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Sandra Sensken, Johannes Fischer, Rüdiger V. Sorg, and Peter Wernet
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Objective. Cytokine production and hematopoiesis-supporting stromal activity of cord blood
(CB)-derived unrestricted somatic stem cells (USSC) in comparison to bone marrow
mesenchymal stem cells (BMMSC) and hematopoietic progenitor expansion solely driven by
recombinant cytokines were assessed.

Methods. USSC generation was initiated from fresh and cryopreserved CB. Cytokine
production by USSC and BMMSC was determined qualitatively by cytokine mRNA expression
array analyses or quantitatively by Multiplex or ELISA analyses. To evaluate hematopoiesis-
supporting activity, CB CD34� cells were expanded in cocultures with USSC and BMMSC
or in the presence of Flt3-L, SCF, and TPO. Expansion of CD34� cells, total cells, colony-
forming cells (CFC), and LTC-IC were determined after 1, 2, 3, and 4 weeks of culture.

Results. USSC constitutively produced SCF, LIF, TGF-1b, M-CSF, GM-CSF, VEGF, IL-1b, IL-
6, IL-8, IL-11, IL-12, IL-15, SDF-1a, and HGF. When USSC were stimulated with IL-1b,
G-CSF was released. Production of SCF and LIF were significantly higher in USSC compared
to BMMSC. At 1, 2, 3, and 4 weeks, cocultivation of CD34� cells on the USSC layer resulted in
a 14.6-fold ± 1.1-fold, 110.1-fold ± 17.9-fold, 151.8-fold ± 39.7-fold, and 183.6-fold ± 40.4-
fold amplification of total cells and in a 30.6-fold ± 4.4-fold, 101.4-fold ± 27.5-fold, 64.7-fold
± 15.8-fold, and 29.4-fold ± 3.1-fold amplification of CFC, respectively. LTC-IC expansion at
1 and 2 weeks was, with 2.0-fold ± 0.1-fold and 2.5-fold ± 0.3-fold, significantly higher for
USSC than BMMSC (1.1-fold ± 0.03-fold and 1.1-fold ± 0.1-fold), but declined after day 21.
Transwell cocultures of USSC did not significantly alter total cell or CFC expansion.

Conclusions. USSC produce functionally significant amounts of hematopoiesis-supporting
cytokines and are superior to BMMSC in expansion of CD34� cells from CB. USSC is therefore
a suitable candidate for stroma-driven ex vivo expansion of hematopoietic CB cells for short-
term reconstitution. � 2005 International Society for Experimental Hematology. Published
by Elsevier Inc.
Cord blood (CB) is a well established source of stem cells
for allogeneic hematopoietic transplantation [1–3]; more
than 3500 patients worldwide have received unrelated or
related CB transplants for a variety of malignant and nonma-
lignant bone marrow diseases [4]. The event-free survival
rates are comparable to results of unrelated bone marrow
(BM) transplantations [5]. In comparison to unrelated bone
marrow or peripheral blood stem cell transplants, however,
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CB is immediately available and incidence and severity of
acute and chronic graft-vs-host disease (GVHD) are low
despite HLA disparity; furthermore, the risk of virus trans-
mission is reduced [1,6]. The major disadvantage of CB
is the comparatively low cell dose available for adult pa-
tients, resulting in longer time to engraftment, higher rates
of graft failure, and transplantation-related mortality [2]. Al-
though several groups in preclinical and clinical settings
have attempted cytokine-driven ex vivo expansion of the
CB product, in order to increase hematopoietic progenitor
and granulocyte numbers and reduce the duration of post-
transplant neutropenia [7–10], the implementation of such
protocols has been complicated by the following facts
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[11–13]: 1) CB transplants are frozen in the majority of
banks in a single bag. Clinical trials were performed with
only a fraction of a CB unit expanded ex vivo with the larger
portion infused unmanipulated. Therefore, the expanded
product usually cannot be infused until 10 to 14 days after
transplantation. 2) Clinical-grade growth factors are only
available for a limited number of cytokines and they are
expensive. 3) Moreover, none of the clinical experiences
could unequivocally document a clear benefit of infusion of
such ex vivo cytokine-expanded components. Since cytok-
ine-driven ex vivo expansion of CD34� cells from CB is
being discussed controversially, other ways to improve time
to hematopoietic engraftment and reconstitution after CB
transplantation are being explored including multiple cord
blood transplants [14] and co-transplantation of a single
CB unit together with highly purified CD34� mobilized
peripheral blood stem cells from a haploidentical related
donor [15].

The specialized BM stroma microenvironment consisting
of extracellular matrix and stromal cells [16] has been shown
to be crucial for hematopoietic regeneration after stem cell
transplantation [17]. Furthermore, mesenchymal stem cells
(MSC) from bone marrow or lung fibroblasts [18] have been
shown in preimmune fetal sheep [19] or in NOD/SCID mice
[18] to promote engraftment of CB-derived CD34� cells.
Therefore, co-transplantation of CB with stromal elements
may improve engraftment.

As published recently [20], we were able to isolate and
expand a pluripotent adherent CD45� cell from cord
blood, which was termed unrestricted somatic stem cell
(USSC). In various animal models USSC differentiated in
vitro into osteoblasts, chondrocytes, adipocytes, and neural
progenitors as well as in vivo into bone, cartilage, hemato-
poietic cells, and neural, liver, and heart tissue. Since USSC
seem to be an immature mesodermal progenitor for MSC and
are an easily accessible source of cells, they should be
viewed as a potential candidate for supportive therapy.
Here we have studied cytokine production and in vitro hema-
topoiesis supporting stromal activity of USSC in comparison
to BM-derived MSC.

Material and methods

Collection of the placental cord blood
Collection of placental CB in the obstetric departments was per-
formed with the informed consent of the mother as described pre-
viously [21]. After delivery of the baby, the cord was doubly
clamped, transected, and blood was collected from the umbilical
cord vein in special collection bags containing 29 mL citrate-
phosphate dextrose as described previously [21]. Every CB speci-
men was processed within 5 to 57 hours after delivery. Only cord
blood samples were used here which did not meet the criteria for
allogeneic cord blood banking, mainly due to exclusion because
of lower cell numbers.
Generation and expansion of USSC from fresh CB
USSC were successfully generated from 126 (39%) out of 325
cord blood samples. The mononuclear cell fraction was obtained
by a Ficoll (Biochrom, Berlin, Germany; density 1.077 g/cm3)
gradient separation followed by ammonium chloride lysis of red
blood cells. After two washing steps in phosphate-buffered saline
(PBS, pH 7.4, Serag-Wiessner, Neila, Germany), cells were plated
in T25 culture flasks (Costar, Corning, NY, USA) and two different
media were used to initiate the growth of the adherent USSC
colonies: Myelocult medium containing 12.5% fetal calf serum
(FCS) and 12.5% horse serum (StemCell Technologies Inc., Van-
couver, BC, Canada), low dexamethasone (10�7 M, Sigma, Taufk-
irchen, Germany), and low-glucose DMEM (BioWhittaker/
Cambrex, Verviers, Belgium) supplemented with 30% FCS (Bio-
Whittaker), low dexamethasone (10�7 M, Sigma), penicillin (100
U/mL, Grünenthal, Aachen, Germany), streptomycin (0.1 mg/mL,
Hefa-pharma, Werne, Germany), and ultraglutamine (2 mM, Bio-
Whittaker). Expansion of the cells was performed in the same
medium as described above, but at a lower concentration or in
the absence of dexamethasone. All cells were incubated at 37�C
in 5% CO2 in a fully humidified atmosphere. When the cells reached
80% confluency, they were removed from the flask with 0.25%
trypsin (BioWhittaker) and replated 1:3 under the same medium
conditions as described previously [21].

For Alizarin Red staining, cells were fixed for 5 minutes with
70% ethanol at 4�C and subsequently stained with Alizarin Red
(1% Alizarin Red in distilled water, pH 4.2, Sigma) to determine
calcium deposition within the extracellular matrix [20].

Generation and expansion of USSC from cryoconserved CB
Thawing of volume-reduced (n � 66) CB units was performed as
described previously [21,22]. The CB bags were thawed in a 37�C
water bath and subsequently diluted with an equal volume of a
solution containing 5% human serum albumin (HSA; Aventis-
Behring, Marburg, Germany) and 10% Dextran 40 (Delta Pharma,
Pfullingen, Germany) in 0.9% NaCl, andsubsequently sedimented at
250g for 10 minutes. The supernatant was removed and sedimented
cells resuspended slowly in fresh albumin/dextran solution, sedi-
mented at 250g for 10 minutes, and resuspended in 10 mL 0.5%
HSA/PBS. Four conditions were chosen after thawing for the gener-
ation of USSC: 1) direct plating of the thawed/washed CB cell
suspension in T25 culture flasks (n � 5); 2) isolation of mononu-
clear cells (MNC) by Ficoll density gradient separation (n � 10);
3) isolation of MNC by Ficoll density gradient separation and
culture on fibronectin-coated T25 culture flasks (n � 5); 4) isolation
of MNC by Ficoll density gradient separation followed by ammo-
nium chloride lysis of red blood cells as described above (n � 46).
After two washing steps in PBS (pH 7.4), cells were plated in T25
culture flasks in Myelocult (n � 36) or DMEM medium (n � 10)
with supplements as described for fresh CB MNC.

Monoclonal antibodies for immunophenotyping for USSC
The following FITC-conjugated antibodies were used: CD4
(13B8.2), CD8 (B9.11), CD11a (25.3.1), CD14 (RMO52), CD15
(80h5), CD31 (5.6E), CD33 (D3HL60), CD34 (581), CD44 (J-
173), CD62E/P (1.2B6), CD62L (DREG56), CD80 (MAB104),
CD90 (F15.42), CD71 (YDJ122), HLA-ABC (B9.12.1), F(ab’)2
goat anti-mouse IgM/IgG, vonWillebrand factor (Klon 4F9), and
isotype controls from Beckman-Coulter (Krefeld, Germany); CD45
(2D1), CD49b (AK7), CD86 (FUN-1), and CD40 (5C3) from BD
Biosciences (Heidelberg, Germany); CD105 (SN6) from Caltag
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(Hamburg, Germany); CD106 (BBIG-V3) from R&D Systems
(Wiesbaden, Germany).

The following PE-conjugated antibodies were used: CD11b
(BEAR1), CD16 (3G8), CD25 (B1.49.9), CD29 (K20), CD38 (T16),
CD49e (SAM1), CD50 (HP2/19), CD54 (84H10), CD56 (NKH-
1), CD117 (95C3), and isotype controls from Beckman-Coulter;
glycophorin A (GA-R2), CD10 (HI10a), CD13 (L138), CD49d
(L25.3), CD49f (GoH3), CD73 (AD2), CD123 (9F5), CD166
(3A6), anti-HLA-DR (G46-6) from BD Biosciences; CD133/1
(AC133) and CD133/2 (AC141) from Miltenyi Biotech (Bergisch
Gladbach, Germany).

The following unconjugated antibodies were used: CD58
(AICD58), Cadherin V (TEA1/31), and isotype controls from
Beckman-Coulter; FLK-1/KDR (A-3), cytokeratin 8 (C51), cyto-
keratin 18 (DC-10), CK8/18 (C51), and vimentin (V9) from Santa
Cruz (Heidelberg, Germany); CD44H (2C5) from R&D Systems;
CD146 (P1H12) from Chemicon (Hofheim, Germany). Goat anti-
rat Cy2 and normal rat IgG were from Dianova (Hamburg,
Germany). For intracytoplasmatic detection of antigens (vWf, cy-
tokeratin 8/18), cells were fixed and permeabilized before staining,
using the Cytofix/Cytoperm kit (BD Biosciences) according to
manufacturer’s instructions. Analysis was performed on an EPICS
XL-MCL or Cytomics FC500 flow cytometer (Beckman-Coulter).

Qualitative and quantitative assessment
of cytokines in medium conditioned by USSC
and bone marrow mesenchymal stem cells (BMMSC)
For a qualitative determination of cytokine expression, the RayBio
Human Cytokine Array V (RayBiotec Inc, Norcross, GA, USA)
with 79 cytokines and a sensitivity ranging from 1 to 2000 pg/
mL was used. The presence of IL-6, IL-8, IL-1β, TNF-α, G-CSF,
GM-CSF, VEGF, HGF, IFN-α, IL-12, and IL-15 in the conditioned
medium was quantitatively determined using the Multiplex cytok-
ine bead kit for Luminex (Biosource International, Camarillo, CA,
USA). SCF, IL-3, IL-7, IL-11, Flt-3 ligand, TPO, LIF, M-CSF,
G-CSF, TGF- β1, and SDF-1α were analyzed by enzyme-linked
immunosorbent assays (ELISAs) (R&D Systems). Sensitivities of
the individual assays were as follows: IL-6 (3 pg/mL), IL-8 (3 pg/
mL), IL-1β (15 pg/mL), TNF-α (10 pg/mL), G-CSF (0.4 pg/mL),
GM-CSF (15 pg/mL), HGF (10 pg/mL) VEGF (10 pg/mL), IFN-
α (15 pg/mL), IL-12 (10 pg/mL), IL-15 (10 pg/mL), SCF (9 pg/
mL), IL-3 (7.4 pg/mL), IL-7 (0.1 pg/mL), IL-11 (8 pg/mL), Flt-3
ligand (7 pg/mL), TPO (7.4 pg/mL), LIF (8 pg/mL), M-CSF (9
pg/mL), TGF-β1 (7 pg/mL), and SDF-1α (18 pg/mL). In general,
sensitivities ranged between 3 and 15 pg/mL for Multiplex and
between 0.1 and 18 pg/mL for ELISA. All assays were per-
formed according to manufacturer’s instructions. Fresh complete
media were used as negative controls in all assays. USSC-condi-
tioned media were analyzed from 19 different CB specimens and 28
different passages (passages 3 to 10), BMMSC-conditioned media
from 5 different BMMSC and 7 different passages (from 3 to 7). For
IL-1β stimulation (2000 U/mL; CellGenix, Freiburg, Germany),
2.5 × 105 cells/5 mL/9.6 cm2 culture area (6-well plate, Costar,
Corning, NY, USA) were seeded per well and conditioned medium
was harvested after 24 hours. The determination of the USSC
protein yield was performed with the detergent-compatible (DC)
assay for protein (Bio-Rad, München, Germany) according to man-
ufacturer’s instructions. Two × 106 cryopreserved cells were
thawed, washed, and pelleted. After lysis, cell debris was removed
by centrifugation and the supernatant was saved for protein detec-
tion. Bovine serum albumin was used as protein standard in differ-
ent concentrations (2, 1, 0.5, 0.25, 0.125, 0.0625 mg/mL protein).
The colorimetric assay was evaluated with a DU640 photospec-
trometer (Beckman-Coulter) with maximum absorbance at 750 nm.
The average protein content of a single USSC can be defined as
250 pg protein/cell.

Isolation of mesenchymal cells from bone marrow
Human BM was obtained from healthy unrelated bone marrow
donors (age between 18 and 30 years). Mononuclear cells were
isolated and cultured in 25-cm2 flasks (Costar) for 1 to 2 weeks
at 37�C in a humidified atmosphere and 5% CO2 using either
Myelocult medium with 1 × 10�6 M hydrocortisone) or low-glucose
DMEM with 30% pretested FCS, 1 × 10�6 M hydrocortisone, peni-
cillin (100 U/mL), streptomycin (0.1 mg/mL), and ultraglutamine
(2 mM). Adherent cells were transferred into 75-cm2 flasks (Costar).
After cells were confluent again, they were transferred into 225-
cm2 flasks, analyzed by flow cytometry to identify contaminating
residual hematopoietic cells, and used for the experiments. Hemato-
poietic cells were no longer detected from passage 3 on. Ten
separate bone marrows were separated, but only five were chosen for
the experiments, which had a similar population doubling compared
to USSC and could be passaged every 4 to 5 days, in order to have
similar conditions for both USSC and bone marrow MSC.

Isolation of CD34� cells
CD34� cells were isolated using the CD34/magnetic activated
cell sorting (MACS) isolation system, employing VS� separation
columns according to the instructions of the manufacturer (Miltenyi
Biotec). The purity of the CD34� fraction was 95% ± 5% (range
90–100%).

Ex vivo expansion of CD34�-enriched
progenitor cells on irradiated USSC and BMMSC
feeder layers as well as in the presence of cytokines
USSC as well as MSC feeder layers from bone marrow were
irradiated in 24-well plates (1 × 104 cells/1.9 cm2 culture area)
with 35 Gy (Cobalt irradiation). Three days later, the irradiated
layers were charged with CD34� cells (5 × 103/mL/well) in the
presence of Myelocult medium, or CD34� cells were cultured in
the presence of 100 ng/mL hu-Flt3-L, 100 ng/mL hu-SCF, and
100 ng/mL hu-TPO (CellGenix). USSC from 7 different CB were
tested in passages 3 to 6; BMMSC from 4 different BM specimens
were tested in identical passages. All experiments were set up in
triplicate. Human progenitor colony-forming assays were per-
formed on days 0, 7, 14, 21, and 28 as described previously, using
5 × 102 to 1 × 104 cells in semi-solid methylcellulose medium
(Methocult H4434, Stem Cell Technologies). Because of the high
variability of progenitor cells in the various fractions, the total
number of cells seeded was adjusted for each cell fraction as
follows: for the fresh CD34� cell fraction at day 0, 5 × 102 to 5
× 103 cells were plated per sample while expanded cells were
plated with 1 × 103 to 1 × 104 cells, all in triplicate. Cultures
were incubated at 37�C in humidified air with 5% CO2 and scored
on day 14 by inverted microscopic examination. Colonies of more
than 50 cells were counted and classified as derived from granulo-
cyte/macrophage (CFU-GM), erythroid (BFU-E), or multipotent
(CFU-GEMM) progenitor cells according to established criteria
[23]. For stroma-noncontact transwell cultures, 4 × 104 CD34�

cells (purity 95% ± 5%) were plated in the upper chamber of the
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transwell inserts (1-µm microporous cell culture inserts, PET track-
etched membrane, BD Biosciences) and placed on top of the USSC
layer prepared at a cell density of 2 × 105 in the lower compartment
of a 6-well plate (n � 4 parallel experiments). Expansion in stroma-
noncontact cultures was compared to direct USSC cocultures
applying the same USSC lines (n � 4 experiments with 3 different
USSC lines) and identical CD34� CB cells (1 × 104). At days 7,
14, and 21, cell and CFC numbers as well as the percentage of
CD34� and CD34�/CD38� cells were determined.

Long-term culture-initiating cell assay
Long-term culture-initiating cell (LTC-IC) assay was performed
according to the technique described by Sutherland et al. Bone
marrow cells were cultivated in Myelocult medium with 1 × 10�6

M hydrocortisone, harvested, and irradiated (15 Gy). After irradia-
tion, the adherent cells (1 × 105/mL/well) were replated in 24-well
plates and cultured in Myelocult. Three days later, the stromal layers
were charged with CD34� cells with limiting dilutions (1 to 1000
CD34� cells) and with corresponding samples (limiting dilution)
of the cells grown in the ex vivo expansion cultures. At the end of
the 5-week LTC-IC assay period, all cells were removed from the
culture, washed, and assayed in the CFC assay as described
above. LTC-IC enumeration was based on the number of CFC in
the limiting dilution assay (LDA).

Statistical analysis
All data are presented as mean ± SD unless stated otherwise. When
the same CD34� cells were cultured with USSC or BMMSC, the
paired Student’s t-test was used. The unpaired, two-tailed Student’s
t-test was used to determine statistical significance of all other
data. Statistical analyses were performed using GraphPad Prism
version 3.0 software (GraphPad Software, San Diego, CA, USA).

Results

Isolation, expansion, and characterization
of USSC from fresh placental cord blood
USSC cultures were initiated from 325 placental cord blood
samples [21] with a total generation frequency of 39%
(n � 126). After 6 to 25 days, between 1 and 11 USSC
colonies/CB were detected, which grew into monolayers
within two to three weeks. Although USSC could not be
generated from all CB samples, if colonies were obtained,
cells could be expanded up to 1015 cells in 20 passages. In
the presence of Myelocult medium/10�7 M dexamethasone,
USSC cultures were initiated from 57.1% of CB samples
(n � 52 out of 91 CB samples), whereas in DMEM medium/
10�7 M dexamethasone/30% FCS the frequency was 31.6%
(n � 74 out of 234 CB samples). No correlation was ob-
served between gestational age (39.2 weeks ± 1.8 weeks,
range 30–43 vs 39.2 weeks ± 1.6 weeks, range 23–42), CB
volume (78.9 mL ± 22.8 mL, range 37–120 vs 82.5 mL ±
22.0 mL, range 43–175), the number of nucleated cells (NC)
in the CB collections (7.1 ± 2.9 × 108, range 0.5–18.7 vs
7.7 ± 3.2 × 108, range 2.4–19.4), hours elapsed after CB
collection (21.1 hours ± 8.2 hours, range 6–57, vs 21.2 ±
7.7 hours, range 5–57), number of MNC in the CB after
gradient separation (1.8 ± 1.0 × 108, range 0.1–6.2 vs 1.9
± 1.1 × 108, range 0.1–6.9), the number of contaminating
granulocytes in the MNC fraction (10.1% ± 11.8%, range
0.05–57.8 vs 8.6% ± 11.7%, range 0.02–57.5) and the suc-
cessful initiation of USSC cultures. Although the generation
frequency was higher in Myelocult medium, subsequent
growth kinetics as well as differentiation assays (data not
shown) revealed that low-glucose DMEM medium/pretested
FCS is ideal to keep USSC in an undifferentiated state (Fig.
1A). In contrast, in the presence of Myelocult medium,
USSC, which stained positive with Alizarin Red, may de-
velop into bone nodules (Fig. 1C,D). Simply by morphology
(compare Fig. 1A,B and Fig. 1C,D) it can be determined
whether the cells stay undifferentiated or are triggered into
the mesenchymal lineage associated with nodule formation.
Thus far any attempt to directly isolate this CD45� cell
population from fresh CB by immunomagnetic selection

Figure 1. Morphology of USSC and BMMSC. Adherent monolayer of
spindle-shaped undifferentiated USSC from cord blood (A) and of BMMSC
(B) in comparison (×40 magnification). (C) (×40 magnification) and (D)
(×100 magnification) show the morphology of the USSC by staining with
Alizarin Red, when triggered by H5100 medium into MSC direction. The
red staining clearly shows the calcification process already in early passages.
(E–H): Examples of CD34� expansion on the irradiated USSC or BMMSC
feeder layers. USSC strongly supports the CD34� amplification after 7
days (E) and 21 days (G) compared to BMMSC layer at 7 days (F) and
21 days (H). (E–H: ×40 magnification.)
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(data not shown here) has failed in our hands, probably due
to the very low frequency of this cell population in the MNC
fraction of CB.

Isolation, expansion, and characterization
of the USSC from thawed placental cord blood
The generation of USSC from cryopreserved and thawed CB
samples was associated with difficulties as expected, because
in thawed CB aggregate formation occurs which results in
cell losses. Since the first experiments (n � 15) with unsepa-
rated frozen CB showed that the MNC output after Ficoll
isolation and erythrocyte lysis was very low and the cells
did not adhere to the culture flasks (data not shown here),
subsequent experiments were performed with volume-re-
duced CB units (n � 66), where the majority of erythrocytes
were already depleted at the time of cryopreservation. Only
one experimental condition, namely the MNC isolation with
erythrocyte lysis and cultivation in the presence of Myelo-
cult/10�7 M dexamethasone, revealed successful generation
of USSC. USSC were generated from 7 out of 36 CB samples
(generation frequency 19.5%) having a total mean NC count
of 8.6 ± 4.7 × 108 (range 4.8–18.5) and a MNC count after
Ficoll isolation and lysis of 1.5 ± 1.2 × 108 (range 0.3–2.9).
In all 7 CB specimens, only one primary USSC colony was
detected. CB specimens that failed to generate USSC had a
total mean NC count of 6.7 ± 2.8 × 108 (range 2.5–14.8)
and a MNC count after Ficoll isolation and lysis of 1.3 ±
1.6 × 108 (range 0.4–8.4). In the presence of DMEM/10�7 M
dexamethasone (n � 10) no USSC were generated.

Immunophenotype of USSC obtained
from fresh and cryopreserved CB specimens
USSC obtained from fresh and cryopreserved CB had the
same immunophenotype: they were negative for CD4, CD8,
CD11a, CD11b, CD14, CD15, CD16, CD25, CD31, CD33,
CD34, CD45, CD49b, CD49d, CD49f, CD50, CD62E,
CD62L, CD62P, CD80, CD86, CD106, CD117, cadherin V,
glycophorin A, and HLA class II, but positive for CD13,
CD29, CD44, CD49e, CD54, CD58, CD71, CD73, CD90,
CD105 (Fig. 2), CD166, vimentin, CD146, cytokeratin 8
and 18, CD10, and von Willebrand factor and showed weaker
expression of HLA class I and CD123 as well as variable
expression of FLK1 (KDR) and CD133/1 (Table 1, Fig. 2),
CD133/2. An example of the immunophenotype of USSC
is presented in Figure 2. USSC showed strong staining for the
moAb CD146 (P1H12), expressed on circulating endothelial
cells, and stained positive for FLK-1 (KDR) as well as weak
for CD133/1. Other endothelial-specific markers such as
CD31 and cadherin V were negative. In contrast to bone
marrow MSC, expression of ICAM 3 (CD50), VCAM
(CD106), and CD62L (L-selectin) on USSC was never
observed.

Qualitative and quantitative assessment
of cytokines in medium produced by USSC or BMMSC
The production of soluble cytokines by unstimulated USSC
was determined by three different approaches. Cytokines
Figure 2. Immunophenotypes of the USSC: USSC preparations were la-
beled with the moAb specific for the molecule indicated (open histograms)
or isotype controls (filled histograms).

were identified either by applying the RayBio human cytok-
ine array for qualitative screening or the Luminex multiplex
cytokine bead kit and ELISA assays for quantitative screen-
ing (Table 2). USSC constitutively produced SCF, LIF, TGF-
1β, M-CSF, GM-CSF, VEGF, IL-1β, IL-6, IL-8, IL-11, IL-12,
IL-15, SDF-1α, and HGF as determined quantitatively. In
addition, Angiogenin (sensitivity �10 pg/mL) as well as
MCP-1 (sensitivity �1 pg/mL) were positive in the cytokine
array. The following cytokines were not detected within
the detection limit indicated: �1 pg/mL: IL-4, IL-5, MIG
(monokine induced by γ interferon), exotaxin; IL-3 (�7.4 pg/
mL); TNF-α, BLC (B-lymphocyte chemoattractant), IGF-1
(�10 pg/mL); IFN-α (�15 pg/mL); IL-2 (�25 pg/mL);
MCP-4 (monocyte chemoattractant protein), GCP-2 (granu-
locyte chemotactic protein) (�100 pg/mL). Release of Flt3
ligand (�7 pg/mL) and TPO (�7.4 pg/mL) was detected
neither in unstimulated USSC nor in IL-1β-induced USSC,
but production was observed in their cell lysates for TPO
(data not shown here). Since only low constitutive produc-
tion of G-CSF was observed (0.2 pg/mL ± 0.1 pg/mL), USSC
were stimulated with IL-1β for 24 hours, which resulted in
1959 pg/mL ± 443.3 pg/mL G-CSF (range 1516–2402 pg/
mL). For unstimulated BMMSC, 1.2 pg/mL ± 0.5 pg/mL
G-CSF was produced upon stimulation with IL-1β 79.7 pg/
mL ± 19.5 pg/mL. This is significantly lower than for USSC
(p � 0.0095). A significantly higher production of SCF
(p � 0.0104) and LIF (p � 0.046) was observed in USSC
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Table 1. Phenotypic characterization of USSC

Common/
CD locus or antigen name alternative name Detection

Hematopoietic/leukocyte cell antigens
CD4 T4 �

CD8 T8 �

CD10 CALLA � (weak)
CD13 APN, Gp150 �

CD14 LPS-R �

CD15 X-hapten �

CD16 FCγRIIIa �

CD33 P67 �

CD34 Gp 105-120 �

CD45 LCA �

CD90 Thy-1 �

CD117 c-kit �

CD133/1 AC133 �a

CD133/2 AC141 �a

HLA class I (ABC) �/�a

HLA class II (DR) �

Glycophorin A �

Endothelial antigens
CD146 Human endo �

FLK-1 (KDR) �

vWf �

Cadherin V �

Integrins
CD11a LFA-1α chain �

CD11b Mac1 �

CD29 VLA-β chain �

CD49b VLA-α2 chain �

CD49d VLA-α4 chain �

CD49e VLA-α5 chain �

CD49f VLA-α6chain �

Adhesion molecules
CD31 PECAM-1 �

CD44 HCAM �

CD44H �

CD50 ICAM-3 �

CD54 ICAM-1 �

CD58 LFA-3 �

CD62E E-selectin �

CD62L L-selectin �

CD62P P-selectin �

CD106 VCAM �

CD166 ALCAM �

Growth factors/cytokine receptors
CD25 IL-2R �

CD123 IL-3R �

CD71 Transferrin receptor �

Other antigens
CD73 Ecto-5-nucleotidase �

CD80 B7-1 �

CD86 B7-2 �

CD105 Endoglin �

Vimentin �

Cytokeratin-8 �

Cytokeratin-18 �

aExpression dependent on culture and medium condition.
Table 2. Cytokine* production of USSC and BMMSC in pg/mL

USSC BM p values

SCF 119.6 ± 20.14 0.43 ± 0.43 0.0104
(99.46–139.74) (0.00–0.86)

LIF 113.7 ± 19.35 23.28 ± 20.73 0.0466
(94.35–133.05) (2.55–44.01)

TGF-1β 797.4 ± 78.05 489.5 ± 188.5 0.1164
(719.35–875.45) (301.00–678.00)

M-CSF 310.3 ± 54.71 199.7 ± 51.51 0.3774
(255.59–365.01) (148.19–251.21)

GM-CSF 87.41 ± 7.576 112.5 ± 17.49 0.2517
(79.83–94.99) (95.01–129.99)

VEGF 5988 ± 1465 7937 ± 2284 0.6353
(4523.00–7453.00) (5653.0–10221.0)

IL-1β 33.69 ± 13.87 13.68 ± 1.259 0.5885
(19.82–47.56) (12.42–14.94)

IL-6 8617 ± 990.0 12530.0 ± 1843.0 0.1679
(7627.00–9607.00) (10687–14373)

IL-8 1492 ± 431.8 1692 ± 895.5 0.8700
(1060.20–1923.80) (796.50–2587.50)

IL-11 457.1 ± 75.57 167.5 ± 136.6 0.1085
(381.53–532.67) (30.90–304.10)

IL-12 16.28 ± 1.287 15.50 ± 1.500 0.8284
(14.99–17.57) (14.00–17.00)

IL-15 18.52 ± 0.4484 17.75 ± 0.4787 0.5387
(18.07–18.97) (17.27–18.23)

SDF-1α 1051 ± 237.6 873.4 ± 148.8 0.5968
(813.4–1288.6) (724.6–1022.2)

HGF 385.84 ± 526.51 253.0 ± 128.8 0.5842
(49.6–1738.6) (46.0–421.0)

G-CSF �0.4 �0.4
TPO �7.4 �7.4
Flt-3 ligand �7 �7

*Expressed by USSC and BMMSC without induction. All values are given
in mean ± SD and range for pg/mL of cytokine.

than in BMMSC (Table 2). The SDF-1α production was
higher in USSC (up to 3087.8 pg/mL), but due to the high
variability of SDF-1α production this value was not statisti-
cally different from production in BMMSC.

Kinetics of ex vivo expansion of
CD34� CB cells on irradiated USSC
or BMMSC layers or in the presence of cytokines
CD34� cells (purity 95% ± 5%) isolated from cord blood
were placed in direct contact with irradiated monolayers of
USSC (Fig. 1E) or BMMSC (Fig. 1F) in the absence
of exogenous growth factors. Each week, nonadherent hema-
topoietic cells from the contact cultures were demipopulated
and analyzed by flow cytometry for both CFC—to evaluate
the progenitor content—and CD34� cells. As summarized
in Table 3 and Figure 3, the total cell count on the USSC
layer increased within the 28-day period, which was 14.6-
fold ± 1.1-fold after 7 days, 110.1-fold ± 18-fold after 14
days, and 151.8-fold ± 39.7-fold and 183.6-fold ± 40.4-fold
after 21 and 28 days, respectively. For total CFC, the highest
CFC expansion was observed at day 14 (101.4-fold ± 27.5-
fold). Similarly, amplification of CFU-GM and BFU-E/
CFU-E was highest (298.4-fold ± 76.2-fold and 44.9-fold ±
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Table 3. The effects of USSC, BMMSC, or growth factor combination on the expansion of CD34� CB cells

Total cells × 104 CFC × 103 BFU/CFU-E × 103 CFU-GM × 103 CFU-GEMM × 102

(fold exp.) (fold exp.) (fold exp.) (fold exp.) (fold exp.)

Week 1
USSC 7.62 ± 0.53 7.48 ± 0.85 3.18 ± 0.61 4.22 ± 0.67 0.83 ± 0.27

(14.62 ± 1.14) (30.56 ± 4.41) (20.5 ± 3.94) (68.0 ± 10.3) (7.37 ± 2.62)
BMMSC 4.62 ± 0.80 3.34 ± 0.46 1.08 ± 0.20 2.23 ± 0.36 0.15 ± 0.1

(8.92 ± 1.47) (14.9 ± 1.93) (7.22 ± 1.24) (37.1 ± 5.97) (2.07 ± 1.15)
Cytok.* 28.30 ± 15.30 45.87 ± 15.1 23.61 ± 10.30 21.49 ± 5.1 7.7 ± 3.5

(56.50 ± 30.50) (285.9 ± 95.6) (168.0 ± 73.82) (358.3 ± 84.1) (77.0 ± 34.69)
Week 2
USSC 58.65 ± 9.10 25.49 ± 6.34 7.06 ± 2.0 19.25 ± 4.83 1.4 ± 0.61

(110.1 ± 17.97) (101.4 ± 27.5) (44.9 ± 12.1) (298.4 ± 76.2) (11.9 ± 5.9)
BMMSC 17.17 ± 3.04 8.06 ± 1.34 1.84 ± 0.48 6.18 ± 0.91 0.41 ± 0.24

(32.14 ± 5.86) (35.88 ± 5.49) (12.2 ± 3.07) (103.0 ± 15.2) (2.30 ± 1.21)
3 Cytok.* 124.3 ± 13.25 68.37 ± 10.3 21.67 ± 10.1 46.3 ± 4.97 4.0 ± 1.87

(248.2 ± 26.85) (387.7 ± 74.5) (154.2 ± 72.1) (771.7 ± 82.8) (40.0 ± 18.71)
Week 3
USSC 81.85 ± 20.95 15.61 ± 4.1 4.71 ± 0.20 10.82 ± 2.43 0.64 ± 0.26

(151.8 ± 39.72) (64.67 ± 15.8) (28.6 ± 11.65) (170.6 ± 38.0) (4.87 ± 2.36)
BM-MSC 15.47 ± 4.11 2.64 ± 0.62 0.40 ± 0.14 2.23 ± 0.58 0.13 ± 0.08

(28.34 ± 7.42) (12.27 ± 2.87) (2.73 ± 0.97) (37.15 ± 9.62) (1.27 ± 0.82)
3 Cytok.* 246.0 ± 69.0 44.06 ± 10.9 9.73 ± 3.70 34.33 ± 7.40 1.0 ± 0.61

(492.0 ± 138.0) (259.9 ± 75.6) (69.1 ± 26.52) (572.0 ± 123.2) (10.0 ± 6.12)
Week 4
USSC 91.78 ± 20.19 6.08 ± 0.73 1.24 ± 0.63 4.80 ± 0.50 0.41 ± 0.28

(183.6 ± 40.38) (29.4 ± 3.08) (9.67 ± 4.43) (82.2 ± 7.38) (4.05 ± 2.75)
BM-MSC 17.88 ± 5.86 3.79 ± 1.28 0.61 ± 0.21 3.15 ± 1.10 0.27 ± 0.27

(35.77 ± 11.71) (17.6 ± 5.94) (3.08 ± 1.11) (52.5 ± 18.3) (2.67 ± 2.67)
3 Cytok.* 378.5 ± 82.50 28.21 ± 3.31 3.21 ± 2.29 24.53 ± 1.49 4.61 ± 4.61

(756.7 ± 165.4) (131.2 ± 15.4) (22.2 ± 15.75) (408.9 ± 24.7) (46.0 ± 46.0)

CD34� cells were cultured on irradiated USSC or BMMSC, or in the presence of * cytokines (Flt3-L, SCF, TPO). Cell count and colony formation were
determined after 7, 14, 21, 28 days. Values are expressed as mean ± SD for the number of experiments listed in materials and methods. Fold expansion
was calculated based on the cell counts (5000), CFC (42.25 ± 7.33), BFU-E/CFU-E (28.5 ± 5.5), CFU-GM (11.5 ± 5.22), and CFU-GEMM (2.25 ± 1.01)
on day 0.
12.1-fold, respectively) at day 14, whereas production was
reduced after 28 days (Table 3). The composition of CFC
clearly showed that after 2 weeks about 75% of the colonies
obtained were CFU-GM (75%). When the total number of
cells generated in USSC was compared to BMMSC mono-
layers, significantly higher cell numbers for USSC
(p � 0.006, p � 0.001, p � 0.0031, and p � 0.008, respec-
tively) were determined at each time point. Representative
pictures are shown in Figure 1 (E–H). Due to the higher
nucleated cell count observed for USSC layers, CFC
(p � 0.01 week 1, p � 0.021 week 2, p � 0.029 week 3),
CFU-GM (p � 0.021 week 1, p � 0.022 week 2, p � 0.018
week 3), and BFU-E/CFU-E numbers (p � 0.007 week 1,
p � 0.028 week 2, n.s. week 3) were also significantly higher
in comparison to the BMMSC layers (Table 3, Fig. 3). A
significant increase in CFU-GEMM on USSC layers was
observed at days 7 (7.4-fold ± 2.6-fold) and 14 (11.9-fold
± 5.9-fold), but declined thereafter. Flow cytometry analysis
of the percentage of CD34� cells showed a decline in USSC/
BMMSC cocultures with 34.6% ± 4.7% / 32.7% ± 0.5% at
day 7, 5.9% ± 2.9% / 6.6% ± 3.2% at day 14, and 2.9% ±
2.8% / 10.3% ± 8.1% at day 21. There was no statistical
difference between USSC and BMMSC feeder layers. Re-
sults of a representative experiment (n � 4) are shown in
Figure 4. For CD34�/CD38� percentages were as follows
for USSC/BMMSC: 0.34% ± 0.02% / 0.38% ± 0.03% at
day 7 and less than 0.1% at day 14 for USSC and for
BMMSC. Since the percentage of CD34�/CD38� cells was
very low at day 14 and the gating is a critical issue for
expanded cells, no further determination was performed at
days 21 and 28.

As expected, when evaluating the potential of USSC in
comparison to the cytokine-driven expansion in the presence
of high concentrations of TPO, Flt3-L, and SCF, it is obvious
(Table 3) that total cell expansion rates (p � 0.001 at 1 week,
p � 0.0305 at 2 weeks, p � 0.0219 at 3 weeks) as well as
CFC expansion rates are several-fold higher compared to
the USSC-driven expansion.

The frequency of LTC-IC in the initial CD34� CB cells
from fresh CB was 0.68% ± 0.24%, corresponding to a total
number of LTC-IC at day 0 of 34.10 ± 12.14. As indicated in
Figure 5, a substantial LTC-IC expansion was not observed
for all three conditions tested. For the cytokine-driven expan-
sion, a 1.90-fold ± 0.18-fold amplification at day 7 (total
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Figure 3. Kinetics of ex vivo expansion of CD34� CB cells on USSC
and BMMSC over 28 days. CD34�-enriched CB cells were plated on
irradiated layers of USSC (filled squares) and BMMSC (open squares).
Cell and CFC counts were performed from the expanding cultures at days
0, 7, 14, 21, and 28. The results are expressed as mean ± SD for total
cells (A), CFC (B), BFU-E/CFU-E (C), and CFU-GM (D). ** p � 0.01,
* p � 0.05.

LTC-IC � 67.90 ± 24.97) and 2.620-fold ± 0.549-fold am-
plification at day 14 (total LTC-IC � 82.40 ± 27.09) were
observed. USSC were able to amplify LTC-IC from CD34�

cells over 2 weeks (1.98-fold ± 0.05-fold after 7 days, total
number � 67.80 ± 14.15 LTC-IC and 2.48-fold ± 0.34-fold
after 14 days, total number � 82.00 ± 27.65), whereas
BMMSC just maintained the frequency (1.10-fold ± 0.03-
fold after 1 week, 1.060-fold ± 0.051-fold after 2 weeks) in

Figure 4. Enumeration of CD34� cells during ex vivo expansion. Examples
of the percentage of CD34� cells are presented after 1, 2, and 3 weeks of
ex vivo expansion on the irradiated USSC feeder layer (A) or the BMMSC
layer (B). CD34 (red color) cells were labeled with PE-conjugated antibody;
CD45 (blue color) cells were labeled with FITC-conjugated antibody.
comparison to day 0. After 21 to 28 days of culture, LTC-
IC declined in all ex vivo expansion conditions (cytokines
1.480-fold ± 0.357-fold, USSC 0.820-fold ± 0.136-fold, and
BMMSC 0.660-fold ± 0.125). It is interesting to note that
there was no statistical difference between the generation of
LTC-IC in the presence of USSC or with the cytokines alone,
whereas results of BMMSC cultures were significantly lower
during the first two weeks (p � 0.005).

Transwell cultures of USSC
in comparison to direct cocultures
In order to examine whether USSC–progenitor cell contact
is required for progenitor expansion or whether it is mediated
by soluble factors only, CD34� cells were cultured either
with direct contact to USSC or in transwell cultures where
CD34� cells were separated from the USSC feeder layer
by a 1-µm microporous filter. The filter separation neither
enhanced nor suppressed the total cell expansion signifi-
cantly compared to a direct coculture on the same USSC
line (after 3 weeks p � 0.4137, n � 4 experiments with 3
different USSC lines). Additionally, the fold CFC generation
was comparable in noncontact (13.56-fold, 14.92-fold, and
6.97-fold) and contact cultures (12.29-fold, 21.32-fold,
and 17.85-fold) in weeks 1, 2, and 3, respectively. No statisti-
cal difference was observed for the content of CD34�,
CD38� cells at 1, 2, 3 weeks (1.61-fold, 3.49-fold, 6.14-
fold) in noncontact and contact cultures (2.21-fold, 8.70-
fold, 6.18-fold; data not shown here).

Discussion
Although the USSC studied in the experiments here have a
very low primary frequency in CB established in vitro, they
can be expanded to 1015 cells and still maintain a normal
karyotype [20]. USSC were successfully generated in 126
out of 325 fresh CB specimens irrespective of the number of
nucleated cells, cord blood volume, gestational age (�30
weeks), hours elapsed after CB collection, number of mono-
nuclear cells, or percentage of contaminating granulocytes.
In contrast to MSC from BM [24], USSC have longer te-
lomeres [20], which may explain the high expansion capac-
ity. They have a much broader differentiation potential and
differ in their RNA expression profile [20]. Further differ-
ences between USSC und MSC [24,25] include absent ex-
pression of certain adhesion molecules such as ICAM-3,
L-selectin, and VCAM (Fig. 2), as well as HAS1 [26] in
USSC [20], although expression of these markers on MSC
may vary depending on source and culture conditions. How-
ever, since USSC can also develop into bone, cartilage, and
adipocytes [27,28], they may represent an early mesodermal
precursor. As shown by alizarin staining in Figure 1C and
D, USSC can be easily triggered towards the MSC lineage.
This strictly depends on the medium, dexamethasone, and
the FCS used and may explain why even the existence of
mesenchymal/mesodermal cells in CB has been very contro-
versial. Thus, the MSC represent only one of the various
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Figure 5. Kinetics of ex vivo expansion of LTC-ICs on USSC and BMMSC and by cytokine stimulation over 21 days. CD34�-enriched CB cells were
plated on irradiated layers of USSC and BMMSC as well as in cytokine-enriched medium. On day 0, as well as on days 7, 14, and 21, cells were harvested
and replated on irradiated BMMSC. Cell and CFC counts were performed after 6 weeks. The results are expressed as mean fold ± SD for cytokines, USSC,
and BMMSC.
differentiation fates of the USSC. Several groups were
unable to generate MSC [29,30], or were able to only in a
limited number of CB specimens [31,32] or only with
a restricted differentiation potential [31,33–35]. Considering
that the generation of USSC from frozen and unseparated
or HES volume reduced CB units [22,23] fulfilling the re-
quirements of the current FACT/NETCORD accreditation
standards for unrelated CB banking [36] would possibly
provide an enormous clinical advantage, this generation fre-
quency was also evaluated here. As shown in the results,
the generation frequency is at present much lower than for
freshly isolated USSC. For clinical application, since all
unrelated CB transplants are cryopreserved, methods must
be developed to improve the generation of USSC from a
thawed specimen and/or to define new surface antigens for the
specific isolation of the USSC. Other methods described for
the isolation of MSC from frozen CB-MNC [37] do not
meet the standards of CB banking [36] and are not within
range of good manufacturing practice (GMP) requirements
for clinical application.

In this study we compared the cytokine production and
in vitro hematopoiesis-supporting activity of USSC in com-
parison to BM-derived MSC. We were able to show that
multilineage expansion of CD34� selected CB cells is feasi-
ble in contact cultures without further addition of cytokines.
Cocultivation of CD34� cells on the USSC layer resulted
in a 14.62-fold ± 1.14-fold, 110.1-fold ± 17.97-fold, 151.8-
fold ± 39.72-fold, and 183.6-fold ± 40.38-fold amplification
of total cells and 30.56-fold ± 4.41-fold, 101.4-fold ± 27.5-
fold, 64.67-fold ± 15.8-fold, and 29.4-fold ± 3.08-fold
amplification of CFC at 1, 2, 3, and 4 weeks, respectively.
Expansion of CD34� cells was significantly higher for cells
and CFC in USSC- compared to the BMMSC-supported
cultures. Since USSC constitutively produce SCF, LIF, TGF-
1β, M-CSF, GM-CSF, VEGF, IL-1β, IL-6, IL-8, IL-11,
IL-12, IL-15, SDF-1α, and, upon stimulation, G-CSF, soluble
hematopoietic active cytokines appear to be involved in
lineage-specific differentiation and proliferation of progeni-
tors. Amplification rates for CFC were, as expected, sig-
nificantly lower for USSC and BMMSC, but expansion in the
presence of cytokines has several disadvantages as discussed
before. The much higher concentration of recombinant cy-
tokines yields only moderately better expansion rates com-
pared to the USSC-generated cytokine concentration. This
can be explained by the fact that the cell-cell contact of
stroma cells and progenitors as summarized by Yamaguchi
et al. [38] is essential. Therefore transwell-separated cocul-
tures were performed with USSC to determine whether the
cytokine production alone or other factors like o-sulfated
heparan sulfate glycosaminoglycans [39], member of the
Notch family [40], and factors like dlk expressed on the
murine AFT024 line [41], are responsible for this strong ex
vivo expansion effect. Whether or not only the significant
differences in the production of SCF and LIF observed be-
tween USSC and BMMSC are the reason for the significantly
higher output of hematopoietic cells will have to be explored
further. USSC also showed a very high production of SDF-
1, an important chemokine in the homing of cells, known
to influence stem cell trafficking as well as expansion and
differentiation [42]. In contrast to the cytokine-driven expan-
sion in the presence of Flt3-L, SCF, and TPO [43], the
expansion rates on USSC and BMMSC were significantly
lower. The transwell cultures (separation of USSC and
CD34� cells) did not significantly increase or decrease total
cell or CFC expansion, though it has to be noted that cells
in transwell systems are easier to harvest and less cell
debris from the feeder cells was observed. Further experi-
ments must show whether the LTC-IC generation is influ-
enced applying this condition. However we were not able
to show a strong capability of both USSC and BMMSC
feeder layers to expand LTC-IC from CD34� cells. Even for
the cytokine-driven expansion, only moderate expansion
rates for LTC-IC could be achieved. These data obtained for
cytokine-driven expansion are in agreement with previously
published work [44]. The low expansion/maintenance rates
for CD34� cells on BMMSC were already shown in previ-
ous studies [38,45]. Whether or not the combination of single
cytokines with the USSC, as shown recently by the group
of Yamaguchi et al. [38], will improve LTC-IC expansion
rates will have to be explored in the future.



G. Kögler et al. /Experimental Hematology 33 (2005) 573–583582
In summary, the actual hematopoietic stromal support
activity of USSC was stronger than that of BMMSC. More-
over, when CB is used, the risk of contamination by infec-
tious agents such as cytomegalovirus, Epstein-Barr virus, or
other viruses [6] is much lower compared to bone marrow.

In conclusion, we successfully established USSC under
conditions that will allow for future GMP production. The
phenotype of the USSC is homogeneous up to 46 population
doublings [20,46], and we showed that USSC produce a
wide spectrum of cytokines able to support hematopoiesis.
Thus, USSC “stroma” cells could be a promising candidate
for ex vivo expansion of hematopoietic cells. Further investi-
gations will show whether the USSC are also able to support
hematopoiesis in cotransplantation models in NOD-SCID
mice [45] or the preimmune fetal sheep [47].
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