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Abstract

Purpose: The objective of this study was to develop a scalable and broadly applicable active
immunotherapy approach against cancer, circumventing the limitations typically encountered
with autologous vaccination strategies. We hypothesized that human embryonic stem cells
(hESC) can serve as a virtually unlimited source for generating dendritic cells (DC) with potent
antigen-presenting function. Here, we investigated the developmental processes and require-
ments for generating large numbers of mature, antigen-presenting DC from pluripotent hESC.
Experimental Design: A feeder cell-free culture system was developed to differentiate hESC
into mature DC sequentially through hematopoietic and myeloid precursor stages.

Results: Using this method, we were able to yield large numbers of mature immunostimulatory
DC from hESC to enable clinical investigation. Upon activation, the hESC-derived DC secreted
interleukin-12p70, migrated in response to MIP-3@, and exhibited allostimulatory capacity. Most
importantly, antigen-loaded, hESC-derived DC were capable of stimulating potent antigen-
specific CD8" T-cell responses in an HLA class | — matched semiallogeneic assay system. More-
over, HLA class Il — mismatched hESC-derived DC induced a potent Th1-type cytokine response
without expanding FOXP3™ regulatory Tcells in vitro.

Conclusions: These data suggest the development of a novel active immunotherapy platform
to stimulate potent T-cell immunity in patients with intractable diseases, such as cancer or viral

infection.

Active immunotherapy with antigen-presenting cells (APC),
such as dendritic cells (DC), has become the focus of many
academic-based and industry-based research and development
programs, because they are highly effective in overcoming
immune tolerance by priming potent T-cell immunity in
models for cancer or viral disease (1). The primary drawback
of using autologous DC vaccines in clinical trials is that this
mode of vaccination is a customized form of cell therapy,
necessitating APC generation from each individual patient.
Preparing human DC from autologous hematopoietic progen-
itor cells remains a complex and laborious task, thereby
limiting the availability of cells for multiple vaccinations (2).
This issue becomes highly relevant, because recent studies now
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suggest that the stimulation of a clinically effective immune
response may require repeated vaccinations and continuous
boosting to maintain the vaccine-induced T-cell response (3).
Secondly, the time interval between the initial peripheral blood
mononuclear cell (PBMC) harvest and the ultimate availability
of the autologous DC vaccine significantly delays, or even
precludes, immunization of patients with rapidly progressing
tumors or with acute viral disease. Finally, DC generated from
peripheral blood progenitors of advanced cancer patients often
exhibit impaired antigen-presenting function due to prior
exposure to immunosuppressive tumor-derived factors (4).
Recent murine studies have shown that pluripotent embryonic
stem cells can be differentiated into APC with either immu-
nostimulatory (5-8) or tolerogenic (9) function. In witro
differentiation of embryonic stem cells can be directed along
multiple lineage pathways and may offer prospects for
reprogramming the immune system to either stimulate T-cell
immunity against tumor-associated or viral antigens or dampen
immune responses in autoimmune or transplant settings.
Fairchild and coworkers have shown the feasibility of generat-
ing immunoregulatory DC by directed differentiation of
murine embryonic stem cells stably transfected with the green
fluorescent protein (GFP) reporter gene (10). More recently,
other groups have explored the possibility of differentiating
human embryonic stem cells (hESC) through the myeloid
pathway into immunostimulatory APC (11, 12). Despite this
recent progress, the developmental pathways and conditions
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Translational Relevance

In this study, we show, for the first time, the feasibility of
generating functionally intact dendritic cells (DC) from an
established human embryonic stem cell (hESC) line
through the myeloid differentiation pathway using a clini-
cally compatible feeder cell-free culture system. The
hESC-derived DC could be loaded with HLA-A0201 —
restricted peptides or with mRNA-encoded antigens and
exhibit potent T-cell stimulatory function upon maturation.
The ex vivo — generated hESC-derived DC showed migra-
tory, cytokine secretion and allostimulatory properties
comparable with monocyte-derived DC that we and others
have tested in clinical trials. Using hESC-derived DC as
stimulators, we consistently detected primary, antigen-
specific CTL responses capable of recognizing and killing
HLA class | —matched human target cells, whereas avoid-
ing activation of FOXP3-expressing regulatory T cells.
These data suggest that hESC may function as a universal
and scalable source for DC-based cancer immunotherapy,
providing immediate availability of antigen-presenting cells
for cancer patients. Importantly, the allogeneic responses
mediated by the semiallogeneic hESC-derived DC via
HLA class Il could provide potent Th1-type cytokine help
for the generation of CTL responses to peptides presented
by shared HLA class | molecules. The data derived from
these experiments serve as the scientific basis for upcom-
ing clinical trials with semiallogeneic hESC-derived DC
immunotherapy in patients with malignant diseases.

for propagating large numbers of mature antigen-presenting
DC from hESC, under conditions acceptable for use in active
immunotherapy trials, have not yet been established. More-
over, little is known regarding the migratory, secretory, and
functional capacity of hESC-derived DC to stimulate antigen-
specific CTL responses in vitro.

In this study, we show, for the first time, the feasibility of
generating functionally intact DC from an established hESC
line through the myeloid differentiation pathway using a
clinically compatible feeder cell-free culture system. The hESC-
derived DC generated under these conditions could be loaded
with HLA-A0201 -restricted peptides or with mRNA-encoded
antigens and exhibit potent T-cell stimulatory function upon
maturation. The ex vivo —generated hESC-derived DC showed
migratory cytokine secretion and allostimulatory properties
comparable with monocyte-derived DC that we and others
have tested in clinical trials (3, 13). Using hESC-derived DC as
stimulators, we consistently detected primary, antigen-specific
CTL responses capable of recognizing and killing HLA class -
matched human target cells while avoiding activation of
FOXP3-expressing regulatory T cells. Moreover, terminally
differentiated hESC-derived DC completely abrogated their
ability to form teratoma in immune-deficient vertebrate
animals (data not shown).

These data suggest that hESC may function as a universal
and scalable source for DC-based cancer immunotherapy,
providing immediate availability of APC for patients with all
stages and types of disease. Importantly, the allogeneic
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responses mediated by the semiallogeneic hESC-derived DC
(deliberately matched to the HLA class I repertoire of the
recipient and expressed allogeneic HLA class II determinants)
via HLA class II could provide potent Thl-type cytokine help
for the generation of CTL responses to peptides presented by
shared HLA class I molecules. The data derived from these
experiments serve as the scientific basis for upcoming clinical
trials with semiallogeneic hESC-derived DC immunotherapy in
patients with malignant and viral diseases.

Materials and Methods

hESC culture. The HLA-A2* H9 hESC line (passage 18) was
acquired from Wicell Research Institute (14) and passed weekly on
human fibronectin (Chemicon)-coated plates in standard hESC
culture medium, as described previously (15). H9 hESC used in all
differentiation experiments exhibited normal growth characteristics,
phenotype, and karyotype in vitro. For hESC characterization, antibody
panels consisting of cell surface and intranuclear hESC markers were
used, including CD9, E-cadherin, Podocalyxin, Nanog, Oct-3/4, SOX2,
SSEA-1, and SSEA-4 (R&D Systems).

Reverse transcription—PCR analysis of differentiated hESC. Total
RNA was extracted from hESC harvested on culture days 0, 8, 12, and
21 during embryoid body (EB) formation using the RNeasy Mini kit
(Qiagen). Reverse transcription was done using a Transcriptor First
Strand cDNA Synthesis kit (Roche). Primer sets used for these analyses
were described previously (16). Glyceraldehyde-3-phosphate dehydro-
genase transcripts were determined in all experiments and used to
normalize the amount of cDNA in each sample.

Hematopoietic differentiation of hESC. Spontaneous EB formation
was tested to allow hESC differentiation. Briefly, hESC colonies were
suspended in a-MEM (Invitrogen) supplemented with 20% human
antibody serum (Valley Biomedical) and cultured in ultralow attach-
ment flasks (Corning Costar) for 12 to 14 d. After differentiation, EBs
were disassociated with TrypLE Select (Invitrogen) into single-cell
suspensions and used for further analysis. In addition to the
spontaneous EB formation, 50ng/mL of bone morphogenetic protein
4 (BMP-4; R&D Systems) were added in some experiments to improve
hematopoietic differentiation, as previously described (17). For
comparative experiments, murine OP9 and human HS-5 cells were
obtained from American Type Culture Collection and expanded,
according to previously published protocols (11). The cultures were
incubated for up to 12 d at 37°C and 5% CO,, with fresh medium
changes every other day.

Myeloid expansion and generation of mature hESC-derived DC. To
achieve myeloid expansion, single-cell suspensions after EB formation
were harvested and subsequently cultured in a-MEM supplemented with
10% human antibody serum (Valley Biomedical), 100 pmol/L mono-
thioglycerol, 100 pg/L stem cell factor, 50 pg/L FLT3 ligand, 800 units/mL
granulocyte macrophage colony-stimulating factor, 20 ug/L interleukin-3
(IL-3), and 20 pg/L thrombopoietin (PeproTech) for 10 d. Differentia-
tion into hESC-derived DC was facilitated by culturing the resulting
monocytic precursors in 800 units/mL granulocyte macrophage colony-
stimulating factor, 800 units/mL IL-4, and 10 ng/mL tumor necrosis
factor-a (R&D Systems). At 2 d before cell harvest, immature DC were
loaded with antigen and subsequently matured with a cytokine cocktail
consisting of 10 ng/mL tumor necrosis factor-a, 10 ng/mL IL-13, and
150 ng/mL IL-6, cytokine cocktail plus 1 pg/mL prostaglandin E,
(PGE,; Sigma), cytokine cocktail plus 3,000 units/mL IFN-a2b
(Schering-Plough), and cytokine cocktail plus IFN-a2b supplemented
with 20 pg/mL poly I:C (Sigma). Monocyte-derived DC, generated as
described previously (3), were used as controls in all experiments.

Flow cytometric analysis. Three-color fluorescence-activated cell
sorting analyses were done on hESC-derived DC using a Becton
Dickinson Biosciences FACSCalibur. After labeling with CD3, CD19,

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 25, 2018. © 2008 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

Human Embryonic Stem Cell — Derived Vaccines

CD56, CD14, CD1a, CD45, CD43, CD33, CD34, CD31, CDllgc,
CD11b, CD40, CD86, CD80, CD54, CD83, HLA class I and HLA class
II, CD209, and isotype control monoclonal antibodies (all BD
PharMingen), cells were tested for cell surface expression by flow
cytometry using CellQuest software.

IL-12p70 production and chemotaxis assays. Unstimulated or stim-
ulated hESC-derived DC and monocyte-derived DC were cultured,
washed, and plated in 96-well plates at densities of 2 X 10° cells per
well. Supernatants were then analyzed for IL-12p70 secretion after
24 h of culture (Endogen). Chemotaxis of DC was measured and
assessed by their migration through a polycarbonate filter of 8-um pore
size in 6-well transwell chambers (Corning).

mRNA electroporation of DC. Transfection of immature hESC-
derived DC with GFP or prostate-specific antigen (PSA) mRNA was
done by electroporation, as previously described (3).

T-cell proliferation analysis. For proliferation assays, T cells were
purified with Pan T-Cell Isolation Kit II (Miltenyi Biotec) and then
cocultured with increasing numbers of DC. Triplicate wells of T cells
alone were used as a background control. After 5 d of culture, 1 pCi
(0.037 MBq) [methyl->H]thymidine (NEN) was added to each well,
and incubation was continued for an additional 16 h. Cells were col-
lected onto glass fiber filters (Wallac) with a cell harvester, and uptake
of thymidine was determined using a liquid scintillation counter.

Antigen-specific CD8 T-cell analysis. To analyze the antigen-present-
ing function of hESC-derived DC, cells were first pulsed with HLA-
A0201 -restricted BMLF1 peptide 280-288 (GLCTLVAML) and incu-
bated overnight using various maturation stimuli (see Figs. 4 and 5).
Cells were then harvested and used as targets in standard ELISPOT
assays. As effector cells, polyclonal EBV-specific CTL lines (18) that were
established from the PBMC of HLA-A0201" and HLA-A0201" donors
were used. For peptide-specific CTL induction, CD8" T cells (96-98%
pure) from HLA-A0201" donors were isolated using magnetic bead
separation techniques (Miltenyi Biotec) and stimulated with HLA-
A0201" MART-1 peptide (ELAGIGILTV)-loaded semiallogeneic hESC-
derived DC at a stimulator-to-responder ratio of 1:10 in the presence of
rhulL-2 (20 units/mL) and rhulL-7 (10 ng/mL; PeproTech). On day 7,
the frequency of MART-1 -specific CD8" T cells was tested using IFN-y
ELISPOT analysis.

Furthermore, standard 'chromium release assays were done on CTL
derived from the CD8" T cells of an HLA-A2" donor and stimulated
with RNA-transfected DC. T cells were restimulated once with RNA-
transfected DC, and IL-2 (20 units/mL) was added after 5 d and every
other day thereafter. After 12 d of culture, effector cells were harvested
and tested in cytolytic assays, as previously described (3). Results from
triplicate wells were averaged, and the percentage of specific lysis was
calculated.

Cytokine analysis and FOXP3 staining of CD4 T cells. Naive
CD4"CD25" T cells were isolated from human PBMC using magnetic
bead separation techniques. Briefly, untouched CD4* T cells were
isolated with CD4" T-Cell Isolation Kit II and then the CD4*CD25"
cells were depleted with CD25 Microbeads II (Miltenyi Biotec). The
naive CD4"CD25™ T cells were then cocultured with either autologous
monocyte-derived DC or allogeneic hESC-derived DC. After 6 d,
T cells were stimulated with 50 ng/mL phorbol 12-myristate 13-acetate
and 1pg/mL ionomycin (Sigma) and analyzed after 6 h for cytokine
secretion. The cytokines and the antibody pairs used for IFN-y,
IL-4 ELISAs were purchased from R&D Systems. FOXP3 expression by
CD4*/CD25"¢" regulatory T cells was assessed by fluorescence-
activated cell sorting analysis using the antihuman FOXP3 staining kit
(e-Biosciences).

Results

Pluripotent hESC can be maintained and differentiated into
hematopoietic precursors. The objective of these initial experi-
ments was to develop clinically compatible and feeder cell-free
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culture conditions that would allow the propagation of large
numbers of hESC without interfering with their capability of
differentiating into DC. To mimic the physiologic differentia-
tion of hESC into DC via the myeloid pathway, we sought to
develop a three-step culture protocol to generate functionally
intact DC from established hESC lines through hematopoietic
precursor and myeloid precursor stages, as schematically shown
in Fig. 1A and B. For hESC culture, we adapted a culture
method, in which H9 hESC were passed on human fibronec-
tin-coated plates using serum-free media supplemented with
high concentrations of basic fibroblast growth factor (19, 20).
Using these defined culture conditions, we were able to
successfully maintain hESC in an undifferentiated state from
July 2006 to the present. hESC propagated in defined, high
basic fibroblast growth factor-supplemented medium
exhibited identical proliferative capacity and normal karyotype
when compared with H9 hESC cocultured with the current gold
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Fig. 1. Differentiation of hESC into DC. A, schematic diagram of the protocol for
generating hESC-derived DC. Steps include culture and maintenance of hESC under
feeder-free conditions; hematopoietic differentiation via EB formation (£B);
expansion of myeloid precursor cells (MPC) and differentiation into mature DC.

B, morphology of cells derived by targeted differentiation. Images were captured
with an inverted microscope using 4 X magnification and a digital camera. C, reverse
transcription — PCR (RT-PCR) analysis of differentiated hESC. hESC differentiated
by EB formation revealed time-dependent acquisition of lineage-specific markers,
including keratin 5, 15, 18, Sox1, NFH (ectoderm); Brachyury, Msx1, MyoD,

HAND!1, cardiac actin (mesoderm); GATA4, AFP, HNF-4a, HNF-3b, albumin, and
PDX1 (endoderm).
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standard, namely mouse embryonic fibroblast feeder layers
(data not shown).

To test the pluripotency of hESC maintained under these
defined conditions, we first did reverse transcription-PCR
analysis on hESC spontaneously differentiated via EB
formation (16). It is well established that in wvitro - cultured
hESC spontaneously aggregate into cell clusters, termed EB,
which trigger the differentiation of hESC into cells of
endodermal, ectodermal, and mesodermal origin (21). As
shown in Fig. 1C, hESC, differentiated via EB formation,
acquired increased gene expression characteristics of endoder-
mal, ectodermal, and mesodermal development, including
Keratin 5, 15, 18, Sox1, NFH (ectoderm); Brachyury, Msx1,
MyoD, HAND]1, cardiac actin (mesoderm); GATA4, AFP, HNF-
4a, HNF-3b, albumin, and PDX1 (endoderm). As shown in
Fig. 1C, gene expression increased over time and peaked after
12 to 21 days of EB-mediated differentiation. These data
provided a first line of evidence that the pluripotency of
hESC is maintained after defined feeder-free cell culture and
EB-mediated differentiation.

We next determined whether EB-mediated culture is capable
of differentiating hESC into CD34" hematopoietic precursors
(HSC), the first differentiation step as depicted in Fig. 1A and B.
As shown in Fig. 2A, CD34" hematopoietic precursors could be
generated in a reproducable manner from hESC after EB-
mediated differentiation in the presence of 20% human
antibody serum. CD34" cell yields averaged 7.5 + 2.3% (10
consecutive experiments) of the originally undifferentiated
hESC population after a 12-day culture period. Whereas
CD34 expression on hESC typically peaked ~ 12 days after
EB-mediated differentiation (Fig. 2A), hESC surface markers
(SSEA-4, CD9. and E-cadherin) proportionally decreased
during the differentiation process (data not shown).

To further improve the yield of CD34" hematopoietic
precursors, we tested EB-mediated differentiation in the
presence of BMP-4, a member of the transforming growth
factor-p superfamily, which has been shown to promote
hematopoietic differentiation of hESC (17). In parallel, we
did comparative experiments to test hESC differentiation using
murine (OPY; ref. 22) and human bone marrow (HS-5) feeder
cells (23). As shown in Fig. 2B, we were able to significantly
improve the yield of CD34" hematopoietic precursors by
adding BMP-4 protein to the culture and, thereby, almost
double (average yield, 15.3 + 2.1%; n = 10) the CD34" cell
numbers typically obtained after EB culture alone (average
yield, 7.2 + 1.2%; n = 10) or after culture with murine OP9
bone marrow feeder cells (average yield, 7.8 + 1.9%; n = 10).
As shown in Fig. 2B, human bone marrow HS-5 feeder cells
were also capable of triggering differentiation of H9 hESC into
hematopoietic precursors. However, these culture conditions
are not yet optimized, as evidenced by the fact that the yield of
CD34" hematopoietic precursors was consistently lower (aver-
age yield, 1.5 + 1.2%; n = 10) under these conditions when
compared with cells derived from EB-mediated differentiation
or by murine OP9 coculture. Cumulatively, the experiments in
Figs. 1 and 2 show that hESC can successfully be cultured and
differentiated into CD34" hematopoietic precursors using
feeder-free culture conditions that eventually may yield a stem
cell -based product acceptable for clinical use.

Generation of mature APC from hESC-derived hematopoietic
precursors. To facilitate the second differentiation step from
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the CD34" hematopoietic precursor stage toward cells of
myeloid lineage, the differentiated hES cells were harvested
12 days after EB formation and single-cell suspensions
containing the hematopoietic precursors were subsequently
incubated with recombinant human stem cell factor, Flt-3
ligand, thrombopoietin, IL-3, and granulocyte macrophage
colony-stimulating factor to yield cells of myeloid lineage.
Three days after culture, semiadherent, rapidly proliferating
cells became visible (myeloid expansion). After 12 days of
culture and after removal of dead cells, expansion of a
homogenous cell population (>95% purity) expressing the
leukocyte common antigen CD45 was obtained (Fig. 2C, left).
Typical cell yields after myeloid expansion averaged an
approximate 3-fold increase of the starting CD34" cell
population, as determined in 10 consecutive experiments.
Furthermore, the majority of the CD45" cells exhibited low or
intermediate expression of the myeloid marker CD33 (Fig. 2C,
middle) and stained positive for CD31 (Fig. 2C, right),
providing further evidence for the myeloid lineage commit-
ment of hESC-derived HSC.

To facilitate the final differentiation step from the myeloid
precursor to the DC stage (Fig. 1A and B), myeloid precursors
were cultured for 10 to 12 days in media supplemented with
the cytokines IL-4 and granulocyte macrophage colony-
stimulating factor (24). As shown in Fig. 3A (left), most cells
formed typical clusters of aggregated “veiled cells” characteristic
for monocyte-derived DC. The hESC-derived DC exhibited
well-defined dendritic processes (Fig. 3A, middle), as well as
large eccentric nuclei (Fig. 3A, right). Moreover, after differen-
tiation, this large cell population revealed expression of the
APC cell surface markers CD11c, CD54, CD11b, CD40, CD45,
CD86, HLA class I, and HLA class II molecules. Additionally,
these cells exhibited low levels of CD80, CD209, CD43, and
CD31 on their cell surface, whereas no significant expression of
CD14, CD3, CD19, CD56, CD33, CD34, and CDla was
observed. Similar to their monocyte-derived counterparts,
hESC-derived DC up-regulated the activation marker CD83
upon maturation using the cytokines IL-1p, IL-6, tumor
necrosis factor-o, and PGE, (Fig. 3B; ref. 25). As shown in
Fig. 3C, under these experimental conditions, we were able to
generate ~2 X 107 mature hESC-derived DC from a starting
population of 1 X 107 hESC with >80% purity (calculated as a
percentage of CD11c positive cells in total cell population).

hESC-derived DC are capable of secreting IL-12p70, migrating
in response to MIP-33, and stimulating potent antigen-specific
T-cell responses. Next, we investigated whether the hESC-
derived DC are functionally intact, as judged by their immunos-
timulatory and migratory function, as well as by their ability to
secrete the Th-1 cytokine IL-12p70. We did allogeneic mixed
lymphocyte reaction assays to assess their allostimulatory
capacity in vitro. As shown in Fig. 4A, hESC-derived DC were
able to trigger the proliferation of allogeneic, HLA-mismatched
T cells. Expectedly, mature hESC-derived DC used in the mixed
lymphocyte reaction reaction were more potent in stimulating
T-cell proliferation than their immature counterparts. Impor-
tantly, hESC-derived DC were equally effective in stimulating
allo-responses when compared with DC generated from
peripheral blood monocytes (Fig. 4A). To determine DC
migratory behavior and the ability of secreting IL-12p70 upon
activation in vitro, immature hESC-derived DC were matured using
various cytokine combinations, including the above-mentioned
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cytokine cocktail, cytokine cocktail plus PGE,, cytokine cocktail
plus IFN-a, and cytokine cocktail plus IFN-a with poly I.C
(Fig. 4B). Similar to monocyte-derived DC, ~40% of the hESC-
derived DC migrated in response to MIP-3p but only after
activation by PGE, (26). As shown in Fig. 4B, DC migration was
less efficient with the other activation protocols tested in parallel
in these experiments. Expectedly, hESC-derived DC secreted
higher amounts of IL-12p70 when cytokine cocktail/TFN-a/poly
I:C was used for maturation (Fig. 4C).

In summary, these data show that hESC-derived DC possess
virtually identical migratory, allostimulatory and Th-1 polariz-
ing properties as monocyte-derived DC, thus providing further
evidence regarding their intactness and potent APC function
in vitro (27).

Peptide loaded hESC-derived DC can induce antigen-specific
cytotoxic T-cell responses. To assess the capability of mature
hESC-derived DC to stimulate antigen-specific T-cell responses,
we first used an EBV-specific recall antigen test system to
determine whether or not EBV peptide-specific T cells can
recognize antigens presented by EBV antigen-bearing hESC-
derived DC in an HLA-restricted manner. EBV-specific CTL were

stimulated from the T cells of HLA-A2" and HLA-A2" donors,
using irradiated autologous BLCL (Fig. 5A, left). These
established EBV-specific CTL were then used in IFN-y ELISPOT
assays to test whether they could recognize HLA-A2" hESC-
derived DC pulsed with HLA-A2 restricted EBV BMLF1,5¢.585
peptide.

As shown in Fig. 5A (right), EBV peptide-specific CTL
responses were detected by using both mature and immature
peptide-pulsed hESC-derived DC cells as stimulators, whereas,
expectedly, no significant differences in CTL lysis were observed
when immature and mature hESC-derived DC were used as
targets. These experiments show that hESC-derived DC can
efficiently present peptide antigens on the cell surface in the
context with MHC class I molecules that can be recognized
by CTL.

To further test whether hESC-derived DC are capable of
priming a tumor (self) antigen-specific CD8" T-cell response,
we used an in vitro melanoma tumor system, as shown in
Fig. 5B-D. HLA-A2" CTL were generated using CD8" cells
isolated from the PBMC of HLA-A2" donors that were
stimulated with HLA-A2-matched MART-1 (ELAGIGILTV)
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Fig. 3. Generation of mature hESC-derived DC
from hESC-derived hematopoietic precursor cells.

CD40

CD86 CD80

A, morphologic analysis of hESC-derived DC.
hESC-derived DC were generated from myeloid
precursors by culture in media supplemented with
granulocyte macrophage colony-stimulating
factor, IL-4, and tumor necrosis factor-a (TNF-a).
Phase contrast images of cultured hESC-derived
DC were acquired (/eft, 4x magnification) and

CD33

CD34 CD31

(middle, 20x magnification). In addition, H&E
staining (right, 40X magnification) was done on
cytospins of cells obtained after DC culture.

B, phenotypic analysis of hESC-derived DC.

A panel of cell surface — based DC and lineage
markers was used to analyze cell surface
expression on hESC-derived DC. The results are

CD19 CD56
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.
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presented as fluorescence-activated cell sorting

E histograms as shown in the image. Histogram
overlay (filled line) represents isotype control for
nonspecific IgG staining. C, cell yields (average +
SD calculated from 10 consecutive experiments)
and culture duration at each differentiation step
(hESC, EB, MP, DC) using a starting population of
1 x 107 undifferentiated hESC.

peptide-pulsed hESC-derived DC in vitro. T-cell cultures were
then harvested and analyzed in standard IFN-y ELISPOT assays
using Malme-3M (HLA-A2+, A*0201 allele, MART-1", mela-
noma), Malme-3 (HLA-A2+, A*0201 allele, MART-1", normal
skin fibroblasts isolated from the same patients as Malme-3M)
and T2 cells pulsed with MART-1 peptide as targets. K562 cells,
CEF peptide pool, and unstimulated T cells served as controls
(28). In addition, unloaded hESC-derived DC and MART-1
peptide-pulsed hESC-derived DC were also tested in the same
experiment for identifying the nonspecific allogeneic T-cell
response. As shown in Fig. 5B, the peptide-specific CTL not
only recognized the semiallogeneic, HLA class I-matched
melanoma cell line Malme-3M but also recognized, to a greater
extent, MART-1 peptide-pulsed T2 cells, whereas Malme-3
normal cells and K562 target cells did not trigger IFN-y release
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by activated T cells. As expected, semiallogeneic, but antigen-
naive hESC-derived, DC were also recognized by CTL as a result
of the bystander allo-response (Fig. 5C). However, when hESC-
derived DC were loaded with MART-1 peptide, a dramatic
increase in spot forming colonies was observed statistically
significantly exceeding those stimulated by the bystander allo-
response.

Cumulatively, we show that hESC-derived DC are capable of
stimulating potent antigen-specific T-cell responses in vitro
against target cells bearing either viral or tumor antigens in an
HLA class I-restricted manner.

hESC-derived DC can be transfected with mRNA-encoded anti-
gens and can stimulate antigen-specific CD8" T-cell responses.
These results shown in Fig. 5 prompted further experiments to
investigate whether hESC-derived DC possess normal antigen

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 25, 2018. © 2008 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

Human Embryonic Stem Cell — Derived Vaccines

processing capability and function. Furthermore, the antigen-
presenting function of the semiallogeneic hESC-derived DC was
compared with autologous monocyte-derived DC in vitro.
We have previously shown that monocyte-derived DC can
successfully be transfected with mRNA-encoded tumor antigens
and effectively be used for active cancer immunotherapy in
patients with genitourinary malignancies (3). Using these
well-established techniques, mature hESC-derived DC and
monocyte-derived DC were transfected with GFP or PSA mRNA
(2ug mRNA/1 x 10° cells) by electroporation (experimental
settings are shown in Fig. 6). Transfection of hESC-derived and
monocyte-derived DC with GFP mRNA resulted in equally
efficient expression of GFP protein by transfected cells.
Specifically, >50% of cells expressed GFP 12 hours after trans-
fection with the transient expression lasting >3 days (Fig. 6A).
Notably, these transfection techniques routinely yielded hESC-
derived DC with >90% viability 24 hours after transfection
(data not shown). Next, we tested the T-cell stimulatory
capacity of mRNA-transfected hESC-derived DC in HLA-A2
matched cytolytic T-cell assays and found that PSA-specific and

GFP-specific CTL stimulated by mRNA transfected hESC-
derived DC were able to kill their cognate target cells in an
antigen-specific and HLA-restricted manner. As shown in
Fig. 6B, semiallogeneic hESC-derived DC consistently stimu-
lated more potent CTL responses against PSA or GFP than
autologous monocyte-derived DC, most likely due to the con-
comitant induction of an allogeneic CD8" T-cell response.

In summary, these data show that hESC-derived DC have
comparable antigen processing and presenting function to
monocyte-derived DC. Moreover, allogeneic CD8" T-cell
responses, induced by semiallogeneic hESC-derived DC, may
augment HLA-class I -restricted antigen-specific CTL responses,
as recently shown (29).

Semiallogeneic hESC-derived DC stimulate an allogeneic Th-1
type CD4 T-cell response without expanding regulatory T
cells. Recent studies have suggested that stimulation with
antigen-loaded DC cannot only trigger potent T-cell responses
but also a concomitant regulatory T-cell response (30). Here,
we hypothesized that using HLA class I matched, but HLA class
II mismatched, hESC-derived DC for stimulation, potent
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antigen-specific T-cell responses can be induced while bypass-
ing activation of antigen-specific regulatory T cells. At the
same time, we sought to determine the cytokine profile of stem
cell -derived DC-induced allogeneic CD4" T cells that could
provide potent Th-1 type cytokine help to augment the antigen-
specific CD8" CTL response against tumor antigens presented
by shared HLA class I molecules. To address these issues, we
determined secretion of IFN-y (Th-1) and IL-4 (Th-2) from
naive (nonpolarized) CD4%/CD25 T cells stimulated from
autologous, monocyte-derived DC or from hES-derived DC
using cytokine ELISA. Moreover, we serially determined the
frequencies of FOXP3-expressing CD4" T cells stimulated over
time by the HLA class II matched (autologous) or mismatched
hES-derived DC.

As shown in Fig. 6C, naive CD4" T cells stimulated by
allogeneic hESC-derived DC, but not by autologous monocyte-
derived DC, exhibited a strong Th1-type response, as evidenced
by secretion of high amounts of IFN-y, but not IL-4 or IL-5
(latter not shown). Moreover, mature hESC-derived DC only
insignificantly activated and expanded FOXP3* regulatory
CD4" T cells over the culture period. In contrast, significant
regulatory T-cell expansion was noted after 6 days of
stimulation using autologous monocyte-derived DC (Fig. 6D).

These data suggest that semiallogeneic HLA class 11—
mismatched hESC-derived DC may avoid the shortcomings of
autologous vaccination by not only triggering a Th-1 type
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cytokine environment but also by circumventing the expansion
of immunosuppressive regulatory T cells.

Discussion

Recently, several groups have shown the feasibility of using
hESC for generating functional hematopoietic cells (17, 19, 22,
31-35). Other studies suggest the possibility that hESC can
successfully be differentiated into APC (11, 36). However,
limited data is available regarding the exact phenotype, cell
yield, and the functional properties of the stem cell -derived
APC that would justify their use in clinical immunotherapy
protocols. Most importantly, the ability to use stem cell-
derived products in clinical applications has been currently
compromised by mouse feeder culture methods that are
incompatible with human application. Here we show that
using feeder-free culture conditions, hESC can successfully be
differentiated into functional mature DC in the presence of
human antibody serum and are capable of stimulating potent
antitumor and antiviral T-cell responses in vitro, which may
prove highly relevant for the clinical investigation of hESC-
derived cellular products (37, 38). Although, the phenotype of
this novel DC type is different from the monocyte-derived DC,
which may depend on the differentiation pathways (11, 12),
the hESC-derived DC showed potent capacity in the functional
analysis. Similar to monocyte-derived DC, hESC-derived DC
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spontaneously secreted IL-12p70, migrated toward chemokine
gradients, and stimulated potent T-cell responses in vitro.
Moreover, hESC-derived DC seem to overcome obstacles
typically encountered during autologous DC vaccination by
inducing an antigen-specific immune response against tumor
antigens without expanding and activating regulatory T cells
(Fig. 6C and D).

The results of the experiments described in this report may
have significant implications for the therapeutic application of
hESC-derived DC in clinical disease settings. First, a major
advantage of using semiallogeneic, stem cell-derived DC
vaccines for active immunotherapy is the ability to generate
large numbers of well-defined antigen-bearing cells that are
amendable to a degree of standardization. It has been shown
that undifferentiated hESCs can be expanded up to 2-3 x 10%
cells in vitro (39, 40). Using the methods described above, we
were able to double cell yields when differentiating hESCs into
DC. These conditions allow for the generation of up to 50 to
100 million viable, antigen-loaded DC, making clinical trials
feasible. The “off the shelf” availability of stem cell - derived DC
vaccines not only allows for repeated vaccinations but also

enables immediate treatment of patients with rapidly progress-
ing tumors or with infectious diseases. Secondly, generation of
DC from hESC lines for human immunotherapy circumvents
the possibility that tumor-derived factors elicit DC dysfunction,
as is often the case when autologous DC are used for tumor
immunotherapy (41-43).

One relevant requirement for the successful application of
allogeneic cellular vaccines is that the vaccine should specifi-
cally be matched to the HLA class I repertoire of the recipient
patient (44). Without such matching, antigen-loaded hESC-
derived DC cannot process antigen along the class I pathway
and may only induce an unspecific T-cell response. In our
study, we investigated the antigen-presenting function of hESC-
derived DC in an HLA-A2 - matched semiallogeneic system. In
these experiments, we were not only able to show the
generation of allogeneic responses but also a vaccine-mediated
potent antigen-specific CD8" T-cell response. Therefore, hESC-
derived DC, deliberately matched to the HLA class I repertoire
of the recipient, have the capacity to stimulate potent CTL
responses that are further augmented by T-cell cross-reactivity
mediated by allogeneic responses (see ref. 44; Figs. 5 and 6).
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Fig. 6. CD8and CD4 T-cell responses induced by semiallogeneic mRNA transfected, hESC-derived DC. A, hESC-derived DC and monocyte-derived DC were transfected by
electroporation at 300 V/150 pF with 2ug GFP mRNA/1 x 10° cells. The degree of GFP expression was longitudinally monitored by fluorescence-activated cell sorting
analysis 6,12, 36, and 72 h after transfection. 8, PBMC from a healthy HLA-A0201" donor were stimulated twice with PSA mRNA-transfected or GFP mRNA-transfected
hESC-derived and monocyte-derived DC to generate antigen-specific CTL. These CTL were then tested in cytolytic assays using the after autologous HLA-A2* BLCL
targets transfected with PSA mRNA and GFP mRNA using electroporation. C, Th-1 polarization of naive CD4 T-cell response induced by hESC-derived DC. IFN-y and IL-4
secretion were measured by cytokine ELISA after coculture of isolated naive CD4*CD25™ Tcells with cytokine-matured autologous monocyte-derived DC or allogeneic
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cocultured with autologous monocyte-derived DC or allogeneic hESC-derived DC without additional cytokines for 6 d. The percentage of FOXP3™ cells were monitored

at indicated culture days. Data represents the summary of three experiments.
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Although our data suggest the effective induction of tumor-
specific CTL response by semiallogeneic hESC-derived DC, it is
possible that the allo-specific CTL induced by repeated
vaccination may attack the injected APC and therefore
eliminate them in vivo. Thus, it will be critical that the injected
hES-derived DC could activate tumor antigen-specific CTL
restricted to the shared MHC class I molecules before they are
eliminated by allo-reactive CTL. However, in direct relevance to
our semiallogeneic hESC-derived DC platform, this important
issue was previously addressed by Fukuma et al., demonstrating
that semiallogeneic murine embryonic stem-derived DC
vaccines can induce an antigen-specific immune response even
in the presence of allo-specific T cells (8). Moreover, clinical
studies have not shown any evidence of rejection or tolerance
using allogeneic vaccine. Specifically, in one recent study, up to
12 boost injections were necessary to induce an antigen-specific
immune response using an allogeneic tumor cell vaccine
platform (45). Conversely, the adjuvant effect of allo-reaction
may enhance the HLA-A2-matched CTL response in the
tumor-bearing host. Based on the data presented, it is
conceivable that the direct CD4" T-cell response to defined
allogeneic HLA class II antigens on the DC used in the vaccines
will provide a potent Thl-type cytokine environment for the
generation of CD8" CTL responses to tumor peptides presented
by shared HLA class I molecules even in the absence of classic
adjuvants. This result is critical because the provision of Th-1
type cytokines in tumor cell -based vaccines and peptide-based
vaccines is likely to be weak or absent. The allogeneic response
induced by semiallogeneic hESC-derived DC has the unique

potential to create a microenvironment rich in cytokines
and T-cell costimulatory ligands for the promotion of
polyclonal T-cell responses that may overcome any previously
generated T-cell anergy. Moreover, the lack of activating
antigen-specific regulatory T cells may increase the duration
and magnitude of vaccine-induced antigen-specific immune
response.

Studies have shown that the embryonic stem cell -derived
DC platform could be further improved by stably transfecting
hESC with recombinatorial molecules encoding either antigenic
proteins, HLA, or costimulatory molecules to enhance their
immunostimulatory function (5, 10, 46). In one recent study,
preliminary evidence of using genetically modified murine
stem cell - derived DC to induce protective immunity in a mu-
rine melanoma model (5) was provided. These studies strongly
suggested the great potential of this novel APC platform for
future improvement. In summary, the use of stem cell - derived
DC vaccines has considerable advantages and, at the same time,
provides a mechanism to eliminate or reduce the drawbacks
associated with other immune-based technologies.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Dawn Alayon for the excellent editorial assistance.

References

1. Vieweg J. Future directions for vaccine-based thera-
pies. Urol Oncol 2006;24:448-55.

2. Romani N, Reider D, Heuer M, et al. Generation of
mature dendritic cells from human blood. An improved
method with special regard to clinical applicability.
J Immunol Methods 1996;196:137-51.

3. Su Z, Dannull J, Yang BK, et al. Telomerase mRNA-
transfected dendritic cells stimulate antigen-specific
CD8+ and CD4+ T cell responses in patients with
metastatic prostate cancer. J Immunol 2005;174:
3798-807.

4. Gabrilovich D, IshidaT, OyamaT, et al. Vascular endo-
thelial growth factor inhibits the development of den-
dritic cells and dramatically affects the differentiation
of multiple hematopoietic lineages /n vivo. Blood
1998;92:4150-66.

5. Motomura Y, Senju S, NakatsuraT, et al. Embryonic
stem cell-derived dendritic cells expressing glypican-
3, a recently identified oncofetal antigen, induce pro-
tective immunity against highly metastatic mouse
melanoma, B16—10. Cancer Res 2006;66:2414-22.

6. Matsuyoshi H, Senju S, Hirata S, Yoshitake Y, Uemura
Y, Nishimura Y. Enhanced priming of antigen-specific
CTLs in vivo by embryonic stem cell-derived dendritic
cells expressing chemokine along with antigenic pro-
tein: application to antitumor vaccination. J Immunol
2004;172:776-86.

7. Fairchild PJ, Nolan KF, Waldmann H. Probing dendritic
cell function by guiding the differentiation of em-
bryonic stem cells. Methods Enzymol 2003;365:
169-86.

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

9. Hirata S, Senju S, Matsuyoshi H, Fukuma D, Uemura
Y, Nishimura Y. Prevention of experimental autoim-
mune encephalomyelitis by transfer of embryonic

Clin Cancer Res 2008;14(19) October 1, 2008

stem cell-derived dendritic cells expressing myelin oli-
godendrocyte glycoprotein peptide along with TRAIL
or programmed death-1 ligand. J Immunol 2005;174:
1888-97.

10. Fairchild PJ, Nolan KF, Cartland S, Graca L,
Waldmann H. Stable lines of genetically modified den-
dritic cells from mouse embryonic stem cells. Trans-
plantation 2003;76:606—8.

11. Slukvin II, Vodyanik MA, Thomson JA, Gumenyuk
ME, Choi KD. Directed differentiation of human em-
bryonic stem cells into functional dendritic cells
through the myeloid pathway. J Immunol 2006;176:
2924-32.

12. Senju S, Suemori H, Zembutsu H, et al. Genetically
manipulated human embryonic stem cell-derived den-
dritic cells with immune regulatory function. Stem
Cells 2007;25:2720-9.

13. Su Z, Dannull J, Heiser A, et al. Imnmunological and
clinical responses in metastatic renal cancer patients
vaccinated with tumor RNA-transfected dendritic
cells. Cancer Res 2003;63:2127-33.

14. Drukker M, Katz G, Urbach A, et al. Characterization
of the expression of MHC proteins in human embry-
onic stem cells. Proc Natl Acad Sci U S A 2002;99:
9864-9.

15. Amit M, Shariki C, Margulets V, ltskovitz-Eldor J.
Feeder layer- and serum-free culture of human embry-
onic stem cells. Biol Reprod 2004;70:837-45.

16. Pal R, Ravindran G. Assessment of pluripotency and
multilineage differentiation potential of NTERA-2 cells
as a model for studying human embryonic stem cells.
Cell Prolif 2006;39:585-98.

17. Chadwick K, Wang L, Li L, et al. Cytokines and
BMP-4 promote hematopoietic differentiation of
human embryonic stem cells. Blood 2003;102:
906-15.

18. Su Z, Peluso MV, Raffegerst SH, Schendel DJ,
Roskrow MA. The generation of LMP2a-specific cy-

6216

totoxic T-lymphocytes for the treatment of patients
with Epstein-Barr virus-positive Hodgkin disease. Eur
J Immunol 2001;31:947-58.

19. Wang L, Li L, Menendez P, Cerdan C, Bhatia M.
Human embryonic stem cells maintained in the ab-
sence of mouse embryonic fibroblasts or conditioned
media are capable of hematopoietic development.
Blood 2005;105:4598-603.

20. LudwigTE, Levenstein ME, Jones JM, et al. Deriva-
tion of human embryonic stem cells in defined condi-
tions. Nat Biotechnol 2006;24:185-7.

21. Itskovitz-Eldor J, Schuldiner M, Karsenti D, et al.
Differentiation of human embryonic stem cells into
embryoid bodies compromising the three embryonic
germ layers. Mol Med 2000;6:88-95.

22.Vodyanik MA, Bork JA, Thomson JA, Slukvin II.
Human embryonic stem cell-derived CD34+ cells:
efficient production in the coculture with OP9 stromal
cells and analysis of lymphohematopoietic potential.
Blood 2005;105:617-26.

23. Goerner M, Roecklein B, Torok-Storb B, Heimfeld S,
Kiem HP. Expansion and transduction of nonenriched
human cord blood cells using HS-5 conditioned me-
dium and FLT3-L. J Hematother Stem Cell Res 2000;
9:759-65.

24. Szabolcs P, Avigan D, Gezelter S, et al. Den-
dritic cells and macrophages can mature inde-
pendently from a human bone marrow-derived,
post-colony-forming unit intermediate. Blood 1996;
87:4520-30.

25. Jonuleit H, Kuhn U, Muller G, et al. Pro-inflamma-
tory cytokines and prostaglandins induce maturation
of potent immunostimulatory dendritic cells under
fetal calf serum-free conditions. Eur J Immunol
1997;,27:3135-42.

26. Luft T, Jefford M, Luetjens P, et al. Functionally
distinct dendritic cell (DC) populations induced by
physiologic stimuli: prostaglandin E(2) regulates the

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on September 25, 2018. © 2008 American Association for

Cancer Research.


http://clincancerres.aacrjournals.org/

Human Embryonic Stem Cell — Derived Vaccines

migratory capacity of specific DC subsets. Blood
2002;100:1362-72.

27. Mailliard RB, Wankowicz-Kalinska A, Cai Q, et al.
a-type-1 polarized dendritic cells: a novel immuniza-
tion tool with optimized CTL-inducing activity. Cancer
Res 2004,64:5934-7.

28. Currier JR, Kuta EG, Turk E, et al. A panel of MHC
class | restricted viral peptides for use as a quality
control for vaccine trial ELISPOT assays. J Immun
Methods 2002;260:157-72.

29. Welsh RM, Selin LK. No one is naive: the signifi-
cance of heterologousT-cell immunity. Nat Rev Immu-
nol 2002;2:417-26.

30. Banerjee DK, Dhodapkar MV, Matayeva E,
Steinman RM, Dhodapkar KM. Expansion of FOX-
P3high regulatory T cells by human dendritic cells
(DCs) in vitro and after injection of cytokine-matured
DCs in myeloma patients. Blood 2006;108:2655—61.

31. Kaufman DS, Hanson ET, Lewis RL, Auerbach R,
Thomson JA. Hematopoietic colony-forming cells de-
rived from human embryonic stem cells. Proc Natl
Acad Sci U S A 2001,98:10716-21.

32.Webster DP, Dunachie S,VuolaJM, et al. Enhanced T
cell-mediated protection against malaria in human
challenges by using the recombinant poxviruses FP9
and modified vaccinia virus Ankara. Proc Natl Acad
Sci US A 2005;102:4836-41.

wwWw.aacrjournals.org

33. Zambidis ET, Peault B, Park TS, Bunz F, Civin Cl.
Hematopoietic differentiation of human embryonic
stem cells progresses through sequential hematoen-
dothelial, primitive, and definitive stages resembling
human yolk sac development. Blood 2005;106:
860-70.

34.Tian X, Woll PS, Morris JK, Linehan JL, Kaufman DS.
Hematopoietic engraftment of human embryonic stem
cell-derived cells is regulated by recipient innate im-
munity. Stem Cells 2006;24:1370-80.

35. Narayan AD, Chase JL, Lewis RL, et al. Human em-
bryonic stem cell-derived hematopoietic cells are ca-
pable of engrafting primary as well as secondary fetal
sheep recipients. Blood 2006;107:2180-3.

36. Zhan X, Dravid G, Ye Z, et al. Functional antigen-
presenting leucocytes derived from human embryonic
stem cells /in vitro. Lancet 2004;364:163—-71.

37. Mitchell MS, Kan-Mitchell J, Morrow PR, Darrah D,
Jones VE, Mescher MF. Phase | trial of large multiva-
lent immunogen derived from melanoma lysates in
patients with disseminated melanoma. Clin Cancer
Res 2004;10:76-83.

38. Pecher G, Haring A, Kaiser L, Thiel E. Mucin gene
(MUCT1) transfected dendritic cells as vaccine: results
of a phase I/l clinical trial. Cancer Immunol Immun-
other 2002;51:669-73.

39. Oh SK, Kim HS, Park YB, et al. Methods for expan-

6217

sion of human embryonic stem cells. Stem Cells 2005;
23:605-9.

40. Choo A, Padmanabhan J, Chin A, Fong WJ, Oh
SKW. Immortalized feeders for the scale-up of human
embryonic stem cells in feeder and feeder-free condi-
tions. J Biotechnol 2006;122:130-41.

41. Satthaporn S, Robins A, Vassanasiri W, et al. Den-
dritic cells are dysfunctional in patients with operable
breast cancer. Cancer Immunol Immunother 2004;53:
510-8.

42. Dong R, Cwynarski K, Entwistle A, et al. Dendritic
cells from CML patients have altered actin organiza-
tion, reduced antigen processing, and impaired migra-
tion. Blood 2003;101:3560-7.

43. Gabrilovich D. Mechanisms and functional signifi-
cance of tumour-induced dendritic-cell defects. Nat
Rev 2004;4:941-52.

44. Fabre JW. The allogeneic response and tumor im-
munity. Nat Med 2001,7:649-52.

45. Small EJ, Sacks N, Nemunaitis J, et al. Granulocyte
macrophage colony-stimulating factor-secreting allo-
geneic cellularimmunotherapy for hormone-refractory
prostate cancer. Clin Cancer Res 2007;13:3883-91.

46. Senju S, Hirata S, Matsuyoshi H, et al. Generation
and genetic modification of dendritic cells derived
from mouse embryonic stem cells. Blood 2003;101:
3501-8.

Clin Cancer Res 2008;14(19) October1, 2008

Downloaded from clincancerres.aacrjournals.org on September 25, 2018. © 2008 American Association for

Cancer Research.


http://clincancerres.aacrjournals.org/

AAGCR Jocaiscxmm
Clinical Cancer Research

Differentiation of Human Embryonic Stem Cells into
Immunostimulatory Dendritic Cells under Feeder-Free
Culture Conditions

Zhen Su, Carole Frye, Kyung-Mi Bae, et al.

Clin Cancer Res 2008;14:6207-6217.

Updated version  Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/14/19/6207

Cited articles  This article cites 46 articles, 24 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/14/19/6207 .full#ref-list-1

Citing articles  This article has been cited by 7 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/14/19/6207 .full#related-urls

E-mail alerts  Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/14/19/6207.
Click on "Request Permissions” which will take you to the Copyright Clearance Center's
(Cco)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on September 25, 2018. © 2008 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/content/14/19/6207
http://clincancerres.aacrjournals.org/content/14/19/6207.full#ref-list-1
http://clincancerres.aacrjournals.org/content/14/19/6207.full#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/14/19/6207
http://clincancerres.aacrjournals.org/

