
Introduction

Non-haematopoietic stem cells were first described in cord blood
(CB) in 2000 [1], and osteogenic, adipogenic and chondrogenic
developmental potential of these cells was documented [2, 3]. In
addition to these three ‘classical’ mesodermal lineages, indicative
of multipotent mesenchymal stem cells (MSC), CB-derived cells
have been shown to differentiate into cells with features of skele-
tal muscle [4], endothelial cells [5], neural cells [6] and hepatic
cells [7]. The potential to generate cell types of mesodermal, ecto-

dermal or endodermal origin resides in a single multipotent stem
cell type, which we termed USSC (unrestricted somatic stem cell;
[8]). USSC are spindle-shaped cells, which differentiate to meso-
dermal osteoblasts, chondroblasts, adipocytes, haematopoietic
cells and cardiomyocytes [8], to ectodermal neuronal cells [8, 9]
as well as to endodermal hepatic cells [8, 10]. A similar population
and multilineage differentiation on a clonal level has been reported
by Lee et al. after limiting dilution studies [11], a result which we
could confirm recently, using lentiviral marking and integration
site analysis (manuscript in preparation).

USSC resemble MSC, particularly those from foetal tissues.
Although the exact relationship of the two stem cell types is still
unclear, there are immunophenotypic differences [8], and it has
been suggested that MSC represent more differentiated progeny of
USSC, particularly because USSC can be easily triggered towards
the mesodermal/MSC lineage depending on the culture conditions,
thereby partially loosing their multipotency [12]. In addition, USSC
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have longer telomeres than bone marrow (BM)-derived MSC, indi-
cating a shorter proliferative history [8]. They are karyotypically
normal even after extended in vitro expansion and so far, no
tumour formation in animal models has been observed [8].

USSC hold promise for use in regenerative medicine, due their
wide differentiation and expansion potential, the absence of cytoge-
netic abnormalities and tumour formation, together with the advan-
tages of using CB as a stem cell source, which include a lower inci-
dence of viral infections compared to adult stem cells and a lack of
ethical issues surrounding their use. In a pre-clinical porcine model,
beneficial effects of transplantation on cardiac function after infarc-
tion have been reported [13], and there also appears to be a partial
recovery of nerve function in a canine spinal injury model [14].
Moreover, improvements have been observed after transplantation
into patients suffering from Buerger’s syndrome [15].

Furthermore, USSC have stromal activity and support
haematopoiesis in vitro [16] as well as after co-transplantation
with CD34� cells in NOD/SCID mice [17]. Thus, USSC may also
be exploited to improve engraftment after haematopoietic stem
cell transplantation.

The use of USSC in regenerative medicine or in haematopoietic
stem cell transplantation would require USSC to be active in an
allogeneic environment, making them a potential target for
immune rejection. Currently, little is known about the immuno-
genicity of USSC, however MSC [18], in vitro differentiated MSC
[19], dermal fibroblasts [20] or potentially most mesenchymal
cells [21], all of which represent potential progeny of USSC, show
immunomodulating activities. They suppress T-cell responses
[18–23] as well as NK [24, 25] and B-cell function [26] and have
been shown to interfere with the differentiation, maturation and
function of dendritic cells (DC; [24, 27, 28]).

The contribution of cell-to-cell contact-dependent pathways
such as the interaction between PD-1 and its ligands [29] and
of soluble factors such as TGF� [23], HGF [23], HLA-G [30],
PGE2 [24], haem oxygenase-1 [31], nitric oxide [31] and
indoleamine 2,3-dioxygenase (IDO; [32]) have been implicated
in immunosuppression. Multiple factors or interactions also act
in concert, e.g. IDO, which causes T-cell cell-cycle arrest due to
tryptophan-depletion [33], is induced in MSC by IFN� produced
early in the mixed leukocyte reaction (MLR) as a result of initial
T-cell activation [32].

Whether USSC share such immunomodulating properties with
MSC and their progeny is currently unknown. In order to investigate
these phenomena, we have therefore studied USSC for their influ-
ence on T-cell responses and graft-versus-host (GvH) type alloreac-
tions as well as on DC differentiation, maturation and function.

Materials and methods

Cell preparations

The generation and culture of USSC was performed as previously
described [8, 12]. In brief, CB was collected after informed consent of the

mother and approval from the local Ethics Committee. CB mononuclear
cells were plated at 5–7�106 cells/ml in DMEM medium (Lonza, Verviers,
Belgium) supplemented with 30% FCS (Lonza or PerBio, Bonn, Germany),
10�7 M dexamethasone (Sigma-Aldrich, Seelze, Germany), 100 U/ml peni-
cillin, 100 �g/ml streptomycin and 2 mM L-glutamine (all from Lonza). After
1 week, medium and non-adherent cells were removed and fresh medium
was added. When adherent clusters formed, cultures were expanded in the
absence of dexamethasone, which is only required during the initial culture
phase, and passaged when 70–80% confluence was reached. For certain
experiments, USSC were stimulated for 6 days with 0–1000 U/ml IFN� (R&D
Systems, Wiebaden, Germany), 100 U/ml TNF� (Cellgenix, Freiburg,
Germany), 2000 U/ml IL-1� (Cellgenix) or 500 U/ml IL-6 (Cellgenix).

Monocytes and T cells were enriched as previously described [34, 35].
Blood samples were obtained from healthy individuals after informed con-
sent. Briefly, CD14� monocytes were immunoselected from PBMC using
LS separation columns (Miltenyi Biotec, Bergisch Gladbach, Germany). 
T cells were negatively selected from PBMC by immunodepleting lineage
marker positive cells (CD11b (BEAR 1), CD14 (RMO52), CD16 (3G8),
CD19 (J4.119), CD34 (QBEND10), CD56 (C218), CD66b (80H3) and HLA-
DR (B8.12.2); all mAb from Beckman-Coulter, Krefeld, Germany) using LD
separation columns (Miltenyi Biotec).

Flow cytometry and monoclonal antibodies

To determine antigen-uptake activity of DC, immature DC were pre-incu-
bated at 4	C (negative controls) or 37	C for 15 min. Then, graded doses of
FITC-labelled BSA (0.01–100�g/ml; Molecular Probes/Invitrogen,
Karlsruhe, Germany) were added and after 1 hr of incubation at 4	C or
37	C, cells were washed, fixed with formaldehyde and FITC mean fluores-
cence determined by flow cytometry as described [34]. The following mAb
were used for immunostainings: PE-conjugated CD1a (BL 6), CD3 (UCHT1),
CD11b (BEAR 1), CD11c (BU15), CD14 (RMO52), CD50 (HP2/19), CD54
(84H10), CD83 (HB15a) and FITC-conjugated CD11a (25.3.1), CD18 (7E 4),
CD25 (B1.49.9), CD49e (SAM1), CD58 (AICD58), CD80 (MAB104), CD83
(HB15a), HLA-ABC (B9.12.1) and HLA-DR (Immu-357) specific mAb from
Beckman-Coulter, PE-conjugated CD49d (L25.3), HLA-DR (G46–6) and
FITC-conjugated CD40 (5C3), CD45 (2D1), CD49b (AK7) and CD86 (FUN-1)
specific mAb from BD Biosciences (Heidelberg, Germany).

Generation of dendritic cells

Differentiation and maturation of DC from monocytes was performed follow-
ing a protocol adapted from Zhou et al. [36]. CD14� monocytes were cul-
tured in 24-well plates (Greiner, Nürtingen, Germany) at 1�106 cells/ml in
serum-free CellGroDC medium (Cellgenix) supplemented with 1000 U/ml
GM-CSF (Leukine, Berlex, Richmond, CA, USA) and 1000 U/ml IL-4
(Cellgenix). In certain experiments, GM-CSF was replaced by 10 ng/ml IL-3
(CellSystems, St. Katharien, Germany). After 3 and 6 days, half of the
medium was replaced. To induce DC maturation, 1000 U/ml TNF�, GM-CSF
and IL-4 were added on day 6 and cultures continued for 3 days. For certain
DC maturation experiments, IL-3 � IL-4 � TNF� or GM-CSF � IL-4 �

TNF� � 2000 U/ml IL-1� � 500 U/ml IL-6 � 1 �g/ml PGE2 (Minprostin,
Pfitzer, Brussels, Belgium) were used.

The influence of USSC on DC differentiation and maturation was stud-
ied in direct co-cultures or in transwell cultures (0.4 �m pore size transwell
chambers; BD Biosciences). USSC (0–5�104 cells per well) or
IFN��TNF� pre-stimulated USSC (4 days) were plated in 24-well plates,
cultured overnight and irradiated (15 Gy). After an additional culture period
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of 16 hrs, monocytes were added and DC differentiation and maturation
was induced. In certain experiments, anti-TGF�(1, 2, 3) mAb (5 �g/ml;
1D11; R&D Systems) was added to co-cultures, to neutralize TGF� activ-
ity, or USSC conditioned medium (30%) was used instead of cells.

Proliferative T-cell alloresponses

USSC allostimulatory activity was determined by co-culturing unstimu-
lated, IFN� (1000 U/ml) or IFN��TNF� (1000 U/ml and 100 U/ml) stimu-
lated (4 days), irradiated USSC with 1�105 allogeneic PBMC
(USSC:responder ratio 
 1:3.3) in 96-well plates (Greiner) in X-Vivo 15
medium (Lonza) and after 6 days, BrdU-incorporation was measured
(ELISA-kit; Roche Diagnostics, Mannheim, Germany) [34, 35]. To deter-
mine whether USSC affect T-cell alloresponses, PBMC of two allogeneic
donors (1�105 cells each) were co-cultured on an established layer of irra-
diated USSC (unstimulated or stimulated with IFN� (0–1000 U/ml) � 100
U/ml TNF� for 4 days prior to the mixed leukocyte reaction (MLR)) in 96-
well plates. PBMC were added in 20 �l of tryptophan-free RPMI-1640
medium (PAN Biotech, Aidenbach, Germany). After 6 days of co-culture,
BrdU-incorporation was determined. In certain experiments, at the onset of
MLR, cultures were supplemented with 20 �g/ml tryptophan or 100 U/ml
IL-2 (Proleukin, Chiron, Ratingen, Germany).

To evaluate the allostimulatory activity of DC, 0–5000 mature DC/well
were co-cultured with 1�105 allogeneic T cells in 96-well plates and after
6 days, BrdU-incorporation was measured.

Determination of kynurenine production

IDO activity was detected by determining the IDO-catalysed tryptophan-to-
kynurenine degradation. Kynurenine in culture supernatants was measured
as described by Däubener et al. [37]. In brief, trichloric acid (Merck,
Darmstadt, Germany) was added to culture conditioned media, and N-
formyl-kynurenine hydrolysed to L-kynurenine by incubation at 50	C for 
30 min. After sedimentation of proteins for 10 min. at 500 g, supernatants
were transferred to flat-bottom 96-well plates and Ehrlich’s reagent 
(12 mg/ml dimethylaminobenzaldehyde (Sigma-Aldrich) in 96% acetic
acid (Sigma-Aldrich)) was added, resulting in formation of a yellow azo
dye. Absorption at 492 nm was measured and concentrations of kynure-
nine determined using standard curves. In certain experiments, USSC were
cultured in the presence of IFN� (0–1000 U/ml) � 100 U/ml TNF� for 
3 days in tryptophan supplemented medium (50 �g/ml tryptophan) before
determination of kynurenine production.

The human skin explant model

The human skin explant assay was performed as previously described using
skin biopsies obtained following informed consent and approval from the
local Research Ethics Committee and the Newcastle NHS Trust R&D depart-
ment [38, 39]. Briefly, responder PBMC were primed in a one-way MLR,
using irradiated PBMC from the skin explant donor as stimulators and HLA-
mismatched responder PBMC. At day 7 of MLR, standard 4-mm punch skin
biopsies were obtained (autologous to stimulator PBMC). Dissected skin
sections were co-cultured with MLR-primed responder cells. After 3 days of
co-culture, skin sections were formalin fixed, paraffin embedded and
stained with haematoxylin and eosin. Based on the severity of histopatho-
logical changes, skin GvH type alloreactivity was defined as grade I-IV

according to the Lerner grading system [40]. Evaluation was performed
blinded by at least two independent observers. Histopathological changes in
the skin were scored based on assessment of the whole tissue section. Skin
sections cultured in medium alone were used as background controls. To
evaluate the effect of USSC on the responder cell alloreactivity as measured
in the skin explant model, irradiated USSC (20 Gy), unstimulated or stimu-
lated for 4 days with IFN� � TNF� were added into the primary MLR 
(day 0) at a responder-to-USSC ratio of 10:1. Parallel experiments 
performed in the absence of USSC were used as positive controls.

Statistics

If not stated otherwise, all data are presented as mean � S.E.M. Statistical
analysis was performed with Graph Pad Prism Software Version 3.0
(GraphPad, San Diego, CA, USA). Statistical significance was evaluated
with the Student’s paired ratio t-test.

Results

Immunophenotypic analysis of USSC

The expression of immunorelevant USSC surface molecules was
analysed by flow cytometry for 11 independent USSC cell lines
(Fig. 1; representative results). USSC expressed the adhesion mol-
ecules CD49b, CD49e and CD58 as well as HLA-class I. CD54 iden-
tified positive and negative subsets but varied widely among the
USSC cell lines tested (range, 3.2–83.1% CD54�). Surface expres-
sion of the adhesion and co-stimulatory molecules CD11a, CD11b,
CD11c, CD18, CD27, CD40, CD49d, CD50, CD80 and CD86 as well
as that of HLA-DR were absent. Intracellular HLA-DR� compart-
ments were not observed (data not shown). For six USSC cell lines,
early (P4-P6) and late (P8-P10) passages were analysed. No
changes in immunophenotype were observed (data not shown).

The immunophenotype of USSC was also evaluated under con-
ditions that elicit immunological activity in a variety of cell types,
i.e. after stimulation with IFN� (Fig. 1), IFN��TNF� or other pro-
inflammatory signals. Incubation with IFN� resulted in induction
of HLA-DR as well as in up-regulation of HLA-class I and CD54.
After stimulation, a CD54� subset was no longer observed. In 4
out of 7 USSC cell lines, CD49b was slightly up-regulated; expres-
sion of the remaining molecules was not altered after IFN� stimu-
lation. Comparable changes in immunophenotype were observed
after stimulation of USSC with IFN��TNF�, whereas stimulation
with IL-1� or IL-6 had no effect (data not shown). Thus, even
under pro-inflammatory conditions, USSC reveal a limited expres-
sion of immunorelevant molecules.

Activity of USSC in an allogeneic mixed leukocyte
reaction

When USSC were used as stimulator cells in an MLR (Fig. 2A),
neither unstimulated nor IFN� or IFN��TNF� pre-stimulated

© 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



2468

USSC induced a proliferative response by allogeneic T cells (n 


10). Early or late passages of USSC did not alter these results
(data not shown).

In order to assess whether USSC modulate an alloresponse,
they were co-cultured as third party cells with PBMC responder
and stimulator cells in an allogeneic MLR (Fig. 2B). Unstimulated,
IFN�- or TNF�- pre-stimulated USSC caused either no or limited
inhibition of BrdU-incorporation (23.0 � 4.0%; n 
 19, 37.0 �
16.6%; n 
 8 and 2.3 � 2.3% inhibition; n 
 3, respectively).
However, after pre-stimulation with IFN� together with TNF�, the
USSC significantly suppressed T-cell proliferation (78.1 � 8.2%
inhibition; n 
 11, P � 0.001).

This inhibition was independent on IL-2, because addition of
IL-2 to the MLR in the presence of IFN��TNF� pre-stimulated
USSC did not restore T-cell proliferation (74.7 � 8.6% inhibi-
tion; n 
 6; Fig. 2B). Similarly, the use of mature dendritic cells
as stimulators also failed to prevent inhibition (73.8 � 10.3%
inhibition; n 
 5; Fig. 2B). In contrast, when tryptophan was
added to USSC/IFN��TNF� – MLR co-cultures, T-cell proliferation
was restored (5.7 � 8.9% inhibition; n 
 5; Fig. 2B), indicating
the involvement of an IDO-mediated depletion of tryptophan in
USSC-induced T-cell suppression. This was further supported 
by the detection of kynurenine, the catabolite of tryptophan, in

culture supernatants derived from IFN��TNF� pre-stimulated
USSC at levels similar to the pre-culture tryptophan level in the 
X-vivo 15 medium (13.7 � 3.4 �g/ml kynurenine and 13.6 �g/ml
tryptophan, respectively), which suggests that all tryptophan 
in the X-vivo 15 medium had been catabolized to kynurenine 
by IDO. No kynurenine was detected in culture supernatants 
of unstimulated USSC.

IDO-activity in USSC was dependent on IFN� dose, and TNF�

acted synergistically with IFN� in inducing IDO (Fig. 2C).
Unstimulated or USSC stimulated with TNF� alone showed no or
only very limited IDO-activity.

Therefore, USSC inhibit T-cell proliferation via an IDO-depend-
ent mechanism, which is initiated by pre-incubation with
IFN��TNF�.

Modulation of skin GvHR by USSC

To further elucidate the immunosuppressive activity of USSC, their
effect on the development of skin GvH-type alloreactivity was eval-
uated using a human skin explant assay, which has been shown
previously to be predictive for GvHD in human bone marrow trans-
plantation [38].

© 2008 The Authors
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Fig. 1 Immunophenotype of USSC.
Expression of the molecules indicated on
unstimulated (grey histograms) and
stimulated USSC (1000 U/ml IFN�; 
6 days – open histograms) was analysed
by flow cytometry. Staining with isotype
controls is indicated (|––|).
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Responder cells from the primary MLR, set-up in the presence
or absence of TNF�� IFN� stimulated or unstimulated USSC,
were co-cultured with skin explants autologous to the stimulator
cells. GvH-like alloreactivity (GvHR) in the skin was graded
(grades I-IV) according to histopathological changes.
Unstimulated USSC did not inhibit the GvHR, because in 5/6
experiments the severity of tissue damage was comparable to that
observed in positive control assays set-up the absence of USSC
(GvHR grade III, Figs. 3A and 3B, respectively). A mild down-reg-
ulation of skin GvHR from grade III to grade II was observed in
only 1/6 experiments. When IFN��TNF� pre-stimulated USSC
were used histopathological changes were reduced to negative
control levels in all experiments (grade I/0, Figs. 3C and 3D,
respectively). The skin explant assay results confirm that USSC
cause potent T-cell immunosuppression, but only when pre-stim-
ulated with IFN��TNF�.

Interference of USSC with DC differentiation, 
maturation and function

To determine whether USSC affect antigen-presenting cell activity,
their influence on DC differentiation, maturation and function was
studied. DC were generated from monocytes in the presence or
absence of USSC with a two-step culture protocol using GM-CSF
and IL-4 in the initial differentiation phase and GM-CSF, IL-4 and
TNF� in the subsequent maturation phase.

Within the first 6 days, monocytes differentiated to immature
DC as indicated by down-regulation of CD14. There was no sig-
nificant difference between cultures performed in the absence or
presence of USSC in cellular yield (48.4 � 4.3% and 45.5 �

5.2% recovery; n 
 8, respectively) and the frequencies of resid-
ual CD14� (41.2 � 11.5% and 55.3 � 8.0% CD14�; n 
 8,
respectively) or CD1a� cells (37.5 � 7.6% and 25.0 � 7.9%
CD1a�; n 
 8, respectively). There was also no difference in the
density of expression of CD40, CD80, CD86 and HLA-ABC (data
not shown). However, HLA-DR expression was significantly
reduced in density on DC co-cultured with USSC (mean fluores-
cence intensities of 6401 � 566 versus 9583 � 982; n 
 6, 
P 
 0.018, respectively).

The functional competence of the immature DC was evaluated
by determining antigen-uptake activity (Fig. 4A, representative
experiment of 14). Co-culture-derived immature DC demonstrated
potent pinocytosis activity, similar to that observed in control cul-
tures. At a concentration of 10 �g/ml BSA-FITC, there was no dif-
ference between immature DC generated in the presence or
absence of 30,000 USSC (mean fluorescence 3477 � 848 and
3577 � 988, n 
 14, respectively).

When IL-3 was used instead of GM-CSF to induce monocyte
to DC differentiation (n 
 3), similar results were obtained. There
was no difference in the frequencies of CD14� or CD1a� cells,
either in cell yield (data not shown) or in pinocytic activity (Fig. 4B,
representative experiment of 3) between cultures performed in
the presence or absence of USSC. These results suggest that
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Fig. 2 Activity of USSC in an allogeneic mixed leukocyte reaction and
kynurenine production. Thirty thousand irradiated USSC, either unstim-
ulated (USSC) or pre-stimulated with IFN� (1000 U/ml; 4 days – USSC/I),
TNF� (100 U/ml; 4 days USSC/T) or IFN��TNF� (1000 U/ml and 100
U/ml, respectively; 4 days – USSC/I�T) were co-cultured with 105

allogeneic PBMC (A) or as third party with an allogeneic two-way MLR
containing 105 PBMC each of two unrelated donors (B). In certain exper-
iments, at the onset of USSC/MLR co-cultures (B), IL-2 (100 U/ml – �
IL-2) or tryptophan (20 �g/ml – �Trp) were added or mature DC served
as stimulator cells (DC). After 6 days, BrdU-incorporation was deter-
mined. Allogeneic MLRs without addition of USSC (A) served as positive
controls (�) and were set to 100% to calculate percentage inhibition 
(B). BrdU-incorporation of responder PBMC only, served as negative
controls (–). Assays were performed as triplicates. Results are shown as
mean � S.E.M. for 10 (A) or 3 (B) independent experiments. Statistical
significance is indicated (**P � 0.01). (C) Kynurenine production as a
consequence of IDO activity of USSC cultured for 3 days in medium sup-
plemented with tryptophan (50 �g/ml) in the presence of varying doses
of IFN� (0–1000 U/ml) with and without the addition of 100 U/ml TNF�

was measured in culture supernatants. Data are presented as mean �
S.E.M. (n 
 3) of optical densities at 492 nm.
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USSC do not significantly affect monocyte differentiation into
immature DC.

Mature DC were analysed after 3 days of maturation with GM-
CSF, IL-4 and TNF�. The presence of USSC in co-cultures inhib-
ited the maturation of DC in a dose-dependent manner as indi-
cated by suppression of CD83 up-regulation (Fig. 5A). At 30,000
USSC, the frequency of CD83� cells was 50.6 � 4.9% compared
to 79.2 � 2.3% in control cultures in the absence of USSC (n 


12; P � 0.001; Fig. 5B). This inhibition was contact-dependent. In
transwell cultures (n 
 6) or in the presence of USSC-conditioned
medium (n 
 3), no suppression of CD83 up-regulation was
observed (Fig. 5C). In agreement with this observation, neutraliza-
tion of TGF�, a factor, which is produced by USSC [16] and may
account for suppression of DC maturation, did not restore CD83
expression (Fig. 5C). In control cultures, 77.8 � 0.4% of cells
expressed CD83 compared to 37.6 � 4.8% and 33.3 � 3.5% of
cells generated in the presence of 30,000 USSC with or without
TGF� neutralizing antibody, respectively (n 
 6).

When the density of co-stimulatory and HLA-molecules was
analysed, CD86 was significantly reduced (0.77 � 0.08-fold; n 


10; P 
 0.002) and CD25 elevated (1.76 � 0.27-fold; n 
 7; P 


0.032) on co-culture-derived mature DC, whereas no differences
in the expression levels of CD40, CD80, HLA-ABC and HLA-DR
were detected (Fig. 5D). In transwell cultures, expression of all of
these molecules was not affected by the presence of USSC during
DC differentiation/maturation (n  5; data not shown), further
supporting a contact-dependent mechanism for USSC-mediated
inhibition of DC maturation.

Consistent with a lower degree of maturation of DC generated
in the presence of USSC, such cells did not reveal the typical
increase in size and granularity and mature DC morphology 
(Fig. 5E) as observed in control cultures (Fig. 5F).

When IL-3 was used instead of GM-CSF throughout the culture
(n 
 3), the frequency of mature, CD83� DC was also reduced
after USSC co-culture (P 
 0.020; Fig. 6A). In contrast, increas-
ing the signal for DC maturation by adding IL-1�, IL-6 and PGE2

to the maturation cocktail (n 
 3), reversed the USSC-induced
inhibition. Consequently there was no difference in the frequency
of CD83�, mature DC (Fig. 6B) or in the density of HLA- and co-
stimulatory molecule expression (data not shown) between cul-
tures performed in the presence or absence of USSC.

Functionally, mature DC generated in the presence of USSC
with the cytokine combination GM-CSF, IL-4 and TNF� revealed a
USSC-dose-dependent reduction in allostimulatory activity (Fig. 4D,
representative experiment of 12), consistent with their more
immature immunophenotype and morphology (Fig. 5). In con-
trast, DC which had been matured with an increased maturation
stimulus, GM-CSF, IL-4, TNF�, IL-1�, IL-6 and PGE2, revealed no
difference in allostimulatory activity, irrespective of whether they
had been generated in the presence or absence of USSC (Fig. 4E,
representative experiment of 3), consistent with what had been
observed immunophenotypically (Fig. 6B). Thus, USSC suppress
DC maturation and function but this suppression can be overwrit-
ten by these stronger cytokine maturation stimuli.

When USSC pre-stimulated with TNF��IFN� were co-cultured
with developing DC, on day 6 of culture, there was no difference
in the frequencies of CD14� or CD1a� cells and cellular yield (data
not shown). Pinocytic activity of immature DC was comparable or
slightly reduced after USSC co-culture (Fig. 4C, representative
experiment of 3). After maturation of DC with TNF�, there was
also no difference in the frequency of CD83� mature DC (65.1 �
8.0% and 72.5 � 10.4%; n 
 3, for controls and USSC/I�T co-
cultures, respectively; Fig. 6C), in the density of expression of co-
stimulatory and HLA-molecules (data not shown) as well as the
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Fig. 3. Modulation of skin GvH type alloreac-
tivity by USSC. Irradiated unstimulated (A) or
IFN��TNF� pre-stimulated USSC (C) were
co-cultured with an allogeneic MLR using
irradiated PBMC of the skin donor as stimula-
tor cells and PBMC of an unrelated, HLA-mis-
matched donor as responders (responder-to-
USSC ratio 
 10:1). MLR-primed responder
cells were added to skin biopsies and co-cul-
tured for an additional 3 days before
histopathological evaluation. Skin explants
co-cultured with responder cells primed in the
absence of USSC or with medium alone
served as positive and negative controls,
respectively (B and D).
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allostimulatory activity of DC (Fig. 4F, representative experiment of
3) generated in the absence or presence of TNF��IFN� pre-stim-
ulated USSC. Therefore, in contrast to unstimulated USSC that
were shown to be weak inhibitors of T-cell proliferation and to
suppress DC maturation and function, TNF��IFN� pre-stimulated
USSC inhibited T-cell proliferation but did not suppress the gener-
ation of functionally active, mature DC.

Discussion

USSC were shown to lack expression of immunorelevant adhesion
and co-stimulatory molecules even after stimulation with IFN�,

© 2008 The Authors
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Fig. 4 Functional competence of immature and mature monocyte-
derived dendritic cells generated in the presence of USSC. DC were gen-
erated in the absence (control) or presence of USSC either unstimulated
(A, B, D, E) or pre-stimulated with IFN��TNF� (C, F – USSC/I�T, 
4 days 1000 U/ml IFN��100 U/ml TNF�). On day 6, immature DC 
generated either with GM-CSF�IL-4 (GM4 DC – A, C) or IL-3�IL-4
(IL34 DC – B) were harvested and incubated with BSA-FITC at the con-
centrations indicated at 37	C or 4	C (negative controls) for 1 hr. FITC
mean fluorescence intensities were determined by flow cytometry.
Mature DC were harvested after maturation with GM-CSF, IL-4 and 
TNF� (D, F – GM4T) or GM-CSF, IL-4, TNF�, IL-1�, IL-6 and PGE2

(E – GM4T16P) on day 9, and graded doses of DC (0–5000) were co-
cultured with 105 allogeneic T cells. After 6 days, BrdU-incorporation
was determined. Results are shown as mean � S.E.M. of triplicates.
BrdU-incorporation of T cells alone served as control.

Fig. 5 Influence of USSC on maturation of monocyte-derived dendritic
cells. CD14� monocytes (2�106) were cultured in the absence (Control,
F) or presence of irradiated USSC at the cell numbers indicated (A) or
30,000 cells (B, C, D, E) for 6 days with GM-CSF and IL-4, followed by
a 3-day maturation period in the presence of GM-CSF, IL-4 and TNF�.
After a total of 9 days of co-culture, the frequency of CD83� cells (A, B,
C), the normalized relative expression (mean fluorescence of control
cells was set to 1) of the molecules indicated (D) and forward (FSC)/side
scatter (SSC) characteristics of cells (E, F) were determined by flow
cytometry. Morphology was evaluated by differential interference con-
trast microscopy (E, F). Horizontal lines (B, D) indicate mean values. In
certain experiments (C), USSC and DC in co-cultures were separated by
a membrane (Transwell), USSC conditioned medium (30%) was used
instead of cells (USSC CM) or the activity of TGF� was neutralized with
a monoclonal antibody (��-TGF-�; 5 �g/ml �-TGF-�(1, 2, 3)). Statistical
significance is indicated (* – P � 0.05; ** – P � 0.01).
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IFN��TNF� or other pro-inflammatory factors. Similar results
have been reported for BM-derived MSC [19, 41, 42]. Like USSC
they lack expression of CD11a, CD11b, CD11c, CD18, CD40, and
CD49d, whereas CD49d, CD49e and CD58 are expressed. In com-
mon with MSC from BM [19, 41], foetal liver [43] and placenta [44]
as well as in vitro differentiated MSC [19] and dermal, synovial and
lung fibroblasts [20, 21], USSC are positive for HLA-class I, lack
expression of HLA-class II, CD80 and CD86 and respond to stimu-
lation with IFN� with up-regulation of the HLA molecules.

Consistent with the absence of relevant co-stimulatory and
adhesion molecules on USSC, neither unstimulated nor IFN� or
IFN��TNF� stimulated USSC showed allostimulatory activity in an
MLR. Lack of allostimulatory activity in primary as well as second-
ary MLR [45], even in the presence of CD28 co-stimulation [41] or
after IFN� stimulation [19, 41], has also been described for MSC
derived from BM [19, 41, 45] and foetal liver [43, 46] as well as for
their in vitro differentiated progeny [19, 43]. However, MSC appear
to be able to take up antigens [47] and after stimulation with IFN�,
to induce T-cell responses to recall antigens such as tetanus toxoid
[47]. Furthermore, IFN� stimulated ovalbumin (OVA)-loaded MSC
from mouse and human BM induce antigen-specific responses of
OVA-specific transgenic T cells and T-cell hybridomas, respectively,
and cause rejection of OVA-expressing tumour cells [48]. In con-
trast, Prevosto et al. reported the generation of regulatory T cells
after short-term co-culture of MSC and PBMC [49], whereas oth-
ers did not observe such cells [25]. Chan et al. suggested a critical
role for IFN� and that in the initial phase of responses, when IFN�

concentrations are still low, MSC can act as APC, but when IFN�

concentrations increase, they become immunosuppressive [47].
Neither variation of IFN� dose nor different stimulator-to-effector
cell ratios (data not shown) resulted in APC activity of USSC.

When the effect of USSC, as third party cells, in an MLR was
analysed, only a minor suppressive activity was observed, which
was not enhanced further by stimulation of the cells with IFN�

alone. In contrast, unstimulated BM-derived MSC [19, 23, 32, 41,
47], in vitro differentiated MSC [19] and fibroblasts [20, 21] demon-
strate a substantial inhibitory activity of alloresponses, which can be
further enhanced by pre-stimulation with IFN� alone. USSC in this
present study caused nearly complete inhibition of T-cell responses
in the MLR as well as reduction of GvH-type alloreactivity in the skin
explant assay after pre-stimulation with IFN��TNF�. Foetal liver-
derived MSC also require pre-stimulation, however, IFN� alone is
sufficient for significant inhibition of T-cell responses [43]. Thus,
immunosuppression by USSC is conditional, dependent on TNF�

and IFN� and appears to be regulated differently compared to MSC
and more differentiated mesenchymal cells.

Although still controversial, immunosuppression by MSC may
be mediated at least partially by soluble factors and contribution
of TGF� [23, 50], HGF [23], HLA-G [30], PGE2 [24], haem oxyge-
nase-1 [31], nitric oxide [31] and IDO [25, 32, 51] has been sug-
gested. In this study, IDO was identified as the main factor caus-
ing suppression of T-cell responses by IFN��TNF� pre-stimu-
lated USSC. Exogenous IL-2 or mature DC as stimulator cells did
not overcome immunosuppression, but T-cell proliferation was
restored nearly completely by tryptophan supplementation. This
argues for a tryptophan-depletion-dependent cell cycle arrest of T
cells [33] rather than a direct inhibitory effect of the catabolite
kynurenine as suggested by others [51]. Inhibitory activity of
USSC coincided with IDO activity in the cells. It was dependent on
IFN� dose and enhanced significantly by the synergistic activity of
TNF�. Importantly, MSC also appear not to be immunosuppres-
sive per se but to require an initial activating signal provided by
other cells such as T cells [25, 32], NK cells [25] and monocytes
[50] or cytokines including IFN� [32, 51] and IL-1� [50]. Thus,

Fig. 6 Generation of mature monocyte-derived DC: Impact of maturation
protocol and pre-stimulation of USSC. Monocyte-derived, mature DC
were generated in the absence (Control) or presence of 30,000 irradi-
ated, unstimulated USSC (A, B) or USSC that had been pre-stimulated
with IFN��TNF� (USSC/I�T – C) using the cytokine combinations IL-3,
IL-4 and TNF� (IL34T DC – A), GM-CSF, IL-4, TNF�, IL-1�, IL-6 and
PGE2 (GM4T16P DC – B) or GM-CSF, IL-4 and TNF� (GM4T DC – C). The
frequency of CD83� cells was determined by flow-cytometry. Data are
shown as mean � S.E.M. for n 
 3. Statistical significance (* – P �

0.05) is indicated.
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depending on the nature of this signal, different mechanisms of
inhibition or even no inhibitory activity at all may result.

Indeed, differences in the immunosuppressive activity of MSC
have been described [47, 52] and in vivo models reveal conflicting
results. Several studies confirmed immunosuppression in vivo.
MSC infusion prolonged skin and heart allograft survival [22, 53].
Transplantation of MSC in experimental mouse autoimmune
encephalomyelitis ameliorated the disease [54] and could improve
symptoms in collagen-induced arthritis [55]. Moreover, immuno-
suppressive properties of MSC have already been exploited suc-
cessfully in the clinical setting for the treatment of GvHD [56]. In
contrast, other studies could not document an immunosuppres-
sive activity of MSC in vivo with allograft survival remaining
unchanged or rejection enhanced [57, 58]. Symptoms have also
been shown to worsen in mouse collagen-induced arthritis [59] or
GvHD after allogeneic transplantation in mice post MSC therapy
[60]. The reasons for these differences are currently not well
understood, but a certain type of pre-conditioning either in vitro
(e.g. by stimulation with IFN��TNF�) or by in vivo conditions
(e.g. pro-inflammatory conditions) may be required for the
immunosuppressive activity of MSC to fully develop. Such differ-
ences in in vivo conditions may account for the observation by
Tisato et al, that CB-derived MSC can be used to prevent but not
treat GvHD [61]. For USSC, irrespective of the moderate inhibition
detected in vitro in the MLR assays for unstimulated cells, only
following pre-stimulation with IFN��TNF�, reduction of GvHR-
like symptoms in the ex vivo skin explant model was observed.

Besides directly affecting T-cell responses, USSC also inter-
fered with dendritic cell activity. Differentiation of monocytes to
DC in vitro was not affected by the presence of USSC and the
resulting immature DC resembled both phenotypically and func-
tionally DC generated in control cultures. However, TNF�-induced
development of CD83� fully mature DC was impaired in the pres-
ence of USSC. Interestingly, despite a reduced expression of CD83
and CD86, an altered morphology and a significantly reduced
allostimulatory potential of the cells, maturation was not inhibited
completely since expression of HLA-class II as well as that of
CD40 and CD80 was normal. Thus, DC appear to be arrested in an
aberrant intermediate maturation state. This defect in maturation
could not be restored by neutralizing TGF�, and results from tran-
swell cultures, as well as the use of USSC conditioned medium,
suggested that the interference was cell-to-cell contact mediated
and not due to soluble factors, although involvement of local high
concentrations of soluble factors cannot be excluded entirely.

Altered morphology, phenotype and impaired functional activ-
ity have also been reported for monocyte-derived DC generated in
the presence of MSC [27, 28, 62], whereas dermal fibroblasts
showed no such activity [20]. Differentiation, i.e. commitment of

monocytes to the DC lineage, as well as maturation was inhibited.
Cells remained CD14�, failed to up-regulate typical DC differenti-
ation/maturation-associated surface molecules such as CD1a,
CD40, CD80, CD83 and CD86, and developed a macrophage-like
morphology. Furthermore, endocytic and allostimulatory activities
of the cells were reduced [28, 62, 63]. Beyth et al. have shown an
aberrant maturation of DC as well and documented that this block
could be partially overridden by maturation inducing stimuli such
as LPS or CD40 cross-linking [64]. Inhibition of DC maturation by
USSC was dependent on the strength of maturation signals, with
stronger signals abrogating inhibition. When TNF�, IL-1�, IL-6
and PGE2 instead of TNF� alone were used to induce DC matura-
tion, no differences in phenotype and function of DC were
observed between cultures performed in the presence or absence
of USSC. However, the microenvironment, e.g. the presence of
pro-inflammatory conditions or microbial products, also overrides
the USSC-induced blockade of DC maturation. When USSC were
pre-stimulated with IFN��TNF�, the same factors, which elicited
potent suppression of T-cell responses, they failed to inhibit DC
maturation and function.

Thus, IFN� and TNF� constitute a switch, which regulates the
immunological properties of USSC. In the presence of both
cytokines during an ongoing immune effector response in periph-
eral tissues, USSC migrating to sites of tissue damage may
dampen or regulate such responses, but at the same time may
allow continuation of recruitment of mature DC to the lymph
nodes feeding the response as long as the pro-inflammatory or
microbial conditions persist. A decrease in these stimulating con-
ditions ultimately will cause a reduction of the T-cell effector
response and, thereby, also in local IFN� and TNF� levels. USSC
may contribute to normalizing the immunological environment by
turning off DC activity. This well-balanced process may contribute
to the stable differentiation of USSC at sites of tissue repair by pre-
venting the presence of immune effector cells or of cytokines pro-
duced in the course of immune responses, which could interfere
with the required differentiation pathways.
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