag® DNA polymerase (Applied Biosystems)
and primers specific for the Pax5 promoter region 5’-
TGGTTGATAATTGTGTTAGTATAGGG-3" and 5'-AAACCCAA-
AAAACAACAATACC-3" under the following conditions: 95°C
for 1 min, 35 cycles of 95°C for 30 s, 53°C for 90 s, 72°C
for 60 s and 72°C for 10 min. PCR product was cloned into
pCR-TOPO vector using TOPO® TA cloning kit (Invitrogen).
At least five individual bacterial clones were analyzed. DNA
sequencing was performed using ABI PRISM™ 310 Genetic
Analyzer (Applied Biosystems).

Gene rearrangement analysis

Genomic DNA was prepared by using QIAGEN DNA extrac-
tion kit (QIAGEN). PCR primers used for Ber V-DJ and Ter
rearrangement analyses have been described previously
(12, 13).

Reverse transcription-PCR

cDNA was generated with oligo dT primers and Superscript
Il (Invitrogen) from total RNA samples. Reverse transcription
(RT)-PCR was performed with Amplitag® (Applied Biosys-
tems) for ES markers and lymphocyte differentiation
markers. The primers used for ES cell markers analysis were
described previously (3, 11). We used the following primers
for development and differentiation analysis: 5'-ATGGAA-
GGGTTTTCCCTCACCGCC-3’ and 5'-GTCCACGCTCTGCA-
GCTCTGTGAA-3’ for Pu.1, 5'-TGCAGACATTCTAGCACTC-
TGG-3' and 5’-ACATCTGCCTTCACGTCGAT-3’ for Rag-1,
5’-CCTGCCTCTCCTCCTCTTCT-3" and 5'-CCCCTGGAGAT-
GTCCTCATA-3' for Igu, 5'-GATGCGGTGGAACACTTTCT-3’
and 5’-TAGTCTGGGTTGGGAACAGG-3’ for Cd3e¢, 5'-CGC-
ACTGACCACGAGCTTCAC-3" and 5'-TCCAGGGACAGCA-
CCTCATCTG-3’ for E47, 5'-AGCAACTGGACGCATGTATC-3’
and 5'-TCACCATCTCTGTAGTCAGG-3’ for /I-7ra, 5'-CAGA-
GCCTCCTCCCCCAACAG-3" and 5'-GCTCAGAGGGGTG-
GGTAAGAT-3' for pTo, 5'-TCCTCGGACCATCAGGACAG-3’
and 5'-CCTGTTGATGGAGCTGACGC-3’ for Pax5b, 5'-ACT-
ACCTCTGGAGCACAGCAGAA-3" and 5'-ATAGGGCATGTC-
TGACAGGCACT-3' for lkaros and 5'-CCCTCCAACTGCAG-
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TAGCTC-3" and 5’-GCAAGGTCGGTGATTTTGTT-3' for Ebf1.
For Oct4 detection, we used the following primers: 5'-CTG-
AGGGCCAGGCAGGAGCACGAG-3' and 5'-CTGTAGGGA-
GGGCTTCGGGCACTT-3" for total expression, 5'-TCCCT-
AGGTGAGCCGTCTTT-38' and 5'-TTCATGTCCTGGGACTC-
CTC-3’ for internal expression, 5'-GTACAAAAAAGCAGGCT-
CCACC-3’" and 5'-GGTTCTCAATGCTAGTTCGCT-3’ for tran-
scripts from Oct4 vector. We also used the following
primers: 5'-ACTTTTGTCCGAGACCGAGA-3’" and 5’-ATGTA-
GGTCTGCGAGCTGGT-3' for Sox2, 5'-CAGCTTCATCCTCGT-
CTTCC-3" and 5'-CGGGACTCAGTGTAGGGGTA-3' for Kif4,
5’-GCCCAGTGAGGATATCTGGA-3’ and 5'-GAATCGGACG-
AGGTACAGGA-3’ for c-Myc. PCR products were separated
by agarose gel electrophoresis and were visualized by ethi-
dium bromide staining. All PCR products shown correspond
to expected molecular sizes.

Results

Generation of B-iPS cells

To generate B-iPS cells, we first isolated peripheral CD19* B
cells from mouse spleen. The isolated CD19* cells were also
determined to be CD24*, CD45R (B220)* and IgM* (data not
shown). CD19* cells were then activated with IL-4 and LPS
and transduced with four retroviruses encoding Oct4, Sox2,
Klf4 or c-Myc. Within 17 days of culture after the transduc-
tion, we obtained ~25 iPS colonies from 4 X 10° CD19*
cells in our first experiment and ~30 colonies from 1 x 10’
CD19" cells in our second experiment.

The obtained B-iPS colonies were expandable in culture
and exhibited morphology similar to mouse ES and MEF-iPS
cells (Fig. 1A). B-iPS cells expressed ES cell marker genes
including Nanog, Ecat and Gdf similar to MEF-iPS and ES
cells (Fig. 1B). In contrast, B-iPS cells did not express
B-cell-specific transcription factor Pax5 (Fig. 1B). We con-
firmed the rearrangement of B-cell receptors in B-iPS cells.
Eight of 12 B-iPS cell colonies revealed a VDJ3 band, similar
to splenic CD19* cells (Fig. 1C, upper), whereas the remain-
ing four colonies revealed a VDJ2 band (Fig. 1C, lower).
These data indicate that the source of B-iPS cells was Bcr
gene-rearranged B cells, which was inherited by B-iPS cells.

We further examined teratoma formation. We injected three
B-iPS cell lines into the testes of NOD-SCID mice. Four
weeks after inoculation, macroscopic teratomas were ob-
served in all injected mice. Histological examination showed
that teratomas contained cell types representing all three em-
bryonic germ layers (Fig. 1D). Blastocyst injection of B-iPS
cells resulted in generation of chimeric offspring mice (Fig.
1E). These data clearly demonstrate that iPS cells can be de-
rived from mouse peripheral B cells by forcing expression of
the four Yamanaka factors (3) without any additional factors.

B-cell lineage differentiation of iPS cells and ES cells

Schmitt et al. (11) previously showed that B cells can be dif-
ferentiated from embryonic or haematopoietic stem cells by
day 20 in OP9 co-culture system in the presence of FIt3L
and IL-7. Thus, we anticipated that iPS cells could also be
differentiated into B-cell lineage using the OP9 co-culture
system with slight modification. In the first 5-day culture
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Fig. 1. Generation and characterization of B-iPS cells. (A) Morphology of iPS cells derived from mouse CD19* B cells. (B) ES cell marker
expression of B-iPS cells. Transcripts from ES cells (R1), MEF-iPS cells, splenic CD19* B cells and three independently established B-iPS cell
lines were analyzed by RT-PCR analysis. (C) Analysis of IgH V(D)J rearrangements in B-iPS cell lines. Genomic DNA was isolated from B-iPS cell
line, splenic CD19* B cells, splenic CD3" T cells and MEF-iPS cells and analyzed by genomic PCR for the presence of IgH V(D)J gene
rearrangements using primers as indicated. Asterisks indicate non-specific bands. (D) Histological analysis of teratoma from B-iPS cell line. Data
of a B-iPS cell line 8 are shown. Thin-sectioned teratoma was stained by haematoxylin and eosin. Ciliated cell (endoderm, left), muscle fibre
(mesoderm, centre) and dermal tissue (ectoderm, left) were shown. (E) Contribution of B-iPS cells to mouse embryonic development. B-iPS cells
(line 8) were micro-injected in to blastocysts of ICR mice. Mice that have black- and white-coloured coat were born.

without LIF in a non-treated dish, embryonic body-like
sphere formation was exhibited by B-iPS (Fig. 2A), MEF-iPS
and ES cells (data not shown). These spheres contained
mesoderm-like cells, which express Flk-1 (Fig. 2B). The
spheres were then passed into OP9 feeder cells. By day 8
of the culture, cells similar to haematopoietic cells appeared
(Fig. 2C). However, B-iPS and MEF-iPS cells only seldom
showed B-cell lineage (CD19") differentiation (Fig. 3A),
whereas ES cells and haematopoietic progenitor cells from

B-iPS MEF-iPS

Fig. 2. Appearance of differentiating iPS cells. (A) Embryonic body-
like spheres of B-iPS cells. B-iPS cells were cultured in differentiation
media without LIF for 5 days. Scale bar: 100 um. (B) Flow cytometry
analysis of the embryonic body-like spheres. Single-cell suspension
of the embryonic body-like sphere shown in (A) was examined for
their expression of a mesoderm cell marker, Flk-1. (C) Hematopoietic
cell formation. The single-cell suspension of embryonic body-like
spheres was cultured on OP9 cells for another 3 days in the presence
of FIt3 ligand. Scale bar: 100 um. (D) Lymphocyte-like proliferation. At
day 14, appearance of cells co-cultured with OP9-DL1 in the
presence of FIt3 ligand and IL-7. Scale bar: 100 um.

foetal liver efficiently differentiated into a B-cell lineage (Fig.
3A and B). The MEF-derived iPS cell line (38C-2, established
in Dr Yamanaka’'s laboratory, Kyoto University) occasionally
expressed the B-cell marker CD19, but its frequency was
very low compared with that of ES cells. We further tried the
B-cell lineage differentiation from iPS cells by increasing the
dose of cytokines, and by adding both vascular endothelial
growth factor and bone morphogenetic protein-4, which
were demonstrated to synergistically enhance lympho-
haematopoietic cell generation (14), or LPS, which was
shown to increase IgM*-secreting B cells (15). However,
these approaches did not enhance the differentiation of B-
cell lineage in OP9 cells (data not shown). Therefore, even
when B cells were used for the source of iPS cells, they are
relatively resistant to differentiate into B-cell lineage with the
current in vitro OP9 co-culture system. In addition, this co-
culture did not induce differentiation of iPS cells into T-cell
lineage that were traceable with the markers CD44, CD25,
CD4 and CD8 (Fig. 3A).

T-cell lineage differentiation of iPS cells

We further evaluated T-cell lineage differentiation of iPS cells
in vitro using a co-culture system including OP9 cells
expressing a Notch ligand, delta-like 1 (OP9-DL1), which
has been shown to be essential for T-cell lineage differentia-
tion (11). By way of embryonic body-like formation, B-iPS or
MEF-iPS cells were co-cultured with OP9-DL1. By day 14,
both iPS cell types turned into lymphocyte-like cells (Fig.
2D). On day 14, they gave rise to a population of cells
expressing CD25 and/or CD44 and hence likely belonging
to T-cell lineage resembling intrathymic differentiation (Fig.
4A). Rearrangement at the TCRp locus (Tcrp) is a hallmark
of T-cell lineage commitment and is essential for progression
of CD4/CD8 double-negative thymocytes to the double-
positive stage, which occurs during normal afT-cell develop-
ment. To determine whether T cells derived from iPS cells
co-cultured with OP9-DL1 cells undergo normal rearrangement
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Fig. 3. Failure of B-cell lineage differentiation from iPS cells. (A) Flow cytometry analyses of B-iPS, MEF-iPS or ES cells differentiated with OP9
cells. On day 8, 14 and 20, expression of the indicated cell surface molecules on the differentiated cells were examined. (B) B-cell lineage
differentiation of E13 fetal liver Lin~c-Kit* cells on the OP9 monolayer. Flow cytometry was performed as in (A).

of the Terf locus, we stained the differentiated cells collected
on day 30 with various antibodies against TCRB chain. The
repertoire of TCRVPB in the generated T cells derived from
B-iPS cells contained diversities as did those from MEF-iPS
cells (Fig. 4B and data not shown). These results were con-
firmed by genomic PCR (Fig. 4C). Taken together, these data
indicate that the iPS cell-derived T cells developed in the
OP9-DL1 co-culture system have the potential to generate a di-
verse TCR repertoire.

During normal thymocyte development, T cells bearing
both TCRap and TCRyd develop in the thymus. To determine
whether both populations of T cells also develop from iPS
cells co-cultured with OP9-DL1 cells in vitro, we analyzed
iPS cell-derived T cells for surface expression of TCRaf3 and
TCRyd. These results showed that both populations of T cells
developed from iPS cells in the co-culture model (data of
B-iPS cell are shown; Fig. 4D).

iPS cell-derived T cells collected on day 20 and thereafter
contained cells that were both CD4/CD8 double-positive
and CD8" cells (Fig. 4A). To determine whether the TCRs
expressed on these T cells were indeed functional, we stimu-
lated the cells for 3 days in the plate-bound anti-CD3 anti-
body. Certain populations of the iPS cell-derived T cells
produced IFN-y in response to the TCR stimulation (Fig. 4E,
gated on CD8). Furthermore, we added transforming growth
factor-p to the culture of iPS cell-derived T cells in the pres-
ence of TCR stimulation. The addition of transforming growth
factor-p enhanced the population of FoxP3* cells (Fig. 4F),
which is the hallmark of regulatory T cells, as shown in naive
T cells derived from normal adult lymphoid tissue (16). These
data suggest that the iPS cell-derived T cells generated in
this co-culture can respond to stimulation via TCR or cyto-
kine receptors to a certain extent similar to naive T cells.

Analysis of gene expression in differentiating iPS cells

To elucidate the differentiation process of B-iPS cells at the
molecular level, we assessed the expression of developmen-
tally regulated genes by RT-PCR analysis. We analyzed the
transcripts from whole cells of differentiating B-iPS, MEF-iPS
and ES cells at day 20 of culture. A zinc finger transcription
factor, lkaros, and an Ets protein, Pu.1, both of which are
known to be critical in regulation of haematopoiesis, were
distinctly expressed in differentiating iPS cells co-cultured
with either OP9 or OP9-DL1 (Fig. 5A and B, respectively).
We also analyzed expression of the gene encoding the IL-7

receptor (//7r), which is required for the survival and pro-
liferation of lymphocyte progenitors. We found the I/7r
transcripts in the differentiating cells from both conditions of
T-and B-cell lineage differentiation (Fig. 5). Differentiating
cells co-cultured with OP9-DL1 cells expressed substantial
levels of Cd3, Rag? and pTa, which are essential for T-cell
lineage development and were observed in normal thymo-
cytes (Fig. 5B). These gene expression data are in agree-
ment with the apparently normal development of T-cell
lineage from iPS cells in OP9-DL1 co-culture (Fig. 4). In con-
trast, iPS cell-derived, but not bone marrow- or ES cell-
derived, differentiating cells co-cultured with OP9 cells failed
to express Pax5, which is critical for the development of
B-cell lineage (Fig. 5A). Accordingly, transcripts encoding
for Rag1, which is required for the B cell receptor (BCR)
rearrangement, and for Iga, which is part of the pre-BCR
complex, were not present in the cells differentiated from
iPS cells co-cultured with OP9 cells (Fig. 5A). These data
are in agreement with the fact that it was difficult to induce B-
cell lineage differentiation using this co-culture system (Fig.
3). These data also suggest that the induction of T-cell, but
not B-cell, lineage-specific gene expression in differentiating
iPS cells was appropriately co-ordinated in these culture con-
ditions. The immature regulated gene expression in iPS cells
co-cultured with OP9 cells seemed to induce incomplete differ-
entiation into B-cell lineage.

CpG methylation status of Pax5 promoter

Transcriptional silencing caused by DNA methylation of Pax5
promoter was observed in terminally differentiated B-cell
lines (17). It was anticipated that such a CpG methylation in
iPS cells caused the failure of Pax5 expression. Thus, we an-
alyzed the CpG sites in TATA-containing upstream promoter
of Pax5 in iPS cells. Bisulphite genomic sequencing analysis
revealed that the Pax5 promoter region in B-iPS and MEF-
iPS cells were largely unmethylated as in splenic CD19"
cells and ES cells (Fig. 6). It suggests that the failure of
Pax5 expression in iPS cells was not caused by the epige-
netic modification of the Pax5 gene.

Gene expression analysis in early stage of differentiation

To obtain insights about the failures of the B-cell lineage
development from iPS cells, we further analyzed the B-
lymphopoiesis in earlier stage of differentiation. On day 8 of
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Fig. 4. Efficient T-cell lineage differentiation from iPS cells. (A) Flow cytometry analyses of iPS cells differentiated with OP9-DL1 cells. On day 8,
14, 20 and 26, expression of the indicated cell surface molecules on the differentiated cells were examined. (B) TCRV chain repertoire was
analyzed with flow cytometry. The B-iPS cells differentiated with OP9-DL1 were examined at day 30 of culture. CD3* cells were gated. (C) Gene
rearrangement analysis of Tcr locus. Genomic DNA was isolated from OP9-DL1, B-iPS cells (undifferentiated), B-iPS cells co-cultured on OP9-
DL1 and mouse adult thymocytes as a control. Tcr gene rearrangement was analyzed by PCR. (D) apT-cell and ydT -cell generation from B-iPS
cells (day 30). CD3* cells were gated. (E) Intracellular analysis of IFN-y secretion. Day 23 of the OP9-DL1 co-culture, generated cells from B-iPS
cells were collected by vigorous pipetting through a 70-um nylon mesh. Harvested cells were stimulated as described in Methods, and Golgi
stop solution was put into the culture 6 h before the analysis. (F) Induction of FoxP3* regulatory T cells from B-iPS cell-derived T cells. Day 22 of
the OP9-DL1 co-culture, differentiated cells were collected and put into the anti-CD3 mAb-coated well and cultured for another 2 days with 2 ng
ml~" of IL-2, with/without 5 ng mI~" of transforming growth factor-p1. Intracellular FoxP3 expression was analyzed. CD4~CD8" cells were shown.

the culture, losely attached cells were harvested and then
c-kit* cells were magnetically sorted. Most of them
expressed CD34 (data not shown), suggesting that these
cells correspond to haematopoietic progenitor cells.

Ebf1 is one of the principle determinants of the B-cell fate
(19, 20), and its promoter is activated by one of the E2A splic-
ing variants, E47 (21). E47 was detected in the differentiated

cells derived from B-iPS, MEF-iPS or ES cells as well as bone
marrow linage™ c-kit* cells (Fig. 7A). mRNAs for Id proteins,
which are known to bind to the E-proteins and prevent them
from binding to DNA, as well as Ebf1, were also detected in
all the cell types tested. On the other hand, Pax5 expression
was not detected in iPS cell-derived haematopoietic progenitor
cells (Fig. 7A). In this experiment, the Pax5 expression was not
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Fig. 5. Expression analysis of B- or T-cell lineage-correlated genes.
B-iPS, MEF-iPS or ES cells were co-cultured on OP9 (A) or OP9-DL1
(B) for 20 days and transcripts analyzed from whole cells of
differentiating B-iPS, MEF-iPS and ES cells. Mouse adult bone
marrow (A) or thymocytes (B) were used as a control. The transcripts
were analyzed by RT-PCR. Amount of transcripts between each
samples were normalized by glyceraldehyde-3-phosphate dehydro-
genase (Gapdh).

detected in ES cell-derived cells either (Fig. 7A), but it clearly
appeared in a later stage (see Fig. 5). Therefore, it seemed
that, in the differentiated cells from iPS cells, the Pax5 expres-
sion was inhibited throughout the differentiation process.

Expression of the four Yamanaka factors in haematopoietic
progenitors from iPS cells

We finally analyzed the expression of Oct4, Sox2, Klf4 and
c-Myc in the differentiated cells (Fig. 7B). KIf4 and c-Myc ex-
pression were detected in the differentiated cells derived
from B-iPS, MEF-iPS or ES cells as well as bone marrow
linage™ c-kit* cells. Sox2 transcript was not detected in
those cells. Importantly, Oct4 transcripts were detected in
B-iPS or MEF-iPS cell-derived haematopoietic progenitors
and also slightly in the cells derived from ES cells. Detailed
analysis using retrovirus vector-specific primers revealed
that the Oct4 transcripts in the cells derived from MEF-iPS
or B-iPS cells were retrovirally transduced ones, but those in
the cells derived from ES cells were endogenous (Fig. 7B).
The ectopic Oct4 expression seen in the cells differentiated
from iPS cells may regulate the Pax5 expression and also
B-cell lineage differentiation.

Discussion

In vitro culture methods are invaluable for defining specific
cellular and genetic mechanisms that mediate lymphocyte
development. It is widely known that ES cells can be differ-
entiated into most blood cell lineages in vitro (22). The most
commonly used method for inducing differentiation is the
OP9 co-culture system. The OP9 cell line was established
from calvariae of newborn op/op mice, which lack functional
macrophage colony-stimulating factor (M-CSF) (23). OP9
cells enhance haematopoietic development by providing
a supportive microenvironment for differentiation. The ab-
sence of M-CSF inhibits survival of monocytes and macro-
phages, which tend to outgrow other lineages in systems
using wild-type stroma. Using this co-culture system, it has
been well documented that ES cells can yield erythroid, my-
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Fig. 6. Defect of Pax5 expression was not due to CpG methylation of
Pax5 promoter. CpG methylation status of the Pax5 promoter region
containing 200 bp upstream from the transcription initiation site was
analyzed by bisulphite genomic sequencing. Numbering at the top
corresponds to the position relative to the published transcription
initiation site (arrow) (18), and the filled small box indicates the
position of the CpG site. Each row of circles represents a single
cloned allele, and each circle represents a single CpG site (open
circle, non-methylated cytosine; filled circle, methylated cytosine).

eloid and B-cell lineage cells (reviewed in ref. 22). However,
it has been relatively difficult to generate T cells from unma-
nipulated ES cell-derived haematopoietic progenitor cells.
Schmitt et al. (11) demonstrated an efficient induction of
T cells from ES cells using OP9-DL1 cells that ectopically
expressed the Notch ligand Delta-like 1. They showed that
ES cells cultured with OP9-DL1 cells differentiated into hae-
matopoietic cells, committed to T-cell lineage, underwent
stage-specific proliferation and matured into CD4~ and/or
CD8" T cells in vitro. On the other hand, ES cells cultured
on control OP9 cells differentiated into B-cell lineage as had
been reported (11).

Using the above-mentioned OP9 co-culture system, in this
study, we showed that iPS cells are competent to differenti-
ate into T-cell lineage but are relatively resistant to differenti-
ation into B-cell lineage in vitro. We used both MEF- and
B-cell-derived iPS cells but failed to demonstrate reproduc-
ible B-cell lineage development in vitro. Analyses of gene
expression data indicated that iPS cells are defective in
expressing genes required for B cell, especially Pax5
throughout the differentiation process (Fig. 7), suggesting
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Fig. 7. Expression analysis in early stage of differentiation. B-iPS,
MEF-iPS or ES cells were co-cultured on OP9 for 8 days, and c-kit*
cells were harvested. Bone marrow lineage™ c-kit™ cells were used
as a control. Transcripts for B-cell lineage development (A) and four
Yamanaka factors (B) were analyzed by RT-PCR. Amount of
transcripts between each samples was normalized by Gapdh.
Asterisks indicate non-specific bands.

that there is no sufficient reprogramming in the genetic re-
gion of iPS cells that is required for B-cell development.
However, in the case of Pax5 promoter region, it seemed
unlikely that an aberrant CpG methylation induced some
epigenetic modifications, which are responsible for the loss
of Pax5 expression (Fig. 6). Alternatively, some transcrip-
tional or translational changes in iPS cells may affect gene
expression required for B-cell development but not for T-cell
development. In the absence of Pax5, B-cell development is
arrested at the early pro-B-cell stage of development (24),
and Ebf1 expression appears important to activate the B-
cell lineage programme (25). Therefore, we tried to rescue
the B-cell lineage differentiation by enforced expression of
Pax5 or Ebf1 in differentiated cells from iPS cells by using
retroviral vectors encoding Ebf1 or PAX5 that have been
reported to induce the B-lymphopoiesis (kindly provided by
Dr lkawa, ref. 12). However, these attempts did not induce
the B-cell lineage differentiation from iPS cells (data not
shown), suggesting an existence of some active inhibitor(s)
for B-cell differentiation in the differentiated cells from
iPS cells. In this context, the detection of Oct4 (including
transduced one) (Fig. 7) may explain the resistance of
B-cell lineage differentiation as it has been reported that
the amount of Oct4 affects the development and differentia-
tion of ES cells (26).

Although no precise explanation has been offered to ac-
count for the difficulty of B-cell lineage differentiation from
iPS cells, similar differences in lymphocyte development po-
tential between human embryonic and umbilical cord blood-
derived progenitor cells have been reported (27). Using
a co-culture system similar to those we employed, the
authors found that ES cells could be used to efficiently cre-
ate functional NK cells, whereas T- and B-cell development
was much more limited. In contrast, umbilical cord blood
stem cells routinely generated NK, T cells and B cells in the
co-culture system. Accordingly, the authors found that ES
cell-derived, but not umbilical cord blood-derived, haemato-
poietic progenitor cells constitutively expressed some tran-
scriptional factors, including the ID family genes (27), which

promote NK cell development and repress both T-cell and
B-cell development, by inhibiting the E-protein family of ba-
sic helix-loop-helix transcription factors such as E2A (28—
30). In the B-cell lineage differentiation form iPS cells, similar
transcriptional mechanisms may operate which repress gene
expressions required for the B-cell development. In fact, the
transcripts of ID family genes were detected in haemato-
poietic progenitor cells from iPS cells (Fig. 7A). Further stud-
ies are needed to clarify these issues.

In this study, we successfully reprogrammed peripheral B
cells into iPS cells. Most published protocols are optimized
to reprogramme adherent cells, such as fibroblasts and ker-
atinocytes from skin or hair (31-35). However, using these
sources requires time-consuming skin biopsies and expan-
sion in vitro for several passages, which make the method
relatively cumbersome, particularly when generating patient-
specific iPS cells. In this sense, it is desirable to reprogram
blood cells that are easily accessible and less exposed to
environmental mutagens.

Recently, iPS cell lines were derived from bone marrow
progenitor cells obtained from a mouse whose haematopoiesis
was reconstituted from a single congenic haematopoietic stem
cell, providing evidence that mouse haematopoietic cells can
be reprogrammed to pluripotency (36). Derivation of iPS
cells from post-natal human blood cells has also been
reported. One study indicated that granulocyte colony-
stimulating factor (G-CSF)-mobilized peripheral blood
CD34* cells from a healthy donor were reprogrammed to
iPS cells (37). More recently, it was reported that CD34*
cells from human cord blood and adult bone marrow from
healthy donors could be reprogrammed to iPS cells without
pre-treatment, like G-CSF mobilization (38). Moreover, in this
report, several iPS cell lines were established from periph-
eral blood CD34" cells containing the JAK2-V617F mutation
that is commonly found in haematopoietic progenitor cells of
adult patients with myeloproliferative disorders (38). How-
ever, these reports all employed haematopoietic progenitor
or stem cells as the source of iPS cells, which usually involve
some complicated procedures.

Lymphocytes have been used for the source of iPS cells
previously. The first report indicating a reprogramming of
mouse B lymphocytes to pluripotency proved that terminally
differentiated somatic cells are receptive to being reprog-
rammed to iPS cells (39). In this report, it was indicated that
only pro- and pre-B-lymphocytes were reprogrammed with
the four factors, whereas mature B lymphocytes were
reprogrammed by the additional over-expression of C/EBPa
or specific knockdown of the Pax5 transcription factor (39).
Eminli et al. (40) reported that terminally differentiated B and
T lymphocytes could be reprogrammed with over-expression
of the four Yamanaka factors, but the efficiency was quite
low, with levels up to 300 times lower than haematopoietic
stem and progenitor cells. In these studies, ‘secondary’ iPS
cells were derived from primary B or T lymphocytes of adult
spleen, bone marrow, lymph nodes or embryonic liver of
mice engineered to carry doxycycline-inducible Oct4, Sox2,
Klf4 and Myc retroviruses in every tissue (39, 40). Similarly,
Hong et al. (41) recently reported that murine splenic T lym-
phocytes could be reprogrammed to iPS cells although only
when p53-null, but not wild-type, mice were used as the
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source of lymphocytes. Therefore, it has been concluded
that mature B and T lymphocytes are resistant to reprogram-
ming with the four Yamanaka factors when no additional modifi-
cation is made. Although the efficacy of B-iPS cells generation
was quite low in our study, the fact that we generated iPS cells
from peripheral B cells using the ‘classical’ method (3) might
expedite new studies in which human peripheral B cells are
examined for use as a source for iPS cells generation, largely
because they are much more accessible.

Gaining a better understanding of differentiation of T or B
lymphocytes from pluripotent stem cells in vitro can poten-
tially guide development of new therapeutic strategies
against some immunodeficiency diseases, infectious dis-
eases or cancers in the field of regenerative medicine. Our
present study highlights an important issue that applies to
the derivation of virtually all cell types from iPS cells and not
just B lymphocytes with in vitro co-culture systems. In vitro
culture and differentiation of iPS cells leads to complex con-
ditions and results in a heterogeneous mixture of progenitor
cells that are stimulated by stromal cells and multiple soluble
proteins that affect iPS cells lineage differentiation and de-
velopment. Additional cellular and molecular studies of iPS
cells are necessary to reveal unknown experimental and
clinical potentials of these cells, particularly in terms of their
tendency in lineage commitment.
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