A future in our past: the umbilical cord for orthopaedic tissue

engineering

ANTONIO MARMOTTI", GIUSEPPE MARIA PERETTF, SILVIA MATTIA®, DAVIDE EDOARDO BONASIA',
MATTEO BRUZZONE', FEDERICO DETTONI', ROBERTO ROSSI', FILIPPO CASTOLDI'

' University of Turin, Department of Orthopaedics and Traumatology, Turin, Italy
2 Department of Biomedical Sciences for Health, University of Milan, Milan, Italy, IRCCS Istituto Ortopedico Galeazzi,

Milan, ltaly

¢ University of Turin, Molecular Biotechnology Center, Turin, Italy

Abstract

The umbilical cord (UC) has recently been added to
the list of potential cell sources for tissue engineering
and regenerative medicine purposes. Although the UC
is usually discarded after delivery, UC storage in spe-
cial tissue banks is becoming an increasingly common
procedure.

Indeed, the capacity of UC cells to be directed toward
different phenotypes makes this tissue an ideal cell
source for regenerative medicine in orthopedics and in
other fields. In this paper, these issues are presented
and discussed, together with the potential of this cell
source for allogeneic use. This article also looks at the
anatomy of the UC from both the macroscopic and
the cellular perspective and considers its extraordinary
potential for research and clinical applications.
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“Time present and time past

Are both perbaps present in time future,

And time future contained in time past.”

(Burnt Norton, T.S. Eliot: Four Quartets, 1935)

We often need to look to our past that to find the solu-
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tions and strength we need in our present and for our
future life; sometimes our past, helping us to find our
meaning, allows us to shape our future as an unexpec-
ted original composite of our time present and our
time past. The force of these fascinating literary con-
cepts is such that they extend beyond the bounds of
pure philosophy and seem to suggest a direction for
research in different scientific fields: one of these is tis-
sue engineering.

Certainly, these are insights that seem to fit perfectly
with the growing interest in the use of the umbilical
cord (UC) as a source of stem cells.

The UC is our primary link to external space; it is also
the fetal structure that supplies us with our first energy
for living. Indeed, during pregnancy, the fetus is lin-
ked to the mother and her placenta by the UC, which
envelops and protects umbilical vessels and provides
cord blood to the fetus. The UC contains two umbili-
cal arteries, an umbilical vein and a mucous proteogly-
can-rich connective tissue, named Wharton’s jelly after
Thomas Wharton who first described it in 1656, cove-
red by amniotic epithelium. Thus, five regions can be
identified, each containing cells with features similar
to those of the mesenchymal stem cells (MSCs) of
other compartments of the human body. MSCs can be
isolated from mononuclear cell fractions, from UC
blood, from the subendothelial layer of the umbilical
vein, from the outer layers of umbilical vessels (the
perivascular region), from the intravascular space and
from the subamnion region.

The efficiency of cord blood, which seems to contain a
small amount of mesenchymal precursor cells, is ham-
pered by the low quantity of blood obtainable and a low
success rate of isolation. Literature data suggest that the
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frequency of circulating MSCs in cord blood is approxi-
mately 0.002 +0.004 per 10° initially plated cells, while
the number of colony forming units-fibroblasts (CFU-
F) from a “classical” stem cell source like the bone mar-
row (BM) can be estimated as 83+ 61 per 10° (1).
Using the “solid” part of the UC is, on the other hand,
a completely different issue. The UC is collected
during cesarean birth, to allow the best possible condi-
tions in terms of sterility, and a large amount of tissue
can be collected: in our experience, a mean of 32 g, cor-
responding to a mean length of 37 cm (2).

The first aspect to consider in relation to this proce-
dure is the fact that this harvested living tissue was for-
merly material that was simply discarded at the end of
a delivery. As a consequence, the use of this extra-
embryonic structure, whose cells possess some embr-
yonic properties and considerable regenerative poten-
tial, in theory presents few ethical problems and legal
concerns, provided that complete and informed writ-
ten consent is obtained from the donating mother.
This aspect is fundamental from the perspective of the
possible widespread clinical application of the UC in
the field of tissue engineering in the future.

A second advantage, soon recognized by researchers, is
the unlimited availability of this tissue. Tissue banks
for the collection and storage of cells from UCs dona-
ted by third parties are a conceivable future reality for
bone and cartilage tissue engineering based on the use
of “one-stage” cell delivery methods (scaffolds or intra-
articular injections).

Finally, other non-negligible aspects are the non-inva-
siveness and low costs of the UC harvesting and cell
isolation procedures. Indeed, neither UC collection
from mothers nor, logically, the receipt of UC-derived
cells of allogeneic origin by target patients, involves
donor site morbidity. This is an appealing advantage
compared with other sources of stem cells, such as BM
or adipose tissue. Indeed, BM presents specific draw-
backs, which limit its usefulness: cell isolation requires
aspiration from the marrow cavity, which is a painful
and invasive procedure that carries certain risks.
Moreover, adult-derived MSCs may have limited
expansion potential and show slower expansion iz
vitro compared with fetal-derived MSCs. Indeed, they
can be defined “age-dependent” as they show a decrea-
se in yield and proliferative capacity with increasing

decades of life. On the other hand, the UC, by defini-
tion “deriving from” a perinatal period, always retains
some embryonic properties.

Once obtained, UC tissue has to be processed to
extract the cells. This step has been widely studied in
the literature and different methods have been propo-
sed (1). Enzymes such as collagenase I, trypsin and
hyaluronidase have been employed in quite complex
protocols that involve manipulation of the original tis-
sue. These procedures claim to improve the “purity” of
the Wharton’s jelly cell population, eliminating most
of the endothelial precursor cells that reside strictly in
the perivascular space (i.e. cells from the umbilical
vein subendothelium). This approach is at the very
least questionable, given that the strength of the UC as
a reservoir of precursor cells lies precisely in the fact
that it contains cells showing different phenotypic
profiles (this applies not only to cells coming from the
various parts of the cord, but also to cells originating
from the same UC regions). It has been observed that
cells located close to the amniotic surface display an
enhanced ability to proliferate, whereas more differen-
tiated cells have been found in closer proximity to the
umbilical vessels. This suggests that precursor cells
from the UC are a peculiar cell family whose indivi-
duals show various degrees of stemness, rather as diffe-
rent children from the same family may have different
personalities. Accordingly, a method of cell harvesting
that involves no enzymatic digestion or major mani-
pulation is preferable. We, in our research, used a
modification of the La Rocca procedure (3), based on
the “mesenchymal” migratory capability shown by
precursor cells from the UC. This raises strong analo-
gies with other research fields that deal with tissue
repair using different precursor cells, such as the
migrating chondrocytes from minced cartilage frag-
ments (4). In brief, UC tissue is minced manually into
very small cuboidal fragments (4-7mm length) (Fig. 1)
and these small UC pieces are transferred to Petri dis-
hes where they are evenly distributed and incubated in
the MSC expansion medium for up to two weeks.
Thereafter, the UC tissue is removed and adherent
cells are allowed to expand; finally, after an interme-
diate passage, cells are retrieved from the dishes at
approximately 42 days.

The population obtained using our protocol usually
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Fig. 1. Fragments of umbilical cord in a Petri dish.

shows great efficiency, because for each gram of origi-
nal UC dissue, 0.8 x 10° cells are retrieved (5).

As reported in the literature (6), UC cells may be con-
sidered “mesenchymal” because they follow the mini-
mal criteria proposed in 2006 by the Mesenchymal
and Tissue Stem Cell Committee of the International
Society for Cellular Therapy. Indeed, multipotent
mesenchymal stromal cells have to respect three crite-
ria: adherence to plastic culture, specific surface anti-
gen expression (CD105, CD73, CD90 and minimal
expression of CD45, CD34, CDI14 or CDI11b,
CD79a or CD19, STRO-1 and HLA class II pro-
teins), and multipotent differentiation potential along
osteogenic, adipogenic and chondrogenic lineages.

As regards surface antigen expression, we have obser-
ved, following use of our extraction method, a notable
presence (40%) of double negative cells, i.e. negative
for both HLA-ABC and HLA-DR proteins (7). These
cells may represent a particular subpopulation with
appealing features for allogeneic use. Moreover, recent
literature data suggest that UC-MSCs, like embryonic
stem cells, express pluripotency markers Oct-4, Sox-2
and Nanog (6). This underlines the peculiar embryo-
nic properties of UC-MSCs, showing them to be a
“bridge” between embryonic and adult stem cells,
being “more primitive” than those found in BM and
representing an earlier-stage mesenchymal-like stem
cell category than that deriving from adult fat or BM.
These peculiar aspects introduce the concept of the
immunoprivileged status of UC-MSCs. Besides the

low expression of MHC class I antigens and the low or
null expression of MHC class II antigens, at variance
with BM-MSCs which are “less privileged”, these cells
also express the HLA-G6 isoform (8). The low levels
of MHC class I antigens may protect them against
attack by natural killer cells, while HLA-G®6 is invol-
ved in immunomodulation during pregnancy, preven-
ting a maternal immune response against the fetus;
HLA-GG6 may also be involved in other mechanisms of
immunotolerance, as it may promote the expansion of
regulatory T cells contributing to the suppression of
effector responses to alloantigens. Moreover, UC-
MSC:s produce IL-10, TGF-beta, IL-6, VEGE prosta-
glandin E2 (PGE2), cyclooxygenases (COX), hepa-
tocyte growth factor (HGF), human leukocyte anti-
gens G5 and E, leukemia inhibitor factor, and indo-
leamine 2,3-dioxygenase (IDO), all of which are rela-
ted to the immunosuppressive capability of MSCs. On
this basis, it can be hypothesized that the immune pro-
perties of UC-MSCs are expressed at multiple levels,
through: low stimulation of allogeneic T-lymphocyte
proliferation, suppression of activated T lymphocyrtes,
increased regulatory T-cell production, and reduced B-
cell stimulation. These actions are likely achieved both
through a direct, contact-dependent mechanism, by
means of the expression of the cell death ligand B7-
HI, and a contact-independent mechanism mediated
by cytokines and growth factors. The latter can be
clearly observed when culturing T cells in the presen-
ce of UC-MSC supernatant, which is able to inhibit T
cell proliferation after 5 and 7 days, compared with
the RPMI-1640 medium supplemented with phyto-
hemagglutinin and IL-2 (5). In view of these conside-
rations, it is unsurprising that the clinical-experimen-
tal use of UC-MSC:s against particular forms of severe
steroid-resistant acute graft-versus-host disease is
already a reality (9).

Along with these immune properties, another feature
common to UC-MSCs and other MSC counterparts
of different origins is their multiple differentiation
capacity. There indeed exists extensive 7z vitro evidence
that they show osteogenic, adipogenic and pellet chon-
drogenic commitment (7, 10). Moreover, a potential to
differentiate toward other cell lines has been widely
exploited and it is well known that UC-MSCs are capa-
ble of differentiating toward heart cells (cardiomyocy-
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tes), skeletal muscle cells, endothelial cells (10), neural
cells, cells expressing markers of hepatic lineage, and
isle-like cells able to express pancreatic associated genes
(11). Some peculiar aspects of this behavior are worth
commenting on in more detail.

First, the commitment of UC-MSCs seems to be
influenced by the perinatal environment; for example,
it has been observed that UC-MSCs from diabetic
mothers show higher adipocyte differentiation effi-
ciency than that shown by MSCs from healthy
mothers (12). This seems to indicate that the uterine
microenvironment plays a role in regulating the diffe-
rent behavior of UC-MSCs in the general population
and, more specifically, in influencing the prevalence of
obesity in diabetes by means of a preferential “pre-
commitment” of precursor cells toward adipocytes
during the childhood.

Second, adipogenic differentiation seems to be slightly
different in UC-MSCs. Lipid accumulation has been
observed to take longer in UC-MSC cultures and the
resulting adipocytes are less mature than those derived
from BM-MSCs (11); we have observed that UC-
MSC cultures showed smaller lipid vacuoles, possibly
related to brown fat commitment, at variance with
BM-derived adipocytes, which showed larger vacuoles
(7). This supports a more “embryonic” behavior of
UC-MSCs compared with the behavior of their BM-
derived counterparts.

Third, some studies have shown that UC-MSCs have
weaker osteogenic and chondrogenic potential than do
BM-MSCs (11).

The idea that UC-MSCs show limited osteogenic
commitment is widely debated in the literature. Data
from our experience, along with previously published
studies, seem to question this limitation in UC-MSC
behavior, whether cells are cultured in a monolayer (7)
(Fig. 2), grown as cultures on a 3D scaffold (2, 13)
(Fig. 3) or loaded onto scaffolds and implanted in a
dorsal subcutaneous pouch in nude mice (14).

The hypothesis that UC-MSCs show weak chondro-
genic commitment is even more debatable. Some have
observed that UC-MSCs, compared with BM-MSCs,
are characterized by superior extracellular matrix
synthesis in terms of glycosaminoglycans (GAGs) and
collagen I production, consistent with a “fibrocartila-
ginous” commitment, while BM-MSCs seem to be

rin red staining (A) and alkaline phosphatase staining (B) at 21 days.
Magnification 10x.

Fig. 3. 3-D culture of UC-MSCs on osteogenic scaffold demonstrated
by alizarin red staining (10x) at 30 days.
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more prone to collagen II synthesis and, consequently,
to show better chondrogenic differentiation (15). For
these reasons, UC-MSCs seem to be good candidates
for intervertebral disk regeneration, as shown in diffe-
rent studies (16, 17). Even though this preclinical
application may provide an intriguing solution to a
major problem in the general population, we, on the
other hand, still believe that UC-MSC:s offer potential
for cartilage regeneration. Indeed, data from 7z vitro
pellet cultures (Fig. 4), in vitro high-density cultures
on rotatory systems (18) and iz vizro 3D cultures on
chondrogenic scaffolds (namely collagen I/III and
hyaluronic acid derivative) (Fig. 5) have recently
demonstrated the fascinating behavior of these cells.
They are able to produce chondrogenic markers such
as SOX9 and collagen II both in normoxic and hypo-
xic conditions, as well as produce matrix staining posi-
tive for safranin-O (2), and they did not express MHC
class IT antigens, thereby preserving the immunoprivi-
leged properties of UC-MSCs even in a differentiated

condition (18). Moreover, several other studies have
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Fig. 4. Pellet culture of UC-MSCs for chondrogenic commitment

demonstrated by safranin O staining at 30 days in normoxic condi-
tion (A) and hypoxic condition at 10% oxygen tension (B).

Fig. 5. 3D culture of UC- MSCs on collagen I/lll chondrogenic scaffold
demonstrated by safranin O staining at 30 days in nhormoxic condi-
tion (A) and hypoxic condition at 10% oxygen tension (B).

shown marked chondrogenic differentiation of UC-
MSCs in other, different conditions, e.g. when cells
are embedded in a collagen hydrogel (19) or grown on
Poly(e-caprolactone (PCL)/collagen nanoscaffolds (20).
For all these reasons, we believe that UC-MSCs, when
combined with suitable scaffolds, could be an attracti-
ve potential source for clinical allogeneic use to treat
various diseases, including chondral and osteochon-
dral lesions, and may well represent a candidate for
“universal off-the-shelf” stem cell products in the field
of orthopedic tissue engineering.

Naturally, further studies, both iz vitro and at precli-
nical animal level, are needed to confirm the intuitions
gathered in the last few years. Yet, this is certainly not
a remote horizon, and the conjoined efforts of basic
researchers and clinicians may help to bridge gaps that
currently appear difficult to cross.

Ultimately, the simple small umbilical cord could well
represent the way forward for orthopaedic allogeneic
stem cell therapy. Indeed “Even the smallest thing can
change the course of the future.” (J.R.R. Tolkien).
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