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ARTICLE INFO ABSTRACT

Keywords:

Unlike full-thickness cartilage defects (FCD), partial-thickness cartilage defects (PCD) may still have residual
healthy cartilage tissue, and therefore, the conventional clinical treatments such as microfracture and autologous
chondrocyte implantation (ACI) are so traumatic that they may not be the suitable therapies for PCD. Although
intra-articular injection of mesenchymal stem cells (MSCs) is a minimally invasive treatment, its therapeutic
efficacy is markedly limited due to anoikis caused by failure of cell colonization in the injured area. By modifying
a functional polypeptide on the MSC plasma membrane and exploiting the high expression of transglutaminase 2
(TGase2) in the regions of injured cartilage, we achieved targeted recognition and capture of modified MSCs by
injured articular chondrocytes (ACs). In the in vitro co-culture model, MSCs improved the function of injured ACs
and enhanced the chondrogenic differentiation potential of MSCs. Results of in vitro study also revealed that the
activation of the AKT/mTOR signaling pathway may play an important role in the treatment of injured ACs by
MSCs. Further, membrane-modified MSCs exhibited a better therapeutic effect than wide-type MSCs in a rabbit
model of PCD. Thus, this unique cell membrane modification strategy provides a new cell-based therapeutic
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approach for the early treatment of articular cartilage defects and other joint diseases.

1. Introduction

Cartilage defects can be divided into full-thickness cartilage defects
(FCD) and partial-thickness cartilage defects (PCD) according to the
degree of articular cartilage defects. FCDs generally refer to injured
superficial cartilage extending to the deep calcified cartilage, while PCD
is limited to superficial cartilage injury [1]. Among the commonly used
clinical treatment methods for articular cartilage defects, microfracture
and autologous chondrocyte implantation (ACI) are used most
commonly [2-4]. However, these methods may not be suitable for
treating PCD. During the microfracture surgery or ACI, the entire layer
of the articular cartilage is removed from the injured site. However, in
PCD, the deep cartilage may not be seriously damaged or may even be
healthy. Thus, performing microfracture or ACI for treating PCD may be

unreasonable, thereby warranting the invention of more specific and
efficient treatment methods.

In recent years, mesenchymal stem cells (MSCs) have been found to
play an increasingly important roles in the clinical treatment of several
diseases [5-7]. Since they are multi-potent stem cells and have potential
to differentiate into cartilage, MSCs can not only act as seed cells to play
a direct role in local repair, but also regulate metabolism and immune
function through their secretory function. Given their versatility, MSCs
may play key roles during different stages of local cartilage repair [8,9].
Moreover, as the articular cavity is a relatively closed space and can be
easily injected into, the feasibility of injecting MSCs to treat joint dis-
eases is markedly higher than for treating visceral diseases that require
systemic injection of MSCs. Several basic science or clinical studies on
the treatment of articular disorder by injecting MSCs have also
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demonstrated that this cell delivery mode is a potentially safe and reli-
able method for treating joint diseases, including articular cartilage
defects [10,11].

Studies have suggested that PCD is similar to the lesions, such as
clefts and fissures, observed in early OA. The lesions of articular carti-
lage grow deeper and larger during the course of the disease but never
repair spontaneously [12,13]. Therefore, the reasons for the lack of
self-healing ability of PCD have also been explored. The extracellular
matrix of articular cartilage does not provide a favorable environment
for the colonization of peripheral synovial and adipose-derived MSCs at
the injured area, which may be an important factor attributable to the
failure of PCD self-healing [13-16]. In contrast, this phenomenon is not
observed in FCD, wherein the articular cartilage is fully damaged and
the subchondral bone is exposed, which provides a suitable substrate for
MSC adhesion and facilitate their role in tissue repair [12,13,17].
Although intra-articular injection of MSCs expanded in vitro can increase
the number of cells in the articular cavity, most of the MSCs that fail to
colonize the region with PCD undergo anoikis and are removed, thereby
not being able to play a sustained role [18]. Thus, determining the tissue
characteristics in regions with PCD and developing engineering methods
for MSCs to exploit the related characteristics are crucial steps to facil-
itate sustained MSCs colonization at the injured site, enabling them to
exert therapeutic effects.

Transglutaminase 2 (TGase2), an 80-kDa protein with multiple
functions, is expressed in many cell types, and its expression level is
related to pathological status in several diseases [19,20]. Studies have
shown that in joint diseases such as OA, the overexpression of TGase2 in
pathological articular chondrocytes (ACs) is related to the disease pro-
gression, and is regarded as a new biomarker of OA [21-23]. As one of
the pathological models of early OA, the expression of TGase2 in ACs
may also change when PCD occurs, thereby warranting further studies in
this field. Previously, we covalently modified a peptide containing
glutamine (Q)/lysine (K) on the cell membrane of MSCs with high
TGase2 expression; TGase2 catalyzed the cross-linking between gluta-
mine side chain (y-acyl) and lysine side chain (e-amine) to form an ¢
(g-glutamyl) lysine isopeptide bond. This modification enabled the
specific capture of the modified MSCs by the injured endothelial cells
with high expression of TGase2 [24]. In the present study, we explored
the high expression levels of TGase2 in injured ACs from PCD sites and
further assessed the efficiency of injured ACs to capture modified MSCs
in vitro and in vivo. Based on our results, we anticipate improved tar-
geting and therapeutic effects of modified MSCs in PCD and other joint
diseases.

2. Method
2.1. Cell isolation and characterization

The articular cartilage and bone marrow blood samples were ob-
tained from the knee joint and femur of healthy adult New Zealand
white rabbits (2.5 kg). The ethics committee of Peking University Peo-
ple’s Hospital approved this study (2019PHB098-01). The hyaline
cartilage of the knee joint was cut into 1-mm? pieces and washed three
times with phosphate buffered saline (PBS; Hyclone, USA). Thereafter,
the tissue fragments were digested using 0.2% (2 mg/mL) collagenase II
(Gibco, USA) at 37 °C for 4-6 h. Single cell suspensions were cultured in
complete medium containing 89% DMEM/F12 (1:1) (Hyclone, USA),
10% fetal bovine serum (FBS; Gibco, USA), and 1% penicillin/strepto-
mycin (Hyclone, USA); the medium was changed every 2 days. First-
generation ACs were used for subsequent experiments. Bone marrow
extracts collected from femurs of healthy rabbits were mixed with
complete medium containing 89% o-MEM (Hyclone, USA) supple-
mented with 10% FBS and 1% penicillin/streptomycin in a 1:1 ratio. The
suspension, each containing 5 mL bone marrow, was seeded in 100-mm
cell culture dishes. The medium was changed every 2 days. Third-
generation bone marrow-derived MSCs were used for subsequent
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experiments (Supplementary figure 1).
2.2. Preparation of porcine hyaline cartilage and subchondral bone plugs

The plugs, 8 mm in diameter and deep into the subchondral bone,
were acquired from the femoral condyle of pigs. Cartilages with full- and
partial-thickness were removed from the plugs using a scalpel. The plugs
were washed three times with PBS and placed in a-MEM medium for in
vitro MSC attachment assay. The plugs were randomly selected for his-
tological evaluation to ensure successful establishment of the model.

2.3. Assay for MSC attachment on porcine bone plugs

MSCs (2 x 10%) stained with DIO (Sigma, USA) were seeded on the
surface of cartilage defects (full- and partial-thickness) and cultured at
37 °C. After 24 h, the samples were washed three times with PBS to
remove the nonadherent cells. The number of adherent cells and cell
morphology were observed under a fluorescence microscope. The
number of cells attached to the surface was calculated in five randomly
selected high-power fields (HPFs).

2.4. Generating partial-thickness cartilage defects in vivo

To verify the expression level of TGase2 in chondrocytes of the PCD
region and to construct an in vivo repair model, we used a scalpel to
create PCD in the left and right femoral trochlea of rabbits. The cartilage
was removed to expose the mid-deep layer surface; the defect area was 4
mm x 4 mm (Fig. 7A). The depth of the defect was confirmed in
randomly selected rabbits. The animals were sacrificed 4 weeks after the
operation and the TGase2 expression level in chondrocytes from the PCD
region was determined by performing immunohistochemistry.

For the evaluation of therapeutic effects, saline, wide-type MSCs, and
TP-modified MSCs (tMSCs, see section 2.5; 4 x 10° cells) prepared in
vitro were injected intra-articularly 4 weeks after establishing injury
model. Samples were retrieved for analysis 8 weeks after intra-articular
injection.

2.5. Surface modification of MSCs

The surface modification of MSCs with functional peptides was
described, in detail, in our previous study [24]. Briefly, 1 x 10° MSCs
were incubated with 200 pL of 1 mM functional targeting peptide (TP;
GQLKHLEQQEG) for 25 min at 37 °C; MSCs remained suspended during
the incubation period. Subsequently, TP-modified MSCs (tMSCs) were
washed three times with PBS. MSCs modified by FITC-labeled TP were
imaged using a confocal laser scanning microscope (Leica, Germany)
and analyzed by quantitative flow cytometry (BD, USA). Cell viability,
cell proliferation, and expression of stemness-related genes were
assessed by performing cell viability staining, CCK8 assay, and qPCR,
respectively.

2.6. Aggregation model to evaluate the ability of tMSCs to covalently bind
injured ACs

Retinoic acid (ATRA) is a widely used TGase activator, which has
been proved to stimulate the high expression of TGase2 in chondrocytes
[25,26]. To determine the ability of MSCs to covalently bind ACs in vitro,
we incubated an equal number (1 x 10°) of MSCs (wide-type MSCs or
tMSCs) and ACs (healthy ACs and ACs injured with ATRA treatment) for
30 min suspension culture in 1.5 mL tubes. MSCs in different states were
marked with a green cell tracker (CellTracker Green CMFDA, Thermo
Fisher Scientific, USA), while ACs in different states were marked with a
red cell tracker (CellTracker Red CMTPX, Thermo Fisher Scientific,
USA). Cell aggregation was observed in coverglass bottom dish by a
confocal laser scanning microscope. The number of MSCs adhering to
ACs was calculated in five randomly selected HPFs.



H. Li et al.

To explore the ability of PCD regions to capture tMSCs ex vivo, cy-
lindrical bone plugs (4 mm diameter) were extracted from the knee joint
of rabbits, immediately or 4 weeks post PCD modeling. Thereafter, 5 x
10° wide-type MSCs or tMSCs labeled with red cell tracker (CellTracker
Red CMTPX, Thermo Fisher Scientific, USA) were seeded on the defec-
tive cartilage surface of bone plugs (at different defect stages) and
cultured at 37 °C (Fig. 4D). After 24 h, the samples were washed three
times with PBS to remove the nonadherent cells. The number of
adherent cells and cell morphology were observed under a confocal laser
scanning microscope. The number of cells attached to the surface was
calculated in three randomly selected HPFs.

To track the colonization of tMSCs in PCD regions in vivo, we injected
4 x 10° wide-type MSCs or tMSCs labeled with red cell tracker (Cell-
Tracker CM-Dil, Thermo Fisher Scientific, USA) into the knee joint
cavity of rabbits at 4 weeks after PCD modeling. The bone plugs were
extracted from the PCD regions at 1, 2, and 4 weeks after cell injection
(Fig. 4E), washed three times with PBS, and fixed with 4% para-
formaldehyde for 15 min. The number of adherent cells and cell
morphology were observed under a confocal laser scanning microscope.
The number of cells attached to the surface was calculated in three
randomly selected HPFs.

2.7. The in vitro co-culture model of tMSCs and injured ACs

To verify the effect of different numbers of tMSCs on the function of
injured ACs, we used a transwell co-culture system for evaluating tMSCs
and ACs in vitro (Fig. 5B). Different ACs (2 x 10° cells/well) were seeded
onto 12-well plates. Thereafter, 1 x 10%or 4 x 10* tMSCs were seeded in
transwell chambers (area: 1.1 cm?). After 6 days of co-culture, ACs in the
lower layer were evaluated by performing immunofluorescence stain-
ing, alcian blue staining, quantitative analysis of cell glycosaminoglycan
(GAG), qPCR analysis of cartilage metabolism-related gene expression,
and detecting changes in signaling pathways.

To clarify the effect of injured ACs on the chondrogenic differentia-
tion potential of tMSCs, we introduced MSC pellet [27] and constructed
a transwell co-culture model of tMSC pellet and ACs in vitro (Fig. 5F).
tMSCs (5 x 10° cells) were pre-pelleted in the upper layer chambers and
injured ACs (2 x 10° cells/well) were seeded onto 12-well plates. After
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21 days of co-culture, pellets were evaluated by performing histological
analysis and GAG quantitative analysis and subjected to qPCR for
detecting the expression of cartilage metabolism-related genes.

3. Results
3.1. MSCs exhibit differential adhesion to FCD and PCD

To simulate the in-situ environment of cartilage defects, porcine bone
plugs were employed to establish ex vivo models of FCD and PCD sur-
faces, as confirmed by Safranine O and Fast Green double staining
(Fig. 1A-B). Results of the cell adhesion assay showed that more DIO-
stained MSCs adhered to the surface of FCD than PCD; moreover,
MSCs spread better on FCD surface. Accordingly, the number of MSCs
adhered on the surface of PCD was relatively low (Fig. 1C-D). These
findings highlighted the following clinical challenges: 1. MSCs lack the
ability to achieve optimal colonization on PCD [12,13]; and 2.
Improving the targeting ability of MSCs to colonize PCD is essential for
their use as therapeutic agents.

3.2. TGase2 expression in the PCD region, injured ACs, and MSCs

As a bridge between the PCD region and targeted capture of MSCs,
the expression level of TGase2 in the PCD region, chondrocytes cultured
in vitro, and MSCs must be assessed. Accordingly, we determined the
expression level of TGase2 in the ACs of PCD regions by performing
immunohistochemistry. The level of TGase2 in ACs of PCD regions was
significantly higher than in ACs from healthy regions (Fig. 2A). To
simulate high TGase2 expression in ACs obtained from the PCD region,
we used ATRA (100 nM, a TGase2 activator) treatment in vitro to induce
injured ACs as described previously [25,26]. ATRA treatment signifi-
cantly enhanced the expression of TGase2 in ACs at the protein as well as
mRNA levels. Furthermore, the elevated TGase2 level in ACs treated by
ATRA was significantly inhibited by the TGase2 inhibitor, cystamine
(Fig. 2B and D). Finally, TGase2 expression in MSCs, which was the
prerequisite for TP modification of the MSC membrane, was confirmed
at the protein and mRNA levels; moreover, cystamine reduced the
expression level of TGase2 in MSCs (Fig. 2C and E).
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Fig. 1. Difference in MSCs adhesion between FCD and PCD. (A) FCD and PCD in porcine bone plugs. (B) Safranine O and Fast Green double staining of porcine bone
plugs. (C) MSCs stained with Dio adhered to the surface of FCD or PCD. (D) Quantitative results of MSCs adhesion (**P < 0.01). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The level of TGase2 in PCD area, ACs and MSCs. Cells treated with cystamine are labeled iAC or iMSC in figure. (A) The level of TGase2 in ACs from PCD areas
or healthy hyaline cartilage areas in rabbit femur. (B) TGase2 level of ACs induced by ATRA in vitro. (C) TGase2 level of MSCs in vitro. (D) The mRNA level of TGase2
in ACs induced by ATRA in vitro (*P < 0.05). (E) The mRNA level of TGase2 in MSCs (**P < 0.01).

3.3. Characterization of TGase2-mediated cell membrane modification

Using a functional peptide with multiple glutamine (Q) or lysine (K)
residues at both ends, termed “targeting peptide” (TP, GQLKHLEQQEG),
we modified the cell membrane of MSCs. TP can be sequentially divided
into two parts: the modifying part and the functional part. The y-acyl on
the side chain of glutamine (Q) in the modifying part can form a covalent
thioester intermediate with the thiol group in TGase2 on the MSC sur-
face. Further, the naturally-expressed substrate protein (SP) on the MSC
surface contains lysine (K) residues, and the e-amine on its side chain can
react with the covalent thioester intermediate to form the € (g-glutamyl)
lysine isopeptide bond and release TGase2 (Fig. 3 A and 4 A). TP and
FITC-labeled TP were successfully modified on the surface of rabbit bone
marrow-derived MSCs using our method [24]. In fact, modifying MSCs
with 1 mM FITC-labeled TP for 25 min did not induce significant peptide
endocytosis (Fig. 3B) and ensured high modification efficiency (Fig. 3C).
This is exactly the optimal modification time and TP concentration that
we optimized in the previous study [24]. Moreover, analysis of cell
viability, cell proliferation, and expression of genes related to stemness
revealed no significant changes in the characteristics of tMSCs
(Fig. 3D-F). In general, our membrane modification method successfully
modified TP on the MSC surface and had little effect on cell viability,
proliferation, and stemness.

3.4. Characterization of covalently aggregated injured ACs and tMSCs

After confirming that ACs cultured in vitro can be induced to over-
express TGase2 similar to cells in the PCD region, we verified the
enhanced cell-cell adhesion between tMSCs and ACs in vitro. Similar to
the process of TP being modified on the surface of MSC, as long as the AC
surface has high expression of TGase2, the substrate protein on the AC
surface containing lysine or glutamine can be crosslinked with the
functional part of TP under the catalysis of TGase2 on the AC surface

(Fig. 4A). First, wide-type MSCs or tMSCs were incubated with different
ACs (healthy ACs and ATRA-treated ACs) for 30 min. Compared to other
groups, tMSCs adhered to ATRA-treated ACs more effectively to form the
largest cell cluster. Due to the limited expression of TGase2 in healthy
ACs, the ability of tMSCs to form cell clusters with healthy ACs was far
less than that of ATRA-treated ACs. In addition, MSCs without TP
modification did not adhere to ACs (Fig. 4B-C).

After confirming the enhanced adhesion between tMSCs and ACs
overexpressing TGase2 in vitro, we verified the adhesion of tMSCs to PCD
regions ex vivo. Four weeks after injury (4 w post injury in Fig. 4F-G) or
after fresh injury, cylindrical bone plugs (4 mm diameter) containing the
injured regions were extracted to analyze the adhesion ability of wide-
type MSCs and tMSCs in the PCD region (Fig. 4D). Our results showed
that only tMSCs adhered extensively to the surface of bone plugs with
high TGase2 expression at 4 weeks post injury; however, a lesser number
of wide-type MSCs colonized the surface of bone plugs. Nonetheless, no
significant difference were observed in the adhesion ability of MSCs and
tMSCs on the surface of freshly injured cartilage tissue (healthy hyaline
cartilage in the mid-deep layer), and adhesion ability of both cell types
was significantly lower than that of tMSCs targeting 4 w post injury
plugs with high TGase2 levels (Fig. 4F-G).

To further track the time-dependent changes in tMSC colonization in
PCD region in vivo, we injected wide-type MSCs or tMSCs into the
articular cavity 4 weeks after cartilage injury, and retrieved bone plugs
at 1, 2, and 4 weeks after cell therapy to assess the number of colonized
cells (Fig. 4E). At 1 week after intra-articular injection, the number of
tMSCs in the region of cartilage injury was much higher than that of
MSCs. Although the number of colonized MSCs and tMSCs decreased
significantly when the period of treatment was extended, the extent of
tMSC adhesion in the injured area remained significantly greater than
that of MSC. Notably, after 4 weeks of cell therapy, wide-type MSCs were
almost absent, while a few of tMSCs still remained at the injured site
(Fig. 4H-I).
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Fig. 3. Characterization of TGase2-mediated cell membrane modification. (A) Schematics of TGase2 mediated cell membrane modification process. TP can be
divided into two parts: the modifying part and the functional part. The modifying part of TP can form a covalent intermediate with TGase2 on the MSC surface. The
substrate protein on the MSC surface can react with the covalent intermediate to form a covalent bond and release TGase2. (B) Confocal images of FITC-labeled TP
conjugation on MSCs. (C) Characterization of modification efficiency by flow cytometry analysis. (D) Cell viability staining of MSCs or tMSCs after 48 h cell culture.
(E) CCK8 analysis of MSCs or tMSCs after 24 or 48 h cell culture. (F) Relative mRNA level of stemness-related genes in MSCs or tMSCs after 48 h cell culture.

These results showed that tMSCs can target ACs with high TGase2
expression in vitro, ex vivo, and in vivo. Further, the tMSCs colonized PCD
regions for a longer duration than wide-type MSCs.

3.5. Functional changes in injured ACs and tMSCs after co-culture

The results of Safranine O and Fast Green double staining showed
that the components of the cartilage matrix were more degenerated in
the region with PCD than in the healthy region (Fig. SA). Meanwhile,
ATRA-treated ACs with high TGase2 expression also displayed changes
in cartilage matrix metabolism including downregulation of anabolism-
related genes (i.e., COL2A1 and ACAN) and up-regulation of catabolism-
related genes (i.e., TIMP1 and MMP13) (Fig. 5E). To determine whether
tMSCs could improve the cartilage matrix metabolism disorder of
injured ACs in vitro, we used a transwell co-culture system for culturing
tMSCs and ACs together (Fig. 5B). Alcian blue staining of cartilage
matrix, quantitative analysis of cell GAG, and qPCR analysis of cartilage
metabolism marker genes revealed that at low-as well as high-density,
tMSCs could improve the pathological phenotype of injured ACs in a
co-culture environment, with high density of tMSCs exhibiting better
effects than low density (Fig. 5C-E). In addition, no significant differ-
ences were observed in the therapeutic effects mediated by tMSCs and
wide-type MSCs (Supplementary Fig. 2A and B).

MSCs have the potential to differentiate into ACs, which is another
way for MSCs to play a role in cartilage protection in vivo. In fact, pre-
vious studies have shown that OA chondrocytes can enhance the chon-
drogenic differentiation potential of MSCs [28]. Therefore, we further
explored the effect of injured ACs, with high TGase2 expression, on the

chondrogenic differentiation potential of tMSCs. In the transwell
co-culture system, tMSCs were fabricated into pellets and placed in the
upper layer (Fig. 5F). In the chondrogenic induction environment, pel-
lets showed a better chondrogenic effect when co-cultured with injured
ACs. Based on the results of pellet tissue section analysis, GAG quanti-
tative analysis, and cartilage metabolic marker gene analysis, tMSC
pellet co-culture with injured ACs exhibited a better effect than the tMSC
pellet alone (Fig. 5G-I). Further, no significant differences were
observed in the chondrogenic differentiation potential of tMSCs and
wide-type MSCs when co-cultured with injured ACs (Supplementary
Fig. 2C-D).

Thus, the matrix metabolism of ACs and the chondrogenic differen-
tiation ability of tMSCs were improved when they were co-cultured; this
synergy may play important roles in the therapeutic application of
tMSCs in vivo.

3.6. Changes in the signaling pathway of injured ACs after co-culture with
tMSCs

To further evaluate the molecular mechanism underlying tMSC-
mediated improvement in matrix metabolism of ACs, a phosphor-
specific protein microarray comprising 304 phosphoprotein antibodies
was used to screen related signaling pathways. Among the evaluated
pathways, the phosphorylation status of proteins involved in the AKT/
mTOR signaling pathway was modulated significantly (Fig. 6A-C).
Subsequently, western blotting was performed to verify these significant
changes and identify representative protein molecules of the AKT/
mTOR signaling pathway. The results of Western blot were consistent
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this figure legend, the reader is referred to the Web version of this article.)

with the microarray screening results. At low- and high-density, tMSCs
inhibited the abnormal phosphorylation of AKT and mTOR in a dose-
dependent manner. These results were in line with the previous
studies, which reported that inhibition of abnormal AKT/mTOR
signaling activation could protect chondrocytes [29-31]. In our study,
results of Western blot analysis showed that the abnormal phosphory-
lation of FOXO 1/3/4 (downstream of AKT), and eIF4EBP1 (downstream
of mTOR) could be inhibited by tMSCs (Fig. 6D-E); injured ACs were
also treated with MK2206 (an AKT inhibitor) and rapamycin (an mTOR
inhibitor) and inhibition of abnormal activation of AKT and mTOR was
used as a positive control for tMSCs in the treatment of injured ACs
(Fig. 6D-E).

3.7. Protective and therapeutic effect of tMSC on PCD in vivo
After confirming the targeting and therapeutic effects of tMSCs on

injured ACs in vitro, we used tMSCs to treat partial cartilage injury in
vivo. Saline, wide-type MSCs, and tMSCs were injected into the articular

cavity of the knee joint at 4 weeks after the establishment of the PCD
model. Samples were retrieved for analysis at 8 weeks after treatment (n
= 6). After operation and during treatment, all animals recovered well
without signs of pain or claudication, and no postoperative complica-
tions were observed.

For macroscopic evaluation of the therapeutic effects of tMSC in-
jection on PCD, we evaluated the gross specimens according to the In-
ternational Cartilage Regeneration and Joint Preservation Society
(ICRS) macroscopic assessment scoring criteria. The injury site subjected
to an intra-articular tMSC injection was relatively flat, and the depth of
injury was not significantly deeper than that of the site with fresh injury
site. Although the injured area remained visible, its boundary with
healthy cartilage was relatively blurred. However, a difference was
observed in the depth of the cartilage injury sites treated with wide-type
MSCs; some parts were evidently damaged with enhanced deepening
and the boundary with surrounding healthy cartilage was relatively
clear. As a negative control, the injured area injected with saline showed
progressive injury aggravation. Further, subchondral bone was exposed
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in some areas; however, in areas where the subchondral bone was not
exposed, the tissue condition differed from that of healthy hyaline
cartilage (Fig. 7B). The ICRS macroscopic assessment scores were
significantly higher for the tMSC treatment group than for the other two
groups, which could delay the progressive cartilage degeneration after
PCD (Fig. 7D).

The histological and immunohistochemical changes at the injury site
were assessed following different treatments. Based on the results of
Safranine O and Fast Green double staining, Alcian blue staining, and
type 2 collagen immunohistochemistry, the thickness of the cartilage in
the tMSC-treated PCD region was lesser than that in the healthy area;
however, the ECM component of hyaline cartilage appeared relatively
normal. The expression level of type I collagen was relatively increased
in the injured region, indicating the formation of fibrocartilage when
tMSCs played a protective role (Fig. 7C). However, treatment with wide-
type MSCs caused evident changes in the injured area, such as the
degeneration of ECM components and the reduction of cartilage thick-
ness. In the saline-treated PCD area, progressive degeneration was
observed. Although the subchondral bone was exposed, the injured
surface was covered with a thin layer of fibrocartilage-like tissue. Re-
sults of the ICRS histological score provide convincing evidence that
intra-articular injection of tMSCs has a strong potential for treating PCD
(Fig. 7D).

4. Discussion

Here, we used a cell membrane modification method to functionalize
the plasma membrane of rabbit bone marrow-derived MSCs and utilized
the pathological characteristic of high TGase2 expression in PCD regions
to achieve targeted MSC delivery and treatment of cartilage defects by
MSCs. To the best of our knowledge, this is the first study to achieve
targeted treatment of cartilage defects by directly modifying MSCs.

MSCs display poor colonization ability at the sites of PCD [12, 13,
17] and efforts are being made to enhance the adhesion ability of MSCs
at cartilage defect sites [32]. However, so far, studies have mostly
focused on identifying biomaterials with stem cell recruitment proper-
ties for use in the defect area [33, 34]. Although this method can recruit
MSCs from the articular cavity or bone marrow, it requires additional
surgery for biomaterial implantation and thus, can increase the trauma
further. This feature is the same as that of ACI, making it unsuitable for
treating mild PCD. Moreover, it is difficult to determine the specific type
and number of stem cells that can be recruited in vivo, which makes it
difficult to explore the mechanism underlying the therapeutic effects. In
addition, implanting adhesive biomaterials loaded with cells, such as
hydrogels, at the defect sites can also induce local cell aggregation
[35-38]. However, the cells cannot proliferate in the hydrogel, and may
suffer damage during injection and cross-linking. These limitations
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Fig. 6. Changes of signaling pathway in injured ACs
after co-cultivation with tMSCs. (A) Phospho-
proteome analysis of phosphoproteins changes in
injured ACs and high density tMSCs treated ACs.
Proteins with phosphorylation levels increased or
decreased by more than 20% were labeled red and
blue, respectively. (B) Phosphorylation changes in
AKT-mTOR signaling pathway. (C) Representative
protein in phospho-antibody array. (D) Western blot
analysis results for the levels of p-AKT, AKT, p-FOXO
1/3/4, FOXO 1/3/4, p-mTOR, mTOR, p-eIF4EBP1,
elF4EBP1 and GAPDH at 6 days after treatment. (E)
The quantitative assay of p-AKT/AKT, p-FOXO 1/3/
4/FOXO 1/3/4, p-mTOR/mTOR and p-eIF4EBP1/
elF4EBP1 (*P < 0.05, **P < 0.01, ***P < 0.001). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

mTOR
p-mTOR E e - ) o .
= ATRA e [ e
low tMSC
AR a :gh‘tMSC 1.0 = low tMSC
B MK2206 % 3 high tMSC
p-4EBP1 . | o Rapamycin
Position Marker
PAKTIAKT, [pROXOHIS/AI FOXOUSM p-mTOR/mTOR  p-elF4EBP1 / elF4EBP1
B NG MSC tMSC C NC MSC MSC
L o) 'q -
a % e N3 W
o I >
e - Lkl
“ o
c
P £
\| i !‘ E i :
¥ 5 5T
o 8 ik
(=
A D %5 — T ppm——— m———— -
40- EINC B MSC [ tvsC <@ -~ 2 b
- 30 %
= (@]
‘ 20 - I E’
°
! i IS) ‘ 4 W
y 10 _
- anll o c
Intraoperative view ICRS ICRS s
ic scores histological score 8

Fig. 7. Protective effect of MSC or tMSC on PCD in vivo. (A) Intraoperative view of constructing PCD. (B) The effect of macroscopic repair after 8 weeks of MSC or
tMSC treatment. (C) Histological (H&E, Alcian Blue and Safranine O staining) and immunohistochemistry (collagen I and II) analysis after 8 weeks of MSC or tMSC

treatment. (D) ICRS macroscopic evaluation and histological scoring after different treatments (*P < 0.05, **P < 0.01,

references to colour in this figure legend, the reader is referred to the Web version of this article.)

restrict the suitability of this method for delivering MSCs at the target

sites.

In contrast to the conventional strategies, in the present study, we

directly modified the cell membrane of MSCs to achieve flexibility

type and dose of therapeutic cells and bypass the need for cell implan-
tation through surgery. As a new mode of cell transformation, the main
application of cell membrane engineering is to achieve cell-targeted
transport [39-41]. Cells subjected to direct membrane engineering
differ from specific condition-stimulated cells [42,43] and genetically
modified cells [44]. Direct cell membrane engineering exerts minor ef-
fects on cell function and, to the greatest extent, avoids the deleterious
effects caused by changes in cell function. Previous studies, aimed at
improving the targeting of MSCs via membrane modification, increased
the amount of carbohydrate moieties of the sialyl Lewisx (sLex) on the
surface of MSCs via a streptavidin-biotin bridge [45] and «-1,3-fuco-

syltransferase induction [46], so that during systemic injection,

*P < 0.0001). (For interpretation of the

could be recognized and captured by inflammatory vascular cells

overexpressing selectin. However, the immune response and cytotox-

in the

MSCs

icity of these membrane modification methods limit their application. In
contrast, our natural enzymatic membrane modification method follows
simple operation process, is amenable to easy quality control, and causes
little damage to cells. Moreover, this method showed better targeting
effect of MSCs in a mouse models of ear inflammation and liver injury
[24]; the present study provides evidence of the efficacy of this method
in treating PCD.

Since MSCs can target the PCD region, it is important to explore their
therapeutic effects and underlying mechanisms in injured areas. In
previous studies, efforts to explore the therapeutic role of MSCs in vivo
were mainly focused on two aspects: differentiation of stem cells into
chondrocytes to enable cell replacement [47]; or the improving secre-
tory function of stem cells to repair the defect area [48]. However, there
must be more than one mechanism for MSCs to play a therapeutic role in
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vivo. Few studies have systematically evaluated the repair mechanism of
MSCs. Herein, we only explored whether tMSCs could change the ECM
metabolic disorder of ACs through their secretory function, but also
characterized the enhanced chondrogenic differentiation potential of
tMSCs in an effort to interpret the multifaceted therapeutic role of tMSCs
from different perspectives. Furthermore, we verified the altered
signaling pathways in injured ACs after treatment with tMSCs, and
identified tMSCs as the potential molecular therapeutic agents for PCD.

In the present study, we report, for the first time, the satisfactory
targeted therapeutic effects of MSCs on PCD via cell membrane modi-
fication. Similar methods and strategies should be developed to achieve
cell-targeted therapy in the field of cartilage defects and other joint
diseases. Although in this study we used only modified MSCs, other cell
subsets with better specificity for cartilage repair, such as skeletal stem
cells [49] and cartilage progenitor cells [50], should be considered for
similar cell membrane modification to aid in the treatment of cartilage
defect. Furthermore, despite the unique advantages of intra-articular
cell injection therapy, the specific application of modified MSCs in the
treatment of joint diseases should not be limited to PCD. The potential of
MSC modification to achieve improved therapeutic effect in other joint
diseases including OA, meniscus injury, and ligament injury, should be
assessed in the future studies.

5. Conclusion

Herein, we observed that MSCs do not colonize the injured PCD site
easily. As a result, we used a cell membrane modification method to
achieve targeted colonization of modified MSCs in the PCD region. In
addition, we verified the therapeutic role and molecular mechanism of
membrane modified MSCs at the site of injury and confirm their thera-
peutic effect in vivo. To the best of our knowledge, this is the first study to
directly modify the MSC membrane for cartilage repair.
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