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Abstract: Objective: To evaluate the therapeutic efficacy of uncultured bone marrow mononuclear cells (BMMCs)
and bone mesenchymal stem cells in an osteoarthritis (OA) model of sheep. Methods: Induction of sheep OA was
performed surgically through anterior cruciate ligament transection and medial meniscectomy. After 12 weeks,
concentrated BMMCs obtained from autologous bone marrow harvested from anterior iliac crest or a single dose of
10 million autologous bone mesenchymal stem cells (BMSCs) suspended in phosphate-buffered saline (PBS) was
delivered to the injured knee via direct intra-articular injection. Animals of the PBS group received vehicle alone.
The contra-lateral joints were selected randomly as the control group. Knees of the four groups were compared
macroscopically and histologically, and glycosaminoglycan (GAG) contents normalized to cartilage wet weight were
measured at lesions of cartilage from medial condyle of the femur head. Gene expression levels of type Il collagen
(Col2A1), Aggrecan and matrix metalloproteinase-13 (MMP-13) in cartilage were measured based on RT-PCR and
prostaglandin E2 (PGE2), Tumor Necrosis Factor-o (TNF-o) and Transforming Growth Factor beta (TGF-B) concentra-
tions in synovial fluid were determined with ELISA assays at 8 weeks after injection. Results: At 8 weeks post cell
transplantation, partial cartilage repair was observed in the cell therapy, but not the PBS group (P<0.05). The BM-
SCs group showed higher regeneration of cartilage and lower proteoglycan loss than the BMMCs group (P<0.05).
Concentrated BMMCs injection led to a weaker treatment effect, but also inhibited PGE2, TNF-a« and TGF-(3 levels in
synovial fluid and promoted higher levels of Aggrecan and Col2A1 and downregulation of MMP-13 in sheep chon-
drocytes in a similar manner to BMSCs, compared with the PBS group. Conclusions: Bone marrow cells showed
therapeutic efficacy in a sheep model of OA. Despite similar therapeutic potential, the easier and faster process
of collection and isolation of BMMCs supports their utility as an effective alternative for OA treatment in the clinic.
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Introduction brane, and massively expanded in culture in an
undifferentiated state for therapeutic use [3].
Their intrinsic self-renewal ability and differen-
tiation potential into chondrocytes, adipocytes
and osteocytes are well documented [4].
Moreover, MSCs protect cartilage from further
tissue destruction and facilitate the regenera-
tion of progenitor cells via secretion of various
bioactive soluble factors [5, 6]. OA is character-
ized by a catabolic and inflammatory joint envi-

Osteoarthritis (OA) is the most common joint
disease in middle-aged and older people [1]. To
date, no drugs have been successfully devel-
oped to structurally modify OA processes or
prevent disease progression [2]. Various thera-
peutic interventions, surgical or pharmacologi-
cal, can be performed to relieve the symptoms.
However, none of the current OA treatments
leads to satisfactory outcomes and often end

in arthroplasty.

Mesenchymal stem cells (MSCs) can be easily
isolated from various mesenchymal tissues,
including bone marrow, fat or synovial mem-

ronment. Thus, the key to effective OA treat-
ment is to promote cartilage regeneration and
reduce local inflammation [7]. Owing to the
above characteristics, MSCs have significant
therapeutic potential, and several recent stud-
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ies have confirmed the utility of MSCs implanta-
tion as an alternative treatment for osteoarthri-
tis [8-11].

The majority of studies on cell therapy to date
have used BMSCs instead of BMMCs. To maxi-
mize the therapeutic effect of BMSCs, expan-
sion in the laboratory to obtain adequate num-
bers and highly pure cells for implantation is
essential. Notably, BMMCs, enriched with
BMSCs, have also been shown to be beneficial.
Earlier clinical trials have demonstrated thera-
peutic effects of BMMCs in ischemic brain inju-
ry [12], myocardial infarction [13], spinal cord
injury [14], chronic liver damage [15] and osteo-
necrosis of femoral head [16]. BMMCs and
BMSCs appear to share similar potential in pro-
moting tissue protection and functional recov-
ery. Although BMMCs have been increasingly
applied to treat bone and joint disorders and
other diseases, studies on their application in
OA therapy are lacking.

In the present study, we prepared concentrated
autologous BMMCs and culture- expanded
BMSCs from bone marrow harvested from the
anterior iliac crest of sheep. Subsequently, col-
lected autologous BMMCs and BMSCs were
injected into knees which had subjected to
anterior cruciate ligament (ACL) transection
and medial meniscectomy to induce OA model,
respectively. In this study, we wish to address
the following questions: 1) whether intra-articu-
lar injection of autologous BMMCs delays OA
progression, and 2) whether BMMCs are an
effective alternative to BMSCs in OA
treatment.

Materials and methods
Study design

Eighteen sheep (Small Tail Han, Inner Mongolia,
China) approximately 32 months old with an
average weight of 80 kg were used in the study.
Animals were randomly divided into three treat-
ment groups: PBS (n=6), PBS + BMSCs (n=6),
and PBS + BMMCs (n=6). Contralateral joints
were selected at random as the control group
(n=6). We observed no differences between
the groups with respect to age and weight. OA
was induced in the right knee joint of all donor
animals via complete ACL transection and
medial meniscectomy. The PBS + BMSCs group
underwent bone marrow aspiration for BMSCs
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preparation 9 weeks after surgery. Animals in
different treatment groups received a single
intra-articular injection of autologous BMSCs or
BMMCs as a suspension in PBS or PBS alone at
12 weeks after surgery.

Osteoarthritis induction in sheep

The study was approved by the Nanjing Medical
University Animal Ethical Committee. Animals
were treated with 3 mg/kg ketamine and 5 mg
atropine via intramuscular injection for induc-
tion of anesthesia, and maintained with intra-
venous injection of 3% pentobarbital. ACL exci-
sion and medial meniscectomy were performed
using the methods described by Murphy et al.
[8], with modifications. A lateral parapatellar
skin incision was made beginning at a level 2
cm proximal to the patella and extending to the
tibial plateau level. Subcutaneous tissue was
incised, the lateral aspect of the vastus latera-
lis and joint capsule incised, and the patella
luxated medially to expose the trochlear groove
and medial and lateral condyles of the distal
femur.

ACL removal was performed by initially excising
its attachment on the medial aspect of the lat-
eral femoral condyle. The proximal attachment
was brought forward and the entire ligament
excised from its tibial attachment. A drawer
test was performed to ensure that the entire
cruciate ligament had been excised.

Meniscus was removed via sharp excision. The
caudal horn of the meniscus was grasped with
a hemostat and its lateral attachment excised
from its tibial attachment. Working from caudal
to lateral and then cranial, the meniscus was
excised from its attachments until complete
removal was achieved.

Postoperatively, sheep received an intramuscu-
lar injection of 2.4 million units of penicillin to
prevent infection.

After a recovery period of 2 weeks, all animals
were made to run on a hard surface for a dis-
tance of 2 km once a week for 10 weeks. At
other times, all sheep were allowed free
movement.

Isolation of BMMCs and expansion of BMSCs

Bone marrow of donor sheep was collected
under general anesthesia from the iliac crest.
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An aliquot of bone marrow (30 ml) was aspirat-
ed with a 50 ml heparinized sterile syringe. As
the bone marrow components are stratified in
accordance with density, BMMCs were isolated
via density gradient centrifugation with Cellgro
(Mediatech), according to the manufacturer’s
instructions. After centrifugations, some red
blood cells (non-nucleated cells) and plasma
were isolated and removed. BMMCs were col-
lected and washed with PBS. Following cell
counting, BMMCs were resuspended in PBS to
a final concentration of 9x107 cells/ml. Finally,
a yield of 5 ml concentrated BMMCs was
obtained and placed in syringes for injection.
For BMSCs preparation, the aspirate was cen-
trifuged at 1500 rpm for 20 min. Precipitated
cells were suspended in DMEM/F12 (Ham'’s
F12:high glucose DMEM 1:1; Hyclone) supple-
mented with 10% fetal bovine serum (FBS;
Hyclone), 1x antibiotic (Hyclone), plated in a 75
cm? plastic culture flask and maintained at
37°C with 5% CO,, in the same medium. After 7
days, red blood cells were washed with PBS,
and fresh medium added. On day 10, cells
reached confluence and were detached with
0.25% Trypsin/0.1% EDTA (GIBCO) and recul-
tured as the first passage with the same culture
medium.

Intra-articular injection of BMSCs and BMMCs

At 12 weeks after surgery, cells cultured for 3
weeks (Passage 2) were trypsinized, washed
and suspended in PBS at a density of 2x10°
cells/ml. The PBS + BMSCs group received a
single dose of 1x107 cells (5 ml) via intra-artic-
ular injection into the osteoarthritic knee joint
using an 18-gauge needle after anesthesia.
Animals of the PBS + BMMCs group underwent
bone marrow collection and preparation of
BMMCs as described above, and an intra-artic-
ular injection of 4.5x108 cells suspended in 5
ml PBS. The PBS group received an injection of
the same volume of PBS alone. Following injec-
tion, the joint was repeatedly flexed and extend-
ed to disperse the suspension throughout the
articular space.

ELISA assays for synovial fluid analyses
Synovial fluid was collected from the knees of
animals from all four groups at eight weeks

after injection. Concentrations of prostaglandin
E2 (PGE2), Tumor Necrosis Factor-a (TNF-&)
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and Transforming Growth Factor beta (TGF-B) in
synovial fluid samples were measured using
the Sheep prostaglandin E2 (PGE2) ELISA kit,
Sheep Tumor Necrosis Factor o (TNF-a) ELISA
Kit and Sheep Transforming growth factor beta
(TGFB) ELISA kit (Cusabio), respectively. Assays
were performed according to the manufactur-
er’'s instructions. Reactions were read at 450
nm, and the concentrations calculated.

Macroscopic examination

At eight weeks post-injection, animals were
sacrificed. Knees of experimental sheep were
examined macroscopically by two independent
(blinded) examiners. Macroscopic findings were
classified and scored in accordance with the
International Cartilage Repair Society (ICRS)
cartilage repair assessment system [17].
Overall, repair assessment of the articular car-
tilage surface of the femoral condyle was
scored from normal (O point) to severely abnor-
mal (4 points). Finally, scores assigned by the
two examiners were averaged to obtain the
overall score.

Histological examination

After macroscopic measurements, the distal
head of the femur was dissected, fixed in 10%
formalin, decalcified and processed for histo-
logic analysis. Sections were embedded in par-
affin, cutinto 5 um slices, and stained with hae-
matoxylin and eosin (H&E) and safranin-0O using
standard methods. We assessed the severity
of knee OA using modified Mankin criteria
described by Armstrong and colleagues [18]. All
sections were graded by two independent
assessors blinded to the treatment group, and
the mean scores used for statistical analysis.

Proteoglycan assay

Full-thickness plugs of cartilage (5 mm in diam-
eter) were removed from lesions of medial con-
dyle of the femur head. Each sample was
weighed, dried at 50°C for 12 h, digested in 2
ml papain solution overnight at 65°C, and
stored at 4°C. The total proteoglycan concen-
tration in cartilage was determined using a
standard glycosaminoglycan (GAG) assay
based on the dimethylmethylene blue method
[19]. GAG concentrations were normalized to
cartilage wet weight (ug/mg), and the results
presented as GAG content (n=6 per group).
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Table 1. Sequences of primers for the real-time RT-PCR analysis
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Gene Primer 5’ to 3’ Fragment (bp)
Col2A1 F: GTGTCTGTGACACTGGGACT 238
XM_004006408.1 R: CTGGGTCCTTGTTCACCTGC

Aggrecan F: GCCATCTGCTACACAGGTGA 218
AF019758.1 R: AAAGGCTCCTCAGGTTCTGG

MMP-13 F: GAGGTGACTGGCAGACTTGATG 222
NM_001166179.1 R: CAGAGGTGTCACATCAGACCAC

GAPDH F: AGTTCCACGGCACAGTCAAG 230

or unloading of the joint resulting
from cell treatment.

Macroscopic findings

Macroscopically, the articular
cartilage surface of medial femo-
ral condyle in the PBS group var-
ied from complete absence of
regeneration to the presence of

NM_001190390.1 R: AAACATGGGAGCGTCAGCAG

craters eight weeks after injec-

RNA extraction and RT-PCR analysis of carti-
lage

Total RNA was isolated from regenerated carti-
lage using TRIzol (Invitrogen) and chloroform
reagents, according to the manufacturer’s
instructions. RNA concentrations were mea-
sured using a spectrophotometer, and sam-
ples with values of 1.7-2.0 were used.
Complementary DNA (cDNA) was synthesized
from RNA using a PrimeScript RT reagent kit
(TakaRa, Japan). Real-time PCR was carried
out to determine the gene expression levels of
type Il collagen (Col2A1), Aggrecan, matrix
metalloproteinase-13 (MMP-13) and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH)
of sheep chondrocytes. The generation of spe-
cific PCR products was confirmed with melting-
curve analysis, and data presented as target
gene expression normalized to GAPDH. The
primers used are shown in Table 1.

Statistical analysis

All quantitative datasets are expressed as
mean * standard deviation (SD). One-way anal-
ysis of variance (ANOVA) was used to assess
statistically significant differences between the
groups. In cases where differences were statis-
tically significant, the SNK-q test was per-
formed for pairwise comparisons. Date were
considered statistically significant at P<0.05.

Results
Clinical observations

Animals recovered 1-2 h after surgery. There
was no evidence of infection in any of the ani-
mals during the experiments. All animals bore
weight on the operated joint well after surgery.
We observed no inflammation, immobilization,
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tion (Figure 41B). The joints
receiving BMMCs showed small-
er lesions of the femoral condyle, compared to
the PBS group (Figure 1C). In the BMSCs group,
the surface of the medial femoral condyle was
relatively smooth (Figure 1D). No evidence of
cartilage destruction was observed in any of
the contra-lateral joints (Figure 1A).

According to the ICRS grading system, a lesion
score of 3.58 + 0.49 was assigned to the PBS
group, while animals of the BMMCs and BMSCs
groups received lesion scores of 2.08 + 0.59
and 1.5 + 0.45, respectively. Improved recov-
ery was observed in both BMMCs and BMSCs
transplantation groups, compared with the non
cell-injected PBS group. These differences
were statistically significant (P<0.05). Com-
parison of the ICRS scores between the cellular
therapy groups clearly indicated enhanced
improvement with BMSCs relative to BMMCs
(P<0.05) (Figure 1E).

Histological observations

Joints of animals in the PBS group exhibited
substantial fibrillation of the articular surface
with loss of extracellular matrix (Figure 2B, 2F),
compared with the contralateral joints (Figure
2A, 2E). Despite some damage to the superfi-
cial and middle layers of cartilage, the BMMCs
group displayed a degree of cartilage regenera-
tion (Figure 2C, 2G). The BMSCs group dis-
played large numbers of chondrocytes with
substantial extracellular matrix (ECM) staining
of the articular cartilage comparable to normal
contra-lateral knee joint, which showed no evi-
dence of cartilage destruction (Figure 2A, 2D,
2E and 2H).

At 8 weeks post-transplantation, the PBS group
displayed a statistically significant higher OA
score, compared with the control group
(P<0.05). Significant differences in OA scores
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control PBS PBS+BMMCs PBS+BMSCs

< - Figure 1. Macroscopic evaluation of the articular surface of

4 I the femoral condyle 8 weeks after cell injection. The PBS group
5.5 l displayed severe OA lesion without any evidence of repair (B).
" BMMCs group showed some evidence of repair of the cartilage

surface (C). BMSCs group demonstrated a smaller lesion with
smooth edges (D). Normal contra-lateral knee joint showed
smooth edges with no sign of OA (A). Bar=1 cm. ICRS Sores of
BE the joints (E). Data are mean # standard deviation of 6 sheep
in each group. The PBS group scored 3.4 + 0.38 points, the
BMMCs group scored 0.8 + 0.35 points and the BMSCs group
scored 1.22 + 0.89 points. Scores were compared by analysis
of variance. *P<0.05.

ICRS scores

control PBS PBS+BMMCs ~ PBS+BMSCs

control PBS+BMMCs PBS+BMSCs

| 14 -

—_—

Modified Mankin Scores

0 ’—I—‘
control PBS PBS+BMMCs PBS+BMSCs

Figure 2. Histological analysis by H&E and Safranin-O staining of the medial femoral condyle. Photomicrographs
showing serial sections 5 uym thick stained with H&E (A-D) and Safranin-O (E-H). Bar=250 um. PBS group exhibited
substantial fibrillation and absence of the articular surface almost exposing the bony layer with loss of extracellular
matrix (B, F) as compared with the contra-lateral joints (A, E). BMMCs group displayed some degree of regeneration
of cartilage, but there existed some damage to the superficial and middle layer of the cartilage (C, G). Changes to
the cartilage and bone were much less severe in the BMSCs group. Mild surface roughening and reasonable extra-
cellular matrix staining in the surface zone were evident (D, H). Histological grade of knee osteoarthritis assessed by
modified Mankin criteria 8 weeks after injection (I). Data are mean + standard deviation of 6 sheep in each group.
*P<0.05.

were observed between the PBS and cell thera- reasonable regeneration of cartilage (P<0.05).
py groups, implying that cell therapy leads to Moreover, the BMSCs group displayed a lower
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GAG content (ug/mg)
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Figure 3. Glycosaminoglycan content in the cartilage from lesions of medial condyle of the femur head. The view of
a distal head of specimen and the view of the location used for proteoglycan assay (left). Columns and error bars
show means and standard deviations based on analysis of 6 specimens (right). *P<0.05.

OA score, compared to the BMMCs group,
which was statistically significant (P<0.05)
(Figure 21I).

GAG content of lesions of cartilage

Despite variations in data, the same trend was
essentially observed across all specimens. The
proteoglycan content of cartilage was signifi-
cantly decreased in the PBS group, compared
with the control group (P<0.05). However, the
GAG content in cartilage was markedly higher
in the cellular therapy groups, compared to the
PBS group (P<0.05). Analysis of the BMMCs
and BMSCs groups revealed a higher GAG pro-
tection effect with injection of BMSCs after 8
weeks of treatment, causing a significant
increase in the proteoglycan concentration
(P<0.05) (Figure 3).

RT-PCR analysis

Quantitative real-time PCR was performed to
analyze Col2A1, Aggrecan and MMP-13 gene
expression in chondrocytes from different
groups. At eight weeks post-injection, we
observed a significant decrease in Col2A1 and
Aggrecan and an increase in MMP-13 gene
expression in the PBS group, compared with
the control group (P<0.05). Cellular therapy led
to increased Col2A1 and Aggrecan and
decreased MMP-13 levels (P<0.05). Compared
to the BMMCs group, chondrocytes from injured
knees receiving BMSCs treatment showed
higher Aggrecan and lower MMP-13 gene
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expression (P<0.05). Additionally, the BMSCs
group showed increased Col2A1 gene expres-
sion compared with the BMMCs group, but this
difference was not statistically significant
(Figure 4).

Cytokine concentrations in synovial fluid

Synovial PGE2 concentrations were significant-
ly increased with induction of OA (5.13 + 0.21
pg/mL; P<0.05), compared to the control group
(1.52 £ 0.13 pg/ml). The BMSCs group (4.27 +
0.17 pg/ml) displayed a significant (P<0.05)
decrease in synovial PGE2 concentration, com-
pared with the PBS group. No significant treat-
ment effects were evident in the BMMCs group.

TNF-a concentrations in synovial fluid were
markedly increased with induction of OA
(P<0.05). OA-affected joints contained in-
creased TNF-a levels (3.56 * 0.26 pg/mL),
compared to the control group (0.87 + 0.07). A
significant decrease in synovial TNF-a concen-
tration was evident in sheep treated with
BMSCs (2.97 + 0.22 pg/mL; P<0.05), com-
pared to those administered PBS. BMMCs
injection inhibited the TNF-a level in synovial
fluid induced by OA (3.42 + 0.19 pg/mL), but
not to a significant extent.

Synovial fluid TGF- concentrations were signifi-
cantly increased with induction of OA (19.38 +
1.45 ng/mL; P<0.05), compared with the con-
trol group (2.66 + 0.17 ng/mL). Cellular therapy
groups displayed a considerable decrease in
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Col2A1 normalized gene expression
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synovial fluid TGF-B concentrations (P<0.05),
compared with the PBS group. A more signifi-
cant (P<0.05) decrease in synovial TGF-f3 con-
centrations was evident in BMSCs-treated
(13.5 £ 1.29 ng/mL) than BMMCs-treated
sheep (17.26 + 1.36 ng/mL) (Figure 5).

Discussion

Bone marrow hosts multipotent stem cells that
are easily purified by adhesion to plastic sur-
faces and share numerous properties. MSCs
from bone marrow are widely used for cartilage
tissue regeneration due to their self-renewal
and differentiating properties into chondrogen-
ic lineages [6]. Since Murphy et al. showed that
local delivery of adult MSCs to injured joints
stimulates regeneration of meniscal tissue and
retards progressive cartilage destruction in a
sheep OA model [8], stem cell therapy has dis-
played extensive potential in tissue regenera-
tion and function recovery for a variety of
pathologies, including rheumatoid arthritis
[20], osteonecrosis [21], stroke [22], myocardi-
al infarct [23], and meniscus injury [24].
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MMP-13 normalized gene expression

10

—

control

PBS  PBS+BMMCs PBS+BMSCs

Figure 4. Effects of cell therapy on expression of
genes (Col2al, Aggrecan, MMP-13) in sheep car-
tilage. Values are mean +* standard deviation of
the relative quantities normalized to sheep-spe-
cific GAPDH; n=6 for each group. *P<0.05.

As reported previously, injection of BMSCs
enhanced the regeneration of cartilage in surgi-
cally induced OA. The ability of MSCs to differ-
entiate into diverse phenotypes makes them
excellent candidates as therapeutic cells for
the repair of damaged tissues. Additionally,
MSCs migrate to injured tissue and act as a
local “factory” of molecules promoting angio-
genesis, neuroprotection, modulation of inflam-
matory response, and reduction of scar forma-
tion [22, 25, 26]. These “trophic” effects are
distinct from direct differentiation of MSCs into
repair tissue [27]. Occasionally, marked thera-
peutic effects along with a very low number of
MSCs expressing differentiated markers signify
a contribution of the trophic effect of MSCs to
positive therapeutic effects. Consistent with
the above results, upregulation of Col2A1 and
Aggrecan, downregulation of MMP-13, and sig-
nificant increase in GAG content in the cell ther-
apy groups in our study imply that bone marrow
cells promote cartilage matrix synthesis and
reduced inflammation of the microenvironment
of chondrocytes.
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Here, we showed that bone marrow cell injec-
tion regulates the proinflammatory cytokine lev-
els in synovial fluid. We obtained similar results
to Frisbie et al. [28] who reported that treat-
ment with BMSCs significantly decreases syno-
vial fluid PGE2 levels in the OA-affected limb in
a horse model. Additionally, the decrease in
TNF-a and TGF- following treatment with autol-
ogous bone marrow cells further clarified that
the therapeutic effect of bone marrow cells is
partially attributed to regulation of the joint
microenvironment. Cytokines, such as TNF-«,
produced by activated synoviocytes, mononu-
clear cells or articular cartilage itself, signifi-
cantly upregulate metalloproteinases (MMPs)
gene expression. TNF-a induces joint articular
cells, such as chondrocytes and synovial cells,
to stimulate proteases and prostaglandin PGE2
production [29]. Historically, an increase in
PGE2 is positively correlated with increase in
pain. MSCs are immunosuppressive and anti-
infammatory cells that inhibit production of
TNF-a by activated macrophages in vitro [30].
TGF-B is traditionally considered a central ana-
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bolic or reparative mediator. However, TGF-3-
mediated signaling through the activin recep-
tor-like kinase 5 (ALK5) pathway causes
transition of chondrocytes to a fibrogenic phe-
notype, resulting in many of the destructive
processes of OA [31]. High TGF- levels in syno-
vial fluid in the OA-affected joint and significant
decrease in TGF-B upon injection of bone mar-
row cells indicates that MSCs alter TGF-3 secre-
tion and participate in the anti-inflammatory
effect. Although the precise mechanism is yet
to be clarified, changes in the cytokine concen-
trations in synovial fluid were consistent with
other findings.

Of special interest was the finding that trans-
plantation of BMMCs also retards the progress
of OA, albeit not to the same extent as BMSCs.
A number of clinical researchers have validated
the potential of BMMCs in the treatment of
osteoarthritis and partial or full-thickness artic-
ular cartilage defects. In 2006, Centeno and
co-workers published a case report describing
partial articular surface regeneration in a
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severely degenerated hip after autologous
nucleated cell BM injections in a patient [32].
Slynarski et al. [33] combined periosteum with
fresh BM in toto implantation for the treatment
of a full-thickness cartilage defect in 14
patients, with satisfactory results.

The BMMCs preparation consists of a heterog-
enous population of cells, including MSCs,
hematopoietic stem cells (HSCs), hematopoiet-
ic progenitor cells (HPCs), endothelial progeni-
tor cells (EPCs), adipocytes, macrophages,
monocytes, neutrophils, and platelets [34, 35].
BMSCs migrate to target tissues and partici-
pate in repairing injured tissues [8, 36]. Freitas
and colleagues showed that mouse MSCs in
vivo fluorescence tracking with GFP transplant-
ed into mouse spinal cord migrates towards the
injury site [14]. In our study, a single dose of
BMSCs was isolated and expanded in vitro
from the same volume of bone marrow used to
concentrate BMMCs, with the aim of comparing
the results of different treatment groups.
However, MSCs are a relatively rare population
of cells within bone marrow. Only a small per-
centage (0.01%-0.001%) of the total mononu-
clear cells represents MSCs, and their amounts
increase by 100-10,000 fold over several
weeks under culture conditions [37-39].
Transplantation of BMMCs led to a weaker, yet
significant therapeutic effect, compared with
BMSCs. Thus, it is inappropriate to conclude
that the therapeutic efficiency of bone marrow
cells is completely attributable to its MSCs
component.

The group of Wise reported that fresh uncul-
tured BMMCs exhibit a similar degree of osteo-
genesis as culture-expanded MSCs when cul-
tured in collagen-chitosan microbeads [40]. As
mentioned above, BMMCs consist of two major
types of components, specifically, BMSCs and
HSCs along with other hematopoietic lineage
cells. The latter secretes a variety of cytokines
and growth factors, and may act in concert
through paracrine signaling to enhance the sur-
vival and proliferation of BMSCs [34]. There is a
synergistic effect between the non-MSCs com-
ponent of the BMMCs preparation and BMSCs.
Thus, we propose that even with a lower pro-
portion of MSCs, BMMCs exert a reasonable
regeneration effect on cartilage, and the non-
MSCs component may play an important role in
this process.
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Despite the reported favorable outcomes, the
issue of whether BMMCs are a suitable alterna-
tive to BMSCs in OA treatment remains a sub-
ject of concern. Culture-expanded MSCs are
typically used in stem cell-based therapy due to
well-established culture methods that allow
plastic-adherent stem cells to be easily manip-
ulated and expanded to produce large quanti-
ties for proposed clinical applications. However,
the major disadvantages of in vitro culture
expansion of MSCs include lengthy times, large
costs, risk of contamination, and requirement
of a Good Manufacturing Practice (GMP) facility
[40]. Furthermore, two-dimensional (2D) cul-
ture-expanded MSCs in vitro have been shown
to exhibit altered antigenic and gene expres-
sion [41-45] and loss of multipotential differen-
tiation capacity [46-48], compared with fresh
uncultured MSCs. Considering that BMSCs iso-
lated from the elderly may have decreased pro-
liferation and differentiation potential and that
OA often occurs in the middle-aged and older
generation [49, 50], is it clinically as effective
as we applied in animal experimental studies?
Therefore, it will be a long period before MSCs
therapy can be successfully applied in the clin-
ic. However, the method for transplanting
BMMCs permits direct processing of cells in
the operating room without cultivation and
immediate autologous administration, thus
allowing transplantation to be performed in
“one step”, leading to reduced costs, risk of
contamination and no requirement for a GMP
facility [51]. In view of these advantages and
their reasonable regenerative effects on injured
cartilage in OA, BMMCs appear to present a
suitable potential alternative to BMSCs prior to
clinical application by the GMP facility.

The present study has a number of limitations
that it involved animal experiments, the cohort
was relatively small, and we did not examine
the long-term efficacy of bone marrow cell ther-
apy. Prospective randomized controlled clinical
studies with large sample sizes are necessary
to confirm the therapeutic effects of intra-artic-
ular injection of autologous BMMCs. However,
while the therapeutic effects of BMMCs are not
as satisfactory as BMSCs, they clearly present
a more cost-effective and faster alternative for
OA treatment. We conclude that BMMCs have
reasonable potential as an alternative thera-
peutic option for OA, although their long-term
effects require further evaluation.
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