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Abstract
Here, the literature was reviewed to evaluate whether a population of mesenchymal stromal cells
derived from Wharton’s jelly cells (WJCs) is a primitive stromal population. A clear case can be
made for WJCs as a stromal population since they display the characteristics of MSCs as defined
by the International Society for Cellular Therapy; for example, they grow as adherent cells with
mesenchymal morphology, they are self-renewing, they express cell surface markers displayed by
MSCs, and they may be differentiated into bone, cartilage, adipose, muscle, and neural cells. Like
other stromal cells, WJCs support the expansion of other stem cells, such as hematopoietic stem
cells, are well-tolerated by the immune system, and they have the ability to home to tumors. In
contrast to bone marrow MSCs, WJCs have greater expansion capability, faster growth in vitro,
and may synthesize different cytokines. WJCs are therapeutic in several different pre-clinical
animal models of human disease such as neurodegenerative disease, cancer, heart disease, etc. The
preclinical work suggests that the WJCs are therapeutic via trophic rescue and immune
modulation. In summary, WJCs meet the definition of MSCs. Since WJCs expand faster and to a
greater extent than adult-derived MSCs, these findings suggest that WJCs are a primitive stromal
cell population with therapeutic potential. Further work is needed to determine whether WJCs
engraft long-term and display self-renewal and multipotency in vivo and, as such, demonstrate
whether Wharton’s jelly cells are a true stem cell population.

Keywords
Mesenchymal stromal cells; Perinatal cells; Discarded tissue; Stromal cells

Introduction
Stroma, derived from the Greek word for bed, is defined as: “The framework, usually
consisting of connective tissue, of an organ, gland, or other structure, as distinguished from
the parenchyma of specific substance of the part …” [1]. The stroma and stromal cells
contain cues and signals driving the differentiation and maturation of hematopoietic cells
and provide physical support for them [2]. To the physiologist, stromal cells function as
supportive cells both physically, such as by providing a three-dimensional scaffold
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consisting of collagen(s), fibroblasts, vascular cells, and immune cells, and nutritively, such
as by providing blood supply (endothelial cells and blood vessels), growth factors, and
chemokines. To the hematologist, bone marrow is an enriched source of both hematopoietic
stem cells (HSCs; or blood forming cells) and mesenchymal stromal cells (MSCs; or stroma-
forming cells).

More than forty years ago, Friedenstein showed that cells isolated from the stroma of bone
marrow were capable of osteogenesis [3]. Bone-marrow-derived MSCs (BMSCs) have been
functionally defined as non-hematopoietic, multipotential cells that support HSC expansion
in vitro and can differentiate into cells of various connective tissues. Within the scientific
literature, the acronym MSC has been used to represent (bone) marrow stromal cells,
mesenchymal stem cells, and multipotent mesenchymal stromal cells, and this causes
confusion. The International Society for Cellular Therapy (ISCT) differentiates between
MSCs and mesenchymal stem cells based upon in vivo characterization; for example,
mesenchymal stem cells undergo self-renewal and multipotential differentiation following
engraftment. Currently, there is not a consensus marker set that permits prospective
identification of mesenchymal stem cells from the in vitro MSC population. The matter is
further complicated because these stem cells have poorly characterized growth conditions,
such as low glucose DMEM containing fairly high concentrations of fetal bovine serum
(FBS, 10–20%) and because not all lots of FBS are equal in terms of their ability to maintain
MSCs. The problems identifying mesenchymal stem cells are likely due to differences
between individuals (e.g., the donor’s age), limited expansion capability of MSCs in vitro,
changes in potency and phenotype related to in vitro expansion, or the inability to identify
definitive surface markers that discriminates the stem cells in a bone marrow isolate.

Regarding the latter, four markers were recently suggested. First, the neural ganglioside
GD2 and the key enzyme involved in its synthesis, GD2 synthase, were shown to distinguish
MSCs from all other cells within marrow [4]. Second, the early embryonic antigen SSEA-4
was reported to identify an adult mesenchymal stem cell population [5]. Third, recently,
several markers of mesenchymal stem cells have been suggested, and these markers are not
yet widely available for evaluation [6, 7]. Finally, nucleostemin was reported to identify
undifferentiated bone marrow stromal cells [8]. Further work is needed to confirm whether a
single population is labeled by all these markers and to determine whether those cells are
stem or stromal cells.

Immunophenotype of Mesenchymal Stromal Cells
In 2006, The ISCT convened a working group to discuss immunophenotypic analysis MSCs.
This group defined bone-marrow-derived MSCs, in a clear, minimalist fashion, as a plastic-
adherent cell population isolated from the bone marrow cavity with the following surface
markers: CD13, CD44, CD90, CD73, CD105+, CD14, CD11b, CD79, CD 34, CD45 and
HLA-DR− [9].

MSCs Are Multipotent Cells
MSCs derived from bone marrow and from fat self-renew and differentiate into specialized
cells in vitro. MSCs have been shown to differentiate into bone [10–12], muscle [13],
adipose tissue [14], cartilage [12] and tendon [15]. There is evidence that MSCs differentiate
into neural cells, such as neurons and glial cells. However, these cells possess many, but not
all, of the properties of mature neurons [16].

MSC and Stromal Support of the Stem Cell Niche
MSCs provide a supportive role and a microenvironment that enables engraftment/culturing
of HSCs. For example, MSCs support HSC expansion ex vivo (most likely via release of
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diffusible factors) [17, 18], and MSCs support HSC engraftment in vivo when co-grafted
[19, 20]. Nilsson et al. suggested that hyaluronic acid (HA) may be an important factor for
the HSC niche [21].

Defining Primitive Stromal Cells: Differences Between Fetal and Adult MSCs
MSCs may be harvested from bone marrow of the human fetus or from adults. Although the
literature is sparse, several differences between fetal MSCs and adult MSCs are noted. First,
fetal MSCs appear to have greater expansion capacity in vitro and faster doubling time than
adult MSCs, which may be due to their having longer telomeres than adult MSCs [22, 23].
Second, fetal MSCs appear to lack some of the immune suppression properties observed in
adult MSCs [24]. Third, fetal MSCs appear to lack class II human leukocyte antigens
(HLA), in contrast to adult MSCs [25]. Similarly, fetal MSCs appear to synthesize HLA-G,
which is absent in adult MSCs [24]. Fourth, fetal MSCs express a slightly different cytokine
profile than adult MSCs. In summary, primitive MSCs have a greater ability to expand in
culture, perhaps due to their relative youth, and have a different physiology that is likely due
to their naïve status. These differences are similar to those observed between umbilical cord
blood and adult peripheral blood.

Umbilical Cord MSCs
MSCs have been isolated from several compartments of the umbilical cord (Fig. 1 and Table
1). Specifically, the MSCs have been isolated from umbilical cord blood, umbilical vein
subendothelium, and the Wharton’s jelly (Fig. 1). Within Wharton’s jelly, MSCs have been
isolated from three relatively indistinct regions: the perivascular zone, the intervascular
zone, and the subamnion. It is unknown whether MSCs isolated from the different
compartments of the umbilical cord represent different populations [26]. This discussion is
confined to the MSCs isolated from Wharton’s jelly cells (WJCs; zones 3–5 in Fig. 1).
WJCs display MSC surface markers, suggesting that they are of the MSC family. A broad
comparison of adult-derived MSCs and those from the umbilical cord is shown in Figure 2.

WJCs have stromal support properties. For example, extra-embryonic mesenchyme, that is,
primitive Wharton’s jelly, surrounds the migrating embryonic blood island cells during their
migration to the aorta-gonad mesonephros (AGM) from the yolk sac region prior to day
E10.5 [27]. WJCs retain this property as demonstrated by their role in ex vivo hematopoietic
expansion [28] and in vivo engraftment of HSCs [29]. Lu and colleagues reported that WJCs
produced cytokines similar to those of BMSCs and that WJCs synthesized granulocyte
macrophage colony stimulating factors (GM-CSF) and granulocyte colony stimulating
factors (G-CSF) that BMSCs did not [28]. WJCs differ from BMSCs because WJCs are
slower to differentiate to adipocytes [26, 28]. Since this and other features (listed below) are
shared with MSCs derived from umbilical cord blood (UCB), it is unclear whether the
MSCs derived from UCB differ from those found in Wharton’s jelly (Table 1).

UCB-MSCs and WJCs have several common properties, such as poor ability to differentiate
to adipocytes [26, 30, 31], shorter doubling times than BMSCs, and greater numbers of
passages to senescence [26, 30–33]. Like WJCs, UCB-MSCs may make GM-CSF [34],
although this has not been consistently found [35, 36]. It is clear that HSCs can be expanded
by MSCs from both UCB and WJC [28, 34–37].

There are differences between BMSCs, UCB-MSCs and WJCs. First, the isolation
frequency of colony forming units (CFU)-F from bone marrow is estimated to be in the
range of 1–10 CFU-F per 106 mononuclear cells (MNCs) and in umbilical cord blood is
reported to be around one CFU-F clone per 108 MNCs [30] to 1–3 CFU-F per 106 MNCs
[35, 38]. [Note: The isolation frequency from first semester fetal blood-derived MSCs was
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8.2 CFU-F per 106 MNCs [22]]. In contrast, cells derived from Wharton’s jelly have a
higher frequency of CFU-F [26, 39]. Thus, an order of magnitude more of MSCs than of
bone marrow or umbilical cord blood may be found in the initial isolation from WJ. Second,
coupled with the greater CFU-F frequency, the doubling time of WJCs and UCB-MSCs is
shorter than adult bone marrow-derived MSC (BMSC)s [26, 32, 33]. Faster doubling time is
a common feature for MSCs derived from fetal blood [22], cord blood, and Wharton’s jelly,
and this common feature is thought to reflect the relatively primitive nature of these MSCs
compared to adult BMSCs. An important difference between UCB-MSCs and WJCs is that
WJCs can be isolated from close to 100% of the samples, even from umbilical cords that are
delayed in their processing up to 48-hour [40]. UCB-MSCs have been more difficult to
isolate, and with optimized procedures, the success rate has reached 63% for optimal
samples [30].

Furthermore, osteopontin has been shown to be a major component of the hematopoietic
stem cell niche and a regulator of hematopoietic progenitor cells [41], and WJCs express the
osteopontin gene [40]. As mentioned above, HA is also important in the HSC niche. WJCs
are a likely source of HA, since Wharton’s jelly is rich in HA [42]; in fact, it is often a
source of commercially available HA.

The role of embryonic fibroblasts to support embryonic stem cells is well-established. WJCs
appear to support ESCs and ESC-like cells. Specifically, equine ESC-like cells may be
derived and maintained using bovine fibroblasts isolated from Wharton’s jelly as a feeder
layer [43]. Histologically, cells in Wharton’s jelly are fibroblastic in appearance [26]; this
suggests that Saito’s lab was isolating WJCs [43]. Similarly, human ESCs may be
maintained using human WJCs in co-culture [44] or by using conditioned medium from
human WJCs (A. Toujmade and J. Auerbach, unpublished observations). Further evidence
for the supportive function of WJCs for primitive stem cell populations is suggested by (a)
their proximity during embryonic germ cell migration and (b) the extracellular release of
glial-derived neurotrophic factor (GDNF), an important factor in maintaining
spermatogonial stem cells in the undifferentiated state [45] by WJCs [40].

Characterization of Umbilical Cord Matrix Stem Cells
WJCs are not derived from umbilical blood but from the cushioning matrix between the
umbilical blood vessels [46]. Previously, we termed these cells “umbilical cord matrix stem
cells” to distinguish them from cells isolated from other umbilical vein endothelial cells or
umbilical cord blood. The WJCs meet the criteria for stem cells: they self-renew and can be
induced to differentiate into various cell types. There are numerous descriptions and
references to these stem cells in the literature since the original report [46], and they have
been given different names by different groups. Examples of these are shown in Table 1.
The term Wharton’s jelly cells (WJCs) is used throughout this review and includes cells
derived from the perivascular space, the intravascular space, and the subamnion (Fig. 1)
[26].

This source of stem cells allows the rapid initial isolation of large numbers of cells, avoiding
the necessity of extensive multiplication and potential epigenetic damage [47, 48]. This
source has the advantage that cells are isolated from fetal structure in the perinatal period
and, perhaps like umbilical cord blood, may be better tolerated following transplantation
with less incidence of graft versus host disease.

Other MSC-Like Cells from Umbilical Cord
Four MSC populations have been identified in the umbilical cord. First, MSC cells have
been identified in Wharton’s jelly. Second, MSCs cells have been identified surrounding the
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umbilical vessels. Third, MSCs have been isolated from umbilical cord blood. Fourth, MSCs
have been isolated from the subendothelium of umbilical vein.

Some authors have focused on a cell population that is isolated from around the umbilical
vessels [32, 39]. These have been termed human umbilical cord perivascular cells (HUCPV
cells). Whereas the non-vascular components of the umbilical cord may harbor more than
one cell population, the Wharton’s jelly is a continuum from the subamnion to the
perivascular region [26]. Karahusevinoglu compared the expansion ability of Wharton’s
jelly stromal cells and the HUCPV cells and reported that the Wharton’s jelly stromal cells
had greater expansion capability and faster doubling times than HUCPV cells. Furthermore,
the HUCPV cells stain for pancytokeratin more strongly than Wharton’s jelly stromal cells.
This group suggested that HUCPV cells are more differentiated than Wharton’s jelly stromal
cells and this explains why the HUCPVs may not differentiate to neuronal cells [26].

Other laboratories have isolated MSCs from umbilical cord blood (Table 1). There are
difficulties in isolating MSCs from umbilical cord blood and high consistency has not yet
been obtained. Recently, it was reported that MSC culture must be initiated less than five
hours after cord blood collection to increase the chances of MSC isolation. The clinical
application of MSCs derived from cord blood may be limited due to the inconsistency
initiating cultures and the required expansion time of the relatively small numbers of cells.

Human umbilical vein subendothelial cells are another source of MSC-like cells. The
isolation of MSCs from umbilical vein was first described by Romanov’s lab [49]. This
source has been shown to be similar to bone-marrow-derived MSCs, has osteogenic
capability, and multilineage potential [49–52].

Comparison of WJCs to Adult-Derived MSCs
WJCs are CD45, CD 34, and HLA class II negative; CD73, CD90, CD105 are HLA-class I
positive; WJCs are plastic adherent, and multipotent. Similar to early passage MSCs, WJCs
grow robustly, can be frozen and thawed, and can be engineered to express exogenous
proteins. Thus, the similarities of WJCs and MSCs can be summarized as follows: WJCs
share the basic criteria used to define adult-derived MSCs. Additionally, WJCs express GD2
synthase, a marker that has been proposed to uniquely identify MSCs in a bone marrow
aspirate (D. Troyer, C. Ganta, M.L. Weiss, unpublished data).

In all reports, WJCs have faster proliferation and greater ex vivo expansion capabilities than
BMSC. This may be due to the expression of telomerase by WJCs [46]. Karahuseyinoglu et
al. were able to expand WJC numbers over 300-fold over seven passages [26]. Other groups
have expanded WJC to more than 1015 cells [33]. MSCs are generally used within six
passages. In contrast to MSCs, WJCs have a significantly higher CFU-F frequency [28]. A
subset of WJCs expresses nestin, a marker for neural and other stem cells [40, 53, 54].
Others have reported that WJCs may be superior to MSCs for repair of photoreceptor
damage [33] or for tissue engineering [55].

WJCs appear to be similar to bone marrow stromal and other MSCs, since in addition to the
three surface markers mentioned above, they express CD10, CD13, CD29, and CD44 [26,
28, 40, 53, 56]. Like BMSCs, WJCs express the stem cell factor gene [28]. However, some
of these markers appear to be downregulated as passage number increases [40] and
unpublished data. WJCs are negative for CD34, CD45, CD14, CD33, CD56, CD31 and
HLA-DR [40, 56]. Karahuseyinoglu et al. [26] divided WJCs into (a) Type I cells, which
were more fusiform in appearance but also expressed cytokeratins and other differentiation
markers, and (b) Type II cells, which were more elongated but were more efficiently
induced into neural cells. These authors reported that WJCs in chondrogenic media were
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strongly positive for type II collagen, whereas BMSCs in the same induction media only
showed weak positive type II collagen immunofluorescence.

In Vitro Differentiation of WJCs
WJCs, like BMSCs, can be induced in vitro to become cells with morphologic and
biochemical characteristics of neural cells [46, 56, 57]. When they were cultured in media
conditioned by primary rat brain neurons, WJCs could be invoked with glutamate to have an
inward current and express neuronal proteins [53]. Exposure of WJCs to primary neuron-
conditioned medium upregulated the astrocyte protein GFAP [53]. Interestingly, this group
also showed they could increase CD11b (microglial) cell numbers from 1.7% to 3.0% by
subjecting WJCs to neuronal-conditioned media. Ma and colleagues induced WJCs to
express neuronal markers β-tubulin III, neurofilament, and GFAP by treatment with Salvia
miltorrhiza [57].

Mesenchymal stromal cells isolated from Wharton’s jelly have been induced to form bone,
cartilage and adipose cells [26, 39, 53, 56, 58]. WJCs were spun into poly(lactic-co-glycolic
acid) scaffolds and cultured in media containing chondrogenic growth factors and were
compared to similarly treated cells isolated from condylar cartilage from the
temporomandibular joint [55]. Interestingly, these authors found that the WJCs
outperformed the cartilage cells with regard to collagens I and II, glycosaminoglycans and
cellularity of the constructs after 4 weeks. WJCs can also be induced toward heart cells.
After 5-azacytidine treatment for 3 weeks, WJCs expressed the cardiomyocyte markers
cardiac troponin I, connexin 43, and desmin, and exhibited cardiac myocyte morphology
[56]. They have been used along with tissue engineering to generate artificial blood vessels
and heart valves [59–61]. WJCs can be directed toward skeletal muscle cells; when they
were placed in myogenic media, they expressed Myf5 from day 7, Myo-D from day 11, and
formed elongated, multinucleated cells [58]. After undifferentiated WJCs were injected into
rat muscle damaged by bupivacaine chloridrate, elongated cells expressing sarcomeric
tropomyosin that were HLA immunopositive were identified within the muscle [58]. Finally,
it has been shown that human WJCs can be differentiated successfully into endothelial cells
[62] after the addition of vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor to cultures. Moreover, the authors reported that undifferentiated human WJCs
injected into a murine ischemic model differentiated into endothelial cells.

Comparison of WJCs to Fetal MSCs
In contrast to what has been observed for adult MSCs, WJCs share several of the properties
unique to fetal-derived MSCs. First, they have greater expansion potential in vitro than adult
MSCs (reviewed above). Second, WJCs express HLA-class I and do not express HLA class-
II surface markers [28, 39, 40]. In contrast to what has been published for fetal MSCs, WJCs
are immune suppressive in mixed lymphocyte assays and inhibit T-cell proliferation ([63];
Ennis et al., abstract from ISSCR 2007). WJCs are tolerated following allogenic transplant
and stimulate an immune response following multiple injections or injection of WJCs
exposed to interferon [63]. Human WJCs express markers of primitive stem cells, such as
leukemia inhibitory factor receptor pathway, embryonic stem cell specific gene 1, and
telomerase reverse transcriptase [40]. Porcine WJCs express the ESC markers Oct4, Sox-2,
and Nanog at a low level relative to embryonic stem cells and are alkaline phosphatase
positive [64]. Flow cytometry indicates that a subpopulation of WJCs express the primitive
stem cell markers SSEA4 and TRA-1–60 [65]. When the Hoechst dye exclusion test is used
to identify dye-excluding, side-population cells, about 20% of human WJCs exclude dye.
Flow-sorting to enrich the Hoechstdim population resulted in cells that appeared
morphologically smaller than the parent population, and many of the selected cells
expressed CD44, the HA receptor [40].
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Transplantation of WJCs
Human WJCs ameliorate apomorphine-induced behavioral deficits in a hemiparkinsonian rat
model [40]. There was a significant decrease in apomorphine-induced rotations at 4 weeks
continuing up to 12 weeks post-transplantation in Parkinson’s disease (PD) rats that received
human WJC transplants compared to the PD rats that received a sham transplant. The
behavioral findings correlated with the numbers of tyrosine hydroxylase-positive cell bodies
observed in the midbrain following sacrifice at 12 weeks, indicating a “rescue from a
distance” phenomenon. One explanation for this effect may be that WJCs synthesize GDNF,
a potent survival factor for dopaminergic neurons, as well as other trophic factors such as
VEGF and ciliary neurotrophic factor. In another report, WJCs were first induced toward
dopaminergic neurons using neuron-conditioned media, sonic hedgehog, and fibroblast
growth factor 8, and then transplanted into hemiparkinsonian rats [66]. Despite the fact that
the rats were not immune suppressed, WJCs were identified 5 months later and prevented
the progressive degeneration/behavioral deterioration seen in control rats with unilateral
lesions. Similarly, rat Wharton’s jelly cells transplanted into the brains of rats with global
cerebral ischemia caused by cardiac arrest and resuscitation significantly reduced neuronal
loss, apparently due to a rescue phenomenon [67].

Lund et al. administered WJCs into the eyes of a rodent model of retinal disease. Here,
WJCs were compared to BMSCs and placental stem cells. They reported that the WJCs
exhibited the best histological evidence of photoreceptor rescue [33]. In addition, they
reported that WJCs significantly increased production of trophic factors such as brain-
derived neurotrophic factor and fibroblast growth factor 2 compared to the other two cell
types. Interestingly, WJCs transplanted into the vitreous demonstrated a rescue effect,
indicating that they could enhance survival of photoreceptor cells without being in close
proximity to them. This effect was presumably due to diffusible growth factors. These
results, indicating a rescue phenomenon by WJCs, fit a model for the positive effects of
MSC therapy in stroke [68] or myocardial infarction [69].

WJCs, like neural stem cells and mesenchymal stem cells [70–72], appear to migrate to
areas of tumor growth. Human breast carcinoma (MDA 231) cells were intravenously
injected into SCID mice, followed by i.v. transplantation of fluorescently labeled WJCs.
One week after transplant WJCs were found near or within lung tumors and not in other
tissues. WJCs were engineered to express human interferon beta and were administered
intravenously into SCID mice bearing MDA 231 tumors. This treatment significantly
reduced the tumor burden [73].

Recent work by Cho et al., evaluated the ability of allogeneic WJCs to stimulate the immune
system in a swine model [63]. The WJCs were non-immunogenic on the first injection into
allogeneic recipients. However, repeated injection of WJCs produced an immunogenic
response. Furthermore, when WJCs were injected into inflamed skin or when WJCs were
exposed to interferon prior to injection, they were immunogenic. This work is the first to
demonstrate immunogenicity of WJCs in vivo and has implications for their allogeneic use
in disease tissues.

The migration or, homing, ability of umbilical cord and other MSCs is thought to be due to
the expression of chemokine or other surface receptors. For example, a subpopulation of
BMSCs was shown to express CXCR4, the receptor for stem cell-derived factor one
(SDF-1) and CXCR3, the receptor for fractaline. WJCs also express CXCR4 [40]. Tumors
secrete factors that recruit cells from surrounding tissue as well as from the bone marrow to
provide support and nutrition.
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WJCs as Primitive Stromal Cells
Wharton’s jelly cells represent a unique, easily accessible, and non-controversial source of
early stem cells that can be readily manipulated. In one species examined, the pig, WJCs
resemble pluripotent cells, since they express Oct4, Nanog, and Sox-2, and are alkaline
phophatase positive [64]. In agricultural species this is important, as there are few
economically viable sources of primitive stem cells available for future transgenic or
biotechnology applications. Our contention that umbilical matrix cells are primitive stromal
cells is based on plastic adherence, immunophenotyping, real-time PCR,
immunohistochemistry, ELISA, multipotency, and other results mentioned above. Since the
cells are isolated at birth, there is less of a temporal separation from fetal cells than those
isolated from adult tissues, and the isolates are consistent in terms of age at collection. Other
authors also surmised that WJCs are earlier-stage cells than MSCs derived from adult fat or
bone marrow [56, 62]. This argument is based upon population doubling times and more
extensive expansion prior to senescence. Another indication that WJCs are a primitive
population is that an unusually high percentage of them express the ABCG2 transporter and
efflux Hoechst dye [40, 64], since these are markers of other primitive stem cells. When we
used flow sorting to enrich for this population, the enriched cells appeared morphologically
smaller than the Hoechst-bright population [40].

The umbilical cord vessels and surrounding mesenchyme (including the connective tissue
matrix that becomes Wharton’s jelly) are derived from extra-embryonic mesoderm and/or
embryonic mesoderm. The yolk sac component is the embryologic source of both primordial
germ cells and the first hematopoietic stem cells [27]. It is possible that some of these stem
cell populations remain behind and co-exist with the mesenchymal stromal cells of
Wharton’s jelly [74, 75]. It is also possible that, during development, cells in the Wharton’s
jelly migrate into the fetus along with the primordial germ cells and hematopoietic cells to
the AGM region.

Since the WJCs express some genes characteristic of primitive stem cells including
embryonic stem cells (ESCs) and since ESCs sometimes form tumors after transplantation
[76, 77], we transplanted large numbers of WJCs into SCID mice. When the mice were
examined 50 days later, there was no evidence of tumor formation or long-term engraftment
[73]. The fact that the engraftment was not detected could be due to failure of the WJCs to
engraft or lack of sensitivity in the detection method. Rat WJCs did not form tumors when
transplanted into rats with retinal degeneration [33]. WJCs are karyotypically stable over
many passages [26, 33, 40] and do not lose anchorage dependence, contact inhibition, or
serum dependence [26, 40], as cancer cells do. A more definitive test of engraftment
potential has not yet been tested. For example, transplantation following irradiation injury, is
needed to evaluate whether WJCs, like MSCs, can engraft in vivo and thus be true stem
cells.

As mentioned above, like mouse embryonic fibroblasts, WJCs can support the growth of
other primitive stem cells. For example, Saito et al. reported that when a feeder layer derived
from Wharton’s jelly fibroblasts was used for equine embryonic stem cell-like cells, they
could be expanded successfully without leukemia inhibitor factor for more than 350
divisions [43]. Like BMSCs, human WJC feeder layers facilitate the ex vivo expansion of
human umbilical cord blood cells [28]. Currently, it is unclear whether WJCs are different
from BMSCs in terms of their ability to expand hematopoietic cells in vitro.

Summary
Wharton’s jelly cells, like bone marrow stromal cells and other mesenchymal cells, are
plastic adherent, stained positively for markers of the mesenchymal cells such as CD10,
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CD13, CD29, CD44, CD90, and CD105 and negatively for markers of the hematopoietic
lineage. Moreover, WJCs morphologically resemble MSCs and can be expanded more then
bone-marrow-derived MSCs in culture. Human WJCs express precursor cell markers such
as nestin. WJCs can be induced to form adipose tissue, bone, cartilage, skeletal muscle cells,
cardiomyocyte-like cells, and neural cells and are amenable to biomedical engineering
applications. Therefore, these cells fit into the category of primitive stromal cells; and,
because Wharton’s jelly is a plentiful and inexpensive source of cells, it appears to
potentially impact fields such as regenerative medicine, biotechnology, and agriculture.
Further work is needed to determine whether WJCs engraft long-term and display self-
renewal and multipotency in vivo and, as such, demonstrate that WJCs are a true stem cell
population.
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Figure 1.
Compartments within the umbilical cord. Five separate regions have been shown to contain
mesenchymal stromal cells: (1) MSCs can be isolated from 20–50% of freshly prepared
mononuclear cell fractions from umbilical cord blood; (2) MSCs have been isolated from
umbilical vein subendothelial layer; (3) MSCs can be isolated following enzymatic digestion
of the outer layers of umbilical vessels, for example, the perivascular region; (4)
intravascular space consistently produces MSCs in healthy individuals; (5) the subamnion
region. Wharton’s jelly includes zones 3 through 5. This review focuses on Wharton’s jelly-
derived cells and not on MSCs derived from umbilical cord blood (zone 1) or umbilical vein
subendothelium (zone 2).
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Figure 2.
Venn diagram illustrating common and differing properties between adult mesenchymal
stromal cells (MSCs; gray oval) and Wharton’s jelly-derived cells (WJCs, umbilical cord
matrix cells; yellow oval). Adult MSCs are defined by International Society for Cellular
Therapy working group as cells that are plastic adherent, possess specific surface markers,
and are capable of differentiating into multiple mesenchymal lineages, (e.g., bone, cartilage,
muscle, tendon, adipose, etc.). As indicated by the overlap, the WJCs share these properties.
Similarly, as discussed within, stromal support, specific immune properties of low
immunogenicity and immune suppression, and the ability to migrate to pathology are taken
to be properties of adult MSCs. These properties are observed in WJCs. Also indicated,
adult MSCs have limited expansion capability in vitro before their multipotency is
compromised. In contrast, Wharton’s jelly cells can be expanded >15 passages. WJCs, like
MSCs from other sources, can serve as feeders for embryonic-like stem cells and for
hematopoietic stem cells. In contrast to adult MSCs, WJCs may be derived from extra-
embryonic tissue; this may explain why those cells express human leukocyte antigen-G
(HLA-G) isoform and glial derived neurotrophic factor (GDNF). Abbreviation: ???,
unknown.

Troyer and Weiss Page 15

Stem Cells. Author manuscript; available in PMC 2012 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Troyer and Weiss Page 16

Ta
bl

e 
1

M
SC

s i
n 

um
bi

lic
al

 c
or

d 
an

d 
co

rd
 b

lo
od

Z
on

e
D

es
ig

na
tio

n
A

cr
on

ym
R

ef
er

en
ce

D
iff

er
en

tia
tio

n 
po

te
nt

ia
l i

n 
vi

tr
o

D
iff

er
en

tia
tio

n 
in

 v
iv

o

C
el

ls
su

pp
or

te
d 

by
U

C
M

S
T

ro
ph

ic
 e

ffe
ct

 in
vi

vo

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

ul
til

in
ea

ge
 p

ro
ge

ni
to

r c
el

ls
M

LP
C

B
er

ge
r M

J, 
et

 a
l.,

20
06

En
do

de
rm

al
 d

iff
er

en
tia

tio
n,

sp
ec

ifi
ca

lly
 re

sp
ira

to
ry

 e
pi

th
el

iu
m

ty
pe

 II
 a

lv
eo

la
r c

el
ls

1
M

es
en

ch
ym

al
 st

em
 c

el
l-l

ik
e 

ce
lls

M
SC

-li
ke

 c
el

ls
B

ie
ba

ck
 K

, e
t a

l.,
20

04
A

 (w
ea

k)
, B

, C

1
M

es
en

ch
ym

al
-li

ke
 c

el
ls

M
LC

s
Er

ic
es

 A
, e

t a
l.,

 2
00

0
A

, B

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

es
en

ch
ym

al
 st

em
 c

el
ls

U
C

B
-d

er
iv

ed
 M

SC
s

G
an

g 
EJ

, e
t a

l.,
 2

00
4

SM

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

es
en

ch
ym

al
 st

em
 c

el
ls

U
C

B
-d

er
iv

ed
 M

SC
s

G
an

g 
EJ

, e
t a

l.,
 2

00
6

En
do

th
el

ia
l m

ar
ke

rs
Ex

pa
nd

ed
C

D
34

+ 
ce

lls
 in

vi
tro

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
st

ro
m

al
 c

el
l

G
ao

 L
, e

t a
l.,

 2
00

6

1
N

on
-h

em
at

op
oi

et
ic

 p
ro

ge
ni

to
rs

N
H

Ps
G

oo
dw

in
 H

S,
 e

t a
l.,

20
01

A
 (w

ea
k)

, B
, N

1
H

on
g 

SH
, e

t a
l.,

 2
00

5

1
M

SC
 fr

om
 u

m
bi

lic
al

 c
or

d 
bl

oo
d

M
SC

s
H

ou
 L

, e
t a

l.,
 2

00
3

N

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

es
en

ch
ym

al
 st

em
 c

el
ls

U
C

B
-d

er
iv

ed
 M

SC
s

Ja
ng

 Y
K

, e
t a

l.,
 2

00
6

A
, B

, C
Ex

pa
nd

ed
 to

ta
l

an
d 

C
D

34
+

ce
lls

 in
 v

itr
o

1
H

um
an

 u
m

bi
lic

al
 c

or
d 

bl
oo

d-
de

riv
ed

 m
es

en
ch

ym
al

 st
em

 c
el

ls
M

SC
s

Je
on

g 
JA

, e
t a

l.,
 2

00
5

1
K

an
g 

X
Q

, e
t a

l.,
 2

00
6

1
A

C
13

3-
C

D
14

+ 
um

bi
lic

al
 c

or
d

bl
oo

d-
de

riv
ed

 c
el

ls
A

C
13

3-
C

D
14

+ 
ce

lls
K

im
 S

Y
, e

t a
l.,

 2
00

5
En

do
th

el
ia

l m
ar

ke
rs

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

es
en

ch
ym

al
 st

em
 c

el
ls

U
C

B
-M

SC
s

K
er

n 
S,

 e
t a

l.,
 2

00
6

A
 (c

ou
ld

 n
ot

 d
iff

er
en

tia
te

 to
 A

),
B

, C

1
U

nr
es

tri
ct

ed
 so

m
at

ic
 st

em
 c

el
ls

fr
om

 h
um

an
 c

or
d 

bl
oo

d
U

SS
C

K
og

le
r G

, e
t a

l.,
 2

00
4

A
, B

, C
, N

B
, C

, h
em

at
op

oi
et

ic
,

ca
rd

ia
c 

tis
su

e,
 li

ve
r

ce
lls

, n
eu

ra
l c

el
ls

1
M

ul
tip

ot
en

t m
es

en
ch

ym
al

 st
em

ce
lls

 fr
om

 u
m

bi
lic

al
 c

or
d 

bl
oo

d
Le

e 
O

K
, e

t a
l.,

 2
00

4
A

, B
, C

, N
, h

ep
at

og
en

ic
di

ff
er

en
tia

tio
n

1
U

m
bi

lic
al

 c
or

d 
bl

oo
d-

de
riv

ed
m

es
en

ch
ym

al
 st

em
 c

el
ls

U
C

B
-M

SC
s

Lu
 F

Z,
 e

t a
l.,

 2
00

5
A

, B

Stem Cells. Author manuscript; available in PMC 2012 March 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Troyer and Weiss Page 17

Z
on

e
D

es
ig

na
tio

n
A

cr
on

ym
R

ef
er

en
ce

D
iff

er
en

tia
tio

n 
po

te
nt

ia
l i

n 
vi

tr
o

D
iff

er
en

tia
tio

n 
in

 v
iv

o

C
el

ls
su

pp
or

te
d 

by
U

C
M

S
T

ro
ph

ic
 e

ffe
ct

 in
vi

vo

1
C

or
d 

bl
oo

d 
de

riv
ed

-m
es

en
ch

ym
al

st
em

 c
el

ls
C

B
-M

SC
W

ag
ne

r W
, e

t a
l.,

20
05

A
 (r

ed
uc

ed
/a

bs
en

t),
 B

, C

1
H

um
an

 m
es

en
ch

ym
al

 st
em

/
pr

og
en

ito
r c

el
l

W
an

g 
J-

F,
 e

t a
l.,

 2
00

4
C

Ex
pa

nd
ed

C
D

34
+ 

ce
lls

 in
vi

tro

1
H

um
an

 m
es

en
ch

ym
al

 st
em

/
pr

og
en

ito
r c

el
l

M
SP

C
Y

an
g 

S-
E,

 e
t a

l.,
 2

00
4

1
H

um
an

 u
m

bi
lic

al
 c

or
d 

bl
oo

d
st

ro
m

al
 c

el
ls

H
U

C
B

-d
er

iv
ed

ad
he

re
nt

 la
ye

r
cu

ltu
re

s

Y
e 

ZQ
, e

t a
l.,

 1
99

4
R

ed
uc

ed
 o

r l
ac

ke
d 

ad
ip

oc
yt

es
Ex

pa
nd

ed
 to

ta
l

M
N

C
s i

n 
vi

tro

1
Fe

ta
l b

lo
od

 d
er

iv
ed

 m
es

en
ch

ym
al

st
em

 c
el

ls
-

Y
u 

M
, e

t a
l.,

 2
00

4
A

 (r
ed

uc
ed

), 
B

, N

2
U

m
bi

lic
al

 v
ei

n 
m

es
en

ch
ym

al
 st

em
ce

lls
C

ov
as

 D
T,

 e
t a

l.,
 2

00
3

A
, B

2
M

es
en

ch
ym

al
 p

ro
ge

ni
to

r o
r s

te
m

ce
lls

, f
ib

ro
bl

as
tic

 a
nd

 e
nd

ot
he

lia
l

ce
lls

 is
ol

at
ed

K
im

 JW
, e

t a
l.,

 2
00

4
A

, B

2
U

m
bi

lic
al

 c
or

d-
m

es
en

ch
ym

al
 st

em
ce

lls
U

C
-M

SC
s

Pa
ne

pu
cc

i R
A

, e
t a

l.,
20

04
A

, B
, C

2
M

es
en

ch
ym

al
 st

em
 c

el
l-l

ik
e 

ce
lls

M
SC

-li
ke

 c
el

ls
R

om
an

ov
 Y

A
, e

t a
l.,

20
03

A
, B

2
U

m
bi

lic
al

 fi
br

ob
la

st
-li

ke
 c

el
ls

Y
ar

yg
in

 K
N

, e
t a

l,
20

06
En

do
th

el
ia

l p
re

cu
rs

or
s

2 
w

k 
su

rv
iv

al
 n

o
di

so
rd

er
s n

ot
ed

H
em

at
op

oi
et

ic
st

em
 c

el
ls

 fr
om

co
rd

 b
lo

od

3
H

um
an

 u
m

bi
lic

al
 c

or
d 

pe
riv

as
cu

la
r

ce
lls

H
U

C
PV

C
s

B
ak

sh
 K

, e
t a

l.,
 2

00
7

A
, B

, C

3
H

um
an

 u
m

bi
lic

al
 c

or
d 

pe
riv

as
cu

la
r

ce
lls

H
U

C
PV

 c
el

ls
Sa

ru
ga

se
r R

, e
t a

l.,
20

05
B

4
H

um
an

 u
m

bi
lic

al
 c

or
d 

m
at

rix
 c

el
ls

H
U

C
M

B
ai

le
y 

M
M

, e
t a

l.,
20

07
C

ar
til

ag
e

4
C

D
10

5+
/C

D
31
−

/K
D

R
−

 c
el

ls
N

on
e 

gi
ve

n
C

on
co

ni
 M

T,
 e

t a
l.,

20
06

A
, B

, S
M

SM
 fo

r 1
4 

d

4
U

m
bi

lic
al

 c
or

d 
m

es
en

ch
ym

al
 c

el
ls

N
on

e 
gi

ve
n

Fu
 Y

-S
, e

t a
l.,

 2
00

4
N

eu
ro

n-
lik

e 
an

d 
gl

ia

4
H

um
an

 u
m

bi
lic

al
 m

es
en

ch
ym

al
st

em
 c

el
ls

H
U

M
SC

s
Fu

 Y
-S

, e
t a

l.,
 2

00
6

N
 (d

op
am

in
er

gi
c,

 n
or

ad
re

ne
rg

ic
,

G
A

B
A

er
gi

c 
m

ar
ke

r e
xp

re
ss

io
n)

N
 (T

H
+,

 D
B

H
+,

 G
D

+
st

ai
ni

ng
 2

0 
w

ks
su

rv
iv

al
)

B
eh

av
io

ra
l

re
co

ve
ry

 in
 P

D
m

od
el

Stem Cells. Author manuscript; available in PMC 2012 March 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Troyer and Weiss Page 18

Z
on

e
D

es
ig

na
tio

n
A

cr
on

ym
R

ef
er

en
ce

D
iff

er
en

tia
tio

n 
po

te
nt

ia
l i

n 
vi

tr
o

D
iff

er
en

tia
tio

n 
in

 v
iv

o

C
el

ls
su

pp
or

te
d 

by
U

C
M

S
T

ro
ph

ic
 e

ffe
ct

 in
vi

vo

4
R

at
 u

m
bi

lic
al

 c
or

d 
m

at
rix

 c
el

ls
R

U
C

M
s

Jo
m

ur
a,

 S
, e

t a
l.,

 2
00

6
R

es
cu

e 
of

 C
A

1
ne

ur
on

s
fo

llo
w

in
g 

st
ro

ke

4
U

m
bi

lic
al

 c
or

d 
ce

lls
U

C
C

K
ad

ne
r A

 e
t a

l.,
 2

00
2

4
W

ho
le

 u
m

bi
lic

al
 c

or
d

W
U

C
C

K
ad

ne
r A

 e
t a

l.,
 2

00
4

4
H

um
an

 u
m

bi
lic

al
 c

or
d 

st
ro

m
a 

ce
ll,

in
te

rv
as

cu
la

r c
el

ls
 (I

V
C

s)
 v

s
pe

riv
as

cu
la

r c
el

ls
 (P

V
C

s)

H
U

C
SC

s
K

ar
ah

us
ey

in
og

lu
, S

, e
t

al
., 

20
06

A
 (r

ed
uc

ed
), 

B
, C

, N

4
M

es
en

ch
ym

al
 st

em
 c

el
ls

 d
er

iv
ed

fr
om

 u
m

bi
lic

al
 c

or
d

U
C

-M
SC

Lu
 L

-L
, e

t a
l, 

20
06

A
, B

, N
Ex

pa
nd

ed
al

lo
ge

ne
ic

 c
or

d
bl

oo
d 

C
D

34
+

ce
lls

 in
 v

itr
o

4
H

um
an

 u
m

bi
lic

al
 c

or
d-

de
riv

ed
 c

el
ls

hU
TC

Lu
nd

 R
D

, e
t a

l.,
 2

00
7

R
es

cu
e 

of
 re

tin
al

ph
ot

or
ec

ep
to

r
ce

lls

4
W

ha
rto

n’
s J

el
ly

 m
es

en
ch

ym
al

 st
em

ce
lls

M
a 

L,
 e

t a
l.,

 2
00

5
N

4
Pi

g 
um

bi
lic

al
 c

or
d 

m
at

rix
’ s

te
m

ce
lls

U
C

M
 c

el
ls

M
ed

ic
et

ty
 S

, e
t a

l.,
20

04
N

 (T
H

+ 
ce

lls
), 

br
ai

n
en

gr
af

tm
en

t 8
 w

k
su

rv
iv

al

4
W

ha
rto

n’
s j

el
ly

 c
el

ls
M

itc
he

ll 
K

, e
t a

l.,
20

03
N

 (n
eu

ro
na

l a
nd

 g
lia

l m
ar

ke
rs

)

4
U

m
bi

lic
al

 c
or

d 
m

at
rix

 st
em

 c
el

ls
U

C
M

SC
s

R
ac

ha
ka

tla
 R

S,
 e

t a
l.,

20
07

H
om

in
g 

to
 lu

ng
ca

nc
er

 tu
m

or
s

4
B

ov
in

e 
um

bi
lic

al
 c

or
d-

de
riv

ed
fib

ro
bl

as
ts

Sa
ito

 S
, e

t a
l.,

 2
00

3
Su

pp
or

te
d 

eq
ui

ne
ES

- l
ik

e 
ce

lls

4
W

ha
rto

n’
s J

el
ly

-d
er

iv
ed

m
yo

fib
ro

bl
as

t c
el

ls
W

M
Fs

Sc
hm

id
t D

, e
t a

l.,
20

06
Su

be
nd

ot
he

lia
l m

ar
ke

r, 
co

lla
ge

n

4
M

es
en

ch
ym

al
 c

el
ls

 in
 W

ha
rto

n’
s

je
lly

W
an

g 
H

-S
, e

t a
l.,

20
04

A
 (v

ar
yi

ng
 d

eg
re

es
), 

B
, C

, c
ar

di
o

(m
ar

ke
rs

)

4
U

m
bi

lic
al

 c
or

d 
m

at
rix

 c
el

ls
U

C
M

 c
el

ls
W

ei
ss

 M
L,

 e
t a

l.,
 2

00
3

N
 (n

eu
ro

na
l m

ar
ke

rs
)

N
 (n

eu
ra

l m
ar

ke
rs

),
en

gr
af

tm
en

t i
n 

ki
dn

ey
an

d 
m

us
cl

e 
3w

k 
su

rv
iv

al

4
U

m
bi

lic
al

 m
at

rix
 st

em
 c

el
ls

U
C

M
S 

ce
lls

W
ei

ss
 M

L,
 e

t a
l.,

 2
00

6
N

 (n
eu

ro
na

l m
ar

ke
rs

)
R

es
cu

e 
of

 S
N

ne
ur

on
s i

n 
PD

m
od

el

4
U

m
bi

lic
al

 c
or

d-
de

riv
ed

 st
em

 c
el

ls
U

C
D

S
W

u 
K

H
, e

t a
l.,

 2
00

7
A

 (v
ar

ia
bl

e)
, B

, e
nd

ot
he

lia
l c

el
ls

En
do

th
el

ia
l c

el
ls

 4
 w

k
su

rv
iv

al
 (C

D
34

+ 
ce

lls
)

Su
pp

or
te

d
re

va
sc

ul
ar

iz
at

io
n

of
 is

ch
ae

m
ic

lim
b

Stem Cells. Author manuscript; available in PMC 2012 March 23.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Troyer and Weiss Page 19

Z
on

e
D

es
ig

na
tio

n
A

cr
on

ym
R

ef
er

en
ce

D
iff

er
en

tia
tio

n 
po

te
nt

ia
l i

n 
vi

tr
o

D
iff

er
en

tia
tio

n 
in

 v
iv

o

C
el

ls
su

pp
or

te
d 

by
U

C
M

S
T

ro
ph

ic
 e

ffe
ct

 in
vi

vo

5
C

op
pi

 P
, e

t a
l.,

 2
00

7
A

, B
, S

M
, N

, e
nd

ot
he

lia
l a

nd
he

pa
tic

 m
ar

ke
rs

B
ra

in
 e

ng
ra

ftm
en

t 8
-

w
ee

k 
su

rv
iv

al
, h

ep
at

ic
en

gr
af

tm
en

t w
ith

 m
ar

ke
r

ex
pr

es
si

on
, b

on
e

en
gr

af
tm

en
t w

ith
ca

lc
ifi

ca
tio

n

5
C

hi
av

eg
at

o 
A

, e
t a

l.,
20

07

A
bb

re
vi

at
io

ns
: A

, a
di

po
se

; B
, b

on
e;

 C
, c

ar
til

ag
e;

 C
ar

di
o,

 c
ar

di
ac

 m
us

cl
e;

 H
, h

em
at

op
oi

et
ic

 st
em

 c
el

ls
; N

, n
eu

ra
l e

nd
ot

he
lia

l m
ar

ke
rs

; S
M

, s
ke

le
ta

l m
us

cl
e.

Stem Cells. Author manuscript; available in PMC 2012 March 23.


