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Cartilage Repair Using Composites of Human
Umbilical Cord Blood-Derived Mesenchymal Stem
Cells and Hyaluronic Acid Hydrogel in a Minipig Model
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ABSTRACT

The cartilage regeneration potential of human umbilical cord blood-derived mesenchymal stem cells
(hUCB-MSCs) with a hyaluronic acid (HA) hydrogel composite has shown remarkable results in rat and
rabbit models. The purpose of the present study was to confirm the consistent regenerative potential
in a pig model using three different cell lines. A full-thickness chondral injury was intentionally created
in the trochlear groove of each knee in 6 minipigs. Three weeks later, an osteochondral defect, 5 mm
wide by 10 mm deep, was created, followed by an 8-mm-wide and 5-mm-deep reaming. A mixture
(1.5 ml) of hUCB-MSCs (0.5 X 107 cells per milliliter) and 4% HA hydrogel composite was then trans-
planted into the defect on the right knee. Each cell line was used in two minipigs. The osteochondral
defect created in the same manner on the left knee was untreated to act as the control. At 12 weeks
postoperatively, the pigs were sacrificed, and the degree of subsequent cartilage regeneration was
evaluated by gross and histological analysis. The transplanted knee resulted in superior and more
complete hyaline cartilage regeneration compared with the control knee. The cellular characteristics
(e.g., cellular proliferation and chondrogenic differentiation capacity) of the hUCB-MSCs influenced
the degree of cartilage regeneration potential. This evidence of consistent cartilage regeneration us-
ing composites of hUCB-MSCs and HA hydrogel in a large animal model could be a stepping stone to
a human clinical trial in the future. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1-8

SIGNIFICANCE

To date, several studies have investigated the chondrogenic potential of human umbilical cord blood-
derived mesenchymal stem cells (hUCB-MSCs); however, the preclinical studies are still limited in
numbers with various results. In parallel, in the past several years, the cartilage regeneration potential
of hUCB-MSCs with a hyaluronic acid (HA) hydrogel composite have been investigated and remark-
able results in rat and rabbit models have been attained. (These experimental results are currently in
preparation for publication.) Before applying the cartilage regeneration technique in a human clinical
trial, it seemed necessary to confirm the consistent result in a larger animal model. At 12 weeks post-
operatively, the minipigs were sacrificed, and the degree of subsequent cartilage regeneration was
evaluated by gross and histological analysis. The transplanted knee resulted in superior and more
complete hyaline cartilage regeneration compared with the control knee. This evidence of consistent
cartilage regeneration with composites of hUCB-MSCs and HA hydrogel in a large animal model could
be a stepping stone to a human clinical trial in the future.

INTRODUCTION mesenchymal stem cells (MSCs) have offered great

. . . promise for cartilage tissue engineering by an un-
The ultimate goal in the treatment of cartilage

injury and osteoarthritis is to achieve improved
articular cartilage repair and to eliminate or sig-
nificantly reduce pain and inflammation by re-

derstanding of their properties, including freedom
from immune or inflammatory responses [2], do-
nor independence [3], easy duplication in vitro

storing mechanically functional cartilage tissue
[1]. Thus, cartilage tissue engineering has evolved
as a method to restore functionally competent hy-
aline cartilage, similar to that in the native articular
cartilage. In particular, in the past two decades,

[4], and homing capability [4]. Among the various
stem cell sources available, human umbilical cord
blood-derived MSCs (hUCB-MSCs) have gained in-
creasing attention, because they are easy to obtain
and store. They also do not require a close human

©AlphaMed Press 2015

GTOZ ‘6 1NBNY UO 1{IenoXI N oxuer Aq /Bio ssaidpaueyd e wiss | jpoweis//:dny wodj pepeojumoq


mailto:whybe1122@gmail.com
http://dx.doi.org/10.5966/sctm.2014-0264
http://dx.doi.org/10.5966/sctm.2014-0264
http://stemcellstm.alphamedpress.org/

Published Ahead of Print on August 3, 2015 as 10.5966/sctm.2014-0264.

Mesenchymal Stem Cells and Hyaluronic Acid Hydrogel

leukocyte antigen (HLA) match owing to the naive nature of a new-
born’s immune system [5, 6].

To date, several researchers have investigated the chondro-
genic potential of hUCB-MSCs; however, the preclinical studies
have been limited and have yielded various results [7-11]. In
the past several years, we have been investigating the cartilage
regeneration potential of hUCB-MSCs, with a hyaluronic acid
(HA) hydrogel composite, and attained remarkable results in
rat and rabbit models [12, 13]. (The experimental results are cur-
rently in preparation for submission and publication.) Before ap-
plying the cartilage regeneration technique in a human clinical
trial, it seemed necessary to confirm that the results were consis-
tentinalargeranimal model. The pig genome is very similar to the
human genome [14, 15]. Thus, the pig has been increasingly used
in biomedical research for studies of the spectrum of human dis-
eases, including xenotransplantation. Therefore, the purpose of
the present study was to investigate whether hUCB-MSCs with
aHA hydrogel composite would show consistent regenerative po-
tential in a minipig model.

MATERIALS AND METHODS

Preparation for hUCB-MSCs and HA
Hydrogel Composite

hUCB was collected from the umbilical veins after neonatal deliv-
ery by an independent cord blood bank. The pregnant mothers
provided informed consent, just as with previous reports [12,
13]. The isolation and cultivation of the MSCs from the UCB were
performed according to the published method [16] and donated
for the present animal study. Mononuclear cells were isolated
from hUCB by density gradient centrifugation at 550g for 30
minutes in a Ficoll Hypaque (density, 1.077 g/ml; Sigma-Aldrich,
St. Louis, MO, http://www.sigmaaldrich.com). The separated mono-
nuclear cells were then plated in an a-minimum essential medium
(a-MEM; Gibco BRL, Carlsbad, CA, http://www.lifetechnologies.
com) supplemented with 15% fetal bovine serum (FBS; HyClone,
GE Healthcare Life Sciences, Logan, UT, http://www.gelifesciences.
com), and maintained at 37°Cin a humidified atmosphere, con-
taining 5% CO, with a change of culture medium, twice a week.
Approximately 2 weeks later, fibroblast-like adherent cells
were observed. When the monolayer of MSC colonies reached
80% confluence, the cells were trypsinized (0.25% trypsin;
HyClone, GE Healthcare Life Sciences), washed, and resus-
pended in a culture medium (a-MEM supplemented with
10% FBS). A total of 3 hUCB-MSC lines were available, and each
cell line (with a concentration of 0.5 X 107 cells per milliliter) was
thoroughly mixed with 4% sodium hyaluronate (Hyal 2000; LG Life
Sciences, Daejeon, South Korea, http://www.lgls.com) to create
three different hUCB-MSCs and HA hydrogel composites. In all
experiments, the hUCB-MSCs used were at passage 6. The cells
expressed CD105 and CD73 but did not express CD34, CD45,
CD14, or HLA-DR, in accordance with previously published
data [16].

Animals

We used 6 healthy male minipigs weighing 40—45 kg and aged ap-
proximately 1.5 years. All minipigs were obtained 1 week before
the experiment and raised under the same environmental condi-
tions. All the animal experiments were approved by the Animal
Care Committee of Biotoxtech Co., Ltd., at the Korean GLP facility
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(Ochang, Chungcheongbuk-do, South Korea). Finally, the rules
put forth by the National Institutes of Health guidelines for the
care and use of laboratory animals were strictly followed during
the course of the present study.

Experimental Design

The experiment was performed with three available hUCB-MSC
lines. Each cell line was used in 2 pigs. Anesthesia was induced
by inhalation of enflurane (Geroran), combined with an intramus-
cularinjection of xylazine (Rompun) 5 mg/kg and ketamine (Ketalar)
35 mg/kg. Both knee joint areas were shaved, cleaned with 10%
betadine solution, and sterilely draped in each pig. The knee joint
was opened using a medial parapatellar approach. The patella
was everted laterally, and the intra-articular structures were thor-
oughly inspected for any abnormal findings such as infection or
deformity. After confirming the normal intra-articular structure,
the knee joint was fully flexed, and a full-thickness chondral injury
(10 mm in diameter) was created intentionally in the trochlear
groove using an arthroscopic burr. Three weeks later, the chon-
dral injury area was reinspected. Any fibrous scar tissue filling
the injured area was thoroughly removed. Using a 5-mm drill, an
osteochondral defect with a depth of 10 mm was created in the
middle of the chondral injury area, followed by 5 mm deep reaming
of the surrounding osteochondral tissues using an 8-mm reamer.
Drilling deep into the subchondral bone was confirmed by gross ex-
amination. After elimination of the cartilage, bone debris, and
thrombi, a mixture (1.5 ml) of hUCB-MSCs and 4% HA hydrogel
composite was transplanted into the area of the osteochondral
defect in the right knee of each pig. The osteochondral defect
was created in the same manner on the left knee of each pig
and left untreated as the control. In order to not to cause any
leakage of the transplant after the transplantation procedure,
the patella retinaculum and overlying skin were carefully closed.
Once a day for the next 7 days, manipulation and antibiotics
(amikacin 12.5 mg/kg) were administered. Immediately afterward,
an intramuscular injection of a pain reliever (ketoprofen) was given.
The pigs were allowed to move the knee joints freely in a farm with-
out any immobilization device. The clinical signs were then observed
once a day during the study period. The pigs were sacrificed 12 weeks
after transplantation using the identical anesthetic procedure fol-
lowed by intravenous injection of potassium chloride.

Macroscopic Evaluation

After the sacrifice, each pig was placed on an operating table and
shaved around the knee joint area. Arthrotomy was performed in
the same manner to reinspect the intra-articular structure. After
an examination for the presence of any abnormal findings sug-
gesting rejection or infection, such as severe inflammation or ex-
tensive fibrosis, the degree of cartilage repair was grossly
evaluated. The coloration, luster, irregularity, presence of any de-
pression or bulging of the repaired tissue in the defect area, and
the state of the border with the surrounding normal cartilage tis-
sue were examined carefully.

Microscopic Evaluation

In order to histologically analyze each specimen under micros-
copy, hematoxylin and eosin staining, safranin O and fast green
staining, and immunohistochemistry for type Il collagen was per-
formed according to the manufacturer’s instructions. Full-
thickness samples (cartilage and bone) were taken from both
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knee joints of each pig. The specimens were fixed in 10% formal-
dehyde, decalcified in 10% nitric acid for 3 days, dehydrated in
graded ethanol, and embedded in paraffin wax. Paraffin-
embedded sections (4 wm) were cut and deparaffinized. The
sections were then stained with Mayer’s hematoxylin and coun-
terstained with eosin (Dako Denmark A/S, Glostrup, Denmark,
http://www.dako.com). For detection of cartilage repair, the sec-
tions were stained with a 0.1% safranin O solution (Sigma-
Aldrich). For immunohistochemistry, an anti-type Il collagen
monoclonal antibody (EMD Millipore, Billerica, MA, http://
www.emdmillipore.com) was used. The reactivity was detected
using a diaminobenzidine tetrahydrochloride substrate after in-
cubation with a horseradish peroxidase-linked secondary anti-
body. All samples from each staining process were mounted on
coverslips with Shandon Xylene Substitute (Thermo Fisher Scien-
tific Inc., Waltham, MA, http://www.thermofisher.com). The
images of the stained section were recorded by light microscope
(Nikon Eclipse 600 fitted with a digital camera [Nikon DXM1200F],
Nikon, Tokyo, Japan, http://www.nikon.com).

The sections were analyzed semiquantitatively using the In-
ternational Cartilage Repair Society (ICRS) grade scoring system
[17]. The surface, matrix, cell distribution, cell population viabil-
ity, subchondral bone, and cartilage mineralization were evalu-
ated. Two independent researchers, unaware of any other
information, completed the scoring and averaged the results.
The scale consists of 6 categories, and scores are assigned from
0 to 18.

Statistical Analysis

Statistical analysis was performed using the two-tailed Mann-
Whitney U test to compare the histological evaluation with Sta-
tistical Analysis Systems, version 9.3 (SAS Institute, Cary, NC,
http://www.sas.com). p Values < .05 were regarded as statisti-
cally significant.

RESULTS

Macroscopic Findings

At 12 weeks after transplantation, no evidence was found of ab-
normal findings suggesting rejection or infection, such as severe
inflammation or extensive fibrosis, in all 6 minipigs. The articular
surface of the defect site in the transplanted knee was relatively
smooth, with a coloration similar to that of the surrounding nor-
mal cartilage, compared with the control knee. The borderline of
the defect was less distinct. Although the center of the defect was
less chondrified compared with the periphery, the amount of
chondrification was overall more significant than that of the left
control knee. Comparing the three groups with different cell lines,
no significant difference in the gross appearance was observed
(Fig. 1).

Microscopic Findings

Microscopically, more cartilaginous tissues had regenerated with
the surface, merging more smoothly with the surrounding normal
cartilages in the transplanted knee. In the specimen stained with
safranin O and fast green, the transplanted group showed more
cartilaginous substances that stained denser in a broader area
with the presence of lacunae. The cells in the regenerated tissues
were more crowded and resembled the normal chondrocytes in
the surrounding intact cartilage tissues. The differences in cell

www.StemCellsTM.com

Left knee
(defect only)

Right knee
(hUCB-MSCs+HA)

Figurel. Macroscopicfindings of the osteochondral defects of the
porcine knees. At 12 weeks postoperatively, the defects of both
knees had produced regenerated tissues that were pearly white
and firm. These new tissues, which resembled articular cartilage,
appeared adherent to the adjacent cartilage and had restored
the contour of the femoral condyles (smooth articular surface with-
out depression). The regenerated tissue of the control knee (left
knee) looked fibrillated. Grossly, no difference was seen in the qual-
ity of the repaired tissue in the transplanted knee (right knee)
among the three groups with different cell lines. (A): Group A.
(B): Group B. (C): Group C. Abbreviations: HA, hyaluronic acid;
hUCB-MSCs, human umbilical cord blood-derived mesenchymal
stem cells.

arrangement between the deep and superficial layers were more
notable in the transplanted group, just as in the normal cartilage.
Comparing the three groups with different cell lines, cartilage re-
generation was more compatible with the characteristics de-
scribed in groups A and B. Group C had a lesser amount of
cartilage regeneration along the defect borderline, which was
stained in a paler fashion overall. The defect of the control knee
had been replaced by a relatively lesser amount of regenerated
cartilage, which stained lighter with the safranin O and fast green
method. The surface was irregular, with some notable gaps in
parts of the regenerated tissues. The cell density was lower, with
more irregular arrangement patterns compared with the trans-
planted group (Figs. 2, 3). In the immunohistochemical analysis
for type Il collagen, the control group defect area resulted in
nearly pale staining, indicating the minimal production or ab-
sence of hyaline cartilage. In contrast, the transplanted group
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Left knee (defect only)

Right knee (hUCB-MSCs+HA)
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Figure 2. Microscopic findings of the regenerating osteochondral defects on porcine articular cartilage (hematoxylin and eosin staining). Re-
generation of osteochondral defect at 12 weeks showing nearly normalized cartilage with a smooth surface and the same thickness as in the
transplanted knee (right knee) but a bit of irregular surface of the cartilage in the control knee (left knee). (A): Group A. (B): Group B. (C): Group C.
Scale bars = 2 mm. Abbreviations: HA, hyaluronic acid; hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem cells.

Left knee (defect only)

Right knee (hUCB-MSCs+HA)

Figure 3. Microscopic findings of the regenerating osteochondral defects on porcine articular cartilage (safranin O and fast green staining). At
12 weeks postoperatively, the surface of the repairing tissue in the control knee (left knee) was poorly stained for glycosaminoglycan. In the
transplanted knee (right knee), both the regenerated tissue and the adjacent cartilage to which it had become adherent exhibited the normal
orthochromatic staining properties with safranin O. (A): Group A. (B): Group B. (C): Group C. Scale bars =2 mm. Abbreviations: HA, hyaluronic
acid; hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem cells.

showed a more even distribution and expanded darker staining,
indicating the presence of hyaline cartilage in the regenerated tis-
sue. The differences in the degree of immunostaining among the
three groups were not significant (Fig. 4). In the semiquantitative
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analysis of the sections using the ICRS visual histological as-
sessment scale, the repaired tissue in the experimental knee
was histologically superior overall to that in the control knee
(Fig. 5).
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Left knee
(defect only)

Right knee
(hUCB-MSCs+HA)

Figure 4. Microscopic findings of the regenerating osteochondral defects on porcine articular cartilage (type Il collagen immunostaining, orig-
inal magnification X40). At 12 weeks postoperatively, the regenerated tissue of the transplanted knee (right knee) had a strong affinity for the
type Il collagen antibody. The repaired tissue of the control knee (left knee) did not stain. (A): Group A. (B): Group B. (C): Group C. Abbreviations:
HA, hyaluronic acid; hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem cells.

DiscussION

In the present study, we evaluated the role of hUCB-MSCs in car-
tilage repair as a novel cell source. In addition, 4% HA hydrogel
was evaluated for efficacy in cartilage repair, based on previous
study [12, 13]. We have been investigating the cartilage regener-
ation potential of a hUCB-MSCs and HA hydrogel composite and
attained remarkable results in rat and rabbit models. In a rat
model, hUCB-MSCs with 4% HA hydrogel showed superior carti-
lage repair grossly and histologically compared with the control
groups (HA only and defect). hUCB-MSCs with 4% HA hydrogel
also showed superior cartilage repair grossly and histologically
compared with the control (HA only) in a rabbit model. It seemed
necessary to confirm the consistent results in a larger animal
model. The present experiment was designed as an interim study
to allow the procession to the human clinical trial level. At 12
weeks postoperatively, the transplantation of hUCB-MSCs and
4% HA hydrogel showed superior cartilage repair grossly and
histologically. We attained favorable results for cartilage

www.StemCellsTM.com

regeneration, regardless of the species. These consistent results
in animal models could be a stepping stone to a human clinical
trial in the future.

hUCB-MSCs can be regarded as an alternative source for car-
tilage regeneration. The umbilical cord contains two arteries and
one vein, which are surrounded by mucoid connective tissue
called Wharton's jelly [18]. Primitive stromal cells can be isolated
from the umbilical cord Wharton's jelly and can be differentiated
into different cells, including osteoblasts, chondrocytes, adipo-
cyte, cardiomyocytes, and neurocytes [19, 20]. Compared with
bone marrow and peripheral blood, hUCB contain several advan-
tages, leading to more vigorous and frequent use as a source of
mesenchymal stem cells. hUCB is easy to obtain, and the number
of potential donors is high. hUCB can be collected noninvasively,
avoids ethical and technical issues, and can be stored in advance
and be rapidly available when needed [18]. Additionally, mesen-
chymal stem cells from hUCB are more primitive than MSCs iso-
lated from some other tissue sources [21-24]. The frequency of
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Control (defect only) hUCB-MSCs + HA

Figure 5. Histological scores of the regenerating osteochondral
defects on porcine articular cartilage using the ICRS grade score at
12 weeks. The ICRS histological scores in the experimental group
(hUCB-MSCs + HA) were significantly higher than those in the control
group (defect only) (%, p =.009). Diamonds indicate group A; squares,
group B; and triangles, group C. Abbreviations: HA, hyaluronic acid;
hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem
cells; ICRS, International Cartilage Repair Society.

fibroblast colony-forming units, which represents the mesenchy-
mal progenitor cell, was also significantly higher, suggesting
a greater frequency of MSCs in the umbilical cord than in bone
marrow [20]. The higher proliferative capacity with a faster dou-
bling time and consistent proliferation, even after 30 passages,
might enable hUCB as an alternative source of MSCs for clinical
application. Moreover, the immaturity of newborn cells, the
low expression of HLA-ABC, and the absence of HLA-DR reduces
graft-versus-host reactivity and might allow for the use of hUCB-
MSCs in allogeneic cell therapy [23]. Considering all these charac-
teristics, hUCB-MSCs can be regard as an alternative source for
allogeneic MSCs and seem to be beneficial in off-the-shelf prod-
uct transplantation. However, to date, several studies have
demonstrated the chondrogenic differentiation potential of
hUCB-MSCs in vitro [9, 10], and few in vivo studies are available
with reasonable evidence of cartilage regeneration using hUCB-
MSCs. We have previously reported that the transplantation of
a composite of hUCB-MSCs and HA hydrogel resulted in favorable
cartilage repair in a rat model. The results of the present study with
the minipig are consistent with those of the previous study using
arat model. To our knowledge, the present study is the first in vivo
study for cartilage repair with hUCB-MSCs in large animal models.

The mechanism by which MSCs and their secreted factors in-
fluence cartilage repair remains unclear. Previous studies have
demonstrated MSCs have chondrogenic differentiation, and most
studies using MSCs for cartilage repair have focused on MSC-
mediated cartilage repair [25, 26]. In addition to the differentia-
tion potentials, the paracrine actions of MSCs have been believed
to play a role in the therapeutic effects in damaged cartilage [27].
As shown by microscopic analysis, the chondrocyte arrangement
and differentiation of the transplanted group was more mature
and complete in the deep zone than in the surface zone. The dif-
ference might have resulted from specific interactions between
the transplanted MSCs seeded in the HA hydrogel and subchon-
dral progenitor cells with high chondrogenic potential from the
deep zone [28]. This might have been mediated via paracrine ac-
tionin the presence of HA hydrogel. Recently, one study reported
that hUCB-MSCs promoted differentiation of chondroprogenitor
cells by paracrine action [29], suggesting the following possible
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therapeutic mechanisms: (a) hUCB-MSCs transplanted into carti-
lage lesions are stimulated by unidentified factors in synovial
fluid; (b) activated hUCB-MSCs specifically increase the secre-
tion of thrombospondin-2 as a paracrine factor; and/or (c)
thrombospondin-2 promotes the differentiation of endogenous
chondroprogenitor cells. Alternatively, the stimulus from MSCs
in the host could be important for modulating the therapeutic activ-
ities of transplanted MSCs. Secreted proteins from mature human
articular chondrocytes suppressed MSC hypertrophy during chon-
drogenesis [30-32]. Thus, an interaction between hUCB-MSCs and
host cells plays an essential role in cartilage regeneration. To address
whether the newly formed cartilage is generated by paracrine
actions of the MSCs in vivo, we monitored the fate of transplanted
hUCB-MSCs using immunohistochemical staining with anti-human
nucleic antibody during cartilage repair in a rabbit model (ongoing
submission). In that study, the transplanted hUCB-MSCs were de-
tected at 8, but rarely at 12 weeks after transplantation. Some stud-
ies have investigated the fate of transplanted MSCs within the
scaffolds of full-thickness cartilage defect or osteoarthritis in animal
models [33, 34]. These studies showed that, over time after trans-
plantation, the labeled transplanted MSCs gradually disappeared
in the regenerated tissue. Although we cannot completely exclude
the possibility of chondrogenic differentiation of transplanted MSCs,
a certain type of interaction between hUCB-MSCs and subchondral
progenitor cells initiated by paracrine action might play an essential
role in cartilage regeneration.

Another underlying mechanism of cartilage repair is related
to the anti-inflammatory property of hUCB-MSCs. In particular,
evidence has shown that proinflammatory cytokines, including
tumor necrosis factor-a, interleukin (IL)-18, and members of
the matrix metalloprotease family are induced in the superficial
zone of osteoarthritis (OA) cartilage, which accelerates cartilage
degradation in patients with OA [35-37]. Arecent study has dem-
onstrated that inflammation induces the expression of dickkopf-1
in OA joint tissue, leading to impaired growth and apoptosis in
chondrocytes [38]. These data indicate that inflammation as an
OA pathophenotype destroys the proper joint microenviron-
ment. Singer and Caplan have demonstrated the immune modu-
latory function of MSCs, especially their anti-inflammation action,
which might alleviate the rate of cartilage degradation in the
intra-articular microenvironment. It also helps to provide a suit-
able condition in which chondrocytes can produce more relevant
amounts of extracellular matrix (ECM) [39]. Taken together, we
have assumed that a possible mechanism for cartilage regenera-
tion in the present study is associated with chondrogenic differen-
tiation, paracrine action, and immunomodulation of hUCB-MSCs.
Although it has not been determined which of these is the main
contributor.

Regarding the differences in the degree of cartilage regener-
ation and microscopic findings among the three groups with dif-
ferent cell lines, the characteristics of each cell line should be
considered. During cultivation of each cell line, the cell line used
in group A showed moderate cellular proliferative and an excel-
lent chondrogenic differentiation capacity. The cell line used in
group B also revealed excellent cellular proliferative and moder-
ate chondrogenic differentiation capacity. Therefore, ideal carti-
lage regeneration could be expected for groups A and B. In
contrast, the cell line used in group C generally resulted in poor
cellular proliferative and chondrogenic differentiation capacity,
resulting in inferior cartilage regeneration. According to our ex-
perimental data, transplantation of hUCB-MSCs with greater
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proliferative and chondrogenic differentiation capacity seemed
to correlate with a greater and more complete degree of cartilage
regeneration in vivo. Also, considering the comparable cartilage
regeneration capacity in both groups A and B, it can be hypothe-
sized that hUCB-MSCs with moderate chondrogenic differentia-
tion potential could be an alternative option in vivo, as long as
the cell lines express great proliferative capacity in vitro. A para-
crine action or a certain unidentified interaction between the
hUCB-MSCs and surrounding host cells might play a role, as de-
scribed previously. A further study is anticipated.

Inthe present study, an HA hydrogel was used as a scaffold for
transplantation of hUCB-MSCs. The main reason for using the HA
hydrogel was that it could maintain the concentration of hUCB-
MSCs in the defect site without dispersion. The degree of cartilage
regeneration might be low for the group without an HA hydrogel,
because the transplanted MSCs can scatter extensively in the
intra-articular space. In addition, the transplantation strategy in
which hUCB-MSCs are seeded in an HA hydrogel provides several
advantages for cartilage repair owing to the biological functions
and characteristics of HA. Previous studies have demonstrated
improved pain relief and cartilage function after HA injection in
OA patients. It appears that this was associated with certain roles
of HA, such as inhibition of inflammatory factors, a reduction in
cartilage degradation, the insulating effect of synovial pain fibers,
and suppression of IL-1B-induced apoptosis of chondrocytes
[40-42]. Furthermore, HA as an ECM might reduce the immune re-
sponses via the protection and isolation of allogeneic or xenogeneic
transplanted cells from interactions with the host immune cells
by producing microstructures [30]. We believe that HA itself
might improve the microenvironment in defect sites, thus en-
hancing cartilage regeneration process by hUCB-MSC trans-
plantation in some parts. Therefore, the HA hydrogel seems
to be a good candidate as a scaffold or delivery vehicle for
hUCB-MSCs to promote cartilage repair.

The limitations of our study should be addressed. First, the
use of xenogeneic MSC transplantation was a nonphysiologic con-
dition. Also, female animals were not included in the present
study. Thus, we could not verify the possibility of rejection of
MSC transplantation using female animals. However, the hUCB-
MSCs have shown low immunogenicity and have immunomodu-
latory activity, suppressing the production of proinflammatory
cytokines and augmenting levels of anti-inflammatory cytokines
and chemokines [27, 43, 44]. Other in vivo studies using hUCB-
MSCs have also shown no immune rejection [12, 13, 45]. In the
present study, no evidence was found of local inflammation,
joint effusion, or unloading of the joint resulting from the rejec-
tion response. Second, no control using HA only was included.
HA hydrogel has been shown to support and promote the chon-
drogenic differentiation of MSCs [46-48]. However, some
studies have shown significant differences in cartilage repair be-
tween HA only and MSC-seeded HA, and no differences between

defect only and HA only in the minipig model [49, 50]. It is impor-
tant to note that the presence of an exogenous cell source or chem-
ical factors delivered from hydrogels will be needed to promote
chondrogenesis and cartilage repair [51]. Because of the natural
course of cartilage injury in humans, we chose to use a defect only
as the control rather than HA only in the cartilage defect. Third, the
mechanism of the hUCB-MSCs for regeneration of articular carti-
lage is currently only partially known [29]. These issues should
be investigated in future studies. Fourth, a functional assessment
of the knees was not performed. Quantitative magnetic resonance
imagingin animals (such as T,-weighted mapping) would be expen-
sive and technically demanding.

CONCLUSION

The present study has shown that the application of a composite
of hUCB-MSCs with HA hydrogel to cartilage defectsin a pig model
results in consistent cartilage regeneration. The cellular charac-
teristics of hUCB-MSCs influenced the degree of cartilage regen-
eration potential. Although additional studies are needed to
elucidate the precise underlying mechanisms, including chondro-
genic differentiation, paracrine action, and immunomodulation
in detail, these findings suggest that hUCB-MSCs with HA hydro-
gel can be used for the regenerative treatment of full-thickness
articular cartilage defects. This evidence of consistent cartilage
regeneration in a large animal model could be a stepping stone
to a human clinical trial in the future.
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