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Abstract Embryonic stem cells (ESC) possess inherent
properties of immune privilege with the capacity to evade
allogeneic immune responses. Moreover, ESCs have been
shown to prevent immune activation in response to third
party antigen presenting cells in vitro and have the capacity
to promote allograft survival in vivo. However, clinical use
of human ESCs to treat immunological disorders may risk
teratoma or ectopic tissue formation. Here, we show that
cellular extracts from both human and mouse ESCs retain
the immune modulatory properties of intact cells. ESC-
extracts that contained 12–24 μg of total protein effectively
prevented T cell proliferation in allogeneic mixed lympho-
cyte reactions (MLR), whereas control fibroblast extracts
did not affect proliferation. Cellular mechanisms underlying
hESC extract-mediated immune modulation involve the
maturation of monocyte derived dendritic cells (mDC).

hESC extract-treated mDCs had reduced surface expression
of co-stimulatory and maturation markers CD80, HLA-DR
and CD83 and secreted lower levels of IL12p40. Accord-
ingly, hESC extract-treated DCs were found to be poor
stimulators of purified allogeneic T cells compared to those
DCs treated with vehicle or fibroblast extracts. Our results
demonstrate that ESC extracts retain the immune modula-
tory properties of ESCs and for the first time demonstrates
that ESC derived factors can inhibit human mDC matura-
tion and function.
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Introduction

Since the creation of the first human embryonic stem cell
(hESC) line in 1998, researchers have investigated many
aspects of early human development and tissue regeneration
[1–12]. Interestingly, hESCs also possess properties of
immune privilege similar to fetal tissues during pregnancy
[13–20]. Specifically, hESCs seem to be non-immunogenic
and do not elicit immune responses in the presence of
allogeneic immune cells and can persist across allogeneic
and even xenogeneic barriers [14, 15, 17, 18, 21–23]. This
property has been attributed to very low levels of MHC I
expression and absence of MHC II, CD80, CD86 and
CD40L [13, 17]. However, expression of MHC I, but not
MHC II, can be induced by differentiation of ESCs or
treatment with IFN-γ with subsequent elicitation of
appropriate immune responses [13, 17]. These specialized
immune properties of ESCs are consistent across several
species. Both rat and mouse undifferentiated ESCs also lack
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the expression of immune stimulatory molecules and
possess resultant “stealth” capabilities when introduced to
allogeneic hosts [15, 16, 18].

In addition to non-immunogenic properties, in vitro
studies have demonstrated that ESCs possess immune
modulatory properties [14–16, 20]. ESCs from human,
mouse and rat are all able to inhibit T cell proliferation even
in the presence of third party antigen presenting cells (APC)
[14–17]. Mouse ESC-conditioned media have also been
shown to inhibit the maturation of bone marrow derived
APC [16]. In addition, both human and mouse ESCs are
able to evade natural killer (NK) cell mediated death,
although more recent findings have disputed these obser-
vations [13, 16, 24]. The immune modulatory properties of
ESC are further substantiated by in vivo studies. Fandrich
et al. injected rat ESCs into the portal vein of allogeneic
hosts and found long-term survival of the injected cells and
established donor chimerism in the host [15]. Furthermore,
injected ESCs protected recipients from cardiac allograft
rejection following transplantation from the same strain of
donor rats [15]. Collectively, these data suggest that hESCs
may be used to induce tolerance of transplanted tissues or
organs. Therefore, harnessing the immune modulatory
properties of hESCs may lead to important findings
pertaining to allo-immune-based conditions.

Several obstacles continue to impede further clinical
application of human stem cells including hESCs and
induced pluripotent stem cells (iPS). In particular, risk of
teratoma or ectopic tissue formation continues to be a
critical issue identified by the International Society for
Stem Cell Research (ISSCR) [1, 25–28]. This point has
recently caused further apprehension in a clinical study, as
donor-derived tumours developed in the brain and spinal
cord of a patient following neural stem cell transplantation
[29]. It is evident that the risk of teratoma formation is
directly correlated with incrementally increasing numbers
of transplanted hESC [16]. Guidelines produced by the
ISSCR include stringent quality control measures and
safety and efficacy requirements [30, 31]. In addition to
the safety concerns, infusing patients with live ESCs is also
associated with formidable logistics, regulatory issues and
high costs associated with the necessary personnel and
facilities which introduce significant barriers for wide-
spread application of cell-based therapy [32].

In an effort to address the aforementioned obstacles
while harnessing the immune modulatory properties of
hESCs, we devised an innovative approach using hESC
derived cellular extracts to modulate immune responses.
Our findings provide the first demonstration that hESC
extracts retain the immune modulatory capacity of intact
cells and strongly inhibit immune activation in one-way
allogeneic mixed lymphocyte reactions (MLR). We extend
our findings by showing that monocyte-derived DCs treated

with hESC extracts exhibit an immature phenotype and
diminished capacity to activate purified allogeneic T cells.
These studies represent a new approach for the application
of hESCs and other stem cell populations and provide a
framework for the identification of their immune modula-
tory components.

Materials and Methods

Cells and Mice

Human ESC lines H1 and H9 were obtained from Wicell.
The CA1 cell line was a kind gift from Dr. Nagy
(University of Toronto, Toronto Ontario, Canada). Mouse
ESC C57BL/6 cell line was obtained from ATCC. Mouse
strains C57BL/6, B6C3F1, Balb/c and CD1 (10 to 12 weeks
old) were obtained from Charles River Laboratories,
Montreal Canada. All hESC lines were used with the
approval of the local Ethics Board and the Stem Cell
Oversight Committee of the Canadian Institutes for Health
Research. Animals were maintained at the University of
Ottawa (Ottawa Ontario, Canada) in accordance with the
Canadian Council on Animal Care guidelines under
protocols approved by the Animal Use Subcommittee at
our Institution.

Preparation of ESC Extracts

Human ESC Extraction

Human ESC lines H1, H9, and CA1 were cultured on plates
coated with Matrigel (BD Biosciences Canada Inc., Mis-
sissauga ON) in mouse embryonic fibroblast (MEF) condi-
tioned medium supplemented with 8.0 ng/mL of human basic
fibroblast growth factor (bFGF, Invitrogen Canada Inc.,
Burlington ON). hESCs were incubated at 37°C with 5.0%
CO2 [33, 34]. Upon reaching confluence, the cells were
harvested by treatment with collagenase IV (Invitrogen)
followed by cell dissociation buffer (Invitrogen) to obtain a
single cell suspension. Subsequently, hESCs were washed
twice with ice cold PBS and centrifuged at 400 g for 6 min
at 4°C. After washing, the cells were re-suspended in lysis
buffer, 50 mM HEPES, 50 m NaCl, 1.0 mM EDTA, 1.0 mM
DTT, 50 mM L-arginine, pH 8.2. The lysis buffer was
supplemented with pan protease inhibitors at 1:100, (4-(2-
aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatinA,
E-64, bestatin, leupeptin, and aprotinin) dissolved in DMSO,
Sigma Aldrich Canada Ltd, Oakvile ON. At this point the
cells were incubated on ice for 30 min and sonicated until
the cells were completely lysed. The sonicated cells were
centrifuged at 15,000 g for 15 min at 4°C to remove cell
membrane, mitochondrial and nuclear fractions. The soluble
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cell-free fraction (Supplementary Figure 1) was separated
from the insoluble fraction and both stored at −80°C. Protein
concentration was determined using Bio-Rad Protein assay
kit (Bio-Rad Laboratories Ltd. Mississauga ON).

Mouse ESC Extraction

Mouse ES lines J1 and B6 were grown on mitomycin treated
mouse embryonic fibroblast (MEF) cells in Dulbecco’s
modified eagle Medium (DMEM) containing 4.0 mM L-
glutamine, 1.0% non-essential amino acids, 0.10 μM 2-ME,
1.0×102 units of Penicillin, 1.0×102 units of Streptomycin
and 15% FBS (Invitrogen Inc.) supplemented with 1.0×103

units/mL of LIF (Millipore Canada Ltd., Etobicoke ON) and
incubated at 37°C with 5.0% CO2. Subsequently, the cells
were cultured on 0.10% gelatin coated plates for two
passages in order to eliminate MEF cells. Cell extraction
was carried out as described for hESCs.

Mixed Lymphocyte Reaction (MLR)

Human MLR

Healthy volunteers’ donor blood was collected in heparin-
coated tubes (BD Biosciences Inc.) and mixed 1:1 with Ca+

and Mg+ free PBS. Subsequently, the blood was gently
layered on top of Ficoll Paque (BD Biosciences Inc.) and
tubes were spun at 400 g for 30 min at room temperature
with the brakes off. PBMCs were isolated from the buffy
coat and washed 3 times with PBS. One-way MLR were
carried out with 1.0×105 PBMC responder and stimulator
cells in 96 well U bottom plates using RPMI media (10%
FBS, 1.0×102 units of Penicillin, 1.0×102 units of
Streptomycin, 2.0 mM L-glutamine). The stimulator cells
were pre-treated with 50 μg/mL of mitomycin C for 40 min
at 37°C prior to MLR. The cells were allowed to proliferate
for 5 days and 1.0 μCi tritiated thymidine (GE-Amersham
Canada Inc., Baie D’Urfe Quebec) was added to the culture
for an additional 16 to 18 h. The cells were harvested on to
96 well filters-mats (Wallac Inc., Turku Finland) using a
TomTec harvester. Tritium uptake was determined by liquid
scintillation using a Wallac 1450 Microbeta Plus liquid
scintillation counter (Wallac Inc.). Results are displayed as
counts per minute (CPM) of triplicate wells±SD.

Mouse MLR

Mouse spleens were removed aseptically and gently homog-
enized with the frosted ends of two sterile microscope slides
and passed through a 45 μm mesh filter. The cells were
washed twice with PBS and red blood cells were removed by
Ficoll centrifugation or ACK red blood cell lysis buffer
(Cederlane Laboratories Ltd. Burlington ON). One-way MRL

were carried out with 1.0×105 splenocytes from both
responder and stimulator cells in 96 well U bottom plates.
Stimulator cells were pre-treated with 50 μg/mL of mitomy-
cin C for 40 min at 37°C prior to MLR. The cells were
allowed to proliferate for 3 days and tritium uptake was
determined as described for human MLR. Results are
displayed as counts per minute (CPM) of triplicate wells±SD.

Monocyte to Dendritic Cell Maturation

Monocytes were isolated from peripheral blood by CD14
negative selection using magnetic labeling based kits
(StemCell Technologies Inc., Vancouver Canada) according
to manufacturer protocols (Purity was >90% for CD14
marker). Five hundred thousand purified monocytes were
cultured in 24 well plates with 0.50 ml of RPMI medium
containing 5.0×102 units/mL of granulocyte macrophage
colony-stimulating factor (GM-CSF) and interleukin-4 (IL-
4) for 6 days to differentiate monocytes to immature DCs.
On day 0, the cells also received either 0.15 mg/mL (final
concentration) of H1 hESC extract, L-132 fibroblast control
extract, or equivalent volume of vehicle. Media was
changed on days 2, 4, and 6 by removing 0.20 ml of spent
media and adding 0.30 ml new medium with fresh GM-
CSF and IL-4. Along with the media change, the cells
received 0.075 mg/mL of hESC extract, L-132 (a fibroblast
cell line) extract or vehicle. On day 6, in addition to GM-
CSF and IL-4, the cells also received TNF-α (20 ng/mL
final concentration) to induce maturation.

Phagocytosis Assay

Monocyte to dendritic cell maturation was carried out as
described in the previous section. Cells were harvested on
day 6 or day 8 by vigorous pipetting followed by scraping
with the pipette tip. The cells were washed twice with PBS
and re-suspended in eppendorf tubes with PBS containing
1.0% FBS. At this point the cells received 1 mg/mL of
dextran-FITC beads (40,000 MW) (Sigma Aldrich, Canada
Ltd.) and placed at 37°C or on ice as a control for 90 min.
At the end of incubation period the cells were washed twice
with PBS containing 1.0% FBS and 0.10% sodium azide to
inhibit further phagocytosis. Subsequently, the cells were
analyzed with Beckman Coulter FC500 flow cytometer
(Beckman Coulter Canada Inc. Mississauga ON).

Allogeneic T Cell Proliferation Induced by ESC
Extract-treated DCs

Purified T cells were obtained by positive selection using a
magnetic labeling kit against CD3 (StemCell Technologies
Inc.) according to manufacturer instructions (Purity was
>95% for CD3 marker). Subsequently, 1.0×105 purified
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CD3+ cells were incubated with hESC extract-treated or
fibroblast extract-treated DCs for 3 days. DCs were treated
with 50 μg/mL of mitomycin C for 40 min prior to
incubation with T cells. On day 3, 1.0 μCi of tritium was
added to the culture for an additional 16 to 18 h and the
cells were harvested and tritium uptake was determined as
described for human MLR.

QPCR

RNA was isolated using Qiagen RNeasy Mini Kit (Qiagen
Canada Inc. Mississauga ON) according to manufacturer
instructions. Subsequently, cDNA was synthesized using
Qiagen QuantiTech Reverse Transcription kit (Qiagen)
according to manufacturer instructions. QPCR was carried
out with iQ SYBR Green Supermix (Bio-Rad Laboratories
Ltd.) and My iQ-iCycler (Bio-Rad Laboratories Inc.) using
TGF-β forward primer 5′GCAACAATTCCTGGCGATACC,
reverse 5′ AGTTCTTCTCCGTGGCTGA and IL-10 forward
primer 5′CACCGGACTCCTTTAACAACAA and reverse
primer 5′GAGATGCCTCAGCAGAGTG.

TGF-β Neutralization of hESC Extract

Pan anti TGF-β antibody (R&D Systems Inc.) was added to
hESC extract at a concentration of 20 μg/mL. The extracts
were incubated with the antibody for 2 h at 4°C. The
extracts were subsequently used in one-way MLR and
compared to extract treated with isotype antibody.

Proteinase K and RNAse A Treatment of ESC Extract

ESC extracts were treated with 0.10 mg/mL of proteinase K
for 24 h at 37°C, or with 10 μg/mL of RNAse A for 2 h at
37°C. A murine MLR was performed in the presence or
absence of proteinase K or RNAse treated ESC extract to
compare the effect of these extracts on immune activation.
B6 splenocytes (responders) were suspended in serum free
RPMI media at 1.0×106 cells/mL and stained with 5.0 μM
of carboxyfluorescein diacetate succinimidyl ester (CFSE)
for 40 min at 37°C. The labeled responders were washed 3
times with PBS and 1.0×105 cells were incubated with
1.0×105 Balb/c stimulators in triplicate. MLR were allowed
to proceed for 4 days and the triplicate wells were
combined in one eppendorf tube and washed with PBS.
CFSE dilution was detected by flow cytometry.

Flow Cytometry Analysis

Fluorophore-conjugated antibodies against CD80, CD83,
CD86, and HLA-DR (BD Bioscience Inc.) were used.
Cells were washed with PBS and incubated in 10%
human serum for 15 min for the blocking step.

Subsequently the cells were stained with the indicated
antibodies for 30 min on ice and washed twice prior to
analysis with Beckman Coulter FC500 flow cytometer
(Beckman Coulter Canada Inc.).

Quantitative Cytokine Detection

IL-12p40 ELISA Assay

Supernatants during monocyte to dendritic cell differentiation
and maturation were collected on day 6 and day 8 and stored
at −20°C. IL-12p40 was detected using two separate
monoclonal antibodies (mAb) specific for different epitopes.
Plates were coated overnight at 4°C with the first antibody
(R&D Systems Inc., Minneapolis MN), 4.0 μg/mL, in coating
buffer (0.040 M Na2CO3, 0.060 M NaHCO3, pH 9.6). The
plates were washed 6 times with washing buffer (0.050%
Tween 20 in PBS). Blocking was carried out with 10% FCS
in PBS for 2 h in room temperature followed by six washes.
Samples were diluted 1:5 in RPMI and 100 μl was added to
each well. Incubation was allowed to proceed for 2 h at room
temperature and the plates were washed 6 times. The second
biotinylated mAb anti-IL-12p40 antibody (Biosource-Invi-
trogen Canada Inc., Burlington ON) was added at 0.35 μg/
mL for 2 h at room temperature. Once again the plates were
washed 6 times and streptavidin peroxidase conjugate
(1.0 μg/mL in PBS containing 10% FCS, Jackson Immu-
noResearch Laboratories Inc., West Grove PA) was added
for 30 min. The plates were washed 6 times and
o-phenylenediamine (Sigma-Aldrich) was added for 30 min
at room temperature in the dark. The reaction was stopped
using 1.0 N HCl and absorbance was measured at 450 nm.
Sensitivity of assay was 16 pg/mL. Standard curve was
prepared with rIL-12p40 (R&D Systems Inc.).

Detection of Human IL-10 and TGF-β by Quantative
Flowcytomix Assay

Supernatants during monocyte to dendritic cell differentiation
and maturation were collected on day 6 and day 8 and stored
at −20°C. Subsequently 25 μl of supernatant from each
indicated treatments was used to detect IL-10 or TGF-β using
detection kits (Bender Medsystems Inc., San Diego CA)
according to manufacturers’ instructions. IL-10 sensitivity is
1.9 pg/mL and TGF-β sensitivity 10 pg/mL. Detection was
carried out using Beckman Coulter FC500 flow cytometer.
Flowcytomix Pro 2.3 software was used to analyse results.

Statistical Analysis

Statistical significance was determined using a Student’s
t-test, ANOVA or chi-square wherever appropriate. Results
were considered significant when P<0.05.
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Results

Human and Murine ESC Extracts Inhibit Allogeneic
Immune Response

ESCs derived from humans, mice or rats have been shown
to inhibit the PBMC proliferation in one-way allogeneic
MLR [14, 16]. We sought to determine whether cellular
extracts derived from ESCs retain these immune modula-
tory properties. The addition of soluble hESC extract to the
MLR significantly suppressed the PBMC proliferation
compared to vehicle control (p=0.0005, Fig. 1a). These
results were reproduced using murine C57BL/6-derived
ESC extracts. One-way allogeneic MLR were carried out
with B6 splenocytes (responders) and B6C3F1 splenocytes
(stimulators). Similar to hESC extracts, mESC extracts
were able to prevent proliferation of splenocytes in a dose
dependent manner compared to vehicle controls (p=0.01,
Fig. 1b). Notably, the inhibitory effect was not due to cell
death since PBMCs treated with hESC extracts on day 6 of
one-way MLR showed a similar amount of dead cells
compared to those treated with vehicle control (Fig. 1c).
However, cell cycle analysis following MLR demonstrated
fewer cells entering S phase and an increase in the number
of cells entering G2/M phase after treatment with hESC
extracts (Supplementary Figure 3), suggesting a block in
the cell cycle at G2. Hence, these findings suggest that
cellular extracts from both human and mouse ESCs retain
the immune modulatory properties of whole cells. Impor-
tantly, the above results were also reproducible using
different hESC lines (H1, H9, and CA1) and different
mESC lines (J1 and C57BL/6) as well as combinations of
different PBMCs prepared from various healthy donors and
mouse strains (data shown in different figures). It suggests
that the immune modulatory properties of ESC extracts are
not restricted to a given species, ESC cell line and
individual PBMCs. In addition to fibroblast extracts we
tested extracts obtained from a variety of different cell types
including PBMC and purified T cells and did not find a
suppressive effect on MLR assays (data not shown).

hESC Extracts Inhibit the Maturation of Monocyte-derived
Dendritic Cells (mDCs)

Since PBMCs contain both antigen-presenting cells (APC)
and effector T cells, we attempted to identify which cell
type was affected by ESC extracts during immune
activation. We specifically chose to study mDC maturation
because they are well recognized as potent APC essential
for the initiation of primary immune responses and MLR.
Monocytes were isolated from healthy donor PBMCs using
negative selection in an effort to avoid activation of these
cells. Subsequently, monocytes were grown in GM-CSF

Fig. 1 ESC-extracts inhibit allogeneic PBMC proliferation in
mixed lymphocyte reactions. a One way mixed lymphocyte
reactions (MLR) were carried out with 1×105 PMBC obtained from
healthy volunteers. One set donor of cells were treated with 50 μg/
mL of mitomycin C to serve as stimulators while the second set of
donor cells were used as responders. MLRs were carried out in the
presence of increasing amounts of hESC extracts (EXT) or control
fibroblast EXT (Control EXT) or vehicle, and compared to untreated
cultures (R+S); 3.5 μl and 7 μl EXT contained 12 μg and 24 μg of
proteins/200 μl/well respectively. Tritiated thymidine was added on
day 5 and the cells were cultured for an additional 16 to18 h. Results
are displayed as counts per minute (CPM) of triplicate wells±SD.
Results are representative of at least five separate experiments. b
Cellular extracts prepared from B6 murine ESCs (mESC EXT,
1.75 μg (0.5 μl)–14 μg (4 μl) of proteins/200 μl/well) were used in
one-way MLR. One hundred thousand C57BL/6 splenocytes were
cultured together with 1×105 mitomycin-treated B6C3F1 spleno-
cytes. Tritiated thymidine was added on day 3 of incubation and the
cells were allowed to proliferate for an additional 16 to 18 h. Cell
proliferation is displayed as mean counts per minute (CPM) of
triplicate wells ± SD. Results are representative of at least five
separate experiments c. The inhibitory effect of hESC-EXT on
PBMC proliferation in MLR is not due to cell death. Human PBMCs
cultured as in (a) were harvested on day 6, washed with PBS, stained
with 7AAD for 30 min and analyzed by flow cytometry. Results are
representative of three separate experiments
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and IL-4 for 8 days with media change on days 2, 4, and 6
to replenish the two cytokines. Maturation was induced
with TNF-α for the last 2 days. Simultaneously, monocytes
also received vehicle, hESC-extracts or fibroblast extracts
on days 0, 2, 4, and 6. As shown in Fig. 2, treatment with
vehicle and fibroblast-extracts resulted in the up-regulation
of mDC maturation markers CD80, CD83 and HLA-DR
(Fig. 2a,b,c). In contrast, mDC treated with hESC extracts
did not up-regulate these important maturation markers to
the same extent as controls (Fig. 2a–c). However, we found
hESC extracts did not inhibit the surface expression of
CD86, and in some cases even slightly increased CD86
expression (Fig. 2d), similar to the findings in mesenchy-
mal stem/stromal cells (MSCs) [35]. Collectively, our
results indicate that hESC extracts may modulate immune
activation by inhibiting mDC maturation.

hESC Extract-treated mDCs Retain Phagocytic Function
After TNF-α Treatment

In an attempt to decipher the effect of hESC extracts on the
mDC function, we examined phagocytosis on both day 6
and 8, representing immature and mature states of mDC
respectively. mDCs treated with hESC extracts and incu-
bated with dextran beads on day 6 exhibited a high
phagocytic function, indicative of immature mDCs
(Fig. 3a) [36]. Comparison of phagocytosis to vehicle or
control extracts revealed that hESC extract-treated imma-
ture DC had a greater capacity to phagocytose the beads
(Fig. 3a). More significantly, analysis of phagocytosis on
day 8, TNF-α treatment for 2 days, revealed a much greater
phagocytic function for these mDCs treated with hESC
extracts than controls (Fig. 3b). These data suggest that
hESC extracts cause mDC to remain in an immature state
even after induction of maturation with TNF-α.

hESC Extract-treated mDCs Secrete Lower Levels
of IL-12p40

In order to further substantiate the above findings we
investigated the secretion of IL-12p40, a monomer known
to make functional IL-12 and IL-23. IL-12p40 is produced
at high levels by mature but not immature mDC to direct
the development of Th1 cells from naive T cells [37]. We
collected supernatants on day 6 and day 8 of monocyte
culture and examined the secretion of IL-12p40 by
quantitative ELISA assays. On day 6 of culture, very little
or no IL-12p40 was detected in any of the supernatants
(Fig. 4). However, upon maturation with TNF-α (day
8 supernatants), monocyte treated with either vehicle or
control extracts throughout the culture process were found
to secrete high levels of IL-12p40. In contrast, supernatants
from monocyte cultures treated with hESC extracts

contained 8 to 10-fold less IL-12p40. These data further
support the notion that hESC extracts inhibit the full
maturation of mDCs.

hESC Extracts-treated mDCs are Poor Stimulators
of Allogeneic T Cells

The maturation state of DCs at the time of antigen
presentation have an enormous impact on whether naive T
cells become activated, undergo anergy, or become regula-
tory cells [38]. In an immature state, DCs remain in an
antigen-processing mode and express low levels of HLA-
DR and co-stimulatory molecules. As a result, they are
relatively poor T cell activators [39]. To determine whether
hESC extracts-treated mDCs influence effective T cell
activation, we incubated TNF-α matured mDCs with

Fig. 2 hESC-extracts inhibit monocyte-derived dendritic cell
maturation. Primary human monocytes were isolated by negative
selection using magnetic beads. Subsequently, 5.0×105 monocytes
were cultured in the presence of 500U/mL of GM-CSF and IL-4 in
order to induce them to differentiate into dendritic cells. The cells
also received either 0.15 mg/mL (final concentration) of hESC
extracts (hESC EXT), L-132 fibroblast extracts (Control EXT), or
equivalent volume of vehicle on day 0. Fresh media were added
every 2 days containing fresh cytokines and 0.075 mg/mL of hESC
EXT, L-132 EXT or vehicle on day 2, 4, and 6. On day 6, the cells
also received 20 ng/mL of TNF-α in order to induce dendritic cell
maturation. Cells were incubated for an additional two days, stained
with specific antibodies and examined by flow cytometry for the
surface expression of DC maturation markers CD80 (a), HLA-DR
(b), CD83 (c), and CD86 (d) . Grey lines represent controls and
filled histograms represent treated mDCs. Values within plots
indicate mean fluorescent intensity. Results are representative of at
least three separate experiments
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purified allogeneic T cells. T cells incubated with mDCs
treated with vehicle or fibroblast-extracts showed a strong
proliferative response to the allogeneic APC (Fig. 5a,b). In
contrast, T cells incubated with hESC extract-treated mDC
proliferated significantly less when compared to control
mDCs (p=0.007, Fig. 5a,b). Hence, hESC extracts impair
mDC maturation and renders them as inefficient T cell
stimulators.

IL-10 and TGF-β Do Not Contribute to hESC
Extract-mediated Immune Modulation

To decipher the active component contributing to hESC
extracts-mediated immune modulation, we analyzed pub-
licly available microarray databases and found that expres-
sion of most cytokines were absent in hESCs. We further
determined the expression of IL-10 and TGF-β by sensitive

QPCR assays because these two cytokines are well known
for their inhibitory effects on immune activation. Examina-
tion of hESC lines CA1 and H9 by QPCR revealed a
complete absence of IL-10 gene expression and only minor
expression of TGF-β mRNA (Fig. 6a). Furthermore,
assessment of hESC extracts using quantitative Flowcyto-
mix assays did not reveal production of IL-10 nor TGF-β
protein above the background levels (data not shown). To
completely rule out the role of TGF-β in hESC extract-
mediated immune modulation, hESC extracts were treated
with 20 μg/mL of pan TGF-β neutralizing antibodies.
Subsequently, MLR were carried out using TGF-β neutral-
ized and non-neutralized hESC extracts. The results
indicated the neutralizing TGF-β antibodies did not have

Fig. 5 hESC extract-treated mDCs are poor stimulators of allogeneic
T cells. mDCs incubated with either vehicle, hESC EXT, or fibroblast
EXT and matured with TNF-α were treated with mitomycin C and
cultured with 1×105 purified CD3+ allogeneic T cells at a ratio of
1:50. a Images depicting indicated treatments 24 h after incubation
(50x, Zeiss Invertoskop 40C). b Proliferation of CD3+ T cells in
response to allogeneic mDC stimulation. Proliferation was allowed to
proceed for 3 days and tritiated thymidine was added for an additional
16 to 18 h. Cell proliferation is displayed as mean counts per minute
(CPM) of triplicate wells±SD

Fig. 4 hESC extract-treated mDCs secrete lower levels of IL-12p40
following maturation. Supernatants from mDCs treated with vehicle,
hESC EXT, and fibroblast EXT (as described in Fig. 2) were collected
on day 6 and day 8. Subsequently, IL-12p40 levels were measured by
ELISA assays. Results are representative of three separate experiments

Fig. 3 hESC extract-treated mDCs retain greater phagocytic function
following maturation. Immature and TNF-α matured mDCs were
cultured and collected on day 6 (a) and day 8 (b) respectively. The
cells were washed twice with PBS containing 1% FBS and incubated
with 1 mg/mL of dextran-FITC beads at 37°C or on ice for 90 min.
Subsequently, the cells were washed twice with PBS containing 1%
FBS and 0.1% sodium azide and analyzed by flow cytometry. Values
within plots indicate mean fluorescent intensity. Results are represen-
tative of at least three separate experiments
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an impact on the hESC extract-mediated MLR inhibition
(Fig. 6b). In addition, we examined the induction of IL-10
and TGF-β in mDC supernatants treated with vehicle
control, hESC extracts, or fibroblast extracts and did not
find differences (data not shown). Therefore, hESC extract-
mediated immune modulation cannot be attributed to IL-10
and TGF-β and possibly involve other known and novel
factors. Our results corroborate previous findings observed
by Drukker et al. who studied over 300 immune related
genes using microarrays and found negligible expression of
IL-10 and TGF-β genes in hESCs [17].

Discussion

Embryonic stem cells represent an important tool in the
field of regenerative medicine with the prospect of
providing cures for various diseases [1–11]. In addition to
their pluripotent capacity to give rise to almost any type of
cell present in the adult body, ESCs have been found to be

non-immunogenic. Furthermore, they possess the ability to
inhibit allogeneic immune responses and as a result can
protect allogeneic solid organ transplants from immune
attack [13–21]. However, to overcome allogeneic immune
responses, a minimum of 5.0×106 cells are required in
murine in-vivo studies (30% teratoma formation), with 20×
106 being the optimal number (90% teratoma formation),
whereas 1.0×106 cells were found to be completely
ineffective [16]. Therefore the immediate application of
hESCs for immune modulation is impeded by the risk of
teratoma formation.

We have come up with the innovative approach of using
ESC derived cellular extracts to overcome the risk of
teratoma formation. Our studies demonstrate that ESC
extracts retain the immune modulatory properties of intact
cells. ESC extracts were capable of strongly inhibiting
PBMC proliferation in response to allogeneic stimuli. We
have further identified APC as a potential cell type
modulated by the ESC extracts. In effect, hESC extracts
are able to inhibit maturation of monocyte-derived DCs by
preventing up-regulation of CD80, HLA-DR, and CD83.
DC maturation was evaluated not only on the basis of the
expression of specific surface markers but also according to
the acquisition of typical DC functions, such as phagocytic
capacity, production of the polarizing cytokine IL-12 and
the ability to trigger T-cell responses in MLR. In effect,
hESC extract-treated mDC retained a greater ability to
phagocytose dextran beads compared to controls even after
treatment with TNF-α. In addition, ELISA assays revealed
hESC extract-treated mDCs produced up to 10-fold less IL-
12p40 than those of controls. As a result, hESC extracts-
treated mDCs were found to be poor activators of purified
allogeneic T cells in MLR (Fig. 5). To the best of our
knowledge this is the first report describing hESC extracts
to have a direct effect on human DC maturation and
function.

The accumulated data implies hESC extract treatment
during monocyte to DC differentiation impairs the cells from
becoming fully mature. However, we did find an up-
regulation of CD86, indicating that the phenotypes of these
DCs were skewed and perhaps maturation was not completely
prevented. Interestingly, MSCs modulate DC maturation by
inhibiting up-regulation of CD80 and HLA-DR while CD86
is not affected [35]. The balance of CD80 to CD86
expression on APC has been shown to influence the T
effector and T regulatory cells wherein CD86 blockade
enhances T regulatory function [40]. However, it should be
pointed out that ESC can also directly inhibit T cell
activation and proliferation [41]. As a result ESC derived
extracts may also impair T cell proliferation directly in
addition to preventing T cell activation through modulation
of APC maturation. Hence, further investigation is warranted
to clarify what the ultimate effect of hESC is on DCs.

Fig. 6 IL-10 and TGF-β do not contribute to hESC extract-mediated
immune modulation. a Relative mRNA expression of IL-10 and TGF-
β by hESCs as measured by QPCR. b One way allogeneic MLRs
were carried out in the presence of hESC-EXT that have been treated
with isotype control antibody or with a neutralizing antibody against
TGF-β. Proliferation was allowed to proceed for 5 days and tritiated
thymidine was added for an additional 16 to 18 h. Cell proliferation is
displayed as mean counts per minute (CPM) of triplicate wells±SD.
Results are representative of three separate experiments
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Nevertheless, hESC extract-treated mDCs exhibit immature
properties and are poor stimulators of allogeneic T cells.

As DC can also arise from hematopoietic precursors, it
will be important to determine whether hESC extracts will
affect the differentiation and maturation of this subpopula-
tion. However, an interesting observation associated with
this question is that hESC extracts seem to mainly impact
DC maturation rather than interfere with the initial
differentiation of monocyte to immature DC. We have
found that extracts added only from day 6–8 of monocyte-
DC culture exhibit an inhibitory effect on DC maturation
similar to those added throughout the culture (Fig. 2 and
data not shown). Additionally, compared to vehicle, hESC
extracts do not further enhance the poor stimulatory
capacity of immature DCs on T cell proliferation (Supple-
mentary Figure 2). Based on these observations, it is
possible that hematopoietic precursors of DCs may be able
to give rise to immature DC in the presence of hESC
extracts but these cells will be hindered from becoming
fully mature. Since antigen presentation by immature DCs
has been associated with tolerance induction [32], hESC
extracts may be potentially applied to immune protection of
allogeneic cells or organs. Such a potential application for
use of hESCs to promote the acceptance of their derivatives
has been demonstrated by a report that utilized rat ESCs to
provide solid organ tolerance across allogeneic barrier [15].
However, whether ESC derived extracts can perform the
same function and impact DC maturation in vivo will have
to be determined using appropriate transplantation animal
models. Nevertheless, our findings may represent an
advantage with the advent of iPS cells [42–44]. Recipient
animals could receive their own strain specific iPS cell
components rather than allogeneic ESCs, which could
modulate the immune system while avoiding unwanted
allogeneic responses. In addition, ESC extracts can be
stored over several months and tolerate up to three freeze-
thaw cycles without noticeable loss of bioactivity (used in
Figs. 1, 2, 3, 4, 5, and 6).

The specific immune components contributing to hESC-
mediated immune modulation remain largely unknown.
Previous studies carried out with rat and mouse ESCs
indicate a possible involvement of FasL and TGF-β
expression in evading the immune system respectively
[15, 16]. However, studies carried out with hESCs have
ruled out FasL as a causative factor [17]. Moreover,
Drukker et al. looked at the expression of over 300 immune
related genes, including cytokines and their receptors by
microarray and found most genes in hESCs were absent
[17]. Among these 300 genes, the expression of IL-10 and
TGF-β genes was undetectable [17], which was confirmed
in this study. Using mouse ESCs, another independent
study examined 87 immunologically relevant genes using
Taqman assay and obtained similar results [20]. The study

found that IL-10, TGF-β1, indoleamine 2,3-dioxygenase,
arginase-1 and 2 do not contribute to immune privilege of
mouse ESCs [20]. Moreover, we recently reviewed a list of
highly abundant proteins found in hESCs using quantitative
mass spectrometry and have not found any known
candidate factors such as CTLA-4, PDL-1, PDL-2, and
HLA-G (unpublished observations). A recent publication
has implicated arginase-1 as a possible mechanism for
hESCs mediated T cell suppression [45]. In our experiments
the vehicle/lysis buffer is supplemented with 50 mM L-
arginine as this has been found to enhance protein stability
and prevent dimer formation [46, 47]. Since addition of
arginine does not influence the inhibitory effect of hESC-
extracts on mDC maturation and functions in our study, it
appears that hESC-mediated immune modulation is not due
to a single factor but rather a number of different factors.
The exact factors remain to be elucidated and are likely to
be protein in nature, as proteinase K treatment abolishes
ESC extract-mediated inhibition of PBMC proliferation in
MLR (data not shown). Given that the current protocols
used to obtain hESC factors represent a primary step,
further refinement to identify the contributing molecules are
required. By combined use of proteomic analyses and
biochemical approaches, there is an exciting opportunity for
the discovery of novel immune modulatory proteins [48].

Conclusion

Cellular extracts from both human and mouse ESCs retain
the immune modulatory properties of intact ESCs. The ESC
extracts reduce PBMC proliferation in one-way allogeneic
MLR via inhibition of mDC maturation and function. This
work circumvents the risk of teratoma formation associated
with the use of intact hESCs and iPS cells for immune
modulation. It also provides an important foundation for
further research addressing the mechanism of “immune
privilege” of hESCs and iPS cells and characterizing the
underlying bioactive components.
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