Molecular Therapy

Methods & Clinical Development
Original Article

Amelioration of experimental tendinopathy
by lentiviral CD44 gene therapy targeting
senescence-associated secretory phenotypes

Shih-Yao Chen,"!'? I-Ming Jou,>*!* Po-Yen Ko,*° Kai-Lan Hsu,*> Wei-Ren Su,° Li-Chieh Kuo,”* Pei-Yuan Lee,*'°
Chao—Liang Wu,!b12 and Po—Ting Wu5:6:8.11

!Department of Nursing, College of Nursing, Chung Hwa University of Medical Technology, Tainan 71703, Taiwan; 2Department of Orthopaedics, E-Da Hospital, Kaoh-
siung 82445, Taiwan; 3School of Medicine, College of Medicine, I-Shou University, Kaohsiung 82445, Taiwan; “Department of Orthopaedics, National Cheng Kung
University Hospital, College of Medicine, National Cheng Kung University, Tainan 70403, Taiwan; Department of Biomedical Engineering, National Cheng Kung
University, Tainan 70101, Taiwan; ®Department of Orthopaedics, College of Medicine, National Cheng Kung University, Tainan 70101, Taiwan; “Department of
Occupational Therapy, National Cheng Kung University, Tainan 70101, Taiwan; 8Medical Device Innovation Center, National Cheng Kung University, Tainan 70101,
Taiwan; °Department of Orthopaedic Surgery, Show Chwan Memorial Hospital, Changhua 50544, Taiwan; 1°College of Nursing and Health Sciences, Da-Yeh
University, Changhua 51500, Taiwan; !'Department of Biochemistry and Molecular Biology, College of Medicine, National Cheng Kung University, Tainan 70101,

Taiwan; 2Department of Medical Research, Ditmanson Medical Foundation Chia-Yi Christian Hospital, Chiayi 60002, Taiwan

CD44 exerts anti-senescence effects in many disease models.
We examined senescence in tendinopathy and the effect
of CD44 on senescence-associated secretory phenotypes
(SASPs). Senescent markers were determined in human tendi-
nopathic long head of bicep (LHB) and normal hamstring
tendons. CD44 gene transfer in rat tendinopathic tenocytes
stimulated with interleukin (IL)-1B and a rat Achilles tendin-
opathy model were performed using lentiviral vectors. Expres-
sion levels of p53, p21, and pl6 and senescence-associated
B-galactosidase (SA-B-gal) activity were positively correlated
with the severity of human tendinopathy and were higher in
rat and human tendinopathic tenocytes than in normal con-
trols. CD44 overexpressed tenocyte transfectants exhibited
reduced levels of IL-6, matrix metalloproteinases (MMPs), cy-
clooxygenase (COX)-2, p53, p21, pl6, SA-B-gal, and phos-
pho-nuclear factor (NF)-kB, whereas their collagen type I alpha
1 (COL1A1) and tenomodulin (tnmd) levels were increased
when compared with control transfectants under IL-13-stimu-
lated conditions. In the animal model, CD44 overexpression
lowered the ultrasound and histology scores and expression
levels of the senescent and SASP markers COX-2 and phos-
pho-NF-kB. Bromodeoxyuridine (BrdU)- and tnmd-positive
cell numbers were increased in the LVCD44-transduced tendi-
nopathic tendons. Senescence is positively correlated with ten-
dinopathic severity, and CD44 overexpression may protect the
tendinopathic tendons from SASPs via anti-inflammation and
maintenance of extracellular matrix homeostasis.

INTRODUCTION

The exact pathophysiology of tendinopathy remains unclear and has
been attributed to multiple factors, including mechanical overuse,’'
chronic inflammation,” and aging.’ Cell senescence is an irreversible

process in which cell-cycle arrest is attributed to the activation of
p16INK4a or p53/p21cip stress-responsive signaling pathways.* Se-
nescent cells have particular characteristics, such as excess secretion
of matrix-degrading enzymes and pro-inflammatory cytokines,™
designated senescence-associated secretory phenotypes (SASPs)*
and expression of lysosomal senescence-associated [-galactosidase
(SA-B-gal).” Interestingly, many of these SASP cytokines and en-
zymes, including interleukin (IL)-6 and matrix metalloproteinase
(MMP)-1 and -3, are implicated in the pathogenesis of tendinop-
athy.*” IL-1B, one of the main initiators of tendinopathy, induces
IL-6, IL-1PB, cyclooxygenase (COX)-2, and MMP-1, -3, and -13
gene expression in human tendon cells and reduces the expression
levels of tenomodulin (tnmd) and type 1 and 3 collagen in injured
tendon-derived cells."®"" Furthermore, IL-1p and dexamethasone,
two factors that contribute to tendinopathy, have been shown to in-
crease human tenocyte senescence, either alone or in combination.'”
Therefore, our first hypothesis was that senescence is positively corre-
lated with the progression of tendinopathy.

CD44 is a principal cell-surface receptor for hyaluronan (HA), which
is the major component of almost all types of mammalian extracel-
lular matrix (ECM)."* At present, the cellular and molecular mecha-
nisms underlying CD44-related cell senescence in tendinopathy
remain elusive. HA-mediated CD44 signaling pathways have been
shown to promote keratinocyte proliferation and migration, cell-cell
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adhesion, and differentiation in aged epidermis.'* A cancer-related
study further pointed out that HA triggers anti-senescence signals
through CD44 in human leukemic cell lines."” Our previous studies
showed that CD44 mediated HA-induced downregulation of
MMP-1 and -3 expression in IL-1B-stimulated tenocytes and that in-
hibition of the CD44 pathway using an antagonizing antibody
induced pro-inflammatory cytokine and MMP expression in rat ten-
dinopathic tenocytes.'®'” Therefore, our second hypothesis was that
CD44 protects tenocytes from cell senescence under tendinopathic
conditions.

Two specific aims were set to prove the hypotheses: (1) to investigate
senescence in tendinopathy and (2) to examine the role of CD44 in
SASPs in tendinopathy models. A lentivirus-based gene regulatory
system for CD44 overexpression was used. Our results showed that
senescence was positively correlated with the severity of tendinop-
athy, and CD44 overexpression could protect tendinopathic tendons
from SASPs in concert with anti-inflammation and maintenance of
ECM homeostasis.

RESULTS

Cellular senescence in human tendons

Our previous study revealed that CD44 expression was positively
correlated with the histological grade of tendinopathy.'® To examine
the role of cellular senescence and create a correlation with CD44 dur-
ing disease progression, we detected SA-B-gal activity and expression,
as well as several senescent markers in normal hamstrings (5 men and
5 women; median age: 28 years; mean + standard error of the mean
[SEM]: 30.1 + 3.2) and tendinopathic long head of bicep (LHB) ten-
dons (3 men and 9 women; median age: 70 years; mean + SEM: 67.8 +
2.1). All histological sections in the hamstring had normal grades, and
the sections in LHB had moderate to severe tendinopathy grades. Se-
nescent phenotypes were observed in the tendinopathic tendon
compared with the normal grade areas (Figure 1A). The expression
of senescent markers, including p53, p21, pl6, and SA-B-gal, was
strongly correlated with tendinopathy severity (r > 0.8, p < 0.0001;
Figure 1B). Furthermore, higher SA-B-gal activity was observed in
tendinopathic LHB tendons than in normal hamstring tendons
(Figure 1C).

Cellular senescence in human and rat tendinopathic tenocytes

Rat primary tendinopathic tenocytes were collected from Achilles
tendons treated with collagenase for 1 week, as described previously.'®
Human primary tenocytes were isolated from normal hamstring and
tendinopathic LHB tendons. In human LHB tenocytes, SA-gal-posi-
tive cells and the expression of p53, p16, and p21 were significantly
higher than those in normal hamstring tendons (Figure 1D). As pub-
lished previously,'® we established a cell model in which tenocytes
were isolated from Achilles tendons of Sprague-Dawley rats and
treated (T) or untreated (Un) with an intratendinous injection of
collagenase I for 1 week. In treated tenocytes, SA-B-gal-positive cells
(Figure 2A) and the expression of p53, p16, and p21 were significantly
higher than in untreated control tenocytes, as determined by immu-
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noblotting and quantitative reverse transcription polymerase chain
reaction (QRT-PCR) (Figures 2B and 2C).

Overexpression of CD44 by lentiviral vectors in vitro reduces the
SASPs in rat tendinopathic tenocytes

Rat tendinopathic tenocytes were transduced with lentiviral vectors
expressing CD44 (LVCD44) to detect alterations in SASPs. Tenocyte
transfectants in which CD44 was overexpressed displayed decreased
protein levels of p53, p21, pl6, MMP-1 and -3, COX-2, and phos-
pho-NF-kB/NF-kB, whereas their collagen type I alpha 1
(COL1A1) and tnmd levels were increased when compared with con-
trol transfectants (LVSin) under IL-1(3-stimulated conditions, as
determined by immunoblotting (Figure 3A). Furthermore, mRNA
levels of IL-6, MMP-1, and COX-2 were lower, whereas tnmd and
COL1AL1 levels were higher, in LVCD44-transduced tenocyte trans-
fectants than in their LVSin-transduced counterparts in response to
IL-1PB stimulation (Figure 3D). The levels of IL-6 in the supernatant
of LVCD44-transduced tenocyte transfectants were lower than those
in LVSin-transduced control transfectants (Figure 3B). Furthermore,
these transfectants exhibited reduced SA-B-gal activity in response to
IL-1B stimulation (Figure 3C).

Overexpression of CD44 by lentiviral vectors in vivo reduces the
SASPs and clinical signs in a rat tendinopathy model

Figure 4A shows the experimental procedures used in the animal
study. We showed that CD44 levels were overexpressed in the rat
Achilles tendons receiving LVCD44 injection compared with LVSin
7 days later (Figure 4B). The expression of virus-borne CD44 could
hardly be detected in the LVCD44-treated tendons compared with
their LVSin-injected counterparts 14 days after injection (data not
shown). Therefore, three consecutive injections at 2-week intervals
were administered in our animal experiments (Figure 4A). Eight
weeks after collagenase injection, hallmarks of tendinopathy,
including neovascularization and calcification, were observed in
both the LVCD44 and LVSin groups (Figure 5A). However, the
LVCD44-injected tendinopathic tendons had significantly lower
scores for ultrasound features, including echogenicity, neovasculari-
zation, and calcification, than the LVSin-injected control tendons
(p < 0.05; Figure 5A). LVCD44-treated tendons had significantly
lower histological scores than their LVSin-treated counterparts
(p < 0.05; Figure 5B). To assess whether the amelioration of tendin-
opathy was associated with senescence, inflammation, and SASPs,
cell proliferation and the various markers depicted in Figure 3 were
analyzed by immunohistochemistry and immunoblotting. Increased
tnmd expression and BrdU-positive cells were observed in
LVCD44-injected tendinopathic tendons (Figure 5B). The in vivo
protein levels of MMP-1 and -3, COX-2, p-NF-kB, IL-6, SA-B-gal,
P53, and p21 were significantly lower in the LVCD44 group than in
the LVSin group (Figure 5C). Notably, the molecular weight of SA-
B-gal is approximately 64 kDa, as proposed by Lee et al.” COLIA1
expression was significantly higher in the LVCD44 group than in
the control group. p16 expression remained unchanged between the
two groups (Figure 5C). Taken together, these results indicated that
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Figure 1. Expression levels of p21, p53, and p16 in tendon tissues of normal hamstring (Ham) tendon during anterior cruciate ligament reconstruction and
long head of bicep (LHB) with tendinopathic changes during surgical intervention

(A and B) Representative figures of hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining for senescence-associated B-galactosidase (SA-B-gal), p53, p21,
and p16 in tendon tissues of normal Ham (n = 10) and LHB (n = 12) tendons with tendinopathic changes (moderate to severe) during surgical intervention. Scale bars
represent 20 um in x 400 magnifications. Arrow heads indicate positive cells. (B) Harvested tissues from Ham, moderate, and severe LHB were subjected to IHC staining, and
the p53-, p21-, p16-, and SA-B-gal-positive cells were counted and normalized with hematoxylin-counterstained total cells. Values are represented as the mean + standard
error of the mean (SEM). Spearman correlation rank test was used. (C) Representative figures of SA-B-gal activity in human tendon tissues from the normal Ham and LHB
tendons. 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) was used for nuclear staining. Arrow heads indicate SA-B-gal and DAPI double-positive cells. Scale bars
represent 20 pm in x400 magnifications. The blue-boxed areas are higher-magnification views of the red-boxed areas. (D) Representative figures of immunoblotting for p53,
p21, and p16 expression levels (n = 2) and SA-B-gal activity (n = 1) in tenocytes from Ham and LHB tendons. Results are representative of at least two independent ex-

periments. Scale bars represent 200 um in x40 magnifications.

CD44 plays a protective role in tendinopathy by modulating senes-
cence, inflammation, and ECM homeostasis.

DISCUSSION

In this study, we demonstrated that cellular senescence was positively
correlated with the severity of tendinopathy in human tendons and
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was more evident in primary rat and human tendinopathic tenocytes
than in controls. CD44 overexpression by a lentivirus-based gene
transfer strategy showed a senolytic effect on rat tendinopathic teno-
cytes. Overexpression of CD44 in vivo ameliorates experimental ten-
dinopathy. Various senescence-related markers, including p53, p21,
pl6, SA-B-gal, and IL-6, were downregulated in IL-1B-stimulated
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Figure 2. Expression levels of CD44, P21, p53, p16, and SA-B-gal activity in rat primary tenocytes

Tenocytes were isolated from the Achilles tendons of Sprague-Dawley rats treated (T) or untreated (Un) with intratendinous injection of collagenase | (10 lambda/rat,
1.5 mg/lambda) for 1 week. (A) Primary tenocytes were subjected to SA-B-gal activity assay. The black arrows indicate SA-B-gal-positive cells. Scale bars represent 50 pm in
x 100 magnifications. SA-B-gal-positive cells were counted and quantitated (n = 3). (B) Expression levels of p53, p21, and p16 were determined via immunoblotting. (C)
Expression levels of p53 (n = 5), p21 (n = 6), and p16 (n = 6) were determined via quantitative reverse transcriptase polymerase chain reaction (QRT-PCR). Values are
represented as the mean + SEM. The between-the-group differences were assessed using the Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001. Results are representative

of at least two independent experiments.

tenocytes and rat tendinopathic tendons receiving CD44 gene trans-
fer. Anti-inflammation (phospho-NF-«B and COX-2), cell prolifera-
tion (BrdU), and ECM homeostasis (MMP-1 and -3, COL1A1, and
tnmd) were also observed in the present experimental settings
(Figure 6).

Altered cell fate in senescent tendon-derived stem cells (TDSCs) has
been well documented before.'®'? TDSCs isolated from collagenase-
treated rat patellar tendons have lower proliferation potential and
higher cellular senescence compared with those from healthy ten-
dons, which might also contribute to pathological chondro-ossifica-
tion and failed tendon healing.'® We correlated these results with
our findings that chondrocyte-like cells presented in the severe histo-
logical grade expressed a higher proportion of senescent markers in
the tendinopathic LHB tendons (Figures 1A and 1B) and that the T
tenocytes had a higher SA-B-gal-positive cell ratio and expression
levels of p53, pl6, and p21 than the Un tenocytes (Figure 2). In
aged rat TDSCs, the expression of tendon lineage markers was
decreased, whereas adipocytic differentiation and CD44 expression
were increased,'” indicating a critical role of CD44 in the regulation

of altered cell fate during the aging process. Aged TDSCs altered their
cell fate toward chondrocyte or adipocytic differentiation,'®'”
showed that lentiviral transduction of CD44 ameliorated senescence
in tenocytes, implying that cell fate might be altered toward tenocyte
differentiation in TDSCs transduced with LVCD44 from a tendino-
pathic environment. Interestingly, increased CD44 expression levels
were positively correlated with the histopathological grade of tendin-
opathy, whereas various SASP-associated markers, including IL-6
and MMP-1 and -3, also increased in primary tenocytes after CD44
inhibition, as shown in our previous study.16 Furthermore, tnmd
knockout (KO) TDSCs exhibit senescence properties and reduced
proliferative potential, and KO mice can also exhibit significant het-
erotopic ossification during Achilles tendon repair.”””" These find-
ings raise the possibility that CD44 might protect tendinopathic ten-
dons from cellular senescence and decrease their disease activity by
increasing tnmd expression, as demonstrated in our findings (Fig-
ures 3 and 5).

and we

NEF-kB is a critical regulator of cellular senescence. For example, reac-
tive oxygen species (ROS) can cause cell senescence by activating the
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Figure 3. Expression levels of CD44, matrix degrading enzymes, inflammatory mediators, extracellular matrix (ECM)-related molecules, and senescent
markers in LVCD44-transduced rat primary tenocytes

(A) Immunoblotting for CD44, matrix metalloproteinase-1 (MMP)-1 and -3, cyclooxygenase-2 (COX-2), phospho-nuclear factor-kB (p-NF-kB), NF-«kB, collagen type | alpha 1
(COL1A1), tenomodulin (tnmd), p53, p21, and p16 expression levels in LVSin- (the control vector), and LVCD44-transduced tenocytes. LVCD44- and LVSin-transduced
tenocytes were stimulated with IL-1p (10 ng/mL) or left unstimulated for 5 days (except for phospho-NF-«B, which was stimulated for 30 min). (B) Supernatant was isolated

(legend continued on next page)
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Figure 4. Determination of infectivity of LVCD44 in rat

tendons via immunoblotting

(A) Schematic representation of the procedures used for

animal experiments. Three days after collagenase injection
56 into rat Achilles tendons, three consecutive intratendinous
injections of LVSin or LVCD44 (4x107 lentiviral particles)

LVSin LVSin
LVCD44injection LVCD44injection

Collagenase
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LVSin
LVCD44injection

CD44

0.00

0.23 : 1
B-actin f SN —
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NF-«B signaling, which results in pro-inflammatory SASPs in fibro-
blasts that secrete cytokines IL-6 and IL-8.”” Indoxyl sulfate-induced
cellular senescence in proximal tubular cells can also occur through
the NF-kB signaling and induce p53 and p21 expression, as well as
increase SA-B-gal activity.”> Blocking COX-2 activity by a selective
inhibitor in stress-induced senescent fibroblasts provided an NF-
kB-dependent manner.”* In aged skin fibroblasts, COLIAI gene
expression is downregulated by NF-kB-mediated transcriptional
repression.”> According to our findings, IL-1B upregulated the
expression of matrix-degrading enzymes (MMP-1 and -3), inflamma-
tory mediators (phospho-NF-«B, IL-6, and COX-2), and senescent
markers (p53, p21, and pl16), and these effects were abrogated in
LVCD44-transduced tendinopathic tenocytes (Figure 3A). In
contrast, tenocytes in which CD44 was overexpressed had higher
expression of COL1Al than the control vector-treated cells in
response to IL-1PB stimulation (Figure 3A), indicating that the
CD44 signaling pathway targeting NF-kB-mediated cell senescence
is closely related to tendon healing.

The pathogenesis of tendinopathy resembles osteoarthritis (OA) in
many aspects, including IL-1B being a disease initiator that induces
the expression of matrix-degrading enzymes and reduces ECM pro-
duction.'™"" OA chondrocytes from patients who underwent knee
arthroplasty revealed increased SA-B-gal activity’® and p16 expres-
sion.”” Gao et al. reported that SA-B-gal expression was positively
correlated with disease severity in knee OA patients.”® Therefore,

Ultrasound
examination
and sacrifice

into their Achilles tendons in a 2-week interval were given
according to the group names. Eight weeks after collage-
nase injection, the rats received ultrasound examination
and were sacrificed for further histologic examination and
immunoblotting analysis. (B) CD44 expression levels in the
rat Achilles tendon receiving intratendinous injection of
LVSin and LVCD44 for 7 days, as determined via immuno-
bloting (n = 2). Results are representative of at least two in-
dependent experiments.

cellular senescence may play a significant role in

the pathogenesis of OA.*’ Furthermore, Jeon

et al. found that selective removal of senescent

cells in a surgically induced mouse OA model

could attenuate the development of post-trau-
matic OA, reduce pain, and enhance the cartilage repair.” In tendin-
opathy, dexamethasone treatment resulted in an increase in
SA-B-gal-positive human tenocytes’">> and activated the p53/p21
rather than the pl6 senescence pathway according to the histology
of human supraspinatus tendon biopsy.’' In our study, the expression
of senescent markers, including p53, p21, p16, and SA-B-gal, was
strongly correlated with tendinopathy severity, suggesting that senes-
cence might play a pathological role in this tendon disorder. Overex-
pression of CD44 in a rat Achilles tendinopathy model reduced the
expression of senescent and SASP markers, COX-2, and phospho-
NEF-kB and significantly lowered ultrasound and histological scores.
Our results showed that CD44 overexpression protected tendino-
pathic tendons against SASPs via anti-inflammation and mainte-
nance of ECM homeostasis. Interestingly, the “senolytic” compounds,
such as dasatinib and quercetin, have been shown to selectively kill
senescent cells and extend the lifespan of mice.”> We suggest that se-
nolytic compounds might be used for treating tendinopathy in the
future, which requires further investigation.

This study had some limitations. First, we used hamstring tendons
harvested during anterior cruciate ligament reconstruction surgery
rather than age-matched normal tendons as controls because of
the limited access to fresh cadavers. Therefore, the mean age of pa-
tients with hamstring tendons was much lower than that of patients
with tendinopathic LHB tendons, and we might have underesti-
mated the expression of senescent markers in the normal

and subjected to enzyme-linked immunosorbent assay (ELISA) for detecting IL-6 levels (n = 3). (C) The underlying tenocytes were subjected to SA-B-gal activity assay.
SA-B-gal was identified and counted in five high-power fields (200x) to determine the average percentages of SA-B-gal-positive cells corresponding to total cells (n = 6).
(D) gRT-PCR to determine CD44, IL-6, MMP-1, COX-2, COL1A1, and tnmd expression levels. LVCD44- and LVSin-transduced tenocytes were stimulated with IL-1B
(10 ng/mL) or left unstimulated for 24 h (n = 3). Results are representative of at least three independent experiments. Scale bars represent 50 um in x 100 magnifications.
Values are represented as the mean + SEM. The difference within groups were assessed using one-way analysis of variance (ANOVA), followed by Dunnett’s multiple com-

parison tests. “p < 0.05, **p < 0.01, **p < 0.001. See Figure 2 for other definitions.
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Figure 5. Effects of CD44 overexpression in the collagenase-induced rat Achilles tendinopathy model

(A) Three days after the intratendinous collagenase injection, the rats randomly received three consecutive intratendinous injections of LVCD44 or LVSin within a 2-week
interval. The ultrasound examination was done 2 months after collagenase injection. The semiquantitative scores of echogenicity, neovascularization, and calcification in
B-mode and color doppler were measured and recorded. Yellow dashed square: region of interest for neovascularization. White asterisk: calcification. Values are repre-
sented as the mean + SEM (n = 8). (B) H&E, histological score, thmd, and BrdU immunohistochemical stainings and the quantitative analyses of LVSin- and LVCD44-treated
tendinopathic tendon. Scale bars shown at x 100 magnification correspond to 50 and 200 pm. The blue-boxed areas are higher-magnification views of the red-boxed areas.
CR, calcified region; arrowhead, chondrocyte-like cell; arrow, neovascularization. Values are represented as the mean + SEM (n = 8). (C) Immunoblotting for MMP-1 and -3,
COX-2, p-NF-kB, IL-6, COL1A1, SA-B-gal (64 kDa), p53, p21, and p16 expression levels in LVSin- and LVCD44-injected tendinopathic tendons (n = 2). Results are repre-
sentative of at least three independent experiments. The between-the-group differences were assessed using the Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001.

histological grade. However, the expression of senescent markers
increased as tendinopathy progressed in human LHB tendons (Fig-
ure 1) and rat tenocytes (Figure 2). Second, although lentiviral vec-
tor-based CD44 overexpression in the experimental rat model
improved tendinopathy severity, tendinopathic features could still
be observed by sonographic and histologic examinations in the
LVCD44-treated rat tendons (Figures 5A and 5B). Lentiviral vectors
are vesicles widely used for gene therapy in preclinical studies and
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clinical trials with promising safety and efficacy.”® Although vesicu-
lar stomatitis virus surface glycoprotein (VSV-G) pseudotype lenti-
viral vectors confer high stability and wide tropism for gene
delivery, complement-mediated vector inactivation limits gene
transfer to the target tissue because of the presence of comple-
ment-fixing anti-VSV-G antibodies in serum.”” In addition to com-
plement-mediated inactivation, the lentiviral vector RNA genome
may act as danger signals by engaging Toll-like receptors 3 and 7
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Figure 6. Working model of CD44 gene therapy in tendinopathy
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In vitro CD44 gene transfer by lentiviral vectors in IL-1B-stimulated tendinopathic tenocytes resulted in CD44 overexpression that mediated the downstream effects, including
the blocking of NF-«B activation and gene expression levels of senescence markers (p53, p21, P16, COX-2, and SA-B-gal) and SASPs (IL-6, and MMP-1 and -3), whereas
the expression levels of tendon healing molecules (thmd and COL1A1) were increased under the IL-1B-stimulated condition. /n vivo gene therapy via intratendinous injection
of LVCD44 in rat collagenase-treated tendinopathic tendons reduced the ultrasound and histological scores as well as senescence and SASPs and then facilitated tendon

healing.

to trigger innate immune responses and subsequent inflamma-
tion.”™”” Therefore, lentiviral vectors can efficiently express GFP
for 168 days in tendons after intra-articular injection into the
knee joints of nude rats.*®* However, we observed that the transgene
could be expressed in tendinopathic rat tendons for only 14 days af-
ter intratendinous injection of the lentiviral vectors. It is critical to
decipher the number of vector genomes present in LVCD44-trans-
duced tendons, which might help to understand whether the vector
was silenced or lost via immune rejection. Even so, we still observed
the upregulation of CD44 levels in LVCD44-injected rat tendons
7 days post-infection (Figure 4B) and the downstream therapeutic
effects of CD44 on tendinopathic rats (Figure 5). Third, the repeated
dose strategy used in our animal study might have raised the im-
mune response issue. However, we observed that LVCD44-injected
tendinopathic tendons still had significantly lower scores than their
untreated (collagenase-induced model treated with nothing) and
LVSin-treated counterparts in our pilot study, and there were no
significant differences in the histological and ultrasound feature
scores between the untreated and LVSin groups (supplemental in-
formation). Therefore, the untreated group was not included in
follow-up experiments. These results indicated that the lentiviral
vector-induced immune response might be marginal upon redosing
in rat tendinopathic tendons and would not influence our observa-
tion of the therapeutic effect of LVCD44.

From the multiple lines of evidence shown here, we can conclude that
CD44 is a critical protector from tendinopathy via its anti-senescence
effects. This study provides new insights into the development of
pharmaceutical therapeutics targeting CD44 to prevent cell senes-
cence in tendinopathy.

MATERIALS AND METHODS

Ethics statement

This study complied with the Declaration of Helsinki, and the Insti-
tutional Review Board of the National Cheng Kung University Hos-
pital approved the research protocol (nos. A-ER-106-163 and
B-ER-106-414). Written informed consent was obtained from all sub-
jects. All animal experiments were performed in strict accordance
with the protocols approved by the Institutional Animal Care and
Use Committee of National Cheng Kung University (no. 107-165).

Preparation of clinical specimens

Human hamstring tendons were collected from 10 consecutive pa-
tients (5 men, 5 women; mean age: 30.1 years; age range: 21-56 years)
undergoing anterior cruciate ligament reconstruction using autolo-
gous hamstring tendons as the control. LHB tendons were collected
during the tenodesis or tenotomy procedure from 12 consecutive pa-
tients (3 men, 9 women; mean age: 67.8 years; age range: 52-78 years)
who underwent arthroscopic treatment for a rotator cuff tear and
LHB tendinopathy at our university hospital. The pathological LHB
tendon area and residual hamstring tendons after the surgical proced-
ures were harvested for histological examination.

Collagenase-induced rat tendinopathy model

Male Sprague-Dawley rats (8 weeks old; weight, 250-300 g) were pur-
chased from LASCO, Taiwan, and housed in the Laboratory Animal
Center, College of Medicine, National Cheng Kung University, and
Taiwan Animal Consortium (AAALAC International Full Accredita-
tion). The healthy conditions of the rats were strictly monitored by
administrators at our center. The exclusion criteria were unhealthy
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(sick, infection, weight loss, and tumor) and uninduced (10%-20%
rate) rats. Rats were intratendinously injected with 10 pL
(0.015 mg/uL 0.9% saline) bacterial collagenase I (Sigma-Aldrich,
St. Louis, MO, USA) into their right Achilles tendons using a 29G
needle to induce tendinopathy. The area 7 mm from the calcaneal
insertion was the reference site for the intratendinous injection of
collagenase™ or lentiviral vectors and hindlimb thickness measure-
ment. On day 3 following collagenase injection, the hindlimb with
an increased thickness of less than 30% compared with the contralat-
eral normal side was regarded as an uninduced model. At week 8 after
the index procedure, the rat tendinopathy model matured.*”*' All
rats underwent ultrasound examination for the evaluation of tendin-
opathy and were then sacrificed for further analyses. Ultrasound
(Vevo 770; VisualSonics, Toronto, ON, Canada) 55-MHz linear
transducer was used for high-resolution images, and the three com-
mon tendinopathic ultrasound characteristics, including echogenic-
ity, neovascularization, and calcification, under real-time B-mode
and color doppler were scored from 0 to 10 as previously
described.*”*' Healthy and successfully induced tendinopathic rats
were included in the animal study.

Histopathological and immunohistochemical analyses

The human and rat specimens were fixed in fresh 4% paraformalde-
hyde for 16-24 h at 4°C, dehydrated, paraffin embedded, and longi-
tudinally sectioned. Sequential 4-uM sections were stained with
hematoxylin and eosin (H&E) and examined under a light micro-
scope for changes in tenocyte morphology and collagen-bundle char-
acteristics. For human specimens, a simple semiquantitative scoring
system based on tenocyte morphology and collagen-bundle charac-
teristics on a 4-point scale (0-3) was used to classify tendinopathy
into normal, mild, moderate, and severe grades (0, <2, 3-4,
and >5 points).'® To evaluate rat Achilles tendinopathy, a 4-point
system was scored on the following eight parameters:*>*' fiber struc-
ture, fiber arrangement, roundness of the nuclei, regional variations in
cellularity, increased vascularity, decreased collagen stainability,
fibrosis or hyalinization, and calcification characteristics. The
maximum total possible score was 24. Histological grading or score
was assessed by three observers blinded to the clinical or experimental
settings. If an inconsistency existed, the field was reassessed, and a
final score was decided. Some specimens were snap frozen and
embedded in optimal cutting temperature (OCT) compound.
Four-puM frozen sections were prepared for SA-B-gal activity assay.
For immunohistochemical staining, the sections were deparaffinized
in xylene, dehydrated in alcohol, epitope unmasked by heating,
immersed in H,O,, and stained with antibodies against p53 (#sc-
6243, Santa Cruz Biotechnology), p21 (#sc-6246, Santa Cruz Biotech-
nology), pl6 (#sc-6243, Santa Cruz Biotechnology), SA-B-gal
(#sc-377257, Santa Cruz Biotechnology), thmd (#ab203676, Abcam),
and BrdU (#GTX128091, GeneTex) in combination with chromogen
3-amino-9-ethylcarbazole (Zymed Laboratories). Cells with immu-
nohistochemical staining for p53, p21, pl6, SA-B-gal, and BrdU
were identified and counted in five high-power fields (200 x ) to deter-
mine the average percentages of p53-, p21-, pl6-, SA-B-gal-, and
BrdU-positive cells corresponding to hematoxylin-stained total cells.

Tnmd signal intensity was quantitated using ImageJ 1.42q (National
Institutes of Health) in five randomly chosen high-power fields
(200x).

Primary culture of rat tendinopathic tenocytes

Male Sprague-Dawley rats (4-6 weeks old) were treated with an intra-
tendinous injection of collagenase I (0.015 mg/uL, 10puL injection/rat,
Sigma-Aldrich). One week after the index procedure, the Achilles
tendons were harvested after the rats were killed with an overdose
of isoflurane. The preparation of tendon samples and tenocyte culture
methods have been described in our previous study.'®'” Well-charac-
terized second- to fourth-passage cells were used in this experiment as
tendinopathic tenocytes.''” They showed no phenotypic drift of ma-
jor tenocyte markers, such as cell shape (elongated and spindle shaped
with apposition and tnmd expression identified using anti-tnmd anti-
body [#ab203676, Abcam]).

Lentiviral vectors and stable tenocyte transfectants in which
CD44 is overexpressed

The rat CD44-expressing lentiviral plasmid pLenti-GIII-EF1a-CD44
was purchased from Applied Biological Materials (abm). The pSin-
EF2-Puro control plasmid encoding no transgene was constructed
from pSin-EF2-Oct4-Puro by digestion with Eco RI and Spel to delete
the Oct4 cDNA, filling the cohesive ends with Klenow enzyme, fol-
lowed by self-ligation.** Recombinant lentiviral vectors, LVSin and
LVCD44, were produced by transient transfection of 293T cells
with pSin-EF2-Puro and pLenti-GIII-EF1a-CD44, along with the
packaging plasmid psPAX2 and envelope plasmid pMD2G, as previ-
ously described.** Virus titers were determined using the HIV1 p24
ELISA Kit (#ab218268, Abcam). One nanogram of p24 protein equals
1.25% 107 lentiviral particles.

Senescence assay for tenocytes

Tendinopathic tenocytes were transduced with LVSin and LVCD44
for 48 h in the presence of puromycin (2 pg/mL) for approximately
7 days. Human tendon tissues and tenocytes, as well as stable trans-
fectants in which CD44 was overexpressed, were induced with IL-
1B (10 ng/mL, R&D Systems) for 5 days, and their senescent status
was evaluated using the Senescence B-Galactosidase Staining Kit
(#9860, Cell Signaling Technology). SA-B-gal was identified and
counted in five high-power fields (200x) to determine the average
percentages of SA-B-gal-positive cells corresponding to the total
number of cells.

Lentiviral vector-mediated gene transfer in Achilles tendons
from rats with tendinopathy

To evaluate in vivo expression duration of lentivirus-borne CD44, rat
Achilles tendons were intratendinously injected with LVSin and
LVCD44 (n = 4 each). Seven and 14 days after the injection, the
rats were sacrificed, and their tendons were isolated to detect CD44
expression. To evaluate the in vivo therapeutic effects of CD44 over-
expression, the rat collagenase-induced Achilles tendinopathy model
was adopted. All the rats were randomly assigned to the LVSin and
LVCD44 groups (n = 8 each). Three days after the index procedure
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on the right hindlimbs, three consecutive intratendinous injections of
LVSin or LVCD44 (4x107 lentiviral particles) into their Achilles ten-
dons in a 2-week interval were given according to the group names
(Figure 4A). Eight weeks after collagenase injection, the rats under-
went ultrasound examination and were sacrificed for histological ex-
amination and immunoblot analysis. Eighteen rats were totally used
here. Notably, the researchers who were not aware of the group allo-
cation helped conduct animal experiments, and data were analyzed by
the first and corresponding authors.

Immunoblot analysis and enzyme-linked immunosorbent assay
(ELISA)

Cell lysates of tenocytes and stable transfectants and tendinopathic
tendons receiving various treatments (IL-1P stimulation, LVSin,
and LVCD44 infection) were subjected to immunoblot analysis
with antibodies against CD44, p53, p2l, pl6, MMP-1 and -3,
COX-2, phospho-NF-kB, total NF-kB, COL1AI, SA-B-gal, and
tnmd as described in the histopathological and immunohistochem-
ical analyses section, in combination with a horseradish-peroxidase-
conjugated secondary antibody (Jackson ImmunoResearch) and
quantitative control anti-B-actin antibodies (Sigma-Aldrich). Pro-
tein-protein complexes were visualized using an ECL Plus System
(Amersham) and analyzed using a BioSpectrum Imaging System
(UVP) for chemiluminescence detection. The signal intensity was
further quantified by densitometry, and the relative abundance of
each gene was compared with B-actin expression. Supernatant from
IL-1B-stimulated LVSin and LVCD44-transduced stable tenocyte
transfectants were subjected to ELISA (#DY506, R&D Systems) to
detect IL-6 expression levels.

gRT-PCR

Total RNA from rat tenocytes was isolated with TRIzol reagents
(#15596018, Invitrogen), and complementary DNA was synthesized us-
ing the High Capacity cDNA Reverse Transcription Kit (#4368813,
Applied Biosystems) for qRT-PCR by SYBR Green PCR kit (#208054,
Qiagen) with primer pairs specific to CD44 (forward, 5’-AAGACATCG
ATGCCTCAAAC-3'; reverse, 5-CTCCAGTAGGCTGTGAAGTG-3');
IL-6 (forward, 5-CGAAAGTCAACTCCATCTGCC-3'; reverse, 5'-G
GCAACTGGCTGGAAGTCTCT-3"); MMP-1 (forward, 5-CATACT
GTACTGAGAGGATTCCCCACAGA-3'; reverse, 5'-ACATCATCA
ACTTTATCGTCAATTCCAGG-3); COX-2 (forward, 5'-CACGGA
CTTGCTCACTTTGTT-3; reverse, 5’-AAGCGTTTGCGGTACTCA
TT-3'); COL1A1 (forward, 5-ATCAGCCCAAACCCCAAGGAGA-3';
reverse, 5 -CGCAGGAAGGTCAGCTGGATAG-3'); tnmd (forward,
5'-CGCCACACCAGACAAGCA-3'; reverse, 5'-CCAGCATTGGGT
CAAATTCA-3'); p53 (forward, 5-AGGATTCACAGTCGGATA
TG-3'; reverse, 5-GGAGGAAGAAGTTTCCATAAG-3'); p21 (for-
ward, 5'-CCAGCCTAACAGATTTCTATC-3'; reverse, 5'-GGCAGA
GTATATACAGGAGAAG-3); p16 (forward, 5-CGATACAGGTGA
TGATGATG-3'; reverse, 5'-GTACTACCAGAGTGTCTAGG-3);
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward,
5'-CCATCTTCCAGGAGCGAGATC-3'; reverse, 5'-GCCTTCTCCA
TGGTGGTGAA-3'). The comparative Ct method was used to calcu-

Molecular Therapy: Methods & Clinical Development

late the relative abundance of each gene compared with GAPDH
expression.'®

Statistical analysis

Data are expressed as the mean + SEM. Normality was passed in each
data point using the Shapiro-Wilk test. Differences between two
groups and among groups were analyzed using Student’s t test and
one-way analysis of variance, followed by Dunnett’s multiple compar-
ison test, respectively (Prism 5.0). The significance of the correlation
between the ratios of senescence marker-positive cells and the histo-
pathological grades of tendinopathy was analyzed using the
Spearman correlation rank test. p < 0.05 was considered to be statis-
tically significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.06.006.
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