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Abstract

BACKGROUND: Human umbilical cord blood-derived MSCs (hUCB-MSCs) have been studied in osteoarthritis (OA) and
cartilage regeneration. Our previous study demonstrated that hUCB-MSCs combined with cartilage acellular matrix injection (CAM
Inj.) represent potential therapeutic agents for structural improvement and anti-inflammatory effects in a rabbit model of OA.
METHODS: Based on a previous study, this study has evaluated the safety and efficacy of hUCB-MSCs combined with CAM
Inj. in an anterior cruciate ligament transection (ACLT) with medial meniscectomy (MMXx) in a goat model. In this study, 27
goats were divided into 5 groups: normal (n = 3), OA (n = 6), OA + CAM Inj. (n = 6), OA + hUCB-MSCs (n = 6), and
OA + hUCB-MSCs + CAM Inj. (n = 6). Lameness and radiographic parameters were assessed 6 months after administration,
and macroscopic and histological evaluations of the goat articular cartilage were performed 6 months after intervention.
RESULTS: The results showed significant improvement in lameness score only in the OA 4+ hUCB-MSCs group at
5 months after treatment (*p < 0.05), whereas the K&L score showed significant improvement only in the OA + hUCB-
MSCs + CAM Inj. group 6 months after intervention (*p < 0.05). In addition, the gross findings showed significance in
OA + CAM Inj. and OA + hUCB-MSCs + CAM Inj. groups 6 months after treatment (*p < 0.05 and **p < 0.01).
CONCLUSION: 1In conclusion, treatment with a combination of hUCB-MSCs and CAM Inj. reduced OA symptoms and
induced effective cartilage tissue repair in a goat model. We suggest the combination of hUCB-MSCs and CAM Inj. as an
alternative therapy for OA.
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injection of hyaluronic acid (HA) [9, 10], are transient and
associated with side effects [11, 12].

The application of mesenchymal stem cells (MSCs) in
regenerative medicine is facilitated by their abundance,
high cell viability, immuno-regulatory function, capacity
for multilineage differentiation [13-16]. MSCs derived
from various tissues, including bone marrow, adipose tis-
sue, articular synovium, and umbilical cord blood (UCB),
have been studied with satisfactory results in OA and
cartilage regeneration [17-20]. Among MSCs, UCB-MSCs
are suitable for clinical application because of their non-
invasive tissue collection [21-23], lack of donor-site
morbidity [22, 24], young age [25], tissue abundance [23],
high expansion capacity [21, 22, 24], hypo-immunogenic-
ity [21, 22, 24, 25], and paracrine potential for accelerating
tissue regeneration [24].

Meanwhile, tissue-specific extracellular matrix (ECM)
has been widely used to restore the structure and function
of damaged host tissues [26-28]. Rothrauff et al. reported
that urea-extracted fractions of decellularized cartilage
ECM promote chondrogenic differentiation of MSCs.
Furthermore, Yin et al. demonstrated that MSCs combined
with cartilage extract-derived ECM regenerated damaged
cartilage in a rabbit model of articular cartilage defect
(ACD), compared with cartilage derived ECM alone [29].
Therefore, it is possible to remodel cartilage using carti-
lage-derived ECM, co-injected with MSCs promote chon-
drogenic differentiation, thereby amplifying -cartilage
regeneration.

Our previous study has demonstrated that human umbil-
ical cord blood-mesenchymal stem cells (hUCB-MSCs)
combined with cartilage acellular matrix injection (CAM
Inj.) represent potential regenerative effect and anti-inflam-
matory effects in the rabbit OA model [30]. However, since
small animal models such as rabbits and rats have excellent
self-healing ability, it is difficult to expect equivalent effi-
cacy in actual clinical practice [31, 32]. Therefore for the
clinical application, it is required to evaluate the therapeutic
efficacy, stability and biological safety in large animal
model that have less self-healing ability and better mimic the
anatomical features of human articular joints [33-35]. The
aim of this study was to evaluate the therapeutic efficacy in
the goat OA model using IA injection of hUCB-MSCs
combined with CAM Inj. in comparison with either hUCB-
MSCs or CAM Inj. alone.

2 Materials and methods
2.1 Cell culture

Isolation and culturing of hUCB-MSCs were performed
according to published procedures [30]. Culture medium
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(KSB-3; Kangstem Biotech, Seoul, Korea) supplemented
with 10% fetal bovine serum (FBS; Gibco, Gaithersburg,
MD, USA) was used to culture hUCB-MSCs. hUCB-MSCs
used in the experiment were derived from passages 4—7 and
cultured at 37 °C with 5% CO,.

2.2 Preparation of CAM Inj.

Cartilage acellular matrix (CAM) was obtained from
ATEMs (Seoul, Korea) and fabricated to solution form. For
the preparation of injectable solution, CAM was added to
normal saline to the concentration of 4% (w/v) and stirred
at 150 rpm for 18 h at 37 °C. The solubilized CAM was
then purified by centrifugation at 300 x g for 5 min at
25 °C. The prepared CAM Inj. was stored at — 80 °C until
further analysis.

2.3 Physicochemical characterization of CAM Inj.

Native cartilage and CAM Inj. were suspended in distilled
water for sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). SDS loading buffer and
reducing agent (Thermo Fisher Scientific, Waltham, MA,
USA, respectively) were added to 10 pg of total protein
and heated for 5 min at 98 °C. Proteins were loaded into a
pre-cast gel (Bio-Rad, Hercules, CA, USA) and separated
by electrophoresis using a running buffer for 90 min at
100 V. For Coomassie staining, the gel was stained with
Coomassie staining buffer (Bio-Rad) for 1 h before it was
washed three times in distilled water. For western blot, the
gel was transferred onto PVDF membranes (BSP0161,
PALL Corporation, Port Washington, NY, USA) and the
membranes were blocked in Difco Skim milk (23100, BD,
Sparks, MD, USA) in TBS containing 0.1% Tween-20
(TBST). Membranes were incubated with the primary
antibodies of COL2 (MA1-37493, Invitrogen, Carlsbad,
CA, USA) that were used at a dilution of 1:1000 for 1 h at
37 °C. The membrane was subsequently incubated with
Goat anti-Mouse I[gG2a secondary antibody (A-10685,
Invitrogen) at 37 °C for 1 h. Rheological measurements
were performed using a rotational rheometer (TA Instru-
ments, ARES G2, New Castle, DE, USA) equipped with a
25 mm parallel-plate geometry, 1 mm gap at 25 °C. The
complex viscosities were measured with a shear rate
ranging from 1 to 100 s~ .

For biochemical analysis, CAM Inj. was lyophilized
before collagen and sulfated glycosaminoglycan (sGAG)
contents were evaluated. The collagen content was quan-
tified using the Sircol™ soluble collagen assay kit (Bio-
color, Carrick Fergus, UK) according to the manufacturer’s
instructions. For collagen quantification, lyophilized CAM
Inj. was extracted with pepsin (Sigma, St. Louis, MO,
USA) solution by incubation at 4 °C for 48 h. The sGAG
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content was quantified with a Blyscan assay kit (Biocolor)
according to the manufacturer’s instruction. The sGAG
was extracted from the lyophilized CAM Inj. by incubating
it at 60 °C for 24 h in papain solution (Sigma) before being
quantified.

2.4 Chondrogenic activity of CAM Inj.
in the hUCB-MSCs in vitro

A pellet of hUCB-MSCs (3 x 10° cells) was distributed
into each 15 mL conical tubes and centrifuged for 10 min
at 500 x g. After 24 h, the pellets were transferred to a
96-well round (U) bottom plate (Nunc, Roskilde, Denmark)
and cultured for 21 days in two groups: (1) chondrogenic
media (Promocell, Heidelberg, Germany); (2) chondro-
genic media + 10% CAM Inj. The pellets were collected
on day 21 for histological analyses.

2.5 Histological analysis

Pellet samples were fixed in 10% phosphate-buffered for-
malin before they were serially dehydrated, then embedded
in paraffin, and sectioned (4 um). Safranin-O staining and
immuno-histochemical analysis (IHC) were performed
followed by de-paraffinization. For safranin-O staining,
samples were stained with American MasterTech Scientific
kit according to the manufacturer’s instructions (KTSFO,
Lodi, CA, USA). IHC was performed using 3,3’-diamino-
benzidine (DAB), using anti-type 2 collagen (COL2)
monoclonal antibody (Ab34712, Abcam, Cambridge, UK).

3 Effect of OA improvement in goat models
3.1 OA induction in goat

This test was approved by the Experimental Animal Ethics
Committee of KPC Co., Ltd. (approval no.: P18042). One-
year-old hybrid Korean black goats and Australian boer
goats (about 30-50 kg in weight) were used. In this study,
OA was induced by anterior cruciate ligament transection
(ACLT) with medial meniscectomy (MMx) [36]. All ani-
mals that fasted for 16 h were anesthetized by injecting a
mixture of ketamine 11 mg/kg intra-muscularly (Yuhan
Corp., Seoul, Korea) and xylazine 0.22 mg/kg (Rompun;
Bayer Korea Corp., Seoul, Korea). For each individual, the
hair of the right knee joint and the surrounding femoral
area was removed using an epilator and was disinfected.
Subsequently, approximately a 5 cm longitudinal incision
was made around the tibial tubercle using the medial
parapatellar approach. After incising the exposed joint
capsule, the knee joint was positioned in the outer direc-
tion. The ACL and the meniscus were exposed by bending

the knee prior completely to cutting the middle of the ACL.
The medial meniscus was completely removed and the
joint capsule and subcutaneous tissue and skin were
sutured.

3.2 TA injection of hUCB-MSCs and CAM Inj.

The experiment involved a total of five groups (Test 1; a
control group, an OA group, a hUCB-MSCs group, a CAM
Inj. group and a hUCB-MSCs + CAM Inj. group) or three
groups (Test 2; a control group, an OA group, and a hUCB-
MSCs + CAM Inj. group). For test groups, osteoarthritis
was induced via ACLT and MMx after incision of the right
knee joint (Table 1).

3.3 Lameness scoring

Upon visiting the farm, the tester let each individual
exercise freely and evaluated the level of claudication
based on indices specified in the table below through
macroscopic observation. Lameness was scored via
behavioral analysis a total of 7 times (Test 1) or 13 times
(Test 2) before administering the test substance and once a
month for 6 months or 12 months after treatment (max =
4; Table 2).

3.4 X-ray imaging and evaluation of the right knee
joint

Each animal was held in the supine position and digital
images were obtained by photographing the right knee joint
in the ventro-dorsal position. X-ray (PXM-20 BT, Poskom,
Korea) images were acquired under the same exposure
conditions (kVp: 70, mAs: 10) every time. Based on the
digital images obtained, the level of joint deformation was
evaluated according to the modified Kellgren & Lawrence
grade system (K&L score: 0—4) by performing radiography
a total of 4 times: before surgery, before test substance
administration (before group separation), and at 3 and
6 months (Test 1), or 3, 6, 9 and 12 months (Test 2) after
intervention (max = 4; Table 3).

3.5 Autopsy and evaluation of macroscopic findings

All individuals were autopsied at 6 months (Test 1) or
12 months (Test 2) after test substance administration.
Individuals were euthanized under deep anaesthesia. For
each test individual, the knee joint was removed undam-
aged by separating the right hip and ankle joints. After
incising the articular capsule, the exposed femoral cartilage
was visually evaluated and fixed in 10% phosphate-buf-
fered formalin.
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Table 1 Test group

classification (Test 1 and Test 2) Test Group composition OA induction Administration materials
Test 1 Normal - -
OA ACLT + MMx Normal Saline
hUCB-MSCs hUCB-MSCs: 2.5 x 107 cells
CAM Inj. CAM Inj.: 1.5 mL
hUCB-MSCs hUCB-MSCs: 2.5 x 107 cells
+ CAM In;. CAM Inj.: 1.5 mL
Test 2 (Supplemental data) Normal - -
OA ACLT + MMx Normal Saline
hUCB-MSCs hUCB-MSCs: 2.5 x 107 cells
+ CAM Inj. CAM Inj.: 1.5 mL
Table 2 The lameness scoring criteria
Score Behavioral signs Comments

No limp/Normal walk/Smooth and flexible movement

Very weak to slight limp: Flat back and smooth walk, Natural bending of the joint
3 Slight to moderate limp: Symptoms of slight limp, arched back, Shortened walk and

unbalanced paces, Showing symptoms of stiff joint

4 Moderate to severe limp: Immediately recognizable and obvious limp, shortened walk,
hesitation, and unbalanced paces, Head bob, obviously arched back, Stiff joint

Normal walk

Incomplete walk detected

Uncomfortable walk/ Not lagging behind in
movement of a group

Walking ability obviously lost, Lagging
behind in movement of a group

observed, Legs appearing bent in the standing position to avoid weight load

5 Severe limp: Unable to load weight on one or both legs, Hesitating and very slow wail,
severely unbalanced walk, Obvious head bob, obviously arched back, Clearly showing

symptoms of stiff joint

Severely restricted walk, needs severe
shaking to be induced to move

Changes in the articular cartilage of the right knee joint
were macroscopically examined. After obtaining a close-up
photograph of the femur using a digital camera (Coolpix
5700, Nikon Corp, Japan), structural changes in the joint
were scored via macroscopic examination based on four
indices specified in the table below: loss of the superficial
layer of articular cartilage, ulceration, osteophyte forma-
tion, and joint hypertrophy (max = 16; Table 4).

3.6 Histological evaluation of harvested specimens

Safranin-O staining was performed with Weigert’s iron
haematoxylin (Sigma) solution for 10 min, rinsed with
water, followed by staining with 0.02% fast green solution
(Sigma) for 5 min. Subsequently, the slides were treated
with 1% acetic acid solution and stained with 0.1% safra-
nin-O (Sigma) solution, followed by rinsing with water for
5 min to visualize nuclei. These slides were analysed after
dehydration and clarification.

The level of articular cartilage degeneration and patho-
logical damage in each sample were histologically evalu-
ated. The degrees of structural, cellularity and chondrocyte
cloning changes were analyzed under an optical micro-
scope. To evaluate the progression of degenerative arthritis
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Table 3 Kellgren & Lawrence Classification scale for osteoarthritis
severity

Grade Description

0 No radiographic features of osteoarthritis
1 Doubtful narrowing of joint space, possible osteophytic
lipping
Possible narrowing of joint space, definite osteophytes

Definite narrowing of joint space, moderate multiple
osteophytes, some subchondral sclerosis, possible
deformity of bone ends

4 Marked narrowing of joint space, large osteophytes, severe
subchondral sclerosis, definite deformity of bone ends

and identify the disease stage of cartilage, modified
Osteoarthritis Research Society International scores
(OARSI; max = 18) were determined based on a total of 3
indices (Table 5). Samples used in immunofluorescence
staining were treated with antigen retrieval buffer (Dako,
Glostrup, Denmark), followed by permeabilization and
blockage of samples in Triton X-100 and bovine serum
albumin (BSA) in phosphate-buffered saline (PBS). The
samples were then stained with human nuclei (MAB1281,
Sigma) and COL2 (MA1-37493, Invitrogen). Hoechst
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Table 4 Scoring Crl.t eria used Articular cartilage abnormality ~ Score

for gross morphological

assessment 1 2 3 4
1 Loss of superficial layer Normal  Slight Moderate  Focally severe Extensive severe
2 Ulceration None Mild Moderate  Focally severe Extensive severe
3 Osteophyte None Mild Moderate  Severe Extensive severe
4 Hypertrophy None Noticeable Moderate ~Marked Extensive severe

(62249, Invitrogen) was used to counterstain samples fol-
lowing nuclear staining.

3.7 Statistical analysis

All results obtained in the experiment are expressed as
mean =+ standard deviation and tested using SPSS version
20 (IBM SPSS Statistics, Armonk, NY, USA). The results
were compared between the normal group and the induced
group using Student’s t-test at p < 0.05. To determine the
significance of difference between normal and induced
groups, one-way analysis of variance (ANOVA) was carried
out in case of equal variances. Fisher’s least significant dif-
ference (LSD) test was used for post-hoc analysis. In cases of
heteroscedasticity, the Dunnett’s T3 test was used for post-
hoc analysis (significance level: 5% and 1% for both sides).

4 Results
4.1 Characterization of CAM Inj.

SDS-PAGE results showed that the native cartilage was
enriched with collagen and diverse protein cargo. Con-
versely, the CAM Inj. was principally composed of colla-
gen, with diverse small-molecule protein expression
(Fig. 1A and Supplementary Fig. S1A). The CAM Inj. was
translucent and was available in a convenient
injectable form (Fig. 1B, C). CAM Inj. had a viscosity of
around 6.2 + 3.3 Pa.s at a shearrate of 1 s~', 1 & 0.4 Pa.s
at a shear rate of 10s~' and shearing down to
0.3 £ 0.1 Pa.s at a sheer rate of 100 s~" (Fig. 1ID). The
biochemical analysis revealed that the collagen content of
native cartilage constituted approximately 460 + 11.9 ng/
mg and that of CAM Inj. was 174.8 £ 19.7 pg/mg, which
was approximately 38.0% compared with native cartilage
tissue (Fig. 1E). The sGAG of native cartilage and CAM
Inj. was approximately 201.2 £ 16.3 pg/mg and
167.6 £ 8.3.9 ng/mg, respectively (Fig. 1F), which was
approximately 83.3% in the CAM Inj. To determine the
chondrogenic effect of CAM Inj., the hUCB-MSCs pellets
were cultured for up to 21 days with or without CAM In;..
Histological observations revealed an increase in COL2
deposition when the CAM Inj. was included in the

Table 5 OA grading for modified-OARSI criteria

Feature Score
Structure
Normal 0
Slight surface irregularities 1
Moderate surface irregularities 2
Severe surface irregularities 3
Clefts/fissures into transitional zone (one-third depth) 4
Clefts/fissures into radial zone (two-thirds depth) 5
Clefts/fissures into calcified zone (full depth) 6
Fibrillation and/or erosion to transitional zone (one-third 7
depth)
Fibrillation and/or erosion to radial zone (two-thirds depth) 8
Fibrillation and/or erosion to calcified zone (full depth) 9
Fibrillation and/or erosion to subchondral bone 10
Cellularity
Normal 0
Increase or slight decrease 1
Moderate decrease 2
Severe decrease 3
No cells present 4
Chondrocyte cloning
Normal 0
Several doublets 1
Many doublets 2
Doublets and triplets 3
Multiple cell nests 4
chondrogenic differentiation media (Supplementary

Fig. S1B). These data demonstrate that CAM Inj. preserved
the major components of native cartilage ECM. In addition,
CAM Inj. is in a convenient injectable form also inducing
chondrogenic differentiation of hUCB-MSCs.

4.2 Efficacy of hUCB-MSCs/CAM Inj. in a goat
model of OA

We tested the alleviation of OA symptoms using lameness
scores at 0, 1, 2, 3, 4, 5 and 6 months with normal, OA,
OA + hUCB-MSCs, OA + CAM Inj. and OA 4 hUCB-
MSCs + CAM Inj. (Fig. 2; Test 1). As a result, the hUCB-
MSCs group showed improvements in lameness scores at
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Fig. 1 Characterization of CAM Inj. A SDS-PAGE analysis of native
cartilage and CAM Inj.. B Gross image of CAM Inj. contained in
tube. C The extrusion of CAM Inj. from 22-gauge syringe needle to
show injectable properties. D Viscosities of CAM Inj. measured at

month 5 after injection compared with the control group
(*p < 0.05; Fig. 3A). In addition, we performed a
12-month monitoring of normal, OA, and OA + hUCB-
MSCs + CAM Inj. groups (Test 2; Supplementary
Fig. S2). During the 12-month monitoring period, the OA
group showed 2.20-3.2 of variance, with OA + hUCB-
MSCs 4+ CAM Inj. of 1.50-2.67 variance. Especially, the
OA + hUCB-MSCs + CAM Inj. group showed statisti-
cally significant low scores compared with the OA group at
months 11 and 12 (*p < 0.05; Supplementary Fig. S3A).

The efficacy of hUCB-MSCs along with CAM Inj. in
goats with OA was evaluated radiographically and quan-
tified at O, 3 and 6 months after administration. The
radiographic images were used to evaluate the degree of
joint change via modified K&L scoring (Fig. 3B; Table 3).
As a result, at month 6 of the OA group, OA + hUCB-
MSCs group, OA + CAM Inj. group, and OA + hUCB-
MSCs + CAM Inj. group scores were 3.50, 3.00, 3.08 and
2.92%, respectively (Fig. 3C). All the test groups scored
lower than the OA group under each of the criteria. The
OA + hUCB-MSCs + CAM Inj. group showed a statisti-
cally significant low score compared with the OA group at
month 6 (*p < 0.05). In addition, after 12 months of
monitoring (Test 2; Supplementary Fig. S3B), the scores of
OA group and OA + hUCB-MSCs + CAM Inj. group
were 3.40 and 3.00, respectively (Supplementary
Fig. S3C). Based on the evaluation every three months
after treatment, the scores of OA + hUCB-MSCs + CAM
Inj. group were lower than in OA group. These results
indicate that hUCB-MSCs along with CAM Inj. increased
the efficacy of OA symptom alleviation than hUCB-MSCs
or CAM Inj. administration alone.
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Native cartilage CAM Inj. Native cartilage CAM Inj.

25 °C with a constant shear rate of 1, 10 and 100 s~ respectively
(n = 3). E Collagen contents and F sGAG contents of native cartilage
and CAM Inj. (n = 3). SDS-PAGE: sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis, sGAG: sulfated glycosaminoglycan

4.3 Regenerative effect of hUCB-MSCs/CAM Inj.
administration in a goat model of OA

Goats were sacrificed to evaluate the cartilage tissue repair
at month 6 (Test 1) and month 12 (Test 2) after treatment.
The cartilage tissues were visually evaluated and quantified
after femoral condyle retrieval (Table 4). Test 1 results
indicated severe damage involving the loss of superficial
layer, joint ulceration, osteophyte and hypertrophy in the
OA group. Compared with the results of the OA 4+ hUCB-
MSCs or OA + CAM Inj. group, the repaired area was
smooth and full in the OA + hUCB-MSCs + CAM Inj.
group (Fig. 4A). Based on gross evaluation, the scores of
OA group, OA + hUCB-MSCs group, OA + CAM In;j.
group, and OA + hUCB-MSCs + CAM Inj. group were
12.00, 8.33, 8.33* and 6.83** respectively (*p < 0.05,
**p < 0.01; Fig. 4B). Based on 12-month observation, the
overall score of the OA group was 10.40 compared with
OA + hUCB-MSCs + CAM Inj. group, which had a score
of 7.0. The OA + hUCB-MSCs 4+ CAM Inj. group
showed less damage than the OA group (Test 2; Supple-
mentary Fig. S3D and S3E).

Histological analysis was conducted using H&E, safra-
nin-O and COL2. Safranin-O deposition and COL2 showed
clear differences between OA and OA + hUCB-MSCs +
CAM Inj. groups (Fig. 4C and Supplementary Fig. S3F).
Based on quantitative evaluation, modified OARSI score
was consistent with the resulting histology (Table 5). Five
grading criteria were analyzed and each was evaluated to
determine the overall grade. As a result, the OA group,
OA + CAM Inj. group, OA + hUCB-MSCs group, and
OA + hUCB-MSCs + CAM Inj. group scores were 6.8,
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Human Umbilical Cord Blood derived Mesenchymal Stem cells
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Fig. 2 Schematic diagram for the preparation of CAM Inj. and
hUCB-MSCs and their combined application for IA injection in a
goat OA model. CAM Inj.: cartilage acellular matrix injection,
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Fig. 3 Clinical lameness score and radiographic analysis of OA
symptoms in a goat model. A Main lameness score over the study
period. B Representative radiological images of knee joints of
experimental goats at 6 months. C Radiological score according to

5.3, 6.3 and 3.7, respectively, with improved cartilage tis-
sue repair in the OA + hUCB-MSCs + CAM Inj. group
(Test 1; Fig. 4D). Based on 12-month observation, the OA
group and OA 4+ hUCB-MSCs + CAM Inj. group scores
were 9.0 and 6.5 (Test 2; Supplementary Fig. S3G).
Antibodies to human-specific nuclei (HuNu) were used in
immuno-staining to detect the transplanted hUCB-MSCs.
The results showed the presence of HuNu-positive cells in
the cartilage tissues transplanted with OA 4+ hUCB-MSCs
and in the OA 4 hUCB-MSCs + CAM Inj. group.

4
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hUCB-MSCs: human umbilical cord blood-derived mesenchymal
stem cells, OA: osteoarthritis, IA: intra-articular
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+ hUCB-MSCs
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the K&L scale at initial, 3 and 6 months. Results represent
means = SEM, *p < 0.05. OA: osteoarthritis, K&L: Kellgren &
Lawrence

Furthermore, hUCB-MSCs present in cartilage tissue were
also detected in the lacuna and in COL2 expression
(Fig. 5A, B).

S Discussion
The purpose of this study was to evaluate the therapeutic

efficacy of hUCB-MSCs combined with CAM Inj. in a
large animal model. The CAM Inj., injectable cell delivery
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=

Fig. 4 Macroscopic and histological evaluation of the goat articular
cartilage. A Representative gross images of the femoral condyle. The
black circle indicates the defects or repaired lesion. B Comparison of
the gross finding scores of the lesion in the affected articular cartilage.
C Microscopic lesions of the articular cartilage in the affected knees

solution, contained the major components of cartilage
ECM including collagen and sGAG in addition to diverse
small molecules compared with native cartilage. The CAM
Inj. accelerated the chondrogenic differentiation of hUCB-
MSCs and the synthesis of cartilaginous ECM during
chondrogenic differentiation. Finally, we evaluated the
therapeutic efficacy of hUCB-MSCs and CAM Inj. in OA
treatment using a goat model. Co-administration of both
hUCB-MSCs and CAM Inj. significantly reduced OA
symptoms and promoted regeneration of damaged cartilage
tissues. The regeneration of cartilage tissues was mainly
attributed to hUCB-MSCs in combination with CAM Inj.,
which indicates that CAM Inj. induce the differentiation of
the co-administered hUCB-MSCs.

It is crucial to perform efficacy and safety evaluation in
large animals prior to clinical trials. Although a previous
study established the efficacy of combining hUCB-MSCs
with CAM Inj. in a rabbit model of OA, a large animal
model of OA has yet to be clearly identified. Therefore, in
this study, the evaluation in a large animal model that can
be analyzed more objectively for application to clinical
trials was carried out. Meanwhile, the larger joint size and
thicker cartilage of large animal models are more appro-
priate and desirable in translational studies [37-40]. In the
case of goat, the stifle joint displayed large anatomic
similarities with the human knee aside from a long tro-
chlear groove with medial and lateral ridges as well as
intercondylar notch width in a comparative analysis
[33-35]. Therefore, we investigated whether the hUCB-
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modified OARSI histopathologic scores in the affected articular
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MSCs combined with CAM Inj. represent potential thera-
peutic agents in a goat ACLT + MMx model.

In our study, combination of hUCB-MSCs with CAM
Inj. exhibited a synergistic regenerative effect compared to
hUCB-MSCs alone or CAM Inj. alone. Results of the
lameness score of OA goat model confirmed that the sig-
nificance of lameness score was established only in the
OA + hUCB-MSCs group at 5 months after administra-
tion (*p < 0.05), whereas the K&L score based on radio-
graphic results showed significance only in the
OA + hUCB-MSCs + CAM Inj. group 6 months after
administration (*p < 0.05). In addition, based on the gross
findings, the significance was observed in OA + CAM In;j.
and OA + hUCB-MSCs + CAM Inj. groups 6 months
after intervention (*p < 0.05 and **p < 0.01, respec-
tively). In addition, the histology-based modified OARSI
results showed that the OA 4+ hUCB-MSCs + CAM In;.
group scored better than the OA + CAM Inj. and OA +
hUCB-MSCs groups. In the histological analysis, the
hUCB-MSCs combined with CAM Inj. group, hUCB-
MSCs showed lacunae in the repaired cartilage lesions by
6 months. These results demonstrated that treatment with
hUCB-MSCs alone was effective in alleviating OA
symptoms, and that the effect was increased by co-ad-
ministering CAM Inj.. In addition, the hUCB-MSCs with
increased differentiation capacity following the co-admin-
istration of CAM Inj., were directly involved in tissue
regeneration without any signs of inflammation or immune
reaction.
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+ CAM Inj. + hUCB-MSCs + CAM Inj. OA Normal
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+ hUCB-MSCs

Fig. 5 Representative fluorescence images confirm human cells and
COL2 at 6 months after administration. A Expression of type COL2
and HuNu at 6 months after transplantation. B Merged image of
OA + hUCB-MSCs group (M1) and OA + hUCB-MSCs + CAM

Although many studies investigated the therapeutic role
of MSCs in OA model, some studies suggest that the
quality of cartilage regeneration induced by MSCs is not
perfect [41-43]. Our results also confirmed that hUCB-
MSCs administered alone showed improvement in lame-
ness score, whereas cartilage regeneration was insignificant
based on histological observations. The limited regenera-
tive effect of hUCB-MSCs alone group may be due to the
lack of chondrogenic signals. Previous studies have
reported that co-administration of hyaluronic acid (HA) or
collagen with MSCs promotes chondro-inductive potential,
resulting in improved cartilage regeneration compared to
MSCs alone treatment [44—46]. Therefore, it is important
to amplify the differentiation capacity of MSCs by com-
bination with chondro-inductive biomaterial rather than
using MSCs alone when using MSCs for OA treatment.

Cartilaginous ECM have been demonstrated the chon-
dro-inductive characteristics supporting chondrogenic dif-
ferentiation of MSCs. Burnsed et al. reported that the
hydrogel derived from shark and porcine cartilage ECM
induced chondrogenic differentiation of MSCs without
exogenous growth factors [47]. Rothrauff et al. also
demonstrated that the cartilage-derived ECM extracted
with urea induced the chondrogenic differentiation of
MSCs [48]. Similarly, Yun et al. showed that decellular-
ized meniscus ECM derived from inner cartilaginous zone
induced chondrogenic differentiation of MSCs [49]. Our
results tend to be consistent with these previous findings.
Therefore, CAM Inj. derived from cartilaginous ECM may
be a suitable candidate for bioactive substances that induce
chondrogenic differentiation of MSCs.

OA
+ hUCB-MSCs

=
<
(V]
+

OA
+ hUCB-MSCs

Inj. group (M2). The yellow arrows indicate the human cells (Scale
bars = 100 pm). COL2: type 2 collagen, HuNu: human-specific
nuclei

ECM-based biomaterials should retain biological com-
ponents from the native ECM during fabrication process
[50-52]. Many studies have emphasized the importance of
careful and reproducible processes as many manufacturing
processes involve extreme physicochemical stress that
cause loss of biological properties. In our study, SDS-
PAGE revealed diverse protein cargo as well as collagen
chains in CAM Inj.. In the biochemical analysis, CAM Inj.
maintained 38% of collagen and 83.3% of sSGAG contents
compared with native cartilage tissue. The collagen and
SGAG content decreased slightly during solubilization, and
these results have also been reported in other papers
[48, 53]. We plan to increase the recovery rate of collagen
and sGAG through follow-up studies. In addition, the CAM
Inj. was not associated with cytotoxicity or inflammatory
reaction in the previous and current studies, and instead
promoted the chondrogenic differentiation of hUCB-MSCs
[30]. Therefore, CAM Inj. is considered a biocompatible
material that adequately maintains bioactive signaling
factors as well as major components of native cartilage.

We formulated CAM Inj. into an injectable solution
form in an effort to disperse hUCB-MSCs evenly in the
joint cavity as well as induce chondrogenic differentiation.
Therefore, it is convenient to administer together with cell
therapy. In addition, this study findings suggest that only a
single co-administration of hUCB-MSCs and CAM Inj. in
goat OA model resulted in improvement in lameness, K&L
grade, gross findings and modified OARSI scores. Overall,
CAM Inj. maximizes the therapeutic effect by amplifying
the chondrogenic differentiation of hUCB-MSCs adminis-
tered simultaneously rather than alone. Based on the
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findings, we suggest that the combination of hUCB-MSCs
and CAM Inj. can be suitable candidate for alternative OA
therapeutics. This study may serve as a reference for
clinical application of chondrogenic differentiation in
improving osteoarthritis.
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