


Differentiation of iPS cells into various cells belonging to
the three germ layers has been demonstrated by the analysis of
teratomas generated from mouse and human iPS cells. In addi-
tion, the pluripotency of iPS cells is obvious by the contribution
of iPS cell-derived cells to various organs of the chimeric mice
developed from iPS cell-introduced blastocysts [14]. As for the
in vitro generation of cells of mesodermal lineage from iPS
cells, differentiation into cardiac myocytes and endothelial cells
from mouse iPS cells has been recently reported [21–23]. How-
ever, it remains to be elucidated whether fully differentiated
and functional hematopoietic cells can be generated from iPS
cells by directed differentiation in vitro. In the present study,
we generated DCs and macrophages from mouse iPS cells (iPS-
DCs and iPS-MP), and characterized them by morphological,
functional, and gene-expression analyses.

MATERIALS AND METHODS

Cell Lines, Cytokines, Chemicals, and Peptides

The mouse embryonic fibroblast-derived iPS cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 15% ES cell-qualified fetal calf serum (FCS; Gibco-Invitrogen,
Carlsbad, CA; http://www.invitrogen.com), 1,000 U/ml leukemia
inhibitory factor, 50 U/ml penicillin, 50 mg/ml streptomycin, non-
essential amino acids, and 50 lM 2-mercaptoethanol (2-ME) on
feeder cell layers of mitomycin C-treated mouse primary embry-
onic fibroblasts (PEF). Mouse bone marrow stromal cells, OP9
[24], were maintained in DMEM supplemented with 20% FCS and
seeded onto gelatin-coated dishes before used as feeder cells. The
T-cell hybridomas, RF33.70 [25], recognizing ovalbumin
(OVA)257–264 in the context of Kb and DO11.10[26], recognizing
OVA323–339 in the context of I-Ad, were maintained in RPMI-1640
medium supplemented with 10% FCS. MO4 [27], a C57BL/6-
derived B16 melanoma cell line expressing OVA, was maintained
in RPMI-1640 medium supplemented with 10% horse serum.
Recombinant mouse interleukin (IL)-4, tumor necrosis factor
(TNF)-a, granulocyte macrophage colony stimulating factor (GM-
CSF) and macrophage colony stimulating factor (M-CSF) were
purchased from Peprotec (London, U.K.; http://www.peprotechec.
com). Lipopolysaccharide (LPS) from Escherichia coli and OVA
protein was purchased from Sigma Chemical (St. Louis, MO;
http://www.sigma-chem.com.au), agonistic anti-CD40 mono-
clonal antibody (mAb, clone HM-40-3) was from PharMingen (San
Jose, CA; http://www.bdbiosciences.com) and OK432 was pur-
chased from Chugai Pharmaceutical (Tokyo, Japan; http://
www.chugai-pharm.co.jp/hc/chugai_top_en.jsp). OVA257–264 pep-
tide, SIINFEKL, was synthesized on an automatic peptide synthe-
sizer (PSSM8; Shimadzu, Kyoto, Japan; http://www.shimadzu.
com) and purified by HPLC.

Differentiation Culture

The procedure for induction of differentiation of iPS cells into
DCs is composed of three steps (supporting information Fig. 1).
Step 1: iPS cells were suspended in a-MEM supplemented with
20% FCS and seeded (1 � 105 cells per dish) onto OP9 cell
layers in 100-mm dishes. On day 6 or 7, the cells were treated
with PBS/0.25% trypsin/1 mM ethylenediaminetetraacetic acid
(EDTA; trypsin/EDTA) for 10 minutes, recovered with medium
containing FCS, and subjected to step 2 culture or stocked frozen
for future use. Step 2: Cells harvested from step 1 culture were
suspended in a-MEM supplemented with 20% FCS, GM-CSF
(1,000 U/ml), and 2-ME (50 lM) and plated onto freshly pre-
pared OP9 cell layers. Cells recovered from one dish of step 1
culture were seeded onto 8–10 dishes. Thereafter, at 6 days after
the passage, floating cells were recovered by pipetting and then
were subjected to step 3 culture or stocked frozen. Step 3: The
cells were transferred to bacteriological Petri dishes (5 � 105

cells/100-mm dish) without feeder cells and cultured in RPMI-
1640 medium supplemented with 10% FCS, GM-CSF (1,000 U/
ml) and 2-ME. To induce complete maturation of iPS-DCs, cells
cultured for 10–14 days in Petri dishes were transferred to new
dishes and cultured in RPMI-1640/10% FCS supplemented with
GM-CSF (1,000 U/ml), IL-4 (10 ng/ml), TNF-a (5 ng/ml), and
anti-CD40 mAb (10 lg/ml). For the generation of macrophages,
the cells recovered from step 2 were cultured in bacteriological
Petri dishes or tissue culture-coated dishes (1–2 � 106 cells/100-
mm dish) in RPMI-1640 medium supplemented with 10% FCS,
5% horse serum, M-CSF (100 ng/ml), and 2-ME.

Generation of DCs and Macrophages
From Bone Marrow Cells

Femoral and tibial bone marrow cells were obtained from DBA/2
mice. To generate DCs (BM-DCs), cells were cultured in RPMI-
1640 medium supplemented with 10% FCS, 1,000 U/ml GM-
CSF, and 50 lM 2-ME for 7 days in Petri dishes. To generate
macrophages (BM-MP), cells were cultured in RPMI-1640 me-
dium supplemented with 10% FCS, 5% horse serum, 100 ng/ml
M-CSF, and 50 lM 2-ME for 7–10 days in Petri dishes. For the
analysis, macrophages were harvested using trypsin/EDTA.

Microscopic Analysis

Unfixed cells in the culture plates were stained with phycoery-
thrin (PE)-conjugated anti-Flk1 monoclonal antibody (1.25 lg/
ml) in DMEM supplemented with 10% FCS for 1 hour and
washed three times. Cytospin specimens were stained with May-
Grünwald-Giemsa and mounted in Entellan neu (Merck, Darm-
stadt, Germany; http://www.merck.com). Bright-field, phase-con-
trast, and fluorescence microscopic analysis were done on an
inverted microscope (IX70, Olympus, Tokyo, Japan, http://
www.olympus-global.com/en/global) and microscopic images
were captured by using a digital camera unit DP70 (Olympus).

Flow Cytometric Analysis

The staining of cells and analysis on a flow cytometer (FACScan,
Becton Dickinson, San Jose, CA; http://www.bd.com) was done as
described previously [2]. The following monoclonal antibodies
(mAb) conjugated with fluorescence isothiocyanate (FITC) or PE
were used for staining: anti-mouse Flk-1 (clone Avas12a1, rat
IgG2a, eBioscience, San Diego, CA; http://www.ebioscience.com),
anti-mouse CD45 (clone 30-F11, rat IgG2b, eBioscience), anti-
mouse CD11b (clone M1/70, IgG2b, Pharmingen), anti-mouse
CD11c (clone N148, hamster IgG, Chemicon, Temecula, CA,
http://www.chemicon.com), anti-mouse CD80 (clone RMMP-1, rat
IgG2a, Caltag), anti-mouse CD86 (clone RMMP-2, rat IgG2a,
Caltag), anti-F4/80 (A3-1, rat IgG2b, Serotec Ltd., Oxford, U.K.,
http://www.serotec.com), mouse IgG2a control (clone G155-178,
Pharmingen), mouse IgG2a control (clone G155-178, Pharmingen),
rat IgG2a control (clone LO-DNP-16, Caltag), rat IgG2a control
(clone LODNP-57, Beckman-Coulter, Fullerton, CA, http://www.
beckmancoulter.com), and hamster IgG control (clone 530-6, Caltag).
Intracellular staining with FITC-conjugated Fab fragment of anti-influ-
enza virus hemagglutinin (HA) antibody (clone 3F10, rat IgG1, Roche
Diagnostics, Basel, Switzerland, http://www.roche-applied-science.
com) was done using IntraPrep (Immunotech, Marseillu, France,
http://www.beckmancoulter.com/products/pr_immunology.asp). Two-
color staining with PE-conjugated tetramer of H-2Kb-OVA257–264-
complex (MBL, Nagoya, Japan; http://www.mbl.co.jp/e/index.html)
in combination with FITC-conjugated anti-CD8 (clone KT15,
Beckman-Coulter) was done according to the manufacturer’s instructions.

Mixed Lymphocyte Reaction

Splenic T-cells were isolated from female C57BL/6 mice by
using a pan-T-cell isolation kit (Miltenyi Biotec, Belgish-Blad-
bach, Germany, http://www.miltenyibiotec.com) and then they
were used as responders. Graded numbers of stimulator cells
were X-ray irradiated (35 Gy) and cocultured with responders
(1.5 � 105) in wells of 96-well round-bottomed culture plates for
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4 days. [3H]-methyl-thymidine (247.9 Gbq/mmol) was added
(0.037 Mbq per well) during the last 16 hours of the culture. At
the end of the culture, the cells were harvested onto glass fiber
filters (Wallac, Turku, Finland; http://www.perkinelmer.com) and
the incorporation of [3H]-thymidine was measured by scintillation
counting.

Antigen Presentation Assay

iPS-DCs were seeded into 96-well flat-bottomed culture plates (1
� 104 cells per well) with indicated concentrations of OVA pro-
tein, IL-4 (10 ng/ml), and anti-CD40 mAb (10 lg/ml) and cul-
tured overnight. Subsequently, DO11.10 hybridoma cells were
added to the wells (5 � 104 cells per well) and the culture was
continued for further 24 hours. At the end of the culture, the con-
centration of IL-2 in the culture supernatant was measured by
ELISA (eBioscience). For the assay with OVA-transfectant iPS-
DCs, the indicated numbers of iPS-DCs were cocultured with hy-
bridoma cells, DO11.10 or RF33.70, in the absence of exoge-
nously added antigen for 24 hours and production of IL-2 was
also measured by ELISA.

Analysis of the Activation of NKT Cells
by iPS-DCs Loaded with a-Galactosylceramide

Splenic T-cells of (C57BL/6 � BALB/c) F1 (CBF1) mice were
isolated using nylon-wool columns. Mature iPS-DCs were cul-
tured in the presence of a-galactosylceramide (a-GalCer; 100 ng/
ml) or vehicle (0.00025% Polysorbate-20) alone for 18 hours,
washed, and cocultured with splenic T-cells (1.6 � 105 DCs þ 4
� 106 T-cells per well in 24-well culture plates). After 24 hours,
the cells were recovered and analyzed on their cytotoxic activity
by a 4-hour 51Cr-release assay using YAC-1 cells (5 � 103 cells
per well) as targets in 96-well round-bottomed culture plates. In
the analysis of the stimulation of NKT cells in vivo, iPS-DCs
loaded with either a-GalCer or vehicle alone were intraperitone-
ally injected into H-2-matched CBF1 mice (1.2 � 106 cells per
mouse). After 24 hours, the mice were sacrificed and the cyto-
toxic activity of whole spleen cells pooled from three mice for
each group were analyzed using YAC-1 cells as targets, as
described earlier.

Quantitation of Cytokine Production by iPS-DCs

iPS-DCs were cultured in 48-well culture plates (1.5 � 105 cells/
200 ll per well) in the presence or absence of IL-4 (10 ng/ml),
anti-CD40 mAb (10 lg/ml), TNF-a (10 ng/ml), LPS (1 lg/ml),
and OPK432 (5 or 25 lg/ml). After 3 days of culture, culture su-
pernatant was collected and concentration of IL-12p70 and TNF-
a was determined by using ELISA kits (eBioscience).

cDNA Microarray Analysis

iPS cell-derived cells in culture step 2, iPS-DCs, iPS-MP, BM-
DCs, and BM-MP were recovered from the culture and subjected
to cDNA microarray analysis, without purification of specific cell
fractions. Total cellular RNA was extracted by using an RNeasy
kit (Qiagen, Hilden, Germany, http://www1.qiagen.com). Integrity
of RNA samples was verified by using Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, http://www.agilent.com)
and the purity and concentration was checked based on A260/280
(A260/280: 1.98�2.04). For each cell sample, cDNA was synthe-
sized by using MMLV-RT using 300 ng of RNA as template and
the cDNA was used as template for synthesis of cyanine-3 (Cy-
3)-labeled cRNA by using T7 RNA polymerase. A total of 1.65
lg each of Cy-3-labeled cRNA was hybridized to a microarray
slide (Whole Mouse Genome Oligo Micoarray 4 � 44K; Agilent
Technologies; http://www.home.agilent.com) for 17 hours and
washed, according to the manufacturer’s instructions (Protocol:
One-Color Microarray-based Gene Expression Analysis, version
5.7). The slides were scanned on Agilent DNA Microarray Scan-
ner and data were processed and normalized using the Gene-
Spring GX9.0 software program.

Plasmid Construction

A cDNA fragment coding for a truncated form of ovalbumin,
OVA241–340, was prepared by PCR amplification using full length
cDNA for OVA as a template with PCR primers 50-
cctcgagcccgccgccaccatggctagcatgttggtgctgttgcctgat-30 (Xho I and
Nhe I sites are indicated by underline) and 50-cttaagcgtagtctgg-
gacgtcgtatgggtactctctgcctgcttcattgatttc-30. The design of these pri-
mers results in the cloning of OVA downstream of the Kozak
sequence and the addition of the HA epitope (MYPYDVPDYA)
to the carboxyl terminus of OVA fragment. The cDNA fragment
for OVA241–340-HA was cloned into pCAG-INeo, a mammalian
expression vector driven by a CAG promoter and containing the
internal ribosomal entry site (IRES)-neomycin resistance gene
cassette to generate pCAG-OVA-INeo. A cDNA fragment for
amino terminal portion of invariant chain (Ii1–80) was prepared by
PCR amplification using full-length cDNA for human Ii as a tem-
plate with PCR primers, 50-acctcgagcccgccgccaccatggatgac-
cagcgcgaccttatctc-30 and 50-aagctagcaagcttcatgcgcaggttctccag-30,
and inserted into the Xho I-Nhe I site of pCAG-OVA-INeo to
generate the Ii-OVA241–340 expression vector, pCAG-Ii-OVA-
INeo.

Transfection of iPS Cells by Electroporation

iPS cells maintained on layers of PEF were harvested by using
trypsin/EDTA and suspended in DMEM (3 � 107 cells per milli-
liter) and 1.2 � 107 cells were electroporated in a 4-mm-gap cuv-
ette under 225 V and 600 lF with 30 lg of plasmid DNA. After
electroporation, cells were cultured on neomycin-resistant PEF
feeder layers in 100-mm culture dishes in the presence of G418
(500 lg/ml) for 9–10 days. Subsequently, drug-resistant colonies
were picked up and transferred into 24-well culture plates. iPS
cell transfectant clones with high levels of expression of the
transgene were selected based on the resistance to high-dose (3
mg/ml) of G418. Thereafter, the expression of the transgene after
differentiation of the transfectants was examined by intracellular
staining with anti-HA mAb and flow cytometric analysis.

Analysis of In Vivo Priming of Antigen-Specific
T-Cells by iPS-DCs

Transfectant or nontransfectant iPS-DCs were stimulated with IL-
4, TNF-a, and anti-CD40 mAb and injected intraperitoneally into
C57BL/6 mice (1.5 � 105 cells per mouse). Eight days after the
injection, spleen cells were isolated from the injected mice and
pooled for each group of three mice. After hemolysis, spleen cells
were cultured in 24-well culture plates (3 � 106 cells/2 ml per
well) in RPMI-1640 supplemented with horse serum (10%),
recombinant human IL-2 (100 U/ml), and OVA257–264 peptide
(0.001 lM). After 5 days, the cells were harvested and OVA-spe-
cific cytotoxic T lymphocyte (CTL) activity was analyzed by 5
hour-51Cr-releasae assay using OVA-peptide-pulsed or unpulsed
EL-4 cells as targets. The percentage of specific lysis was calcu-
lated as: 100 � (experimental release � spontaneous release)/
(maximal release � spontaneous release). Spontaneous release
and maximal release were determined in the presence of medium
or 1% Triton X-100, respectively. The experiments using mice
were done according to the plan approved by animal research
committee of Kumamoto University. The frequency CD8þ T-cells
specific to OVA257–264 was analyzed using the PE-labeled tet-
ramer of Kb-OVA257–264-complex as described earlier.

Tumor Challenge Experiments

OVA-transfectant or nontransfectant iPS-DCs were injected intra-
peritoneally into C57BL/6 mice (1.0 � 105 cells per mouse) on
day-10, and MO4 cells (2 � or 3 � 105 cells per mouse) were
inoculated subcutaneously into the shaved right flank region on
day 0. The tumor size was measured on days 11, 15, and 18 and
the tumor volume was calculated as follows: tumor volume
(mm3) ¼ (length � width � height).
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Chemotaxis Assay

A multiwell chemotaxis assay was done by using 24-well Trans-
well permeable support chamber (pore size 5 lm; Corning, NY;
http://www.corning.com/index.aspx). Cell suspensions (1 � 106

cells per ml) in serum-free culture medium (AIMV, Gibco-Invi-
trogen) were added to the upper compartments (0.1 ml per well)
and the indicated concentration of C5a in AIMV medium was
added to the lower compartments (0.6 ml per well). Assay plates
were incubated at 37�C for 90 minutes and then the cells on the
upper surface of the microporous membranes were removed by
using swabs. Subsequently, the membranes were fixed with meth-
anol for 5 minutes and stained with May-Giemsa solution (Muto
Chemicals, Tokyo, Japan). The stained cells on the lower surface
of the membranes were counted and the data were indicated as
the number of cells per 1 mm2.

Phagocytosis Assay

The cell suspensions in RPMI-1640/10% FCS/2-ME were added
to 48-well culture plates (2 � 105 cells/200 lL per well) and
incubated at 37�C for 2 hours to allow the cells to adhere to the
plates. FITC-labeled Zymosan A particles (Molecular Probes Inc.,
Eugene, OR, http://probes.invitrogen.com) were added to the
wells (4.8 � 106 particles/200 lL per well) and, after incubation
for the indicated period, cells were rinsed with PBS and harvested
by using trypsin/EDTA. The cells were treated with trypan blue
to quench FITC of the cell-surface attached particles, washed and
then analyzed on FACScan flow cytometer.

Measurement of Nitric Oxide Production

The cells suspended in phenol-red-free DMEM/5% FCS were
seeded into 96-well plates (1 � 105 cells/0.2 ml per well) in the
presence or absence of IFN-c (200 U/ml) and LPS (100 ng/ml).
After 24 hours of incubation, concentration of NO2 þ NO3 in the
culture supernatant was determined based on Griess method by
using a nitric oxide assay kit (Dojindo, Kumamoto, Japan; http://
www.dojindo.com).

RESULTS

Generation of DCs From iPS Cells

The present study mainly examined iPS-MEF-Ng-38C-2
(38C-2), one of the previously established mouse iPS cell
clones [14], for the capacity to differentiate into functional
DCs. 38C-2 was developed by introduction of the four genes
(Oct3/4, Sox2, Klf4, and c-Myc) for reprogramming factors
into embryonic fibroblasts and subsequent selection based on
the expression of the Nanog gene. The procedure to induce
the differentiation of iPS cells into DCs, composed of three
steps as shown in supporting information Figure 1, was basi-
cally the same as that developed previously using mouse ES
cells [2].

Undifferentiated iPS cells were maintained on the feeder
layers of PEF. They were similar to ES cells in morphology
(Fig. 1A) and growth properties. Nanog-selected iPS cells
carry a transgene of the Nanog genome inserted with a cDNA
coding for green fluorescence protein (GFP) in the 50-untrans-
lated region. The expression of GFP was observed in approxi-
mately half of the undifferentiated Nanog-iPS cells (Fig. 1B),
as reported previously [14]. To initiate the differentiation, iPS
cells were transferred onto OP9 feeder layers (step 1). After 3
days, mesodermally differentiated flat colonies appeared. The
expression of GFP was scarcely observed in the differentiated
colonies (Fig. 1C, 1D), thus indicating that the promoter of
Nanog gene was turned off along with the mesodermal differ-
entiation of iPS cells. On day 6, most of the colonies exhib-
ited a differentiated morphology. They were completely nega-
tive for the expression of GFP and positive for cell surface
expression of Flk-1/VEGFR2 (Fig. 1E, 1F).

On day 6 or 7 of step 1, cells were harvested by using
trypsin/EDTA and dissociated into single cells. Subsequently,

Figure 1. Morphological changes from iPS cells to iPS-DC. Phase-contrast images (A, C) and fluorescence images showing expression of green
fluorescence protein (B, D) of undifferentiated Nanog-iPS cell colonies on primary embryonic fibroblasts feeder layer (A, B) and a differentiating
colony on OP9 feeder layer at day 3 of the step 1 culture (C, D). A phase-contrast image (E) and a fluorescence image showing expression of
Flk-1 (F) of a colony at day 6 of the step 1 culture. Phase-contrast images of iPS cell-derived hematopoietic cells at day 3 (G) and day 6 (H) in
step 2 and day 15 (I, J) in step 3 are shown. (K, L): Cytospin specimens of iPS-DC recovered from step 3 culture were stained with May-Grün-
wald-Giemsa. Cells in (I–L) had been stimulated for 2–4 days with IL-4, TNF-a, and anti-CD40 mAb.
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the cells were transferred onto freshly prepared OP9 feeder
layers and cultured in the presence of GM-CSF, to start step
2. On the next day, homogenous small cells, resembling prim-
itive hematopoietic progenitor cells, appeared (Fig. 1G). The
iPS cell-derived round cells, expressing Flk-1 and CD45 (Fig.
2A), gradually increased and became morphologically heterol-
ogous (Fig. 1H). The addition of exogenous GM-CSF was
essential for the propagation of the cells, thus indicating that
the cells proliferated in response to GM-CSF. At day 6 in cul-
ture step 2, more than half of the floating cells highly
expressed CD11b (Fig. 2A), thus suggesting their commitment
to myeloid cell lineage. Step 2 culture was continued for 6–7
days.

At the end of step 2, floating or loosely adherent cells
were recovered by pipetting and transferred them into bacteri-
ological Petri dishes without feeder cells (step 3). After 5–7
days, most of floating cells showed irregular shape with some
protrusions (supporting information Fig. 2). In addition, some
of the transferred cells adhered to the dish surfaces like mac-
rophages. Based on the morphology, the floating cells with
protrusions were named iPS-DCs (iPS cell-derived dendritic
cells). iPS-DCs expressed CD11c, but did not express CD80,
CD86, and MHC class II until day 10 of the step 3 culture
(Fig. 2B). At day 13, some of them expressed CD80 and
MHC class II, thus suggesting spontaneous partial maturation.
After day 10 of the step 3 culture, 1–2 � 106 iPS-DCs were
recovered from one Petri dish. The number of cells increased
about 400–600 times from the initiation of the differentiation
until differentiation into iPS-DCs.

To induce full maturation of iPS-DCs, we transferred the
floating cells into new Petri dishes, and added IL-4, TNF-a,
and anti-CD40 mAb to the cells simultaneously. In 2 or 3
days, most of the cells exhibited morphology of typical
mature DCs, with many long protrusions or veil-like protru-
sions and some of the cells formed clusters (Fig. 1I–1L).
Flow cytometric analysis demonstrated that high levels of

cell-surface expression of CD80, CD86, and MHC class II in
the mature iPS-DCs (Fig. 2B).

One of the Fbx15-selected iPS cell clones, iPS-MEF-FB-
20A-1013 (20A-10), was also subjected to the differentiation
culture. The 20A-10 iPS cells differentiated and proliferated
well in the culture steps 1 and step 2, resulting in appearance
of a large number of myeloid lineage cells at the end of step
2 (supporting information Fig. 3A). In the step 3 culture with
GM-CSF intended for generation of DCs, 20A-10-derived my-
eloid cells further grew, exhibited some protrusions, and
expressed CD11c. However, they were refractory to matura-
tion. Even when stimulated with the simultaneous addition of
IL-4, TNF-a and anti-CD40 mAb, they expressed very low
level of cell-surface MHC class II and did not express CD80
and CD86 (supporting information Fig. 3B).

Functions and Gene-Expression of iPS-DCs

Nanog-selected iPS cells including the clone 38C-2 were
derived from PEF with a mixed genetic background composed
of 75% DBA (H-2d), 12.5% C57BL/6 (H-2b), and 12.5%
129S4 (H-2b) [14], and thus their H-2 haplotype could be b/b,
b/d, or d/d. Before the analyses of the immunological func-
tions of iPS-DCs, we determined the H-2 haplotype of 38C-2
iPS cells by flow cytometric and PCR-based analyses and that
was found to be d/b (supporting information Fig. 4).

To examine the capacity of iPS-DCs to stimulate T-cells,
allogeneic mixed lymphocyte reaction (MLR) assay was con-
ducted using iPS cell-derived cells of several different differ-
entiation stages as stimulators. We used splenic T-cells iso-
lated from naive C57BL/6 mice (H-2b) as allogeneic
responder T-cells. As shown in Figure 3A, the floating cells
harvested from step 2 culture (pre-iPS-DCs) or at day 8 of
step 3 (immature iPS-DCs) exhibited either no or a very low
level of activity to stimulate naive T-cells. Partially maturated
iPS-DCs harvested on day 15 of the step 3 culture induced a
small but definite proliferative response of T-cells. In contrast,

Figure 2. Surface phenotypes of iPS-derived cells in differentiation culture. (A): The cells at days 3 and 6 in step 2 culture were examined for
the expression of Flk-1, CD45, and CD11b. (B): The cells in step 2 and step 3 culture were examined for the expression of CD80, CD86, MHC
class II, and CD11c. The staining patterns of specific antibodies (thick lines) and isotype-matched controls (thin lines) are shown. The numbers
in the panels of day13 and mature DC indicate percentages of cells positive for CD80, CD86, or MHC class II.
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iPS-DCs treated with maturation stimuli for 2 days exhibited
a very high magnitude of T-cell-stimulating activity (Fig.
3A), consistent with their high levels of cell-surface expres-
sion of MHC class II and costimulatory molecules (Fig. 2B).

To examine the antigen-processing and presentation func-
tion of iPS-DCs, the presentation of OVA antigen to a T-cell
hybridoma, DO11.10, recognizing OVA323–339 in the context
of I-Ad, was analyzed. iPS-DCs harvested at day 10-day of
culture step 3 were cultured in the presence of OVA protein,
IL-4 and anti-CD40 mAb in 96-well culture plates, to allow
them to capture the antigenic protein and to maturate. After
18 hours, DO11.10 hybridoma cells were added and then
were further cultured. In this assay, IL-2 in the culture super-
natant produced by DO 11.10 indicated the presentation of
OVA-derived epitope on the I-Ad of iPS-DCs. The results
shown in Figure 3B indicate that DO11.10 produced IL-2
depending on the concentration of OVA protein loaded to
iPS-DCs, thus demonstrating processing of the antigenic pro-
tein and presentation of the I-Ad-restricted epitope by iPS-
DCs.

NKT cells are a group of T-cells expressing invariant T-
cell receptors and recognize lipid ligands, for example a-
GalCer, in the context of CD1d, a nonclassical MHC class I.
On simulation with a-GalCer, NKT cells rapidly produce
large amount of cytokines, resulting in activation of conven-
tional T-cells and NK cells. a-GalCer-loaded DCs are known
to be efficient in activation of NKT cells [7, 28–30]. We also
analyzed the capacity to present a-GalCer and activate NKT
cells. Mature iPS-DCs were loaded with a-GalCer or vehicle
alone and cocultured with H-2-matched splenic T-cells from
(C57BL/6 � BALB/c) F1 (CBF1) mice (H-2b/d) for 24 hours.
As shown in Figure 3C, the cells cocultured with a-GalCer-
loaded iPS-DCs but not those cultured with vehicle-loaded
iPS-DCs exhibited activity to kill YAC-1 cells, indicating

activation of NKT cells by a-GalCer-loaded iPS-DCs. To
examine the in vivo stimulation of NKT cells, iPS-DCs
loaded with either a-GalCer or vehicle alone were intraperito-
neally injected into CBF1 mice. Spleen cells isolated from the
mice injected with a-GalCer-loaded iPS-DCs showed higher
cytotoxic activity against YAC-1 cells than those from mice
injected with vehicle-loaded iPS-DCs (Fig. 3D), thus demon-
strating in vivo activation of NKT cells by a-GalCer-loaded
iPS-DCs.

To know how long iPS-DCs could survive in vivo, we
injected carboxyfluorescein succinimidyl ester (CFSE)-labeled
iPS-DCs (2 � 106 per mouse) into H-2-matched CBF1 mice
at the tail-base and analyzed the frequency of CFSE-positive
cells in the draining para-aortic lymph nodes after 3, 5, 8, 14,
and 21 days (supporting information Fig. 5). As a result, we
observed that injected iPS-DCs survived more than 14 days in
the draining lymph nodes.

Next, the production of IL-12 and TNF-a by iPS-DCs
upon treatment with stimulatory ligands was analyzed (Fig.
4A, 4B). The addition of IL-4 and anti-CD40 mAb exhibited
little effect to enhance the production of IL-12p70. The addi-
tion of either LPS or OK432 but not TNF-a significantly
enhanced the production of IL-12. The addition of LPS and
OK432 exhibited dramatic effect to enhance the production of
TNF-a. Collectively, the production of IL-12 and TNF-a by
iPS-DCs was significantly enhanced on stimulation with bac-
teria-derived stimulatory ligands, similarly as the case of
physiological DCs.

The global gene-expression profile of iPS-DCs was exam-
ined by using DNA microarrays. As shown in Figure 4C, the
gene expression profile of iPS-DCs was similar to that of
BM-DCs. We analyzed the change of gene expression profile
during the step 3 culture, by comparing the data of cells
recovered at the end of step 2 and those of iPS-DCs (Fig.

Figure 3. Antigen-processing and presenting function of iPS-DC in vitro. (A): Pre-iPS-DC harvested from step 2 culture, immature iPS-DC
(day 8 of step 3), partially maturated iPS-DC (day 15 of step 3) and fully maturated iPS-DC were cocultured with T-cells from C57BL/6 mice in
wells of 96-well round-bottomed plates and cultured for 4 days. Proliferation of the T-cells was measured based on the incorporation of [3H]-thy-
midine. (B): iPS-DC were cultured in 96-well flat-bottomed culture plates in the presence of indicated concentrations of ovalbumin protein, IL-4,
and anti-CD40 mAb for overnight. Subsequently, T-cell-hybridoma cells (DO11.10) were added and further cultured for 24 hours. The concentra-
tion of IL-2 produced by the hybridoma in the culture supernatant was measured by ELISA. (C): Mature iPS-DC were loaded with either a-
GalCer (closed symbols) or vehicle alone (open symbols) for 18 hours, washed and cocultured with splenic T-cells of H-2-matched (C57BL/6 �

BALB/c) F1 (CBF1) mice. After 24 hours of culture, cytotoxic activity of the cultured cells against YAC-1 cells were analyzed by 4-hour Cr-
release assay. (D): iPS-DC were loaded with either a-GalCer (closed symbols) or vehicle alone (open symbols) as in (C) and intraperitoneally
injected into CBF1 mice (1.2 � 106 cells per mouse). After 24 hours, spleen cells isolated from the three mice for each group were pooled and
their cytotoxic activity against YAC-1 cells were analyzed by 4-hour Cr-release assay. Abbreviation: Kcpm, kilo counts per minute.
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4D). The results showed that 228 out of 23,481 analyzed
genes were upregulated more than 10 times (listed in support-
ing information Table 1) and such dramatically upregulated
genes included those directly associated with antigen-present-
ing functions (Fig. 4D), such as MHC class II, CD74, and
H2-DM. On the other hand, a number of genes were
expressed highly in the step 2 cells and at very levels in iPS-
DCs, for example hemoglobin a and b chains, myeloperoxi-
dase (MPO), GATA-1, and GATA-2 genes (Fig. 4D). These
down-modulated genes were probably expressed by erythroid
and myeloid precursor cells included in the cells of step 2
which disappeared along with differentiation into iPS-DCs in
the step 3 culture.

Genetic Modification of iPS-DCs

Genetic modification is a valuable means for modifying the
function of DCs for medical application. For example, by
means of the forced expression of antigenic proteins and
immunostimulatory molecules, we can generate DCs vaccines
potently inducing immune response to specific antigens [6]. In
the present study, we generated an expression vector from
which a model antigen, OVA protein, was expressed as a
fusion protein with MHC class II-associated invariant chain
(Ii). Ii-fused OVA protein (Ii-OVA) produced in the APC was
expected to be transported to endosomes and digested and
thus epitopes derived from this protein could be presented in
the context of MHC class II, in addition to MHC class I.

As shown in Figure 5A, the expression vector for Ii-OVA
was created by ligating the cDNA fragment encoding for ami-
noterminal portion of Ii (p1-81), including an endosome tar-

geting signal sequence (di-leucin motif), with that encoding
for a truncated form of OVA protein (OVA241–340) attached
with an HA-tag. 38C-2 iPS cells were introduced with the
vector and selected by culture in the presence of G418 and
then 48 transfectant iPS cell clones were isolated. The expres-
sion of the transgene after differentiation to iPS-DCs was
detected by flow cytometric analysis following intracellular
staining with anti-HA mAb. The results of flow cytometric
analysis of the parental 38C-2 iPS cell-derived DCs (nontrans-
fectant iPS-DCs) and the Ii-OVA-transfectant iPS-DCs (iPS-
DCs/OVA) are shown in Figure 5B and 5C, respectively.

iPS-DCs/OVA were examined for the presentation of
OVA-derived epitopes in the context of MHC class I and
MHC class II molecules. iPS-DCs/OVA or nontransfectant
iPS-DCs were cocultured with T-cell hybridomas, RF33.70
(recognizing OVA257–264 in the context of H-2Kb) and
DO11.10 (recognizing OVA323–339 in the context of I-Ad). As
shown in Figure 5D and 5E, iPS-DCs/OVA stimulated both
of the T-cell hybridomas to produce IL-2, whereas nontrans-
fectant iPS-DCs did not. Collectively, we verified the expres-
sion by iPS-DCs of transgene introduced before differentiation
and confirmed that iPS-DCs possess a physiological intracel-
lular antigen presentation machinery.

Priming of Antigen-Specific Cytotoxic T-Cells In
Vivo by Genetically Modified iPS-DCs

To analyze the capacity of iPS-DCs/OVA to prime OVA-spe-
cific T-cells in vivo, we injected iPS-DCs/OVA or nontrans-
fectant iPS-DCs intraperitoneally into C57BL/6 mice. In this
experiment, injected iPS-DCs were derived from 38C-2 iPS

Figure 4. Cytokine production and gene-expression profiles of iPS-DC. (A, B): iPS-DC were cultured in the presence or absence of IL-4 (10
ng/ml), anti-CD40 mAb (10 lg/ml), TNF-a (10 ng/ml), LPS (1 lg/ml), and OK432 (5 or 25 lg/ml) as indicated. After 3 days of culture, culture
supernatant was collected and concentration of IL-12p70 (A) and TNF-a (B) was determined by ELISA. (C): A scattered plot comparing global
gene-expression profiles of BM-DC and iPS-DC. The numbers of more than 10-fold differentially expressed genes among the total of 22,506
genes (array spots) analyzed are shown. The results of flow cytometric analysis of iPS-DC and BM-DC are shown in Figure 1A (step 3, day 13)
and supporting information Figure 6, respectively. (D): A scattered plot comparing gene-expression profiles of step 2 culture cells (pre-iPS-DC)
and iPS-DC. The levels of expression of genes for H-2DMb (H-2DMb), MHC class II a and b, MHC class II-associated invariant chain (Ii/
CD74), GATA-1, GATA-2, MPO, and hemoglobin (Hb) a and b are indicated. Among the total of 23,481 genes (array spots) analyzed, the num-
ber of genes with more than 10-fold increase or decrease in the level of expression is shown. The results of flow cytometric analysis of step 2
cells are shown in Figure 1A (step 2, day 6). Abbreviations: LPS, lipopolysaccharide; MPO, myeloperoxidase; TNF, tumor necrosis factor.
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cells (H-2b/d) and the recipient mice were of C57BL/6 strain
(H-2b/b). Therefore, iPS-DCs were semiallogeneic to the re-
cipient mice sharing H-2b-haplotype with the recipient. This
experimental design was based on our previous observation
that ES-DCs could prime antigen-specific CTL restricted to
the MHC molecule of the shared allele in such semiallogeneic
recipient mice [8, 10]. Eight days after the injection, spleno-
cytes were isolated from the mice and cultured in the pres-
ence of OVA257–264 peptide, the major H-2Kb-restricted epi-
tope derived from OVA protein. After 5 days, cultured cells
were recovered and examined for the frequency and cytotoxic
activity of H-2Kb-OVA257–264-specific CD8þ T-cells (Fig.
5A).

The results showed that 1.56% of the CD8þ T-cells in the
cultured spleen cells isolated from the mice injected with iPS-
DCs/OVA were positively stained with tetramer of Kb-
OVA257–264-complex (Fig. 5B). On the other hand, these were
0.22% in the cells from the mice injected with nontransfectant
iPS-DCs (Fig. 5C). The results shown in Figure 5D indicated
that cytotoxic T-cells specific to the OVA epitope was primed
in vivo by iPS-DCs/OVA but not by nontransfectant iPS-DCs.
These results demonstrate that iPS-DCs genetically engineered
to express an antigenic protein primed cytotoxic T-cells spe-
cific to the antigen upon in vivo administration.

We examined whether antigen-specific anti-tumor immu-
nity was induced by iPS-DCs expressing antigenic protein or
not. Ten days after the intraperitoneal injection of iPS-DCs/
OVA or nontransfectant iPS-DCs, the recipient C57BL/6 mice
were challenged by subcutaneous injection of MO4, an OVA
expressing melanoma cell line derived from a C57BL/6
mouse. As shown in Figure 6E, the growth of tumor in the
mice was almost completely inhibited by pretreatment with
iPS-DCs/OVA but not by nontransfectant ES-DCs. Therefore,
it was demonstrated that in vivo transfer of genetically modi-
fied iPS-DCs expressing model tumor antigen efficiently
induced antigen-specific anti-tumor immunity.

Generation of Macrophages From iPS Cells

As described earlier, in the step 3 of iPS-DCs differentiation
culture, some adherent cells were observed and they showed

macrophage-like morphology. To promote the differentiation
into macrophages, M-CSF was added instead of GM-CSF in
the step 3 culture. As a result, a large number of macrophage-
like adherent cells appeared from 38C-2 (Nanog-selected) iPS
cells (Fig. 7A, 7B). These were designated as iPS-MP (iPS
cell-derived macrophages). The iPS-MP were harvested by
treatment with trypsin/EDTA and then were characterized.

A flow cytometric analysis shown in Figure 7C revealed
that iPS-MP expressed F4/80 and CD11b, as macrophages
generated from bone marrow cells (BM-MP) did. The level of
expression of CD14 in iPS-MP was very low. iPS-MP showed
C5a-induced chemotaxis (Fig. 7D). Their phagocytic capacity
was assessed by using FITC-labeled zymosan particles. As
shown in Figure 7E, iPS-MP ingested zymosan particles in a
similar rate as BM-MP did. Stimulation with LPS and IFN-c
synergistically induced production of nitric oxide by iPS-MP
(Fig. 7F).

Consistent with the results of the functional analysis, gene
expression profile of iPS-MP revealed by cDNA microarray
analysis was relatively similar to that of BM-MP (Fig. 7G). In
the analysis of change of gene expression from precursor cells
(recovered from step 2 culture) to iPS-MP (Fig. 7H), we
found that the expression of some genes associated with func-
tion of macrophages was drastically increased. For example,
expression of CD14, Msr (macrophage scavenger receptor)
two, and CD36 were upregulated more than 20 times during
the iPS-MP differentiation. The 157 genes with more than a
10 time-increase in the level of expression during the differ-
entiation from culture step 2 to iPS-MP were listed in the
supporting information Table 2.

Collectively, culture of iPS cell-derived myeloid lineage
cells harvested from the culture step 2 in the presence of ex-
ogenous M-CSF resulted in the generation of macrophages
(iPS-MP). The characteristics of iPS-MP as macrophages
were confirmed by their morphology, cell surface phenotypes,
functions and also gene-expression profile.

An Fbx15-selected iPS cell clone 20A-10 also showed
morphology and cell surface markers of macrophages, when
subjected to the differentiation culture for iPS-MP (supporting
information Fig. 3C, 3D). Therefore, in the present study,

Figure 5. Genetic modification of iPS-DC to express antigenic protein. (A): The structure of pCAG-IiOV, an expression vector for Ii-OVA chi-
meric protein attached with HA-Tag. (B, C): Nontransfectant iPS-DC (B) or Ii-OVA transfectant iPS-DC (C) were stained intracellularly with
FITC-conjugated anti-HA mAb (thick lines) or left unstained (thin dotted lines) and analyzed by flow cytometry. (D, E): Nontransfectant iPS-DC
(open symbols) or Ii-OVA transfectant iPS-DC (closed symbols) were cocultured with T-cell hybridomas, RF33.70 (D, recognizing OVA257–264

in the context of Kb) or DO11.10 (E, recognizing recognizingOVA323–339 in the context of I-Ad). Abbreviations: HA, hemagglutinin; IRES, inter-
nal ribosomal entry site.
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20A-10 iPS cells differentiated into macrophages but not into
DCs.

DISCUSSION

The present study demonstrated that Nanog-selected iPS cells
(38C-2) were capable of differentiating into functional DCs
and macrophages. The morphological changes observed dur-
ing the differentiation of the iPS cells into DCs were very
similar to that observed in the differentiation culture for ES-
DCs [2]. However, there was some delay (1–2 days in step 1
and 2 and 2–4 days in step 3) in the kinetics of differentiation
process of iPS cells, as in comparison with most of mouse ES
cell lines. On the other hand, the yield of differentiated cells
(up to 600 times the cell number from undifferentiated iPS
cells to differentiated iPS-DCs) was higher than that in the
cases of most of ES cell lines (usually up to 400 times). In
contrast to 38C-2 iPS cells, we could generate macrophages
but not DCs from 20A-10 (Fbx15-selected) iPS cells.

The difference in the potential of differentiation among ES
cells and the two clones of iPS cells might be due to the expres-
sion of transgenes for reprogamming factors in iPS cell-derived
cells during differentiation. To assess this possibility, we ana-
lyzed the expression of the transgene-derived reprogramming
factors in iPS cells before and after differentiation by reverse

transcription polymerase chain reaction (RT-PCR) (supporting
information Fig. 7). The expression of all four transgene-
derived reprogramming factors was detected during the culture
steps 2 and 3 in 38C-2 (Nanog-selected) iPS cells, although the
expression of Klf4 was scarce. As for Fbx15-selected 20A-10
iPS cells, three transgene-derived reprogramming factors other
than Oct3/4 were detected during differentiation. Collectively,
most of the transgene-derived reprogramming factors were
expressed during differentiation in the both of iPS cell clones,
and they possibly exerted some influence on the differentiation
process. However, the reason for the difference in the differen-
tiation potential between the two iPS cell clones was not clari-
fied by this RT-PCR experiment.

As a means to induce T-cell-mediated anti-cancer immu-
nity, vaccination with DCs loaded with tumor antigen-derived
peptides or tumor cell lysates are being clinically tested. For
this purpose, human DCs are generated from monocytes
obtained from peripheral blood of the patients. However,
because monocytes cannot be propagated in vitro, apheresis, a
procedure sometimes invasive for the patients, is necessary to
obtain sufficient number of monocytes as the source of DCs.
iPS cells, like ES cells, possess practically unlimited propaga-
tion capacity and may be an ideal source for DCs to be used
in such immunotherapy.

Embryoid body-mediated differentiation to generate mac-
rophages from mouse ES cells has been reported by several
groups [31–34]. In the present study, we demonstrated

Figure 6. Activation of T-cells in vivo by iPS-DC. (A): A schematic depiction of the experiment to analyze the priming of antigen-specific T-
cells by iPS-DC in vivo. Ii-OVA transfectant iPS-DC (iPS-DC/OVA) or nontransfectant iPS-DC were injected intra-peritoneally into C57BL/6
mice (1.5 � 105 cells per mouse). Eight days after the injection, spleen cells were isolated from the mice and cultured in the presence of
OVA257–264 peptide. After 5 days, cultured cells from iPS-DC/OVA-injected (B) or nontransfectant iPS-DC-injected (C) were stained with tet-
ramer of H-2Kb-OVA257–264 in combination with anti-CD8 mAb. (D): OVA-specific CTL activity was analyzed by 51Cr-releasae assay using
OVA-peptide-pulsed (closed symbols) or unpulsed (open symbols) EL-4 cells as targets. (E): Ten days after the injection of iPS-DC/OVA or
non-transfectant iPS-DC into C57BL/6 mice (1 � 105 cells per mouse), the mice were subcutaneously injected with MO4, an OVA expressing
melanoma cell line, (two � or 3 � 105 cells per mouse, 5–6 mice per group), at the shaved right flank. After that, the tumor size was measured
and the tumor volume was calculated as: tumor volume (mm3) ¼ (length � width � height). *One mouse out of five mice pre-treated with non-
tranfectant iPS-DC and challenged with 2 � 105 MO4 cells died between days 15 and 18. **The results of iPS-DC/OVA-treated and non-trans-
fectant iPS-DC-treated mouse groups were different with statistical significance for both 2 � 105 and 3 � 105 MO4 cell-injected groups (p <
.001 by Student’s t test). Abbreviations: DC, dendritic cells; OVA, ovalbumin.
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efficient generation of functional macrophages from mouse
iPS cells. Although we had not performed the embryoid
body-mediated methods to generate macrophages, the reported
ES cell-derived macrophages seemed to be similar to iPS-MP.
Physiologically, macrophages play important roles in the
defense mechanism against various infectious organisms and
also in maintenance of homeostasis by ingestion and digestion
of dead cells occurring in the body. The technology to gener-
ate large number of functional macrophages from iPS cells
may be applicable to the development of novel macrophage-
based medical technology.

SUMMARY

DCs and macrophages were generated by directed in vitro dif-
ferentiation of mouse iPS cells. The iPS cell-derived DCs
(iPS-DCs) possessed the characteristics of DCs including the
capacity of T-cell-stimulation, antigen-processing, and presen-
tation and cytokine production. There was some delay in the
kinetics of differentiation process of iPS cells, as in compari-
son with most of mouse ES cell lines. On the other hand, the
yield of differentiated cells was higher than that in the cases
of most of mouse ES cell lines. Genetically modified iPS-DCs

expressing antigenic protein primed T-cells specific to the
antigen in vivo. Macrophages generated from iPS cells (IPS-
MP) were comparable with bone marrow cell-derived macro-
phages in the cell surface phenotype, functions, and gene
expression profiles.
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Figure 7. Characterization of iPS cell-derived macrophages. Phase-contrast images of iPS-MP in a bacterial Petri dish (A) and in a tissue cul-
ture-coated dish (B) are shown. (C): The expression of F4/80, CD14, and CD11b on BM-MP and iPS-MP was analyzed by flow cytometry. (D):
C5a-induced chemotaxis of iPS-MP was analyzed using 24-well culture plates with permeable membrane insets. (E): BM-MP (open circles) or
iPS-MP (closed circles) in 48-well culture plates were added with FITC-labeled Zymosan A particles. After incubation for the indicated period,
cells were harvested by using trypsin/EDTA, treated with trypan blue, washed and then analyzed on a FACScan. (F): Production of nitric oxide
by BM-MP and iPS-MP stimulated with IFN-c and/or LPS was analyzed. The cells were seeded onto 24-well culture plates (1 � 105 cells/0.2 ml
per well) in the presence or absence of the stimulants, as indicated. After 24 hours of incubation, culture supernatant was collected and concentra-
tion of NO2 þ NO3 was determined by the Griess method. (G): A scattered plot comparing of the gene-expression profiles of BM-MP and iPS-
MP is shown. The numbers of more than 10-fold differentially expressed genes among the total of 21,896 genes (array spots) analyzed are
shown. The results of flow cytometric analysis of BM-MP and iPS-MP are shown in (C). (H): A scattered plot comparing the gene-expression
profiles of step 2 culture cells and iPS-MP is shown. Among the total of 22,552 genes (array spots) analyzed, the number of genes with more
than 10-fold increase or decrease in the level of expression is shown. The results of flow cytometric analysis of step 2 cells are shown in Figure
1A (step 2, day 6). Abbreviation: LPS, lipopolysaccharide.

1030 Generation and Characterization of Mouse iPS-DCs and iPS-MP



REFERENCES

1 Fairchild PJ, Brook FA, Gardner RL et al. Directed differentiation
of dendritic cells from mouse embryonic stem cells. Curr Biol 2000;
10:1515–1518.

2 Senju S, Hirata S, Matsuyoshi H et al. Generation and genetic modi-
fication of dendritic cells derived from mouse embryonic stem cells.
Blood 2003;101:3501–3508.

3 Zhan X, Dravid G, Ye Z et al. Functional antigen-presenting leuco-
cytes derived from human embryonic stem cells in vitro. Lancet
2004;364:163–171.

4 Slukvin II, Vodyanik MA, Thomson JA et al. Directed differentia-
tion of human embryonic stem cells into functional dendritic cells
through the myeloid pathway. J Immunol 2006;176:2924–2932.

5 Senju S, Suemori H, Zembutsu H et al. Genetically manipulated
human embryonic stem cell-derived dendritic cells with immune reg-
ulatory function. Stem Cells 2007;25:2720–2729.

6 Matsuyoshi H, Senju S, Hirata S et al. Enhanced priming of anti-
gen-specific CTLs in vivo by embryonic stem cell-derived dendritic
cells expressing chemokine along with antigenic protein: application
to antitumor vaccination. J Immunol 2004;172:776–786.

7 Matsuyoshi H, Hirata S, Yoshitake Y et al. Therapeutic effect of a-
galactosylceramide-loaded dendritic cells genetically engineered to
express SLC/CCL21 along with tumor antigen against peritoneally
disseminated tumor cells. Cancer Sci 2005;96:889–896.

8 Fukuma D, Matsuyoshi H, Hirata S et al. Cancer prevention with
semi-allogeneic ES cell-derived dendritic cells. Biochem Biophys
Res Commun 2005;335:5–13.

9 Motomura Y, Senju S, Nakatsura T et al. Embryonic stem cell-
derived dendritic cells expressing glypican-3, a recently identified
oncofetal antigen, induce protective immunity against highly meta-
static mouse melanoma, B16-F10. Cancer Res 2006;66:2414–2422.

10 Matsunaga Y, Fukuma D, Hirata S et al. Activation of antigen-spe-
cific cytotoxic T lymphocytes by b2-microglobulin or TAP1 gene
disruption and the introduction of recipient-matched MHC class I
gene in allogeneic embryonic stem cell-derived dendritic cells. J
Immunol 2008;181:6635–6643.

11 Hirata S, Senju S, Matsuyoshi H et al. Prevention of experimental
autoimmune encephalomyelitis by transfer of embryonic stem cell-
derived dendritic cells expressing Myelin oligodendrocyte glycopro-
tein peptide along with TRAIL or programmed death-1 ligand. J
Immunol 2005;174:1888–1897.

12 Hirata S, Matsuyoshi H, Fukuma D et al. Involvement of regulatory
T cells in the experimental autoimmune encephalomyelitis-preventive
effect of dendritic cells expressing myelin oligodendrocyte glycopro-
tein plus TRAIL. J Immunol 2007;178:918–925.

13 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors.
Cell 2006;126:663–676.

14 Okita K, Ichisaka T, Yamanaka S. Generation of germline-competent
induced pluripotent stem cells. Nature 2007;448:313–317.

15 Takahashi K, Tanabe K, Ohnuki M et al. Induction of pluripotent
stem cells from adult human fibroblasts by defined factors. Cell
2007;131:861–872.

16 Yu J, Vodyanik MA, Smuga-Otto K et al. Induced pluripotent stem cell
lines derived from human somatic cells. Science 2007;318:1917–1920.

17 Wernig M, Meissner A, Foreman R et al. In vitro reprogramming of
fibroblasts into a pluripotent ES-cell-like state. Nature 2007;448:
318–324.

18 Meissner A, Wernig M, Jaenisch R. Direct reprogramming of geneti-
cally unmodified fibroblasts into pluripotent stem cells. Nat Biotech-
nol 2007;25:1177–1181.

19 Park IH, Zhao R, West JA et al. Reprogramming of human somatic
cells to pluripotency with defined factors. Nature 2008;451:
141–146.

20 Lowry WE, Richter L, Yachechko R et al. Generation of human
induced pluripotent stem cells from dermal fibroblasts. Proc Natl
Acad Sci USA 2008;105:2883–2888.

21 Schenke-Layland K, Rhodes KE, Angelis E et al. Reprogrammed
mouse fibroblasts differentiate into cells of the cardiovascular and
hematopoietic lineages. Stem Cells 2008;26:1537–1546.

22 Mauritz C, Schwanke K, Reppel M et al. Generation of functional
murine cardiac myocytes from induced pluripotent stem cells. Circu-
lation 2008;118:507–517.

23 Narazaki G, Uosaki H, Teranishi M et al. Directed and systematic
differentiation of cardiovascular cells from mouse induced pluripo-
tent stem cells. Circulation 2008;118:498–506.

24 Kodama H, Nose M, Niida S et al. Involvement of the c-kit receptor
in the adhesion of hematopoietic stem cells to stromal cells. Exp
Hematol 1994;22:979–984.

25 Rock KL, Rothstein L, Gamble S. Generation of class I MHC-re-
stricted T-T hybridomas. J Immunol 1990;145:804–811.

26 Haskins K, Kubo R, White J et al. The major histocompati-
bility complex-restricted antigen receptor on T cells. I. Iso-
lation with a monoclonal antibody. J Exp Med 1983;157:1149–
1169.

27 Falo LD Jr., Kovacsovics-Bankowski M, Thompson K et al. Target-
ing antigen into the phagocytic pathway in vivo induces protective
tumour immunity. Nat Med 1995;1:649–653.

28 Kitamura H, Iwakabe K, Yahata T et al. The natural killer T (NKT)
cell ligand a-galactosylceramide demonstrates its immunopotentiating
effect by inducing interleukin (IL)-12 production by dendritic cells
and IL-12 receptor expression on NKT cells. J Exp Med 1999;189:
1121–1128.

29 Toura I, Kawano T, Akutsu Y et al. Cutting edge: Inhibition of ex-
perimental tumor metastasis by dendritic cells pulsed with a-galacto-
sylceramide. J Immunol 1999;163:2387–2391.

30 Fujii S, Shimizu K, Kronenberg M et al. Prolonged IFN-c-producing
NKT response induced with a-galactosylceramide-loaded DCs. Nat
Immunol 2002;3:867–874.

31 Keller G, Kennedy M, Papayannopoulou T et al. Hematopoietic
commitment during embryonic stem cell differentiation in culture.
Mol Cell Biol 1993;13:473–486.

32 Moore KJ, Fabunmi RP, Andersson LP et al. In vitro-differentiated
embryonic stem cell macrophages: A model system for studying ath-
erosclerosis-associated macrophage functions. Arterioscler Thromb
Vasc Biol 1998;18:1647–1654.

33 Lindmark H, Rosengren B, Hurt-Camejo E et al. Gene expression
profiling shows that macrophages derived from mouse embryonic
stem cells is an improved in vitro model for studies of vascular dis-
ease. Exp Cell Res 2004;300:335–344.

34 Odegaard JI, Vats D, Zhang L et al. Quantitative expansion of ES
cell-derived myeloid progenitors capable of differentiating into mac-
rophages. J Leukoc Biol 2007;81:711–719.

See www.StemCells.com for supporting information available online.

Senju, Haruta, Matsunaga et al. 1031


	Pages from Characterization of Dendritic Cells and Macrophages Generated Induced Pluripotent Stem Cells EDITED.pdf
	Page 1




