11. 4% Paraformaldehyde solution (PFA)

12. Alcian Blue (Sigma cat. no. A5268)

13. Glacial acetic acid (Sigma cat. no. A9967)

14. Alcian blue staining solution:

Solution 1:  3ml glacial acetic acid + 97 mL Distilled water

Solution 2:  1g Alucian blue + 100 mL Solution 1

Mix Solution 2 well for 30 min. Then, filtrate it through filter paper. Store at 4°C for 6
mo.

2.8. Reagents for hematopoietic cell differentiation from ES cell-derived mesoderm
cells

1. cMEM

2. FBS pretested for in vitro ES cell differentiation. (see Note 2).

3. L-Glutamine (200mM 100X)

4., Penicillin-.streptomycin (100X)

5. Cytokines: Recombinant human Erythropoietin (hEpo)(R&D systems cat. no.
287-TC), Recombinant human Interleukin-3 (hIL-3) (R&D systems cat. no. 203-IL),
Recombinant human Stem cell factor (SCF) (R&D systems cat. no. 255-SC).

6. 6-well culture plate (Becton Dickinson, Falcon 353046).

7. Hematopoietic cell differentiation medium: oMEM + 20%FBS + 2mM L-Glutamine
+ 1X P/S + 2 U/ml hEpo

2.9. Reagents for endothelial cell differentiation from ES cell-derived mesoderm
cells (ES cell-derived endothelial colony assay)

1. aMEM

2. FBS pre-tested for in vitro ES cell differentiation. (see Note 2).

3. L-Glutamine (200mM 100X)

4. Penicillin-streptomycin (100X)

5. 24-well culture plate (Becton Dickinson, Falcon 353047)

6. Endothelial cell differentiation medium: aMEM + 20%FBS + 2mM L-Glutamine +
1X P/S

3. Methods

Feeder-independent ES cells such as CCE and E14tg2a are used for an in vifro ES cell
differentiation because of the easy maintenance.

3.1.1. Gelatin coating of dishes

All dishes, flasks and plates should be gelatinized before use.

1. Add enough 0.1% gelatin solution to cover the plate surface.
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6cm dish-3 ml, 10 cm dish-7ml, 1 well of 24-well plate-0.5 ml

2. Let the solution sit for at least 10 min at room temperature.

3. Aspirate the gelatin solution completely just before use.

3.1.2. Thawing of ES cells

1. ES cells are removed from liquid nitrogen storage or deep-freezer (-150°C) and

quickly thawed in a 37°C water both.

2. Transfer ES cells into a 15-ml centrifuge tube (BD, Falcon cat. no. 352095)

containing 10ml of 37°C prewarmed ES cell culture medium.

3. Spin down ES cells at low speed (190g for 5 min) at room temperature. Remove

medium by suction and resuspend the cell pellet in 2ml of ES cell culture medium by

gently repeated pipetting.

4. More than 2x10° ES cells is transferred to a gelatin-coated 10 cm dish containing 8

ml of prewarmed ES cell culture medium and cultured in a tissue culture incubator

(37°C, 5%COy).

5. Change entire medium daily until semi-confluent.

3.1.3. Passage of ES cells

1. Once the ES cells grow to 70% confluence, passage them to new tissues culture
dishes treated by gelatin. They should be passaged every 2 to 3 days as described
below.

2. Aspirate medium and wash cells once with 37°C prewarmed D-PBS. Volume of
D-PBS needed for: 6-cm dish-3ml, 10-cm dish-6ml.

3. To remove ES cells from dish, add 0.5ml of 37°C prewarmed 0.25% trypsin-EDTA
into the 10 cm dish. Incubate in tissue culture incubator at 37°C for 5 min.

4. Add 5ml of 37°C prewarmed ES cell culture medium and break up the cell
aggregates by repeated pipetting 8-15 times (see Note 4).

5. Transfer ES cells into a 15-ml centrifuge tube and spin down them at 270g for 5 min
at room temperature. Resuspend the cell pellets in 5 ml of 37°C prewarmed ES cell
culture medium. Count cell number and seed ES cells at :

Seeding Number Days Needed for Confluence  Confluent cell number
1x10%10-cm dish 3d 2-3x107/dish
2x10%10-cm dish 2d 2-3x107/dish
8x10%10-cm dish 1d 2-3x107/dish

6. Daily complete medium change is required until confluent.
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3.1.4. Cell freezing

1. Prepare 2X freezing solution: 20% dimethyl sulfoide (DMSO) + 80% FBS. Keep on

ice. Make fresh every time.

2. Remove cells from dish as in Subheading 3.1.3.

3. Resuspend 4x10° cells in 0.25 ml ice-cold FBS and keep on ice.

4. Add an equal amount of 2X freezing solution. Freeze the cells at -80°C overnight.

The next day, transfer vials to a liquid nitrogen tank or ultra deep-freezer (-150°C).

3.2. Maintenance of OP9 stromal cell line for in vitro ES cell differentiation.

For maintenance of OP9 stromal cell line, the over-confluent condition should be
avoided because the cells that undergo an over-growth become to stop their growth. We
recommend 90% confluence on passage (see Note 5).

3.2.1. Thawing of OP9 cells

1. Thaw frozen vial in a 37°C water both.

2. Transfer OP9 cells into a 15-ml centrifuge tube containing 10ml of 37°C prewarmed

OP9 culture medium.

3. Spin down OP9 cells at 190g for 5 min at room temperature. Resuspend cells in 2ml

of OP9 culture medium by gently repeated pipetting.

4. Seed 5x10° OP9 cells/6-cm dish and cultured in a tissue culture incubator (37°C,

5%CO0,).

3.2.2. Passage of OP9

1. Aspirate medium and wash cells once with 37°C prewarmed D-PBS.

Volume of D-PBS needed for: 6-cm dish-3ml, 10-cm dish-6ml.

2. To remove OP9 cells from dish, add 0.5ml of 37°C prewarmed 0.05%
trypsin-EDTA. Incubate in tissue culture incubator at 37°C for 5 min.

3. Add 5ml of 37°C prewarmed OP9 culture medium and break up the cell aggregates
by repeated pipetting 8-15 times.

4. Transfer OP9 cells into a 15-ml centrifuge tube and spin down them at 270g for 5
min at room temperature. Resuspend the cell pellets in 5 ml of 37°C prewarmed ES
cell culture medium. We usually obtain: 7-8x10° cells/6-cm dish and
1.2-1.6x10%/10-cm dish.

5. Seed 2-4 x 10° cells/10-cm dish.

6. OP9 cells should not be cultured for longer than 1 mo after thawing. In addition,
over twenty-passage OP9 cells should not be used for in vitro ES cell differentiation
(see Note 5).

3.2.3. Storing of OP9

1. Prepare 2X freezing solution: 20% dimethyl sulfoide (DMSO) + 80% FBS. Keep on
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ice. Make fresh every time.

2. Remove cells from dish as in Subheading 3.2.2.

3. Resuspend 6-8x10° cells in 0.25 ml ice-cold 100% FBS and keep on ice.

4. Add an equal amount of 2X freezing solution. Freeze the cells at -80°C overnight.
The next day, transfer vials to a liquid nitrogen tank.

3.3. In vitro ES cell differentiation

3.3.1. Induction of mesoderm cells without OP9 cells

Before induction, ES cells should be maintained for at least 1 wk after thawing. For the
differentiation into hematopoietic and endothelial cells, we recommend the condition in
the presence of OP9 cells.

1. Aspirate medium and wash cells twice with 37°C prewarmed D-PBS. Volume of
D-PBS needed for: 6-cm dish-3ml, 10-cm dish-6ml.

2. To remove ES cells from dish, add 0.5ml of 37°C prewarmed 0.25% trypsin-EDTA
into the 10 cm dish. Incubate in tissue culture incubator at 37°C for 5 min.

3. Add 5ml of 37°C prewarmed differentiation culture medium and break up the cell
aggregates by repeated pipetting 8-15 times.

4. Transfer ES cells into a 15-ml centrifuge tube and spin down them at 270g for 5 min
at room temperature. Resuspend the cell pellets in 5 ml of 37°C prewarmed
differentiation culture medium.

5. In the case of feeder-dependent ES cells, to remove feeder cells, ES cells harvested
are incubated at 37°C with 5% CO, for 30 min. Collect the floating cells by pipetting
gently.

6. Add 8x10* undifferentiated ES cells into 10-cm collagenIV-coated dish containing 15
ml of prewarmed differentiation culture medium.

7. Change a half of medium (~8ml) on day 3.

3.3.2. Induction of mesoderm cells with OP9 cells

1. Prepare 10-cm dish with 90% confluent OP9 cells. OP9 is splitted 3days before in
vitro ES cell differentiation.

2. Aspirate medium and wash cells twice with 37°C prewarmed D-PBS. Volume of
D-PBS needed for: 6-cm dish-3ml, 10-cm dish-6ml.

3. To remove ES cells from dish, add 0.5ml of 37°C prewarmed 0.25% trypsin-EDTA
into the 10 ¢cm dish. Incubate in tissue culture incubator at 37°C for 5 min.

4. Add 5ml of 37°C prewarmed OPY differentiation culture medium and break up the
cell aggregates by repeated pipetting 8-15 times.

5. Transfer ES cells into a 15-ml centrifuge tube and spin down them at 270g for 5 min
at room temperature. Resuspend the cell pellets in 5 ml of 37°C prewarmed OP9
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differentiation culture medium.
6. In the case of feeder-dependent ES cells, to remove feeder cells, ES cells harvested
are incubated at 37°C with 5% CO, for 30 min. Collect the floating cells by pipetting
gently.
7. Add 8x10* undifferentiated ES cells into 10-cm dish containing both 90% confluent
OP9 and 10 ml of prewarmed OP9 differentiation culture medium.
3.3.3. Purification of Mesoderm cells from the culture without OP9

On day4 culture day, the ES cells induced into mesoderm differentiaiotn are harvested
and analyzed by FACS to examine the expression pattern of mesoderm markers (Fig.
2A) (see Note 6).
1. Aspirate medium and wash cells twice with 37°C prewarmed D-PBS.
2. To remove the differentiated cells from dish, add 8 ml of 37°C prewarmed
cell-dissociation buffer into the 10 cm dish. Incubate in tissue culture incubator (37°C,
5%C02) for 15 min.
3. Add 8ml of 37°C prewarmed D-PBS with 10% FBS and break up the cell aggregates
by repeated pipetting 10-15 times.
4. Transfer the cells into a 50-ml centrifuge tube (BD, Falcon 2070) and spin down them
at 270g for 5 min at 4°C. Resuspend the cell pellets in 8 ml of ice-cold D-PBS with 10%
FBS. Count cell number. Transfer 1x10” cells into 15-ml centrifuge tube and spin down
at 270g for 5 min at 4°C.
5. Resuspend the cell pellet in 100ul of ice-cold NMS and incubate the single-cell
suspensions for 20 min on ice.
6. Add an appropriate concentration of PE-labeled anti-VEGFR2 and biotin-labeled
anti- PDGFRa mAbs to cell suspension in NMS and incubate for 20 min on ice.
Add 10 ml of ice-cold HBSS/BSA into cell solution and spin down it at 270g for 5 min
at4°C.
7. Resuspend cell pellet in 100pl of ice-cold HBSS/BSA and add an appropriate
concentration of SA-APC. Incubate it for 20 min on ice.
8. Wash the cells twice with 10 ml ice-cold HBSS/BSA. Resuspend the cells in 1 ml
of ice-cold HBSS/BSA/PI for dead cell exclusion.
9. Analyze and sort VEGFR2'PDGFRa’, VEGFR2'PDGFRa and/or
VEGFR2PDGFRa" according to your experiments (Fig. 2A and B) (see Note 7).
3.3.4. Purification of Mesoderm cells from the culture with OP9

On day S culture day, the ES cells induced into mesoderm differentiaiotn are
harvested and analyzed by FACS to examine the expression pattern of mesoderm
markers. We recommend you to investigate VEGFR2 expression but not PDGFRa as
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PDGFRua is also expressed in OP9 stromal cells.

1. Prepare the cells as in Subheading 3.3.3 (from Step 1 to 5).

2. Add an appropriate concentration of PE-labeled or APC-labeled anti-VEGFR2 to cell
suspension in NMS and incubate for 20 min on ice.

3. To wash the cells, add 10 ml of ice-cold HBSS/BSA into the cell solution and spin
down it at 270g for 5 min at 4°C.

4. Repeat above washing once and resuspend cell pellet in 100ul of ice-cold
HBSS/BSA/PL

5. Analyze and sort VEGFR2" mesoderm cells (Fig. 2B) (see Note 7).

3.4. Differentiation into descendants of the mesoderm cells

3.4.1.1. Induction of bone cells

1. Gelatinize the wells of 24-well plate as in Subheading 3.1.1

2. Seed 1-3x10° ES-derived mesoderm cells purified by FACS into one well of
gelatinized 24-well plate with 1 ml of bone cell differentiation medium.

3. Change a half of medium (~0.5ml) every 3 days.

4. The calcium deposit can be observed around on day 28 (Fig. 2C) (see Note 8).
3.4.1.2. Alizarin red staining:

To confirm the bone cell formation, specific staining is needed.

1. To fix the cells, add 1ml of 4%PFA into the well. Keep at room temperature for 10
min.

2. Wash twice by D-PBS, 5 min, room temperature.

3. Add 1 ml of Alizarin red staining solution and keep for 5 min at room temperature.

4. Quickly wash 5-6 times by D-PBS

5. Observation: Calcium deposit is stained to red color.

3.4.2.1. Induction of cartilage cells

1. Résuspend ES cell-derived mesoderm cells in cartilage cell differentiation medium at
8x10%ml concentration and put 10 pl of this solution on a well of 24-well plate.

2. Incubate in tissue culture incubator at 37°C for 30 min.

3. Add slowly 1ml of pre-warmed cartilage cell differentiation medium with 10 ng/ml
TGFB3 into the well of plate.

4. One week later, change completely the medium by pre-warmed cartilage cell
differentiation medium with 10 ng/ml BMP2. Do not add TGFp3.

5. Change a half of cartilage cell differentiation medium with 10 ng/ml BMP2 (~0.5ml)
every 3 days.

6. Analyze the cartilage generation on day 21 (Fig. 2C) (see Note 8).

3.4.2.2. Alcian blue staining:
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To confirm the cartilage cell formation, specific staining is needed.

1. To fix the cells, add 1ml of 4%PFA into the well. Keep at room temperature for 10
min.

2. Wash twice by D-PBS, 5 min, room temperature.

3. Add Iml of 3% glacial acetic acid into the well and keep for 5 min at room
temperature.

4. Discard the glacial acetic acid and add 1 ml of Alcian blue staining solution.

Keep for 30 min at room temperature.

5. Quickly wash 5-6 times by 3% glacial acetic acid.

6. Observation: Muco-glycoprotin is stained to blue color.

3.4.3. Induction of hematopoietic cells.

3.4.3.1. Generation of primitive erythrocytes

1. To prepare 6-well plate with confluent OP9 stromal cells, one confluent OP9 10-cm
dish is spilt to four 6-well plates three days before the experiment. Prepare VEGFR2"
ES cell-derived mesoderm cells as in Subheading 3.3.

2. Resuspend 1x10* VEGFR2" ES cell-derived mesoderm cells in 2 ml of hematopoietic
cell differentiation medium and seed to a well of 6-well plate with the 90% confluent
OP9 stromal cell.

3. Analyze primitive erythrocytes that appeared after 3-4d.

3.4.3.2. Generation of definitive hematopoietic cells

1. Prepare 6-well plate with 90% OP9 stromal cells and VEGFR2" ES cell-derived
mesoderm cells as in Subheading 3.4.3.1. (Step1)

2. Resuspend 1x10* VEGFR2" ES cell-derived mesoderm cells in 2 ml of hematopoietic
cell differentiation medium with 10 ng/ml hIL3 and 100 ng/ml SCF.

3. Seed it to a well of 6-well plate with the 90% confluent OP9 stromal cell.

4. Change the medium every 3-4d. In general, TER119" definitive erythroid cells
initially appear in culture after 3d. Gr-1" mature myeloid cells appear after 5 to 7d. To
confirm the definitive erythropoiesis, the expression of B-hemoglobin gene in the
culture is examined (Table 1 and Fig. 2D).

3.4.4. Endothelial cell colony assay

1. One confluent OP9 10-cm dish is spilt to four 24-well plates three days before the
experiment. Prepare VEGFR2" ES cell-derived mesoderm cells as in Subheading 3.3.
2. Resuspend 5x10°-1x10° VEGFR2' ES cell-derived mesoderm cells in 2 ml of
endothelial cell differentiation medium.

3. Seed it to a well of 24-well plate with the 90% confluent OP9 stromal cell.

4. Sheets of endothelial cells growing on OP9 stromal cells can be observed after 3d
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(Fig. 2E) (see Note 9).

4. Notes

1. Test 10 different sera for ES and OP9 stromal cells. Select a serum lot that supports
a good growth rate of ES and OP9 cells. Refer to Methods subheading 3.1.3. and
3.2.2. for the growth rates of ES and OP9 cells, respectively. Cell and colony
morphologies are also the key factors to select a good serum.

2. FBS is a critical factor to induce a high rate of PDGFRa" and VEGFR2" cell
induction. Lot no. checks of sera are highly recommended for finding appropriate
serum lot. They are usually examined by the induction rate of ES cell-derived
mesoderm cells. In general, using 20 different sera lots, the frequency of PDGFR2"
and VEGFR2' cells generated after 4d under the condition without OP9 ranged from
30-60 %.

3. The medium for differentiation is used less than 4 wk as old medium affects the
induction rate of mesoderm cells.

4. ES cells have to be plated as single cells, otherwise, ES cells will differentiate even
in the presence of LIF. A long term culture (more than 2 wk) induces ES cells to
accumulate genetic mutation including chromosomal abnormality. Therefore, thaw
new ES cells every 2-3 wk.

5. The condition of OP9 stromal cells influences the generation rate of ES cell-derived
mesoderm cells. OP9 cells should not be cultured for longer than 1 mo after thawing.
OP9 cells may loose the ability to support ES cell differentiation as they easily
differentiate into adipocytes by the long time culture. In addition, High passage (>20
passages) easily induce ES cells to be transformed and may loose their ability to
support the in vitro ES cell differentiation.

6. In the case of CCE ES cells, 50-60% of d4 differentiated ES cells express
PDGFRa and VEGFR2 (16).

7. To confirm the ES cell-derived mesoderm cells, the gene expression specific for
paraxial and lateral mesoderm cells are examined by quantitative RT-PCR (qPCR).
We use Tbx6 and Mesp2, and GATA2 and Tall for paraxial and lateral mesoderm
markers, respectively (see Table 1 and Fig. 2B) (16). GAPDH is used as a control
(see Table 1). |

8. The qPCR method is useful for examining the presence of bone and cartilage cells.
Several markers such as Bglap 1 and 2, and Col2al and Coll0al are suitable for
defining the bone and cartilage cell lineages, respectively (see Table 1 and Fig. 2C)
(16, 19).
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9. Immuno-cytostaining is the easiest method for clarifying the presence of endothelial
colonies in the culture. We routinely examine the expression of either VE-cadherin
or PCAM-1(CD31) as the markers for endothelial cells (76, 18).
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Figure legends

Fig. 1 Differentiation pathway of mesoderm in in vifro ES cell culture.

The analyses of differentiated ES cells reveal the three types of mesoderm cells,
PDGFRo"'VEGFR2" population (PDGFRa and VEGFR2 double positive population,
DP), PDGFRa"VEGFR2" population (PDGFRa single positive population, PSP) and
PDGFRa ' VEGFR2" population (VEGFR2 single positive population, VSP). The DP
is the most immature and can give rise to both the PSP and the VSP. Both the VSP and
the PSP exhibit the specific properties of paraxial and lateral mesoderm respectively,

Fig.2 Fate of the ES cell-derived mesoderm cells

(A) Day4 ES cell differentiation. CCE ES cells are cultured on type IV
collagen-coated dishes with the differentiation medium in the absence of LIF. Four
days after the induction, differentiated ES cells are harvested and the expression of
PDGFRa and VEGFR2 are examined by FACS. Four populations
(PDGFRo'VEGFR2",DP; PDGFRa'VEGFR2, PSP; PDGFRo VEGFR2', VSP;
PDGFRa'VEGFR2', DN) are observed in day 4 differentiated ES cells. (B) Marker
expression by quantitative RT-PCR (qPCR). PSP expresses the markers specific for
paraxial mesoderm such as Tbx6 and Mesp2. In contrast, VSP expresses the markers
specific for lateral mesoderm such as GATA2 and Tall, suggesting that it represents

lateral mesoderm in actual embryo. Black and white squares indicate the expression in
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PSP and VSP, respectively. (C) Marker expression of bone and cartilage cells. The ES
cell-derived mesoderm populations are cultured under distinct conditions that allow the
differentiation of osteocytes or chondrocytes. After differentiation, RNA is purified and
the expression levels of individual specific markers are measured by qPCR. Culture
cells derived from the PSP expresses osteogenesis-(Bglapl and Bglap2, left panel) and
chondrogenesis-(col2al and col10al, right panel) related genes at higher level than that
of the VSP. Black and white squares indicate the expression in PSP and VSP,
respectively. (D) The expression level of BHI in the cultures of PSP and VSP. The
expression level of BHI is measured by qPCR and normalized by GAPDH expression
level. Culture of VSP exhibits the higher expression of BHI than that of PSP. This
suggests that VSP generates hematopoietic cells more efficiently than PSP. (E) The
number of endothelial colonies derived from different mesoderm populations. 500
sorted cells are cultured on confluent OP9 cell layer for three days. Endothelial
colonies are visualized by VE-cadherin immunostaining. The number of VE-cadherin”
colonies is counted in each well of 24-well plates. (Error bars = SD). The frequency of
endothelial progenitors in the PSP is a quarter of those of the VSP.
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Table 1 Primers for quantitative RT-PCR

Gene
GAPDH

Tbx6

Mesp2

GATA2

Tall

Bglapl

Bglap2

Col2al

Col10al

BH1

sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
S€nse
antisense
sense

antisense

Sequence
5’-GGAGCGAGACCCCACTAACA-3’
5’-GCCTTCTCCATGGTGGTGAA-3’
5’-CCCAACTATGCAGCCAACACT-3’
5’-CTGTGTGATCCTAGGGTTCTGGTA-3’
5’-CTGAAAACCTTGGGAACAGGAT-3’
5’-GGCTCTTTCTAGGGACTGGTGTAA-3’
5’-CGGCCTCTTCTTCTGCAGG-3’
5’-TGGTACTTGACGCCATCCTTG-3’
5’-CCCACCAGACAAGAAACTAAGCA-¥
5’-GGCCAGGAAATTGATGTACTTCA-3’
5’-GAGGACCATCTTTCTGCTCACTCT-3’
5’-GACATGAAGGCTTTGTCAGACTCA-3’
5’-GCGCTACCTTGGAGCTTCAG-¥’
5’-CATACTGGTTTGATAGCTCGTCACA-3’
5’-CCTTGGACGCCATGAAAGTT-3’
5’-CTTGCTGCTCCACCAGTTTTT-3’
5’-CCTGGTTCATGGGATGTTTTATG-3’
5-TGGCGTATGGGATGAAGTATTG-3’
5’-TGTTTACCCATGGACTCAGAGATTC-3’
5'-CTTTCTTGCCATGGGCTCTAA-3’
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Figure 1 Era

PDGFRa* Adipocytes
VEGFR2 —> Bone cells
(PSP) Cartilage cells
PDGFRa*
VEGFR2*
(©P)
Blood cells

—>

Endothelial cells

53



Figure2 Era
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The direct reprogramming of somatic
cells to produce induced pluripotent
stem cells (iPSCs) is a prominent recent
advance in stem cell biology (Takahashi
and Yamanaka, 2006). Generation of
iPSCs without genomic integration of
extrinsic genes is highly desirable.
Initially, human dermal fibroblasts were
used to derive human iPSCs (hiPSCs)
(Takahashi et al., 2007; Yu et al., 2007).
However, recent studies have shown
that other human somatic stem cells can
be used (Aasen et al., 2008; Eminli et al.,
2009; Kim et al., 2009; Ye et al., 2009). It
is difficult to obtain human somatic stem
cells, but human terminally differentiated
circulating T cells (nTDCTCs) are readily
available from peripheral blood. Here,
we show that a combination of activated
T cell cultivation and a temperature-sensi-
tive mutated Sendai virus (SeV) that
encodes human OCT3/4, SOX2, KLF4,
and c-MYC allows the generation of
hiPSCs easily, efficiently, and safely
within a 1 month time frame.

Sampling of peripheral blood is one of
the least invasive procedures performed
routinely in clinics, and surplus peripheral
blood samples are often left unused after
clinical examinations. Among peripheral
blood mononuclear cells (PBMCs),
T cells can be readily cultured in vitro by
means of a plate-bound anti-CD3 mono-
clonal antibody and recombinant (r)IL-2
(Desai-Mehta et al., 1996), and we used
such an approach to expand hTDCTCs
from peripheral blood samples. From
1 ml of whole blood, PBMCs were sepa-
rated on a Ficoll gradient and then

cultured with plate-bound anti-CD3
monoclonal antibody and rlL-2 (Fig-
ure 1A). Although PBMC fractions contain
lymphocytes and monocytes, T cells are
selectively cultured under these condi-
tions. In culture, the number of activated
T cells increased gradually but consis-
tently. Five days after blood sampling,
the cultured cells were morphologically
identical to pure CD3-positive T cells
collected by fluorescence-activated cell
sorting (FACS) (Figure 1B). We used
a whole-PBMC culture method because
it is technically simpler than FACS, in
which the sorted cells are frequently
damaged by laser emission and the
process of single-cell sorting.

To avoid transgene integration during
iPSC generation, we used an SeV vector,
which is a minus-strand RNA virus that is
not integrated into the host genome and
is not pathogenic for humans (Li et al.,
2000). We used a temperature-sensitive
mutated SeV vector in these experiments
to reduce transgene expression and SeV
residue in generated lines. This form of
SeV vector generates weaker transgene
expression and cannot proliferate at stan-
dard culture temperatures (data not
shown). SeV can be efficiently transduced
into human T cells and can express exog-
enous genes (Okano et al., 2003). We first
introduced green fluorescent protein
(GFP) into human T cells by SeV in
a dose-dependent manner; toxicity for
the infected cells was minimal at the virus
dosages used (Figure 1C). To generate
iPSCs from hTDCTCs, we used SeV to
deliver multiple transgenes that encoded
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stem cell-specific transcription factors,
such as OCT3/4, SOX2, KLF4, and
c-MYC, into cells on day 6 of culture.
Two days after gene introduction, the
cells were replated onto feeder layers of
SNL cells. On day 9, the cells were trans-
ferred to human ES cell (ESC) medium
that contained 4 ng/ml bFGF. Within 3
weeks of infection, we identified a colony
that resembled human ESCs (hESCs)
among the T cell derivatives. On day 25,
colonies that were larger and morpholog-
ically similar to hESC-like colonies were
picked (Figure 1D). Of these initial colo-
nies, which were identified by crystal
violet staining, most were positive for
alkaline phosphatase (ALP), which is
a characteristic marker of stem cells (Fig-
ure 1E). T cells that had been transfected
with SeV vectors carrying OCT3/4, SOX2,
KLF4, and c-MYC were plated onto mito-
mycin C-treated SNL feeder cells at 5 x
10% cells per 10 cm dish. Around day 25
after blood sampling, the number of
ALP-positive hESC-like colonies was
counted and approximately 50 colonies
were observed at MOI 20 (Figure 1E) (an
efficiency of 0.1%). Moreover, the effi-
ciency of iPSC colony generation was
dependent upon the dosage of virus
used for gene introduction (Figure 1F).
We named these established T cell-
derived iPSCs as “TiPS cells (TiPSCs).”
After expansion, the cloned TiPSCs dis-
played typical hESC/iPSC morphology
and had a normal karyotype (Figures
S1A and S1B available online).

To confirm that the TiPSCs had the
characteristics of typical ESC/iPSCs, we
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Figure 1. hTDCTCs-Derived iPSC Colonies

(A) Strategy used in the present study for reprogramming T cells.

(B) Morphologies of T cells derived from whole PBMCs or FACS-sorted T cells grown in the presence of
CD3 antibody and rIL2.

(C) Efficient GFP introduction by SeV in T cells transfected at an MOI of 3 or MOI of 20.

(D) Typical ESC-like iPSC colonies on day 25 after blood sampling.

(E) Examples of 10 cm dishes stained for ALP on day 25, showing numerous ALP-positive colonies of
T cells that were transfected at an MOI of 5 or MOI of 20.

(F) Numbers of ALP-positive colonies in relation to multiplicity of infection.

(G) RT-PCR analyses for the hESC marker genes NANOG, OCT3/4, SOX2, KLF4, c-MYC, GDF3, REX1,
DPPA2, and DPPA4 and the transgenes OCT3/4, SOX2, KLF4, and c-MYC.

(H) Immunofiuorescence staining for pluripotency and surface markers (NANOG, OCT3/4, SSEA3, SSEA4,
TRA-1-60, and TRA-1-81) in TiPS 05, 07, and 18. Scale bars represent 500 pum.

(I) Bisulfite sequencing analysis of the NANOG and OCT3/4 promoter regions in peripheral T cells, hESCs,
and hTiPSCs 05, 07, and 18. Each row of circles for a given amplicon represents the methylation status of
the CpG dinucleotides in one bacterial clone for that region. Open circles represent unmethylated CpGs;
closed circles represent methylated CpGs.

See also Figure S1 and Table S1.

examined stem cell marker expression.
Reverse-transcription PCR (RT-PCR)
analyses revealed that the TiPS 05, 07,
and 18 clones expressed ESC marker
transcripts for NANOG, OCT3/4, SOX2,
KLF4, c-MYC, GDF3, REX1, DPPA2, and
DPPA4. The original T cells also ex-
pressed c-MYC at a basal level, as previ-
ously reported (Douglas et al., 2001). In

the TiPSCs, the OCT3/4, SOX2, KLF4,
and ¢-MYC transgenes were lost after
several passages (Figure 1G; Fig-
ure S1C). Immunostaining revealed that
the TiPSCs expressed the Nanog, Oct3/4,
SSEA3, SSEA4, Tra-1-60, and Tra-1-81
proteins (Figure 1H). High telomerase
activity is also an important characteristic
of iPSCs, and, appropriately, TiPSCs
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showed high levels of telomerase activity
(Figure S1D). Another signature of iPSCs
is epigenetic remodeling. We used bisul-
fite sequencing to examine the methyla-
tion status of the NANOG and OCT3/4
promoters. T cells, which do not express
NANOG or OCT3/4, showed mostly meth-
ylated CpGs in those promoters. hESCs,
which do express NANOG and OCT3/4,
showed unmethylated CpGs in those pro-
moters. As in hESCs, the CpGs in these
promoter regions were predominantly
unmethylated in the TiPSCs (Figure 1l).
These results suggest that SeV-mediated
gene transfer successfully reprograms
hTDCTCs.

Somatic recombination of T cell
receptor (TCR) genes generates a diverse
T cell repertoire that allows adaptation for
antigen responses (Krangel, 2009). To
confirm that the TiPSCs were derived
from hTDCTCs, we analyzed TCR rear-
rangements. A hallmark of the TCR-
B locus is developmentally ordered
recombination, with DB-to-JB recombina-
tion preceding VB-to-DBJB recombina-
tion. We performed capillary electropho-
resis of the PCR products for the
genomic DNA of the TCR-B regions. As
a positive control, we used monoclonal
T cells, which are derived from patients
with lymphocyte malignancies and show
a specific peak, because these T cells
have only a single genetic variation in their
TCR regions (Figure S2A). Peripheral
T cells from people without lymphocytic
diseases are polyclonal, with diverse
genetic variations in their TCR rearrange-
ments, and show a broad and low band
without a specific peak. ESCs do not have
TCR rearrangements and do not show a
specific positive peak. The TiPS 05, 07,
and 18 cell lines showed specific peaks
for DB/JB recombination. TiPS 05 showed
VB/JB2 recombination. TiPS 07 and TiPS
18 showed VB/JB1,2 recombination, albeit
with different bands (Figure 2A). TCR re-
arrangement is specific for T cell deve-
lopment, so these results confirm that
TiPSCs are derived from T cells. They
also indicate that the TiPS 05, 07, and
18 lines originated from different T cells.
We analyzed the rearrangement pattern
of 10 independent TiPSCs and confirmed
that every TiPSCs showed different rear-
rangement pattern (Figure S2A).

We also performed global gene expres-
sion analyses with DNA chips. Scatter
plot analyses revealed global gene
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Figure 2, Detail Characterizations of TiPSCs

(A) Characterization of the TCR-p rearrangement by capillary electrophoresis. The green line is derived
from the band for the JB1 gene, and blue line is derived from the band for the JB2 gene. TiPS 05 shows
rearrangements of VB/JB2 and DB/JB. TiPS 07 shows rearrangements of VB/JB1,2 and DB/JB. TiPS 18
shows rearrangements of VB/JB1,2 and DB/JB.

(B) Scatter plots comparing the global gene expression profiles of T cells and TiPS cells, dermal fibroblast-
derived iPSCs (G4) and ESCs, ESCs and TiPSCs, and dermal fibroblast-derived iPSCs (G4) and TiPSCs.
The black lines indicate 2-fold differences in gene expression levels between the paired cell populations.
The transcript expression levels are shown on a log, scale. The expression levels of NANOG, OCT3/4,
S0OX2, and c-MYC are shown.

(C) Heat map analyses of hESCs, dermal fibroblast-derived iPSCs, TiPSCs, and the parental human
T cells.

(D) Gross morphology, hematoxylin and eosin-stained representative teratomas derived from TiPS 05.

expression differences between periph-
eral T cells and TiPSCs. Comparison of
hESCs and human dermal fibroblast-
derived iPSCs, hESCs, and human
TiPSCs (hTiPSCs), and dermal fibro-
blast-derived iPSCs and TiPSCs showed
high levels of similarity (Figure 2B). Heat
map analysis showed that the global
gene expression profiles were overall
similar in ESCs, dermal fibroblast-derived
iPSCs, and TiPSCs, and different from
T cells (Figure 2C). To further demonstrate
the pluripotency of hTiPSCs, they were
transplanted into the subcutaneous tissue
of severe combined immunodeficient
(SCID) mice. Six to eight weeks after
injection, each TiPSC line tested gave
rise to teratomas that contained deriva-
tives of all three germ layers (Figure 2D;
Figure S2B). We also examined the
in vitro differentiation potential of TIPSCs.
Each TiPSC line tested generated
embryoid bodies that contained deriva-
tives of all three germ layers (Figure 2E).
These results indicate that hTiPSCs are
pluripotent stem cells. Although it was re-
ported that Trp53 null murine T cells could
be reprogrammed into iPSCs (Hong et al.,
2009), we have successfully reprogrammed
wild-type human T cells. In our hands, the
efficiency of conventional retrovirus-medi-
ated gene transfer into wild-type human
T cells was very low compared to SeV
(data not shown). In our view, the efficiency
of gene transfer is a major determining
factor in successful iPSC generation.

With current technology, if iPSC-
derived mature cells are transplanted
into diseased patients, there is no good
procedure for following their progeny,
which could eventually form malignant or
benign tumors. In animal models, several
marker genes can be used to chart the
progression and consequences of iPSC-
derived mature cell transplantation, such
as GFP and luciferase. However, it is not
desirable to insert exogenous marker
genes into the genomes of hiPSCs for clin-
ical use. TiPSCs, however, already have a
traceable genetic signature through TCR
locus rearrangement. Consistent with this
idea, teratomas derived from TiPSCs had

(E) Immunofluorescence staining for Sox17 (endo-
dermal marker), xSMA (mesodermal marker), and
Nestin (ectodermal marker) in each TiPSC-derived
differentiated cell.

(F) Characterization of the TCR-B rearrangement
for teratoma from TiPS 18.

See also Figure S2 and Table S2.
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same signature asundifferentiated TIPSCs
(Figure 2F; Figure S2C). Therefore, the
descendents of TiPSCs can be identified
by analyzing their TCR rearrangement
patterns.

In conclusion, we have developed
a minimally invasive method for hiPSC
generation without genomic integration
that uses low numbers of h TDCTCs from
peripheral blood. This method has advan-
tages for research into stem cell reprog-
ramming, TCR rearrangement, immuno-
logic disorders, and the development of
genetic markers for future applications of
regenerative medicine. TiPSCs may well
be relatively easy to usein aclinical setting.

ACCESSION NUMBERS

The microarray data have been deposited in GEO
and given the series accession number GSE22088.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental
Experimental Procedures, two figures, and two
tables and can be found with this article online at
doi:10.1016/j.stem.2010.06.003.

ACKNOWLEDGMENTS

This study was supported in part by research
grants from the project for realization of regenera-

tive medicine, the Ministry of Education, Science,
and Culture, Japan, and by a grant from the New
Energy and Industrial Technology Development
Organization (NEDO). We thank Dr. Kyotaro Hira-
shima for technical assistance with TRAP assay.
N.F. is an employee of DNAVEC Corporation and
M.H. is a founder and shareholder of DNAVEC
Corporation

Received: May 5, 2010
Revised: June 3, 2010

Accepted: June 5, 2010
Published: July 1, 2010

REFERENCES

Aasen, T., Raya, A., Barrero, M.J., Garreta, E.,
Consiglio, A., Gonzalez, F., Vassena, R., Bilic, J.,
Pekarik, V., Tiscornia, G., et al. (2008). Nat. Bio-
technol. 26, 1276-1284.

Desai-Mehta, A., Lu, L., Ramsey-Goldman, R., and
Datta, S.K. (1996). J. Clin. Invest. 97, 2063-2073.

Douglas, N.C., Jacobs, H., Bothwell, A.L., and
Hayday, A.C. (2001). Nat. Immunol. 2, 307-315.

Eminli, S., Foudi, A., Stadtfeld, M., Maherali, N.,
Ahfeldt, T., Mostoslavsky, G., Hock, H., and
Hochedlinger, K. (2009). Nat. Genet. 47, 968-976.

Hong, H., Takahashi, K., Ichisaka, T., Aoi, T.,
Kanagawa, O., Nakagawa, M., Okita, K., and
Yamanaka, S. (2009). Nature 460, 1132-1135.

Kim, J.B., Greber, B., Arauzo-Bravo, M.J., Meyer,
J., Park, K., Zaehres, H., and Scholer, H.R.
(2009). Nature 461, 649-653.

14 Cell Stem Cell 7, July 2, 2010 ©2010 Elsevier Inc.

58

Cell Stem Cell

: % i

1

Krangel, M.S. (2009). Curr. Opin. Immunol. 21,
133-139.

Li, H.-O., Zhu, Y.-F., Asakawa, M., Kuma, H.,
Hirata, T., Ueda, Y., Lee, Y.-S., Fukumura, M.,
lida, A., Kato, A., et al. (2000). J. Virol. 74, 6564
6569.

Okano, S., Yonemitsu, Y., Nagata, S., Sata, S.,
Onimaru, M., Nakagawa, K., Tomita, Y., Kishihara,
K., Hashimoto, S., Nakashima, Y., et al. (2003).
Gene Ther. 10, 1381-1391.

Takahashi, K., and Yamanaka, S. (2008). Cell 126,
663-676.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M.,
Ichisaka, T., Tomoda, K., and Yamanaka, S.
(2007). Cell 131, 861-872.

Ye, Z., Zhan, H., Mali, P., Dowey, S., Williams,
D.M., Jang, Y.-Y., Dang, C.V., Spivak, J.L., Moli-
terno, A.R., and Cheng, L. (2009). Blood 1774,
5473-5480.

Yu, J., Vodyanik, M.A, Smuga-Otto, K,
Antosiewicz-Bourget, J., Frane, J.L., Tian, S., Nie,
J., Jonsdottir, G.A., Ruotti, V., Stewart, R., et al.
(2007). Science 318, 1917-1920.

Note Added in Proof

A manuscript has appeared online demonstrating
isolation of iPSCs from peripheral blood, including
a single line that showed evidence for both TCR-B
and TCR-y rearrangement by PCR (Kunisato, A.,
Wakatsuki, M., Shinba, H., Ota, T., Ishida, I., and
Nagao, K. [2010]. Direct generation of induced
pluripotent stem cells from human non-mobilized
blood. Stem Cells Dev., in press. Published online
May 24, 2010. 10.1089/scd.2010.0063).
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