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Following tendon injury, the development of fibrotic healing
response impairs tendon function and restricts tendon motion.
Peritendinous tissue fibrosis poses a major clinical problem in
hand surgery. Communication between macrophages and
tendon cells has a critical role in regulating the tendon-healing
process. Yet, the mechanisms employed by macrophages to
control peritendinous fibrosis are not fully understood. Here
we analyze the role of macrophages in tendon adhesion in
mice by pharmacologically depleting them. Such macro-
phage-depleted mice have less peritendinous fibrosis formation
around the injured tendon compared with wild-type litter-
mates. Macrophage-depleted mice restart fibrotic tendon heal-
ing by treatment with bone marrow macrophage-derived exo-
somes. We show that bone marrow macrophages secrete
exosomal miR-21-5p that directly targets Smad7, leading to
the activation of fibrogenesis in tendon cells. These results
demonstrate that intercellular crosstalk between bone marrow
macrophages and tendon cells is mediated by macrophage-
derived miR-21-5p-containing exosomes that control the
fibrotic healing response, providing potential targets for the
prevention and treatment of tendon adhesion.

INTRODUCTION

Development of the fibrotic healing response is characteristic for
musculoskeletal pathologies." Among them, tendinopathy represents
a tremendous socioeconomic burden estimated to be $850 billion per
year in health-care costs and indirect lost wage expenditures, accord-
ing to the American Public Health Association.” After injury, tendons
commonly heal through peritendinous fibrosis, which does not lead
to regeneration of the natural tendon structure but produces
adhesions between the tendon and surrounding synovial sheath and
impairs tendon gliding, ultimately resulting in tissue stiffness.”
Although multiple strategies have been developed to prevent adhe-
sion formation during tendon healing after injury,"’ ™ few effective
measures that specifically target the pathogenesis of tendon fibrotic
disorders are available. Therefore, better understanding of the molec-
ular mechanisms associated with fibrotic healing would promote the
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development of effective therapeutic interventions to prevent tendon
adhesion.

The healing process in the tendon includes an initial inflammatory
phase, when phagocytic monocytes and macrophages migrate to
the site of injury. Macrophages are considered players in the onset
and perpetuation of tendon disease;'’”'* however, whether they
have a positive or passive effect and how they are involved in tendon
healing is still a contentious issue. Several studies indicate that
macrophages negatively affect the process. Thus, it was reported
that macrophage depletion following anterior cruciate ligament
reconstruction significantly improved morphological and biome-
chanical properties at the healing tendon-bone interface, probably
because of diminished macrophage-induced transforming growth
factor B (TGF-B) production.'” Macrophage depletion was also
shown to reduce cell proliferation and extracellular matrix (ECM)
accumulation and ultimately increase the tensile strength of the
injured Achilles tendon.'* On the other hand, it was revealed that
nonspecific inhibition of macrophages was detrimental to early
ECM formation and ligament strength'® and that persistence of M1
(proinflammatory) macrophages due to loading positively influenced

1.'° These studies indicate

Achilles tendon regeneration in a rat mode
that the functional role of macrophages in the tendon-healing process
is controversial and suggest it needs further clarification. Further-
more, specific effects of bone marrow-derived mature macrophages
on fibrogenesis in tendon and the underlying mechanisms have not

been studied.
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Exosomes are cell-derived membranous vesicles that play an essen-
tial role in intercellular communication, both local and systemic,
by transferring their cargo to neighboring or distant cell types,'” "’
and exosome-mediated pathways are implicated in multiple path-
ological processes.'””""** Exosomes contain a variety of micro-
RNAs (miRNAs) emerging as key regulators of cell-cell communi-
cation, which play an important role in inflammation, fibrogenesis,
and tissue repair when shuttled by exosomes.”' > Specific miRNAs
have provoked great interest in regard to tendon disorders,
including tendon repair and tenocyte development and differenti-
ation.?® Thus, it was shown that miR-210 accelerated healing of the
Achilles tendon in rats through the upregulation of vascular endo-
thelial growth factor (VEGF) and type I collagen.”” miR-29b,
which is the most widely studied miRNA in the tendon, has
been reported to improve tendon healing, reduce adhesion forma-
tion after injury, and accelerate tenogenic differentiation by down-
regulating TGF-B1/Smad3 signaling.”**’ Recently, Watts and col-
leagues®® proposed that miR-29a replacement may be used as a
therapeutic tool to improve tendon repair after injury through tar-
geting interleukin 33 (IL-33) expression and collagen type III
synthesis.'

These findings signify a novel approach to molecular therapies of
tendon diseases. However, there is still a lack of mechanistic
understanding of miRNAs’ function in the tendon compared to
other tissues, which precludes the advancement of miRNAs into
clinical practice. The latest systematic review summarizes the ef-
fects of 14 tendon-specific miRNAs on tendon tissue repair.’’
Among them, miRNAs showing aberrant expression during fibro-
genesis (fibro-miRNAs), including miR-21, have attracted consid-
erable attention as a potential approach in the development of
new anti-fibrotic therapies.”> Thus, it was reported that miR-21
inhibition attenuated fibrosis in the kidney,”” heart,”* lung,”” and
skeletal muscle.’® However, it is unclear how the regulatory func-
tion of tendon-related miRNAs, such as miR-21, and their targets
are finely orchestrated in the formation of tendon adhesion.
Currently, most data on miRNA-mediated mechanisms in tendon
disease are based on the use of unpackaged miRNAs, whereas little
is known about the effects of miRNAs existing as cargo of macro-
phage exosomes.

In this study, our results indicated that macrophage-derived exosomal
miR-21-5p leads to increased proliferation, migration, and fibrotic
activity of tendon cells via targeting Smad7. These findings provide
new insight into the role of exosomal miRNAs secreted by macro-
phages in tendon adhesion.

RESULTS

Macrophages Are Necessary for Peritendinous Fibrosis
Formation

To assess the role of bone marrow-derived macrophages (BMDMs) in
peritendinous fibrosis following tendon injury, macrophages were
depleted with Clo-Lipo 2 days prior to and immediately before
tendon surgery (days —2 and 0, respectively) and at days 7, 14, and

21 after tendon injury, whereas the control group received PBS-con-
taining liposomes (PBS-Lipo) (Figure 1A). Mice were randomly
assigned to the following three groups: sham operation (SO) with
PBS-Lipo treatment (SOPBS), flexor digitorum longus (FDL) tendon
injury (TI) with PBS-Lipo treatment (TIT®%), and FDL TI with
Clo-Lipo treatment (TT)
nous adhesion severity at 3 weeks post-operation. The results revealed
that, in the SO*BS group, the tendon surface was smooth and no
obvious tendon adhesion was observed, whereas, in the TI'*5S group,
there was severe tendon adhesion with extensive connective and
fibrotic tissue formation around the tendon repair area, which
required sharp dissection for separation, and, in the TI"? group,
only little fibrous tissue around the tendon repair area was present.
Consistent with these observations, the adhesion grading score
was significantly higher in the TI"™®® group than in the SO and
TI " groups (Figure 1B).

. The mice were evaluated for peritendi-

To assess adhesion formation, we measured the metatarsophalangeal
(MTP) joint flexion range of motion (ROM). Compared with the
SO™® group, there was a significant decrease of the MTP joint
ROM in the TI™"® group, which was rescued in the TI"“'® group (Fig-
ure 1C), indicating that macrophage depletion effectively alleviated
peritendinous fibrosis and suggesting a role of macrophages in the
development of tendon adhesion. Immediately following assessment
of the MTP joint flexion, the tendons were harvested to measure
the tensile strength. There was no significant difference between the
TIPS and TT'™° groups in the maximal tensile strength (Figure 1C).
Theoretically, a greater quantity of fibrous tissue improves the
strength of repaired tendon to a certain extent; however, such an im-
provment is limited. The closer apposition of broken ends of tendon
in the macrophage-depleted mice (due to less fibrous tissue between
two breaks) may allow for continued development of collagen fiber
continuity, thus neutralizing the weakened strength caused by less
fibrous tissue formation.

The efficacy of macrophage depletion by clodronate liposomes was
confirmed by immunohistochemistry (Figure 1D). In the SOF®S
group, the demarcation line between flexor tendons and surrounding
tissues barely contained macrophage marker F4/80-positive cells, sug-
gesting the absence of fibrogenesis, whereas, in the TI'*®S group,
many cell nuclei and F4/80-positive cells were observed between
the injured tendon and surrounding tissue, indicating adhesion
formation. However, in the T group, there were hardly any F4/
80-positive cells, and the line between the injured tendon and sur-
rounding tissue reappeared, indicating that fibrous adhesions were
not developed.

Histological analysis showed that injured tendons in the TI"“'® group
exhibited reduced adhesion formation and had fewer infiltrated in-
flammatory cells compared to the TI'™®® group (Figures 1E and
1F). Consistent with these results, the histological adhesion score
was higher in the TI'"®® group than in the Tree group, indicating
decreased fibrogenesis in the latter; however, no difference was
observed in the histological tendon-healing score between these
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Figure 1. Depletion of Macrophages Reduces Tendon Adhesion In Vivo

(A) Experimental scheme showing the application of Clo- or PBS-containing liposomes in mice with Tl or SO. (B) Macroscopic images of FDL tendons and adhesion grading
score (n =5 per group). (C) Maximal tensile strength and MTP joint flexion ROM (n = 5 per group). (D) Immunostaining of macrophages (F4/80* cells, green) in each group; cell
nuclei were stained with DAPI (blue). T, tendon; M, muscle. White arrows indicate F4/80-positive cells. Dotted lines indicate the border of FDL tendon or surrounding tissue.
Scale bars, 50 um. (E and F) Histology of adhesion. T, tendon; B, bone; M, muscle. Arrows indicate tendon adhesion in (E) H&E and (F) Masson staining. Dotted lines indicate
the border of FDL tendon or surrounding tissue. Scale bars, 50 um. (G) Histological adhesion score and histological healing score (n = 5 per group). (H) Western blot analysis
and quantification of the levels of COL |, COL lll, «-SMA, and TGF-B1 expression (n = 3 per group). “p < 0.05 and **p < 0.01.

groups (Figure 1G). These data showed that macrophage depletion
reduced tendon fibrogenesis.

Peritendinous fibrosis is manifested by the excessive accumulation of
ECM components collagen type I (COL I), COL III, and alpha-
smooth muscle actin (a-SMA) in the injured tendon.” The expression
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of a-SMA is often used as an additional phenotypic and diagnostic
marker of myofibroblasts in fibrotic tissue.”” TGE-B1 is also consid-
ered to be associated with the formation of adhesions around healing
digital flexor tendons.”® Therefore, we assessed the expression of these
pro-fibrotic markers in repaired tendons by western blotting. The re-
sults showed the levels of COL I, COL III, a-SMA, and TGF-f1 were
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significantly increased in the TI""®® group compared with those in the

SO group, but then significantly decreased after macrophage
depletion in the TI"® group (Figure 1H).

Overall, these data indicate that macrophages are required for adhe-
sion formation after tendon injury.

Characterization of Macrophage-Derived Exosomes and
Internalization

To determine whether macrophages can secrete exosomes, we iso-
lated BMDMs and cultured them for 72 hr. Electron microscopy
and nanoparticle-tracking analysis (NTA) revealed abundant
BMDM-derived exosomes with a diameter of 70-150 nm (Figures
2A and 2B). With the exception of showing macrophage marker
CD68 in macrophages, western blotting analysis showed that these
vesicles were positive for exosome-specific markers CD9, TSG101,
CD63, and ALIX (Figure 2C), confirming that they primarily repre-
sented exosomes, the production of which from BMDMs was
decreased by the exosome secretion inhibitor GW4869 (Figure 2D).

Then, we demonstrated that macrophages could secrete extracellular
miRNAs, which were then transported into target cells. Because
miR-223 is a myeloid cell-specific miRNA,” we transfected BMDMs
with a Cy3-labeled miR-223 mimic and co-cultured them with fibro-
blasts and tenocytes in Transwell plates (Figure 2E). The appearance
of Cy3-positive cells in the lower chamber indicated that the
Cy3-miR-223 mimic was transferred into target cells in the lower
chamber from the transfected BMDMSs in the upper chamber,
presumably by exosomes. Compared with the recipient fibroblasts
or tenocytes seeded in the lower well without co-culture, an increased
expression of miR-223 in the recipient cells was observed after
co-culture.

To determine whether BMDM-derived exosomes could be taken up
by tenocytes and fibroblasts, exosomes were labeled with a fluorescent
dye, PKH67, and added to tenocyte or fibroblast cultures for different
times. After incubation, fluorescence microscope imaging showed the
presence of PKH67 spots in recipient fibroblasts, suggesting that
labeled exosomes released by BMDMs were delivered to fibroblasts
and tenocytes (Figure 2F).

Cumulatively, these findings suggest that macrophages could secrete
exosomes, which were taken up by fibroblasts and tenocytes.

Macrophage-Derived Exosomes Promote Proliferation,

Migration, and Fibrotic Activity of Tendon Cells In Vitro

Extreme cell proliferation and migration, persistent myofibroblast
activation, as well as upregulated expression of pro-fibrotic cytokines
and ECM proteins are involved in the progression of fibrotic diseases,
including tendon adhesion.®””” As fibroblasts and tenocytes, which
are the principal cell types of the tendon and play a key role in the
pathogenesis of tendon adhesion,®” demonstrated the uptake of
BMDM-secreted exosomes, we examined whether it affected their
proliferation. The results indicated that the treatment of fibroblasts

with BMDM exosomes promoted their proliferation (Figure 3A)
and significantly accelerated migration (Figure 3B). Furthermore,
the expressions of COL I, COL III, a-SMA, and TGF-1 were upre-
gulated both at the mRNA and protein levels in fibroblasts treated
with BMDM exosomes, as evidenced by real-time qPCR (Figure 3C)
and immunocytochemistry (Figure 3D) analyses.

Similar results were obtained in tenocytes, which also demonstrated
increased proliferation and migration (Figures 3E and 3F) and
expression of pro-fibrotic proteins (Figures 3G and 3H) following
BMDM-exosome treatment.

These results suggest that BMDM exosomes may modulate tendon
adhesion by regulating proliferation, migration, and fibrogenesis of
fibroblasts and tenocytes.

Macrophage-Derived Exosomes Induce Peritendinous Fibrosis
after Tendon Injury In Vivo

As exosomes can enter the circulation and act distantly, we tested
whether BMDM-derived exosomes could penetrate the injured
tendon and modulate tendon adhesion in vivo. For this, we injected
macrophage-depleted mice intravenously with PKH67-labeled
BMDM exosomes, and the labeled exosomes were tracked in
frozen sections from the heart, lungs, liver, spleen, muscle, adipose,
and both FDL tendons. The PKH67 signal was evident in the
spleen, but it was rather weak in the liver, kidney, and muscle,
and it was not observed in adipose and cardiac tissues or the lungs
(Figure 4A), indicating low or no exosome transfer. However, a
more significant presence of fluorescently labeled exosomes was
observed in the TI side compared to the SO side or the other un-
injured tissues (Figures 4B and 4C), suggesting that BMDM exo-
somes preferably migrate to the injured tendon, similar to the
macrophage accumulation in the healing region, where they regu-
late the tendon-healing process.

To quantitatively evaluate the effect of BMDM exosomes on tissue-
specific responses in the injured tendon, macrophage-depleted mice
were intravenously injected with 20 ng BMDM exosomes or empty
liposomes (control) every 3 days (Figure 5A). After 21 days, dense
fibrotic tissue requiring sharp dissection for separation from the
tendon was observed in the BMDM-exosome group, in contrast to
the smooth tendon surface that was observed in the control group
(Figure 5B). The administration of BMDM exosomes significantly
increased fibrogenesis around the injured tendon, as evidenced by a
higher adhesion grading score and lower MTP joint flexion ROM
compared to the control (Figure 5C). In addition, histological results
indicated that treatment with BMDM exosomes led to severe adhe-
sion formation between the tendon and surrounding tissue, whereas
a clear boundary was evident between the tendon and surrounding
tissue in the control group (Figures 5D and 5E), which also had a
significantly lower histological adhesion score (Figure 5F). However,
no difference was found between the two groups in tendon healing
according to the histological tendon-healing score (Figure 5F), which
was consistent with the data on biomechanical strength. These
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Figure 2. Characteristics of BMDM-Derived Exosomes and Internalization

(A) Representative electron microscopy pictures for exosomes secreted by BMDM. Scale bar, 100 nm. (B) Size of exosomes was measured by NTA. (C) Western blotting
analysis of exosome markers CD9, TSG101, CD63, ALIX and macrophage marker CD68 (n = 3 per group). (D) Exosome production by macrophages. The data are shown as
the mean = SD (n = 5 per group). (E) BMDMs transfected with a Cy3-labeled miR-223 mimic were co-cultured with tenocytes or fibroblasts in a transwell, and the expression
levels of miR-223 in tenocytes or fibroblasts are shown (n = 5 per group). Scale bars, 20 um. (F) Representative immunofluorescence images showing the internalization of
PKH67-labeled BMDM-derived exosomes (green) by fibroblasts or tenocytes stained with phalloidine (red) at 6, 12, and 24 hr. Cell nuclei were stained with DAPI (blue). White
arrows indicate exosomes (green). Scale bars, 100 um. *p < 0.05 and **p < 0.01.

findings indicated that BMDM exosomes induced fibrogenesis  the BMDM-exosome group compared with that in the control group,
around the injured tendon without affecting its mechanical strength.  as evidenced by the increased expression of COL I, COL III, a-SMA,
In agreement with these results, the fibrotic process was enhanced in and TGF-B1 (Figure 5G).
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Figure 3. BMDM-Derived Exosomes Promote Proliferation, Migration, and Fibrotic Activity of Fibroblasts and Tenocytes

(A) Proliferation of fibroblasts treated with or without BMDM exosomes (n = 5 per group). (B) Migration and quantification of migrating fibroblasts (n = 5 per group). Scale bars,
100 um. (C) mRNA expression of COL I, COL lll, a-SMA, and TGF-B1 in fibroblasts (n = 3 per group). (D) Representative immunofluorescence images and quantification of
COL I, COL Ill, a-SMA, and TGF-B1 protein expression in fibroblasts (n = 8 per group). Scale bars, 50 um. (E) Proliferation of tenocytes treated with or without BMDM
exosomes (n = 5 per group). (F) Migration and quantification of migrating tenocytes (n = 5 per group). Scale bars, 100 um. (G) mRNA expression of COL |, COL I, a-SMA, and
TGF-B1 in tenocytes (n = 5 per group). (H) Representative immunofluorescence images and quantification of COL I, COL Ill, a-SMA, and TGF-B1 protein expression in

tenocytes (n = 8 per group). Scale bars, 50 pm.
*p < 0.05 and *p < 0.01.

Thus, these data indicate that BMDM-derived exosomes can migrate
into the injured tendon and induce fibrotic healing.

Macrophage-Derived Exosomes Shuttle miR-21-5p

Exosomes are intriguing as signaling intermediates with cargo rich in
miRNA molecules.”’ To further explore the mechanisms underlying
stimulation of tendon adhesion by BMDM exosomes, we investigated

exosomal miRNA profiles using high-throughput miRNA
sequencing. Among the identified miRNAs, miR-21-5p, which has
been previously reported to promote fibrogenesis in cardiac tissue*’
and the kidney,”” showed the highest abundance (Figure 6A).
Furthermore, the miR-21-5p presence was significantly increased in
tenocytes and fibroblasts after co-culture with BMDMs; however,

24-hr pre-treatment of BMDMs with GW4869, which inhibited
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exosome production, reduced miR-21 delivery to tenocytes and
fibroblasts (Figures 6B and 6C), indicating that the secretion of
extracellular miRNAs by macrophages occurs mainly through
exosomes.

We also performed in vivo experiments to determine whether peri-
tendinous fibrosis was associated with abnormal miR-21-5p levels
and whether treatment with BMDM exosomes led to miR-21-5p
accumulation in the injured tendon. Our results showed that the level
of miR-21-5p, which was relatively low in tendon cells following SO,
was significantly upregulated in peritendinous fibrotic tissue 21 days
after tendon injury (Figure 6D). Macrophage-depleted TI mice had
decreased miR-21-5p levels in the tendon, which corresponded to
fibrous tissue formation, whereas the treatment of these mice with
BMDM exosomes led to miR-21-5p accumulation in peritendinous
fibrotic tissue (Figure 6E).

Taken together, these results suggest that the delivery of exosomal
miR-21-5p contributes to macrophage communication with teno-
cytes and fibroblasts and may promote peritendinous fibrosis after
tendon injury.

miR-21-5p Promotes Proliferation, Migration, and Fibrotic
Activity of Tendon Cells In Vitro

To define the effect of increased intracellular miR-21-5p on tendon
cells, we transfected fibroblasts and tenocytes with either fluorescently
labeled miR-21-5p mimic or control miRNA termed miRNA-mimic
negative control (NC) (Figures 7A and 7B). Fibroblast and tenocyte
transfection with miR-21-5p mimic produced more than a 90%
efficiency in each cell, and it resulted in significantly increased

120 Molecular Therapy: Nucleic Acids Vol. 14 March 2019

tenocytes revealed a significant upregulation of
proliferation capacity (Figures 7E and 7F) and
migration capacity (Figures 7G and 7H)
compared to control transfection. Furthermore, miR-21-5p transfec-
tion upregulated the expression of COL I, COL III, a-SMA, and
TGF-B1 in fibroblasts and tenocytes, both at the mRNA (Figures
7G and 7H) and protein (Figures 71 and 7J) levels.

These in vitro transfection data support evidence for a pro-fibrogenic
role of miR-21-5p in tendon tissue by showing that an increase in
intracellular miR-21-5p stimulated fibroblasts and tenocytes to
differentiate into myofibroblasts (overexpression of a-SMA) and
overproduce ECM markers and fibrogenic markers.

miR-21-5p Promotes Proliferation, Migration, and Fibrotic
Activity of Tendon Cells by Inhibiting the Expression of Smad7
To explore how miR-21-5p exerts its function in tendon cells, we used
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Ingenuity
Pathway Analysis to predict target genes of miR-21-5p. Then,
Smad7 was identified as a potential target of miR-21-5p, which has
been proven to play an important role in renal fibrosis.** RT-PCR
and western blot were used to investigate how miR-21-5p influences
Smad7. RT-PCR assays revealed that miR-21-5p mimic-transfected
fibroblasts and tenocytes exhibited decreased Smad7 mRNA
levels (Figures 8A and 8B), and western blot assays revealed that
miR-21-5p mimic-transfected fibroblasts and tenocytes displayed
decreased Smad7 protein levels (Figures 7C and 7D) These data
demonstrated that miR-21-5p suppresses Smad7 protein expression
by degrading the corresponding mRNA.

Although the results above revealed that Smad7 was a target of
miR-21-5p, whether miR-21-5p promoted fibrogenesis of tendon
cells via mediating Smad7 expression remains mixed. Therefore,
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we used lentiviral vectors LV-Smad7 to transfect fibroblasts and te-
nocytes that had been transfected with miR-21-5p mimics. Prolif-
eration assay (Figures 8E and 8F) and migration assay (Figures 8G
and 8H) revealed that LV-Smad7 effectively counteracted the in-
crease in proliferation and migration abilities resulting from
miR-21-5p overexpression in fibroblasts and tenocytes. Further-
more, western blot assay results indicated that Smad7 and
ECM protein and fibrosis protein levels were reversed in the
miR-21-5p mimic + LV-Smad7 group relative to miR-21-5p
mimics (Figure 8I).

Collectively, our findings confirmed the hypothesis that miR-21-5p
promotes fibrogensis of tendon cells by inhibiting the expression of
Smad?7. Overall, our results indicate that BMDM exosomes contain-
ing miRNA, such as miR-21-5p, can be transported to the injured
tendons and induce fibrous tissue formation by regulating the func-
tional activity of fibroblasts and tenocytes in response to tendon
injury (Figure 8J).

DISCUSSION

Exosomal miRNAs have emerged as key regulators of multitudinous
cellular processes with fundamental roles in disease and tissue
repair.”>**** In a new era of molecular therapies, miRNA interference
is deemed as a promising approach to treat tendinopathy as well as
other disorders affecting musculoskeletal soft tissues.”® In this study
based on a mouse model of tendon adhesion, we showed that macro-
phage-derived miRNA-containing exosomes had a significant effect
on the development of peritendinous fibrosis. We also revealed a
previously unreported role of exosomal miR-21-5p in the complex
biological processes involved in the formation of tendon adhesion.

Inflammatory macrophages are undoubtedly relevant to tendon dam-
age, and they have recently become increasingly associated with
tendon pathologies.'® It is established that macrophages contribute
to the initiation of tendon pathology by releasing inflammatory
cytokines, such as IL-6 and tumor necrosis factor alpha (TNF-a).**
Surgically induced tendon injury elicited an increase in macrophage
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(A) Heatmap diagram of miRNA content in exosomal cargo, indicating high abundance of miR-21-5p in BMDM exosomes (n = 3 per group). Red, high expression; green, low
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100 pm. *p < 0.05 and **p < 0.01.

122 Molecular Therapy: Nucleic Acids Vol. 14 March 2019



www.moleculartherapy.org

Fibroblasts

Tenocytes

o
<
Q
3
>
Q
<
bl
S
T
£
5|
a

Phalloidin/Cy3/DAPI

miR-mimic NC

miR-21-5p mimic

miR-mimic NC

miR-21-5p mimic

Fibroblasts

miR-mimic NC

miR-21-5p mimic

Tenocytes

miR-mimic NC

miR-21-5p mimic

Fibroblasts

Tenocytes

miR-21-5p mimic

COL | / DAP|

COL |/ DAPI

miR-21-5p mimic
&

COL |ll / DAPI

COL lIl / DAPI

> / 7 W

Figure 7. miR-21-5p Promotes Proliferation, Migration, and Pro-fibrotic Activities of Fibroblasts and Tenocytes In Vitro

(A and B) Representative immunofluorescence images, transfection efficacy, and gPCR of (A) fibroblasts and (B) tenocytes transfected with Cy3-labeled miR-21-5p mimic or
miRNA-mimic NC for 48 hr (n = 5 per group). Scale bars, 100 um. (C and D) Proliferation of (C) fibroblasts and (D) tenocytes (n = 5 per group). (E and F) Migration and
quantification of migrating (E) fibroblasts and (F) tenocytes (n = 5 per group). Scale bars, 100 pum. (G and H) mRNA expression of COL I, COL lll, &-SMA, and TGF-B1 in (G)
fibroblasts and (H) tenocytes (n = 5 per group). (I and J) Representative immunofluorescence images and quantification of COL I, COL Ill, a-SMA, and TGF-B1 protein

Fo .
g
28"
£S5
g5 ™
°5
8%
£2.
]
2
8
£
S &
& &
& &
& *
& bl
& &
&
§|\)
> —— N
§ 7
$
2 s
$
22
%
2
g
= & @
< S
& &
K 2
& +°
& &
&
Fibroblast
- Z -
5
32 -
3 I
g3 5
£s
81
£5 ==
z %o
&
o

o-SMA / DAPI

a-SMA / DAPI

TGFi1/ DAPI

2,
T
2 Y
3
3 g
2 g
2 I3
H
[ 2o
00
g 1% . D
B 1200 _———
@ ¥ —=— 2,
258 s =
g8 3
832 s s
- g
T g
£y = i
& & H
& & <
&\Q' @\Qﬂr
G Fibroblasts
c5
8
2 A 2
2 -
33 % 2
2 u +
F X
1 3
£
2 *
21
M ¢ T ®
]
S T . '
B» N
o v N <R
< & & &
H Tenocytes

Fs

w

- 1.

Relative mRNA expression
o

PR

A

1 ¢ ¥ 3
N N v &
& & o"ﬁ &
TGF-81/ DAPI
30
A
20 oy
,_'A A

-
o

Fibroblasts proliferation

—+ Fibroblasts™R:21:5p mmic

= Fibroblasts™R mmenG

&

S
Timo (hour)

Tenocytes proliferation
- Tenocytes™R215p miric
~+ TenocytesmRmmeNC

o

S S

ke &

Time (hour)

®  miR-mimic NC

4 miR-21-5p mimic

®  miR-mimic NC

4 miR-21-5p mimic

A

&

ko

miR-mimic NC
miR-21-5p mimic

Immunofluoresent Quantitation

Immunofluoresent Quantitation

expression in (|) fibroblasts and (J) tenocytes (n = 8 per group). Scale bars, 50 um. *p < 0.05 and **p < 0.01.

T
» \s
g v AW R
9 & 2 ,\é
2 " & e miR-mimic NC
204 T " . 4 miR-21-5p mimic
- —
15 — A

Molecular Therapy: Nucleic Acids Vol. 14 March 2019


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

o ) Fibroblasts
A _ Flbroblasts c Fibroblasts &
g — miR-mimic-NC miR-21-5p mimic E i —
g%”‘ == Smad7 [We s - S e s6kDa %m {—
e . GAPDH | - — e 37k0a ==
g o . -
& *
Qﬁ\\«\o \"’Q&ﬁ
& &
.
B 2 D Tenocytes z,
gg miR-mimic-NC miR-21-5p mimic 3"
3E g
§§ Smad7  — e—— —— -~ 46kDa 5"
5
£ GAPDH e—— s - - 37(Da
E G Fibroblasts Fibroblast
[E— R . - miR-21-5p mimic
5 Fibiobissis ishicwe miR-mimic-NC miR-21-5p mimic +LV-Smad7
E‘_ '8 *‘_*
H 3
g
g
.
0.
R
Time (hour)
Tenocytes
N . - miR-21-5p mimic
F o wew sz W mRmmeNo mR2iSpmimc  ysnegr
£ S— : \\ < 5;'/ Ay AN Za
5‘_ “W-Sma? i P s 5
2 E
Time (hour) i
! Fibroblasts Tenocytes

COL| amun @R @® g @) @ 130kDa

COLIIl s S W W W 150kDa |

. | — - 42kDa

e

in Fibroblasts

a-SMA — -
TGF-B1 Wy e o B 1402

smad7 W Sl B ee L e s6kDa

.
E

GAPDH o b Gad > emmp e 37kDa 2;
L & ¢ & & & i
¢ & & o & & s
\&\ R R A & R R A z
QJ@ N N N N N D
& & @ & & S
& Sy & Sy
X x

Injured tg

‘tonocyte

Injured tondon  fibroblast

08S

o
pu‘“c“dh\o\-‘s

S

&

Figure 8. miR-21-5p Promotes Proliferation, Migration, and Pro-fibrotic Activities of Fibroblasts and Tenocytes by Targeting Smad7

(A and B) mRNA expression of Smad7 in (A) fibroblasts and (B) tenocytes transfected with miRNA-mimic NC or miR-21-5p mimic (n = 5 per group). (C and D) Western blot
analysis and quantification of the levels of Smad7 expression in (C) fibroblasts and (D) tenocytes transfected with miRNA-mimic NC or miR-21-5p mimic (n = 3 per group).
(E and F) Proliferation of (E) fibroblasts and (F) tenocytes transfected with miRNA-mimic NC, miR-21-5p mimic, or miR-21-5p mimic + LV-Smad7, respectively (n = 5 per
group). (G and H) Migration and quantification of migrating (G) fibroblasts and (H) tenocytes (n = 5 per group). Scale bars, 100 um. (I) Western blot analysis and quantification of
the levels of COL I, COL lll, a-SMA, TGF-B1, and Smad7 expression (n = 3 per group). (J) Proposed schematic diagram of BMDM-derived exosomal miR-21-5p mediating

peritendinous fibrosis after tendon injury. *p < 0.05 and **p < 0.01.

infiltration between 1 and 28 days post-injury in a rat model of
Achilles tendon injury.** Additionally, in one study involving human
tendinopathy, an increasing infiltration of macrophages was observed
in torn supraspinatus tendon.** But, there is no clear picture of the
influence of macrophages on tendon healing. Several researchers
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have reported that macrophage depletion is related to improved
quality of the healing tissue,'”'* while others have reported that
macrophage depletion results in unfavorable healing.'® Moreover,
although macrophages regulate tendon pathology by means of
releasing cytokines or directly migrating to the region, whether there
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are any other regulatory mechanism, such as exosomes, mediating
distant macrophage-tendon cell communication is not known.

To establish the role of macrophages in tendon adhesion in mice, we
used a mouse model where the macrophage is pharmacologically
depleted. Such macrophage-depleted mice have less peritendinous
fibrosis formation around the injured tendon compared with wild-
type littermates. Macrophage-depleted mice restart fibrotic tendon
healing by treatment with bone marrow macrophage-derived exo-
somes. This enabled us to identify exosomes that are derived from
macrophages able to induce the fibrotic healing process. Our data
also suggested that macrophage-derived exosomes could penetrate
the injured tendon independently of infiltrating macrophages them-
selves. The significantly lower abundance of BMDM exosomes in
normal tissues may be attributed to traumatic inflammatory response,
which increases the accumulation of macrophage exosomes to the
injured site.”® In this study, we found that BMDM exosomes promote
the proliferation and migration abilities of tenocytes and fibroblasts
and pro-fibrotic activity around the repaired tendon, suggesting
that BMDM exosomes are important components of the peritendi-
nous microenvironment, where they act as important messengers
mediating intercellular crosstalk.

miRNAs have been shown to regulate tenocyte differentiation and the
development of tendinopathy,””" including collagen expression and
the release of inflammatory mediators."*” Thus, it was shown that
miR-124 inhibited collagen expression of human tendon-derived
stem cells."® Previous studies raise an intriguing possibility that
miRNA targeting could offer a therapeutic approach to tendon injury
repair. The miR-29 family is the most widely studied in regard to
tendon disorders;"***° however, in this study, we provide evidence
of the functional role of a single miRNA, miR-21-5p, in the develop-
ment of tendon adhesion. Several previous reports indicated that the
expression of collagens and other ECM components is controlled by
miR-21,">*"** which in turn is upregulated by TGF-B1 in several
pathological conditions.”*** Although TGF-B1 plays an important
role in mediating the increased expression of miR-21, there are other
yet unknown mechanisms responsible for the increased expression of
miR-21."" In this study, we demonstrated that miR-21a-5p was
significantly enriched in BMDM-derived exosomes and could be
transferred into tenocytes and fibroblasts, which would be then trans-
formed into pro-fibrotic myofibroblasts, as evidenced by the upregu-
lation of a-SMA expression. Thus, our data broaden the perspective
of the mechanism of miR-21-5p overexpression in tendon, and they
reveal that exosomal miR-21-5p acts as a critical inducer of pro-
fibrotic protein expression in peritendinous fibrosis.

To further investigate the mechanisms underlying miR-21-5p-
induced fibrogenesis in tenocytes, we chose Smad7 as a candidate
gene because of its close involvement in inflammation and
fibrosis.”>**%>! Previous studies have demonstrated that TGF-B1/
SMAD signaling contributes to the formation of adhesions around
healing digital flexor tendons”™* and that blocking of the TGF-B1
pathway could prevent the formation of tendon adhesions.”® Our

transfection data revealed that BMDM exosomes containing mostly
miR-21-5p reduced Smad7 expression, suggesting that exosomal
miR-21-5p could activate the TGF-P1 pathway in tendon by reducing
Smad7 expression.

This study had some limitations. We investigated the formation of
flexor tendon adhesions using a mouse model. Although the anatomy
of the mouse hind paw is similar to that of zone II in the human
hand,” the proposed pathway should be validated in human tissue
samples. Beside, we evaluated animals at 3 weeks after surgery accord-
ing to our previous study of tendon adhesion, which may be a rela-
tively short monitoring period.

In summary, this study demonstrated a novel mechanism underlying
macrophage-stromal cell communication, and it disclosed a new role
of macrophage-derived exosomes in tendon adhesion. These data
have multiple implications and may open new directions in clinical
research. First, we suggest that targeting this mode of macrophage-
tenocyte and -fibroblast communication may be a promising thera-
peutic strategy, providing an alternative to current treatments of
traumatic tendon adhesion, which have limited efficacy. Second,
specific components of exosomal cargo could be investigated as tar-
gets, including miR-21-5p and other molecules. Finally, a possibility
of using macrophage-derived exosomes to deliver therapeutic agents
in a tissue-specific manner may provide a potential treatment
approach with limited side effects. As fibrogenesis is closely related
to inflammation, it will be interesting to determine whether exosomes
produced by other immune cells, such as T cells, innate lymphoid
cells, basophils, and eosinophils, could regulate fibrosis during tendon
repair.

MATERIALS AND METHODS

Animals and Macrophage Depletion

Animal protocols were approved by the Animal Research Committee
of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital,
and all procedures were performed according to the NIH Guidelines
for the Care and Use of Laboratory Animals.

Clo-Lipo or PBS-Lipo (http://www.clodronateliposomes.org) were
applied as previously described.'>'* Briefly, 2 days prior to tendon
surgery, 6- to 8-week-old male C57BL/6 mice were administered
1.33 mL/100 g Clo-Lipo or PBS-Lipo by intraperitoneal (i.p.) injection,
and an additional 100 pL Clo-Lipo was injected directly into the tendon
at the time of surgery. Animals then received weekly injections of the
same dose (1.33 mL/100 g, i.p.) until the end of the experiment.

Flexor Tendon Surgery

Mice underwent complete transection and repair of the FDL tendon
in the right hind paw as previously reported.®** Briefly, animals were
anesthetized by an i.p. injection of 4 mg/kg xylazine and 60 mg/kg
ketamine. After preparation of the surgical site, the FDL was surgi-
cally transected in the transverse plane at the myotendinous junction
of the calf to protect the repair site from high strain, and the skin was
closed by 6-0 nylon running sutures (Ethicon, Edinburgh, UK). Then,
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a 2-cm incision was made on the posterior surface of the hind paw,
and soft tissue was retracted to identify the FDL, which was
completely transected using micro-scissors and then repaired using
8-0 prolene sutures (Ethicon, Edinburgh, UK) in a modified Kessler
pattern. The skin was closed with 6-0 nylon running sutures. Sham
operation was performed on the control side using the same anes-
thesia and exposure protocol. However, the FDL tendon was undam-
aged after isolating it. All mice were returned to their cages and
allowed free active motion and weight bearing following recovery
from anesthesia. Mice were sacrificed 21 days after FDL tendon repair
and used for analysis.

Macroscopic Evaluation

Macroscopic evaluation was performed in five mice from each group,
and peritendinous adhesions were assessed by three independent
observers according to the adhesion grading system:*’ grade 1, no
adhesion; grade 2, adhesion can be separated by blunt dissection
alone; grade 3, sharp dissection is required to separate less than or
equal to 50% of the adhesion area; grade 4, sharp dissection is
required to separate 51%-97.5% of the adhesion area; and grade 5,
sharp dissection is required to separate more than 97.5% of the adhe-
sion area.

Histological Evaluation

Mice were sacrificed and skin and excess soft tissue were removed at
the mild-tibbia, whereas skin on the sole of the foot remained intact so
as not to disturb the repair site. Specimens were fixed for 24 hr in 4%
paraformaldehyde (PFA) buffered with PBS and then decalcified in
Plank-Rychlo decalcifying fluid for 14 days at room temperature. Af-
ter dehydration in a graded series of ethanol and embedment in
paraffin, 4-um sagittal slices were cut and stained with H&E and Mas-
son’s trichrome.

Histological evaluation was performed in five specimens from each
group according to the histological scoring system.*” Histologic ad-
hesions were assessed as follows: grade 1, no adhesions; grade 2,
mild (<33% of the tendon surface); grade 3, moderate (33%-66% of
the tendon surface); and grade 4, severe (>66% of the tendon surface).

Histologic tendon healing was assessed as follows:*” grade 1, good
tendon continuity and smooth epitenon surface (excellent); grade 2,
intratendinous collagen bundles exhibited good repair, but the epite-
non was interrupted by adhesions (good); grade 3, irregularly ar-
ranged and partly broken intratendinous collagen bundles (fair);
and grade 4, failed healing or massive overgrowth of granulation tis-
sue (poor).

The sections were observed under light microscopy (Leica DM 4000
B) by two independent observers blinded to the experimental groups.

Gliding Function Testing

Following sacrifice, the lower hind limb was detached at the knee, and
the proximal FDL tendon along the tibia was isolated proximal to the
tarsal tunnel without disrupting the skin at the ankle or foot. The
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proximal end of the tendon was secured using cyanoacrylate between
two pieces of tape, as previously described.”*>” Briefly, the tibia was
rigidly gripped, and the FDL tendon was incrementally loaded with
small weights from 0 to 19 g; then digital images were taken at each
load. The flexion angle of the MTP joint was measured from the dig-
ital images by two independent observers using Image] software.

Biomechanical Analysis

Following gliding assessment, the tibia was removed at the ankle and
the toes and proximal section of the FDL in the tape were mounted on
the Instron 8841 DynaMight axial servohydraulic testing system (Ins-
tron) using a custom grip, as previously described.”® The tendons
were tested in tension at a rate of 30 mm/min until failure.

Western Blotting Analysis

The tissue proteins were extracted from healing tendons at
21 days post-surgery. Proteins were extracted from the repair site
and 1-2 mm of native tendon on both sides of the repair.

The proteins extracted from cells, tissues, and exosomes were sepa-
rated by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore). Membranes were post-blocked
with 5% fat-free dried milk in Tris-buffered saline for 2 hr at room
temperature (RT), and they were incubated at 4°C overnight with
the following: anti-CD9 (1:1,000, Abcam, ab92726), anti-CD63
(1:1,000, Abcam, ab217345), anti-TSG101 (1:1,000, Abcam,
ab125011), anti-ALIX (1:1,000, Abcam, ab117600), anti-CD68
(1:1,000, Abcam, ab125212), anti-COL I (1:1,000, Abcam, ab34710),
anti-COL IIT (1:1,000, Novus Biologicals, NBP1-05119), anti-
a-SMA (1:1,000, Abcam, ab5694), anti-TGF-B1 (1:1,000, Abcam,
ab64715), anti-SMAD 7 (1:1,000, Santa Cruz Biotechnology, sc-
365846), anti-B-actin (1:1,000, Abcam, ab8226), and anti-GAPDH
(1:1,000, Abcam, ab8245) antibodies. Membranes were post-incu-
bated with horseradish peroxidase (HRP)-conjugated anti-mouse or
anti-rabbit immunoglobulin G (IgG) at RT for 2 hr after washing
with Tris-buffered saline Tween (TBST) buffer three times, and
then they were washed with TBST buffer three times again. Bands
were scanned using enhanced chemiluminescence (ECL) detection
system, and quantification was performed using ImageJ software.

Cell Culture

The NIH 3T3 fibroblast cell line was purchased from Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai Institute of Cell Biology) and cultured in DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco).

Tenocytes were harvested from murine superficial flexor tendons as
previously reported.® Briefly, pieces of the tendons were digested
with 0.15% collagenase NB4 (SERVA Electrophoresis, Heidelberg,
Germany) for 2 hr at 37°C, then the mixture was filtered through a
cell mesh (Corning). After centrifugation at 300 x g for 5 min, the
cell pellet was resuspended in DMEM containing 10% FBS (Gibco)
and 1% penicillin-streptomycin.
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BMDMs were isolated from the femurs and tibias of adult mice as
described previously.”” Tibias were flushed, and bone marrow cells
were seeded into 10-cm” tissue culture plates and cultured in alpha
MEM (minimum essential medium - alpha modification; Gibco) con-
taining 10% FBS and 1% penicillin-streptomycin, supplemented with
macrophage colony-stimulating factor (M-CSF) 10* U ml ™" for 24 hr.
Then BMDMs were cultured in alpha MEM containing 10% exo-
some-free FBS (SBI) to produce exosomes.

Exosome Purification, Characterization, and Labeling

After 72-hr macrophage culture, debris and dead cells in the medium
were removed by centrifugation at 1,000 x g for 10 min and then
filtered through a 0.2-mm filter. The medium was then subjected to
ultracentrifugation at 100,000 x g for 4-6 hr at 4°C. After washing
with PBS (100,000 x g for 20 min), the Exo-containing pellet was re-
suspended in PBS.

For electron microscopy, exosomes were fixed with 2% PFA and
loaded on Formvar and carbon-coated copper grids. Then the grids
were placed on 2% gelatin at 37°C for 20 min, rinsed with 0.15 M
glycine and PBS, and the sections were blocked using 1% cold water
fish-skin gelatin. Grids were viewed with an FEI Tecnai G2 spirit
transmission electron microscope (FEI) and photographed using an
AMT CCD camera (Advanced Microscopy Techniques).

Exosome particle size and concentration was determined using NTA
with ZetaView PMX 120 (Particle Metrix).

To track exosomes, they were labeled with fluorescent dye using the
PKH67 fluorescent cell linker kit (Sigma-Aldrich), according to the
manufacturer’s instructions. After labeling, the exosomes were
washed in PBS and collected by ultracentrifugation (100,000 x g
for 20 min) at 4°C. Then, PKH67-labeled exosomes were resuspended
in PBS.

Exosome Treatment In Vitro and In Vivo
For in vitro assays, 2 pg exosomes (on the basis of protein measure-
ment) were added to 1 x 10° recipient cells.””

As a previous study has shown that the quantity of circulating
exosomes in mice is approximately 20 pug/mouse,”*>* for in vivo treat-
ment, 20 pg exosomes was transferred into recipient mice every
3 days via tail vein injection. Empty liposomes (FormuMax Scientific)
were used in the control experiment.

Cell Proliferation

Cell proliferation was detected with Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies) according to the manufacturer’s
instructions. Briefly, cells were plated into 96-well plates at an initial
density of 5,000 cells/well and cultured for 12 hr. 12 hr later, the
medium was removed, followed by the addition of 100 pL fresh
medium with 2 pg exosomes contained. At the 24, 36, 48, and
72 hr of incubation time points, 10 pL CCK-8 solution was added, fol-
lowed by incubation in the dark for 3 hr. Absorbance at 450 nm was

then measured using a spectrophotometric microplate reader
(Bio-Rad 680). The optical density (OD) of the test wells minus the
absorbance of the blank wells represented the proliferation of cells.

Cell Migration Assay

For the migration assay, 5 x 10* NIH 3T3 cells and tenocytes were
plated in 24-well transwell plates with 8-pum inserts (Corning Life
Science, Armonk, NY). The medium in inserts was free of FBS,
whereas the medium out was supplemented with 10% FBS. For de-
tecting exosome function, equal quantities of BMDM-derived
exosomes were added into the inserts. After 24 hr of culture, cells
were then stained with 0.1% crystal violet for 30 min, and non-
migrating cells were removed. Representative fields were photo-
graphed and the number of migrated cells per field was counted.

Real-Time gPCR

Total RNA from cells and exosomes was extracted using the TRIzol
reagent (Invitrogen), and complementary DNA was synthesized
with a Reverse Transcription system (Toyobo) according to the man-
ufacturer’s instructions. PCR reactions were performed by a 7500
Realtime PCR System (Applied Biosystems). Expression data were
uniformly normalized to the internal control U6, and the relative
expression was calculated with the equation 2", The primer
sequences used were as follows:

Col I primers: forward 5'-CCTCAGGGTATTGCTGGACAAC-3/,
reverse 5'-CAGAAGGACCTTGTTTGCCAGG-3/;

Col 1I primers: forward 5'-AGCCACCTTGGTCAGTCCTA-3,
reverse 5-GTGTAGAAGGCTGTGGGCAT-3/;

o-SMA primers: forward 5-ACCATGAAGATCAAGATCATT
GC-3/, reverse 5'-TGTGTGCTAGAGGCAGAGC-3';

TGF-B1 primers: forward 5'-CAATTCCTGGCGATACCTCAG-3/,
reverse 5'-GCACAACTCCGGTGACATCAA-3;

Smad7 primers: forward 5'-GCTCCCATCCTGTGTGTTAA-3,
reverse 5-TAGGTGTCAGCCTAGGATGGT-3';

B-actin primers: forward 5'-GCATCGTCACCAACTGGGAC-3/,
reverse 5'-ACCTGGCCGTCAGGCAGCTC-3';

mmu-miR-21a-5p: 5'-UAGCUUAUCAGACUGAUGUUGA-3/;
and

U6 primers: forward 5'-CTCGCTTCGGCAGCACA-3/, reverse
5'-AACGCTTCACGAATTTGCGT-3'.

Frozen Sectioning and Immunofluorescence Staining
Frozen sections from samples were prepared for immunofluorescence
analyses.

Hind limbs were removed as above for harvested repaired tendon site.
Heart, lungs, liver, spleen, kidney, muscle, adipose tissue, and both
FDL tendons were obtained for frozen section. Tissues were fixed
in PFA for 24 hr at 4°C, and they were processed in 30% sucrose
(in PBS) for 24 hr prior to embedding in Cryomatrix (Thermo Fisher
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Scientific, Waltham, MA). 10-um serial sagittal sections were cut. The
primary antibody used in this study was anti-F4/80 (1:200, Abcam,
ab6640). Slides were observed with an Olympus fluorescent micro-
scope, and images were captured using an Olympus soft image viewer.

In Situ Hybridization

Freshly frozen tendon tissue was sectioned at 10-um thickness using a
cryostat (Leica, London, UK) and then mounted onto Superfrost Plus
slides. Cryosections were fixed in 4% PFA and treated with proteinase
K. The sections were acetylated with triethanolamine, acetic anhy-
dride, and HCI and pre-hybridized in 50% formamide, 5% saline
sodium citrate, yeast tRNA, and 1x Denhardt’s solution prior to
hybridization with a carboxyfluorescein (FAM)-labeled probe com-
plementary to mouse miR-21 (LNA miRCURY probe, Exiqon,
339111YD). The probe sequence for miR-21 was 5-TCAACAT
CAGTCTGATAAGCTA-3'.

Small RNA Deep Sequencing

Library preparation and miRNA sequencing were performed by
Ribobio. Briefly, total RNA from exosomes was fractionated, and
only small RNAs ranging from 18 to 30 nt were used for library prep-
aration. After amplification by PCR, the products were sequenced
using the Illumina HiSeq 2500 platform (San Diego, CA). Sequencing
data supporting these studies can be found at Gene Expression
Omnibus: GSE122472.

miRNA Mimic Transfection

Fibroblasts or tenocytes (5 x 10°/well) were transfected with Cy3-
labeled miR-21-5p mimic or control mimic (100 nmol; Ribobio,
Guangzhou, China) using Lipofectamine 2000 Transfection Reagent
(Invitrogen). After being cultured for 48 hr at 37°C, transfected cells
were fixed with PFA for 20 min, washed, stained with Alexa Fluor 488
Phalloidin (Invitrogen), and coverslipped in Vectashield mounting
medium with DAPI Transfection efficiency (%) after 48 hr was
examined using a previously reported formula:** transfection efficacy
(E) = [(E/D] x 100]/Xp, where D represents the number of cells used;
E is the number of phalloidine cells expressing cy3-labeled miR-21-5p
mimic or miRNA-mimic NC; and Xp, is the proliferation coefficient,
which is the ratio of the number of cells on the coverslips on analysis
day to those counted on transfection day.

Lentivirus Infection

The LV-Smad7 was constructed by lentiviral vectors (GenePharma,
Shanghai, China). Cell transfection was executed according to the
protocol provided by the supplier. Briefly, cells were incubated in
retroviral supernatant with 5 pg/mL polybrene for 24 hr. At 48 hr
after infection, cells were selected with 2.5 pg/mL puromycin
(Sigma-Aldrich) in culture medium.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7.0
(GraphPad, La Jolla, CA, USA). Data are expressed as mean + SD.
The statistical significance of the differences between various groups
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was calculated with Student’s t tests or chi-square tests, as appro-
priate. p values less than 0.05 were considered statistically significant.
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