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Knee osteoarthritis (OA) after partial or total meniscectomy is a prevalent issue that patients must face. Various methods of
replacing meniscal tissue have been studied to avoid this progression, including meniscal allograft transplantation, meniscal
scaffolds, and synthetic meniscus replacement. Studies have shown that meniscal scaffolds may improve symptoms but have not
been shown to prevent progression of OA. Recently, mesenchymal stem cells (MSCs) have been proposed as a possible biological
therapy for meniscal regeneration. Several animal studies and 1 human study have evaluated the effect of transplanting MSCs into
the knee joint after partial meniscectomy. The purpose of this review was to assess the outcomes of intra-articular transplantation
of MSCs on meniscal regeneration in animals and humans after partial meniscectomy. Limited results from animal studies suggest
that there is some potential for intra-articular injection of MSCs for the regeneration of meniscal tissue. However, further studies are
necessary to determine the quality of regenerated meniscal tissue through histological and biomechanical testing.
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The menisci serve an important function in distributing the
load that the femur exerts on the tibia. When a meniscus is
torn, this cushioning effect is no longer present, resulting in
bone-on-bone forces that eventually cause osteoarthritis
(OA).27 Studies have shown that patients develop OA of the
knee at a higher rate than normal after a meniscectomy
procedure,13,22,24 and that the strongest predictor of even-
tual OA is the amount of meniscal tissue removed during
meniscectomy.22 While radiographic signs of OA may be
present at 8 to 16 years after arthroscopic partial menis-
cectomy, clinical symptoms of OA do not begin until later.24

Meniscal allograft transplantation (MAT),4,5,20 meniscal
scaffolds,6,19,29 and synthetic meniscus replacement25,30

have been historically used to decrease pain and replace
meniscal tissue in patients with large symptomatic menis-
cal tears. However, new evidence has allowed for increased
enthusiasm regarding the possibility of meniscal preserva-
tion or regeneration, as recent studies have shown a bene-
ficial effect, at least in the short term, of the intra-articular
injection of mesenchymal stem cells (MSCs) on the preven-
tion of knee OA after partial or complete meniscectomy.18

In addition to measuring OA outcomes, several studies
have also evaluated the effect that MSC transplantation
has on meniscal regeneration. The purpose of this review
is to assess the outcomes of intra-articular transplantation
of MSCs on meniscal regeneration in animals and humans
after partial meniscectomy. The authors hypothesized that
transplantation of MSCs would result in significantly more
postoperative meniscal regeneration compared with control
groups receiving no MSCs.

METHODS

A literature search was performed that included searches of
PubMed, Medline, and Cochrane Library databases using
various combinations of the search terms ‘‘meniscectomy,’’
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‘‘mesenchymal stem cells,’’ ‘‘meniscal,’’ and ‘‘regeneration.’’
The following inclusion criteria were used: animal or human
studies in which subjects received MSC transplantation into
the knee joint after partial or complete meniscectomy. Stud-
ies in which subjects received intra-articular MSCs for knee
OA unrelated to a meniscectomy procedure were excluded.

ANIMAL MODELS

The animal models presented in this review include rab-
bits, rats, sheep, pigs, and macaque monkeys. Most studies
involving animal models induced OA by performing bilat-
eral meniscectomy of the medial or lateral meniscus. After
meniscal resection, at various predetermined time points, a
solution of MSCs in the order of 106 or 107 is injected uni-
laterally. The contralateral knee of the animal typically
serves as a control and receives an injection of saline with
no cells. During the performance of such studies, MSCs can
be inoculated either in solution or aggregates. Cell aggre-
gates may be formed by plating cells in a particular volume
of solution on an inverted culture dish lid and then allowing
these cells to culture in hanging droplets.17

Assessment of Meniscal Regeneration

Quantifying the area of the meniscus after partial menis-
cectomy and transplantation of MSCs is an objective way to
evaluate the degree of meniscal regeneration. However,
quantification of meniscal area after MSC transplantation
is limited in that meniscal volume would be a more reliable
assessment of meniscal regeneration. Assessment of menis-
cal volume is certainly more difficult (requiring magnetic
resonance imaging in small animal models), but it can be
done for more accurate results. Another disadvantage of
relying on meniscal area quantification is that a larger area
may simply be due to flattening of meniscal tissue. For
example, if the extracellular matrix of the meniscus is being

degraded by excess loading, the meniscus could be flatten-
ing, thereby resulting in larger surface area at the expense
of volume. Finally, assessment of meniscal area does not
take into account the nature and quality of the regenerated
tissue. The meniscus has dense collagen packing to resist
not only tensile loading but also shear and compressive
loading. Thus, biomechanical testing of these properties of
the regenerated tissue is necessary to determine the true
effect of MSC transplantation after partial meniscectomy.

Horie et al10,12 performed 2 studies in rat models to ana-
lyze the effects of MSC injections on meniscal area (Table
1). In 1 of these studies,12 MSCs were isolated from 2 sites:
synovial membranes and bone marrow from the femoral
shaft and tibia. Immediately after partial medial menis-
cectomy, an injection was performed in the femoral inter-
condylar space with 1 of 3 solutions: 5 � 106 synovium-
MSCs in 50 mL phosphate-buffered saline (PBS), 5 � 106

bone marrow (BM)–MSCs in 50 mL PBS, or 50 mL PBS
without cells (control group). Meniscal areas of the
synovium-MSC and control groups were measured. The
synovium-MSC group had significantly larger meniscal
areas at 2, 4, and 8 weeks postmeniscectomy but not at 12
weeks. Using luciferase-based in vivo imaging, the group
found that MSC-derived photons were still observed in the
knee joint 28 days after injection into meniscectomized
knees. Furthermore, real-time polymerase chain reaction
was used on various organ systems (brain, lung, liver,
spleen, kidney, knee synovium) 3 days after intra-
articular injection of synovium-MSCs, and it was found
that LacZ gene expression remained only in the knee syno-
vium sample, indicating that MSC injections into the knee
joint remain in the knee and do not travel to other organs.

In another study,10 bilateral hemimeniscectomy was
performed on a series of rats, immediately followed by
intra-articular injection of human BM-MSCs. A positive
control group of rats received injections of rat BM-MSCs.
The medial meniscus was removed and photographed for
quantification of the meniscus area. At 2 and 4 weeks after

TABLE 1
Meniscal Area Quantificationa

Study (Year) Animal Model MSC Harvest Site Outcomes in Treatment Group

Hatsushika et al8 (2013) Rabbit Synovial tissue Ratio of medial meniscal area to intact lateral meniscal area significantly
higher at 4 and 12 weeks postinjection, but not at 16 and 24 weeks

Horie et al12 (2009) Rat Synovial tissue Significantly larger meniscal areas at 2, 4, and 8 weeks postmeniscectomy, but
not at 12 weeks

Horie et al10 (2012) Rat Human bone
marrow versus
rat bone marrow

Significantly larger meniscal areas of human and rat MSCs compared with
control at 2 and 4 weeks postinjection, but not at 8 weeks; no difference
between meniscal areas of human versus rat MSCs

Katagiri et al15 (2013) Rat Synovial tissue Significantly more regenerated meniscal areas in the 500 cells � 50 and 5000
cells � 5 aggregate groups compared with control at 4 and 12 weeks
postmeniscectomy

Kondo et al17 (2016) Macaque Synovial tissue Larger medial meniscal areas in MSC group compared with control at 8 and 16
weeks after MSC transplantation (statistical significance not mentioned)

Qi et al25 (2016) Rabbit Adipose tissue Improved meniscal regeneration and meniscal shape compared with control at
6 and 12 weeks postinjection (statistical significance not mentioned)

Shen et al26 (2013) Rabbit Meniscal tissue Significantly higher ratio of repaired meniscus area to surplus normal
meniscus at 4, 8, and 12 weeks postmeniscectomy

aUnless otherwise indicated, mesenchymal stem cells (MSCs) in each study were harvested from the animal model used.
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injection, the meniscal areas of both the human and rat
MSC groups were significantly larger than that of the con-
trol group, but no difference was found between the human
and rat MSC groups. At 8 weeks, no significant difference
was found in area between any groups, suggesting no major
differences between allogenic and autologous cells.

Hatsushika et al8 performed a similar analysis using a
rabbit model. Two weeks after bilateral partial medial
meniscectomy, synovial MSCs were injected into the
meniscal defect in the right knees of rabbits, with the left
knees receiving PBS without cells. The ratio of the medial
meniscal area to the intact lateral meniscal area was
quantified at 4, 12, 16, and 24 weeks after injection. This
ratio was significantly higher in the treatment group com-
pared with control at 4 and 12 weeks but not at 16 and 24
weeks. In these rabbit models, it is possible that the early
response of the synovium to surgical trauma resulted in
the higher ‘‘apparent’’ meniscal area, with this response
declining over time.

Shen et al26 also used a rabbit model, with MSCs iso-
lated from rabbit meniscal tissue. Intra-articular injection
of MSCs was performed at 1 and 2 weeks after partial
medial meniscectomy. At 4, 8, and 12 weeks after menis-
cectomy, gross morphology showed more neo-tissue forma-
tion and a significantly higher ratio of repaired meniscus
area to surplus normal meniscus in the MSC-treated
group compared with control.

Qi et al25 used a rabbit model with MSCs derived from
the subcutaneous fat of the nape of the neck. Seven days
after bilateral excision of the anterior half of the medial
meniscus, intra-articular injection of 2 � 106 MSCs in
100 mL PBS was performed in 2 treatment groups: one with
superparamagnetic iron oxide (SPIO)–labeled MSCs and
one with unlabeled MSCs. Magnets were fixed to the out-
side of the treated joints for 1 day for the purposes of
targeted magnetic cell delivery in the SPIO-labeled group.
A control group received an injection of PBS without cells.
At 6 weeks postinjection, the treatment groups exhibited
improved meniscal regeneration in comparison with the
control groups, with the SPIO-labeled group demonstrat-
ing the highest level of meniscal regeneration and a good
meniscal shape. At 12 weeks, the meniscal tissue in the
control group had deteriorated, while the majority of the
menisci had regenerated in the unlabeled MSC group and
almost normally shaped menisci were found in the SPIO-
labeled group. However, this study did not mention any
statistically significant differences between groups in
terms of meniscus size, and therefore, the results of this
study are limited.

Katagiri et al15 used ImageJ software (National Insti-
tutes of Health) to quantify the area of regenerated menis-
cal tissue in rats after bilateral resection of the anterior half
of the medial meniscus. Treatment groups received various
aggregates of 25,000 synovial MSCs placed on the meniscal
defects: group A, 25,000 cells � 1 aggregate; group B, 5000
cells � 5 aggregates; or group C, 500 cells � 50 aggregates.
Two additional treatment groups received suspensions in
PBS of 25,000 cells (group D) and 5 � 106 cells (group E)
injected intra-articularly. Compared with an untreated con-
trol group, groups B and C demonstrated significantly

greater areas of regenerated meniscus at 4 and 12 weeks
postmeniscectomy. Furthermore, significantly more menis-
cal tissue was regenerated in groups B and C compared with
group D at 4 weeks postmeniscectomy. Thus, transplanted
cell aggregates at the site of meniscal defects may be more
beneficial for meniscal regeneration compared with intra-
articular injection of MSC suspensions. However, the
follow-up time points used in this study are very short, and
longer follow-up is necessary to determine the clinical sig-
nificance of these results.

Finally, Kondo et al17 also used ImageJ software to quan-
tify the area of regenerated meniscal tissue in macaques
after resection of the anterior half of the medial meniscus.
Four weeks after synovial tissue–derived MSCs were iso-
lated, an average of 14 aggregates of these MSCs were
placed in the meniscal defects of the treatment group, while
no aggregates were transplanted in the contralateral con-
trol knee. Each aggregate was initially formed from 2.5 �
105 synovial MSCs in 35 mL of culture medium, plated on an
inverted culture dish lid for 3 days in hanging droplets.
Although meniscal regeneration was found to occur in both
groups, the regenerated meniscal area was larger in the
treatment group of all primates at 8 (n ¼ 3) and 16 weeks
(n¼ 4) after MSC transplantation. However, statistical sig-
nificance was not mentioned, which limits the conclusions
that can be drawn from this study.

Histological Outcomes

Hatsushika et al8,9 performed 2 studies to determine histo-
logical outcomes after intra-articular injections of synovial
MSCs (Table 2). Both studies used a modified version of the
Pauli et al23 scoring system, which takes into account the
surface integrity, cellularity, matrix/fiber organization and
collagen alignment, and safranin-O staining intensity. In
the first study,8 rabbit meniscal sections were analyzed and
found to exhibit better scores in the treatment group com-
pared with control at 4, 12, 16, and 24 weeks after MSC
injection. In their next study,9 the anterior half of the
medial meniscus was excised bilaterally in a series of pigs.
Two weeks after meniscectomy, 5 � 107 synovial MSCs
were suspended in 1 mL of PBS and injected into the right
knee at 0, 2, and 4 weeks. At 16 weeks after the initial
injection, the menisci were harvested and the modified
Pauli score was found to be significantly better in the treat-
ment group.

Katagiri et al15 also used the modified Pauli scoring sys-
tem to analyze histological outcomes of meniscal regenera-
tion in rats. After bilateral resection of the anterior half of
the medial meniscus, treatment groups received various
aggregates of synovial MSCs placed on the meniscal
defects, as mentioned above. Two additional treatment
groups received intra-articular injections of MSCs sus-
pended in PBS. Four weeks after meniscectomy, the modi-
fied Pauli score was significantly better in each of the cell
aggregate groups compared with an untreated group,
though no significant difference was found between the
control groups and either of the cell suspension groups.
At 12 weeks, the control group was found to have a signif-
icantly worse score compared with 2 of the aggregate
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groups: 500 cells � 50 and 5000 cells � 5. This adds further
evidence that MSC aggregates may have improved regen-
erative capacity compared with cells inoculated in
suspension.

Similar to the study by Katagiri et al,15 Kondo et al17

used the modified Pauli scoring system to quantify menis-
cal regeneration outcomes in macaques. As described
above, resection of the anterior half of the medial meniscus
was performed bilaterally in 7 macaques. The treatment
groups received transplanted aggregates of synovial MSCs
while the contralateral control knees received no aggre-
gates. The modified Pauli score was higher in all primates
of the treatment group at 8 (n ¼ 3) and 16 weeks (n ¼ 4)
after MSC transplantation, although statistical signifi-
cance was not mentioned in this study, thereby limiting the
conclusions that can be drawn from this study.

Horie et al11 used a histological scoring system developed
by Ishida et al14 on rabbit meniscal sections. This scoring
system takes into account bonding between native and
postintervention meniscus, fibrochondrocyte existence, and
safranin-O staining intensity. Synovium-derived allogeneic
MSCs were inserted into cylindrical defects made in the
avascular portion of the anterior medial meniscus. Histo-
logical analysis was performed on meniscal sections at 4,
12, and 24 weeks postmeniscectomy. The histological scores
of the treatment group were significantly better compared
with control at 12 and 24 weeks. In addition, grossly visible,
full-thickness defects remained in 4 out of 5 control speci-
mens at 4 and 12 weeks compared with 1 and 0 specimens
in the treatment group at the same time points. However,
by 24 weeks postmeniscectomy, gross inspection showed
only 1 full-thickness defect remaining in the control group,
compared with none in the treatment group. With only a
24-week follow-up in this study, it is possible that the allo-
geneic MSCs used would have resulted in an adverse
immune response had a longer follow-up period been used.
Furthermore, although quality of the regenerated tissue
was assessed via existence of fibrochondrocytes and extent
of bonding between regenerated tissue and borders of the

meniscal defects, the authors did not test collagen fibril
packing density, aggrecan density, or resistance to com-
pressive loading in comparison to normal meniscal tissue.

Caminal et al3 performed a study in 10 sheep. The ante-
rior horn of the medial meniscus was pierced bilaterally in
the posterior legs of the sheep and, in addition, chondral
lesions of approximately 60 mm2 were created in both fem-
oral medial condyles. At 1 month after these procedures,
BM-MSCs were injected intra-articularly in randomly
assigned joints of the animals, with the remaining joints
receiving injections of cell-free fluid. At 6 and 12 months
after these injections, meniscal sections were analyzed
according to a histological scoring guide described by Kon
et al.16 The treatment group demonstrated a significantly
better histological score at 6 months, though by 12 months
no significant difference was found compared with control.
However, as in other studies described in this review, Cam-
inal et al3 did not perform biomechanical testing of the
postoperative meniscal sections, thereby limiting the con-
clusions that can be drawn from this study.

Qi et al25 performed a qualitative histological analysis on
meniscal sections taken from a rabbit model. At 6 and 12
weeks after injection, meniscal sections were stained with
hematoxylin and eosin for morphological evaluation and
with safranin for glycosaminoglycan distribution. At 6
weeks, the control group demonstrated regeneration of
fibroblast-like tissue and less hypercellular fibrocartilagi-
nous tissue. In the unlabeled MSC group, partial repair of
the anterior horn of the medial meniscus had occurred with
hypercellular fibrocartilaginous tissue and less fibrous-like
tissue. In the SPIO-labeled MSC group, meniscal regener-
ation had occurred with a greater mass of hypercellular
fibrocartilaginous tissue and extracellular matrix (ECM).
At 12 weeks postinjection, the control group demonstrated
meniscal atrophy with reduced ECM. The unlabeled MSC
group exhibited abnormally shaped neomeniscus with a
low quantity of ECM. Finally, in the SPIO-labeled MSC
group, the anterior portion of the medial meniscus was
found to consist of typical fibrochondrocytes surrounded

TABLE 2
Histological Outcomesa

Study (Year) Animal Model Outcome Measure Outcomes in Treatment Group

Caminal et al3 (2014) Sheep Kon et al16 histological
scoring system

Significantly better scores at 6 months postinjection; no significant difference
compared with control at 12 months postinjection

Hatsushika et al8

(2013)
Rabbit Modified Pauli et al23

scoring system
Significantly better scores compared with control at 4, 12, 16, and 24 weeks

postinjection
Hatsushika et al9

(2014)
Pig Modified Pauli et al23

scoring system
Significantly better score at 16 weeks after first MSC injection

Horie et al11 (2012) Rabbit Ishida et al14

histological scoring
system

Significantly better scores at 12 and 24 weeks postmeniscectomy

Katagiri et al15

(2013)
Rat Modified Pauli et al23

scoring system
Significantly better scores in cell aggregate groups compared with control at 4

and 12 weeks postmeniscectomy; no significant difference between control
and cell suspension groups at 4 weeks postmeniscectomy

Kondo et al17 (2016) Macaque Modified Pauli et al23

scoring system
Higher scores compared with control at 8 and 16 weeks after MSC

transplantation (statistical significance not mentioned)

aMSC, mesenchymal stem cell.
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by collagen-rich ECM bridging the interface between
native and neomeniscus.

HUMAN MODELS

Published data on intra-articular injections of MSCs in
human subjects is limited. To date, only 1 study28 has ana-
lyzed the effects of MSC intra-articular injections on menis-
cal regeneration after a partial meniscectomy procedure.
Compared with the available animal studies, there is signif-
icantly longer follow-up data available in this study. As men-
tioned previously,18 tight regulation of MSC use in humans
by the Food and Drug Administration is likely a significant
reason for the lack of clinical studies on this topic.

Vangsness et al28 conducted a randomized, double-blind,
controlled study in which all patients were undergoing par-
tial medial meniscectomy. Patients were randomized to 1 of
3 groups: group A (50 � 106 human MSCs), group B (150 �
106 human MSCs), and a control group consisting of sodium
hyaluronate without MSCs. Patients received their respec-
tive injection 7 to 10 days postoperatively into the supero-
lateral aspect of the suprapatellar pouch. The cells used
were derived from bone marrow aspirates of unrelated
donors. Magnetic resonance imaging (MRI) was performed
preoperatively, on the day of the injection, and at 6, 12, and
24 months postoperatively. A predefined criterion of >15%
increase in meniscal volume compared with the first post-
operative MRI was used. At 12 months after surgery, group
A had a significantly higher number of patients (4/18) fit-
ting this criterion compared with the control group (0/19),
suggesting a regeneration of meniscal volume with the use
of a moderate dose of MSCs. However, there were no other
significant differences between either of the treatment
groups and the control group at any time point, including
24 months when the number of patients in group A who fit
the selected criterion decreased from 4 to 3.

The most significant limitation of the study by Vangs-
ness et al28 is that the primary outcome of this study,
increase in meniscal volume, was quantified by MRI and
therefore represents apparent meniscal volume rather
than normally functioning meniscal tissue. Further histo-
logical and biomechanical testing would be necessary to
delineate the quality of the regenerated tissue in these
patients. In particular, compression and tensile testing
of the regenerated tissue should be compared with normal
meniscal tissue.

DISCUSSION

The main finding of this study is that there exists a limited
body of literature on the use of MSCs for meniscal tissue
regeneration. The studies reviewed are highly heteroge-
neous in regards to the indications, methodology, evaluation
time points, and objective outcomes evaluated. Standard-
ized characterization of the progenitor cells should be
described in order to assess and compare the true differences
between studies. Furthermore, some of the studies pre-
sented in this review do not describe statistical outcomes

between treatment and control groups, and therefore, it is
not possible to determine from these studies whether the
effects seen with MSC transplantation are significant.

Arthroscopic knee partial meniscectomy is the most com-
mon orthopaedic surgery procedure performed in the
United States.7 With recent evidence showing that patients
develop OA of the knee at a higher rate than normal after a
partial or total meniscectomy procedure,13,22,24 it would be
remarkably valuable to determine a method of regenerat-
ing torn/excised meniscal tissue. Many studies have been
performed on various animal models involving the intra-
articular transplantation of MSCs after partial meniscect-
omy. Most of these studies found successful results in
terms of meniscal regeneration. However, the outcomes
of these animal studies are limited in follow-up to a max-
imum of 12 months posttreatment, and a common theme
in these studies is that the effect of MSC transplantation
on meniscal area enlargement is transient, possibly due to
the ability of some animal menisci to regenerate naturally.
In addition, it is possible that the transient nature of
meniscal regeneration is not actually regeneration of
meniscal tissue but rather synovial inflammation after
surgical trauma, which may appear with some imaging
modalities as enlargement of the meniscus.

In both human and animal models, it is erroneous to
state that meniscal regeneration has occurred without
detailed histological and biomechanical testing to compare
the quality of the regenerated tissue to that of normal, con-
trol meniscus. The ECM composition of the menisci (colla-
gen, glycosaminoglycans, water) plays a significant role in
the complex biomechanics of the knee joint.1,2,21 Even
within a normal meniscus, the ECM varies continuously
across its width to account for different loading conditions
in different regions of the knee joint.21 Determination of the
glycosaminoglycan and water content in the ECM of regen-
erated tissue, as well as biomechanical loading character-
istics of this tissue, is important to assess the quality of
meniscal tissue after MSC transplantation.

To date, only 1 study28 has evaluated the effect of intra-
articular injections of MSCs on meniscal regeneration in
humans. To the best of our knowledge, no studies have
described the results of composite matrices loaded with
MSCs in human subjects with large meniscal lesions. The
use of composite matrices allows for a more stable system of
MSC implantation compared with the intra-articular injec-
tion of MSC suspensions in which a relatively small propor-
tion of cells reach the site of interest, though the use of
targeted magnetic cell delivery may improve localization
of MSC treatment.25 Katagiri et al15 showed that place-
ment of cell aggregates at the site of meniscal lesions was
more effective, both in terms of meniscal area quantifica-
tion and histological analysis, compared with the intra-
articular injection of MSCs, which further supports the use
of MSC-loaded matrices. In addition, matrices may be sup-
plemented with various products such as platelet-rich
plasma or bone morphogenetic protein 7, which not only
secrete growth factors and stimulate healing but also may
promote chondrogenic differentiation of MSCs.31

The intra-articular injection of MSCs postmeniscec-
tomy has only been studied in humans in 1 study,28 a
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randomized, double-blind clinical trial. Of a total of 55
patients included in this study, there were no deaths
reported and no adverse events that resulted in treatment
discontinuation for any patients. There was only 1 life-
threatening adverse event (a myocardial infarction) and 9
serious adverse events, all of which were deemed unlikely
to be related to the MSC injections. Finally, no ectopic tis-
sue formation was noted in any patients. The study by
Vangsness et al28 showed that MSCs may be safely deliv-
ered to the human knee joint. However, the efficacy of
intra-articular injections of MSCs on meniscal regeneration
may be temporary at best, as the number of patients with
an increase in meniscal volume decreased from 12 to 24
months postoperatively. This temporary effect may be the
result of MSCs migrating elsewhere in the knee joint,
whereas a matrix system with loaded MSCs would retain
cells at the site of interest. Future studies should focus on
determining the effects of MSC-loaded matrices in human
subjects, and the study by Vangsness et al28 has provided
some verification of the safety of this procedure.

As previously mentioned,18 although these studies serve
as important preliminary outcomes, animal models likely
cannot be fully extrapolated to humans, and the available
data in humans are limited. In addition, caution should be
taken when interpreting much of the existing data on stem
cells due to inaccurate nomenclature, lack of standardization
in testing protocols, and unknown long-term side effects.

CONCLUSION

Limited results from animal studies suggest that there is
some potential for intra-articular injection of MSCs in the
regeneration of meniscal tissue. Within these studies, there
is some evidence that MSCs transplanted as cell aggregates
may carry improved regenerative capacity compared with
cells inoculated in suspension. Further research is necessary
to determine the quality and ECM composition of regener-
ated meniscal tissue in these experiments through both his-
tological and biomechanical testing. Further studies in
humansubjects arenecessary todetermine the effectsofMSC
transplantation on meniscal regeneration, especially as it
may be possible in some animal models for menisci to regen-
erate without intervention, whereas this is likely not the case
in humans.Finally, it is imperative for long-termstudies tobe
performed to determine whether the effects of MSCs on
meniscal regeneration are transient or long-lasting.

REFERENCES

1. Abdelgaied A, Stanley M, Galfe M, Berry H, Ingham E, Fisher J.

Comparison of the biomechanical tensile and compressive properties

of decellularised and natural porcine meniscus. J Biomech. 2015;48:

1389-1396.

2. Bursac P, Arnoczky S, York A. Dynamic compressive behavior of

human meniscus correlates with its extra-cellular matrix composition.

Biorheology. 2009;46:227-237.

3. Caminal M, Fonseca C, Peris D, et al. Use of a chronic model of

articular cartilage and meniscal injury for the assessment of long-

term effects after autologous mesenchymal stromal cell treatment in

sheep. N Biotechnol. 2014;31:492-498.

4. Canham W, Stanish W. A study of the biological behavior of the

meniscus as a transplant in the medial compartment of a dog’s knee.

Am J Sports Med. 1986;14:376-379.

5. Cvetanovich GL, Yanke AB, McCormick F, Bach BR Jr, Cole BJ.

Trends in meniscal allograft transplantation in the United States,

2007 to 2011. Arthroscopy. 2015;31:1123-1127.

6. De Coninck T, Huysse W, Willemot L, Verdonk R, Verstraete K, Verdonk

P. Two-year follow-up study on clinical and radiological outcomes of

polyurethane meniscal scaffolds. Am J Sports Med. 2013;41:64-72.

7. Garrett WE Jr, Swiontkowski MF, Weinstein JN, et al. American Board

of Orthopaedic Surgery practice of the orthopaedic surgeon: part II,

certification examination case mix. J Bone Joint Surg Am. 2006;88:

660-667.

8. Hatsushika D, Muneta T, Horie M, Koga H, Tsuji K, Sekiya I. Intraarti-

cular injection of synovial stem cells promotes meniscal regeneration

in a rabbit massive meniscal defect model. J Orthop Res. 2013;31:

1354-1359.

9. Hatsushika D, Muneta T, Nakamura T, et al. Repetitive allogeneic

intraarticular injections of synovial mesenchymal stem cells promote

meniscus regeneration in a porcine massive meniscus defect model.

Osteoarthritis Cartilage. 2014;22:941-950.

10. Horie M, Choi H, Lee RH, et al. Intra-articular injection of human mes-

enchymal stem cells (MSCs) promote rat meniscal regeneration by

being activated to express Indian hedgehog that enhances expression

of type II collagen. Osteoarthritis Cartilage. 2012;20:1197-1207.

11. Horie M, Driscoll MD, Sampson HW, et al. Implantation of allogenic

synovial stem cells promotes meniscal regeneration in a rabbit menis-

cal defect model. J Bone Joint Surg Am. 2012;94:701-712.

12. Horie M, Sekiya I, Muneta T, et al. Intra-articular injected synovial

stem cells differentiate into meniscal cells directly and promote

meniscal regeneration without mobilization to distant organs in rat

massive meniscal defect. Stem Cells. 2009;27:878-887.

13. Hulet C, Menetrey J, Beaufils P, et al. Clinical and radiographic results

of arthroscopic partial lateral meniscectomies in stable knees with a

minimum follow up of 20 years. Knee Surg Sports Traumatol Arthrosc.

2015;23:225-231.

14. Ishida K, Kuroda R, Miwa M, et al. The regenerative effects of platelet-

rich plasma on meniscal cells in vitro and its in vivo application with

biodegradable gelatin hydrogel. Tissue Eng. 2007;13:1103-1112.

15. Katagiri H, Muneta T, Tsuji K, et al. Transplantation of aggregates of

synovial mesenchymal stem cells regenerates meniscus more effec-

tively in a rat massive meniscal defect. Biochem Biophys Res

Commun. 2013;435:603-609.

16. Kon E, Chiari C, Marcacci M, et al. Tissue engineering for total menis-

cal substitution: animal study in sheep model. Tissue Eng Part A.

2008;14:1067-1080.

17. Kondo S, Muneta T, Nakagawa Y, et al. Transplantation of autologous

synovial mesenchymal stem cells promotes meniscus regeneration in

aged primates [published online February 24, 2016]. J Orthop Res.

doi:10.1002/jor.23211.

18. Kraeutler MJ, Mitchell JJ, Chahla J, McCarty EC, Pascual-Garrido C.

Intra-articular implantation of mesenchymal stem cells, part 1: a

review of the literature for prevention of postmeniscectomy osteoar-

thritis. Orthop J Sports Med. 2017;5:2325967116680815

19. Matteo BD, Perdisa F, Gostynska N, Kon E, Filardo G, Marcacci M.

Meniscal scaffolds—preclinical evidence to support their use: a

systematic review. Open Orthop J. 2015;9:143-156.

20. Myers P, Tudor F. Meniscal allograft transplantation: how should we

be doing it? A systematic review. Arthroscopy. 2015;31:911-925.

21. Nakano T, Dodd CM, Scott PG. Glycosaminoglycans and proteogly-

cans from different zones of the porcine knee meniscus. J Orthop

Res. 1997;15:213-220.

22. Papalia R, Del Buono A, Osti L, Denaro V, Maffulli N. Meniscectomy as

a risk factor for knee osteoarthritis: a systematic review. Br Med Bull.

2011;99:89-106.

23. Pauli C, Grogan SP, Patil S, et al. Macroscopic and histopathologic

analysis of human knee menisci in aging and osteoarthritis. Osteoar-

thritis Cartilage. 2011;19:1132-1141.

6 Kraeutler et al The Orthopaedic Journal of Sports Medicine



24. Petty CA, Lubowitz JH. Does arthroscopic partial meniscectomy

result in knee osteoarthritis? A systematic review with a minimum of

8 years’ follow-up. Arthroscopy. 2011;27:419-424.

25. Qi Y, Yang Z, Ding Q, Zhao T, Huang Z, Feng G. Targeted transplan-

tation of iron oxide-labeled, adipose-derived mesenchymal stem cells

in promoting meniscus regeneration following a rabbit massive

meniscal defect. Exp Ther Med. 2016;11:458-466.

26. Shen W, Chen J, Zhu T, et al. Osteoarthritis prevention through menis-

cal regeneration induced by intra-articular injection of meniscus stem

cells. Stem Cells Dev. 2013;22:2071-2082.

27. Teichtahl AJ, Wluka AE, Wijethilake P, Wang Y, Ghasem-Zadeh A,

Cicuttini FM. Wolff’s law in action: a mechanism for early knee oste-

oarthritis. Arthritis Res Ther. 2015;17:207.

28. Vangsness CT Jr, Farr J 2nd, Boyd J, Dellaero DT, Mills CR, LeRoux-

Williams M. Adult human mesenchymal stem cells delivered via intra-

articular injection to the knee following partial medial meniscectomy:

a randomized, double-blind, controlled study. J Bone Joint Surg Am.

2014;96:90-98.

29. van Tienen TG, Hannink G, Buma P. Meniscus replacement using

synthetic materials. Clin Sports Med. 2009;28:143-156.

30. Vrancken AC, Buma P, van Tienen TG. Synthetic meniscus replace-

ment: a review. Int Orthop. 2013;37:291-299.

31. Zellner J, Taeger CD, Schaffer M, et al. Are applied growth factors

able to mimic the positive effects of mesenchymal stem cells on the

regeneration of meniscus in the avascular zone? Biomed Res Int.

2014;2014:537686.

The Orthopaedic Journal of Sports Medicine Intra-articular Implantation of MSCs, Part 2 7



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


