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Concise Review: Wharton’s Jelly: The Rich, but
Enigmatic, Source of Mesenchymal Stromal Cells
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ABSTRACT

The umbilical cord has become an increasingly used source of mesenchymal stromal cells for pre-
clinical and, more recently, clinical studies. Despite the increased activity, several aspects of this
cell population have been under-appreciated. Key issues are that consensus on the anatomical
structures within the cord is lacking, and potentially different populations are identified as arising
from a single source. To help address these points, we propose a histologically based nomenclature
for cord structures and provide an analysis of their developmental origins and composition. Meth-
ods of cell isolation from Wharton’s jelly are discussed and the immunophenotypic and clonal char-
acteristics of the cells are evaluated. The perivascular origin of the cells is also addressed. Finally,
clinical trials with umbilical cord cells are briefly reviewed. Interpreting the outcomes of the many
clinical studies that have been undertaken with mesenchymal stromal cells from different tissue
sources has been challenging, for many reasons. It is, therefore, particularly important that as
umbilical cord cells are increasingly deployed therapeutically, we strive to better understand the
derivation and functional characteristics of the cells from this important tissue source. STEM CELLS
TRANSLATIONAL MEDICINE 2017;6:1620-1630

SIGNIFICANCE STATEMENT

The connective tissue of the human umbilical cord, Wharton’s jelly, is garnering increasing
attention as a source of mesenchymal stromal cells, and is now being employed in clinical trials.
In addition, in the public sector, parents wishing to store (bank) umbilical cord blood are
increasingly being offered cord tissue, or the mesenchymal cells therein, as an additional bank-
ing service. However, there is little consensus on either the means by which cells are extracted
from the tissue or the anatomical descriptors of the tissue itself. We propose, herein, a cord
nomenclature-based robustly on anatomical/histological structure and developmental origins,
within the context of providing a foundation for not only the much-needed methodological
transparency in reporting of both basic and clinical studies, but also providing guidelines for the
family banking sector.

structure of the connective tissue of the human
cord or the means by which the cells contained
therein are extracted. As the popularity of this
abundant cell source increases there is a need to
re-appraise our understanding of the structure of
this important organ and provide a foundation for
establishing means by which methods of cell
extraction, and phenotype, can be compared
between those groups conducting not only pre-
clinical, but also clinical, studies (see Fig. 1).

INTRODUCTION

The human umbilical cord is an increasingly popu-
lar source of cells being developed for cell ther-
apy. The reasons, often reiterated, are the
noninvasive harvest from tissue normally dis-
carded at birth, the relatively high cell yields, and
a phenotype that parallels that of mesenchymal
stromal cells from other tissue sources. These cells
are now being employed in human clinical trials,
while also providing a cell source for an increasing
number of preclinical and basic studies. Several
recent reviews have highlighted the therapeutic
efficacy of umbilical cord-derived mesenchymal
stromal cells and their potential advantages over

THE STRUCTURE OF THE HUMAN UmBILICAL CORD

In placental mammals, the umbilical cord is a
structure that connects the placenta to the devel-

other sources [1-5]. However, although the umbil-
ical cord is structurally and compositionally a
much simpler tissue than bone marrow, fat, or
placenta, there is little consensus on either the

oping fetus, thereby providing a source of fetal
nourishment. At term, in humans, it is 40-60 cm
long, with a girth of 1-2 cm. The structure appears
simple with an outer covering of a single layer of

© 2017 The Authors
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UC-MSC Clinical Trials (2009 - 2017) by Broad Indication
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Registered clinical trials (2009-2016) employing human umbilical cord MSCs numbered a total of 109 as of January 2016, based

on Clinicaltrials.gov data, although only 34 are currently open. The pie-chart shows the broad distribution of target indications (excluding
those from cord blood). Although “Haematological” indications are the largest group at 12%, the majority of trials rely on the immune modu-
latory and anti-inflammatory properties of the cells, rather than a capacity for connective tissue lineage differentiation. These percentages
differ from MSC trials employing cells from all tissue sources, where “Neuro-degenerative” and “Liver” targets represent 60% of the total

number of clinical trials. Abbreviation: MSC, mesenchymal stromal cells.

amniotic epithelium that encloses a mucoid connective tissue
through which three vessels, a vein and two arteries, carry oxygen-
ated and deoxygenated blood between the placenta and fetus,
respectively. Unlike other vessels of similar diameter in the human,
the umbilical vessels comprise only a tunica intima and media, but
no tunica adventitia (see Fig. 2). The adventitial roles, considered to
be vascular support and some contractile function, are considered to
be fulfilled by the mucoid connective tissue, “Wharton'’s jelly” —first
described by Thomas Wharton in 1656—that also prevents kinking
of the vessels during movement of the fetus in the womb; although
Wharton himself thought that the Jelly served as a surrogate lymph
transport system [6]. The jelly contains no other blood or lymph ves-
sels and is not innervated. These characteristics, no adventia and no
vessels other than the two arteries and vein, are not typical of other
species commonly used in research, as discussed below. Thus, when
the same methods to extract cells from umbilical cords are
employed across species [7] the variation in structure provides a
source of variability in the harvested cell population.

Nanaev et al. [8] identified three regions within the term
human umbilical cord, based on the distribution of extracellular
matrix proteins and cytoskeletal features of the stromal cells: the
subamniotic zone, Wharton’s jelly, and the combined media and
adventitia of the blood vessels. However, since adventitia per se is
not present, Wharton’s jelly comprises all the tissue from the
outer margins of the tunica media to the inner surface of the
amniotic epithelium. A major focus for Nanaev et al. [8] was the
description of clefts within the Wharton'’s jelly that were consid-
ered to be regions devoid of collagen but containing only ground
substance, and thought to play an important role in the

www.StemCellsTM.com

mechanical properties of the tissue. The presence of clefts pro-
vides a useful landmark when examining Wharton’s jelly since
they are absent from the perivascular and subamniotic zones, but
easily visible at low magnification in routine, for example haema-
toxylin and eosin stained, cross-sections of cords. Nanaev et al. [8]
also observed that the cells of the three zones represented various
stages of differentiation of fibroblasts toward the myofibroblast
lineage, and also discussed the different embryological origins of
the central and subamniotic connective tissues of the cord;
although it is worth noting that their work pre-dated the first pub-
lications mentioning stem cells in Wharton's jelly by 7 years [9].
The regional classification of cord anatomy was expanded in
the highly cited review of Can and Karahuseyinoglu [10]. They
identified six zones within the human umbilical cord: (a) the sur-
face (amniotic) epithelium (b) subamniotic stroma (c) clefts (d)
intervascular stroma (e) perivascular stroma and (f) the vessels.
Three issues are noteworthy here. First, they stated that only the
intervascular tissue was classically described as Wharton’s jelly,
although there is no evidence for this in either the original
description by Thomas Wharton in his treatise Adenographia [6],
or in subsequent literature. Second, they conclude, by an interpre-
tation of the findings of Nanaev et al. [8] that the subamniotic
zone contained immature cells retaining the ability to proliferate
whereas the perivascular zone contained highly differentiated
cells. In fact, Nanaev et al. [8] noted that the cells in these two
zones were from differing embryological origin, and that the sub-
amniotic cells were delayed in their differentiation compared to
those in the perivascular zone, which were more numerous (see
also Fig. 2). Finally, although the amniotic epithelium was
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Figure 2. Above: The structure of the human umbilical cord with a three-dimensional exploded diagram. The diagram was made by directly
tracing the outlines of the various features in the histological section, then shifting them along the tilted longitudinal axis. Scale Bar =5 mm.
Below: The human umbilical cord. (A—E): A paraffin embedded section stained with haematoxylin and eosin. (A): Complete cross-section of
the cord showing an outer amniotic epithelium and three vessels contained within Wharton'’s jelly. The latter is more highly stained in the
perivascular zones due to an increase in both cells and matrix. The paucity of staining in those areas beyond the perivascular zones is, in part,
due to the presence of clefts [see (B-D)]. Maximum width (a-a) = 1.8 cm. (B): Enlargement spanning regions 1 and 2 in (A) where the transi-
tion from tunica media of the umbilical vein to perivascular Wharton’s jelly is clearly seen, as is the transition from perivascular zone to the
remainder of Wharton’s jelly and the amniotic epithelium. The matrix of the subamniotic Wharton’s jelly is marginally denser than that of the
intermediate Wharton'’s jelly, which separates it from the perivascular zone. pv, perivascular zone; sa, subamnion; i, intermediate Wharton’s
jelly; *, clefts. (C): From area 3 in (A): The amniotic epithelium and the subamniotic Wharton’s jelly (sometimes called the “cord lining”). The
cells have a stellate morphology. Takechi et al. [27] were the first to report that cells in this subamniotic zone were longer and had more cyto-
plasmic processes than those in the perivascular zones. *, clefts. (D): From area 2 in (A), the intermediate Wharton’s jelly that contains sparse
cells, which are small and more rounded in shape, and matrix that surrounds many clefts. *, clefts. (E): From area 1 in (A), the perivascular
zone with denser matrix and numerous cells. The latter of varying morphologies, some elongated, some rounded, and others stellate. (F):
DAPI (4',6-diamidino-2-phenylindole) staining of a portion of cord including the vascular tunica media (dense blue structure below), Whar-
ton’s Jelly, and the amniotic epithelium (thin dense blue line above). DAPI staining is densest in the perivascular zone and decreases toward
the amniotic epithelium. White arrow, perivascular zone. Although the cell density in the amniotic epithelium is clear, there is no obvious
increase in cell density in the subamniotic zone compared to that of the iWJ. [Image courtesy of Shiva Hamidian Jahromi]. Scale Bars:
A =5 mm; B =500 pm; C—E = 100 um; F = 200 pm. Abbreviation: WJ, Wharton’s jelly.

identified as a distinct zone, the endothelial linings of the vessels Defining the structural—or anatomical—descriptors of Whar-
were not mentioned although umbilical cord endothelial cells had ton’s jelly is important because their employment, by different
been isolated since 1963 [11]. authors, is inconsistent. This is nontrivial since some authors claim
© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by STEM CELLS TRANSLATIONAL MEDICINE
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Table 1. A comparison of the dimensions cited in the literature for the perivascular tissue of the human umbilical cord arranged in increas-

ing dimensions

Width of Evidence
Reference perivascular zone provided Measurement method
Watson et al. [12] Not mentioned Cartoon Cord cartoon shows only one artery and one vein.
Kita et al. [13] 2 cells thick Cartoon Cord cross-section histology was provided but with only the cord lining mem-
brane labeled. Cartoon shows the perivascular cells as only 2 cells thick.
Troyer and Weiss [14] <250-370 um* Cartoon Measurements made from authors’ cartoon
Coskun and Can [15] 200-500 pm* Cartoon Measurements made from authors’ cartoon
Schugar et al. [16] 430 * 120 um Partial histology Although authors report direct measurements from histology sections, only

and cartoon

partial histology was illustrated. Cartoon figures show averages for specific

measurements made.

Karahuseyinoglu Approx. 600 um Partial Histology

etal. [17]
Subramanian 350-1,550 um Histology
et al. [18]
This text 750-2,000 pm* Histology

Authors drew a ring around one umbilical artery that, given their scale bar,
would give a perivascular zone of 600 um width.

Authors illustrate direct measurement from whole cord section.

“Thin perivascular areas” were described around each vessel. Measurements

made from their provided histology.

*Dimensions have been measured from authors’ cartoon based on the average width of a cord, at term, being 1.5 cm. “Partial histology” refers to a

single cord vessel, or part of a cord vessel being illustrated.

to extract cells from one region of the cord, to the exclusion of
others and report the cell phenotype obtained. Given the above, a
hypothetical example could be that three different authors could
claim to extract cells from Wharton’s jelly when one extracts cells
from only the intervascular jelly, the second from the whole of
Wharton’s jelly, as described herein, and the third from Wharton’s
jelly excluding the perivascular tissue. Examples of each of these
can be found in the extant literature. However, when varying
descriptions of the regions/zones of the cord are combined with a
lack of sufficient methodological information regarding the isola-
tion techniques employed to harvest the cells, the comparison of
cell populations employed by different authors becomes fraught
with difficulty. This is not only an academic issue that needs a solu-
tion so that questions regarding the putative phenotypes of the
cells from various regions/zones of Wharton'’s jelly could be realis-
tically addressed but, as the umbilical cord becomes a more popu-
lar source of cells for clinical trials, some of which are driven by
industry, the growing patent estates directed at extraction of cells
from the human umbilical cord will also be obliged to face the
same challenges of terminology and methodologic transparency.
An example of these variances can be seen in the multiple
definitions of the perivascular tissue of the cord. As stated, some
authors do not consider this part of Wharton’s jelly, but the
description of the perivascular zone varies widely as summarized
in Table 1, where the order is in increasing perivascular dimension
rather than publication date. First, it can be seen that the dimen-
sions of this zone have not changed according to the year of publi-
cation, it is also clear that some authors have not mentioned it at
all. However, there would seem to be a trend where the smaller
dimensions are allotted by authors who have not provided histo-
logical evidence of their dimensions, but rather drawn a cartoon
figure. Similarly, partial histology, defined here as provision of a
histological image of a single, or partial, vessel have returned
intermediate values while those examples where full cross-
sectional histology of the cord has been provided, return the high-
est dimensional values for the perivascular zone. These differences
are stark, and range from a perivascular layer only two cells thick
[13] to histological evidence of up to 2,000 microns [18] (See Fig.
2). In their paper, Karahuseyinoglu et al. [17] who provide partial

www.StemCellsTM.com

histology, designate the arterial perivascular zone as 600 microns.
While this does apply to arterial perivascular tissue, that around
the vein is thicker, up to 2,000 microns, as seen in Figure 2 and it
is noteworthy that it is the umbilical vein that carries oxygenated
blood. Thus, although these zones can be easily identified anatom-
ically, other authors have described, or graphically illustrated,
them quite differently. For example, Troyer and Weiss [14], Con-
coni et al. [19], and Coskun and Can [15] all illustrated the perivas-
cular tissue as a “layer” of relatively uniform width that (assuming
an average total cord girth of 1.5 cm) was 50-150 microns in
width. However, these authors provided no rationale for their
choice of these dimensions assigned to the perivascular region.

In a detailed treatment of the umbilical cord, the average peri-
vascular width was reported by Schugar et al. [16] as 430 = 120
microns, and supported with partial, arterial, histology. In fact, the
perivascular regions are not only more variable in width (as meas-
ured from the outer margin of the tunica media of the vessels)
but may appear to be joined so that the perivascular region forms
a continuum around two or all three of the vessels. However,
these joining areas are of a slightly lesser cell density and desig-
nated the intervascular Wharton's jelly by Can and Karahuseyino-
glu [10]. The intervascular areas can be seen to vary from 500 to
830 microns between the perivascular Wharton’s jelly in Figure 2.
However, it should be noted that these dimensions are highly vari-
able both within the same cord and between different cords, as
indeed the girth of individual cords is generally considered to vary
from 1 to 2 cm at term [20].

The identification of the perivascular zones is important
because, as Schugar et al. [16] reported this zone that measures
an average of 430 microns radially around the tunica media, con-
tains almost 45% of all cells in Wharton’s jelly, and thus the
method by which cells are extracted from Wharton’s jelly will be
profoundly influenced by the inclusion, or exclusion, of the peri-
vascular cells. It can reasonably be assumed that the perivascular
tissue, as seen in Figure 2, will therefore contain considerably
more than 45% of all cells in Wharton’s jelly.

Clearly, when evaluating a cross-section of the human umbili-
cal cord, the perivascular zone previously described as the adven-
titia of the umbilical vessels (Nanaev et al.) [8], and subsequently

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Table 2. A proposed nomenclature for the structure of the human umbilical cord based on distinguishable histological features

Wharton’s Jelly

Vessels

Amnion Perivascular W)
Epithelium Subamnion Intermediate W) (intervascular WJ) Tunica media Tunica intima
1-3 cells thick 100-150 microns thick. Sparse matrix and cells. 200-2,000 microns thick. Two layers of smooth Single layer of
Essentially devoid of clefts. Easily distinguished Essentially devoid of clefts. muscle orthogonally endothelial
Possibly retains derivation by the presence of Appears more dense than arranged cells
from somatopleuric numerous clefts Intermediate WJ. Most
amniotic mesenchyme. containing only likely derived from
ground substance extraembryonic mesoblast
Cord “lining” HUCPVCs HUVECs

Can be isolated by careful separation from
the intermediate WJ,
perivascular WJ, and vessels

Theoretically, could be
isolated after careful
removal of cord lining,
perivascular WJ,

and vessels

HUVECs = Human umbilical
vein endothelial cells

HUCPVCs = Human umbilical
cord perivascular cells

Can be isolated either
manually or enzymatically
(intervascular WJ cannot be
separated from the
perivascular WJ)

The Cord can be divided, as others have suggested, into three major components (a) the amnion (b) Wharton’s Jelly and (c) the vessels. Wharton’s
jelly itself can be divided into three distinct zones (a) the subamnion, (b) the intermediate Wharton’s Jelly, and (c) the Perivascular Wharton'’s Jelly.
The amnion and subamniotic Wharton’s Jelly has been designated the “cord lining.” Another region between the perivascular Wharton's Jelly sur-
rounding each vessel can be designated the “Intervascular Wharton'’s Jelly.” However, from a pragmatic perspective it is only the cord lining and the
perivascular Wharton’s Jelly that can be distinctly dissected from the remaining regions or zones. Finally, the vessels each comprise a smooth muscle

wall and an endothelial lining. Abbreviation: WJ, Wharton’s jelly.

illustrated by Subramanian et al. [18], or described by Schugar
et al. [16] as the densest cell population in Wharton’s jelly, can
provide a histological/anatomical descriptor as equally obvious as
that of the thin amniotic lining. Thus, we provide a nomenclature
for the whole cord, based on such anatomical and histological
foundations in Table 2, and illustrated in the diagram of Figure 2.

A NOTE ON THE DEVELOPMENT OF THE UMBILICAL CORD

Much of the information in this section has been extracted from
various sections of Gray’s Anatomy [21] and provides an update
on the account of Nanaev et al. [8] since our understanding of the
development of the cord has evolved in recent years.

Although the structure of the umbilical cord would appear rel-
atively simple, its embryological development results in mesen-
chymal contributions from several sources. In human
development, after implantation of the blastocyst at the end of
the first week following fertilization, the early fetus is initially con-
nected to the maternal endometrium through the invading troph-
oblast. This connection rapidly develops into the connecting stalk,
which is, therefore, formed from the extraembryonic mesoblast,
that covers the amnion, secondary yolk sac, and the wall of the
mural trophoblast. Soon, during early hind-gut development, the
connecting stalk mesenchyme is invaded by the allantoic duct,
which is a site of vasculogenesis and gives rise to the umbilical
vessels that connect with the placental circulation. Thus, as the
umbilical cord develops it comprises an outer covering of amniotic
epithelium and a coalescence of somatopleuric amniotic mesen-
chyme with both splanchnopleuric vitellointestinal and allantoic
mesenchymes. The latter, with which the umbilical vessels are
most intimately associated, the perivascular tissue, could reason-
ably be assumed to originate from the extraembryonic mesoblast.
However, the cord grows rapidly in both length and girth to term
and the increase in the volume of Wharton’s jelly is commensu-
rate with this growth. Since Schugar et al. [16] have convincingly
demonstrated that the majority of mesenchymal cells in the term
cord are in the perivascular regions (see above), it would seem
reasonable to assume that this region is also the site of the major-
ity of the precursor cell proliferation that drives the increase in
Wharton'’s jelly volume (see also the discussion of Nanaev et al.
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[8] above). It is also interesting to note that amniotic fluid contains
PDGF-AB [22]. Since it is known that some perivascular cells are
recruited via (PDGF)-B/PDGF receptor-R signaling, and that umbili-
cal cord perivascular cells have been shown to be PDGF-RR+,
such signaling may contribute to perivascular cell migration out-
ward from the vasculature. Indeed, comparing the distribution of
CD146+ cells in first trimester and term cords, it is clear that
Wharton’s jelly becomes populated with such cells during gesta-
tion (see Fig. 3). CD146, together with NG2 and PDGF-RR have
been shown to identify a subset of perivascular cells that also
express mesenchymal stromal cell markers, in vitro, which would
support the hypothesis that the perivascular tissue contains a pro-
genitor cell population that can give rise to the differentiated
myofibroblasts that represent the functional phenotype of Whar-
ton’s jelly cells.

A NOTE ON COMPARATIVE ANATOMY

Although the purpose of this review is to focus on the human
umbilical cord, it is worth noting that some authors have
described employing the same cell extraction procedures for
human and other mammal species. This is particularly relevant to
those using enzymatic cell isolation procedures of more than one
of the tissue types in the cord structure, amnion, Wharton’s jelly,
and vessels, because cord structure, and thus composition, can be
quite different between species. Figure 4 provides examples of
these differences for human, equine, canine, and porcine cord. In
these, the human cord is unique as the equine cord has four
major vessels and multiple collateral vessels, a similar composition
is seen in the canine cord, while the porcine cord—although
superficially similar to the human—displays several small vessels
within the Wharton's jelly. The major vessels of the equine cord
also, unlike those found in the human cord, possess a well-
developed tunica adventitia.

THE COMPOSITION OF WHARTON’S JELLY

Wharton'’s jelly is classified as a connective tissue. Some consider
Wharton’s jelly a simple connective tissue in contrast to the liquid
or skeletal connective tissues [23], but it is most commonly

STEm CELLS TRANSLATIONAL MEDICINE
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Figure 3.

CD146 labeling of a first trimester cord (A) and a term cord (B) counterstained with DAPI. In the first trimester, the smooth muscle

vessel wall labels positively, but the surrounding tissue is negative for CD146. On the contrary, at term the vascular endothelium is now highly
positive, the vessel wall is still positive, but so also are cells in the perivascular tissue. Scale Bars A, B =100 um.

classified as a mucoid [21], or mucous [24, 25], connective tissue.
The common property of connective tissues is that they comprise
cells surrounded by the extracellular matrix that they have elabo-
rated. Of course, Wharton himself knew nothing of cells within his
“Jelly,” as cells were described for the first time 9 years later by
Hooke [26] in 1665.

Usually, other cells are also present in the matrix of connective
tissues including some form of phagocytic cell type and also those
providing vascular and nervous elements. In this respect, the
Wharton'’s jelly of the human cord is unique among connective tis-
sues as it contains only mesenchymal cells that comprise the func-
tional myofibroblasts of the tissue, and their precursors. There are
no other cell types described in Wharton’s jelly, and no vascular or
nervous elements, except the three major vessels of the cord
itself.

It was McElreavey et al. [27] who first extracted fibroblast-like
cells from the human umbilical cord, and Takechi et al. [28]
reported cells, resembling fibroblasts containing myo-filaments,
and stained positive for both vimentin and desmin. The cell distri-
bution within Wharton's jelly was described as densest in the peri-
vascular area and loose under the amniotic epithelium.
Furthermore, the peripheral cells had longer and more numerous
cytoplasmic processes than those in the perivascular regions.
These morphological differences may point to differences in
embryological derivation (see above), although we are not aware
of any studies that have explored such issues. These authors,
together with others later, observed that the perivascular region
appeared to serve the function of an adventia, which is not pres-
ent the vessels of the human umbilical cord, although can be
found in other species—see the comments on the equine cord
above. It was over a decade later that several laboratories showed
that these cells had the properties of mesenchymal stromal cells
(MSCs) [29-32]; (see below for discussion of MSCs).

A connective tissue matrix will comprise a fiber component,
most commonly collagen, and a ground substance. Collagen | is
the predominant protein [33] in Wharton’s jelly. Gogiel et al. [34]
showed that Wharton’s jelly contains mainly small chondroitin/
dermatan sulphate proteoglycans with decorin predominating
over biglycan. Meyer reported that 95% of Wharton’s jelly is

www.StemCellsTM.com

extracellular matrix comprising collagen (3.6), glycoprotein (0.3)
hylauronin (0.31) sulfated glycosaminoglycan (0.14) and diffusible
plasma proteins (1.2)—all % wet weight [35].

WHAT 1S THE NUTRIENT SUPPLY FOR THE UC?

The only blood supply in the human umbilical cord is through the
umbilical vein and two arteries. The umbilical cord forms at day 26
at which time the amniotic fluid, which is generated from mater-
nal plasma, comprises mostly electrolytes and water. This changes
in volume and composition throughout gestation and by about 12
weeks the liquid contains proteins, carbohydrates and lipids to
which urea is added when fetal kidney function starts around
week 16. Of the many roles of the amniotic fluid, a nutrient contri-
bution to cells of, and beyond, the amniotic membrane is clearly
important [36]. Thus, the amniotic fluid provides an additional
source of nutrients to the cells of the umbilical cord especially
those in the subamniotic region, which may explain the small
increase in cell density in the outer 100-150 microns of Wharton’s
jelly.

WHARTON’S JELLY AS A SOURCE OF MISCs

Conventional wisdom dictates that the human umbilical cord is a
rich source of MSC. Indeed, it is the advent of MSC biology that has
driven the increasing interest in umbilical cord tissue as witnessed
by the increasing number of publications in the last two decades.
Given the embryological derivation of the cord (see above) and the
multiple mesenchymal sources that contribute to its formation, it is
not surprising that some progenitor populations can be found in
every region of Wharton'’s jelly [18] although what is not yet clear is
whether their phenotypes are equivalent. Given the opinion that
the vasculature of the cord is the predominant nutrient supply and
that perivascular cells are known to migrate away from their vascu-
lar niche (see below), it may be that the majority of MSC in Whar-
ton’s jelly originate in the perivascular region.

We adhere herein, in concordance with the ISCT position
paper of 2006 [37], to the term mesenchymal stromal cell (MSC)
rather mesenchymal stem cell since it is rarely that authors have
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Figure 4. Comparative anatomy of the umbilical cord. (A, B): Por-
cine, (C-E): Equine, (F): Canine. (A): Unlike the human cord, the peri-
vascular zones are not clearly demarcated in the porcine cord. (B):
In the porcine cord, Wharton'’s jelly contains many small vascular
structures. (C): The equine cord has four major vessels and many
co-lateral and branching vessels. (D): Each of the main vessels has a
well-developed tunica adventitia as seen in this dissected specimen.
(E): The tunica adventitia is distinct from the tunica media in this
H&E stained cross-section. (F): Like the equine cord, the canine cord
has multiple vessels with co-lateral branching. The vessels are con-
tained within the amniotic epithelium but, unlike the human, por-
cine and equine cords, does not from a firm roughly circular but
rather a diffuse and flattened structure. [Image courtesy of Dr. Emily
Correna Carlo Reis]. Scale Bars: A, B and E=1 mm; C, D and
F=1cm.

demonstrated the stem-like qualities, of self-renewal and multili-
neage differentiation potential of offspring, of the cells they have
isolated from the human umbilical cord. One exception to this
was the work reported by Sarugaser et al. [38] that did show, at
the single cell clonal level, that true self-renewing cells existed in
the perivascular tissue of the cord that gave rise to multilineage
offspring—work that was only possible due to the high CFU-F fre-
quency in the cell populations extracted from the perivascular tis-
sue (see Fig. 5 and “Cell Phenotype” above right). No such studies
have been reported with cells from other regions of Wharton’s
jelly. Furthermore, even the stem cell population itself is heteroge-
neous as different MSCs had different renewable multilineage dif-
ferentiation capacity. Thus, employment of the term
“mesenchymal stem cell” in the singular is misleading as a family
of mesenchymal stem cells were shown to exist.
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Figure 5. Due to the high CFU-F frequency, Sarugaser et al. under-
took differentiation assays on both parent and daughter single cell
derived clonal populations. Various self-renewing mesenchymal stro-
mal cells types were identified resulting in the hierarchy show here.
The semicircular arrows represent populations that are self-
renewing. The default lineage is the fibroblast. Thus, some stem cells
self-renew and parents and daughters both display five-lineage dif-
ferentiation while others are capable of only 4, 3, or 2 lineage differ-
entiation. A self-renewing fibroblast was also identified.
Abbreviations: MACOF, muscle, adipo, chondro, osteo, and fibro;
WJ, Wharton's jelly.

The yield of MSC from Wharton'’s jelly has been shown to
depend on the method of cell extraction employed. Using a CFU-F
assay as a surrogate MSC measure, this can be illustrated by a
comparison of Sarugaser et al. [29] and Lu et al. [32]. While the
former report a CFU-F of 1:300 at harvest from an isolated UC
perivascular population, Lu et al. extracted their cells by mincing
umbilical cords into 1-2 mm [32] fragments, sequentially incubat-
ing with collagenase and trypsin and passing the resulting product
through filters to obtain cell suspensions which would have con-
tained all cell types in the umbilical cord. They reported a CFU-F of
1:1,609 which, although an order of magnitude lower than Saru-
gaser et al., [29] was still positively compared to values of
1:10,000 to <1:100,000 reported for bone marrow MSCs [32, 39].
Furthermore, Lu et al. [32] showed that the population doubling
(PD) time of 24 hours was stable through to P10; compared to a
bone marrow PD of 40 hours. Given the high CFU-F frequency, it
is of interest to consider why the perivascular zone of the umbili-
cal cord has such a high density of stem cells in situ. This could, in
part, be explained by the rapid growth of Wharton’s jelly that is
commensurate with the increase in length and girth of the cord
during gestation. This could be borne out by the finding of mitotic
figures in early trimester cords but, to our knowledge, such a
study has not been undertaken.

However, two important points should be emphasized.

First, although the CFU-F frequency at harvest (1:300) is high
compared to other tissue sources of MSC, it still means that the
majority of cells at harvest, 299 out of 300 are not stem cells.
Many of these will be the myofibroblasts that Nanaev et al. [8]
identified in five stages of differentiation based on their sequential
and additive expression of vimentin, desmin, e-smooth muscle
actin, -ysm actin, and sm myosin.
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Second, from the therapeutic standpoint, we do not yet know
whether the true stem cells within an extracted population are of
any particular significance. Certainly, for applications requiring dif-
ferentiation down a specific connective tissue lineage, the stem-
ness of the population would be important. However, since the
majority of targeted clinical applications of MSC rely on their para-
crine signaling potential, the differentiation potential of the cells
may be either irrelevant to their clinical utility or, worse, could
provide clinical complications should unwanted differentiation
occur in vivo.

METHODS OF CELL ISOLATION FROM WHARTON’S JELLY

Umbilical cord tissue is a source for a variety of different cell types:
endothelial cells, smooth muscle cells, stromal cells, and epithelial
cells and although we focus here on those from Wharton’s jelly,
some authors have isolated all cell types independently [40], and
many have chosen not to isolate the Wharton’s jelly from either
the vessels or amniotic epithelium before harvesting cells. In the
latter cases, therefore, the harvested cell population may demon-
strate various degrees of heterogeneity dependent upon the
method employed. Conversely, the only cell isolation information
provided by some authors is that “MSCs were isolated using the
classical adhesion method,” [41] which clearly renders the reader
incapable of knowing what cells have been employed. Further-
more, as various authors have used terms describing various
regions, or zones, of Wharton’s jelly differently (see above) it is
rarely possible to glean from the published methods, which cells
are specifically being cultured in experiments, or more impor-
tantly, employed in clinical trials (see below).

CELL PHENOTYPE

As mentioned, MSCs have been extracted from many tissues and
the characterization of the cells, usually takes place after seeding
the harvested population in a culture vessel. Indeed, the first of
the minimal criteria set out by the ISCT [37] is that the cells are
culture adherent. Taken literally, this would mean that MSC can
only be described ex vivo; yet conventional wisdom holds that
such cells—both mesenchymal cells and mesenchymal stem cells,
do exist in vivo. Thus, much has been reported on extracted cell
populations, but relatively little is known of their phenotype in
vivo. For this reason, some authors have focused on characterizing
the cells in situ, since they have been shown to rapidly change
their phenotype on entering a cell culture environment, and thus
a retrospective analysis does not provide insight into their in vivo
phenotype.

Farias et al. [42] specifically distinguished between in situ
umbilical cord stromal stem cells (isUCSSC) and cultured UCSSC.
They also identified three zones: amnion, Wharton’s jelly and ves-
sel walls within the cord, and showed arterial perivascular jelly of
about 650 microns depth before and after digestion. Indeed,
Farias et al. opined that all cultured umbilical cord stromal stem
cells “were 100% positive for CD10. . ... ..indicating that they all
derived from the Wharton’s jelly remaining around the blood
vessels.” [42] However, upon tissue digestion, the cells are nega-
tive (or lowly expressing) for many of the defined stem cell
markers, but after one passage these levels are considerably
increased. This is exemplified by Margossian et al. [43], who char-
acterized cells from the Wharton’s jelly immediately following
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isolation by enzymatic digestion and compared to cells grown for
one passage on tissue culture plastic. Importantly, expression of
CD73, CD90, and CD105, positive markers for MSCs as outlined by
the ISCT’s minimal criteria for defining MSCs [37], are expressed
in only a small fraction of cells in freshly digested tissue, but are
greatly increased following a single passage on tissue culture plas-
tic [43]. Indeed, it is the very simplicity of the tissue structure of
the cord that permits such in situ and in vitro comparisons, which
are considerably more challenging with marrow, adipose tissue,
or placenta.

Based on the criteria outlined by the Dominici et al. [37], it is
necessary for MSCs to be characterized in vitro due to the require-
ments of plastic adhesiveness, and trilineage differentiation. How-
ever, it is interesting to consider that even the generally accepted
cell surface marker expression profile requires cell culture to mod-
ify the original cell phenotype. Thus, based on these criteria, cells
that are isolated are in fact not a population of MSCs, but instead
become MSCs following in vitro expansion. So, either culture is
selecting for a specific subset of the isolated cells, and thereby
enriching them, or else the cells are changing their phenotype.
Importantly, this disconnect between MSCs and their in vivo coun-
terparts has been suggested for all MSC sources [44, 45]. While
this has not hampered the utility of these cells as therapeutics, a
greater understanding of MSCs in their natural niche could prove
beneficial for advancing the current generation of therapeutics
under investigation and provide critical insight into tissue homeo-
stasis and regeneration following injury.

Another consideration relates to the state of oxygenation of
the tissue in vivo. The pO, of oxygenated blood within the umbili-
cal vein is approximately 20%—30% of that within adult arteries
[46], and a lack of microvessels within Wharton’s jelly, lead to the
hypothesis that the stromal cells within the cord reside in a rela-
tively hypoxic environment, a sentiment that has also been postu-
lated by others [47]. It is well established that bone marrow (BM)-
derived MSCs grow faster under hypoxic conditions in vitro and
have a greater CFU-F frequency over normoxic conditions [48, 49].
However, “hypoxia” in culture often mimics normoxic oxygen ten-
sion in vivo [50]. In fact, in vivo low O, does not affect BM CFU-F,
but does increase peripheral blood CFU-F [51]. Indeed, the rich
source of MSCs in the cord may, in part, be because MSCs survive
better in low oxygen environments than fibroblasts.

ARE WHARTON’S JELLY MISCS PERIVASCULAR IN ORIGIN?

An influential study by Crisan et al. showed that MSCs could be
obtained by isolating populations of perivascular cells from a wide
range of adult and fetal tissues [52], creating a strong link
between MSCs and a specific location in situ. The term
“perivascular cells” commonly includes classically defined peri-
cytes surrounding the microvasculature, as well as other nonperi-
cyte cells within the perivascular niche of the macrovasculature
which have also been shown to display properties of MSCs
[53-55]. However, recent evidence would suggest a clear func-
tional distinction between pericytes and MSC progenitors in the
perivascular niche [56]. This may help to explain the case in the
umbilical cord where MSCs have been derived from all regions
from the perivascular zones to the subamnion. However, as the
amniotic fluid provides a source of nutrients to the cord tissue
this, together with the disparate embryological origins of the tis-
sue as described above, could explain the nonperivascular distri-
butions of MSCs in cord tissue.
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The perivascular zones of the human umbilical cord contain
the most abundant source of MSCs (Schugar et al. [16]), but
Mennan et al. [57] and Subramanian et al. [18] have both shown
that cord lining cells exhibit trilineage differentiation potential.
The amnion consists solely of epithelial cells, and thus not MSCs
[58], but others have also noted stem cell characteristics in this
population [59], although caution should be expressed since Miki
et al. [59] referenced an extraction technique first described by
Akle et al. [60] where they stated that “The amniotic membrane
thus obtained consisted of an epithelial monolayer on a basement
membrane with an underlying collagen matrix containing a few
fibroblasts.” (another example of how harvesting procedures can
affect the interpretation of experimental outcomes). Nevertheless,
the sub-amnion is mesenchymal and does contain MSCs [13, 18,
57, 61]. Thus, there is evidence, at least in the umbilical cord, that
MSCs can be isolated from nonperivascular regions. However,
whether these nonperivascular MSCs represent a distinct lineage
from those in the perivascular region is unknown.

It may be that these nonperivascular MSCs are not distinct
from the perivascular MSCs, but are instead simply a population
of cells migrating away from the vasculature. This process is well
characterized in adult tissue where perivascular cells migrate from
the vasculature to participate in the fibrotic repair and wound
healing [62-64]. Moreover, MSC transport via the circulation
occurs normally in adults, albeit at low frequency. Chong et al
(2012) [65] harvested 1-2 million peripheral blood monocytes
from 2 ml of human peripheral blood that yielded 0.5-1 million
culture adherent cells after 2 weeks. In vivo, such migration may
be enhanced by tissue injury [66], and also in the developing
fetus, as evidenced by the isolation of MSCs from umbilical cord
blood, albeit at variable rates of success [67, 68]. Thus, there is evi-
dence of MSCs migrating away from their perivascular niche dur-
ing development. However, if nonperivascular MSCs within the
umbilical cord are indeed derived from those in a perivascular
niche, it would be expected that their migration would be directed
by a chemotactic gradient. One possible mechanism for this, as
mentioned above, is through the PDGF/PDGFR axis. Signaling
through this pathway results in a potent chemotactic and mito-
genic response seen in pericyte recruitment, both during devel-
opment [69, 70], and following tissue injury [71, 72]. In cell
culture, it has been reported that amniotic epithelial cells pro-
duce PDGF-B [73, 74], and therefore, could potentially serve as a
stimulus for perivascular migration in vivo. Whether such a
response does truly occur during development, however, has
never been investigated. Recruitment of perivascular cells does
fit well with the demand for matrix production within the Whar-
ton’s jelly to minimize forces on the umbilical cord vessels which
might otherwise impair circulation. Similarly, as discussed above,
abundant matrix production as seen in fibrotic disease also
involves pericyte recruitment.

While we have speculated that some nonperivascular cells
within the umbilical cord are derived from a perivascular lineage,
currently there is no specific marker or set of markers to identify
specific populations of nonperivascular cells within the umbilical
cord that give rise to MSCs.

UC MSCs As THERAPEUTICS FOR HUMAN DISEASE

As illustrated in Figure 1, umbilical cord clinical trials (excluding
those using cord blood) have been targeted at fourteen broad
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groups of medical indications. The percentage split between indica-
tions clearly illustrates a preponderance of trials for autoimmune,
cardiovascular, haematological, hepatic, neurodegenerative, and
orthopedic targets, each of which commands approximately 10%
of the total number.

The Clinicaltrials.gov data for the above trials provides no
details of the methods employed to extract umbilical cord cells
and thus it is not possible to provide any comparative assessment
of the individual therapeutic products. However, five publications
have resulted, to date, from these clinical studies from which
some information regarding the cell populations can be obtained.
Lv et al. [75] [NCT01343511] obtained cells from a corporate
source where umbilical cords were first cut into 2-3 cm? pieces,
which were then dissected to obtain 1-4 mm?® pieces of Whar-
ton’s jelly used for explant cultures. Jin et al. [76] [NCT01360164]
refers to a previous study that describes cutting the cord into 1-
2 mm pieces and undertaking explant cultures in growth factor-
enriched medium [77]. Wang et al. [78, 79] [NCT01741857] pub-
lished two papers on their trial using UC cells in systemic lupus
erythematosus. In one the reader is referred to the corresponding
author for cell harvesting details; although the other paper
described the cutting of cord into 1 mm pieces, which were then
used in 10% serum-containing explant cultures. In contrast, Wang
et al. [80] [NCT01547091] refer to a previous publication [32])
where cords were minced into 1-2 mm? fragments, sequentially
digested in collagenase and trypsin, and expanded in low glucose
medium containing 5% fetal bovine serum. Finally, Zhang et al.
[81] [NCT01213186] describes first removing the vessels from the
cord, dicing the Wharton’s jelly for explant culture, but also refer-
ences an earlier paper which reverts to the method of Lu et al.
[32] in which neither vessel, nor amniotic membrane, removal is
mentioned. Clearly, those harvesting methods that relied on
whole cord pieces in either explant cultures or enzyme digests will
start with a heterogeneous population of all cells in the umbilical
cord. On the contrary those that isolated only Wharton’s jelly
started with a more homeogeneous cell population. However,
without more precise details it is not possible to comment on the
exact population employed in either these clinical studies or the
majority of preclinical and basic studies that also lack the requisite
information. In addition, if the vessels are removed rapidly from
the cord, the perivascular Wharton'’s jelly is removed with the ves-
sels. On the contrary, precise dissection to separate the perivascu-
lar jelly from the tunica media of the vessels can result in a
harvest that includes the perivascular, intravascular and subamni-
otic Wharton'’s jelly. Nevertheless, all authors referred to their cells
as mesenchymal stem cells.

Each of these trials returned positive results, NCT01343511
reported an increased therapeutic effect of UCMSCs over cord
blood mononuclear cells alone; NCT01360164 confirmed safety
and a possible delay in the progression of spinocerebellar ataxia;
NCT01741857 reported a satisfactory response in systemic lupus
erythematosus; NCT01213186 improved host immune reconstitu-
tion in immune nonresponders and NCT01547091 administration
of umbilical cord cells with disease-modifying antirheumatic drugs
provided persistent clinical benefits for patients with rheumatoid
arthritis. However, it should also be noted that none of these
small studies were blinded, none were randomized and only some
were controlled. Furthermore, while all studies used an intrave-
nous route of administration, two also employed intrathecal deliv-
ery. The 1V. dose varied from 0.5 X 10° to 4 X 10 cells/Kg body
weight. Taken together, these studies do point to the
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administration of umbilical cord cells being safe and possibly pro-
viding some therapeutic benefit, although definitive information
will not be available until large scale randomized, double blinded,
placebo-controlled trials are undertaken.

CONCLUDING REMARKS

Wharton’s jelly-derived mesenchymal stromal cells have reached
the significant milestone of entering many clinical trials for a diverse
spectrum of medical indications. However, it will be some time
before the initial, and promising, clinical results are translated into
robust findings based on randomized, double blinded, placebo-
controlled trials. Clearly, the interpretation of both reported and
future work in this burgeoning field of health care will rely on
greater transparency in the methods of cell extraction employed. To
facilitate this, it will also be essential to arrive at a consensus on the
anatomical structure of the cord, and particularly that of the zones
of Wharton’s Jelly, from which the cells are extracted. To this end,
we have proposed herein a nomenclature based on the readily visi-
ble anatomical/histological structure of the human umbilical cord.
However, our knowledge of the derivation and developmental phe-
notype of cells in Wharton’s jelly remains scant; and opportunities
exist for major contributions to our understanding by both embryol-
ogists and developmental biologists. Increasing numbers of both

scientists and clinicians are interested in this tissue, generally dis-
carded at birth, as a source of cells for therapy. Indeed, Wharton’s
jelly is among the simplest of human connective tissues, and pro-
vides an apparently more homogeneous harvested cell population
than other mesenchymal tissue sources. Thus, there is an urgent
need to understand more fully both the derivation, and functional
phenotype, of this increasingly important source of cells.
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