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Stroke therapy: the potential of amniotic

fluid-derived stem cells

“Exploring the potential of these cells
[AFSCs] could lead to great advances
in the fields of tissue engineering
and regenerative medicine, and
eventually toward the clinical
application of these cells in stroke”

Maya Elias*', Jaclyn Hoover*', Hung Nguyen*!, Stephanny Reyes*,
Christopher Lawton*' & Cesar V Borlongan®*'2

This article describes the clinical poten-
tial of cells harvested from human amni-
otic fluid in regenerative medicine, espe-
cially for stroke therapy. Amniotic fluid
has been investigated as a new cell source
for mesenchymal stem cells in the devel-
opment of future cell-based transplanta-
tion. In this paper we highlight the char-
acteristics of amniotic fluid-derived cells,
as well as the functional benefits of these
cells in animal models of stroke, alto-
gether supporting the utility of amniotic
fluid as stem cell source for cell therapy
in stroke. The human amnion and amni-
otic fluid have attracted attention in
recent years as possible reserves of stem
cells that may have clinical application in
the field of regenerative medicine. Several
studies have examined the differentiation
potential of cells derived from these two
sources and concluded that they display
high plasticity (1]. Currently, most stud-
ies have focused on cells derived from
the amnion and revealed that amnion

cell transplantation promotes re-epithe-
lialization, modulates differentiation
and angiogenesis and decreases inflam-
mation, apoptosis and fibrosis [1-4]. This
paper seeks to highlight what is currently
known of the lesser studied, amniotic
fluid-derived stem cells (AFSCs), and to
acknowledge their potential clinical appli-
cation for stroke therapy. Additionally, we
will compare the advantages and disad-
vantages of amniotic fluid versus amnion
membrane stem cells.

Stemness of cells derived from the
amniotic fluid

The expression of specific pluripotency
markers and genes in cells harvested
from the amniotic fluid characterize
these cells as stem cells. In a study by
Antonucci et al. [5], molecular analysis
of human second trimester AFSCs was
found to express Fragilis, Stella, Vasa,
c-Kit, and Rnf17, genes involved in early
stages of germ cell development, while
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also expressing OCT4 and SOX2, markers of
pluripotency. When AFSCs are aggregated to
form embryoid bodies (EBs), they reacquire
pluripotency potential and features of early
stage embryogenesis that are usually lost s].
Moreover, cells from AFSC-derived EBs express
alternate spliced exons specific of pluripotent
stem cells, such as the exon 10 of DNMT3B and
the b isoform of Sa//4; express markers of the
three embryonic germ layers, such as GATA4,
GATAG, AFP and Nestin; and there appears to
be an absence of the X chromosome inactiva-
tion [5]. This observation further supports the
important role of AFSCs in embryogenesis, as
the reactivation of the inactive X chromosome
may be correlated with genomic reprogram-
ming events [5]. CD117-negative populations
of human amniotic fluid mesenchymal stromal
cells (AFMSCs) are readily abundant and can
be easily reprogrammed into induced pluri-
potent stem cells (iPSCs) using nonintegrat-
ing Sendai viral vectors encoding for OCT4,
SOX2, KLF4 and cMYC [6]. Furthermore,
Jiang et al. [6) have demonstrated that these
iPSCs were virtually indistinguishable from
human embryonic stem cells in multiple assays,
could be used to generate a relatively homo-
geneous population of neural progenitors, and
show engraftment potential in vivo. In vitro,
these neural progenitor cells were shown to be
capable of differentiating into mature neurons
and astrocytes [6].

AFMSCs also possess gene expression pro-
files that are largely characteristic of undif-
ferentiated cells [7]. In a similar study by
Antonucci et al. [7), RT-PCR analysis showed
that AFMSCs express genes for Rex-1, SCF,
GATA-4, vimentin, CK18, HLA ABC and
FGEF-5 throughout the culture period, and
they express genes for BMP-4, nestin, AFP and
HNF-4a. As these genes regulate a multitude
of different cell types, these observations sug-
gest that AFMSCs are able to differentiate into
adipocytes, osteocytes, chondrocytes and neu-
ronal cells; can express many pluripotent stem
cell specific genes; and proliferate well during
ex vivo expansion [7].

While AFSCs have raised much interest
because of their ability to differentiate in vitro
into lineages belonging to all three germ layers,
their immune properties are still being assessed.
AFMSCs have been regarded as cells with
low immunogenicity. Studies have observed
AFMSCs to be resistant to rejection because
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they express immunosuppressive factors such as
CD59 (protectin) and HLA-G [8]. CD59 inhib-
its the complement membrane attack complex
by binding C5b678 and hampering C9 from
binding and polymerizing, thus preventing
complement from damaging cells [8]. HLA-
G, which is expressed in the placenta unlike
HLA-A and HLA-B genes, plays a key role
in immune tolerance in pregnancy, [8]. Other
recent studies have shown immunomodulatory
properties of AFMSCs, which can inhibit the
proliferation of T lymphocytes (s]. In another
study, cultured AFSCs demonstrated an
increase in CD105+ cells in the late-passage
compared with the early-passage AFSC cul-
tures [9]. Because CD105 is a mesenchymal
marker and the long-term culture conditions
allowed mesenchymal cell growth, AFSCs have
been suggested to be mesenchymal precur-
sors [9]. Recent in vitro analysis has found that
AFSCs modulate lymphocyte proliferation in
different manners according to gestational age
(i.e., those derived from first-, second- or third-
trimester) [10]. Interestingly, first-trimester
AFSCs significantly inhibited T cell and natu-
ral killer cell proliferation, while second- and
third-trimester AFSCs were less efficient, and
only inflammatory-primed second-trimester
AFSCs could suppress B-cell proliferation [10].
The preceding studies demonstrate that
AFSCs exhibit characteristics of both embry-
onic and adult stem cells and vary from donor
to donor [11]. Moreover, protein expression in
the cell types found in AFMSCs does not affect
the differentiation capacity of AFMSC prepa-
rations (PMID: 25608581), and the ectopic
expression of Oct-4 in hAFMSCs could be
an alternative method to produce pluripo-
tency [12], while the selective expression of
SOX9 and induction of Whnt signaling can be
used to specifically differentiate cells to neurons
and promote neurogenesis, respectively [13,14].
However, before these methodologies can be
used, it is important to identify a suitable cryo-
preservation protocol, such as the slow-freezing
solution [15]. In a recent study, Zong ez al. has
shown to direct AFSCs to differentiate into
neurons with characteristics of functional-
ity using inner stem cells derived as a feeder
layer [16]. The study also showed that the Wnt
signaling pathway plays an important role in
triggering neurogenesis [16]. Thus, with their
multifaceted properties, these cells have an
important application in stroke therapy.

future science group



Transplantation studies using amniotic
fluid stem cells for stroke therapy (Maya)
As of 2010, stroke is the fourth-leading cause of
death among adults in the USA, accounting for
about one of every 19 deaths [17]. Currently, the
only nationally approved treatment for acute
ischemic stroke is intravenous recombinant
tissue plasminogen activator, a thrombolytic,
within a narrow 3-h window of symptom onset.
Thrombolytic therapy has been shown to sig-
nificantly reduce the proportion of deaths and
dependence in activities of daily living [13].
However, thrombolytic therapy also carries an
increase in the risk of death within the first
7-10 days, intracranial hemorrhage and death
at a 3- to 6-month follow-up [18]. Intravenous
delivery of bone marrow- and perinatal-derived
cells, which have the capacity to translocate to
areas of tissue injury and target brain remod-
eling, may be a therapeutic intervention within
the first week after stroke, during the restorative
phase [19]. Stroke is a time-limited acute injury;
the brain may be more favorable to transplanta-
tion, than in other organ or systemic diseases
characterized by ongoing degenerative pro-
cesses or immunological attacks [20].

Neurons are derived from the ectoderm lin-
eage. Previous studies have demonstrated the
ability of amniotic fluid-derived stem cells to
differentiate along a neurogenic pathway [21.22].
Transplantation of cells derived from the amni-
otic fluid has been explored in neurological dis-
orders (723-25]. Transplantation of AFSCs may
serve as a promising option for stroke therapy;
however, there are only a few studies that focus
on these cells as a source for transplantation in
stroke. The goals of AFSC transplantation post-
stroke are to promote restorative mechanisms,
such as neurogenesis, angiogenesis and immu-
nomodulation, and to contribute to functional
improvement [20].

One study had investigated the effect of
AFSCs on focal cerebral ischemia-reperfusion
injury and its consequential behavioral deficits
in a mouse model. This study employed middle
cerebral artery occlusion for 60 min, followed by
a reperfusion phase for 7 days, to produce this
injury. Intracerebroventricular administration
of amniotic fluid derived stem cells significantly
reduced the neurological sequelae and behavioral
deficits. The investigators also concluded that
the beneficial effects of the AFSCs are compa-
rable to those of embryonic neuronal stem cells,
which typically carry ethical concerns [26].
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Preclinical data of AFSC safety and efficacy
suggests that individuals who suffer a stroke and
show significant inflammation of the brain, or
who display short-term memory loss due to the
accompanying injury to the hippocampus, may
be ideal candidates for future clinical trials of
AFSC transplantation [27]. In addition, clinical
trials of AFSC transplantation could be extended
to patients with stroke of cardiovascular etiology,
as preclinical data show substantial improvement
in cardiac function following AFSC transplanta-
tion, suggesting that these cells are cardiopro-
tective [28]. The administration route of AFSC
transplantation may be dictated by the phase of
stroke, that is, acute or chronic. Moreover, cryo-
preserved cells will also be required to ensure the
ready availability of AFSCs for transplantation
in both acute and chronic phases of stroke [27].

Our laboratory has tested the effect of
amniotic fluid stem cell treatment in cerebral
ischemia—reperfusion injury after stroke in
rats [29]. Each rat was subjected to a series of
behavioral tests to reveal neurological abilities
prior to MCA occlusion, post-MCA occlusion
and following transplantation of amniotic
fluid-derived cells at day 35. Behavioral tests
included the elevated body swing test and the
rotarod test. We concluded that AFSC trans-
plantation attenuates deficits in memory and
learning, decreases infarct volume and neuron
loss and increases cell proliferation [29].

Advantages & disadvantages of amniotic

fluid versus amnion membrane stem cells

Both AFSCs and amnion membrane-derived
stem cells (AMSCs) have their own advan-
tages and disadvantages. Figure 1 summarizes
the advantages and disadvantages of the two
sources of stem cells. First, amniotic fluid can
be collected during amniocentesis, while the
amnion membrane can only be harvested after
childbirth. This is a critical difference between
the two sources. The early harvest of amniotic
fluid allows the AFSCs to be isolated, cultured
and amplified prior to childbirth. Thus, if the
child develops any disease during or immedi-
ately after delivery, such as hypoxia, then the
baby’s own stem cells are readily available for
use. On the other hand, it takes weeks after
delivery to amplify AMSCs from amnion
membrane. The critical therapeutic window
might have passed when ample supply of
stem cells from amnion membrane is avail-
able for transplantation. Second, autologous
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Amniotic fluid-derived stem cells

Advantages ‘

* Can be harvested through amniocentesis
¢ Cells are ready at the time of childbirth
» Autologous transplantation is more feasible

Disadvantages ‘

¢ Associated risks with amniocentesis

* Less stem cells compared to the amnion
membrane

e Difficult to isolate and direct further
differentiation

Amnion membrane-derived stem cells

Advantages

» Safer harvesting procedure

* More stem cells can be harvested

* Well-studied origins of the stem cells =
easier to direct further differentiation

Disadvantages

¢ Can only be harvested after delivery
» Takes weeks after childbirth to amplify cells
* Allogenic transplantation more realistic

Figure 1. Advantages and disadvantages of amniotic fluid-derived stem cells and amnion

membrane-derived stem cells.

transplantation is more feasible with amni-
otic fluid than amniotic membrane due to the
former’s early harvesting period (i.e., during
amniocentesis). Hence the child can benefit
from his/her own stem cells. With amniotic
membrane, allogeneic transplantation is more
realistic than autologous, again due to the time
required to generate sufficient amount of stem
cells. Third, safety issues with amnion fluid
and membrane need to be considered. With
AFSCs requiring amniocentesis, there may be
risks associated with such procedure that can
cause injury to the mother and/or the child. In
contrast, AMSCs can be easily collected after
childbirth, posing no harm to the child and
the mother. For this reason, harvesting stem
cells from the amnion membrane is a much
safer procedure compared with amniotic fluid
collection. Alternatively, the amniotic fluid
can also be collected after childbirth, but the
advantages mentioned above (e.g., readily avail-
able autologous AFSCs for transplantation dur-
ing childbirth) are diminished. Fourth, the
amnion membrane contains more stem cells
compared with the amniotic fluid. Therefore
it is easier to culture and amplify stem cells
from amnion membrane than stem cells from
amniotic fluid. However, because the amniotic
fluid can be collected earlier using amniocente-
sis, there is plenty of time to amplify even with
a smaller initial number of stem cells. Finally,
it is difficult to isolate and confirm the stem
cells’ lineage of the amniotic fluid. AFSCs have
to be phenotypically characterized to obtain
a homogeneous cell population. Nonetheless,

Future Neurol. (2015) 10(4)

AFSCs have been shown to differentiate into
multiple lineages [5.30-32]. On the other hand,
the origin of amnion membrane is well studied.
Most of the stem cells from amnion membrane
are of epithelial and mesenchymal origins [33).
Hence, it is easier to isolate and direct further
differentiation with AMSCs. However, recent
studies have shown that most of the therapeu-
tic effects of stem cells are from the secreted
trophic factors, rather than the regenerated/
differentiated stem cells [25.34]. Thus, a homog-
enous cell population may not be required as
long as therapeutic outcomes are achieved.

Tissue engineering & regenerative
potential of amniotic fluid stem cells

There is a possibility of harnessing the thera-
peutic properties of AFSCs and AFMSCs and
applying them to tissue engineering and regen-
erative medicine for stroke. Studies from a rel-
evant neurological disorder, traumatic brain
injury (TBI), suggest the potential of AFSCs/
AFMSCs as subdural patch-like network called
biobridges. Biobridge formation may be fos-
tered by AFMSC, as seen in notch-induced
human bone marrow derived mesenchymal
stromal cells during regeneration in a rat TBI
model 35]. The formation of biobridges allows
movement of exogenous and endogenous stem
cells across non-neurogenic tissue to the site
of injury 35]. This novel biobridge-based tis-
sue engineering, coupled with the ability of
AFMSC to differentiate into neural progeni-
tor cells, may suppress the damaging inflam-
mation. Moreover, the graft-host integration

future science group



following the biobridge formation occurs with-
out eliciting an immune response, advancing
the notion of an amniotic fluid subdural patch
as a promising therapeutic agent for regenera-
tive medicine.

Xenografts have become a potential treatment
for many health disorders, including neurologi-
cal diseases. However, cells, tissues and organs
transplanted from one species to another are,
in many cases, rejected by the host’s immune
system. Xenoreactive antibodies lead to com-
plement activation and systemic inflammation,
rejecting the xenograft immediately (36.37]. Even
immune tolerance techniques such as neonatal
desensitization have failed to improve cell sur-
vival 38]. However, previous studies using cir-
culating anti-inflammatory alpha-l-antitrypsin
(ATT) in combination with anti-CD4/CD8
therapy have shown to protect xenografts from
inflammation, and as a result, promote xenograft
acceptance [39]. With this in mind, AFMSC
could be used as a new strategy to augment xeno-
graft rejection. Co-transplantation of immuno-
suppressive amniotic fluid stem cells may then
augment xenograft rejection.

In addition to dampening the immune
and inflammatory response associated with
xenografts, AFMSCs may also enhance the
therapeutic outcome of allograft transplanta-
tion. Allograft tolerance can be described as
the absence of a destructive reaction by the
host’s immune system against alloantigens of
the transplant. The early phase of the immune
response in allograft rejection is the innate and
non-specific immune response. The subsequent
phase is the donor-specific adaptive immune
response, which results from T-lymphocyte rec-
ognition of the alloantigens [40]. The immu-
nomodulatory properties of AFMSCs may help
to promote long-term allograft acceptance and
reduce chronic immunosuppression [8.41].
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Conclusion

Although more is known about cells derived

from the amniotic membrane than from amni-

otic fluid, there is great potential for future
clinical application of AFSCs. The routine
access to the amniotic fluid either during

amniocentesis or after birth, easy isolation

and amplification of stem cells, ability to dif-

ferentiate into many cell lines, capacity to exert

immunomodulatory effects and lack of ethical

barriers associated with AFSCs make them an

ideal cell source. AFSC transplantation could

be utilized in the treatment of ischemic stroke,

by promoting neurogenesis, angiogenesis and

immunomodulation. Further research needs

to be done to determine the full therapeutic
spectrum of AFSC, along with identifying the
optimal timing and best administration route

for transplantation in clinically relevant stroke

models. Exploring the potential of these cells

could lead to great advances in the fields of

tissue engineering and regenerative medicine,

and eventually toward the clinical application

of these cells in stroke.
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for bone regeneration

Assessment of umbilical cord tissue as a source of

mesenchymal stem cell/endothelial cell mixtures

Aim: To enumerate and characterize mesenchymal stem cells (MSCs) and endothelial cells (ECs) in umbilical
cord (UCQ) tissue digests. Materials & methods: Cultured UC cells were characterized phenotypically, and
functionally by using 48-gene arrays. Native MSCs and ECs were enumerated using flow cytometry. Results:
Compared with bone marrow (BM) MSCs, UC MSCs displayed significantly lower (range 4-240-fold) basal
levels of bone-related transcripts, but their phenotypes were similar (CD73*, CD105*, CD90*, CD45- and
CD317). UC MSCs responded well to osteogenic induction, but day 21 postinduction levels remained below
those achieved by BM MSCs. The total yield of native UC MSCs (CD90+, CD45- and CD235a) and ECs (CD31+,
CD45- and CD235w) exceeded 150 and 15 million cells/donation, respectively. Both UC MSCs and ECs
expressed CD146. Conclusion: While BM MSCs are more predisposed to osteogenesis, UC tissue harbors
large numbers of MSCs and ECs; such minimally manipulated ‘off-the-shelf’ cellular mixtures can be used
for regenerating bone in patients with compromised vascular supply.

KEYWORDS: bone marrow bone regeneration endothelial cells mesenchymal

stem cells umbilical cord

Bone regeneration following fracture or tumor
resection is highly challenging, and bone graft-
ing procedures remain the gold standard thera-
peutic intervention [1]. Autologous grafts, how-
ever, possess numerous disadvantages including
donor site morbidity and associated pain [2].
Bone marrow (BM) mesenchymal stem cells
(MSCs) were first used in combination with
osteoconductive scaffolds to repair bone [3.4].
Additionally, systemic administration of BM
MSCs has been used in both autologous and
allogeneic settings to treat osteogenesis imper-
fecta [s]. BM MSCs were also the first type of
MSCs shown to possess immunoregulatory
capacity [6], leading to worldwide therapeu-
tic use for the treatment of graft-versus-host
disease [7].

BM MSCs are relatively easy to pro-
cure, although their rarity in BM aspirates
(0.001-0.01%) necessitates culture amplifica-
tion in order to achieve the required number of
cells for therapy [8]. However, extended MSC
passaging is to be avoided owing to the loss of
potency and concerns relating to a potential
for accumulating senescent cells and chromo-
somal abnormalities [9,10]. With these issues in
mind, MSCs of perinatal origin have attracted
increased interest as potential candidates for
bone repair applications. Umbilical cord (UC)
tissue, UC blood, fetal liver, villous placenta,
fetal membranes and amniotic fluid have all
been shown to host MSCs [11-14]. Human UC

10.2217/RME.13.47 © 2013 Dimitrios Kouroupis

tissue in particular represents an attractive
MSC source for bone regeneration [15]; this is
not only because their harvest is noninvasive,
but also because of their juvenile biological age,
which argues for a lower possibility of genetic
alterations [14]. However, controversy still exists
regarding the osteogenic capacity of UC MSCs
in comparison to BM MSCs. Early studies
showed that UC MSCs could in principle differ-
entiate towards osteoblasts [16-19], however, later
studies documented that UC MSCs were only
weakly osteogenic [2021]. These discrepancies
could be explained by the fact that UC MSC cul-
tures in the aforementioned studies were derived
from different locations within the UC tissue
(22]. The inner tissue architecture of UC is com-
prised of two arteries and one vein, which are
surrounded by a matrix of mucous connective
tissue, termed Wharton’s jelly (23]. MSCs derived
from perivascular and Wharton’s jelly areas, in
particular, may have different propencities for
osteogenesis [18,20].

It should be kept in mind that bone forma-
tion in vivo is mediated by MSCs that closely
interact with local vasculature [24]; and nor-
mally, endothelial cells (ECs) crosstalk with
adjacent MSCs in their periendothelial niche
(25.26], and influence MSC behavior in situ.
In physiological bone repair processes, newly
synthesized vessels are stabilized by MSCs and
anastomose with pre-existing vessels, therefore
long-lasting, functional regeneration of truly
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vascularized bone is now believed to require
both cell sources [27-29]. Minimally manipulated
BM isolates, containing autologous MSCs and
potentially ECs, have been successfully used
in orthopedic settings [30,31]. The advantage of
using UC tissue in this context would be the
coexistence of both MSCs and large numbers
of ECs [32] within the same tissue.

The aim of this study was to compare the
in vitro osteogenesis of UC MSCs with that of
BM MSCs at functional and transcriptional
levels. Our secondary aim was to enumerate
MSCs and ECs in UC digests in comparison
to BM aspirates. In summary, we show that
UC MSCs are inferior to BM MSCs in their
in vitro osteogenic capacity, underscored by their
tissue-specific molecular signatures. However,
our enumeration experiments revealed that
the yields of native MSCs (CD45°, CD90* and
CD23500 cells) and native ECs (CD45-, CD31*
and CD235a) from a single UC donation
considerably exceeded those obtained from an
average 20-ml specimen of BM aspirate (average
90- and 11-fold, respectively). The simultaneous
isolation of UC MSCs and ECs could therefore
provide a novel means of generating a large pool
of native regenerative cells for allogeneic bone
repair applications.

Materials & methods
Cell processing

Cells were isolated from 19 UCs of full-term
elective cesarean section patients. The whole UC
tissue was mechanical sliced into small pieces
(approximately 0.2 g) and washed repeatedly
with phosphate-buffered saline (Life Technolo-
gies, UK). Single-cell suspensions were liberated
using 6-h incubation with 600 U/ml collagenase I
(Stem Cell Technologies, France) at 37°C with
gentle rotation. The average cellularity of enzy-
matically released UC isolates was 7.5 x 107 nucle-
ated cells/per gram of tissue. BM aspirates were
obtained from the iliac crest of ten healthy indi-
viduals (median age 45 years; range: 7-85). BM
mononuclear cells (MNCs) were isolated using
Lymphoprep (Axis-Shield, UK) density gradient
centrifugation and the average cellularity of BM
MNC fractions was 3.1 x 107 cells/ml. Sample
collection and the study protocol were approved
by Leeds Teaching Hospitals Research Ethics
committee (UK).

Expansion of MSC & EC cultures
For primary MSC culture, cells isolated from UC
digests and BM aspirates were seeded into six-well
cluster plates (Corning) in nonhematopoietic,

Regen. Med. (2013) 8(5)

MSC-specific medium (Miltenyi Biotec) at
the cell seeding density of 5 x 10% cells/well
(approximately 5 x 10° cells/cm?). After observ-
ing colony formation and subsequent cell 80%
confluency (denoted passage 0 [p0]), adherent
cells were trypsinized using trypsin/EDTA (Life
Technologies), reseeded and serially passaged
(for at least a further 40 days). The number of
viable cells at each passage was recorded and the
number of population doublings (PDs) between
passages ([p] starting from p0) was calculated
according to the following equation: PD = log2
(Nt/Ni), where Nt and Ni are the terminal and
initial cell numbers, respectively. PDs before p0
were calculated based on the colony-forming
unit-fibroblast (CFU-F) potential of cells seeded
to initiate cultures and the number of cells at p0
according to the equation PD = log2 (number of
cells at pO/number of seeded CFU-Fs). For pri-
mary culture of ECs, digested cells were seeded
in six-well plates (4000 cells/cm?) coated with
2 pg/cm? fibronectin (BD Biosciences, UK), to
allow for specific attachment of ECs, and grown
in EBM-2 medium (Lonza, UK). The EBM-2
medium contains fetal bovine serum, epithelial
growth factor, vascular endothelial growth fac-
tor, fibroblast growth factor-basic, insulin-like
growth factor, hydrocortisone, heparin, ascor-
bic acid and antibiotics, and is designed to sup-
port EC growth [33]. On day 2, adherent cells
were washed in phosphate-buffered saline and
similarly passaged for further 40 days; at pl of
culture no contaminating cells were evident by
flow cytometry. The isolation efficiency of both
MSCs and ECs was 100% (no donor failed to
generate cultures). Altogether, we generated six
donor-derived UC and BM MSC cultures each,
and three individual EC cultures; no pooled
cultures were used.

Differentiation assays
p3-cultured MSCs were subjected to standard
differentiation induction protocols, as previously
described in our laboratory [34]. In brief, osteo-
genic differentiation was induced in medium
containing low-glucose DMEM (Invitrogen,
UK), 10% fetal calf serum, 100 pM ascorbic-
2-phosphate, 10 mM B-glycerophosphate and
100 nM dexamethasone (all from Sigma-
Aldrich, UK), and assessed using staining for
alkaline phosphatase, Alizarin Red (both from
Sigma-Aldrich) or by measuring calcium deposi-
tion [35]. Chondrogenic differentiation was per-
formed on pellet cultures followed by staining
with Toluidine blue (Sigma-Aldrich) and mea-
surement of sGAG deposition [35]. Adipogenic
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differentiation was assessed by staining with

0.5% Oil Red (Sigma-Aldrich) 3s].

Flow cytometry on cultured cells
Phenotypic characterization of cultured MSCs
and ECs was performed at early and late pas-
sages (<20 and >20 PDs, respectively) to evalu-
ate the expression of markers specific to MSC,
hematopoietic and endothelial lineages. The
antibodies used were: CD31-FITC, CD105-
PE, CD90-PE (Serotec, UK), CD45-FITC,
CD34-PE (DAKO), CD73-PE, CD146-PE
(BD Pharmingen, UK) and CD271-PE (Milt-
enyi Biotec, UK). Three-color flow cytometry
was performed using FACScan (BD), as previ-
ously described using 2 pg/ml propidium iodide
(Sigma-Aldrich) for dead cell exclusion [34]. Iso-
type controls were from Serotec. All flow cytom-
etry analysis was performed using CellQuest
software version 3.1 (BD Biosciences).

Flow cytometry on uncultured cell

isolates

Evaluation of MSC and EC populations in UC
tissue digests or BM MNC fractions was assessed
using six-color flow cytometry on a BD LSRII
flow cytometer. Per sample, 2 x 10 freshly iso-
lated cells were stained with either CD90-PE or
CD146-PE, and CD31-APC (Miltenyi Biotec) in
combination with CD45-PECy7 (BD Pharmin-
gen) and CD235a-FITC (Dako), the latter two
to evaluate leukocytes and erythroid-lineage
cells, respectively. Dead cells were excluded using
2 pg/ml 7-aminoactinomycin D (7-AAD; Sigma-
Aldrich). Data acquisition and analysis were per-
formed using FACS Diva (BD Biosciences) and
the proportions of different cell fractions were
calculated as percentages of total live (7-AAD
negative) cells. It should be noted that Interna-
tional Society for Cellular Therapy (ISCT) crite-
ria, with the addition of novel markers, have been
followed for the phenotypic characterization of
cultured MSCs. However, the ISCT panel was
too broad to allow its application on freshly
digested tissues; the latter phenotyping required
the ‘gating out’ of dead cells, hematopoietic and
endothelial lineage cells, excluding three fluores-
cence channels on the flow cytometer. Therefore,
CD90*, CD45  and CD3I" strategy was used to
identify MSCs in uncultured cell isolates.

Gene expression studies using MSCs
& ECs
Taqman low-density arrays (TLDAs) were used
to compare transcript levels in both MSCs and

ECs. RNA was isolated from cells using RNA/

future science group

DNA/Protein purification kit (Norgen) and
c¢DNA produced using Superscript II (Life
Technologies). A format 48-TLDA (Applied
Biosystems) was used and included genes
involved in osteogenic, chondrogenic, adipo-
genic, angiogenic and myogenic lineage differ-
entiation, pluripotency, as well as novel osteo-
genically related transcripts recently discovered
in our laboratory (36]. The full list of 48 sepa-
rate transcripts is shown in Taste 1 & SurrLementary
Tasie 1 (see online at www.futuremedicine.com/
doi/suppl/10.2217/RME.13.47). The TLDAs
were run according to the manufacturer’s proto-
col, using 100 ng cDNA. All the expression data
were obtained using the ABI PRISM® 7900HT
sequence detection system. Values for each tran-
script were normalized to HPRTI (ACt) and rela-
tive expression was calculated using the formula
2-%¢t. Gene cluster analysis was performed as
previously described [36].

Data analysis

To identify differences between the three study
groups tested (BM MSCs, UC MSCs and UC
ECs), TLDA results were analyzed using the
Kruskal-Wallis test with Dunn’s correction for
multiple group comparisons. The nonparametric
Mann—Whitney test was used to compare indepen-
dent samples. p-values less than 0.05 were consid-
ered significant. Cluster analysis of gene expression
data was performed as previously described [36].

Results

Differentiation potentials of UC
& BM MSCs
Trilineage mesenchymal differentiation poten-
tials of UC and BM MSCs were investigated
using p3 cultures (corresponding to approxi-
mately 15 cumulative PDs). Alkaline phospha-
tase activity by osteogenically-driven UC MSCs
appeared visually weaker compared with BM
MSCs (Ficure 1A, far left panel) and their cal-
cium production on day 21 postinduction was
significantly lower (p < 0.05; Ficure 14, far right
panel). Chondrogenic differentiation capacity
of UC MSCs was donor-variable but on aver-
age similarly inferior compared with that of BM
MSC:s (Ficure 1A, middle left panel, average 15 vs
1 pg/pellet, respectively, p < 0.05; n = 3 in each
group). UC MSCs displayed lower lipid accu-
mulation than BM MSCs in adipogenic condi-
tions (Ficure 14, middle right panel), as shown by
us recently using a quantitative assay using Nile
red [37].

Next, MSC osteogenic differentiation was
evaluated in a time-course study (Ficure 1B). It
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Table 1. List of differentially expressed genes in undifferentiated bone marrow

and umbilical cord mesenchymal stem cells.

Assay ID Description Gene Fold difference
name BM:UC MSCs*
Hs00192325_m1 Osteomodulin OMD '
Hs00154192_m1 Bone morphogenetic protein 2 BMP2 240
Hs00180066_m1  Secreted frizzled-related protein 4 SFRP4 50
Hs01005963_m1 Insulin-like growth factor 2 IGF2 29
Hs00269972_s1 CCAAT/enhancer-binding protein-o CEBPA 9
Hs00610060_m1  Secreted frizzled-related protein 1 SFRP1 6.5
Hs00900058_m1  Vascular endothelial growth factor-a. VEGFA 6
Hs00998018_m!1 Platelet-derived growth factor receptor-a. PDGFRA 5
Hs00173634_m1  Vascular endothelial growth factor-f VEGFB 4
Hs01028971_m1 Collagen type 1 o 2 COL1A2 4
Hs01052937_m1 Vascular endothelial growth factor receptor 1 FLT1 0.03
Hs00403062_m1  BMP-binding endothelial regulator BMPER 0.5
*p < 0.05, Mann—-Whitney test. Fold changes were based on mean values.
The expression was below detection in UC MSCs, therefore no fold changes or statistical values could be calculated.
BM: Bone marrow; MSC: Mesenchymal stem cell; UC: Umbilical cord.

was previously suggested that osteogenic pro-
gression of UC MSCs proceeds at a faster rate
compared with BM MSCs (18], with the peak of
mineralization occurring earlier, before day 21
when it is commonly analyzed. By contrast,
both staining for ALP activity (left panel) and
Alizarin Red indicating mineralization (right
panel) revealed the slower rate of osteogenesis
in UC MSCs (Ficure 1B) in our differentiation
conditions.

Altogether, these data indicated that both
BM and UC MSC cultures were tripotential,
however, UC MSCs were inferior in their dif-
ferentiation capacities, particularly with respect
to osteogenesis, which proceeded much slower.

B Growth & phenotypic characteristics
of UC & BM MSCs

We next hypothesized that the lower osteogenic
capacity of UC MSCs could be due to their
lower levels of purity, due to potential contami-
nation with other adherent cells (since whole
UC tissue digests were used to initiate the cul-
tures). However, p3 cultures from both sources
expressed classic MSC markers CD73, CD90
and CD105 at similar levels (all >90% positive)
and were negative for hematopoietic (CD45)
or endothelial lineage (CD31) markers (n = 3
donors in each group; Ficure 24). Previous stud-
ies have documented other molecules (CD146
(38.39] or CD271 [34]) as potential MSC markers.
CD146 was expressed on the majority (>80%)
of p3 MSCs from both tissues and declined only

slightly (to approximately 50-70% of cells) at
late passages (>20 PDs; Ficure 24). CD271 was
largely absent on both types of cultured MSCs,
consistent with previous findings pertaining to
cultured BM MSCs [34].

A possibility of contamination of UC MSC
cultures with more mature adherent cells was
assessed in long-term cultivation experiments
(Ficure 2B). UC MSCs grew fast (n = 5 donors
tested) and did not show signs of senescence up
to 60 days in culture, rejecting this possibility.
These data indicated that the observed differ-
ences in osteogenesis between the two MSC types
were unlikely to be a result of lower purity of the

UC MSCs.

 Transcriptional profile of UC & BM
MSCs before osteogenic induction

We next reasoned that the observed functional
differences in osteogenic capacities of UC and
BM MSC:s could be a result of different predis-
position to osteogenesis at the RNA level. To
investigate this, transcriptional profile analysis
was performed using both types of MSCs (n = 4
and 3, respectively), and UC ECs (n = 3) were
additionally employed as a negative/non-MSC
control. UC ECs were generated from UC
digests by attachment to fibronectin and spe-
cific expansion in EC-specific EBM-2 medium
(37]. The majority of genes were selected based
on their involvement in osteogenic—angiogenic
interactions [40,41], including novel genes recently
described in our laboratory [36].

572

Regen. Med. (2013) 8(5)

future science group



Umbilical cord tissue as a source of cells for bone regeneration

Cluster analysis revealed a close relationship
between UC and BM MSCs and a separate
branching of UC ECs (Ficure 34). Compared
with both types of MSCs, ECs overexpressed
FZD4/frizzled 4, LRP5/low-density lipoprotein
receptor-related protein 5 and PECAMI/CD31
(Ficure 3B). In ECs, the CD31 transcript was
expressed approximately 500-fold higher com-
pared with both MSCs and, as expected, no
CD31 protein expression was observed on the
surface of MSCs by flow cytometry (Ficure 30).
The transcripts for PGF/placental growth fac-
tor, KDR/VEGFR2 and MCAM/CD146 were
significantly higher in ECs compared with UC
MSCs (Ficure 3B). At the surface protein level,
CD146 was found to be similarly expressed in all
three cell types (Ficure 3¢). Therefore, the lack of
CD146 specificity for MSCs was demonstrated
at both mRNA and protein levels.

Statistical analysis for two independent groups
of MSCs (UC and BM) has revealed drastically
lower expression of mature bone proteins OMD/
osteomodulin and COLIA2, molecular agonists
BMP2 and IGF2/insulin-like growth factor 2,
Wnt pathway regulators SFRP4 and SFRPI, and
transcripts for vascular endothelial growth fac-
tors VEGFA and VEGFBin UC MSCs (p < 0.05;
Taeee 1). FLT1/vascular endothelial growth factor
receptor 1 and BMPER/BMP binding endothelial
regulator were upregulated in UC MSCs com-
pared with BM MSCs (Tasie 1). Previous literature
implicated FLTI upregulation with hypoxia-
driven neovascularization and angiogenesis [42],
whereas BMPER was shown to regulate bone
morphogenetic protein-dependent angiogenesis
(43]. Overall, the majority of osteogenesis-related
molecules were expressed at higher levels in BM

MSCs compared with UC MSCs.

Transcriptional profile of UC & BM
MSCs following osteogenic
differentiation
Next, the responsiveness of UC and BM MSCs
to in vitro osteogenic induction was assessed
using the same TLDA card. Changes in gene
expression levels in differentiated cells on day 21
postinduction were compared with day 0 lev-
els (i.e., levels in undifferentiated cells; n = 4
and n = 3 for UC and BM MSCs, respectively;
Ficure 4). In BM MSCs, the highest upregu-
lation postosteoinduction (up to 100-fold)
was observed for FRZB/SFRP3 and IGF2
(Ficure 44). These transcripts were also upregu-
lated in UC MSCs (up to 80-fold), but their
levels postinduction rarely reached the levels of

differentiated BM MSC:s.
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Figure 1. Differentation capacity of umbilical cord and bone marrow
mesenchymal stem cell cultures. (A) Osteogenesis, chondrogenesis and
adipogenesis (left panel; from left to right) and calcium (Ca*?) production (right
panel). Staining for alkaline phosphatase (day 14), toluidine blue (day 21) and Oil
Red O (day 21), respectively. Original magnification: osteogenesis, x100;
chondrogenesis, x40; and adipogenesis, x200. Ca?* production (ug/3 x 10) by BM
mesenchymal stem cell (MSCs; n = 6) and UC MSCs (n = 6) was measured before
(Undif) and after (Dif) osteoinduction; error bars represent standard deviations.
(B) Time course of the osteogenic progression (representative donor). Alkaline
phosphatase (blue) and Alizarin red (red) staining are weaker in UC MSCs at all

time points studied.

BM: Bone marrow; Dif: Differentiated; UC: Umbilical cord; Undif: Undifferentiated.

Two other secreted frizzled-related proteins
(SFRPs) under investigation were consistently
upregulated in UC MSC:s following osteoinduc-
tion, but at best, their induced levels reached
only the basal levels of BM MSCs and were con-
siderably less than in osteogenically differenti-
ated BM MSCs (Ficure 4B). Interestingly, angio-
genesis-related transcripts PGF and VEGFA
were consistently downregulated following
osteogenic differentiation in BM MSCs, but
not in UC MSCs (Ficure 40). In fact, not a single
transcript displayed a consistent downregulation
in its expression in osteogenically differentiated
UC MSCs.

OMD, a mature bone protein transcript
involved in osteoblast maturation, also displayed
upregulation postosteoinduction in UC MSCs
but due to undetectable levels in undifferen-
tiated UC MSCs (Tasie 1) values/fold changes
could not be calculated. Still, OMD transcript
levels in differentiated UC MSCs did not reach
the expression levels in differentiated BM MSCs.

Overall, these molecular profiles indicated
that BM MSCs were more committed and
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Figure 2. Phenotypic profiles and growth kinetics of umbilical cord and bone marrow
mesenchymal stem cells. (A) Similar surface marker expression levels in early (<20 population
doublings) and late cultures (>20 population doublings; n = 3 donors in each group, error bars
represent standard deviations). (B) Growth kinetics of BM MSCs (four donors) and UC MSCs (five
donors). Population doubling times (in days/population doubling) are shown for each donor

(represented by different symbols).

BM: Bone marrow; MSC: Mesenchymal stem cell; UC: Umbilical cord.

responding well to osteogenic stimuli, whereas
UC MSCs appeared to be responsive but unable
to progress all the way to the same level of
commitment as differentiated BM MSCs.

Enumeration of native MSCs & ECs in
UC digests

Although UC MSCs had a lower predisposition
to osteogenesis (Ficure 3), they were still able to
respond to osteogenesis stimulation (Ficure 4).
Therefore, we next explored whether the value of
UC tissue for bone repair applications would be
primarily as a source of large numbers of regen-
erative cells including ECs. For this, six-color
flow cytometry was performed to identify and
quantify native MSC and EC populations in
UC digests compared with BM aspirates (n = 5
and n = 3 for UC and BM donors, respectively;
FIGURE 5).

Despite extensive washing, the overwhelming
majority of cells in both sources were CD45*
hematopoietic cells (average 86 and 91% for
UC digests and BM aspirates, respectively;
Ficure 5A). The proportions of CD235a* ery-
throid precursors were similar and averaged
approximately 1% (Ficure 54). These hemato-
poietic cell subsets were subsequently ‘gated

Regen. Med. (2013) 8(5)

out’, meaning removed from the analysis, and
native MSCs and ECs were identified based
on CD90 and CD31 expression, respectively.
The frequency of native MSCs (CD90*, CD45
and CD235a) was significantly higher in UC
digests compared with BM aspirates (approxi-
mately 70-fold; p < 0.05; Ficure 5A). Native ECs
(CD31*, CD45  and CD235a) were twofold
more numerous in UC digests compared with
BM aspirates (not significant; Ficurs 54). Based
on our flow cytometry data using whole UC
tissue digests, the proposed yield of native
MSCs and ECs from UC, based on CD90 and
CD31 markers, respectively, could be as high as
151-170 and 15-17 million cells, respectively
(taking into consideration the average weight
of a human full-term UC of 40-45 g). Based
on native cell frequencies in BM aspirates,
such numbers of MSCs and ECs could not be
achieved from a single BM donation (would
require up to approximately 1.8 | for MSCs and
220 ml for ECs).

We next performed a more detailed pheno-
typic analysis of native UC ECs. The gating
strategy (R1) and identification of a distinct
native UC EC population (R2) are shown on
Ficure 5B. Native UC ECs lacked CD90, the
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Figure 3. Transcriptional profiling of bone marrow mesenchymal stem cells, umbilical cord mesenchymal stem cells and
umbilical cord endothelial cells by Tagman low-density arrays and selected transcript validation by flow cytometry. (A) The

heat map showing distinct clustering of both MSC types away from ECs. Log, transformation was performed according to the methods

described in the Cluster & TreeView Manual and scores were assigned as follows: red = >1, green = <1, black = 1 and grey = missing data
(below detection). (B) Transcripts highly specific for ECs. Results for individual donors are shown. Y-axis represents transcript expression
levels normalized to the HPRTT gene (scale log, ). (C) Flow cytometry validation of PECAM71/CD31 expression and MCAM/CD146

expression (filled histograms: marker; open histograms: isotype control). Horizontal lines represent the region used to calculate percentages
of marker-positive cells; the data above the lines indicate average proportions of positive cells + standard deviation (n = 3 donors).

*p < 0.05, Kruskal-Wallis test with Dunn’s correction.

BM: Bone marrow; EC: Endothelial cell; MSC: Mesenchymal stem cell; UC: Umbilical cord.
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Figure 4. Preosteoinduction
(undifferentiated) and postosteoinduction
(differentiated) expression patterns of
selected bone- and angiogenesis-related
transcripts. (A) Two representative transcripts
(FRZB and /GF2) that displayed strong and
consistent upregulation in both types of
mesenchymal stem cells (MSCs). (B) The
expression of two Wnt pathway regulators
SFRP4 and SFRPT showing consistent
upregulation in day 21 differentiated UC MSCs,
although the levels of differentiated BM MSCs
were never achieved. (C) Angiogenesis-related
transcripts that were consistently
downregulated in BM MSCs but not in UC
MSCs, where they commonly remained
expressed at comparably low levels (n = 4
donors for UC MSCs and n = 3 donors for BM
MSCs, scale log, ).

BM: Bone marrow; Dif: Differentiated;

UC: Umbilical cord; Undif: Undifferentiated.

robust MSC marker, and 80 + 16% of them
expressed CD146 (Ficure 5C). These data clearly
indicated CD146 was expressed on native UC
ECs and hence, contrary to recent publications
pertaining its specificity for BM MSCs [25],
CD146 was not solely specific for MSCs, at least
in the UC tissue.

Discussion

Effective bone tissue regeneration depends
on the correct combination of cells, scaffolds,
growth factors and mechanical stimuli [44].
Recently, UC MSCs were proposed as a source
of MSCs alternative to BM [15.45], not only
because their isolation is noninvasive [22,46,47],
but also because of their ability to rapidly colo-
nize polymer scaffolds and demineralized bone
matrices 7 vivo [45,48).

In this study, we demonstrated the inferi-
ority of cultured UC MSCs over BM MSCs
in standard 7z vitro differentiation conditions.
We explored potential molecular mechanisms
behind these observations and found that sev-
eral transcripts related to osteogenesis were sig-
nificantly lower in undifferentiated UC MSCs;
this particular expression pattern could be
responsible for the lower osteogenic capacity
of UC MSCs observed 77 vitro. Our findings
support a previously proposed concept that
functional differences between MSCs from
different sources could be linked to basal lev-
els of gene expression (i.e., before osteogenic
induction) [13,49].

Our findings are consistent with previous
studies describing the lower osteogenic potency
of UC tissue-derived MSCs [20,21]. The differ-
ences between our study and previous data, in
which greater osteogenic capacity in UC MSCs
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was observed [18,19], could be explained by the
fact that in the latter studies UC MSCs were
specifically derived from perivascular areas of
UC tissue, the regions known to contain more
mature progenitors compared with intervascu-
lar areas [22,50]. In further experiments, special-
ized 3D systems could be tested to better mimic
bone formation iz vivo and possibly enhance
osteogenesis of UC MSCs.

Although MSCs resident in different tissues
all fulfil the minimal criteria for MSCs [51], their
degrees of differentiation capacity differ. For
example, periosteal MSCs are better at osteo-
genesis compared with synovium-resident MSCs
[49]. Synovial MSCs, on the other hand, possess
better chondrogenesis compared with adipose-
or BM-derived MSCs [s2]. It is currently believed
that differing propensities of MSCs towards a
certain lineage are dictated by physiological
demands for cell replacement within that tis-
sue [49]. This is much harder to conceptualize
for MSCs from perinatal tissues such as UC or
placenta: recently shown to be similarly inferior
in osteogenesis when compared with BM MSCs
53]. The study by Guillot ez /. using fetal tis-
sues (BM, blood and liver) has documented a
hierarchy in osteogenesis, with fetal BM per-
haps unsurprisingly showing the best osteogenic
potential [13].

When comparing osteogenesis of MSCs
derived from different tissue sources, only a
few studies have attempted to address molecu-
lar mechanisms behind these observations. In
many cases, certain surface markers were found
to be differentially expressed and putatively
linked with the observed functional differences.
A recent study by Pilz et al. found an associa-
tion between higher CD146 expression by BM
MSCs and their stronger osteogenesis, compared
with placenta-derived MSCs [53]. In many other
studies, however, such links with MSC surface
marker expression have not been found [49,54].

In the present study, UC and BM MSCs had a
classic MSC phenotype and no quantitative dif-
ferences in marker expression were found. Clus-
ter analysis revealed distinct grouping of UC and
BM MSCs away from ECs. Six out of 45 mole-
cules, including CD146, were expressed at higher
levels in ECs compared with MSCs. Compared
with BM MSCs under normal culture-expansion
conditions, UC MSCs expressed lower levels of
ten transcripts whereas only two transcripts were
found to be expressed at a greater level. Day 21
osteogenically differentiated BM MSCs displayed
a consistent upregulation of osteogenesis-related
transcripts, whereas some transcripts related
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Figure 5. Cellular composition of umbilical cord tissue digests and bone
marrow aspirate mononuclear cell fraction. (A) The frequencies of different
cell populations relative to total viable cells in UC digests (dark bars, n = 5 donors)
and BM aspirates (light bars, n = 3 donors). Native MSCs: CD45-, CD235a: and
CD90*. Native ECs: CD45-, CD235a and CD31*. (B) Representative flow cytometry
data showing the gating strategy for the removal of dead/7AAD+ cells (left plot,
gate R1) and a distinct native EC population (right plot, gate R2) in UC digest.

R1: live cells; R2: positive fraction. (C) Distribution of CD146 and CD90 markers on
the native EC population of UC tissue digest. Native UC ECs lacked CD90, but

80 + 16% of them coexpressed CD146 in vivo. Dashed lines represent the region
used to calculate percentages of marker-positive cells; the data above the lines
indicate average proportions of positive cells + standard deviation (n = 3 donors).
*p < 0.05.

BM: Bone marrow; EC: Endothelial cell; MSC: Mesenchymal stem cell;

UC: Umbilical cord.
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to support of angiogenesis (PGF and VEGFA)
were downregulated. Although UC MSCs also
upregulated many of the transcripts tested and
their response to differentiation stimuli was
strong for most transcripts, the expression lev-
els of differentiated BM MSCs were very rarely
achieved. These findings potentially suggest that
BM MSCs are more predisposed to osteogenesis
even in their undifferentiated stage, whereas UC
MSCs remain truly ‘immature’. Therefore, a
combination of our staining (Ficure 1B) and molec-
ular (Ficure 3 & 4) results support a proposition that
UC MSCs might require longer and/or stronger
induction to commit to and undergo osteogen-
esis. The notion of the relative ‘immaturity’ of
UC MSCs additionally explains the higher rate of
success in using UC MSCs, compared with BM
MSCs, in neuronal applications where a broader
differentiation plasticity is needed [55.56].

Apart from MSCs, we were also interested in
other cell populations, particularly ECs, in UC
tissue digests. We were mindful that in physi-
ological bone remodeling processes and during
fracture repair, bone never forms without the
presence of vasculature [40]. Whereas BM MSCs
could indeed attract and support host vasculature
[57], in some cases, including fracture nonunion
and large segmental bone defects, an external
source of ECs may be required. According to our
calculations based on native cell frequencies in
BM aspirates, such numbers of ECs could not be
achieved from an average single BM donation (it
would require approximately 220 ml). A limita-
tion of our work is that only a CD90-based strat-
egy was used to quantify native MSCs; this was
owing to its high specificity for MSCs and limited
availability of correct CD73 and CD105 antibody
conjugates for multiparameter gating required for
the analysis of UC tissue digests.

Based on these findings, we propose the feasi-
bility of using UC MSCs/UC ECs mixtures for
bone regeneration approaches. ECs are critical
for forming the capillary networks connecting to
the recipient’s circulation, whereas MSCs support
and enhance the process of blood vessel formation
via chemotaxis and cell-to-cell contact with ECs.
Supplementation of UC MSCs with ECs may fur-
ther accelerate bone formation and maturation
(s8]. This statement can be further supported by
previous data showing the safety of allogeneic UC
MSC:s in both animal [45,59] and human [60] set-
tings. Importantly, the safety of allogeneic ECs
to treat vascular access dysfunction has been
recently shown in a multicenter clinical trial [61].

CD146 has been recently proposed as a marker
of MSC:s in different tissues [38.62] and the fact

Regen. Med. (2013) 8(5)

that it is expressed on ECs [63] has been largely
overlooked in the MSC literature. As a part of
this study, we showed that CD146 was not only
expressed on MSCs, but also on ECs, including
native cells. Therefore, CD146-based selection
approaches can be potentially used for the iso-
lation of regenerative UC MSC/EC mixtures;
such mixtures could enhance tissue vasculariza-
tion and bone regeneration in the treatment of
fracture nonunion or avascular necrosis of the
femoral head, where vascular supply to bone is
compromised.

Conclusion

Reliable access to UC tissue makes UC MSCs
favorable for use as cell therapy. In this study, we
showed that although growth characteristics and
phenotype maintenance of UC MSCs support
their clinical use in principle, their transcrip-
tional and functional profiles in comparison
to BM MSCs argue against bone repair appli-
cations in which their rapid and direct conver-
sion to osteoblasts is attempted. On the other
hand, whole UC tissue digests contain massive
amounts of native MSCs and ECs, which with-
out the requirement for culture expansion could
be coisolated, banked, injected or used in combi-
nation with scaffolds for repairing complex frac-
tures with compromised vascular supply. If native
UC MSCs and ECs are proven to be as immu-
noprivileged as cultured UC MSCs [19.23], these
minimally manipulated isolates could provide a
novel approach for bone regeneration.

Future perspective

The ultimate goal of MSC-based strategies for
bone regeneration is the development of indica-
tion- and site-specific approaches that are adapt-
able to current clinical practices. The disadvan-
tage of using autologous BM as a source of exog-
enous MSC:s for bone regeneration augmentation
is its limited supply and dilution with blood when
larger volumes are harvested [64]. Complex bone
regeneration additionally requires an adequate
vascular supply [44]. UC tissue is easily acces-
sible and UC MSCs have been tested previously
for their safety in allogeneic settings in humans
(65]. The present findings propose a possibility of
‘banking’ of uncultured cell isolates containing
both MSCs and ECs, selected from whole UC
tissue digests based on the CD146 expression.
Because of the very high number of MSCs and
ECs that can be extracted from a single UC tis-
sue donation, the manufacturing and banking
costs are likely to be low compared with standard
GMP-grade MSC expansion [66] or endothelial
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progenitor cell isolation [67]. Furthermore, our
findings show good responsiveness of UC MSCs
to osteogenic stimulation, indicating that the
osteogenic capacity of UC MSCs could be in prin-
ciple enhanced by using appropriate osteoconduc-
tive scaffolds and osteoinductive growth factors
such as BMP2 7% vivo (68]. In vivo experiments in
animal models of site-specific bone regeneration
are therefore warranted to investigate the safety
and efficiency of this novel allogeneic cell-based
approach of bone regeneration.
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Executive summary

transcriptional activity.

based on CD146 expression.

Transcriptional profile of umbilical cord & bone marrow mesenchymal stem cells following osteogenic differentiation

= Mesenchymal stem cells (MSCs) from whole umbilical cord (UC) tissue digests respond well to the osteogenic stimulation but display
lower in vitro differentiation capacity, compared with bone marrow MSCs, due to their lower ‘baseline’ osteogenesis-related

Enumeration of native mesenchymal stem cells & endothelial cells in umbilical cord digests
= UC tissue digests contain large numbers of native MSCs and endothelial cells, which can be enumerated, characterized and copurified

= Specific marker-based strategies should enable a highly selective isolation of minimally manipulated regenerative cell fractions,
including MSC/endothelial cell mixtures from the UC tissue, for the development of future therapies for bone regeneration.
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Factors influencing yield and neuronal
differentiation of mesenchymal stem cells
from umbilical cord blood and matrix

Aim: Umbilical cord blood and Wharton’s jelly (WJ) are potential sources of
mesenchymal stem cells (MSCs). We investigated whether harvesting and donor
characteristics affected yield and neuronal differentiation, and compared human
umbilical cord blood (hUCB) and WJ-derived MSCs regarding neuronal differentiation
and cytokine secretion. Materials & methods: MSCs were analyzed by immunoblotting
after seven days of differentiation; cytokine protein arrays were used to analyze
conditioned medium. Results: Birth weight and blood/anticoagulant ratio influenced
MSCyield per unit blood volume, but not maternal and gestational age, delivery mode
or fetal gender. Expression of the early neuronal differentiation marker nestin was
unaffected by these variables. hUCB- and WJ-derived MSC secrete distinct cytokine
profiles. Conclusion: Cell yield is affected by certain donor characteristics. hUCB- and

WIJ-derived MSCs may serve distinct therapeutic niches.
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Experiments in animal models of various
neurological impairments suggest that the
transplantation of mesenchymal stem cells
(MSCs) may result in behavioral and mor-
phological improvements. The mechanism
of action of such transplantations, however,
is not exactly known and subject to debate.
Some lines of evidence suggest that there is
a functional integration of the transplanted
cells into the diseased neural network, in
other words, the transplanted cells differenti-
ate into neural-like cells [1,2]. Others observed
that improvements were attributable to an
indirect mode of action, putatively mediated
by factors secreted by the transplanted cells
and positively affecting the host tissue [3.4].
Umbilical cord blood has been shown to
be a source of multipotent hematopoietic and
nonhematopoietic stem cells [5]. Transplan-
tation of such cells into the CNS of animal
models of various diseases (e.g., stroke, peri-

natal hypoxic-ischemic brain injury, spinal
cord injury, amyotrophic lateral sclerosis and
traumatic brain injury) led to measurable
improvements in some cases. However, the
mechanisms by which these cells exert their
beneficial effects, are not fully understood yet.

In a previous study, the mononuclear frac-
tion of human umbilical cord blood (hUCB)
was shown to have the capability to prolif-
erate and to differentiate into neural-like
cells in response to different growth factors.
Also, the secretion of various cytokines and
other factors were modulated in conditioned
medium, for example, anti-inflammarory,
neuroprotective, angiogenic and chemotac-
tic factors [6]. Specifically, it was demon-
strated that the expression of neural marker
proteins was induced, while the CD45-
expressing lymphocyte population substan-
tially decreased, indicating either transdiffer-
entiation or lineage selection. Furthermore,
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analysis of the medium conditioned by hUCB-derived
mononuclear cells after induction with a combination
of either EGF and FGF-2 or retinoic acid (RA) and
NGF revealed substantial secretion of a number of
cytokines, chemokines and growth factors. Many of
the secreted factors are renowned for their beneficial
effects under inflammatory or brain-damaging condi-
tions, providing anti-inflammatory effects or acting
pro-angiogenic. The influence of clinical variables on
the cytokine and chemokine secretome and the neuro-
nal differentiation of hUCB-derived MSCs, however,
has not been studied to date.

Apart from hUCB, Wharton’s jelly (W]) is another
viable source of MSCs [7]. W] has many advantages
compared with hUCB. For example, it is easily avail-
able and can be additionally collected in all patients
donating hUCB. Moreover, W] is also available when
hUCB cannot be used due to infectious contamina-
tion. Lastly, W] is still available in cases when not
enough volume of hUCB has been collected, for exam-
ple in very early preterm newborns or after umbilical
cord milking or delayed cord clamping. However,
MSCs from W] are not identical to those derived from
hUCB. For example, MSCs from hUCB and W] dif-
fer in their functional properties. El Demerdash ez al.
found that W]J-derived MSCs could better differen-
tiate into insulin producing cells 77 vitro and better
controlled hyperglycemia in diabetic rats 77 vivo [8].
The differential influence of clinical variables on the
cytokine and chemokine secretome and the neuronal
differentiation of W]J-derived MSCs compared with
hUCB-derived MSCs is unknown.

In the present study, therefore, we aimed to assess
whether the amount of collected hUCB volume and
maternal and fetal clinical characteristics such as birth
weight, maternal age, gestational age, delivery mode
and fetal gender affect the cell yield of MSCs and their
potential of neuronal differentiation. In addition, we
compared the secretory potential regarding cytokines
and chemokines of MSCs from hUCB and WJ. This
study was designed to improve the understanding of
the biology and potential risks and benefits of MSCs
when used as potential therapeutic agents in the context
of various degenerative disorders, for example, nervous
system impairments such as stroke, perinatal hypoxic-
ischemic brain injury or spinal cord injury. The results
of this study may also be used to direct future research
in this area.

Materials & methods

Materials

This study was performed with the approval of
the responsible institutional review board. Written
informed consent for umbilical cord collection was

Rezniczek, Kumbruch, Scheich, Jensen & Tempfer

obtained from all patients. Inclusion criteria for umbil-
ical cord collection were delivery at the department
after an uneventful singleton pregnancy and written
informed consent. Exclusion criteria were fetal malfor-
mation, amnion infection syndrome, maternal drug
abuse during pregnancy and use of prescription drugs
during pregnancy except for iron, iodine and vitamin
preparations. Cord blood was obtained by sterile punc-
ture of the umbilical vein immediately after delivery
of the fetus and stored according to established proce-
dures [9]. The umbilical cord was kept in Hank’s bal-
anced salt solution containing penicillin (100 IU/ml)
and streptomycin (100 pg/ml) at 4°C. Both, blood and
cord were processed between 2 and 36 h after delivery.

Isolation & culture of hUCB-derived
mononuclear cells

Umbilical veins were punctured postpartum and the
blood was collected in tubes containing citrate phos-
phate dextrose (CPD) as anticoagulant. Blood sam-
ples were stored for up to 24 h before mononuclear
cells were isolated by density gradient centrifugation
(d = 1.077 g/ml; Biocoll, Merck-Millipore/Biochrom,
Berlin, Germany). The mononuclear cell fraction
was collected from the interphase, resuspended in
phosphate-buffered saline (PBS) and the number and
viability of cells were assessed by trypan blue staining,
Further culture and expansion of cells were carried out
as described previously [6]. In brief, cells were plated at a
density of 1 x 107 cells/ml in Dulbecco’s minimal essen-
tial medium, supplemented with 2 mM glutamine,
0.001% B-mercaptoethanol, 1x nonessential amino
acids and 10% fetal calf serum (standard medium
[SM]). After 2 days in vitro (DIV), nonadherent cells
were transferred to fresh culture dishes and cultured for
another 2 days, during which time they became adher-
ent. Subsequently, cells were expanded in prolifera-
tion medium, consisting of 50% Dulbecco’s minimal
essential medium/50% Ham’s F12, supplemented with
EGF (20 ng/ml) and FGF-2 (20 ng/ml). After a total of
7 DIV, cells were transferred to neural differentiation
medium (DM), in which EGF and FGF-2 were substi-
tuted by all-trans RA (0.5 uM) and NGF (100 ng/ml),
and then cultured for another 7 days.

Isolation & culture of Wharton's jelly-derived
cells

Explant cultures were obtained essentially as described
by Mitchell ez al. [10]. In brief, blood vessels were
removed from umbilical cords and the remaining tis-
sue was diced into small fragments. The fragments
were rinsed in PBS, drained and placed on dry culture
dishes. After 10 min, SM was added and cells were
allowed to migrate/grow for approximately 2 weeks.
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Cells were passaged when they reached 80% conflu-
ency. After the initial passage, explant cultures were
treated the same as hUCB-derived cells.

Preparation of mononuclear cell-conditioned
medium

Conditioned medium was collected from cells after
7 days in DM (i.e., after a total of 14 DIV for hUCB-
derived cells and 10 days after the initial passage for
matrix-derived cells) and analyzed either immediately
or stored at -20°C in bovine serum albumin-coated
cryotubes.

Immunocytochemical analysis

& immunoblotting

Determination of cell morphology and expression
of neural markers was performed as described previ-
ously [6]. In brief, for immunocytochemistry, cells
grown on coverslips were fixed in 4% paraformalde-
hyde (in PBS) for 20 min, blocked and incubated with
primary antibodies overnight at 4°C, followed by three
5-min wash steps and secondary antibody incuba-
tion for 2 h at room temperature. For immunoblot-
ting, total cell lysates were prepared by directly adding
sodium dodecyl sulfate (SDS)-sample buffer (Roti-
Load 1, Carl Roth, Germany) to cells. In all cases, cells
from passage numbers 2 to 4 were used.

Human cytokine protein array & ELISA

Expression levels of secreted factors in the condi-
tioned media were assessed by a commercial cyto-
kine antibody array (RayBiotech Inc., GA, USA) as
described previously [6]. Specifically, we investigated
the potential of the cells to differentiate, defined as
the percentage of cells adopting a neural phenotype
and expressing corresponding markers and measured
the quantitative and qualitative secretion of cytokines

Table 1. Donor characteristics.

(IL-1a., IL-1B, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13,
IL-16), growth factors (ANG, VEGF, BDNF, GDNEF,
NT-3, NT-4, PDGF-B, EGF, HGF) and chemokines
(MCP-1, MCP-4, MIP-1B, MIP-3a,, SDF-1, Etx-2,
PARC, MIG, GRO).

Statistics

Chi-square test was used for the comparison of frequen-
cies and cross-tabulations, and student’s t-test (normally
distributed data) or Mann—Whitney U test was used
on means. Descriptive statistics (means, standard devia-
tions [SDs]; median and ranges) were calculated. For
multivariate logistic analysis, variables were categorized
as indicated. We used the statistical software SigmaPlot
12.5 for Windows (Systat Software Inc., CA, USA).

Results

We collected 205 hUCB samples, of which 104 (51%)
were derived from male newborns and 101 (49%) were
derived from female newborns. Table 1 shows a compar-
ison of clinical variables such as gestational age, delivery
mode (vaginal delivery vs cesarean section), mother’s
age, birth weight of the newborn and the blood/CPD

ratio between male and female hUCB samples.

Clinical factors influence the cell yield of MSCs

Figure 1 shows box and dot blots of the MSC cell
counts per ml in relation to the newborn’s gender,
delivery mode, gestational age, mother’s age, birth
weight of the newborn and the blood/CPD volume
ratio, demonstrating that the MSC cell count was sig-
nificantly affected by the birth weight of the newborn
as well as by the blood/anticoagulant (CPD) volume
ratio. Specifically, a higher birth weight led to a higher
MSC count (in millions per ml blood) (median: 2.86
[interquartile range: 1.82-4.47] vs 2.13 [1.65-2.93];
p = 0.017), whereas a lower blood/CPD ratio led to

Variable Total Male Female p-value

n 205 104 (51) 101 (49)

Gestational age 273.6 £ 10.0 (273; 272.9 £ 10.0 (273; 274.4 £ 10.1 (273; 0.3

(days) 235-294) 247-290) 235-294)

Delivery mode: 0.4

- Vaginal 119 (59) 64 (63) 55 (56)

— Cesarean 82 (41) 38 (37) 44 (44)

Mother’s age 29.3 £ 5.7 (29.3; 29.9 £ 5.6 (30.0; 28.6 +5.9 (27.8; 0.1

(years) 15.9-45.0) 16.1-44.4) 15.9-45.0)

Birth weight (g) 3320 + 454 (3330; 3396 + 435 (3355; 3243 + 461 (3250; 0.016
1890-5050) 2250-5050) 1890-4230)

Blood/CPD ratio 3.12 + 1.86 3.16 £ 1.82 3.08 = 1.91 0.8

Data are shown case counts (percentage in parenthesis) or as mean + standard deviation (median; range).

CPD: Citrate phosphate dextrose.
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Figure 1. Box and dot plots showing the cell yield per volume umbilical cord blood depending on gender (female;
male) and weight of the newborn, mother’s age, gestational age, delivery mode (vaginal; cesarean section) and
ratio between the volumes of blood and anticoagulant solution (citrate phosphate dextrose solution) (see facing
page). Box plots: The boundary of the box closest to zero indicates the 25th percentile, a line within the box marks
the median, and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars)
and closed circles above and below the box indicate the 90th/95th and 10th/5th percentiles, respectively. Dot
plots: Data from male (open circles) and female (closed circles) newborns are shown. The dotted lines indicated
the median value of the x-axis variable. Box plots to the right of dot blots show a comparison of the data < median
(<) versus > median (>). Statistically significant differences are indicated: *p < 0.05.

C: Cesarean section; CPD: Citrate phosphate dextrose; F: Female; M: Male; V: Vaginal.

a higher MSC cell count (2.83 [1.74-4.81] vs 2.21
[1.71-3.00]). The other clinical parameters had no sig-
nificant impact on the cell count (Table 2). In line with
the association of the birth weight and the blood/CPD
volume ratio with the MSC yield, there was a signifi-
cant correlation between these parameters (p = 0.038
with a correlation coefficient of 0.146 and p = 0.002
and a correlation coefficient of -0.220, respectively).
There was no correlation between birth weight and the
blood/CPD volume ratio (p = 0.5) or the blood vol-
ume that was drawn from the umbilical vein (p = 0.1),
although this was dependent on the delivery mode
(33 ml [21-43 ml] for cesarean sections vs 27 ml
[15-34 ml] for vaginal births; p = 0.004). Multivariate
analysis also identified birth weight (odds ratio [OR]:
2.80; 95% CI: 1.51-5.22; p = 0.001) and blood/CPD
volume ratio (OR: 0.52; CI: 0.29-0.94; p = 0.031) as
predictors of increased cell yield (Table 3).

Nestin expression in hUCB-derived MSCs

& WIJ-derived MSCs is not affected by clinical
variables

Table 4 shows the ratio of present and absent expression
of the early neuronal differentiation marker nestin in
MSC cultures derived from hUCB and W] after seven
days in DM. While significantly more hUCB-derived
cultures were positive for nestin after the differentia-
tion period compared with WJ-derived cultures (85
vs 31%; p < 0.001; Fisher’s exact test), nestin expres-
sion was not affected by any of the clinical variables
investigated, in other words, maternal age, gender of
the newborn, delivery mode, gestational age and birth
weight in both hUCB- and WJ-derived MSCs. Figure 2
depicts western blot images of bands characteristic of
the 240-kD nestin protein in three sample pairs of
hUCB-derived and W]-derived MSCs.

hUCB-derived MSCs & WJ-derived MSCs differ
in their secretome

Figure 3 demonstrates the secretory activities of hUCB-
derived MSCs and W]J-derived MSCs after 7 days in
neuronal DM in direct comparison. hUCB-derived
MSCs but not W]J-derived MSCs secrete the two neuro-
trophic factors NT-3 and NT-4. Cultured hUCB- and
WJ-derived MSCs demonstrate partly overlapping but

distinct secretion patterns regarding anti-inflammatory
cytokines (IL-1, IL-2, IL-6 and IL-8), angiogenic fac-
tors (Ang, Leptin and HGF), other cytokines (ENA-78,
GRO, G-CSF, TGF, TIMP-1 and TIMP-2) and
chemokines of the MCP-family. Specifically, hUCB-
derived MSCs exclusively secrete IL-10, VEGF, PDGF
BB, MIP-1B8, MIP-13, eotaxin-2, RANTES, IP-10,
NAP-2, OSM, leptin, IGFBP-2, MIF and OPN. These
cytokines and chemokines were not secreted by W7J-
derived MSCs. By contrast, WJ-derived MSCs exclu-
sively secreted IL-3, IL-15, CCL23, GCP-2 and IFN-y,
which were not secreted by hUCB-derived MSCs. The
largest group of cytokines/chemokines was secreted by
both cell population, albeit to a variable degree (IL-1a,
IL-1B, IL-2, IL-4, IL-5, IL-7, IL-8, IL-12, IL-13, EGF,
ANG, HGF, IGF-1, FGF-4, FGF-6, G-CSF, GM-CSF,
TGEF-B1, MCP-3, MIG, ENA-78, 1-309, TARC, BLC,
M-CSF, MDC, TNFa, TNEB, THPO, IGFBP-3,
IGFBP-4, OPG, TGEF-f3, TIMP-1, TIMP-2). Lastly,
we found an overlapping secretory activity for a num-
ber of cytokines/chemokines (IL-6, MCP-1, MCP-2,
MIP-3a., eotaxin-1, GRO, GROa and TGF-32).

Discussion

The aim of the present study was to assess whether the
amount of collected hUCB volume and clinical charac-
teristics such as birth weight, maternal age, gestational
age, delivery mode, fetal gender and blood/CPD ratio
affect the cell yield of MSCs and their potential of
neuronal differentiation. In addition, we compared the
secretory activity of MSCs from hUCB and W] regard-
ing cytokines and chemokines. We found that the cell
yield, but not the neuronal differentiation potential of
MSCs from hUCB depends on the weight of the new-
born as well as on the volume ratio of collected hUCB
and anticoagulant (CPD in this case).

Specifically, a higher birth weight led to a higher
cell count, whereas a lower blood/CPD ratio led to a
higher cell count. The other clinical parameters had
no significant impact on the MSC yield. Of note, fetal
gender and the delivery mode did not affect MSC cell
count and secretome. Others suggested that cesarean
section positively influences MSC cell count and cord
blood volume [11]. This is in line with our findings
when considering total cell numbers, but in our low-
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Table 2. Cell yield per unit volume umbilical cord blood.

Rezniczek, Kumbruch, Scheich, Jensen & Tempfer

be due to the collection technique with delayed sam-
pling in vaginal deliveries versus immediate sampling

Variable Cell count (10°/ml) in cesarean sections [12]. In addition, the expression
n Median (IQR) p-value of the neuronal differentiation marker nestin was not
Overall 205 2.45 (1.71-3.84) affected by any of the clinical variables investigated,
Gender: also confirming that delivery mode and fetal gender
do not affect the biologic potential of MSCs. Thus,
~Male 104 2.38 (1.71-3.14) 0.1 the ideal MSC donor hi aiigh birth weight and the
- Female 101 2.46 (1.76-4.61) blood/CPD ratio should ideally be <2.5. This is partic-
Delivery mode: ularly relevant when collection devices are used which
- Vaginal 119 2.50 (1.82-3.65) 0.7 already contain a fixed volume of CPD. Based on our
_ Cesarean 82 2.34 (1.56-4.31) results, it may be advisable to use a collection device
. that allows for measuring the collected blood volume
Mother’s age: and to only then add the appropriate amount of CPD.
- <Median (29.3 years) 103 2.46 (1.86-4.00) 0.2 This, however, may not be a practical approach in all

- >Median 102 2.25 (1.56-3.69) settings due to timing and sterility constraints.
Gestational age: We also found that hUCB- and W]-derived MSCs
_ <Median (273 days) 10 2.23 (1.66-3.67) 0.3 rr}arkedl)'r c'hffered 1n'thelr §ec'retome and r‘leuronal
_ differentiation potential. This is a new finding add-
— 2Median 24 2.53 (1.82-4.25) ing to the literature characterizing the distinct proper-
Birth weight: ties of W]-derived MSCs [13]. For example, Lee ¢t al.
- <Median (3330 g) 101 2.13 (1.65-2.93) 0.017 described that hUCB-derived and WJ-derived stem
_ >Median 100 2.86 (1.82-4.47) cells had distinct characteristics including different
: growth capacity, distinguishable cell surface mark-

Blood/CPD ratio: .. . . .

ers and distinct adipogenic and osteogenic poten-
- <Median (2.57) 106 2.83(1.74-4.81) 0.015 tials [14]. We confirm these findings showing that
—>Median 99 2.21(1.71-3.00) WJ-derived MSCs exclusively secreted IL-3, IL-15,
Bold p-values represent statistical significance. Data missing for delivery mode (n = 4), CCL23, GCP-2 and IFN-y, whereas hUCB-derived
E/lesrt.]anti(\)/cﬁ\itigee (S;;t), and birth weight (n = 4). p-values were calculated using the MSCS, but not WJ_derived MSCs secreted the two
CF?D: Citrate p%osphat.e dextrose; IQR: Interquartile range. neurotmphic factors NT-3 and N'T-4 as well as IL-10,

VEGF, PDGF BB, MIP-18, MIP-13, eotaxin-2, RAN-

risk obstetric population, the MSC cell yield per unit
blood volume was identical in vaginal and cesarean

TES, 1IP-10, NAP-2, OSM, leptin, IGFBP-2, MIF and
OPN. The largest group of cytokines/chemokines

deliveries. The difference in blood volume yield may was secreted by both cell populations, albeit to a vari-

able degree (IL-la, IL-1B, IL-2, IL-4, IL-5, IL-7,
1L-8, IL-12, IL-13, EGF, ANG, HGF, IGF-1, FGF-
4, FGF-6, G-CSF, GM-CSF, TGF-p1, MCP-3, MIG,
ENA-78, 1-309, TARC, BLC, M-CSF, MDC, TNFa,
TNEB, THPO, IGFBP-3, IGFBP-4, OPG, TGF-f3,
TIMP-1, TIMP-2). Lastly, we found an overlapping
secretory activity for a number of cytokines and che-
mokines (IL-6, MCP-1, MCP-2, MIP-3a., eotaxin-1,
GRO, GRO« and TGF-p2).

These findings are of potential interest, because

Table 3. Multiple logistics regression analysis.
0Odds ratio (95% CI)

Independent variables p-value
Mother’s age:

— <Median (29.3 years) vs >median 0.93 (0.51-1.69) 0.8
Gestational age:

—<Median (273 days) vs >median  0.87 (0.46-1.65) 0.7

Birth weight:

- <Median (33.30 g) vs >median 2.80 (1.51-5.22) 0.001 they indicate that hUCB-derived MSCs and WJ-
Blood/CPD ratio: derived MSCs may be used as therapeutic agents in
— <Median (2.57) vs >median 0.52 (0.29-0.94) 0.031 different indications. For example, WJ-derived MSCs
Newborn’s gender: may be of specific interest for therapeutic alleviation of
hypoxia-induced brain damage, because WJ-derived

— Male vs female 0.95 (0.53-1.72 0.9 ?
: v ( ) MSCs produce higher amounts of TGF, HGF and
Delivery mode: G-CSF than hUCB-derived MSCs. TGF mediates
- Vaginal vs cesarean section 0.87 (0.47-1.63) 0.7 tissue regeneration after ischemic brain damage [15]

and HGF is neuroprotective in neurons exposed to

hypoxia [16]. G-CSF can mobilize MSCs into periph-

Bold p-values represent statistical significance.
CPD: Citrate phosphate dextrose.
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Table 4. Nestin-expression in mesenchymal stem cell cultures derived from umbilical cord blood and Wharton'’s jelly

after 7 days in differentiation medium.

Variable UCB-derived MSCs WIJ-derived MSCs
n Positive Negative p-value n Positive Negative  p-value

Overall 61 (100) 52 (85) 9 (15) 26 (100) 8 (31) 18 (69)

Gender:

- Male 31 (51) 26 (84) 5(16) 1 9 (35) 3(33) 6 (67) 1

- Female 30 (49) 26 (87) 4 (13) 17 (65) 5(29) 12 (71)

Delivery mode:

—Vaginal 35 (57) 30 (86) 5(14) 1 11 (42) 2 (18) 9 (82) 0.4
— Cesarean 26 (43) 22 (85) 4 (15) 15 (58) 6 (40) 9 (60)

Age (years): 29.4 (15.9-38.7); 28.7 + 5.2 29.0 (19.0-38.3); 29.2 + 4.8

- <Median 31 (51) 26 (84) 5(16) 1 12 (46) 3 (25) 9 (75) 0.4
- >Median 30 (49) 26 (87) 4 (13) 14 (54) 5(36) 9 (64)
Gestation (days): 274 (254-294); 275.8 £ 9.3 273 (237-294); 274.5 = 10.2

- <Median 29 (48) 25 (86) 4 (14) 1 12 (46) 4 (33) 8 (67) 1

- >Median 32 (52) 27 (84) 5(16) 14 (54) 4 (29) 10 (71)

Birth weight (g): 3350 (2510-4600); 3376 = 436 3350 (1960-4600); 3347 + 463

— <Median 30 (49) 25 (83) 5(17) 0.7 13 (50) 3(23) 10 (77) 0.7
- >Median 31 (51) 27 (87) 4 (13) 13 (50) 5(38) 8(62)

p-values are from Fisher’s exact test. Values are absolute numbers (percentage in parentheses). For age, gestation time and birth weight, median (range);
mean = standard deviation are given.

MSC: Mesenchymal stem cell; UCB: Umbilical cord blood; WJ: Wharton's jelly.

eral blood where they integrate into injured cerebral hUCB. However, regarding the aspect of neuronal

tissue and transdifferentiated into neural cells and differentiation, our study has a number of limitations.

may benefit the repair of trauma [17]. In addition, First, we have analyzed both types of cell popula-
WJ-derived MSCs secreted higher amounts of several tions only at a single time point after switching to the
anti-inflammatory cytokines compared with hUCB-  same differentiation conditions. Second, we have only

derived MSCs, e.g. IL-4, IL-12 and TGF-B1, but looked at nestin as a marker for (early) neuronal differ-

lacked IL-10 and IL-13. IL-6 was expressed at high lev-

els by both cell populations. This also underscores the

potential value of WJ-derived MSC:s for treating brain — 2 3

damage, since IL-6 has been shown to be instrumental kb + UCB WJ UCB WJ UCB WJ

for central tissue regeneration after apoplexy [18]. 050 | == 3 4 & - |—Nestin

On the other hand, W]J-derived MSCs have spe- 130 —

cific shortcomings. For example, only hUCB-derived 95—

MSC secreted detectable amounts of the major angio- 72—

genetic factors VEGF, PDGF and angiogenin. This is S5 )

important because WJ-derived MSCs may thus not S . e s s w| — Actin

be ideally suited for treating hypoxic tissue damage 36—

after myocardial infarction, where, for example, in

myoblaft sheet transplantation diminished V_EGF Figure 2. Immunoblot showing the expression of nestin

expression after heat shock treatment was associated  jn mesenchymal stem cell populations derived from
with a lower therapeutic effect [19]. Also, angiogeninis either Wharton’s jelly or umbilical cord blood from

an important pro-angiogenic factor in this regard 20), ~three donors._ Blots were cut horizontally as indicated
which we could also not detect in WJ-derived MSCs. by the black line, and stained for actin as loading
R di the potential for neuronal differentia- control. Positions of molecular weight markers are

. cgarding p . 7% indicated on the left (kD). A rat brain cell lysate served

tion of hUCB- and W]-derived MSCs, our data indi- 45 positive control for nestin (+).

cate that this is much higher for MSCs isolated from  UCB: Umbilical cord blood; WJ: Wharton's jelly.
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Figure 3. Cytokine expression of Wharton’s jelly-derived mesenchymal stem cells (light gray bars) and human
umbilical cord blood derived mesenchymal stem cells (dark gray bars) (see facing page). For each cytokine,

the expression difference between the two mesenchymal stem cell (MSC) populations is shown relative to the
higher expressing population (means and standard error from n = 3 WJ-derived and n = 6 hUCB-derived MSC
preparations). The bubbles above the bars give an indication of the relative levels of expression between different
cytokines (the area of the bubbles corresponds to the signal value of the higher expressing MSC population,

normalized by the assay positive controls).
hUCB: Human umbilical cord blood; WJ: Wharton's jelly.

entiation, and third, we have not quantitated the pro-
portion of cells within a population expressing nestin.
In future experiments, these shortcomings should be
addressed by looking at differentiation over extended
time periods, including additional markers such as the
neuronal progenitor markers NCAM and Musashi-1,
or the neuronal markers DXC, MAP-2 and TuJ1.

Conclusion

In summary, we found that the cell yield, but not the
neuronal differentiation potential of MSCs depends
on birth weight and the blood/CPD ratio and that
hUCB- and W]J-derived MSCs substantially differ in
their secretome and neuronal differentiation potential.
hUCB- and W]J-derived MSCs may thus be suitable

for different therapeutic purposes.
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Executive summary

including cytokines, chemokines and growth factors.

used to analyze conditioned medium.

as by the blood/anticoagulant volume ratio.

therapeutic agents for certain indications.

e Transplantation of mesenchymal stem cells (MSCs) into the CNS have led to measurable improvements in some
cases after, for example, stroke or perinatal hypoxic-ischemic brain injury, probably due to secreted factors,

e Human umbilical cord blood (hUCB) and Wharton's jelly (WJ) are potential sources of MSCs.

e This study aimed to assess whether the amount of collected hUCB volume and maternal and fetal clinical
characteristics such as birth weight, maternal age, gestational age, delivery mode and fetal gender affect the
cell yield of MSCs and their potential of neuronal differentiation.

e MSCs were analyzed by immunoblotting after 7 days of differentiation; human cytokine protein arrays were

e MSCyield (cell count per volume hUCB) was significantly affected by the birth weight of the newborn as well

¢ Nestin expression in hUCB-derived MSCs and WJ-derived MSCs was not affected by clinical variables.

e WJ-derived MSCs secreted higher amounts of several anti-inflammatory cytokines such as IL-4, IL-12 and
TGF-B1, but lacked IL-10 and IL-13, whereas only hUCB-derived MSCs secreted detectable amounts of the major
angiogenetic factors VEGF, PDGF and angiogenin; IL-6 was produced by both cell populations at high levels.

e The different secretomes of hUCB-derived MSCs and WJ-derived MSCs may predestine them as distinct
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The goal of treating any disease or disorder is to
repair, replace or augment the defective cells, tis-
sues or organs involved. Treatment may be at the
biochemical level, involving the administration of
pharmaceuticals, or at the organ level, using strat-
egies to remove, replace or repair the tissue. For
example, many blood disorders have been treated
by the replacement of defective, disease-causing
blood cells with hematopoietic stem cells (HSCs)
from a healthy donor. This results in long-term
treatment facilitated by the transplanted HSCs.
Whole-organ transplants, such as those involving
the heart, lungs or kidney, can also contribute to
long-term correction of defects or injury. In
whole-organ transplant, long-term correction is
provided not by stem cells but by the survival and
slow turnover of the mature cells that comprise
the donor organ. Advanced stem cell therapeutics
aim to correct tissue and organ defects in a tar-
geted manner by supplying stem cells, which will
differentiate into the required cells in situ. For
example, stem cells delivered to damaged heart
muscle may engraft and differentiate into cardio-
myocytes. Another option being investigated is
the differentiation of stem cells in vitro to provide
a cell patch to correct the damaged area.

A considerable hurdle that must be overcome
before stem cell therapy can be successful is
obtaining clinically relevant cell numbers, thus
taking this promising therapy from the labora-
tory bench to the patient. Currently, embryonic
stem cells can be grown in sufficient numbers,

10.2217/17460751.1.6.777 © 2006 Future Medicine Ltd ISSN 1746-0751

Organ and tissue transplants provide a means to correct disease but are limited, mostly
owing to the lack of available donor tissue. Tissue matching and speed of procurement are
important parameters that must be met for a successful graft, however the lack of
available donors leads to expanding waiting lists and suboptimal human leukocyte
antigen-matching, often leading to reduced transplant success. The discovery of embryonic
stem cells and tissue-specific stem cells has provided hope for many patients. Stem cell-
based therapy has provided possible new sources of human leukocyte antigen-matched
tissue but, before routine clinical application of stem cells becomes a reality, many
obstacles must first be overcome. Focusing on umbilical cord blood cells, we discuss some
of the challenges that stem cell therapy faces, including obtaining clinically relevant
numbers of stem cells and the ability of stem cells to provide for permanent engraftment
of multiple tissue types. We discuss possible solutions to these problems, such as in vitro
stem cell expansion and the differentiation potential of tissue-specific stem cells.

although their differentiation rate to mature
functional cells is inefficient. Tissue-specific
stem cells, such as pancreatic or neural stem cells,
will differentiate efficiently into the tissue of
their origin but accessibility of these stem cells is
difficult from living donors.

The paradigm for stem cell therapy is the HSC.
Till and McCulloch first reported the existence of
such a cell type when they injected syngeneic bone
marrow (BM) cells into irradiated mouse recipi-
ents and observed the formation of multilineage
colonies in the spleen [1,2. This pioneering work
led to the initial hypothesis of a stem cell. Subse-
quent studies demonstrated that cells found within
the CD34* fraction of the BM have permanent
grafting potential [3-5]. These same cells can be iso-
lated from mobilized peripheral blood (PB) and
are also found in umbilical cord blood (UCB).
Additionally, a separate multipotential cell can also
be co-isolated with HSCs from the BM, PB and
UCB (Figure 1) [6-9]. Other tissue-origin stem cells,
some with reported multidifferentiation potential,
have also been described for neural [10], muscle [11],
retinal [12], pancreas [13], skin [24] and liver tissues
115]. This review will focus on the clinical potential
of stem and progenitor cells derived from UCB.

Umbilical cord blood stem cells for
hematological disorders

Umbilical cord blood is still considered a novel cell
source of HSCs for BM transplantation (BMT),
even though the first transplant was carried out

Regenerative Med. (2006) 1(6), 777-787 77
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Figure 1. Umbilical cord blood is a proven source of hematopoietic stem cells for bone

marrow transplantation.
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The successful in vitro expansion of umbilical cord blood hematopoietic stem cells will provide sufficient cells for routine adult transplants.
Umbilical cord blood is also a potential source of multipotential stem cells capable of differentiating into muscle, bone, neural and
endothelial cells. Further research, including the development of suitable animal models, is required before umbilical cord blood

almost two decades ago. The first successful
transplant was performed in France on a patient
with Fanconi’s anemia using a unit from a related
human leukocyte antigen (HLA)-matched
donor [16]. Since this initial procedure, thousands
of transplants have been carried out worldwide [17].
Treatment of hematological malignancies using
donated cells from BM or PB has been successful,
but suffers from the lack of suitably matched
donors, despite the establishment of databases of
potential BM donors. UCB as a source of HSCs
has the potential to increase the donor pool.

The speed of procuring samples is a major
advantage of UCB. BM registries store informa-
tion on potential donors that require follow-up
contact to obtain cells. The initial identification of
a suitable BM donor can take up to 19 days
(median), with procurement of cells occurring
approximately 30 days later. By contrast, UCB

778

samples are collected at birth with the consent of
the mother and can be obtained in a much shorter
time period (13.5 days) 18]. Large public cord
blood banks that store cryopreserved UCB cells
have been established worldwide with linked data-
bases providing easy access to sample information.
All of the public UCB storage facilities typically
test samples for viability, cell number, CD34*
content, HLA type and infectious diseases prior to
cryopreservation, streamlining the process of
identifying a suitable UCB unit to transplant.

Factors affecting choice of umbilical
cord blood units for transplantation
Currently, the criteria for choosing a suitable
UCB unit for transplantation is based on the
measured cell content of the unit (in order to
provide an adequate cell dose) and the HLA
type of the unit.

Regenerative Med. (2006) 1(6)
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Although animal studies have demonstrated
that a single HSC can result in permanent engraft-
ment of the entire hematopoietic system [19], Sev-
eral studies have demonstrated that increased cell
dose is an important determinant of transplant
outcomes in humans [17,20,21]. An average UCB
unit contains less total nucleated cells and pro-
genitor cells (CD34%) than an average BM aspi-
rate, resulting in lower numbers of infused cells
per patient weight in kilograms (cells/kg). For
example, studies comparing UCB with BM in
both pediatric and adult patients report the
median cell doses for UCB transplants are
approximately tenfold lower. However, even
with lower infused cell doses, these studies dem-
onstrated that, while neutrophil and platelet
recovery can be delayed, the incidences of graft-
versus-host disease (GVHD), leukemia-free sur-
vival, relapse and overall survival was not signifi-
cantly different for most of the parameters tested
[22-25]. Rocha and colleagues report that neu-
trophil recovery (500 neutrophils/mm3) was
obtained in 26 days for UCB versus 19 days for
BM and, by 60 days, 75% of UCB patients had
neutrophil engraftment versus 89% for BM
recipients. Transplant-related mortality at 2 years
was higher in the UCB group (44 vs 38%)
although this was not a significant difference.
Leukemia-free survival was also similar for both
groups (33% for UCBT and 38% for BMT) and
no significant difference in mortality rate was
observed. Relapse was similar at 23% for both
groups [22]. Other studies suggest that UCB cells
are more robust engrafters, explaining these pos-
itive outcomes [26]. Overall, these results demon-
strate the potency of UCB as a graft source and
suggest that it may be used as an alternative to
BM for HSC transplantation-based therapies.

Clinical studies have considered the effects of
cell dose based upon the total number of leuko-
cytes infused, CD34* cell content and progeni-
tor cell content. Wagner and colleagues
analyzed 102 patients and reported that the rate
of engraftment is decreased in patients receiv-
ing fewer than 1.7 x 105 CD34* cells/kg body
weight (72 vs 93% in patients who received
larger doses) [21]. Likewise, it was found that
UCB transplants of 3.7 x 108 cells/kg resulted
in more rapid engraftment than patients who
received only 3.7 x 107 cells/kg (i.e., one log
less), although patients receiving the lower cell
dose also showed good engraftment [23]. Based
on these types of clinical studies, the optimal
number of leukocytes required for a successful
transplant typically ranges from 20 to

50 million cells/kg [27-29]. The number of col-
ony-forming cells (CFCs) infused has also been
correlated to speed of recovery [28]. Methods to
increase the size of UCB grafts include the
transplantation of two UCB units [30] and
ex vivo expansion (reviewed below). Some cent-
ers have demonstrated the feasibility of using
multiple cords for a single transplant; however,
procuring two suitably HLA-matched cords
may prove difficult in most cases.

The success of UCB transplants may be par-
tially due to the fact that the degree of HLA
incompatibility that can be tolerated is greater
with UCB than with BM, although different
groups have reported conflicting conclusions.
Retrospective analysis of UCB transplants for
pediatric patients supports the notion that bet-
ter HLA matching leads to an increase in sur-
vival [271. A comparison of children receiving
HLA-matched UCB or BM found that acute
GVHD (grade 11-1V) was lower for the UCB
recipients, with the majority developing
grade I1. Chronic GVHD was also lower for the
UCB group [31]. Similar observations were
recorded for adult patients, where UCB mis-
matched for 1-2 HLAs, matched BM and sin-
gle HLA-mismatched BM were compared.
Acute GVHD was lower in unmatched UCB
recipients than in matched BM, but contradic-
tory results arose with regards to the incidence
of chronic GVHD [22,24].

By contrast, no correlation between HLA
matching and GVHD or survival was reported
by Gluckman and colleagues, but HLA match-
ing was shown to be important for engraftment
and graft-versus-leukemia effects (GVL) [29].
This discrepancy may be explained by a report
from the Institute of Medicine that retrospec-
tively studied adult and pediatric UCB trans-
plantation in the USA. This study found that a
matched HLA-UCB unit was better than a
unit with one or two mismatches and the sever-
ity of the effect could be correlated to dose. At
lower cell doses, HLA disparity had a greater
effect on survival, suggesting that an increased
cell dose may offset the negative effects of HLA
mismatching [173. Similarly, the Eurocord regis-
try analyzed 1000 cases of unrelated cord blood
transplants and concluded that, for cord blood
transplants, the best indicator of success is not
necessarily HLA matching but rather, the
number of nucleated cells infused [29]. Despite
these findings, HLA matching continues to be a
factor in choosing a suitable UCB unit for
transplantation [2s).
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The contribution from donor T cells affects
both GVHD and GVL, although the two are
not always to be connected [32-34]. The majority
of T cells found within the host 3-6 months
post transplant are donor derived and express
the T-cell marker CD45RO0O, a marker that is
normally associated with T cells emerging from
the thymus [35). After transplant, the T cells
secrete interferon-y and are activated when stim-
ulated with a mitogen, but not by recipient anti-
gens, suggesting the development of tolerance
for the recipient and, therefore, reduced levels of
GVHD 331. There is evidence that the adult
thymus can educate new T cells that are tolerant
to the host tissue [28,36].

While T cells from donor UCB may be less
reactive, resulting in reduced GVHD, this may
also result in a reduction of the beneficial effects
of GVL. The GVL effect is due to cytotoxic
T cells of fetal origin present in the UCB that
are capable of recognizing the minor histocom-
patibility antigen HA-1 (a target of GVL),
resulting in the lysis of leukemic cells, but is also
dependent on the ability of the donor cells to
differentiate between donor and recipient [37].
Alteration of the composition of immunity
effector cells during transplantation might
reduce the severity of GVHD and increase the
GVL effect, resulting in increased survival rates
for UCB recipients.

Engineering donor effector cells to
improve engraftment & survival
Preclinical data suggest that UCB cellular effec-
tors of immunity play an important role in pro-
moting engraftment as well as adoptive
immunity through the reduction of GVHD,
leukemia relapse and residual disease, or the
induction of GVL effects.

Studies in humans have demonstrated that the
presence of alloreactive donor natural Killer
(NK) cells in transplant grafts can reduce inci-
dences of graft rejection, GVHD and leukemia
relapse 38]. Using murine models, it was demon-
strated that NK cells condition recipients for
transplantation by eradicating host lympho-
hematopoietic cells and obviated GVHD
through the targeted elimination of host antigen
presenting cells (APCs) [38,39]. Subsequent clini-
cal studies have confirmed the effectiveness of
using alloreactive NK cells in stem cell transplan-
tation-based therapies [40]. Regulatory T (Treg)
cells that coexpress CD4 and CD25 (IL-2Ra
chain) have also been shown to function as
potent allogeneic immune modulators [41]. In

mice, these cells have been shown to inhibit
GVHD while preserving GVL following trans-
plantation 42). Furthermore, the infusion of ex
vivo activated and expanded Treg cells prevents
GVHD and increases donor cell engraftment [43].
APCs also have importance in modulating
GVHD and GVL. Studies have shown that
recipient hematopoietic APCs play a primary
role in inducing allogeneic T-cell-mediated
GVHD [a4]. Interestingly, recent data suggest
that dendritic cells (DCs), the most potent
APCs, derived from macrophage colony-stimu-
lating factor (M-CSF)-containing cultures may
provide a method to decrease the incidence of
GVHD 5. The M-CSF-derived DCs (M-
DCs) induced a decreased T-cell response and
demonstrated tolerogenic potential. It was con-
cluded that M-DCs might have future utility in
the suppression of unwanted immune responses
in vivo, such as GVHD.

Directed adoptive immunotherapy following
transplantation has shown applicability. Donor
lymphocyte infusion has been used successfully as
a pre-emptive therapy for leukemic relapse with
the greatest effect observed in patients with
chronic myeloid leukemia [32.46]. Recently, a
novel application was described that uses engi-
neered donor-derived T cells to eliminate residual
disease in patients with B-lineage acute lymphob-
lastic leukemia. In this study, T cells were geneti-
cally modified using a nonviral gene transfer
system to express a chimeric immunoreceptor
that allowed T cells to recognize the B-cell surface
antigen CD19 [47]. T-cells (CD19*R T cells) were
capable of cytokine production and CD19*-spe-
cific cell lysis in vitro and could effectively control
CD19* tumor growth in vivo. Infused CD19*R
T cells could also be an important consideration
in the clinical setting.

It is clear that the role of lymphocytes follow-
ing stem cell transplantation will become more
important as additional preclinical and clinical
data are collected. The infusion of specialized
immune cells following transplantation may
become the standard of care as a method to
significantly enhance overall patient outcome.

Secondary complications & infection

The slower neutrophil and platelet recovery rates
associated with the use of UCB may increase the
risk of secondary complications, especially those
due to opportunistic infection [48]. In fact, one
study reports that HLA-matched UCB recipi-
ents had a 23% mortality rate due to infection,
while HLA-matched BM recipients had a 9%
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mortality within the first 100 days [31). The inci-
dence of infection is more serious with UCB
transplantation as it can take 12-24 months to
reconstitute both the B- and T-cell compart-
ments. T-cell function is slow to recover as the
thymus has limited function in adults and is
slower to educate T cells. Furthermore, mis-
matched HLA and the incidence of GVHD con-
tributes to a delay in immune function [49,50].
Opportunistic infections can be an important
determinant in overall patient outcome. A Euro-
cord retrospective study reported that decreased
incidences of infection corresponded with
increased engraftment rates [51].

Engineering increased stem cell
numbers to improve engraftment

& survival rates

Using threshold cell dose levels established for BM
transplantation, most stored cord blood samples
are only acceptable for pediatric patients [s2).
Many laboratories have focused on ex vivo
expansion to increase the number of HSCs in a
typical UCB graft. Several studies have achieved
expansion, however the cells failed to engraft in
mouse models, suggesting that it was progenitor
cells and not true stem cells that were propa-
gated. Hematopoietic cells can be classified as
mature cells (lin¥) and progenitor cells
(CD34*/CD38*/lin") that have limited renewal
capacity, as well as stem cells (CD34*-/CD38
/lin°) that have not only a much greater capacity
for self-renewal but the ability to confer long-
term engraftment [3,53]. Most cell culture regimes
result in the expansion of progenitor cells, as
measured by phenotypic or invitro functional
assays, but limited, if any, long-term repopulation
occurs, as demonstrated using mouse BM recon-
stitution studies [54]. Furthermore, the intracellu-
lar interactions between stem cells and progenitor
cells makes it difficult to establish whether any
stem cell proliferation that does occur is due to
the direct effect of exogenous cytokines or indi-
rect effects mediated by nonstem cell populations
present in the culture [ss].

Ex vivo-expanded UCB cells have been infused
into patients along with unmanipulated UCB
cells [s6,571. In these studies, there were no obvious
toxic effects of the cultured cells but, due to the
study design where both cultured and noncul-
tured cells were infused, it was impossible to
determine if the expanded cells contributed to
engraftment. The recovery times for both neu-
trophils and platelets as well as graft failure
appeared to be consistent with unmanipulated

UCB transplants, suggesting no adverse effects of
the exvivo expansion. Jaroscak and colleagues
evaluated 28 patients receiving ex vivo-expanded
UCB cells along with unmanipulated cells [57].
Although the majority of patients fared well, they
reported that the CD34* population decreased
during culture, suggesting that the expansion of
long-term repopulating HSCs did not occur
despite an increase in total nucleated cells.

The key barrier to cell expansion is the loss of
self-renewing stem cells that occurs during
induced cell proliferation. Most hematopoietic
cytokines do not have the ability to cause both
proliferation and maintenance of the stem cell
phenotype. Although the transition from G; to
S phase can be induced by various growth fac-
tors, stem cells, whether neural or hematopoi-
etic, reside mainly in Gy, not G; [s8]. CD34*
cells induced to enter G, using cytokines are
less likely to contribute to the repopulation
cohort when compared with CD34* cells
treated with cytokines but remaining in G,
[59,60. Therefore, cell expansion using exoge-
nous cytokines is a complex process requiring
the development of novel culture strategies that
allow HSCs to proliferate without triggering
differentiation and/or apoptosis.

Within the BM environment, intracellular
interactions play an important role in modulat-
ing stem cell self-renewal and differentiation [s1].
We have shown that similar interactions also
affect HSCs in culture. In these studies, we
demonstrated that the generation of mature
lin* cells as well as media composition changes
can have significant effects on the exvivo
expansion of hematopoietic stem and progeni-
tor cell populations [62). The integrated use of a
cell-selection strategy to remove culture-gener-
ated lin* cells and media dilution/exchange
resulted in increased HSC numbers in compar-
ison with input levels. It was concluded that the
mechanism behind the inhibition of HSC
expansion in culture was the secretion of nega-
tive regulators, either by lin* cells or by the
indirect stimulation of cells by culture-condi-
tioned media. Suppression of stem cell growth
by neighboring cells has also been reported for
retinal stem cells [63].

Multipotential stem cells from UCB

It has been well documented that mesenchymal
stem or progenitor cells isolated from BM can
differentiate into mesoderm-derived cells nor-
mally found in the BM (fibroblast, osteoblast,
adipocyte and chondrocyte). Adult mesenchymal
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cells have also been isolated from adipose (AP)
tissue and UCB. Comparative studies have
demonstrated  similarities and  differences
between mesenchymal stem cells from different
sources [8,64]. One major difference is that mes-
enchymal cells could be isolated from 100% of
the BM or AP samples but only from 29% of the
UCB samples. Using the colony-forming units-
fibroblast assay, out of 1 million cells plated, 557
colonies formed from AP, 83 for BM but only
0.002 from UCB [g. The highest senescence
occurred for UCB, however, in some samples,
the UCB cells demonstrated the highest maximal
passage. When compared for their multilineage
ability (osteogenic, adipogenic or chondrogenic
potential), approximately 70% of the AP or BM
samples demonstrated multilineage differentia-
tion, whereas none of the UCB samples had tri-
potential ability. This is similar to the findings of
Wagner and colleagues [65].

Along with the existence of a mesenchymal
stem cell, there have been reports of stem cells
that seem to be multipotential and capable of
differentiating into cells not of their origin.
Possible explanations for multipotentiality are:
transdifferentiation (nuclear reprogramming),
defined here as an alteration in the chromatin
that confers an earlier developmental state on a
cell similar to events that occur during somatic
cell nuclear transfer (SCNT) experiments (the
cell de-differentiates and re-differentiates down
a different path); the presence of a universal
stem cell with wide differentiation potential
(embryonic-like); or fusion of cells from two
different tissue types.

Nuclear reprogramming has similarities to
regeneration and may occur when cells are
placed into a different stem cell niche.
Although regeneration is not common in mam-
mals, the Murphy Roths Large (MRL) mouse is
capable of regeneration in response to wound-
ing [e6]. This presents the intriguing possibility
that genetic modification may be able to
enhance the ability of cells to be repro-
grammed. Although it has been argued that
reprogramming an adult cell to become a cell
type different from its origin is less difficult
than trying to create a whole organism, as with
‘Dolly’ [671, current studies suggest that the fre-
quency of transdifferentiation is extremely low.
Murry and colleagues investigated the ability of
HSC and BM cells to contribute to cardiac
muscle after injury. They demonstrated that
purified HSCs were unable to contribute to
cardiac muscle of injured hearts as reported by

others, but when they followed the fate of BM
cells, which include mesenchymal cells, a few
cells of BM origin were found in the heart that
were positive for cardiac markers (myosin heavy
chain). BM cells capable of becoming a cardio-
myocyte were extremely rare (one to three
cells/heart), which mirrors the inefficiency of
obtaining successful nuclear reprogramming by
SCNT [68].

A good example in support of a universal
stem cell is the BM multipotential adult pro-
genitor cell (MAPC) [6]. MAPCs are not blood
cells or HSCs and have a wider differentiation
potential than the normal mesenchymal cells
found in the BM. MAPC:s are capable of differ-
entiating into mesenchymal cell types, as well as
cells of ectodermal origin, such as neural cells.

A cell similar to the MAPC has been reported
for UCB [7]. Kogler and colleagues reported that
40% of cords used could produce their universal
somatic stem cell (USSC). Unlike the MAPCs,
the USSCs do not require special growth factor-
enriched medium for their establishment.
Standard serum-based medium is used in order
to induce USSC proliferation. The cells
remained undifferentiated until moved to dif-
ferentiation medium invitro or transplanted
in vivo into rat or sheep. These cells were capa-
ble of differentiation into bone, cartilage,
adipocyte, blood, neural and liver cells.

Multipotential cells have been observed in
the fetal circulation between 7-12 weeks ges-
tation [e9] as well as in the human adult circu-
lation [70]. Although these cells express similar
markers to that of BM mesenchymal cells,
they have a greater developmental potential
(being able to differentiate into muscle,
endothelial and neural cells) reminiscent of
MAPCs and USSCs.

Embryonic-like stem cells derived from UCB
have been reported. These cells express
octamer-binding protein (Oct)-4 and Nanog, as
well as tumor-rejection antigen (TRA)-1-60,
TRA-1-81, stage-specific embryonic antigen
(SSEA)-3 and SSEA-4 [71,72]. Although Oct-4
and Nanog are currently recognized as unique
to ES cells or the early embryo, there are reports
that SSEA-1, SSEA-3 and SSEA-4 are normal
components of blood and therefore are not
good markers of embryonic phenotype when
characterizing blood-derived stem cells [73-75).

It is difficult to draw conclusions on the
identity and intrinsic properties of many of
these multipotential cells as characterization
occurred after invitro culture rather than
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immediately upon isolation. The ability of the
cell to renew and differentiate into multiple
cell types suggests either an embryonic rem-
nant or in vitro culture has caused a rare repro-
gramming event, resulting in a multipotential
stem cell. The advantages of finding an ES-like
cell from adult tissue, especially UCB or BM,
is accessibility; cells could be obtained from
living donors easily, thus reducing the long
waiting lists for cadaver donors.

Fusion is an important consideration when
investigating the multipotential of UCB cells.
Fusion has been established as the mechanism
for the derivation of hepatocytes from BM
mesenchymal cells [76-79] and has been found
to occur in other tissues [so}. In fact, some
observations of transdifferentiation may be
explained as misdiagnosed fusion events.
Chromosomal markers are used routinely to
determine a fusion event, although this can
lead to false-negative results. During the fusion
of mouse and human cells, chromosomes are
lost through cell division and it is possible that
transdifferentiation events are really fusion
events where the diagnostic chromosomes have
been eliminated. In order to rule out fusion,
multiple detection methods must be used in
combination, such as detection of multiple
chromosomes and human mitochondria as well
as tissue-specific markers [s1].

Conclusion & future perspective

Before stem cells can be used for clinical ther-
apy, there are specific concerns that that need
to be addressed: the accessibility of the stem
cells and the ability to obtain adequate num-
bers of cells to achieve clinically significant
improvements. For example, HSCs are easily
accessible from BM, PB and UCB and can usu-
ally be obtained in clinically significant num-
bers. By contrast, neural stem cells, which have
been well characterized 101 and successful in
animal transplant studies, are not easily obtain-
able. Additionally, these stem cells must also be
cultivated ‘xeno-free’ in order to maintain a
clinical grade source of cells.

The interesting but controversial discovery
of transdifferentiation offers the possibility of
using easily accessible stem cells, such as HSCs,
to generate other tissues, including neural or
pancreatic. Currently, we do not understand
transdifferentiation and its existence is in ques-
tion. Since the mechanisms underlying
transdifferentiation have not been elucidated,
this rare event may be explained by fusion or

the presence of a rare universal stem cell. Those
results initially defined as transdifferentiation
may have been derived through the fusion of
donor blood cells with recipient organs or the
differentiation of a universal stem cell that
originally went undetected [s1]. The current
inability to decipher the events observed
invitro or from animal studies inhibits our
ability to control these phenomena.

The paucity of unique cell markers and the
true determination of what constitutes the
functional properties of a cell compound the
problem. The distinctiveness of many protein
markers is based on their history rather than
extensive multicell analysis. Markers first
reported as being exclusive to a specific cell
type are generally not used on other cells, thus
reinforcing their uniqueness. The discovery of
a wider profile for ‘unique’ markers usually
comes about serendipitously and is treated
with confusion and caution. The field of pro-
teomics could provide us with unique protein
profiles of cells that should aid in the identifi-
cation of stem and progenitor cells. Changes in
these profiles during differentiation will also
suggest a mechanism while assisting in devel-
oping cell culture conditions to enhance the
proliferation and differentiation efficiencies of
stem and progenitor cells [82-s4).

Determining if a stem cell has achieved a tis-
sue-specific functional state is proving diffi-
cult. Cell morphology and marker analysis
alone do not prove cell function. Although
in vitro methods do exist for measuring nerve
conductance or the myelination of axons by
oligodentrocytes or the response of insulin-
secreting cells to glucose, the optimal test of
cell function is a measurable improvement of
the test organism after cell transplantation,
although this does not always occur. Mouse
models that have been used for decades to test
the engraftment potential of HSCs, both
human and mouse, provides for an interesting
example [162]. Despite the long history and
extensive use in research, the survival of the
mouse is not dependent on the input stem
cells. Instead, this animal model is used to
identify positive engraftment events, and in
some situations the identification and charac-
terization of specific blood subsets. Therefore,
assessing success is based on positive engraft-
ment events and not function. In fact, these
mice do not support the full development of a
functional human immune system. Despite the
limitations of this animal model, information
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garnered from these studies, along with in vitro
data, is usually sufficient to commence human
clinical trials.

A major challenge of stem cell research will
be determining the mechanisms contributing

to cell differentiation and tissue repair. Under-
standing the biological systems and pathways
that underlie these complex processes will allow
us to modulate stem cell behavior and better
harness the therapeutic potential of these cells.

Executive summary

Clinical need for stem cell therapy

< In vitro culture of stem cells will provide a continuous supply of human leukocyte antigen-matched cells.

« The ability to control stem cell differentiation in vitro will give us the ability to generate specific cell types for targeted
tissue therapy.

« It will eventually be possible to generate whole organs or organ systems using stem cells and bioengineering.

Umbilical ord blood transplants for hematological disorders

< Umbilical ord blood transplants for hematological disorders are optimal for pediatric patients due to limited stem cell content.

< Increased success in adults will result from successful hematopoietic stem cell expansion.

* Reduced graft-versus-host disease without loss of the graft-versus-leukemia effect compared with bone marrow hematopoietic
stem cells leads to improved survival.

= Engineering grafts containing the requisite cell types will help to improve engraftment outcomes.

Cell engineering

« Self-contained bioreactors that can control growth conditions and cell-cell interactions will improve stem cell proliferation and
control differentiation.
« The large-scale production of specific cell types will allow for the production of sufficient cell numbers to treat disease.

Multipotential stem cells

« |solation and characterization of multipotential stem cells from umbilical cord blood will provide for an easily accessible source of
cells that are amenable to harvest and long-term storage.

» Transdifferentiation of tissue-specific stem cells is a rare event but investigation of the underlying mechanisms will lead to
favorable conditions and increased efficiency.

« Development of realistic animal models with achievable end points will help to accelerate the transition from laboratory
to patient.

Bibliography
>,

NOD/SCID mice after transplantation of »9.
human CD34* cells from umbilical cord

Rochefort GY, Delorme B, Lopez A et al.:

McCulloch EA, Till JE: The radiation Multipotential mesenchymal stem cells are

sensitivity of normal mouse bone marrow
cells, determined by quantitative marrow

blood as compared to adult sources. Bone
Marrow Transplant. 28, 163-171 (2001).

mobilized into peripheral blood by
hypoxia. Stem Cells 24, 2202-2208

transplantation into irradiated mice. »6.  Jiang Y, Jahagirdar BN, Reinhardt RL (2006).
Radiat. Res. 13, 115-125 (1960). et al.: Pluripotency of mesenchymal stem P10  Morshead CM, Reynolds BA, Craig CG

»2. McCulloch EA, Till JE: Proliferation of cells derived from adult marrow. Nature et al.: Neural stem cells in the adult
hemopoietic colony-forming cells 418, 41-49 (2002). mammalian forebrain: a relatively
transplanted into irradiated mice. Radiat. e Demonstrates a pluripotent progenitor quiescent subpopulation of subependymal
Res. 22, 383-397 (1964). cell from bone marrow capable of cells. Neuron 13, 1071-1082 (1994).

e Seminal paper demonstrating the engrafting mice. »11.  Collins CA: Satellite cell self-renewal.
existence of stem cells. »7. Kogler G, Sensken S, Airey JAetal.: A Curr. Opin. Pharmacol. 6, 301-306

»3. Hogan CJ, Shpall EJ, McNulty O et al.: new human somatic stem cell from (2006).

Engraftment and development of human placental cord blood with intrinsic »12.  Coles BL, Angenieux B, Inoue T et al.:
CD34*-enriched cells from umbilical cord pluripotent differentiation potential. Facile isolation and the characterization of
blood in NOD/LtSz-scid/scid mice. Blood J. Exp. Med. 200, 123-135 (2004). human retinal stem cells. Proc. Natl Acad.
90, 85-96 (1997). »3. Kern S, Eichler H, Stoeve J, Kluter H, Sci. USA 101, 15772-15777 (2004).

» 4. Cardoso AA, Li ML, Batard P et al.: Bieback K: Comparative analysis of »13.  Seaberg RM, Smukler SR, Kieffer TJ
Release from quiescence of CD34* CD38- mesenchymal stem cells from bone et al.: Clonal identification of multipotent
human umbilical cord blood cells reveals marrow, umbilical cord blood, or adipose precursors from adult mouse pancreas that
their potentiality to engraft adults. Proc. tissue. Stem Cells 24, 1294-1301 (2006). generate neural and pancreatic lineages.
Natl Acad. Sci. USA 90, 8707-8711 ee lllustrates the differences between Nat. Biotechnol. 22, 1115-1124 (2004).
(1993). adipose, bone marrow and umbilical cord P14, Toma JG, Akhavan M, Fernandes KJ

»5. Noort WA, Wilpshaar J, Hertogh CD blood mesenchymal cells in a et al.: Isolation of multipotent adult stem
et al.: Similar myeloid recovery despite single study. cells from the dermis of mammalian skin.
superior overall engraftment in Nat. Cell Biol. 3, 778-784 (2001).

784 Regenerative Med. (2006) 1(6)


http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15505221&crossref=10.1073%2Fpnas.0401596101&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVWisLnL&citationId=p_15
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=13858509&crossref=10.2307%2F3570877&coi=1%3ASTN%3A280%3ADyaF3c3ivFGnug%253D%253D&citationId=p_1
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11533656&crossref=10.1038%2Fncb0901-778&coi=1%3ACAS%3A528%3ADC%252BD3MXmvF2lsrk%253D&citationId=p_17
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16410387&crossref=10.1634%2Fstemcells.2005-0342&coi=1%3ACAS%3A528%3ADC%252BD28XhtFGhu7fJ&citationId=p_10
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16778152&crossref=10.1634%2Fstemcells.2006-0164&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVWnsbk%253D&citationId=p_12
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=7690969&crossref=10.1073%2Fpnas.90.18.8707&coi=1%3ASTN%3A280%3ADyaK3szptFChtg%253D%253D&citationId=p_5
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16563862&crossref=10.1016%2Fj.coph.2006.01.006&coi=1%3ACAS%3A528%3ADC%252BD28XksFyms74%253D&citationId=p_14
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12077603&crossref=10.1038%2Fnature00870&coi=1%3ACAS%3A528%3ADC%252BD38XltVantrs%253D&citationId=p_7
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15322557&crossref=10.1038%2Fnbt1004&coi=1%3ACAS%3A528%3ADC%252BD2cXntFCgtbo%253D&citationId=p_16
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15263023&crossref=10.1084%2Fjem.20040440&citationId=p_9
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=14168898&crossref=10.2307%2F3571667&coi=1%3ASTN%3A280%3ADyaF2c7is1yktA%253D%253D&citationId=p_2
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=9207442&coi=1%3ACAS%3A528%3ADyaK2sXktlaqtrw%253D&citationId=p_4
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=7946346&crossref=10.1016%2F0896-6273%2894%2990046-9&coi=1%3ACAS%3A528%3ADyaK2MXitlyls7c%253D&citationId=p_13
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11509934&crossref=10.1038%2Fsj.bmt.1703120&coi=1%3ASTN%3A280%3ADC%252BD3MvmtlWksA%253D%253D&citationId=p_6

| 1

»17.

»1s.

»19.

»20.

» 21,

»22.

Umbilical cord-derived stem cells for tissue therapy: current and future uses— REVIEW

Reports on a multipotential progenitor
cell from adult skin with similar
properties to the multipotential adult
progenitor cell (MAPC) cell.

Yoon BI, Choi YK, Kim DY:
Differentiation processes of oval cells into
hepatocytes: proposals based on
morphological and phenotypical traits in
carcinogen-treated hamster liver. J. Comp.
Pathol. 131, 1-9 (2004).

Gluckman E, Broxmeyer HA,

Auerbach AD et al.: Hematopoietic
reconstitution in a patient with Fanconi’s
anemia by means of umbilical-cord blood
from an HLA-identical sibling. N. Engl. J.
Med. 321, 1174-1178 (1989).

Report of the first umbilical cord

blood transplant.

Hurley CK, Wagner JE, Setterholm MI,
Confer DL: Advances in HLA: practical
implications for selecting adult donors and
cord blood units. Biol. Blood Marrow
Transplant. 12, 28-33 (2006).

Barker JN, Krepski TP, DeFor TE,
Davies SM, Wagner JE, Weisdorf DJ:
Searching for unrelated donor
hematopoietic stem cells: availability and
speed of umbilical cord blood versus bone
marrow. Biol. Blood Marrow Transplant. 8,
257-260 (2002).

Krause DS, Theise ND, Collector Ml

et al.: Multi-organ, multi-lineage
engraftment by a single bone marrow-
derived stem cell. Cell 105, 369-377
(2001).

One of the only papers clearly
demonstrating the multiorgan
engraftment potential of a single
hematopoietic cell.

Gluckman E, Rocha V: Cord blood
transplant: strategy of alternative donor
search. Springer Semin. Immunopathol. 26,
143-154 (2004).

Wagner JE, Barker JN, DeFor TE et al.:
Transplantation of unrelated donor
umbilical cord blood in 102 patients with
malignant and nonmalignant diseases:
influence of CD34 cell dose and HLA
disparity on treatment-related mortality
and survival. Blood 100, 1611-1618
(2002).

Rocha V, Labopin M, Sanz G et al.:
Transplants of umbilical-cord blood or
bone marrow from unrelated donors in
adults with acute leukemia. N. Engl. J.
Med. 351, 2276-2285 (2004).

Reports on the usefulness of umbilical
cord blood samples for the treatment of
adults with leukemia.

www.futuremedicine.com

| %)

» 24,

» o5,

»26.

» 29,

| 73

Rocha V, Cornish J, Sievers EL et al.:
Comparison of outcomes of unrelated bone
marrow and umbilical cord blood
transplants in children with acute
leukemia. Blood 97, 2962-2971 (2001).
Laughlin MJ, Eapen M, Rubinstein P et al.:
Outcomes after transplantation of cord
blood or bone marrow from unrelated
donors in adults with leukemia. N. Engl. J.
Med. 351, 2265-2275 (2004).

Key clinical study reporting on the
outcomes of umbilical cord blood units in
adult patients.

Barker JN, Davies SM, DeFor T,

Ramsay NK, Weisdorf DJ, Wagner JE:
Survival after transplantation of unrelated
donor umbilical cord blood is comparable
to that of human leukocyte antigen-
matched unrelated donor bone marrow:
results of a matched-pair analysis. Blood 97,
2957-2961 (2001).

Holyoake TL, Nicolini FE, Eaves CJ:
Functional differences between
transplantable human hematopoietic stem
cells from fetal liver, cord blood, and adult
marrow. Exp. Hematol. 27, 1418-1427
(1999).

Rubinstein P, Carrier C, Scaradavou A

et al.: Outcomes among 562 recipients of
placental-blood transplants from unrelated
donors. N. Engl. J. Med. 339, 1565-1577
(1998).

Novitzky N, Davison GM: Immune
reconstitution following hematopoietic
stem-cell transplantation. Cytotherapy 3,
211-220 (2001).

Gluckman E, Koegler G, Rocha V: Human
leukocyte antigen matching in cord blood
transplantation. Semin. Hematol. 42,
85-90 (2005).

Barker JN, Weisdorf DJ, DeFor TE et al.:
Transplantation of 2 partially HLA-
matched umbilical cord blood units to
enhance engraftment in adults with
hematologic malignancy. Blood 105,
1343-1347 (2005).

Rocha V, Wagner JE Jr, Sobocinski KA

et al.: Graft-versus-host disease in children
who have received a cord-blood or bone
marrow transplant from an HLA-identical
sibling. Eurocord and International Bone
Marrow Transplant. Registry Working
Committee on Alternative Donor and
Stem Cell Sources. N. Engl. J. Med. 342,
1846-1854 (2000).

Kolb HJ, Schattenberg A, Goldman JM

et al.: Graft-versus-leukemia effect of donor
lymphocyte transfusions in marrow grafted
patients. Blood 86, 2041-2050 (1995).

» 33,

>34,

»35.

> 36.

»37.

»3s.

»39.

» a1

>4,

» 43,

Kleen TO, Kadereit S, Fanning LR et al.:
Recipient-specific tolerance after HLA-
mismatched umbilical cord blood stem cell
transplantation. Transplantation 80,
1316-1322 (2005).

Cohen Y, Nagler, A: Umbilical cord blood
transplantation — how, when and for
whom? Blood Rev. 18, 167-179 (2004).
Cohen'Y, Kreiser D, Mayorov M, Nagler A:
Unrelated and related cord blood banking
and hematopoietic graft engineering. Cell
Tissue Bank. 4, 29-35 (2003).

Roux E, Helg C, Dumont-Girard F,
Chapuis B, Jeannet M, Roosnek E:
Analysis of T-cell repopulation after
allogeneic bone marrow transplantation:
significant differences between recipients
of T-cell depleted and unmanipulated
grafts. Blood 87, 3984-3992 (1996).
Mommaas B, Stegehuis-Kamp JA,

van Halteren AG et al.: Cord blood
comprises antigen-experienced T cells
specific for maternal minor
histocompatibility antigen HA-1. Blood
105, 1823-1827 (2005).

Ruggeri L, Capanni M, Urbani E et al.:
Effectiveness of donor natural killer cell
alloreactivity in mismatched
hematopoietic transplants. Science 295,
2097-2100 (2002).

Shlomchik WD, Couzens MS, Tang CB
et al.: Prevention of graft versus host
disease by inactivation of host antigen-
presenting cells. Science 285, 412-415
(1999).

Giebel S, Locatelli F, Lamparelli T et al.:
Survival advantage with KIR ligand
incompatibility in hematopoietic stem cell
transplantation from unrelated donors.
Blood 102, 814-819 (2003).

Chang CC, Satwani P, Oberfield N,
Vlad G, Simpson LL, Cairo MS: Increased
induction of allogeneic-specific cord
blood CD4*CD25* regulatory T (Treg)
cells: a comparative study of naive and
antigenic-specific cord blood Treg cells.
Exp. Hematol. 33, 1508-1520 (2005).
Edinger M, Hoffmann P, Ermann J et al.:
CDA4*CD25" regulatory T cells preserve
graft-versus-tumor activity while
inhibiting graft-versus-host disease after
bone marrow transplantation. Nat. Med.
9, 1144-1150 (2003).

Taylor PA, Panoskaltsis-Mortari A,
Swedin JM et al.: L-Selectin(hi) but not
the L-selectin(lo) CD4*25* T-regulatory
cells are potent inhibitors of GVHD and
BM graft rejection. Blood 104,
3804-3812 (2004).

785


http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=10411505&crossref=10.1126%2Fscience.285.5426.412&coi=1%3ACAS%3A528%3ADyaK1MXkvVGgtLY%253D&citationId=p_47
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=7655033&coi=1%3ACAS%3A528%3ADyaK2MXnslKqs74%253D&citationId=p_40
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11348593&crossref=10.1016%2FS0092-8674%2801%2900328-2&coi=1%3ACAS%3A528%3ADC%252BD3MXjs1aitrY%253D&citationId=p_24
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11342417&crossref=10.1182%2Fblood.V97.10.2957&coi=1%3ACAS%3A528%3ADC%252BD3MXjsl2rtLs%253D&citationId=p_33
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16338494&crossref=10.1016%2Fj.exphem.2005.09.002&coi=1%3ACAS%3A528%3ADC%252BD2MXhtlSjsrfK&citationId=p_49
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15183901&crossref=10.1016%2FS0268-960X%2803%2900064-X&citationId=p_42
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15549306&crossref=10.1007%2Fs00281-004-0157-3&citationId=p_26
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15292057&crossref=10.1182%2Fblood-2004-05-1850&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVGltb3F&citationId=p_51
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=9828244&crossref=10.1056%2FNEJM199811263392201&coi=1%3ASTN%3A280%3ADyaK1M%252Fjt1Shuw%253D%253D&citationId=p_35
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15144794&crossref=10.1016%2Fj.jcpa.2003.12.004&coi=1%3ACAS%3A528%3ADC%252BD2cXktVOjtLs%253D&citationId=p_19
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=8611731&coi=1%3ACAS%3A528%3ADyaK28Xis1Sjur8%253D&citationId=p_44
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15564544&crossref=10.1056%2FNEJMoa041469&coi=1%3ACAS%3A528%3ADC%252BD2cXhtValsbzP&citationId=p_28
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15846574&crossref=10.1053%2Fj.seminhematol.2005.01.006&coi=1%3ACAS%3A528%3ADC%252BD2MXksFCksb8%253D&citationId=p_37
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11342418&crossref=10.1182%2Fblood.V97.10.2962&coi=1%3ACAS%3A528%3ADC%252BD3MXjsl2rtLg%253D&citationId=p_30
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11896281&crossref=10.1126%2Fscience.1068440&coi=1%3ACAS%3A528%3ADC%252BD38Xit1Ohurs%253D&citationId=p_46
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12064362&crossref=10.1053%2Fbbmt.2002.v8.pm12064362&citationId=p_23
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=10861319&crossref=10.1056%2FNEJM200006223422501&coi=1%3ASTN%3A280%3ADC%252BD3czgt1Citw%253D%253D&citationId=p_39
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12689936&crossref=10.1182%2Fblood-2003-01-0091&coi=1%3ACAS%3A528%3ADC%252BD3sXlvFCmsL0%253D&citationId=p_48
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16314801&crossref=10.1097%2F01.tp.0000188172.26531.6f&citationId=p_41
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12925844&crossref=10.1038%2Fnm915&coi=1%3ACAS%3A528%3ADC%252BD3sXmvVWnsrs%253D&citationId=p_50
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=10480433&crossref=10.1016%2FS0301-472X%2899%2900078-8&coi=1%3ASTN%3A280%3ADyaK1MvgvVeisg%253D%253D&citationId=p_34
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15256867&crossref=10.1023%2FA%3A1026379514314&citationId=p_43
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12176879&coi=1%3ACAS%3A528%3ADC%252BD38Xmslyhtr8%253D&citationId=p_27
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=2571931&crossref=10.1056%2FNEJM198910263211707&coi=1%3ASTN%3A280%3ADyaK3c%252FhsFSisw%253D%253D&citationId=p_20
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12171728&crossref=10.1080%2F146532401753174043&coi=1%3ASTN%3A280%3ADC%252BD38vhsF2msw%253D%253D&citationId=p_36
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15498856&crossref=10.1182%2Fblood-2004-07-2832&coi=1%3ACAS%3A528%3ADC%252BD2MXhsVGjtb8%253D&citationId=p_45
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16399581&crossref=10.1016%2Fj.bbmt.2005.10.005&citationId=p_22
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15466923&crossref=10.1182%2Fblood-2004-07-2717&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFCgtbs%253D&citationId=p_38
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15564543&crossref=10.1056%2FNEJMoa041276&coi=1%3ACAS%3A528%3ADC%252BD2cXhtValsbzO&citationId=p_31

REVIEW - Madlambayan & Rogers

» a4,

» 45,

» 46

» 3.

» 9.

»50.

438

473

| 473

786

Shlomchik WD: Antigen presentation in
graft-vs-host disease. Exp. Hematol. 31,
1187-1197 (2003).

Li G, Kim YJ, Broxmeyer HE: Macrophage
colony-stimulating factor drives cord blood
monocyte differentiation into IL-
10(high)IL-12 absent dendritic cells with
tolerogenic potential. J. Immunol. 174,
4706-4717 (2005).

Schaap N, Schattenberg A, Bar B, Preijers
F, van de Wiel van Kemenade E, de Witte
T: Induction of graft-versus-leukemia to
prevent relapse after partially lymphocyte-
depleted allogeneic bone marrow
transplantation by pre-emptive donor
leukocyte infusions. Leukemia 15,
1339-1346 (2001).

Serrano LM, Pfeiffer T, Olivares S et al.:
Differentiation of naive cord-blood T cells
into CD19-specific cytolytic effectors for
posttransplantation adoptive
immunotherapy. Blood 107, 2643-2652
(2006).

Gratwohl A, Brand R, Frassoni F et al.:
Cause of death after allogeneic
haematopoietic stem cell transplantation
(HSCT) in early leukaemias: an EBMT
analysis of lethal infectious complications
and changes over calendar time. Bone
Marrow Transplant. 36, 757—-769 (2005).
Hamza NS, Lisgaris M, Yadavalli G et al.:
Kinetics of myeloid and lymphocyte
recovery and infectious complications after
unrelated umbilical cord blood versus
HLA-matched unrelated donor allogeneic
transplantation in adults. Br. J. Haematol.
124, 488-498 (2004).

Tse W, Laughlin M: Cord blood
transplantation in adult patients.
Cytotherapy 7, 228-242 (2005).

Arcese W, Rocha V, Labopin M et al.: oo
Unrelated cord blood transplants in adults
with hematologic malignancies.
Haematologica 91, 223-230 (2006).
Rogers I, Sutherland, Holt D et al.: Human
UC-blood banking: impact of blood
volume, cell separation and
cryopreservation on leukocyte and CD34*
cell recovery. Cytotherapy 3, 269-276
(2001).

Dick JE: Absence of CD34 on some
human SCID-repopulating cells. Ann. NY
Acad. Sci. 872, 211-219 (1999).
Piacibello W, Sanavio F, Severino A et al.:
Engraftment in nonobese diabetic severe
combined immunodeficient mice of human
CD34 cord blood cells after ex vivo
expansion: evidence for the amplification
and self-renewal of repopulating stem cells.
Blood 93, 3736-3749 (1999).

»56.

»5g.

» 59,

»50.

»61.

»62.

»63.

»6a.

»65.

Madlambayan GJ, Rogers |, Casper RF,
Zandstra PW: Controlling culture dynamics
for the expansion of hematopoietic stem
cells. J. Hematother. Stem Cell Res. 10,
481-492 (2001).

Shpall EJ, Quinones R, Giller R et al.:
Transplantation of ex vivo expanded cord
blood. Biol. Blood Marrow Transplant. 8,
368-376 (2002).

Jaroscak J, Goltry K, Smith A et al.:
Augmentation of umbilical cord blood
(UCB) transplantation with ex vivo-
expanded UCB cells: results of a phase 1
trial using the AastromReplicell System.
Blood 101, 5061-5067 (2003).

Ogawa, M: Differentiation and
proliferation of hematopoietic stem cells.
Blood 81, 2844-2853 (1993).

Gothot A, van der Loo JC, Clapp DW,
Srour EF: Cell cycle-related changes in
repopulating capacity of human mobilized
peripheral blood CD34* cells in non-obese
diabetic/severe combined immune-
deficient mice. Blood 92, 2641-2649
(1998).

Gothot A, Pyatt R, McMahel J, Rice S,
Srour EF: Assessment of proliferative and
colony-forming capacity after successive
in vitro divisions of single human CD34*
cells initially isolated in G,. Exp. Hematol.
26, 562-570 (1998).

Adams GB, Scadden DT: The
hematopoietic stem cell in its place. Nat.
Immunol. 7, 333-337 (2006).
Madlambayan GJ, Rogers I, Kirouac DC
et al.: Dynamic changes in cellular and
microenvironmental composition can be
controlled to elicit in vitro human
hematopoietic stem cell expansion. Exp.
Hematol. 33, 1229-1239 (2005).

Reports on a novel method of
hematopoietic expansion that can also be
applied to other stem cell systems.

Coles BL, Horsford DJ, MclInnes RR,

van der Kooy, D: Loss of retinal progenitor
cells leads to an increase in the retinal stem
cell population in vivo. Eur. J. Neurosci.
23, 75-82 (2006).

Chang YJ, Shih DT, Tseng CP, Hsieh TB,
Lee DC, Hwang SM: Disparate
mesenchyme-lineage tendencies in
mesenchymal stem cells from human bone
marrow and umbilical cord blood. Stem
Cells 24, 679-685 (2006).

Wagner W, Wein F, Seckinger A et al.:
Comparative characteristics of
mesenchymal stem cells from human bone
marrow, adipose tissue, and umbilical cord
blood. Exp. Hematol. 33, 1402-1416
(2005).

> 66.

»67.

»68.

»70.

»72.

»73.

» 74,

»77.

Leferovich JM, Bedelbaeva K,

Samulewicz S et al.: Heart regeneration in
adult MRL mice. Proc. Natl Acad. Sci. USA
98, 9830-9835 (2001).

Wilmut |, Schnieke AE, McWhir J,

Kind AJ, Campbell KH: Viable offspring
derived from fetal and adult mammalian
cells. Nature 385, 810-813 (1997).
Murry CE, Soonpaa MH, Reinecke H

et al.: Haematopoietic stem cells do not
transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature 428, 664—-668
(2004).

Campagnoli C, Roberts IA, Kumar S,
Bennett PR, Bellantuono I, Fisk NM:
Identification of mesenchymal
stem/progenitor cells in human first-
trimester fetal blood, liver, and bone
marrow. Blood 98, 2396-2402 (2001).
Kuznetsov SA, Mankani MH, Gronthos S,
Satomura K, Bianco P, Robey PG:
Circulating skeletal stem cells. J. Cell Biol.
153, 1133-1140 (2001).

Pipes BL, Ablin RJ: Embryonic stem cell
co-transplantation revisited: utility of
umbilical cord blood “embryonic-like”
stem cells. Ann. Clin. Lab. Sci. 36,
105-106 (2006).

McGuckin CP, Forraz N, Baradez MO

et al.: Production of stem cells with
embryonic characteristics from human
umbilical cord blood. Cell Prolif. 38,
245-255 (2005).

Ohmori K, Yoneda T, Ishihara G et al.:
Sialyl SSEA-1 antigen as a carbohydrate
marker of human natural killer cells and
immature lymphoid cells. Blood 74,
255-261 (1989).

Tippett P, Andrews PW, Knowles BB,
Solter D, Goodfellow PN: Red cell
antigens P (globoside) and Luke:
identification by monoclonal antibodies
defining the murine stage-specific
embryonic antigens -3 and -4 (SSEA-3 and
SSEA-4). Vox Sang. 51, 53-56 (1986).
Karr JF, Nowicki BJ, Truong LD, Hull RA,
Moulds JJ, Hull SI: pap-2-encoded
fimbriae adhere to the P blood group-
related glycosphingolipid stage-specific
embryonic antigen 4 in the human kidney.
Infect. Immun. 58, 4055-4062 (1990).
Wang X, Willenbring H, Akkari Y et al.:
Cell fusion is the principal source of bone-
marrow-derived hepatocytes. Nature 422,
897-901 (2003).

Vassilopoulos G, Wang PR, Russell DW:
Transplanted bone marrow regenerates
liver by cell fusion. Nature 422, 901-904
(2003).

Regenerative Med. (2006) 1(6)


http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16420417&crossref=10.1111%2Fj.1460-9568.2005.04537.x&citationId=p_72
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16151426&crossref=10.1038%2Fsj.bmt.1705140&coi=1%3ASTN%3A280%3ADC%252BD2MrkvFGkuw%253D%253D&citationId=p_56
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16098183&crossref=10.1111%2Fj.1365-2184.2005.00346.x&coi=1%3ASTN%3A280%3ADC%252BD2Mvjt1SmtA%253D%253D&citationId=p_81
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12595310&crossref=10.1182%2Fblood-2001-12-0290&coi=1%3ACAS%3A528%3ADC%252BD3sXkslCjtrk%253D&citationId=p_65
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16263424&crossref=10.1016%2Fj.exphem.2005.07.003&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFOmt77L&citationId=p_74
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16081349&crossref=10.1080%2F14653240510027154&coi=1%3ACAS%3A528%3ADC%252BD2MXpsVaitrs%253D&citationId=p_58
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=2874662&crossref=10.1111%2Fj.1423-0410.1986.tb00209.x&coi=1%3ASTN%3A280%3ADyaL283ptFejtw%253D%253D&citationId=p_83
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=9763545&coi=1%3ACAS%3A528%3ADyaK1cXms1eltrs%253D&citationId=p_67
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12171715&crossref=10.1080%2F146532401317070907&coi=1%3ASTN%3A280%3ADC%252BD38vhsF2gug%253D%253D&citationId=p_60
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=9039911&crossref=10.1038%2F385810a0&coi=1%3ACAS%3A528%3ADyaK2sXhsFamsLs%253D&citationId=p_76
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12665832&crossref=10.1038%2Fnature01531&coi=1%3ACAS%3A528%3ADC%252BD3sXjtFCitLs%253D&citationId=p_85
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15814695&crossref=10.4049%2Fjimmunol.174.8.4706&coi=1%3ACAS%3A528%3ADC%252BD2MXivFKitLg%253D&citationId=p_53
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16550195&crossref=10.1038%2Fni1331&coi=1%3ACAS%3A528%3ADC%252BD28Xis1Gmurs%253D&citationId=p_69
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=10339480&coi=1%3ACAS%3A528%3ADyaK1MXjsVOnsbo%253D&citationId=p_62
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11588036&crossref=10.1182%2Fblood.V98.8.2396&coi=1%3ACAS%3A528%3ADC%252BD3MXnslCqsr0%253D&citationId=p_78
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16352804&crossref=10.1182%2Fblood-2005-09-3904&coi=1%3ACAS%3A528%3ADC%252BD28XjtlKltbY%253D&citationId=p_55
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16501246&citationId=p_80
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12171483&crossref=10.1053%2Fbbmt.2002.v8.pm12171483&citationId=p_64
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16179428&crossref=10.1634%2Fstemcells.2004-0308&coi=1%3ACAS%3A528%3ADC%252BD28XhtFKitbfN&citationId=p_73
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=14984500&crossref=10.1046%2Fj.1365-2141.2003.04792.x&citationId=p_57
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=2568858&coi=1%3ACAS%3A528%3ADyaL1MXkslKisro%253D&citationId=p_82
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=8499622&coi=1%3ASTN%3A280%3ADyaK3s3ntFCltA%253D%253D&citationId=p_66
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11493713&crossref=10.1073%2Fpnas.181329398&coi=1%3ACAS%3A528%3ADC%252BD3MXmtlCmsL0%253D&citationId=p_75
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16461307&citationId=p_59
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=1979319&coi=1%3ACAS%3A528%3ADyaK3MXit1Slsg%253D%253D&citationId=p_84
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=14662324&crossref=10.1016%2Fj.exphem.2003.09.017&coi=1%3ACAS%3A528%3ADC%252BD3sXps1yjsbo%253D&citationId=p_52
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=9657130&coi=1%3ASTN%3A280%3ADyaK1czhvFaisA%253D%253D&citationId=p_68
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=10372124&crossref=10.1111%2Fj.1749-6632.1999.tb08466.x&coi=1%3ACAS%3A528%3ADyaK1MXjvFKrs7s%253D&citationId=p_61
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15034593&crossref=10.1038%2Fnature02446&coi=1%3ACAS%3A528%3ADC%252BD2cXivVGmtb8%253D&citationId=p_77
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16219546&crossref=10.1016%2Fj.exphem.2005.05.018&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFWms7bP&citationId=p_70
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=12665833&crossref=10.1038%2Fnature01539&coi=1%3ACAS%3A528%3ADC%252BD3sXjtFCitLg%253D&citationId=p_86
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11516094&crossref=10.1038%2Fsj.leu.2402203&coi=1%3ASTN%3A280%3ADC%252BD3MvntFWquw%253D%253D&citationId=p_54
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11522231&crossref=10.1089%2F15258160152509091&coi=1%3ACAS%3A528%3ADC%252BD3MXms1aksLY%253D&citationId=p_63
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=11381097&crossref=10.1083%2Fjcb.153.5.1133&coi=1%3ACAS%3A528%3ADC%252BD3MXktVagsLo%253D&citationId=p_79

»7s.

»79.

»50.

Umbilical cord-derived stem cells for tissue therapy: current and future uses— REVIEW

Alvarez-Dolado M, Pardal R,
Garcia-Verdugo JM et al.: Fusion of bone-
marrow-derived cells with Purkinje
neurons, cardiomyocytes and hepatocytes.
Nature 425, 968-973 (2003).

Tanabe Y, Tajima F, Nakamura Y et al.: .
Analyses to clarify rich fractions in hepatic
progenitor cells from human umbilical
cord blood and cell fusion. Biochem.
Biophys. Res. Commun. 324, 711-718
(2004).

Nygren JM, Jovinge S, Breitbach M et al.:
Bone marrow-derived hematopoietic cells
generate cardiomyocytes at a low
frequency through cell fusion, but not
transdifferentiation. Nat. Med. 10,
494-501 (2004).

www.futuremedicine.com

»s1.

»s2.

Kashofer K, Siapati EK, Bonnet D: In vivo P>83.

formation of unstable heterokaryons after
liver damage and hematopoietic stem
cell/progenitor transplantation. Stem Cells
24, 1104-1112 (2006).

Reports on the importance of using
multiple methods for the detection of
fusion in order to avoid a false-positive
result for transdifferentiation.

Hayman MW, Christie VB, Keating TS,
Przyborski SA: Following the
differentiation of human pluripotent stem
cells by proteomic identification of
biomarkers. Stem Cells Dev. 15, 221-231
(2006).

»sa.

Salasznyk RM, Westcott AM, Klees RF
et al.: Comparing the protein expression
profiles of human mesenchymal stem cells
and human osteoblasts using gene
ontologies. Stem Cells Dev. 14, 354-366
(2005).

Feldmann RE Jr, Bieback K, Maurer MH
et al.: Stem cell proteomes: a profile of
human mesenchymal stem cells derived
from umbilical cord blood. Electrophoresis
26, 2749-2758 (2005).

787


http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15474486&crossref=10.1016%2Fj.bbrc.2004.09.115&coi=1%3ACAS%3A528%3ADC%252BD2cXotlCmsLs%253D&citationId=p_88
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16282440&crossref=10.1634%2Fstemcells.2005-0405&citationId=p_90
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16646668&crossref=10.1089%2Fscd.2006.15.221&coi=1%3ACAS%3A528%3ADC%252BD28XjvFyqu70%253D&citationId=p_92
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15971194&crossref=10.1002%2Felps.200410406&coi=1%3ACAS%3A528%3ADC%252BD2MXotFamsrw%253D&citationId=p_94
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=14555960&crossref=10.1038%2Fnature02069&coi=1%3ACAS%3A528%3ADC%252BD3sXosVOht7s%253D&citationId=p_87
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=15107841&crossref=10.1038%2Fnm1040&coi=1%3ACAS%3A528%3ADC%252BD2cXjsF2jtLg%253D&citationId=p_89
http://www.futuremedicine.com/action/showLinks?doi=10.2217%2F17460751.1.6.777&pmid=16137224&crossref=10.1089%2Fscd.2005.14.354&coi=1%3ACAS%3A528%3ADC%252BD2MXpslaisLk%253D&citationId=p_93

Research Article

@ Regenerative
Medicine

For reprint orders, please contact: reprints@futuremedicine.com

A comparison of Wharton’s jelly and cord
blood as a source of mesenchymal stem
cells for diabetes cell therapy

Rasha F El-Demerdash’,
Lamiaa N Hammad',
Mohamed M Kamal? & Hala
O El Mesallamy*:2
'Pharmacology & Toxicology Department,
Faculty of Pharmacy, Misr International
University, Cairo, Egypt, 44971
?Biochemistry Department, Faculty

of Pharmacy, Ain Shams University,
Abbassia, Cairo, Egypt, 11566
*Author for correspondence:
hala.elmesallamy@hotmail.com

Aim: In this study, we investigated the differences between mesenchymal stem cells
(MSCs), isolated from umbilical cord blood (UCB-MSCs) and Wharton's jelly (WJ-MSCs)
as sources of diabetes mellitus cell therapy. Methods: After isolation, both cell types
were induced to differentiate into insulin producing cells, then the differentiated cells
were assessed genetically and functionally. UCB-MSCs and WJ-MSCs were transplanted
in the tail veins of streptozotocin-induced diabetic rats. Blood glucose levels were
monitored post-transplantation. Results & conclusion: Wharton's jelly was more
homogeneous, can better differentiate into insulin producing cells in vitro and better
control hyperglycemia in diabetic rats in vivo, as compared with UCB. These results
indicate that WJ-MSCs represent a potential source of cells in the field of diabetes

mellitus cell therapy.

Keywords: cell banking e cell therapy e diabetes mellitus ¢ mesenchymal stem cells

e umbilical cord blood e Wharton’s jelly

Type 1 diabetes mellitus (TIDM) is an
autoimmune disorder in which the body’s
immune system attacks and destroys pan-
creatic  cells. While insulin replacement
represents the current therapy for TIDM, it
hardly controls diabetes, nor does it neces-
sarily prevent the possibility of the disease’s
devastating long-term complications, which
can seriously affect every body organ [1]. Pan-
creatic or islet transplantation can provide
exogenous insulin independence, but is lim-
ited by several factors including its intrinsic
complications and organ donor’s scarcity [2]
The major goal of future diabetes therapy
is to promote P-cell regeneration, which could
be accomplished by B-cell self-replication or
differentiation from progenitor cells with the
use of stem cell therapy to overcome autoim-
munity and to improve endogenous insulin
secretion [2]. Today, significant effort is being
made to find alternative means to treat diabetes
through stem cell therapy. Several reports have
been published concerning the differentiation
of many kinds of stem cells into insulin pro-
ducing cells (IPCs), including embryonic stem

cells (3], pancreatic stem cells 4] and mesen-
chymal stem cells (MSCs) derived from either
bone marrow [5] or umbilical cord (UC) [g].

MSCs are uniquely capable of crossing
germinative layers borders (i.e., are able to
differentiate toward different embryonic lin-
eages including ectoderm-, mesoderm- and
endoderm-derived cytotypes) and are viewed
as promising cells for regenerative medicine
approaches in several diseases [7]. MSCs are
obtainable in high numbers via ex vivo cul-
ture [s]. In addition, other reports evidenced
that MSCs possess immune-modulatory
activities which should result in a reduction
of the immunogenicity of transplanted cells,
thus limiting rejection [8]. However, caution
is still needed to ensure safe and durable
effects of these MSCs in vivo.

Interestingly, UC has been proved to be a
good source of MSCs either from umbilical
cord blood (UCB) or from Wharton’s jelly
(WJ) — the connective tissue surrounding
the umbilical vessels [9.10]. These MSCs offer
several advantages over other types of stem
cells (7. For example, UC-MSCs are easily
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isolated compared with embryonic stem cells (ESCs).
Moreover, MSCs possess immune-modulatory prop-
erties which prevent rejections to occur even after
xenotransplantation of postdifferentiated MSCs with-
out immunosuppression [11]. Furthermore, they are
obtainable in high numbers and can be differentiated
to IPCs. Thus, UC-MSC:s represent a promising thera-
peutic target and a potential source for cell replacement
therapy for diabetes mellitus (DM) [12].

MSCs isolated from different tissues using different
methods of administration have been used for treat-
ing DM in animal models [13,14]. Although these MSCs
exhibit several common characteristics, some impor-
tant differences according to their origin have been
shown with regard to their morphology, colony forma-
tion abilities, differentiation capacities and therapeutic
effects [15,16].

Accordingly, we sought to isolate, propagate and char-
acterize MSCs from two sources of UC, namely UCB-
MSCs and WJ-MSCs as noninvasive and readily avail-
able sources of stem cells. Furthermore, we compared
these two promising types of cells for their pancreatic
differentiation potential 77 vitro and their ability to con-
trol hyperglycemia in streptozotocin (STZ)-induced
diabetic rats i vivo. Our results concluded WJ-MSCs
as more potential candidate for diabetes cell therapy
than UC-MSCs and should be strongly recommended
for stem cell banking and DM cell therapy.

Materials & methods

Isolation & culture of UCB-MSCs & WJ-MSCs
The umbilical cords were obtained from Obstetrics/
Gynecology Department, Ain Shams after obtaining
a signed informed consent from the mother. Fresh
human UCB and UC were maintained on ice and
processed within 1-4 h post-delivery.

UCB mononuclear cells (UCB-MNCs) were
isolated as described previously [17]. Briefly, UCB
was collected on sterile 3.2% citrate solution as an
anticoagulant. UCB was diluted with phosphate
buffer saline (PBS) in the ratio 1:1, then 30 ml of
the diluted blood was layered carefully on 10 ml of
Ficoll-hypaque (Histopaque 1.077 g/ml density,
Sigma-Aldrich, MO, USA) in 50 ml Falcon tubes and
then centrifuged at 2000 rpm for 30 min at room
temperature. Mononuclear cells were collected from
plasma/ficoll interphase and washed twice with PBS.
Contaminating erythrocytes were lysed with ammo-
nium chloride lysis solution, and then washed with
PBS. Cell density was adjusted to 1-2 x 10°/ml and
seeded in 1 g/l glucose (low glucose)-DMEM (LG-
DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM r-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin. All cell culture media and

supplies were purchased from Lonza, Switzerland.
Cells were seeded in six-well plates (Coning, USA) till
reaching confluency after 14-21 days at 37°C with
saturated humidity and 5% CO2 by volume in CO2
incubator (Thermo Scientific, MA, USA). Then,
cells were subcultured using 0.05% trypsin-EDTA
(Lonza, Switzerand). Fibroblast-like cells started
appearing 1 month after isolation. Media for these
cells were changed every 2-3 days and sub-cultured
once weekly. These fibroblast-like cells were used for
subsequent experiments.

As for WJ-MSCs, the UC was collected in sterile
PBS and processed within 1-4 h. The UC-W]J was
processed till obtaining single cells by explant method
as previously described with few modifications [13].
Briefly, the UC was swabbed with 70% alcohol for just
few seconds then washed twice by sterile PBS. After-
ward, it was cut into smaller pieces (2—5 cm long each).
The CB vessels were removed and the remaining tis-
sue was cut into smaller pieces (5-10 mm each). These
pieces were placed in six-well plates in LG-DMEM
supplied with 10% FBS, 0.02 M r-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin and
subsequently incubated in 37°C, 5% CO2 humidi-
fied atmosphere (Thermo Scientific, MA, USA). Fresh
media was added every other day. Adherent fibroblast-
like cells usually appeared in the plate 10-14 days
afterward. These cells were subcultured using 0.05%
trypsin-EDTA (assigned as passage 1; P1). Media were
changed every other day and usually these cells were
subcultured every 3-5 days.

Immunophenotyping of different

mesenchymal stem cells populations

Both UCB-MSCs and WJ-MSCs at the third passage
were trypsinized and washed twice with PBS, then
100,000 cells were incubated at 4°C in dark for 20 min
with human monoclonal antibodies labeled with either
fluroisothiocyanate (FITC) or phycoerythrin (PE) as
follows: CD14 PE, CD34 PE, CD44 PE, CD45 FITC
(BD, Pharmingen, CA, USA), CD73 FITC, CD90
FITC, CD105 PE, (Beckman Coulter, Marseille,
France). Mouse isotype IgG1 FITC and PE antibodies
were employed as controls. Then, the cells were washed
and suspended in 500 pl of FACS buffer and analyzed
by CYTOMICS FC 500 Flow Cytometer (Beckman
Coulter, FL, USA) using CXP Software version 2.2.
All immunophenotyping assays were done in Depart-
ment of Clinical and Chemical Pathology, Faculty of
Medicine, Cairo University, Cairo, Egypt.

Adipogenic & osteogenic differentiation
We performed adipogenic and osteogenic differen-
tiation as examples of specific mesenchymal lineage

842

Regen. Med. (2015) 10(7)

fsg

future science group



Wharton's jelly & cord blood as a source of MSCs in diabetes cell therapy Research Article

using human MSC functional identification kit
(R&D systems, Inc., MN, USA). This kit contains
specially formulated adipogenic media supplement
containing hydrocortisone, isobutyl methyl xan-
thine and indomethacin in 95% ethanol which can
be used to effectively differentiate MSCs into adipo-
genic lineage. Briefly, cells were cultured in a 24-well
tissue culture plate at a density of 3.7 x 10%/well in
o-MEM Basal Medium supplemented with 10%
FBS, 100 U/ml penicillin, 100 ug/ml streptomycin
and 2 mM L-glutamine (Lonza) and incubated at
37°C in a humidified atmosphere of 5% CO2. When
the cells reached 100% confluency, the medium was
replaced with adipogenic differentiation medium to
induce adipogenesis. After 5-7 days, lipid vacuoles
started to appear in the induced cells. The detection
of the resultant differentiated cells was done using
Oil red staining (Sigma-Aldrich), as described previ-
ously [19]. As for osteogenic lineage, 4.2 x 10° cells
were seeded in 24-well plate. When these cells reached
50-70% confluency, the medium was replaced with
osteogenic medium supplemented with the kit and
kept for 21 days with every 3—4 days change of the
medium. Differentiation was confirmed by Alizarin
red-S staining (Sigma-Aldrich) for the calcium rich
extracellular matrix [19].

Pancreatic lineage differentiation

After two to four passages, both UCB-MSCs and
W]J-MSCs were induced to differentiate into IPCs
using a three step protocol as described previously [20].
Briefly, P2 ~ P4 cells were induced by 5% FBS high-
glucose DMEM (4.5 g/l glucose) for 14 days (step 1),
then 10 mmol/l nicotinamide (Sigma-Aldrich) was
added for 7 days (step II), and then finally 10 nmol/l
exendin-4 (Sigma-Aldrich) was added for another
7 days (step III).

RNA extraction & Real-time PCR analysis
Both control undifferentiated UCB-MSCs and W]J-

MSCs, together with differentiated IPCs (at steps 11
and III) were collected. RNA was isolated using Trizol

Reagent (Life Technologies, CA, USA) according to
the manufacturer’s instructions. Briefly, 3 x 10° cells
were treated by 1 ml Trizol followed by extraction
using chloroform and isopropanol. RNA was precipi-
tated by 80% ethanol. cDNA was prepared by Ver-
so™ ¢DNA synthesis kit (Thermo Scientific, MA,
USA) using 0.5 ug RNA. Each quantitative RT-PCR
(QRT-PCR) was done using 4 ng cDNA using SYBR
Green Master Mix (Applied Biosystems, CA, USA).
GAPDH was used as internal control. AA Ct method
was used to calculate relative expression levels. The
mRNA expression of various markers was done by
gRT-PCR. Forward and reverse primers for target
genes are given in (Table 1). All qRT-PCR analyses
were done on Step-One plus qRT-PCR (Applied

Biosystems).

Functional assessment of differentiated cells by
glucose challenge test for insulin release

The maturity of differentiated IPCs was assessed by
its ability to secrete insulin in response to high glu-
cose [21]. Briefly, the differentiated cells were washed
twice with PBS then incubated for 1 h in Kreb’s Ringer
bicarbonate (KRB) buffer supplemented with 5.5 mM
glucose at 37°C, 5% CO2. Afterward, cells were incu-
bated with either 5.5 mM, 16.7 mM or 25.5 mM glu-
cose in KRB buffer in the same conditions for 2 h,
and then the supernatant was collected and frozen at
-80°C till time of assay. Insulin release was detected
by Accubind® insulin enzyme-linked immunosorbent
assay (Monobind Inc., CA, USA) according to the

manufacturer’s instructions.

Transplantation of UCB-MSCs & WJ-MSCs into
streptozotocin-induced diabetic rats

A total of 40 male Sprague—Dawley rats of 4-5 weeks
old and 100-150 gm weight were purchased from the
Animal Center of the Nile Company for Pharmaceu-
ticals and Chemical Industries, Cairo, Egypt. Ani-
mals were housed in normal cages at controlled tem-
perature (24°C) with a 12:12 h light:dark cycle and
had free access to water and chow diet over a 5-week

Table 1. Forward and reverse primer sequences used for quantitative real-time PCR.

Gene Forward primer Reverse primer

GAPDH GCCAAAAGGGTCATCATCTC TGAGTCCTTCCACGATACCA

Nestin CGTTGGAACAGAGGTTGGA AGGCTGAGGGACATCTTGAG

Pdx-1 GGAGCCGGAGGAGAACAAG CTCGGTCAAGTTCAACATGACAG

MafA CTGGCCATCGAGTACGTCA CAGAAGCTGGGCGAGGAG

Ngn-3 TCCAAGTGACCCGTGAGAC AGTGCCAACTCGCTCTTAGG

Nkx2.2 TCTACGACAGCAGCGACAAC TTGTCATTGTCCGGTGACTC

Isl-1 ATTTCCCTATGTGTTGGTTGCG CGTTCTTGCTGAAGCCGATG
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adaptation period in animal house facility till reach-
ing the ideal weight of STZ injection (200-300 g).
Experimental diabetes was induced in these 40 rats
(9-10 weeks age, weighing 200-300 gm) by sin-
gle intraperitoneal injection of 50 mg/kg BW STZ
(Sigma-Aldrich) in 0.1 M citrate buffer [22]. Each rat
was injected in the right lower part of its abdomen
within 30 min of the STZ solution preparation to
avoid the degradation of STZ. One week after STZ
injection, the rats were food deprived overnight the
day prior to blood glucose measurement. The termi-
nal part of rat tail was rubbed by xylene wetted cot-
ton ball to show the tail veins. After xylene dried out,
the tail vein was punctured by needle to obtain blood
drop. The blood drop was applied on the strip of
glucometer (Bionime, Shanghai, China) to measure
fasting blood glucose (FBG). Rats having blood glu-
cose level of 200 mg/dl or greater were considered to
be diabetic. These recorded FBG levels were used in
the subsequent experiment as day 0 (D0) FBG before
cells transplantation. In the same day, bodyweights
(BW) of the diabetic rats were measured and recorded
as DO BW. Special care was taken to provide enough
water and food for diabetic rats.

Of these 40 STZ diabetic-induced rats, 18 rats were
selected randomly for stem cells transplantation. These
18 rats were divided randomly into three groups; con-
trol group (seven rats), UCB-MSCs group (five rats)
and WJ-MSCs group (six rats). Each group was placed
in separate cages. On day of injection, each rat received
2 x 10° freshly trypsinized P3 either UCB-MSCs or
WJ-MSCs, each according to its corresponding group,
suspended in 300 pl plain LG-DMEM through tail
vein. Again, the tail was rubbed with xylene and after
dried out, cells were transplanted into tail veins using
1 ml 100 unit 27 gauge insulin syringe (BD) on day 7
after STZ induction of diabetes. Same volume of plain
LG-DMEM was injected into control group diabetic
rats. FBG and BW were monitored every 10 days up
to 8 weeks post-transplantation as discussed earlier in
this section.

2 months post-transplantation, 2-3 rats of each
group were sacrificed by cervical dislocation and dis-
sected for organs collections. Autopsy samples were
taken from the pancreas, livers, kidneys and spleens of
rats in different groups, along with normal rats. Hema-
toxylin and eosin (H&E) stained slides were prepared
as described before [23]. Briefly, samples were washed
with water followed by gradient alcohol for dehydra-
tion. Paraffin tissue blocks of these specimens were
prepared and sectioned at 4 um thickness by sledge
microtome. Then, obtained tissue sections were col-
lected on glass slides, deparaffinized, stained by H&E
stain and examined under light microscope.

Immunohistochemistry

Immunostaining for insulin was done as previously
described [24]. Briefly, paraffin sections were depar-
affinized and rehydrated by serial changes of xylene,
ethanol and distilled water. Antigen retrieval was done
by citrate buffer in steamer at 95°C for 30 min. After
blocking, slides were incubated with anti-human Insu-
lin (A0564, DAKO, CA, USA) for 1 h followed by
incubation with secondary antibody MACH-2 Horse
Radish Peroxidase polymer (Biocare Medical, CA,
USA). Color was developed using DAB chromogen kit
(DAKO, CA, USA) as per manufacturer’s instructions
and visualized under light microscope.

Statistical analyses

Data are presented as mean = standard error of mean.
Comparisons between the groups were conducted
using one-way analysis of variance and Dunnett’s
post hoc test. These statistical analyses were done using
windows-based SPSS statistical package (SPSS version
17.0; SPSS, IL, USA). A p-value of less than 0.05 was

considered significant.

Results
Both UCB & WIJ are sources of mesenchymal
stem cells
As for UCB, isolated cells started to adhere to plastic
surface in 5-7 days following density gradient isolation.
In the beginning, these cells formed an adherent hetero-
geneous cell population consisting of round and spindle
shaped cells (UCB-MNC:s; Figure 1A). Initially, these
cells proliferate slowly and reach confluency within
3—4 weeks. Upon subculture, this heterogeneous cell
population changed to a homogeneous one with flat
fibroblast-like shaped cells (UCB-MSC:s; Figure 1B).
On the other hand, adherent cells with fibroblast-like
morphology could be observed as early as 10-14 days
post-plating of the explants of WJ. As shown in
Figure 1C & D, these cells were almost homogeneous
resembling MSCs morphology, as further proved by
immunophenotyping. These cells were designated as

WJ-MSCs.

Immunophenotyping of cells isolated from

UCB & W)

Isolated fibroblast-like cells from both UCB and W]
were characterized by flow cytometry for MSCs and
hematopoietic-specific cluster of differentiation (CDs)
markers. As shown in Figure 2A & B, immunophe-
notyping revealed that there exists difference in the
expression of these markers in both types of cells.
Both types were almost negative for CDI14 (mono-
cytes), CD34 (hematopoietic stem cells) and CD45
(leukocyte-specific antigen) with more percentage of
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cells expressing these markers in the UCB population
(CD14 UCB: 4.8% vs WJ]: 1.5%; CD34 UCB: 8.6%
vs WJ: 2.6%; CD45 UCB: 13.3% vs W]: 6.3%). On
the other hand, both cell types were positive for MSCs
markers CD44, 73, 90 and 105. Interestingly, there
were difference in expression intensities of these mark-
ers between both types of cells (CD44 UCB: 85.1% vs
WJ: 83.6%; CD73 UCB: 71.9% vs WJ: 83.4%; CD90
UCB: 74.1% vs WJ 90%; CD105 UCB: 77.9% vs W]:
82.2%). These results indicate more homogeneous
mesenchymal phenotypic population of WJ-MSCs as
compared with those of UCB-MSCs.

Adipogenic & osteogenic differentiation of
UCB-MSCs & WJ-MSCs

As a functional assay to confirm MSC identity in iso-
lated cells, we examined the differentiation potential
of both of these cell populations. Although isolation
yields and immunophenotyping profile differ between
these two populations, their mesenchymal lineage dif-
ferentiation capacity either to adipogenic or osteogenic
differentiation remained conserved. As Figure 2C-H
shows, both UCB-MSCs (Figure 2C-E) and WJ-MSCs
(Figure 2F-H) exhibited both adipogenic differentia-
tion potential; detected by oil red staining of lipid
droplets in comparison with control undifferentiated
cells and osteogenic differentiation potential of the
isolated WJ]-MSCs; detected by alizarine-red-S stain-
ing for calcium rich extracellular matrix as compared
with control undifferentiated cells.

In vitro differentiation of UCB-MSCs

& WIJ-MSCs into IPCs: morphological changes

& gene expression analysis

Following exposure to differentiation protocols, both
cell types start to lose their fibroblast-like shape and
tend to aggregate by the end of nicotinamide (NA)
stage. This goes on with exendin-4 stage. Further-
more, cells start to detach and grow as suspension in
the culture medium (Figure 3A-D). However, control
cells keep their MSCs like morphology throughout the
differentiation period.

In order to evaluate the potential of these types of
MSCs to differentiate into IPCs, we examined the
gene expression of 3 cells-related genes by qRT-PCR.
We examined Nestin; a stem cell marker; Pdx-1, MafA,
Ngn-3, Nkx2.2 and Isl-1 as B-cell differentiation mark-
ers. As shown in Figure 4A, Nestin transcript level was
decreased in both differentiated UCB-MSCs and
W]J-MSC:s. It is obvious here that level of Nestin tran-
script in undifferentiated UCB-MSCs was higher as
compared with WJ-MSCs.

This decrease in Nestin levels upon differentiation
was associated with concomitant increase in expres-

Figure 1. Phase contrast images of umbilical cord blood
and Wharton'’s jelly-isolated cells. (A) Freshly isolated
UCB-mononuclear cells showing heterogeneous
population, (B) UCB-mesenchymal stem cells after first
passage (P1) showing homogeneous fibroblast-like
cells and (C) freshly isolated WJ-mesenchymal stem
cells showing homogeneous fibroblast-like cells which
continues for P1 as shown in (D).

Magnification: 10x; Scale bar: 100 um.

UCB: Umbilical cord blood; WJ: Wharton'’s jelly.

sion of B-cells genes in both types of cells including
Pdx-1, MafA, Ngn-3, Nkx2.2 and Is/-1 either in NA
stage or at final differentiation stage as shown in
Figure 4B & C. Interestingly, all these genes showed a
considerable higher fold increase in final differenti-
ated cells when compared with undifferentiated cells
in WJ-MSCs than in UCB-MSCs (Pdx-1, UCB:
2.5-fold the expression level in undifferentiated con-
trol, WJ-MSCs: 14.7-fold; MafA, UCB: 2.5-fold, W]:
3.1-fold; Ngn-3, UCBP: 4.9-fold, WJ-MSCs: 6.4-fold;
Nkx2.2, UCB: 0.27-fold, WJ-MSCs: 7.6-fold; Is/-1,
UCB: 1.88-fold, WJ-MSCs: 2.8-fold). These find-
ings indicate that although both cells could potentially
differentiate down the pancreatic lineage, WJ-MSCs
showed increased potentiality toward differentiation
into IPCs.

Comparison of glucose-stimulated insulin
secretion of IPCs generated from both
UCB-MSCs & WJ-MSCs

One important characteristic of § cells is its secretion of
insulin in response to glucose [21]. In order to examine
the response of differentiated IPCs to glucose stimula-
tion, we incubated differentiated cells with KRB buf-
fer containing a low (5.5 mM) or two high (16.7 and
25 mM) glucose concentrations. ELISA showed a mod-
est secretion of insulin in response to glucose for IPCs
isolated from UCB-MSC (LG: 5.62 + 0.063 pU/ml;
high glucose (HG) 16.7mM: 5.77 + 0.176 pU/ml;
HG 25 mM: 5.88 + 0.290 pU/ml) or WJ-MSCs (LG:
5.21 £ 0.11 pU/ml; HG 16.7mM: 5.93 + 0.11 pU/ml;
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Figure 2. Characterization of mesenchymal stem cells from umbilical cord blood and Wharton's jelly by
immunophenotyping and mesenchymal lineage differentiation (see facing page). Immunophenotyping of cells
isolated from (A) UCB and (B) WJ. Cells were labeled with FITC- or PE-conjugated antibodies and examined by
flow cytometry. The immunophenotypical profile of both UCB-MSCs and WJ-MSCs showed low expression of
CD14, CD34 and CD45 in both types of cells with more cells expressing these markers among UCB. On the other
hand, both were positive for CD44, 73, 90 and 105 with more expression intensity for WJ-MSC than UCB-MSC.
(C-H) Adipogenic and osteogenic differentiation of UCB and WJ-MSCs. (€) Uninduced UCB-MSCs as control for
lineage differentiation, (D) induced UCB-MSCs showing red staining of oil droplets using oil red, characteristic for
successful adipogenic differentiation, (E) induced UCB-MSCs showing positive alizarin red-S staining for calcium
rich extracellular matrix, indicating successful osteogenic differentiation characteristic for MSCs, (F) uninduced
control WJ-MSCs, (G) induced WJ-MSCs showing red staining of oil droplets using oil red, characteristic for
successful adipogenic differentiation, (H) induced WJ-MSCs showing positive alizarine red-S staining for calcium
rich extracellular matrix, indicating successful osteogenic differentiation.

FITC: Fluroisothiocyanate; MSC: Mesenchymal stem cell; PE: Phycoerythrin; UCB: Umbilical cord blood;

WIJ: Wharton'’s jelly.

HG 25 mM: 5.79 + 0.15 pU/ml). However, as shown in
Figure 4D, the increase in insulin secretion was slightly
higher but significant in WJ]-MSCs as compared with
UCB-MSCs. Yet, there was no significant variation
of insulin secretions between the two high-glucose
concentrations.

Transplantation of UCB-MSCs & WJ-MSCs into
STZ-induced rats

The diabetes treatment potentials of both types of cells
were tested 772 vivo in STZ-induced diabetic rat model.
Either UCB-MSCs or WJ]-MSCs suspended in plain
LG-DMEM media were transplanted into STZ-induced
diabetic rats together with another group injected plain
LG-DMEM media serving as control group. Fasting
blood glucose and BW were recorded every 10 days for
2 months. As shown in Figure 5A, rats transplanted with
UCB-MSCs showed decreased FBG starting from day
40 (D40) post-transplantation (UCB-MSCs FBG at
D40: 401.2 + 24.7 mg/dl compared with control D40:
521.0 £ 16.11 mg/dl) and reached its lowest level at D50
(UCB-MSCs FBG at D50: 282.6 + 29.1 mg/dl com-
pared with control D50: 540 + 29.80 mg/dl) Unfor-
tunately, these cells could not manage to keep the
decreased FBG, which started to elevate to approach
control levels at D60 post-transplantation.

On the other hand, the WJ-MSCs transplanted
rats showed decreased FBG levels starting at D10
(WJ-MSCs FBG at D10: 209.0 + 18.5 mg/dl com-
pared with control D10: 378.5 + 12.85 mg/dl) with
sustained decreased FBG levels till D50. However,
FBG started to elevate again after D50 where it
approached FBG in control group (W]-MSCs FBG
at D50: 439.7 + 56.2 mg/dl compared with control
D50: 540.0 + 29.80 mg/dl). Then decreased again
significantly from control group at D60 (W]-MSCs
FBG at D60: 356.2 + 45.2 mg/dl compared with
control D60: 576.6 + 8.9 mg/dl). Comparison of the
FBG levels between UCB-MSCs group and WJ-MSCs
at different time points of the study is shown in
Supplementary Figure 1.

Regarding bodyweight, to better examine the effect
of cells transplantation on bodyweight, we calculated
the bodyweight loss from DO of transplantation.
Figure 5B showed that both UCB-MSC and WJ-MSCs
decreased bodyweight loss significantly when com-
pared with control group 1 month post-transplantation
and sustained this effect for the next month. These
results indicate that, although both UCB-MSCs and
WJ-MSC:s failed to achieve normoglycemia in STZ-
injected rats, they potentially managed to decrease
FBG levels in diabetic rats transiently with more effi-
ciency demonstrated by WJ-MSCs in this glucose
lowering effect.

UCB-MSCs & WJ-MSCs promoted the recovery
of STZ-induced pancreatic damage

In order to examine the 7 vivo effects of MSCs treat-
ment in STZ-induced diabetic rats, we collected
autopsy samples of liver, kidney, spleen and pancreas
from different treated groups, prepared tissue sections

Control Differentiated

UCB-MSCs

Figure 3. Phase contrast images of differentiated
umbilical cord blood mesenchymal stem cells and
Wharton's jelly mesenchymal stem cells into insulin
producing cells. Upon differentiation, both induced
UCB-MSCs (B) and induced WJ-MSCs (D) aggregate to
form clusters in contrast to control UCB-MSCs (A) and
WIJ-MSCs, (C) which retain fibroblast-like morphology.
Magnification: 10x; Scale bar: 100 um.

UCB-MSC: Umbilical cord blood mesenchymal stem cell;
WJ-MSC: Wharton'’s jelly mesenchymal stem cell.
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Figure 4. Gene expression of insulin producing cells generated from umbilical cord blood mesenchymal stem
cells and Wharton’s jelly mesenchymal stem cells. (A) Real-time PCR revealed relative decrease in Nestin levels in
both UCB and WI-differentiated cells with increased expression of Nestin in noninduced UCB-MSC as compared
with WJ-MSC. Fold increase of mRNA relative expression level of B-cells genes in (B) UCB-MSC and (C) WJ-MSC
showed increased expression of Pdx-1, MafA, Nkx2.2, Ngn-3 and Isl-1 in both types of cells with more consistent
increase associated with insulin producing cells generated from WJ-MSCs. (D) In vitro GSIS assay of differentiated
UCB-MSCs and WJ-MSCs. Insulin release in response to a low (5.5 mM) and two high (16.7 and 25 mM) glucose
concentrations of differentiated cell cluster was measured after 2 h incubation.

*Mean is significantly different from control mean at p < 0.05.

GSIS: Glucose-stimulated insulin secretion; MSC: Mesenchymal stem cell; NA: Nicotinamide; UCB: Umbilical cord

blood; WJ: Wharton's jelly.

and stained them with H&E for routine examination.
In addition, we performed immunostaining for human
insulin in these pancreata. As shown in Figure 6A & B,
the H&E staining of pancreas of the normal control
group, showed no histopathological alterations. Mean-
while, it showed some immunostaining for insulin
may be due to cross-reactivity of the antibody with
other mammalian insulins. As for the rats injected
with STZ, expectedly, this group showed dilated pan-
creatic ducts associated with edema in the periductal
tissue. Importantly, the islets of Langerhans were atro-
phied and showed very little insulin immunostaining
(Figure 6C & D).

As for the rats transplanted with MSCs, histopatho-
logical examination showed that there was a dramatic
improvement in the pancreata of the rats treated

with either UCB-MSCs or WJ]-MSCs. In contrast to
dilated edematous ducts and atrophied islets shown in
STZ group, both UCB-MSCs and WJ-MSCs totally
restored the normal histological structures of acini and
more importantly, islets of Langerhans (Figure 6E & G).
This was completely reflected in the positive insulin
immunostaining exhibited by the islets in both UCB-
MSCs and WJ-MSCs-treated groups. As shown in
Figure 6F & H, both cell types showed positive insu-
lin immunostaining in the restored islets. These
results obviously point out the ability of these cells to
regenerate islets of Langerhans in diabetic rat models.
As for other organ biopsies collected, as shown
in Supplementary Figure 2A-C, the H&E staining
of liver, kidney and spleen of normal control group,
showed no histopathological alterations and normal

848

Regen. Med. (2015) 10(7)

fsg

future science group



Wharton's jelly & cord blood as a source of MSCs in diabetes cell therapy Research Article

histopathological structures of all organs. On the
other hand, expectedly, rats injected with STZ
(Supplementary Figure 2D-F) showed dilated congested
veins associated with inflammartory cells infiltration in
between the hepatocytes as well as in the portal area
with edema in the later. The kidneys showed degen-
eration and desquamation in the lining epithelium. In
spleen, severe congestion was noticed in the red pulps,
while the white one showed lymphoid depletion.

In the rats transplanted with MSCs, Supplementary
Figure 2G-I show that the histopathological changes
induced by STZ in either liver, including edema and
congestion in portal veins, or kidney, including vacu-
olization in the lining endothelium of the glomerular
tufts, were not affected by either transplantation of
UCB-MSCs or WJ-MSCs. On the other hand, spleen
autopsies showed no histopathological alteration in rats
treated with UCB-MSCs (Supplementary Figure 2I).
However, spleens of rats transplanted with WJ-MSCs
showed lymphoid depletion in the white pulps
(Supplementary Figure 2L).

Discussion

In this study, we compared two important banking
types of MSCs isolated from UC, namely UCB-MSCs
and WJ-MSCs regarding their potentialities toward the
generation of IPCs 77 vitro and the control of hypergly-
cemia in STZ-induced diabetic rats as potential source
of DM cell therapy. Results of this study showed that
both cell types, UCB-MSCs and WJ]-MSCs exhibit
typical MSCs characteristics; however, WJ-MSCs were
superior to UCB-MSC:s in ease of isolation and propa-
gation. In addition, although both cell types failed to

®

|+ Control -=- UCB-MSCs
600.0-

WJ-MSCs |

attain fully differentiated IPCs iz vitro or completely
ameliorate hyperglycemia i vivo, WJ-MSCs exhibited
better differentiation potential to IPCs and better sus-
tained control of hyperglycemia in STZ diabetic rats.
These results strongly indicate WJ-MSCs can be con-
sidered as more potential candidate for DM cell therapy
as compared with UCB-MSCs, and should be strongly
recommended for stem cell banking.

Stem cells regeneration offers an attractive insulin
replacement therapy for those with insulin-dependent
DM. Stem cells from pancreas [25], bone marrow [s],
UCB [26] have been previously used in research for
regeneration therapies for DM. In this context, UC is
considered a readily available source of MSCs. In addi-
tion, both UCB-MSCs and W]J-MSCs are obtained
from tissues that are discarded after delivery, and this
nullifies any ethical concerns that might be raised
about the use of these cells. Moreover, MSCs have sev-
eral immune-modulatory properties which enhance
their potential for the use in cell therapy of DM (7).

Actually, the International Society for Cellular Ther-
apy suggested three criteria for describing MSCs [27].
The first one is plastic adherence. We succeeded to iso-
late plastic adherent MSCs-like cells from both types
of cells. However, the elapsed time between samples
collection and appearance of these MSCs was variable.
While it took only about 2 weeks to get the fibroblast-
like cells to appear from W] samples, UCB started
with more heterogeneous population, took more than a
month to isolate MSC-like cells. Moreover, WJ-MSCs
could be expanded more efficiently than UCB-MSC:s.

These results supported previous studies on WJ-
MSCs in comparison with other MSCs including

©)

| —+— Control -m- UCB-MSCs WJ-MSC |

0 10 20 30 40 50 60

-10
-20
-30
-40
-50
-60

Difference in bodyweight

Days

Figure 5. Fasting blood glucose and bodyweight loss in streptozotocin-induced diabetic rats treated with
mesenchymal stem cells. (A) Fasting blood glucose and (B) bodyweight loss in rats transplanted with UCB-MSCs
and WJ-MSCs as compared with control group injected plain Low glucose-Dulbecco’s Modified Eagle Medium
media. Transplantation of UCB-MSCs and WJ-MSCs decreased FBG and bodyweight loss as compared with

control group.

*Mean is significantly different from control mean at p < 0.05.
#Mean is significantly different from UCB-MSCs mean at p < 0.05.
FBG: Fasting blood glucose; UCB-MSC: Umbilical cord blood mesenchymal stem cell;

WIJ-MSC: Wharton'’s jelly mesenchymal stem cell.
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UCB-MSCs STZ-group Control

WJ-MSCs

Figure 6. Histology and immunohistochemistry of
pancreas in normal, streptozotocin and mesenchymal
stem cells-treated diabetic rats. Pancreata in different
treated groups were examined using hematoxylin and
eosin staining and by insulin immunostaining:

(A & B) Pancrease of normal rats showing normal
histological structure and mild cross-reactivity to
insulin; (C & D) STZ-treated group showing atrophied
islets of Langerhans and weak insulin staining;

(E & F) STZ diabetic rats treated with UCB-MSCs group
showing normal histological structure of pancreas with
strong insulin staining; (G & H) STZ diabetic rats treated
with WJ-MSCs again as in UCB-MSCs showing normal
pancreas structure and positive insulin staining.

STZ: Streptozotocin; UCB-MSC: Umbilical cord

blood mesenchymal stem cell; WJ-MSC: Wharton's
jelly mesenchymal stem cell.

peripheral blood (28] and bone marrow [29]. Taking
into consideration that the preference of using cells in
clinical applications depends on abundance, frequency
and expansion potential of the cells used, our results
indicate that WJ-MSCs isolation and expansion prop-
erties are more suitable to obtain large-cell number
needed for clinical application of cell therapy.

Next criterion proposed by International Society for
Cellular Therapy to define human MSCs is the com-
bination of expressing mesenchymal cell surface mol-
ecules and lacking hematopoietic ones [27]. Our results
showed that MSCs derived from both UCB and W]
fulfilled this criterion. However, WJ]-MSCs showed
more expression of mesenchymal CDs markers than
UCB-MSCs. These results were in accordance with
Wu and coworkers, 2009 [29]. This emphasizes that W]
represents a richer source of MSCs than UCB.

In contrast to ease of isolation and immunopheno-
typing that showed a difference between these two types
of cells, both types of cells showed similar multilineage
differentiation evidenced by ability of both types to
exhibit adipogenic and osteogenic differentiation.

Previous studies showed plausible pancreatic dif-
ferentiation from embryonic stem cells (30] and bone
marrow MSCs [31]. Moreover, several reports have
shown the potential of generating IPCs from UCB-
MSCs [617] and WJ]-MSCs [32] or even from other
sources of MSCs like adipose tissue [33]. In our study,
both types of cells were induced into IPCs after they
were cultured in pancreatic differentiation medium
containing successive addition of NA and exendin-4
to high-glucose DMEM (4.5 g/l). Basically, differen-
tiation was assessed both genetically and functionally.
Interestingly, the more fold increase in B-cells differen-
tiation markers showed by WJ]-MSCs as compared with
undifferentiated cells upon differentiation into IPCs,
which reached almost double that of UCB-MSCs for
every gene, suggests a better potentiality of these cells
in differentiation into IPCs rather than IPCs generated
from UCB-MSC:s. Basically, this added more weight to
the suitability of WJ-MSCs in cell therapy for diabetes
especially in future clinical settings.

However, the formation of mature glucose responsive
cells from these sources is a major challenge in the field
of diabetes cellular therapy. Several studies have dem-
onstrated that the small amount of insulin secreted by
these cells i vitro may not be very useful clinically [34].
In addition, several reports assume that stem cells from
different origins generate immature IPCs [7).

These previous observations were confirmed in
the glucose-stimulated insulin secretion experiment.
Although differentiated cells showed increased secre-
tion of insulin upon challenge with high glucose con-
centration, the response did not significantly change
with higher glucose concentrations. This might indi-
cate that resultant cells, although express several B-cell
development genes but still did not manage to attain
fully functional mature [ cells.

Recently, a special attention has been drawn toward
the role played by Nestin in differentiation of stem
cells into islet-like cells. Nestin is an intermediate fila-
ment protein transiently expressed during early devel-
opment in neuronal cells as well as in embryonic and
adult cells 35]. In pancreas, it is considered a marker
of pancreatic stem cells and islets progenitor cells [36].
Actually, La Rocca and colleagues, 2009, were among
the first groups to show that WJ-MSCs express neu-
roectodermal marker Nestin [37]. Interestingly, another
study showed that MSCs from UC which constitutively
express Nestin were ideal candidate source for islet neo-
genesis and diabetes cell replacement therapy [38]. More-
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over, another study demonstrated that knockdown of
Nestin by gene silencing in either embryonic stem cells
or pancreatic ductal stem cells leads to poor pancreatic
differentiation and decreased insulin secretion [39].

However, in our study, Nestin transcripts levels
decreased upon differentiation in both UCB-MSCs
and WJ-MSCs. Interestingly, the transcript level of
Nestin in UCB-MSCs was higher than that of WJ-
MSCs, although WJ-MSCs showed more expression
of B-cell genes upon differentiation, that is, showed
higher potential toward generating IPCs. In other
words, higher Nestin expression was associated with
cells with lower differentiation potential, which was
somewhat different from outcomes from previously
mentioned studies. One explanation is that these
studies were using either embryonic stem cells or pan-
creatic stem cells. However, it seems that the role of
Nestin in pancreatic differentiation of MSCs is quite
different and might need further elucidation.

One prominent feature that was shown in both
UCB-MSCs and W]J-MSC:s is the efficient expression
of MafA in both types of cells upon differentiation to
IPCs. In addition, the expression of MafA was more
prominent in IPCs generated from WJ]-MSCs in com-
parison with UCB-MSCs. MafA is a transcription
factor responsible for insulin synthesis. This indicates
that the potential of WJ-MSCs to express insulin
gene and secrete insulin in response to glucose will be
superior to that of UCB-MSCs. This was confirmed
in glucose-stimulated insulin secretion assay, where
WJ-MSCs showed slightly higher sensitivity to glu-
cose challenge than UCB-MSCs. Again, we can con-
clude from these results that WJ-MSCs may represent
as a better potential candidate for diabetes cellular
therapy than UCB-MSCs.

A number of previous studies and clinical trials
have revealed that MSCs are capable of reducing
glucose levels in animals or subjects with Type 1
DM [40.41]. Therefore, we considered the transplanta-
tion of these two types of MSCs into STZ-induced
diabetic rats. Interestingly, the better potential
demonstrated by WJ-MSCs in vitro, evidenced by
higher expression of pancreatic B-cell genes at end
stage of differentiation, was completely reflected
in vivo when these cells were transplanted into STZ-
induced diabetic rats. Basically, WJ-MSCs managed
to decrease FBG in an earlier and more sustainable
fashion as compared with UCB-MSCs. Moreover,
the bodyweight loss usually associated with diabe-
tes was greatly improved by both UCB-MSCs and
W]J-MSCs transplantation.

These results of our in vivo experiments were in
accordance with several previous reports. Phuc and
coworkers, 2011, showed that IPCs generated from

cryopreserved UCB cells were able to just decrease
elevation of glucose in STZ-induced diabetic rats as
compared with control 17]. In another study, trans-
plantation of IPCs derived from WJ-MSCs into por-
tal vein could significantly decrease blood glucose
level in transplanted animals and human C-peptide
was detected in livers of transplanted animals [32]. In
addition, a recent paper by Si and colleagues, 2012,
showed that MSCs treatment ameliorated hypergly-
cemia in rats with Type 2 DM not only by B-cell res-
toration but also by improving insulin sensitivity [42].
Interestingly, another recent study by Liu and col-
leagues, 2014, showed that treatment of Type 2 DM
patients with WJ]-MSCs could improve metabolic
control and PB-cell function [43].

It is worth noting here that we used undifferen-
tiated cells in transplantation because undifferenti-
ated cells will provide advantageous use in clinical
setting including ease of isolation and expansion
with lack of need for manipulation before transplan-
tation. This was the rational after our preference of
undifferentiated cells over differentiated ones.

Based on the ability of these MSCs to ameliorate
hyperglycemia in diabetic rats, we collected autopsy
samples of liver, kidney, spleen and pancreas, which
are considered plausible target organs of STZ. Inter-
estingly, H&E staining and insulin immunostain-
ing showed that both UCB-MSCs and W]-MSCs
transplantation ameliorated, at least partially, the
damage induced by STZ in the pancreas and pro-
duced a similar morphology to normal islets. Based
on current knowledge, it was considered that the
underlying mechanism of the therapeutic effect of
MSCs on hyperglycemia might involve islet regen-
eration, through direct differentiation into function-
ally competent B cells [11,44]. Interestingly, a recent
study showed that MSCs may promote f-cell regen-
eration, not through differentiation into B cells, but
through cytokine-dependent recruitment of mac-
rophages, which in turn, activate B-cell regenera-
tion [45]. Further studies are warranted to fully elu-
cidate the mechanism by which MSCs can promote
B-cell regeneration. Moreover, our results also were
consistent with the notion that transplanted MSCs
possess tissue repair and cytoprotective properties
possibly due to their preferential homing properties
to acute-injured tissue [46]. However, in our experi-
ments, MSCs induced tissue repair only in pancreatic
lesions with minimal effects on other damaged tis-
sues. Nevertheless, MSCs did not exhibit this effect
on any other STZ-induced damaged organ.

It is noteworthy here that some controversial
studies have suggested that the limited number of
MSC-derived functional B cells i vivo and the small
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amount of insulin produced by these cells seemed
to be inadequate to maintain euglycemia [8.46]. This
important concern was completely reflected in our
hands both 77 wvitro and in wvive. Lack of glucose
responsiveness in differentiated IPCs in vitro together
with the inability of MSCs to ameliorate hypergly-
cemia in diabetic rats, might indicate that although
MSC:s of either sources exhibit the ability to differen-
tiate into IPCs 77 vitro and restore damaged pancreas
in vivo, still these differentiated cells did not attain
fully functional B-cells phenotype. This might repre-
sent a direct challenge in stem cell therapy of diabe-
tes. Future directions and studies should be focusing
on how to improve such differentiation if MSCs are
to be added to our battle against diabetes.

Actually failure of both cell types to attain fully
differentiated IPCs represents a major limitation of
this study. Another limitations may include the cross-
reactivity of human insulin antibody with rat insulin.
This cross-reactivity prevented us from determining
if the beneficial effects showed by the MSCs in this
study are due to generation human pancreatic cells
in vivo or regeneration of rat pancreatic B-cells. How-
ever, this mechanism warrants further studies for
elucidation. Also, we determined the gene expression
levels of B-cell markers by detecting the transcript
level by qRT-PCR. However, this can be validated by
detecting protein levels in further studies.

Another interesting finding revealed in our his-
topathological study was that WJ-MSCs sustained a
lymphoid depletion in spleen indicating an immune-
modulatory effect of these MSCs. This was not the
case for UCB-MSCs. Several reports have shown the
immune-modulatory effect of MSCs and how this
might present MSCs as double-edged sword in diabe-
tes treatment [8.47]. Recent studies showed that MSCs
could be ‘per s’ used in treatment of Type 1 DM [40.48].
This additional benefit gives more weight to WJ]-MSCs
as a potential candidate in treatment of DM.

Briefly, our findings in this study clearly demon-
strate that umbilical cord is a rich source of MSCs,
either from UCB or WJ. Interestingly, both represent
important cell banking sources for further use by
individual during later life. Importantly, our results
demonstrate W] as more rich and readily available
source of MSCs when compared with CB. Moreover,
WJ-MSCs showed higher differentiation potential
toward IPCs iz vitro and more promising FBG low-
ering effect in vivo in STZ-induced diabetic rats, yet,
both types of cells failed to attain fully functional
IPCs either in vitro or in vive. These findings shed
lights on both importance and relative feasibility
demonstrated by WJ-MSCs over UCB-MSCs as a

potential source of cell therapy for diabetes.

Conclusion

Our results show that human UC represent a rich
source of MSCs from either CB or WJ. MSCs iso-
lated from both origins were able to differentiate
to pancreatic lineage cells in vitro and can alleviate
hyperglycemia 77 vivo. Thus, these cells represent a
readily available, promising stem cell source for -cell
regeneration. Basically, W]-MSCs offer advantageous
source of cells for diabetes cell therapy when com-
pared with UCB-MSCs. In light of these findings,
one would recommend more consideration of WJ-
MSCs as source of cell banking for further use later
in life. Although the abundance of literature suggests
that generation of IPCs from stem cells is feasible,
many considerations such as source of cells, induction
protocols and mechanisms of differentiation, should
be further explored before the application of these
cells to clinical treatment of diabetes.

Future perspective

This study is comparing two types of MSCs isolated
from UC, namely UCB-MSCs and WJ-MSCs. MSCs
are considered strong candidates for use in regenerative
medicine and tissue repair. This is attributed in part
to their good culture characteristics, which fulfil the
need of huge number of cells in clinical applications.
In addition, these cells exhibit multipotency, which
allow them to generate different organs even from dif-
ferent embryonic lineages. Moreover, these cells may
modulate immune responses in host, which may find
its way to both allogenic and heterogenic transplanta-
tion of these cells. These factors come along side with
safety of MSCs, ease of isolation, multiple sources and
more importantly nonethical constraints on their use.
All of this will make MSC:s cells of choice for clinical
application of tissue regeneration.

We assume that WJ will be one of the major
sources of MSCs that will play an important role in
tissue engineering in the near future. Actually, this
source of MSCs fulfills all advantageous characteris-
tics needed for the clinical setting and one could eas-
ily assume that in the next few years, WJ-MSCs will
effectively find their own way to be used in several
human diseases.

However, many aspects need to be elucidated
before MSCs can be efficiently used for regenerative
medicine. First, homing of these cells inside human
body and how we can target these cells is an issue of
extensive research. Second, methods of culturing of
these cells need to be not only reproducible but also
fulfil GMP to be applied for clinical use. Third, any
unknown effects on the human health must be care-
fully monitored before these cells can be effectively
used in human. Also, these issues will be revealed and
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resolved within the next few years and will push the
whole world to a new era of tissue regeneration as a
new modality for treatment of various diseases.
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Executive summary

Results
are more suitable for clinical settings.
genetic and functional assays.

UCB-MSCs.
Conclusion

compared with UCB-MSCs.

e Umbilical cord is considered rich source of mesenchymal stem cells (MSCs).

e MSCs can be isolated and expanded from both umbilical cord blood (UCB) and Wharton's jelly (WJ), the
connective tissue surrounding the blood vessels of the umbilical cord.

e WJ-MSCs are more abundant, more homogeneous, more easily isolated and expanded than UCB-MSCs, which

e WIJ-MSCs can be better differentiated into insulin producing cells than those of UCB evidenced by both

e WJ-MSCs can better control blood glucose levels in streptozotocin-induced diabetic rats when compared with

e WJ-MSCs are better source of MSCs for stem cell banking and regenerative medicine for diabetes mellitus as
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