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Intra-Articular Transplantation of Atsttrin-
Transduced Mesenchymal Stem Cells Ameliorate
Osteoarthritis Development
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ABSTRACT

Osteoarthritis (OA) remains an intractable clinical challenge. Few drugs are available for reversing this
degenerative disease, although some promising candidates have performed well in preclinical stud-
ies. Tumor necrosis factor a (TNFa) has been identified as a crucial effector modulating OA pathogen-
esis. This study aimed to investigate the therapeutic effects of Atsttrin, a novel TNFa blocker, on OA
treatment. We developed genetically modified mesenchymal stem cells (MSCs) that expressed
recombinant Atsttrin (named as MSC-Atsttrin). Expression levels of ADAMTS-5, MMP13, and iNOS
of human chondrocytes were analyzed when cocultured with MSC-GFP/Atsttrin. OA animal models
were induced by anterior cruciate ligament transection, and MSC-GFP/Atsttrin were injected into the
articular cavity 1 week postsurgery. The results showed that MSC-Atsttrin significantly suppressed
TNFa-driven up-regulation of matrix proteases and inflammatory factors. Intra-articular injection
of MSC-Atsttrin prevented the progression of degenerative changes in the surgically induced OA
mouse model. Additionally, levels of detrimental matrix hydrolases were significantly diminished.
Compared with nontreated OA samples at 8 weeks postsurgery, the percentages of MMP13- and
ADAMTS-5-positive cells were significantly reduced from 91.33% = 9.87% to 24.33% * 5.7% (p <
.001) and from 91.33% = 7.1% to 16.67% =* 3.1% (p < .001), respectively. Our results thus indicated
that suppression of TNFa activity is an effective strategy for OA treatment and that intra-articular
injection of MSCs-Atsttrin could be a promising therapeutic modality. STEM CELLS TRANSLATIONAL
MEDICINE 2015,;4:523-531

SIGNIFICANCE

The main novelty of this study is the finding of Atsttrin modified mesenchymal stem cells (MSCs-
Atsttrin) for blocking osteoarthritis (OA) development within an in vivo mouse surgically induced os-
teoarthritis model. Because MSCs have already been widely used in the treatment of patients and
have demonstrated good efficacy and safety, MSC-based Atsttrin gene therapy could be a promising
modality for the treatment of OA patients.

of tissue structural degeneration [1, 3-5]. Con-
fronted with such an enormous health care bur-
den, there is a dire need for the discovery and
development of novel therapeutic strategies to
ameliorate OA cartilage degeneration [1, 6].
Although the etiology and pathogenesis un-
derlying osteoarthritis are poorly understood,
a growing body of scientific evidence indicates

INTRODUCTION

Osteoarthritis (OA) is a painful chronic inflamma-
tory disease that is characterized by progressive
loss of cartilage matrix and disturbance of the dy-
namic equilibrium between the anabolic and cat-
abolic activities of resident chondrocytes [1]. OA
is more prevalent than any other musculoskeletal

system disability in the elderly population [2, 3].
The incidence of symptomatic knee OA is ~13%
among people aged 60 and older and increases
to 40% in those older than 70 years [4]. To date,
few safe and effective medications are available
for OA treatment, and current therapeutic ap-
proaches mainly focus on mitigating disease symp-
toms without sufficiently slowing the progression

that a combination of various genetic, metabolic,
biochemical, and inflammatory factors are probably
involved [3, 5]. In particular, secreted inflammatory
molecules, especially proinflammatory cytokines
such as interleukin (IL)-18, IL-6, IL-15, IL-17, IL-18,
IL-21, and tumor necrosis factor a (TNFa), play
critical roles in the disturbance of metabolic ho-
meostasis within OA cartilage. Previous studies
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have demonstrated that TNFa could drive inflammatory damage
in OA and induce the degradation of articular cartilage matrix
[1, 4, 6-8], which in turn makes it a promising therapeutic target.
Furthermore, the level of TNFa is elevated in either circulating or
local synovial fluid, which is positively associated with the severity
of knee OA [9, 10]. This disease feature, coupled with recent clin-
ical approval of anti-TNFa therapeutics in either rheumatoid ar-
thritis (RA) or psoriatic arthritis [11, 12], strengthens the option of
TNF-« as a potential drug target.

TNFa antagonists blocks TNFa-related pathways by preventing
this cytokine from binding to its cognate receptors (TNFa receptor
1 and 2), which in turn prevents initiation of the inflammatory re-
sponse within OA joints [1, 6]. Monoclonal anti-TNFa antibodies
and soluble TNFa receptors have been extensively investigated
as potential inhibitors of TNFa activity in OA. Four anti-TNFa mono-
clonal antibodies (infliximab, adalimumab, golimumab, and certo-
lizumab pegol) and one TNFa receptor fusion protein (etanercept)
are currently approved as anti-TNFa therapeutics by the Food and
Drug Administration [13]. These new pharmacological agents have
revolutionized the treatment of RA and other autoimmune dis-
eases with acceptable clinical efficacy [14]. Nevertheless, efforts
to achieve similar results in the treatment of OA with these new
drugs have yielded rather poor clinical efficacy and disappointing
results [1]. Moreover, it must be noted that these TNFa antagonists
have fairly short half-lives and also increase the risk of opportunistic
infection by compromising the immune system [1]. Therefore, the
development of novel rational TNFa blocker, which exhibits better
performance in OA, still remains a challenge.

Progranulin (PGRN), containing seven and a half repeats of
a cysteine-rich motif (CX5.gCX5CCXgCCXgCCXDX,HCCPX,CX5.6C,
where X indicates any amino acid) in the order of PGFBACDE
(where A—G are full repeats, and P is the half-motif), is expressed
in a variety of cells including cycling epithelial cells, leukocytes,
neurons, chondrocytes, and cancer cells [11, 15, 16]. It is well-
known that PGRN plays a crucial role in cartilage development
and can retard inflammatory degradation processes through
binding with the TNF receptor (TNFR) [11, 17, 18].

Atsttrin (antagonist of TNF-TNFR signaling via targeting to
TNFR) is an engineered protein derived from PGRN, and it is con-
stituted of half-units of granulins A, C, and F plus linkers P3, P4,
and P5 [11]. Three TNFR superfamily members, TNFR1, TNFR2,
and TNFRSF25 (DR3), can directly bind with Atsttrin [11, 19]. Com-
pared with recombinant human PGRN (rhPGRN), Atsttrin has
a substantially longer half-life (~120 hours) than PRGN (~40
hours), and administration of Atsttrin has been shown to be bet-
ter at delaying the onset and attenuating the severity of inflam-
matory arthritis in the collagen-antibody induced model. Overall,
Atsttrin treatment yielded higher efficacy than either rhPGRN or
etanercept in the collagen-antibody induced model of inflamma-
tory arthritis [11]. However, to ensure complete prevention of in-
flammatory arthritis, a dose of 0.5 mg/kg body weight once
a week or a higher dose of 10 mg/kg per 3 weeks was required
[11, 20], which may be disadvantaged by high costs and patient
discomfort.

Mesenchymal stem cells (MSCs), originating from bone mar-
row or other adult tissues, possess self-renewal capacity, as well
as potency to differentiate into multiple lineages including chon-
drocytes, osteoblasts, and adipocytes [21, 22]. MSCs have been
extracted from either healthy or diseased cartilage and retain
the potential to regenerate cartilage in vivo [23, 24]. A pioneering
clinical research study demonstrated that intra-articular injection
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of 1.0 X 108 adipose-derived MSCs into the OA knee improved
knee joint function and relieved pain without causing any adverse
side effects [25]. More recently, a novel strategy of using genet-
ically modified MSCs in OA therapy has been developed [26]. By
exploiting its self-renewal property, MSCs can be used as delivery
vehicles for exogenous expression of specific genes that can con-
tribute to alleviation of OA symptoms [27].

In this study, we developed genetically modified mesenchy-
mal stem cells, which express Atsttrin under transcriptional con-
trol of a tetracycline-inducible promoter. We measured the TNF«
expression in normal and OA samples by immunohistochemistry
and analyzed the mRNA expression levels of MMP13, ADAMTS-5,
iNOS, and NF-kb (P65) in human chondrocytes after treatment
with TNFea, or coculture with MSC-GFP/Atsttrin. Furthermore,
intra-articular injection of MSC-Atsttrin was carried out for in vivo
OA therapy. The efficacy of cartilage regeneration was evaluated
and analyzed using standard clinical parameters.

MATERIALS AND METHODS

Vector Construction and Lentivirus Production

The PGRN gene was cloned from the cDNA of A549 cells (a lung
adenocarcinoma cell line) with primer Ppgrn-F (ATGTGGACCCTGGT-
GAGCTGGGTG) and Ppgrn-R (TCACAGCAGCTGTCTCAAGG). Subse-
quently, the gene of Atsttrin [11] was subcloned from PGRN by
splicing over extension (SOE) polymerase chain reaction (PCR)
as our previous study [28, 29]. Firstly, the three fragments (FP3,
P4A, and P5C) were amplified from PGRN with three sets of primers
(F1 and R1, F2 and R2, and F3 and R3). The primer sequences were
as follows: F1, ATGCCCCAGGCTTCCTGCTGTG; R1, CTCCTTGGACG-
AGCTGGACAAGGCCACTGCCCT; F2, TGTCCAGCTCGTCCAAGGAGGAC-
GCTACCACGGACCT; R2, CCTGTTCACACCAGGCCCCCGACTGTAGAG;
F3, CGGGGGCCTGGTGTGAACAGGGGCCCCACCAGGTG; and R3, TTAT-
GGGATTGGACAGCAGCCCCACTC. The bold letters indicate the com-
plementary regions designed for subsequence SOE. Secondly, Atst-
trin was generated by SOE with primers F1 and R3 using equal
amount of the three fragments as templates. Then the nucleotide
sequence of PGRN signal peptide and that of hemagglutinin (HA)
were fused to the 5'- and 3’-ends of the gene of Atsttrin by PCR
with primer F4 (GAATTCATGTGGACCCTGGTGAGCTGGGTGGCCTTA-
ACAGCAGGGCTGGTGGCTGGAACGCGGTGCCCCCAGGCTTCCTGCT-
GTGAAGA) and R4 (GAATTCTTAAGCGTAATCTGGAACATCGTATGG-
GTATGGGATTGGACAGCAGCCCCACTC).

The Atsttrin gene containing signal peptides and HA was
subcloned into FUW tetracycline-inducible lentiviral vector [30]
(provided by Dr. Marius Wernig, Stanford University). A third gen-
eration self-inactivating lentivirus vector contains a tetracycline-
responsive promoter upstream of the cloning restriction site. Ad-
ditionally, green fluorescent protein (GFP) containing the same
signal sequence was used as the control to discount any change
in gene expression profile that may result from the delivery
method. Four plasmids comprising the constructed lentiviral vec-
tor and another three package vectors were transfected into
293FT cells (a cell line established from primary embryonic human
kidney; Invitrogen, Carlsbad, CA, http://www.invitrogen.com)
with Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. The medium was replaced 16 hours after transfec-
tion. The virus-containing medium was pooled 48 hours later,
passed through a 0.45-um filter to remove cell debris, and sub-
sequently used to infect target cells or frozen at —80°C.
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Cell Culture and Lentivirus Infection

Human healthy primary chondrocytes were isolated from the ar-
ticular cartilages of the discarded specimens of knee replacement
surgery with no history of OA. Human OA cartilage samples were
obtained from OA patients undergoing total knee replacement
surgery. Briefly, the harvested cartilage samples, which were stripped
of adjacent tissues, were immersed in phosphate-buffered saline con-
taining penicillin (100 units/ml) and streptomycin (100 wg/ml) (Gibco,
Grand Island, NY, http://www.invitrogen.com) for 10 minutes and
then cut into small pieces followed by digestion with 0.2% (wt/vol)
mixed collagenase (Gibco) at 37°C in a humidified atmosphere of
5% CO, and 95% air. An equal volume of Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% (vol/vol) fetal bovine serum (FBS;
Gibco) was added 4 hours later, and the mixture was digested over-
night. The tissue residues were then discarded, and the cells were col-
lected by centrifugation at 1,200 rpm. The pooled cells were
maintained in DMEM containing 10% (vol/vol) FBS with medium be-
ing changed every other day. When the confluence of cultured cells
reached 80%, they were detached by treatment with 0.25% (wt/vol)
trypsin and 0.1% (wt/vol) ethylenediaminetetraacetic acid (Gibco)
and reseeded at a density of 1 X 10* cells per cm?. Cultured cells
before passage 2 were used for experiments.

C3H10T1/2 cell (ATCC CCL-226), a cell line of mouse mesen-
chymal stem cells cultured in the same condition with chondro-
cytes, were transfected with lentivirus (containing Atsttrin or
GFP) when cells grew to 30%—-50% confluence at a multiplicity
of infection of 200. More than 95% of the cells were still viable
12 hours after infection, and then the medium was changed.
Three days later, all infected cells (labeled as MSC-Atsttrin or
MSC-GFP hereafter) were treated with 4 ug/ml doxycycline
(Sigma, St. Louis, MO, https://www.sigmaaldrich.com/) in the
medium to activate tetracycline-inducible gene expression and
were selected with Zeocin (Invitrogen) at 200 ug/ml for 10 days.
Transduced cells before passage 5 after selection were used for
functional studies.

Cell Coculture

Noncontacting coculture systems were used to investigate the
biological activity of engineered MSCs on chondrocytes. The
6.5-mm Transwell with an 8.0-um pore polycarbonate membrane
insert (Corning Enterprises, Corning, NY, http://www.corning.com)
was used in this assay. Human articular chondrocytes were seeded
on the bottom of 24-well plates, and MSC-Atsttrin or MSC-GFP was
seeded onto the membrane of suitable Transwells. TNFa was
added to the medium at a final concentration of 10 ng/ml when
the cells grew to 70% confluence. The chondrocytes were har-
vested for RNA preparation 48 hours after treatment.

Quantitative Real-Time Polymerase Chain Reaction

Total cellular RNA was isolated by using TRIzol (Invitrogen) as de-
scribed in the manufacturer’s instructions. 2 ug of isolated RNA from
each sample was reverse-transcribed into cDNA using Moloney mu-
rine leukemia virus reverse transcriptase (Invitrogen). Quantitative
real-time PCR (QRT-PCR) was carried out to determine the mRNA lev-
els of MMP13 (matrix metallopeptidase-13), ADAMTS-5 (a disinte-
grin and metalloproteinase with thrombospondin motifs 5), P65,
and inducible nitric-oxide synthase (iNOS) with the SYBR Green
Real-time PCR Master Mix kit (Takara Bio Inc., Seta 3-4-1, Otsu, Shiga,
Japan, http://www.clontech.com/takara) in accordance with the
manufacturer’s instructions. The PCR cycling consisted of 40 cycles
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of amplification of the template cDNA with primer annealing at 60°C.
Then the relative level of expression of each target gene was calcu-
lated using the 2744¢t method. Target genes were normalized
against the housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The following primer sequences were used:
MMP13, forward 5’ -ATGCAGTCTTTCTTCGGCTTAG-3/, and reverse,
5'-ATGCCATCGTGAAGTCTGGT-3'; ADAMTS-5, forward 5'-ATCACC-
CAATGCCAAGG-3’, and reverse, 5'-AGCAGAGTAGGAGACAAC-3’;
P65, forward, 5'- GAGCAGCGTGGGGACTAC-3’, and reverse, 5'-
TGCCAGAGTTTCGGTTCA-3’; and iNOS, forward, 5'-GATGGCAG-
CATCAGAGGG-3’, and reverse, 5'- GGTCAGGTGGGATTTCGA-3'.

Western Blot Analysis

Total cellular protein was extracted with RIPA lysis buffer, and the
protein concentration was determined by a BCA protein assay
kit (Pierce, Rockford, IL, http://www.piercenet.com; catalog no.
23227). Subsequently, the extracted protein was loaded on
SDS-polyacrylamide gel electrophoresis gels. After electrophore-
sis, proteins were transferred onto a polyvinylidene fluoride
membrane and blocked in 5% (wt/vol) bovine serum albumin
(BSA) for 1 hour at room temperature. Then the membrane
was incubated with anti-HA-flag or GAPDH antibody overnight
at 4°C. After washing in Tris-buffered saline with Tween (TBST),
horseradish peroxidase (HRP) secondary antibody was diluted
1:10,000 with 5% (wt/vol) BSA and incubated with the membrane
for 1.5 hours at room temperature. Excess secondary antibody
was rinsed off the membrane with TBST, and a chemiluminiscent
signal was generated by using Western blot detection reagents (ECL;
Beyotime Institute of Biotechnology, Haimen, China, http://www.
beyotime.com) according to the manufacturer’s protocol.

Surgically Induced Osteoarthritis Animal Model

All animals were treated according to standard guidelines ap-
proved by the Zhejiang University Ethics Committee (no.
ZJU2013105002). In total, 44 female 6-8-week-old C57BL/6 mice
were used. Osteoarthritis was induced by anterior cruciate liga-
ment transection (ACLT) in 33 mice, and the other 11 mice were
used as the normal group. Without any intervention, OA pathol-
ogy developed gradually during the following 8 weeks. The 33 OA-
induced mice were equally divided to three groups (OA, OA+MSC-
Atsttrin, and OA+MSC-GFP) randomly. Intra-articular injections of
MSC-Atsttrin or MSC-GFP (1 X 10° cells in 10 | DMEM) were car-
ried out at 1 week post-OA surgery with a 0.5-ml monoject (29-
gauge) insulin syringe (BD Micro-Fine; Becton, Dickinson and
Company, Franklin Lakes, NJ, http://www.bd.com), and a proper
pressure was chosen to guarantee less than 5% cell mortality.
Before implantation, MSC-Atsttrin and MSC-GFP cells were stained
with 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine per-
chlorate (Dil; Beyotime Institute of Biotechnology). To evaluate
the survival of implanted cells within the defects, a noninvasive
Kodak FX small animal imaging system Color CCD tracking system
was used to image the implantation sites at 1 and 4 weeks after
surgery [31]. Postoperatively, animals were allowed free cage ac-
tivity. Then 2 mg/ml doxycycline (Biosharp, Hefei, China, http://
www.biosharp.cn) was added in drinking water with 10 mg/ml
sucrose (Sinopharm Chemical Reagent Co., http://shreagent.
lookchem.com). Knee joints were collected 4 and 8 weeks after
OA surgery for histological analysis, immunohistochemical stain-
ing, and RNA purification. The sham group was injected with 10 ul
of DMEM.
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Figurel. TNFa expression levels evaluated in human and mice cartilage samples. (A): Immunohistochemical staining of TNFa in human normal
and OA cartilage samples. Scale bars = 200 or 100 um. (B): Quantification of TNFa-positive cells in human normal and OA cartilage. (C):
Comparison of mRNA expression levels of TNFa between human normal and OA cartilages by quantitative real-time polymerase chain reaction
(gRT-PCR). (D): Immunohistochemical staining of TNFa in mouse normal and OA cartilage. Scale bars =100 or 50 um. (E): Quantification of TNFa-
positive cells in mouse normal and OA cartilage. (F): Comparison of mRNA expression levels of TNFa in mouse normal and OA cartilages by
gRT-PCR. *, p < .05; **, p << .01; ***, p << .001. Abbreviations: 4W, 4 weeks; 8W, 8 weeks; OA, osteoarthritis; TNFa, tumor necrosis factor «.

Histological Analysis, Immunohistochemistry,
and Immunofluorescence

The harvested knee joints at 4 weeks and 8 weeks postsurgery
were fixed in 4% (vol/vol) neutral buffered formalin for 24 hours
and decalcified in neutral 10% (wt/vol) EDTA solution for 1 month
at room temperature. The samples were then dehydrated,
cleared, and embedded in paraffin blocks sequentially. A micro-
tome was used to produce histological sections (8 wm), and six
representative sections of each joint from various depths were
mounted on slides and subsequently stained with Safranin Or-
ange. The stained sections were photographed digitally under
a microscope. Human cartilage (n = 3) sections (8 wm) were pre-
pared using freezing microtome. Mice samples (n = 6) from each
group were evaluated by the Osteoarthritis Research Society In-
ternational (OARSI) scoring according to the previous study [32].
The evaluation of OARSI scoring is as follows. A score of 0 stands
for normal cartilage, 0.5 = loss of proteoglycan with an intact sur-
face, 1=superficial fibrillation without loss of cartilage, 2 = vertical
clefts and loss of surface lamina (any % or joint surface area), 3 =
vertical clefts/erosion to the calcified layer lesion for 1%—25% of
the quadrant width, 4 = lesion reaches the calcified cartilage for
25%—50% of the quadrant width, 5 = lesion reaches the calcified
cartilage for 50%—75% of the quadrant width, and 6 = lesion rea-
ches the calcified cartilage for >75% of the quadrant width [32].

Normal and OA cartilage sections were incubated overnight with
polyclonal mouse anti-TNFa antibody (Abcam, Cambridge, MA,
http://www.abcam.com/; catalog no. ab66579), rabbit anti-
ADAMTS-5 antibody (Abcam, catalog no. ab41037), and rabbit
anti-MMP13 antibody (Anbobio; San Francisco, CA, http://www.
anbobio.com; catalog no. C0265). The samples were then incubated
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with goat anti-mouse secondary antibodies conjugated with HRP
(Beyotime Institute of Biotechnology) or with Alexa Fluor 488 or
Alexa Fluor 546 fluorescent dyes (Invitrogen). The stained specimens
were photographed digitally and viewed under confocal microscopy
(Olympus, Tokyo, Japan, http://www.olympus-global.com; catalog
no. BX61W1-FV1000).

Statistical Analysis

All quantitative data are presented as means = SD of at least three
samples from each group. Differences in numerical data between
groups were analyzed using one-way analysis of variance, followed
by post hoc analysis if the homogeneity of variances were significant,
and p < .05 was considered as statistically significant. Significance
level was presented as follows: *, p <.05; **,p < .01; or ***, p <.001.

RESULTS

Expression of TNFa in Human and Mice OA Cartilages

Human normal and OA cartilage samples were collected for the
determination of TNFa expression by immunochemistry and
quantitative real-time PCR. Compared with normal cartilage,
the OA samples exhibited a significant increase of TNFa-positive
cells (39.17% = 1.4% vs. 60.47% * 1.8%, p < .01) (Fig. 1A, 1B),
which was consistent with the mRNA transcriptional level that
was 1.57- = 0.6-fold of the normal (p < .05) (Fig. 1C). Similarly,
the TNFa positive cells (Fig. 1D, 1E) were increased in the mice OA
group (32.75% = 8.3%vs. 77.84% = 5.9%, p < .001). Additionally,
the corresponding mRNA expression levels exhibited an increas-
ing trend with the progression of OA (Fig. 1F). These data
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collectively indicated that TNFa was up-regulated in both mice
and human OA cartilage samples.

Effects of MSC-Atsttrin on the Cocultured Chondrocytes

As indicated by quantitative RT-PCR, Western blots, and fluores-
cent microscopy in Figure 2B—2E, ectopic expression of Atsttrin
and GFP in MSCs were successfully detected after induction with
10 pug/ml tetracycline. Based on Western blot analysis of the crude
extracts from cell cultures, two bands (Fig. 2D) for MSC-Atsttrin
appeared and as was expected; the higher molecular weight band
corresponds to unprocessed Atsttrin protein (~18.5 kDa), which
contained the signal peptide (~2 kDa), whereas the lower molec-
ular weight band corresponds to the mature Atsttrin (~16.5 kDa).
Approximately half of a million human chondrocytes cell were
obtained and were verified by immunostaining with the specific
protein collagen Il (Fig. 3A). As shown in Figure 3C and 3F, the
up-regulation of MMP13 (8.45- = 2.0-fold) and iNOS (5.49- *=
1.6-fold) induced by TNFa could be inhibited significantly by
MSC-Atsttrin treatment, which was decreased to 4.02- = 0.9-fold
(p < .05) and 0.77- = 0.1-fold (p < .01), respectively. Meanwhile,
thereis atendency of P65 blocking (Fig. 3E). With regards to expres-
sion levels of ADAMTS-5 (Fig. 3D) that was not increased signifi-
cantly by TNFa; a significant downregulation was observed in
the MSC-Atsttrin group (p < .05). Hence, these results suggest that
the expression of Atsttrin inhibited the TNFa-induced production
of detrimental inflammatory factors on human chondrocytes.

Efficacy of MSC-Atsttrin Transplantation on the Repair
of Surgically Induced OA in Mice

Intra-articular injection of MSC-Atsttrin was used to investigate
whether transplantation of genetically modified MSCs could de-
lay OA progression in mice. Immunohistochemical staining and
OARSI scoring were used to evaluate mice joints harvested at
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4 weeks and 8 weeks postsurgery. Compared with normal carti-
lage samples, the untreated samples at 4 weeks after ACLT (OA
group) displayed the most serious defect in cartilage surface
and the highest OARSI score (7.33 £ 1.5). Similar OA progression
with a rough cartilage surface and decreased Safranin Orange
staining was also observed in the MSC-GFP group, although
aslightly better healing outcome was manifested by the relatively
lower OARSI score (5.50 * 1.7). Interestingly, intra-articular injec-
tion of MSC-Atsttrin significantly ameliorated OA progression, as
evidenced by much less cartilage degradation, more Safranin Or-
ange staining (Fig. 4B), and the lowest OARSI score (3.00 * 1.0)
among all the OA-related groups (Fig. 4D).

As shown in Figure 4C and 4E, the OA group at 8 weeks post-
surgery exhibited an ossified surface, decreased Safranin O stain-
ing, and the highest OARSI score (8.67 = 1.5). The injection of
MSC-GFP resulted in better surface histology and a significantly
lower OARSI score (5.17 * 0.8). However, MSC-Atsttrin trans-
plantation resulted in the best joint surface among all the exper-
imental groups and was associated with the lowest OARSI score
(3.33 £ 0.3). Taken together, these results suggest that transplan-
tation of MSCs was beneficial in delaying the long-term progres-
sion of OA. Furthermore, Atsttrin enhanced the protective role of
MSCs and delayed the onset of OA more efficaciously, as evi-
denced by the histology data.

Immunohistochemistry was used to evaluate whether MSC-
Atsttrin suppressed the production of detrimental cartilage extra-
cellular matrix (ECM) degradation proteinases, MMP13 and
ADAMTS-5, in all groups (Fig. 5). Compared with the untreated
OA group, we found that both MMP13 (Fig. 5A) and ADAMTS-5
(Fig. 5B) were suppressed in the cell-transplanted groups at 8 weeks
postsurgery. Additionally, the MSC-Atsttrin decreased the numbers
of positive-stained cells further, which had a scattered distribution
within the cartilage layers. Quantitative analysis affirmed these
results. Transplantation of MSC-Atsttrin in mouse joints significantly
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Figure 3. Verification of isolated human articular chondrocytes and overexpression of Atsttrin decreased the expression of MMP13, ADAMTS-
5, NF-kb (P65), and inducible nitric-oxide synthase (iNOS) induced by TNFa. (A): Col Il staining of hAC. Scale bars = 20 um. (B): Schematic rep-
resentation of Transwell filter systems used in this study. (C—=F): The effects of ectopic Atsttrin expression on mRNA transcript levels of MMP13,
ADAMTS-5, NF-kb (P65), and iNOS in human articular chondrocytes after treatment with TNFa (10 ng/ml) for 48 hours. *, p < .05; ##,p < .01 (n=
3). Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; hAC, human articular chondrocytes; MSC, mesenchy-

mal stem cell; TNFe, tumor necrosis factor a.

decreased the percentages of MMP13- and ADAMTS-5-positive
chondrocytes (Fig. 5C, 5D). With respect to MMP13, the ratios of pos-
itive cells were reduced from 91.33% = 9.87% to 62.67% = 11.02%
and 24.33% *+ 5.7% (p < .001) for the MSC-GFP and MSC-Atsttrin
transplant groups, respectively. Similar results were observed
with ADAMTS-5 expression, with the ratios of positive cells being
reduced from 91.33% * 7.1%to 55.00% *+ 10.00% and 16.67% =
3.1% (p < .001). Based on these data, we concluded that MSCs
transplantation, particularly when Atsttrin was stably expressed,
efficiently reduced the production of harmful ECM hydrolytes.

DIScusSION

In this study, we demonstrated gene therapy for OA by intra-
articular injection of Atsttrin-transduced MSCs (MSC-Atsttrin).
Firstly, a mesenchymal stem cell line (C3H) was genetically modified
with lentiviral vectors encoding Atsttrin under the transcriptional
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control of tetracycline-inducible promoters, which enabled efficient
expression of the recombinant protein by MSCs. Secondly, the func-
tions of the genetically engineered cells were evaluated by cocultur-
ing with human chondrocytes in the presence of TNFa, which led to
downregulation of the production of inflammatory factors. The pres-
ence of MSC-Atsttrin could largely suppress the enhanced levels of
MMP13, ADAMTS-5, and iNOS that were induced by TNF«, thereby
exerting a chondro-protective effect. Thirdly, it was demonstrated
that MSC-Atsttrin exhibited promising results when used to treat
surgically induced osteoarthritis. Detrimental catabolic factors were
suppressed in the mouse OA model, similar to what was observed in
vitro. These data suggest that recombinant Atsttrin delivered by
intra-articular transplantation of genetically modified stem cells
can pave the way for innovative therapy of OA.

Based on previous findings with RA models, Atsttrin is
expected to be therapeutically useful for multiple TNFa-associ-
ated conditions and pathologies [11]. Investigations of Atsttrin
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Intra-articular injection of MSC-Atsttrin delayed OA cartilage degradation. (A): Cell tracking displayed positive orange fluorescent

signal in the joint 1 week after cell injection by Color CCD. (a) represents the OA group without cell transplantation, and (b) represents the
tracking image of OA+MSC-Atsttrin group (the color coding and grades showed the intensity of fluorescent signal). (B, C): Safranin Orange stain-
ing of cartilage samples at 4 weeks (B) and 8 weeks (C). Scale bars =200 or 100 wm. (C): After anterior cruciate ligament transection, with arrows
showing the defect area. Scale bars =200 or 100 um. (D, E): OARSI scores of samples at 4 (D) and 8 (E) weeks after OAinduction. *, p < .05; **, p <
.01; #*%, p <.001 (n = 6). Abbreviations: GFP, green fluorescent protein; MSC, mesenchymal stem cell; OA, osteoarthritis; OARSI, Osteoarthritis

Research Society International.

focused on two directions. The first line of investigation is to un-
ravel the underlying mechanism of interaction between Atsttrin
and TNFR family members. Screening the association of Atsttrin
with other members of the TNFR subfamily demonstrated that
TNFRSF25 was another interacting member besides TNFR1 and
TNFR2 [19]. Additionally, it was found that alternating the order
of the three fragments of Atsttrin did not influence anti-TNF« ac-
tivities, implying that the three domains of Atsttrin functioned in-
dependently [20]. The second research direction is to evaluate
whether Atsttrin treatment can be effective in other TNFa-asso-
ciated inflammatory diseases, such as amelioration of pathology
in dextran sulfate-induced colitis [19] and attenuation of inflam-
mation in a mouse dermatitis model [16]. Our study investigated
the potential use of Atsttrin to treat another inflammatory con-
dition, osteoarthritis.

As an autocrine growth factor with cytokine-like properties,
the naturally occurring TNFa antagonist progranulin also contrib-
utes to tumorigenesis in various cancers [33]. Atsttrin is consid-
ered to be safer than PGRN because each domain of the fused

www.StemCellsTM.com

chimeric protein just maintains the binding affinity to TNFR while
exhibiting less cytokine-like properties [11, 20]. Notably, no safety
concerns of Atsttrin have been reported to date. Nevertheless, sup-
pression of TNFa activity has been reported to increase opportunis-
tic infections and even render increased susceptibility to cancer
[34, 35]. In view of this potential detrimental side effect, we per-
formed localized intra-articular injection of genetically modified
MSCs and used controllable expression of the target gene.
Adult stem/progenitor cell transplantation has been shown
to be an effective treatment strategy for a range of diseases.
Transplanted stem cells contribute to the regeneration of injured
cartilage through three distinct routes: differentiation into chondro-
cytes, secretion of growth factors, and suppression of inflammation
[22]. However, the bottleneck limitation of this therapeutic strat-
egy is the low cell survival rate (0.2%-10%) upon transplantation
invivo [36, 37]. Thatis, most of the transplanted cells die off in the
short term, which may be due to environmental stress that the
cells encounter after engraftment. In our study, the injected cells
could be tracked after 1 week by Dil staining. However, after
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Figure 5. Intra-articularinjection of MSC-Atsttrin suppressed MMP13 and ADAMTS-5 expression during OA progression. (A, B): Comparison of

MMP13 (A) and ADAMTS-5 (B) expression levels by immunohistochemical staining of cartilage samples at 8 weeks postsurgery. Scale bars =100
um. (C, D): Quantification of MMP13-positive (C) and ADAMTS-5-positive (D) cells within cartilage samples at 8 weeks postsurgery. **, p < .01;
*%% p <.001 (n = 3). Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; MSC, mesenchymal stem cell; OA,

osteoarthritis.

4 weeks, no signal was detectable (data not shown) because of the
low cell retention rate. The earlier therapeutic intervention is be-
ing carried out during OA progression, the better would be the
treatment outcome achieved [38]. Hence, the survival of trans-
planted cells in the first few weeks is crucial to the inhibition of
OA progression. In future studies, various measures may be used
to extend cell survival so as to further enhance the treatment out-
come. Another major limitation of this study is that the fate of the
engrafted cells was not tracked successfully, although we have tried
to detect the presence of positively stained cells with GFP-conjugated
antibody in the joints (data not shown). The main reason for the low
cell retention rate may be that diffusion takes place readily after intra-
jointinjection, as well as the low survival rate of the transplanted cells
over the long term. Nevertheless, these limitations do not obscure
the potential of MSC-based gene therapy approach to OA repair in
the surgically induced mouse OA model.

CONCLUSION

In this study, it is demonstrated that MSC-Atsttrin plays a chon-
dro-protective role and delays the progression of OA in vitro
and in vivo by suppressing the expression of catabolic factors
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and enhancing the production of beneficial cartilage extracellular
matrix. Taken together, our results highlight a novel potential clin-
ical therapeutic approach to inhibiting TNFa and ameliorating OA
development.
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