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Generation of immunogenic dendritic cells from 
human embryonic stem cells without serum and 
feeder cells

Of all immune cells, dendritic cells (DCs) 
are the most potent for antigen presenta‑
tion and naive T‑cell activation. Therefore, 
there is significant interest in understanding 
their development, and in modulating their 
immune‑stimulatory or ‑regulatory properties 
for immunotherapeutic purposes. DC immu‑
notherapy harnesses the unique ability of DCs 
to optimally stimulate sustainable therapeutic 
antigen‑specific immune responses. These DCs 
are generated from patient‑specific hematopo‑
etic stem cells or peripheral blood monocytes 
(PBMs). The challenges associated with these 
products are that autologous cell processing 
is laborious, and variability between donors 
renders production problematic. To circum‑
vent these concerns, there is growing interest 
in developing alternative methods to generate 
DCs for therapeutic use.

The ability of human embryonic stem cells 
(hESCs) to self‑renew indefinitely in vitro and 
their capacity to differentiate into all cell types 
of the body make them uniquely valuable for 
development of novel research tools and cell‑
based therapies [1,2]. The potential for differen‑
tiating DCs from hESCs has been established 
using either OP9 murine stromal cells or 
serum during the differentiation process [3–8]. 

However, all these methods pose challenges for 
clinical application owing to animal product 
contamination and serum variability.

Our studies utilize novel defined conditions 
in the absence of serum and feeder cells to gen‑
erate hESC‑derived DCs possessing immuno‑
genic potency and phenotype. We show that 
hESC‑derived DCs can present both viral and 
tumor antigens and activate antigen‑specific 
T‑cell responses. These studies are the first to 
identify critical growth factors directing hema‑
topoietic precursor and DC differentiation from 
multiple hESC lines. The hESC‑derived DCs 
generated from our process will be useful for 
many applications, including the exploitation 
of DCs as vaccines to enhance antigen‑specific 
immune responses.

Materials & methods
 � hESCs & differentiation culture

hESC‑derived DCs were generated from normal 
karyotyped H1 and H14 hESC lines derived 
from human blastocysts [1]. Undifferentiated 
hESCs were cultured and passaged as previously 
described [9,10]. In brief, hESCs were cultured on 
T75 flasks (Corning) coated with 1:30 diluted 
Matrigel™ (Becton Dickinson) and maintained 
in X‑VIVO 10 medium (Lonza) supplemented 
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with 80 ng/ml hbFGF and 0.5 ng/ml TGF‑b 
(R&D Systems). To harvest hESC colonies 
for stage II differentiation, a confluent hESC 
culture was treated with collagenase to prefer‑
entially remove spontaneously differentiated 
accessory cells. The hESC colonies remaining 
on the plate were detached with a cell scraper. 
The undifferentiated hESC colonies were 
plated in six‑well ultra low attachment (ULA) 
plates (Costar) at 3 × 106 cells/well in 4 ml of 
X‑VIVO 15 medium (Lonza) supplemented with 
1 mM Na‑pyruvate, 1 × nonessential amino 
acids, 2 mM l‑glutamine, 5 × 10–5 M 2‑mer‑
captoethanol, 10 mM HEPES, stem cell factor 
(SCF) (20 ng/ml), VEGF (50 ng/ml), bone 
morphogenetic protein (BMP)‑4 (50 ng/ml) 
and granulocyte macrophage‑colony stimulating 
factor (GM‑CSF) (50 ng/ml) to generate embry‑
oid bodies (EB). The cells were fed every 2 days 
by removing 2 ml of media and replacing fresh 
medium supplemented with growth factors (1:1) 
or every 3 days at a 1:3 media change. During 
the differentiation process, BMP‑4 was removed 
on day 5, VEGF was removed on day 10, and 
SCF was removed on day 15. After 17–25 days, 
round hematopoetic cells and monocytic cells 
were visible in culture. 

To generate hESC‑derived immature DCs 
(iDCs), supernatant and EB were collected 
from stage II culture. The EB were allowed 
to settle to the bottom of 50 ml conical tubes, 
collected, and replated in new ULA plates 
in X‑VIVO 15 medium supplemented with 
GM‑CSF (50 ng/ml). The EB culture of stage II 
was fed every 2–3 days, and continued to gen‑
erate hESC‑derived monocytic cells for an 
additional 25–40 days, making serial harvests 
of hESC‑derived monocytic cells feasible. The 
supernatants containing progenitor cells and 
monocytic cells were then collected by centrif‑
ugation, resuspended in X‑VIVO 15 medium 
with GM‑CSF (50 ng/ml) and IL‑4 (50 ng/ml), 
and plated onto the original ULA plates for 
4–6 days. To generate hESC‑derived mature 
DCs (mDCs), these hESC‑derived iDCs were 
collected from the wells, centrifuged and resus‑
pended in X‑VIVO 15 media supplemented with 
the following growth factors: IFN‑g (20 ng/ml), 
IL‑1‑b (10 ng/ml), TNF‑a (50 ng/ml), PGE

2
 

(1 µg/ml) and GM‑CSF (50 ng/ml), and cul‑
tured for an additional 24–48 h to generate 
hESC‑derived mDCs. We found that for every 
hESC plated for subsequent expansion and dif‑
ferentiation, our protocol generates three to five 
DCs. All growth factors were purchased from 
R&D Systems except PGE

2 
(Sigma).

 � Statistical analysis
Statistical analysis of the growth factor require‑
ments was performed as follows: a pairwise t‑test 
was used to compare the original growth factor 
cocktail versus the reduced growth factor cock‑
tails to determine whether the variances were 
equal. When variances were equal, a pooled 
t‑test was used, whereas when variances were 
unequal, a Satterthwaite test was used. 

 � Antibody, flow cytometry analysis 
& May–Grunwald staining
Cell samples were resuspended in 50 µl of 
fluorescence‑activated cell sorter (FACS) buf‑
fer (phosphate‑buffered saline [PBS] + 0.1% 
BSA + 2 mM EDTA) and Fc receptor block 
(Miltenyi Biotec) was added for 10 min at 4°C 
before specific antibodies were added. After 
20 min incubation at 4°C, the cells were washed 
twice in FACS buffer, and 0.1 µg/2 µl 7‑amino‑
actinomycin (BD Bioscience) was added to each 
sample prior to data acquisition. 

Sample data were collected using a 
FACSCalibur™ (Becton Dickinson), and ana‑
lyzed using FlowJo software (Treestar). Dead 
cells were excluded from analysis by uptake of 
the 7‑aminoactinomycin dye. Antibodies against 
the following targets were purchased from BD 
Biosciences: CD11b, CD11c, CD14, CD34, 
CD40, CD45, CD80, CD83, CD86, CD205, 
HLA‑I and HLA‑II. Intracellular staining with 
Oct‑4 (Santa Cruz Biotechnology) was performed 
by first fixing the hESCs with BD Cytofix™ 
buffer and followed by BD Perm/Wash™ buf‑
fer, following the manufacturer’s protocol. After 
washing with BD Perm/Wash buffer, antimouse 
Alexa‑488 conjugated secondary antibody 
(Molecular Probes) was added to the sample at 
1:500 dilution, incubated at 4°C for 30 min, and 
washed twice before data acquisition.

For May–Grunwald staining, the cells were 
washed and resuspended in 50 µl PBS, seeded 
onto glass slides by cytospin 3 (Shandon) 
at 1200 rpm for 5 min. The cells were then 
stained with May–Grunwald staining solution 
(Sigma) for 5 min at 25°C, washed three times 
with distilled water, and dried overnight before 
being mounted.

 � Cytokine profile
Supernatants from hESC‑derived iDCs, 
mDCs, and PBM‑derived mDCs were col‑
lected and concentrated by centrifugation 
using Amicon Ultra‑15 10,000 NMWL cen‑
trifuge tubes (Millipore). IL‑6, IL‑10 and 
IL‑12 were detected using BD Cytometric 
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Bead Array (BD Biosciences) following the 
manufacturer’s instructions. Cytokine concen‑
trations were determined using flow cytomet‑
ric analysis program (FCAP) Array Software 
(BD Biosciences).

 � Migration assay
Serum‑free lymphocyte media (AIM‑V) was 
added to the upper and bottom chambers of 
24‑well transwell plates containing 8.0 µm pore 
size inserts (Corning), and incubated overnight 
at 37°C, 5% CO

2
. After removal of the media 

from each well, 0.6 ml of AIM‑V with or with‑
out 100 ng/ml of macrophage inflammatory 
protein (MIP)‑3b (Pepro Tech) was added to the 
lower chamber. Mature hESC‑derived DCs or 
PBM‑derived DCs were harvested and washed 
twice in AIM‑V medium. The cells were resus‑
pended in AIM‑V medium at 1.5 × 106 cell/ml, 
and 0.1 ml was added to the top chamber. The 
transwell plate was incubated for 2 h at 37°C, 
5% CO

2
. The number of cells that migrated 

to the bottom chamber was determined using 
hemocytometer counting. 

 � Mixed leukocyte reaction assay
Peripheral blood mononuclear cells (PBMCs) 
were isolated from buffy coats obtained from 
healthy donors (Stanford Blood Bank) using a 
Ficoll‑Paque™ (Amersham Pharmacia Biotech 
AB) gradient centrifugation method. Cells were 
washed and resuspended in complete RPMI 
1640 (Invitrogen) medium containing 10% 
fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Invitrogen) for use as responder 
cells. DCs that were used as stimulator cells were 
x‑ray irradiated at 2000 rad, and various con‑
centrations of stimulator cells were cocultured 
with 5 × 104 PBMC in a 96‑well‑bottom plate 
(Becton Dickinson). A mix lymphocyte reac‑
tion (MLR) assay was performed as previously 
described [11].

 � PBM-derived DCs
PBM‑derived DCs were prepared by isolating 
monocytes from healthy donors. PBMCs were 
adhered to tissue culture flasks in AIM‑V medium 
(Cellgro) for 2 h then washed with warm PBS to 
remove nonadherent cells. The remaining adher‑
ent cells, mostly monocytes, were incubated at 
37°C and 5% CO

2
 for 6 days with recombinant 

human (rh)IL‑4 and rhGM‑CSF at 1000 U/ml 
to generate iDCs. iDCs were then matured for 
24 h in AIM‑V medium supplemented with 
800 U/ml rhGM‑CSF, 10 ng/ml TNF‑a and 
IL1‑b, 50 ng/ml IL‑6, and 1 µg/ml PGE

2
 [12].

 � Generation of human telomerase 
reverse transcriptase antigen specific 
T-cell lines
The human telomerase reverse transcriptase 
(hTERT)‑specific T‑cell lines were generated as 
previously described [13]. Briefly, PBM‑derived 
mDCs (HLA‑A2+) were pulsed with hTERT

540–

548
 peptide (100 µg/ml) (AnaSpec, Inc.) for 2 h 

at 37°C, 5% CO
2
. Autologous CD8+ T cells 

were isolated from PBMC by negative selec‑
tion (Miltenyi Biotec), and resuspended in 
AIM‑V medium containing 5% human AB 
serum (Valley Biomedical). DCs treated with 
hTERT

540–548
 peptide were added to the T cells at 

a stimulator:responder ratio of 1:10. After 24 h 
culture at 37°C and 5% CO

2
, rhIL‑7 (10 ng/ml) 

(R&D systems) and IL‑2 (10 U/ml) (R&D sys‑
tems) were added to the cell culture. In vitro 
restimulations were performed every 7–10 days 
using irradiated (2000 rad) adherent PBMC 
treated with 10 µg/ml of hTERT

540–548
 peptide. 

IL‑12 (10 ng/ml) (R&D systems) was added to 
the culture the same day of restimulation; rhIL‑7 
(10 ng/ml) and IL‑2 (10 U/ml) were added 24 h 
after restimulation. The culture medium was 
replenished every 3–4 days. The percentages of 
hTERT

540–548
‑specific CD8+ T cells was deter‑

mined by staining the cells with hTERT
540–548

 
pentamer labeled with allophycocyanin and 
anti‑human CD8 fluorescein isothiocyanate‑ 
conjugated antibody (ProImmune). 

 � Antigen processing  
& presentation assays
DQ™ ovalbumin (DQ‑OVA, Invitrogen) was 
dissolved at 1 mg/ml in PBS and added to imma‑
ture hESC‑derived DCs at 100 µg/ml. The cells 
were incubated either at 37°C or at 4°C, washed 
twice with FACS buffer, and analyzed on the 
FACSCalibur.

IFN‑g ELISPOT assay was used to evaluate 
specific T‑cell responses to cytomegalovirus 
(CMV), hTERT or mumps antigens. mDCs 
were treated with HLA‑A2 binding peptides, 
CMV

495–503
 peptide (10 µg/ml) or hTERT

540–548
 

peptide (100 µg/ml) (Anaspec), or untreated for 
2 h in AIM‑V medium at 37°C and 5% CO

2
. 

For demonstration of antigen processing and 
presentation, mumps protein (Biodesign) was 
added to hESC‑derived iDCs at 100 µg/ml for 
2 h prior to maturation. After 24 h, untreated 
and mumps protein‑treated hESC‑derived 
mDCs were collected, washed twice with 
AIM‑V medium, and plated on multiscreen 
polyvinylidene difluoride plates (Millipore) that 
were coated with anti‑IFN‑g antibody according 
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to the manufacturer’s protocol (Mabtech) at 
1:10 stimulator: responder ratio. Characterized 
PBMCs (Cellular Technologies Limited) – cells 
that were previously tested for CMV or mumps 
antigen T‑cell responses – were used as responder 
cells. PBMCs were thawed in a 37°C water 
bath, washed two times, resuspended in AIM‑V 
medium, and plated at 1 × 105 cells/100 µl/
well on ELISPOT plates. The hTERT‑specific 
T‑cell line was used when evaluating hTERT 
antigen presentation by DCs. The plate was 
cultured at 37°C and 5% CO

2 
for 16–24 h, and 

developed following the manufacturer’s instruc‑
tions (Mabtech). Spots were enumerated using 
the CTL Analyzer and Immunospot software 
(Cellular Technology Limited). 

 � Antigen-specific T-cell  
proliferation assay
For the CMV

495–503
 antigen‑specific assay, an 

HLA‑A2+ T‑cell line recognizing CMV
495–503

 
peptide (ProImmune,) was thawed at 37°C and 
washed twice with RPMI 1640 medium con‑
taining 5% FBS and supplemented with 1 mM 
Na‑pyruvate, nonessential amino acids, 2 mM 
l‑glutamine, 5 × 10‑5 M 2‑mercaptoethanol, and 
10 mM HEPES (Invitrogen). Either CMV or 
hTERT‑specific T‑cell lines were resuspended 
in pre‑warmed PBS/0.1% BSA at 1.0 × 106/ml. 
Carboxyfluorescein succinimidyl ester (CFSE, 
Invitrogen) was added to the cells at a final 
concentration of 2 mM and the cells were incu‑
bated at 37°C for 10 min. CFSE was quenched 
by the addition of pre‑chilled AIM‑V medium 
containing 10% FBS, and washed twice. hESC‑
derived mDCs were untreated or treated with 
10 µg/ml of CMV

495–503 
peptide or 100 µg/ml of 

hTERT
540–548

 peptide for 2 h at 37°C 5% CO
2
 

and washed twice in AIM‑V medium before plat‑
ing at 2 × 104/well in 96‑well U bottom Falcon™ 
plate (Becton Dickinson). DCs were cocultured 
with CFSE‑labeled T cells that were added at 
2 × 105 cells/well. After 4 or 5 days, the cells were 
harvested and stained with pentamer reagent‑
recognizing hTERT

540–548 
or CMV

495–503 
‑specific 

T cells (ProImmune). The cells were washed 
twice with FACS buffer, and stained with 7AAD 
prior to analysis using the FACSCalibur. The 
analysis was performed using FlowJo software. 

Results
 � Generation of hESC-derived DCs 

from hESCs 
The process of hESC differentiation into DCs 
is divided into four stages. Stage I involves the 
expansion of hESCs, stage II encompasses the 

generation of hESC‑derived monocytic cells, 
stage III generates hESC‑derived iDCs, and 
stage IV matures hESC‑derived iDCs to mDCs 
(Figure 1A and methods). As previously described, 
in stage I, hESC lines H1 and H14 were cultured 
in the absence of feeder cells and serum [9,10]. 
These serum‑free cultured hESC colonies have 
distinct borders surrounded by accessory cells, 
which were largely spindle shaped and stromal, 
as seen in Figure 1B. These accessory cells are cells 
that spontaneously differentiated from hESCs. 
Flow cytometric analysis showed that more 
than 85% of hESCs expressed Oct‑4 (Figure 1C), 
a marker of the undifferentiated state.

In stage II, we found that the growth factors 
BMP‑4, VEGF, SCF and GM‑CSF efficiently 
drive hESC differentiation to myeloid cells. 
In order to identify the critical growth factors 
required for stage II differentiation, we performed 
an experiment to deconvolute the required 
growth factors. The removal of BMP‑4 from the 
stage II culture resulted in a 20‑fold reduction in 
CD34+ cell generation as compared with control 
cultures (Figure 2A). This decrease in CD34+ cell 
number translated into a statistically significant 
reduction in generating CD45+ and CD11c+ cells 
(Figures 2B & 2C). The removal of GM‑CSF from 
the culture also resulted in a significant decrease 
in generating CD45+ and CD11c+ cells (Figures 2B & 

2C). T‑test analysis demonstrated that these differ‑
ences were statistically significant with a p‑value 
less than 0.05. Although the removal of either 
VEGF or SCF from the culture did not result in 
a significant difference in generating the num‑
bers of CD45+ or CD11c+ cells (Figures 2B & 2C), 
their presence ensured consistency in  generating 
hESC‑derived monocytic cells. 

We phenotyped cells generated from stage II 
differentiation for hematopoietic and myeloid 
surface markers. As early as 5 days after initia‑
tion of stage II culture, 4% of the cells expressed 
surface CD34 protein (Figure 3A). These data 
are consistent with previous studies [14–16]. We 
observed CD45+ cells as early as day 15 of stage II 
culture and, by day 20, the culture contained at 
least 60% CD45+ cells and 25–35% CD14+ cells 
(Figure 3A & TABle 1). The hESC‑derived mono‑
cytic cells generated from this process expressed 
CD11c, CD11b, HLA‑I, HLA‑II and CD86, 
but not CD83 (Figure 3B). To better depict the 
phenotype of hESC‑derived monocytic cells in 
flow cytometry analysis, these cells were gated 
on the larger cell population by forward and side 
scatter. The hESC‑derived monocytic cells pos‑
sessed ruffled membranes with a high cytoplasm 
to nucleus ratio (Figures 3C–3e). 
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Stage III of the defined differentiation process 
involves converting hESC‑derived monocytic 
cells to iDCs. While hESC‑derived monocytic 
cells generated from stage II were harvested, 
EBs from stage I culture continued to generate 
hESC‑derived monocytic cells for an additional 
25–40 days, making serial harvests feasible. 
hESC‑derived monocytic cells treated with 
GM‑CSF and IL‑4 for 4–6 days differentiated 

to hESC‑derived iDCs. hESC‑derived iDCs 
possessed the following cell surface mark‑
ers: CD14lo/neg, MHC class I+, MHC class II+, 
CD205neg, and CD83lo (Figure 3F). For the flow 
cytometry ana lysis, these cells were gated on the 
larger cell population by forward and side scatter.

Stage IV of the defined differentiation pro‑
cess involves the maturation of hESC‑derived 
iDCs to mDCs. Treatment of hESC‑derived 

Stage Growth factors

Stage I

Stage II
1–25 days

Stage III
4–6 days

Stage IV
2 days

GM-CSF, IL-4

DC maturation cocktail

BMP-4, VEGF, SCF, GM-CSF

Day 5 removal of BMP-4

Day 10 removal of VEGF

Day 15 removal of SCF

Culture of undifferentiated hESCs

Undifferentiated hESCs

Monocyte

Immature DC

Mature immunogenic DC
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100
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0
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M
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u

m
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%
)

Figure 1. Schematics of a defined differentiation process. (A) Protocol schematic: the 
differentiation protocol is divided into four stages. Stage I is the expansion of hESCs. Stage II 
differentiates hESCs to hESC-derived monocytic cells. Stage III involves the generation of  
hESC-derived immature DCs. Stage IV mature DCs with a maturation cocktail containing  
IFN-g, IL-1b, TNF-a, PEG2 and GM-CSF. (B) Transmitted light image of hESC colonies grown on 
X-VIVO 10 medium supplemented with TGF-b and basic FGF. (C) Characterization of 
undifferentiated hESCs by flow cytometry. The H1 hESCs expressed undifferentiated hESC  
marker Oct-4. 
BMP: Bone morphogenetic protein; DC: Dendritic cell; GM-CSF: Granulocyte monocyte colony 
stimulating factor; hESC: Human embryonic stem cell; SCF: Stem cell factor.
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iDCs with a maturation cocktail consisting of 
GM‑CSF, IFN‑g, IL1‑b, TNF‑a, and PGE

2
 

for 24–48 h generated mDCs that comprised 
60–80% of the total cell population in the 
terminal culture (TABle 1). The hESC‑derived 
mDCs expressed MHC class I+, MHC class II+, 
CD86+, CD83+, CD205+, CD11b+, CD11chi, 
and CD40+ (Figure 4A). These cells were gated 
on the forward and side scatter for DCs. The 
hESC‑derived mDCs had a similar pheno‑
type to that of PBM‑derived mDCs (Figure 4B), 
exhibited veiled structures (Figure 4C) and formed 
homotypic clusters (Figure 4D). These are all char‑
acteristics of mDCs. Importantly, this protocol 
produced hESC‑derived DCs from H14 and 
H1 hESC lines at similar efficiencies (TABle 1), 
demonstrating the applicability of our protocol 
across hESC lines. 

 � hESC-derived DCs produce 
cytokines, migrate & stimulate 
allogeneic T-cell responses
We evaluated the ability of hESC‑derived DCs 
to produce pro‑inflammatory cytokines known 
to regulate the function of other immune cells, 
in particular T cells. Since we found that hESC‑
derived mDCs produced significantly greater lev‑
els of IL‑6 (300‑fold) than hESC‑derived iDCs 
(Figure 5A), IL‑6 was not added to the maturation 
cocktail even though PBM‑derived DCs were 
matured with a cocktail containing IL‑6. We 
found that hESC‑derived mDCs produced com‑
parable amounts of IL‑12p70 to PBM‑derived 
DCs (Figure 5B). hESC‑derived iDCs produced 
2.5‑fold greater levels of the anti‑inflammatory 
cytokine IL‑10 than mDCs. PBM‑derived DCs 
produced tenfold greater levels of IL‑10 than 
hESC‑derived mDCs (Figure 5C). Other cyto‑
kines that hESC‑derived DCs produced upon 
maturation include: IL‑8, Rantes, growth‑
regulated oncogene‑a, monocyte chemotactic 
protein‑2, IL‑7 and thymus and activation‑
regulated chemokine (supplemenTAry TABle 1) (see 
online www.futuremedicine.com/toc/rme/4/4). 
A key function of DCs in vivo is their ability to 
take up antigen in the periphery and migrate to 
secondary lymphoid organs to activate antigen‑
specific T cells. This is of particular impor‑
tance in the DC vaccine setting, where DCs 
are expected to migrate from the injection site 
to the lymphoid organs. The migratory capac‑
ity of hESC‑derived mDCs was assessed in an 
in vitro chemotactic assay. We found that 50% 
of hESC‑derived mDCs migrated in response to 
MIP‑3b chemokine in transwells, while mDCs 
in the control transwells without chemokine 
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Figure 2. Identification of essential growth factors for stage II 
differentiation. Comparison of four growth factor cocktails with three growth 
factors cocktails in generating cells expressing the following surface markers:  
(A) CD34+, (B) CD45+ and (C) CD11c+. Cells of the various culture conditions were 
collected at day 20 and day 30. Data represent the average of three independent 
experiments. Error bars indicate the standard error of the mean.  
*The difference is statistically significant with a p-value less than 0.05 as 
demonstrated by t-tests. 
BMP: Bone morphogenetic protein; GF: Growth factor; GM-CSF: Granulocyte-
monocyte colony stimulating factor; SCF: Stem cell factor.
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Figure 3. Characterization of hESC-derived cells in stage II and III of the differentiation culture. (A) Time course expression of 
CD34+ and CD45+ population. (B) Phenotype of hESC-derived myeloid cells before entering stage III. hESC-derived monocytic cells 
expressed HLA-I, HLA-II, CD11c and CD11b. (C & D) May–Grunwald staining of hESC-derived monocytic cells. Images were taken with 
an upright Zeiss microscope with (C) 100× oil objective and (D) 40× Neofluar objective. (E) Transmitted light image of hESC-derived 
monocytic cells. (F) Phenotype of hESC-derived immature dendritic cells generated from stage III. These data are representative of five 
differentiation experiments. Dotted line depicts isotype control and solid line depicts sample staining. 
hESC: Human embryonic stem cell.
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displayed less than 5% migration (Figure 5D). 
Similar migration responses were observed 
from PBM‑derived DCs.

One of the hallmarks of mDCs is their ability 
to stimulate strong allogeneic T‑cell responses. 
In an MLR assay, PBMCs were cocultured with 
hESC‑derived mDCs, PBM‑derived mDCs, or 
undifferentiated hESCs. The results suggest 
that hESC‑derived mDCs, similar to PBM‑
derived DCs, stimulated significant alloge‑
neic T‑cell proliferation (Figure 5e). Although 
it may appear that hESC‑derived mDCs gen‑
erated lower allogeneic responses than PBM‑
derived DCs in this particular experiment, 
results from other experiments indicated that 
hESC‑derived mDCs could generate stronger 
allogeneic responses than PBM‑derived DCs 
(data not shown). This is likely related to the 
degree of HLA matching between donor and 
responder cells.

 � hESC-derived DCs phagocytose, 
process & present viral antigens
An important task iDCs perform in the periph‑
ery is phagocytosis and processing of antigens. 
We characterized hESC‑derived iDCs for these 
functions by DQ‑OVA protein uptake and by a 
semi‑allogeneic assay designed to measure anti‑
gen‑specific T‑cell activation. DQ‑OVA protein 
was labeled with a pH insensitive BODIPY‑FL 
dye. Owing to autoquenching, intact DQ‑OVA 
protein is nonfluorescent, but exhibits bright 
green f luorescence upon denaturation and 
proteolysis. The result indicated that hESC‑
derived iDCs phagocytosed and processed 
DQ‑OVA protein, displaying approximately a 
one log shift in fluorescence intensity compared 
with the control (Figure 6A). 

In order to determine whether our hESC‑
derived DCs can process and present antigen 
to antigen‑specific T cells, hESC‑derived iDCs 
were treated with mumps protein, matured, and 
then cocultured with semiallogenic PBMC. 
We observed a five‑ to 18‑fold increase in the 
number of IFN‑g spots in the ELISPOT assay 
when semiallogeneic PBMCs were cocultured 
with either the hESC line H14‑derived‑DCs 
(Figure 6B) or the hESC line H1‑derived‑DCs 
(Figure 6C) treated with mumps protein as com‑
pared with untreated DCs. Semiallogeneic 
PBMCs that were previously characterized 
as nonresponders to mumps antigen did not 
produce IFN‑g responses when cultured with 
hESC‑derived DCs treated with mumps protein 
demonstrating antigen‑specific T‑cell activation 
(data not shown). 

 � hESC-derived DCs stimulate  
viral-specific CD8+ T-cell responses
We further tested the efficacy of our hESC‑
derived mDCs to stimulate viral antigen‑
specific CD8+ T‑cell responses in vitro. We 
first investigated the ability of hESC‑derived 
DCs to stimulate antigen‑specific CD8+ T‑cell 
activation by measuring IFN‑g production 
in a semiallogeneic ELISPOT assay. HLA‑
A2+ hESC‑derived mDCs and PBM‑derived 
mDCs were treated with CMV

495–503 
peptide 

and cocultured with HLA‑A2+ semialloge‑
neic PBMC. hESC‑derived DCs treated with 
CMV

495–503 
peptide stimulated several hun‑

dred‑fold increase in the number of T cells 
producing IFN‑g, as compared with untreated 
DCs. In addition, hESC‑derived mDCs stim‑
ulated CMV

495–503
‑specific T cells to produce 

IFN‑g at a similar level to PBM‑derived mDCs 
(Figure 7A).

Table 1. Characterization of human embryonic stem cell-derived 
dendritic cell differentiation.

hESC line H1 H14

Growth factors

BMP-4 + +

GM-CSF + +

VEGF + +

SCF + +

Stage II

Day 20

CD45 71 ± 15 73 ± 11

CD11c 37 ± 14 34 ± 2

CD14 25 ± 17 33 ± 2

Day 30

CD45 87 ± 6 92 ± 2

CD11c 73 ± 9 75 ± 2

CD14 27 ± 8 37 ± 16

Stage III

iDC

CD86 72 ± 6 75 ± 5

CD83 45 ± 7 67 ± 6

MHC II 26 ± 12 32 ± 6

Stage IV

mDC

CD86 75 ± 5 81 ± 2

CD83 71 ± 8 75 ± 1

MHC II 34 ± 15 53 ± 5

CCR7 57 ± 10 70 ± 4
Values represent % positive cell surface expression of total population ± standard error of the mean.
hESC line H1 data represent the average of four independent differentiations.
hESC line H14 data represent the average of two independent differentiations.
hESC-derived DC yield and function between H1 and H14 line hESC-derived DCs were similar. 
BMP: Bone morphogenetic protein; hESC: Human embryonic stem cell; iDC: Immature dendritic cell; 
mDC: Mature dendritic cell; SCF: Stem cell factor.
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We next examined the ability of hESC‑
derived mDCs to stimulate CMV

495–503
‑specific 

CD8+ T‑cell expansion in vitro. T cells were 
labeled with CFSE and cocultured with hESC‑
derived mDCs or PBM‑derived mDCs that were 
treated with CMV

495–503 
peptide. T‑cell prolif‑

eration was determined by positive CMV
495–503 

pentamer‑specific staining and CFSE dilution, 
indicated by a decrease in fluorescence intensity. 
Both hESC‑derived mDCs and PBM‑derived 
mDCs stimulated CMV‑specific CD8+ T cells 
that underwent five rounds of cell division, with 
more than 95% of the cells completing at least a 
single cell division, demonstrating that hESC‑
derived mDCs can stimulate antigen‑specific 
T‑cell  proliferation (Figure 7B).

 � hESC-derived DCs stimulate  
tumor antigen-specific CD8+ 
T-cell responses
The induction of T‑cell responses directed 
against foreign viral antigens can be achieved 
more readily than that of tumor antigens, which 
are generally derived from self antigens. hESC‑
derived mDCs were studied for their ability to 
stimulate tumor antigen‑specific T‑cell responses 
directed against the hTERT antigen, which 
is widely expressed in tumor cells. We gener‑
ated hTERT

540
‑specific CD8+ T‑cell lines from 

HLA‑A2+ healthy donors and demonstrated that 

hESC‑derived mDCs treated with hTERT
540 

peptide stimulated more than a 14‑fold increase 
in IFN‑g production by hTERT‑specific T cells 
as compared with untreated hESC‑derived 
mDCs (Figure 7C). hESC‑derived DCs appeared 
to stimulate significantly greater hTERT anti‑
gen‑specific T‑cell responses as compared with 
PBM‑derived DCs (Figure 7C). 

We also assessed the ability of hESC‑derived 
mDCs to stimulate hTERT antigen‑specific 
T‑cell proliferation. The hTERT‑specific T‑cell 
line was labeled with CFSE and cocultured with 
untreated or hTERT

540 
peptide‑treated hESC‑

derived mDCs. hESC‑derived mDCs stimulated 
hTERT CD8+ T cells that underwent six rounds 
of cell division, with 86% of the cells completing 
at least one cell division (Figure 7D).

Discussion
DC‑based vaccines offer an attractive route to 
therapeutic manipulation of the immune system, 
such as the enhancement of immune responses 
in cancer patients. Issues inherent to autolo‑
gous DC products pose technical and manu‑
facturing challenges such as variable yield and 
costs. The observed variability of DC products 
reflects individual differences among patients, 
and the potential that the DC maturation and 
function in patients with advanced cancer are 
compromised.

Fluorescence intensity

M
ax

im
u

m
 (

%
)

hESC-mDC

CD14 CD14 HLA-I HLA-II

PBM-mDC

CD83 CD205 CD11b

CD11c CD86
CD11c

100 101 102 103
0

20

40

60

80

100

100 101 102 103
0

20

40

60

80

100

00 101 102 103

CD86

00 101 102 103

CD40

00 101 102 103

CD11bCD205

HLA-I HLA-II

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

CD83

0

20

40

60

80

100
40×

20×

Sample
Control

Figure 4. Characterization of hESC-derived mDCs in stage IV of the differentiation culture. (A & B) Flow cytometric analysis of 
surface protein expression by DCs. (A) hESC-derived mDCs. (B) PBM-derived mDCs. These data are representative of n = 6 
differentiation experiments. (C) May–Grunwald staining of hESC-derived mDCs. The white bar denotes 30 µm. Images were taken with 
an upright Zeiss microscope with 40× Neofluar objective. (D) Transmitted light image of a hESC-derived mDC cluster.
hESC: Human embryonic stem cell; mDC: Mature dendritic cell; PBM: Peripheral blood monocyte.



Regen. Med. (2009) 4(4)522 future science group

ReseaRch aRticle Tseng, Nishimoto, Silk et al. Generation of immunogenic dendritic cells from human embryonic stem cells ReseaRch aRticle

We have demonstrated a protocol to generate 
DCs from hESCs in a defined stepwise culture 
system. A combination of the growth factors 
BMP‑4, GM‑CSF, SCF and VEGF efficiently 
generated a significant percentage of hematopoietic 
and myeloid cells, as indicated by the expression 

of CD34, CD45, CD11c and CD14 (TABle 1), and 
we identified BMP‑4 and GM‑CSF as essential 
growth factors for the generation of CD45+ and 
CD11c+ cells. The robustness of this protocol is 
demonstrated by its capability of generating hESC‑
derived DCs from more than one hESC line. 
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Figure 5. Function of hESC-derived mDCs. hESC-derived mDCs secrete pro-inflammatory cytokines (A) IL-6 and (B) IL-12p70, and 
anti-inflammatory cytokine (C) IL-10. Supernatant from hESC-derived iDCs was collected prior to the addition of maturation cocktail, and 
supernatant from hESC-derived mDCs and PBM-derived mDCs were collected 48 h after the addition of maturation cocktail. These data 
are the average of three experiments. (D) hESC-derived mDCs possess migratory function. In an in vitro chemotaxis assay, hESC-derived 
mDCs migrated towards MIP-3b in a transwell vessel. These data are the average of three experiments. (E) hESC-derived mDCs 
stimulated allogenic lymphocyte proliferation. Peripheral blood mononuclear cells were cocultured with hESC, hESC-derived DCs and 
PBM-derived DCs for 5 days and pulsed with 3H thymidine for 12–16 h before harvest. The error bars indicate standard deviation of 
triplicate wells. These data are representative of three experiments. 
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Important functional criteria for DC use in 
the vaccine settings are their ability to migrate, 
produce pro‑inflammatory cytokines, and stimu‑
late antigen‑specific T‑cell activation and expan‑
sion. We demonstrated that hESC‑derived DCs 
generated using the described serum‑free condi‑
tions can migrate in response to MIP‑3b, and 
stimulate T‑cell responses directed against both 
viral and tumor antigens. Furthermore, unlike 
other studies [3,4,7], we were able to observe clear 
antigen‑specific T‑cell responses in our semial‑
logeneic assays using antigen‑specific pentam‑
ers and distinguish these from allogeneic T‑cell 
responses (supplemenTAry Figure 1). In addition, we 
demonstrated that hESC‑derived DCs have the 
ability to prime and stimulate T cells that can 
recognize antigen‑specific targets as measured by 
granzyme B secretion (supplemenTAry Figure 2). The 
antigen model platforms exploited in our studies 
support the feasibility of using hESC‑derived 
DCs to generate immune responses against 
malignant and infectious diseases.

Since pluripotent hematopoetic stem cells can 
generate a wide range of hematopoietic cells, we 
investigated the potential generation of other 
cell types in our differentiation cultures. The 
presence of B cells, T cells, natural killer cells, 
erythrocytes and platelets were not detected in 
our differentiation cultures (data not shown). 

In addition, myelomonocytic cells have the 
potential to differentiate into either monocytes 
or granulocytes. We examined the distribution 
of granulocytes in our differentiation cultures 
and found that approximately 5–20% of the 
total population expressed CD15+, HLA‑II‑ and 
CD86‑, and May–Grunwald staining confirmed 
the granulocyte phenotype (data not shown). 
We also examined for the presence of undiffer‑
entiated hESCs in the final hESC‑derived DC 
culture by flow cytometric ana lysis, and did not 
detect Oct‑4 and Tra‑1–60 (data not shown).

The ability to use semiallogeneic DCs for 
immunotherapy will greatly reduce the number 
of hESC lines required to treat a given popula‑
tion. A previously published report describes 
antitumor protection achieved using semialloge‑
neic OVA‑expressing murine ESC‑derived DCs 
[17], indicating that semiallogeneic cell therapy 
may be efficacious. Although a certain degree 
of allogeneic‑mediated responses may facili‑
tate immunization through adjuvant‑mediated 
effects, current DC cancer vaccination schedules 
require the incorporation of successive treat‑
ments to maximize efficacy. Since the priming 
of nonspecific allogeneic T‑cell responses could 
potentially reduce the potency of a hESC‑derived 
DC vaccine, the number of vaccinations required 
to effectively generate immunity will require 
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Figure 6. hESC-derived DCs processed and presented viral antigen to blood T cells. (A) hESC-derived immature DCs (iDCs) 
phagocytosed and proteolysed DQ-OVA protein. The hESC-derived iDCs were incubated with DQ-OVA for 30 min either at 4°C or at 
37°C. (B & C) hESC-derived DCs phagocytosed, processed and presented mumps antigen, and stimulated antigen-specific T-cell 
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DC: Dendritic cell; DQ-OVA: DQ™ ovalbumin; hESC: Human embryonic stem cell.
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Figure 7. hESC-derived mDCs stimulated viral and tumor antigen-specific T-cell responses. (A) hESC-derived mature DCs (mDCs) 
presented CMV

495–503
 peptide on HLA-A2 and stimulated antigen-specific T cells to produce IFN-g. HLA-A2+ PBMCs were cocultured with 

HLA-A2+ hESC-derived mDCs or PBM-derived mDCs treated or untreated with CMV
495–503

 peptide (n = 3). (B) hESC-derived mDCs 
stimulated CMV-specific CD8+ T-cell proliferation. CFSE labeled T cells were cocultured with hESC-derived mDCs or PBM-derived mDCs 
treated or untreated with CMV

495–503
 peptide for 4–5 days (n = 2). (C) hESC-derived mDCs presented hTERT

540–548 
peptide antigen on 

HLA-A2 and stimulated antigen-specific T cells to produce IFN-g. The hTERT-specific T-cell line was cocultured with hESC-derived mDCs 
treated or untreated with hTERT

540–548
 peptide. The hESC-derived DC data are representative of five experiments and the PBM-derived DC 

data are representative of two experiments. (D) hESC-derived mDCs stimulated hTERT-specific CD8+ T-cell proliferation. CFSE-labeled T cells 
were cocultured with hESC-derived mDCs treated or untreated with hTERT

540–548 
peptide for 4–5 days (n = 2). Antigen-specific proliferation 

was shown as positive pentamer-specific staining and reduction in CFSE fluorescence intensity. The dashed lines delineate cell divisions. 
CFSE: Carboxyfluorescein succinimidyl ester; CMV: Cytomegalovirus; DC: Dendritic cell; hESC: Human embryonic stem cell; hTERT: Human 
telomerase reverse transcriptase; PBM: Peripheral blood monocyte.
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consideration. However, there have been inten‑
sive studies using semiallogeneic DC vaccines by 
somatic cell hybrid methods. The publication of 
successful preclinical and clinical studies that val‑
idate this immunotherapeutic approach in cancer 
and viral infection demonstrate the feasibility of 
semiallogeneic cell therapy [18–22]. 

Conclusion
The advantage of semiallogeneic nonpatient‑
specific products is that they offer the oppor‑
tunity for an ‘off‑the‑shelf ’ vaccine suitable for 
treating all patients. DCs generated from hESC 
lines are a unique source of immunogenic cells 
that permit consistency and reproducibility 
between production lots. Our success in gener‑
ating functional hESC‑derived DCs in a serum‑
free and feeder‑free system eliminates concerns 
over animal product contaminations and serum 
product variations. These improvements facili‑
tate the realization of developing vaccine treat‑
ments available for a wide  spectrum of patients.
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