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Abstract 

Background: Osteoarthritis (OA), a prevalent degenerative disease characterized by degradation of extracellular 
matrix (ECM), still lacks effective disease-modifying therapy. Mesenchymal stem cells (MSCs) transplantation has been 
regarded as the most promising approach for OA treatment while engrafting cells alone might not be adequate for 
effective regeneration. Genetic modification has been used to optimize MSC-based therapy; however, there are still 
significant limitations that prevent the clinical translation of this therapy including low efficacy and safety concerns. 
Recently, chemically modified mRNA (modRNA) represents a promising alternative for the gene-enhanced MSC 
therapy. In this regard, we hypothesized that adipose derived stem cells (ADSCs) engineered with modRNA encoding 
insulin-like growth factor 1 (IGF-1) were superior to native ADSCs on ameliorating OA development.

Methods: Mouse ADSCs were acquired from adipose tissue and transfected with modRNAs. First, the kinetics and 
efficacy of modRNA-mediated gene transfer in mouse ADSCs were analyzed in vitro. Next, we applied an indirect 
co-culture system to analyze the pro-anabolic potential of IGF-1 modRNA engineered ADSCs (named as IGF-1-ADSCs) 
on chondrocytes. Finally, we evaluated the cell retention and chondroprotective effect of IGF-1-ADSCs in vivo using 
fluorescent labeling, histology and immunohistochemistry.

Results: modRNA transfected mouse ADSCs with high efficiency (85 ± 5%) and the IGF-1 modRNA-transfected 
ADSCs facilitated burst-like production of bio-functional IGF-1 protein. In vitro, IGF-1-ADSCs induced increased ana-
bolic markers expression of chondrocytes in inflammation environment compared to untreated ADSCs. In a murine 
OA model, histological and immunohistochemical analysis of knee joints harvested at 4 weeks and 8 weeks after OA 
induction suggested IGF-1-ADSCs had superior therapeutic effect over native ADSCs demonstrated by lower histo-
logical OARSI score and decreased loss of cartilage ECM.
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Introduction
Osteoarthritis (OA) is a highly prevalent clinical prob-
lem characterized by destruction of articular cartilage, 
sub-chondral bone sclerosis and synovial inflammation 
[1]. Current OA pharmacologic therapy including anti-
inflammation medication and analgesics, but none of 
these effectively alter the pathobiological progression of 
the disease [2]. Recently, mesenchymal stem cells (MSCs) 
transplantation is regarded as a potential strategy for tis-
sue regeneration attributed to their multi-potency and 
immunoregulation capability [3, 4]. Series clinical trials 
have provided evidence that MSCs have clinical utility 
in modulating OA [5–7]. Among which, adipose derived 
stem cells (ADSCs) have become indispensable source 
of stem cell in the field of tissue engineering due to vari-
ous advantages: (1) evasion of immunogenic and ethi-
cal concerns; (2) sustainable source of sample collection 
amounts with simple, repeatable and minimally invasive 
methods; (3) great amount and quality of MSCs in adi-
pose tissue [8].

Although results from several preclinical animal and 
clinical studies are promising, the full potential of ADSCs 
in tissue regeneration has not yet been realized [9]. Cur-
rent innovations in genetic engineering techniques have 
offered vital tools to optimize the application of stem 
cells for tissue repair purposes [10]. MSCs were engi-
neered to overexpress therapeutic candidate sequences 
such as insulin growth factor-1(IGF-1) [11], bone mor-
phogenetic proteins (BMPs) [12], and SRY-related HMG-
box genes (SOX) family [13], which have shown the great 
potential to direct stem cells’ chondrogenesis differentia-
tion or promote activation of the anabolic and prolifera-
tive processes in damaged cartilage. However, previous 
gene-enhanced MSC therapy has largely focused on viral 
DNA-based genetic approaches which are suffered from 
safety concerns such as poor control of duration, risk of 
associated tumorigenesis and genomic integration [14]. 
Messenger RNA (mRNA) transfection represents a safe 
and effective alternative to DNA-based gene therapy, 
while its clinical translation has so far been limited by 
poor stability and strong immunogenicity [15, 16].

Chemically modified mRNA (modRNA) emerged 
as an attractive approach to express target proteins 
in vitro as well as in vivo model systems [17]. The sta-
bility and protein expression of mRNA transcripts 
could be improved by modification such as the replace-
ment of modified nucleotides and the addition of a 

poly(A) tail [18–21]. Recently, Yu et  al. applied VEGF 
modRNA transfected ADSCs to enhance fat survival 
in a fat graft transplantation model. In this study, the 
transfection of VEGF modRNA significantly improve 
the therapeutic efficacy of ADSCs demonstrated by 
improved neo-angiogenesis, increased graft survival 
and cell differentiation ability [22]. Together, it suggests 
that modRNA represents a promising alternative for 
the gene-enhanced MSC therapy.

modRNA has been broadly advocated on treating 
bone defect [23], myocardial infarction [14] and criti-
cal limb ischemia [18]. However, to our knowledge, the 
application of modRNA technique in the treatment of 
OA is extremely limited. Here, we chose to use IGF-1 
as our therapeutic sequences. IGF-1 is a growth factor 
with pleiotropic functions that modulates MSCs chon-
drogenesis by stimulating proliferation and promoting 
the chondrogenic differentiation capacity of MSCs [24]. 
In addition, IGF-1 also plays important roles in carti-
lage repair that can promote chondrocyte survival, pro-
liferation, and production of cartilage matrix [25]. Due 
to these characteristics, IGF-1 has garnered consider-
able interest for OA therapy and showed great potential 
for clinical translation [26–28]. Herein, we transfected 
ADSCs with IGF-1 modRNA, characterized the expres-
sion pattern of IGF-1-ADSC and explored its potential 
therapeutic effect in a murine OA model.

Materials and methods
Isolation and culture of adipose derived stem cells
ADSCs were isolated as described previously [29]. 
In brief, Adipose tissues from inguinal fat pad of 
6–8-week-old C57BL/6 mice were collected (n = 6). 
After washing with phosphate-buffered saline (PBS), 
the adipose tissues were then cut into pieces. 0.2% 
(w/v) Type I collagenase (Invirogen, USA) was used 
to digest the tissue pieces at 37  °C for 50  min. Cul-
ture medium consists of Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, USA) supplemented with 
10% (v/v) fetal bovine serum (FBS, Gibco, USA) and 
1% (v/v) penicillin–streptomycin (PS, Gibco, USA) was 
used to stop the digestion. Cells were resuspended by 
growth medium after centrifugation and then seeded 
onto 10-cm culture dish at 3000 cells/cm2. Media were 
changed every 3 days. ADSCs of the third passage (P3) 
were used in this study.

Conclusions: These findings collectively supported the therapeutic potential of IGF-1-ADSCs for clinical OA manage-
ment and cartilage repair.
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modRNA synthesis and formulation
modRNA was synthesized and formulated as previously 
described [19]. T7 RNA polymerase-mediated tran-
scription from a linearized DNA template, which incor-
porates generic 5′and 3′UTRs and a poly-A tail, was 
used for mRNA synthesis. The purification of RNA was 
performed using Ambion MEGA clear spin columns. 
RNA was then treated with Antarctic Phosphatase 
(New England Biolabs) at 37  °C for 30  min to remove 
residual 5′-phosphates. After re-purification and quan-
tification by Nanodrop (Thermo Scientific), RNA was 
resuspended in 10 mM Tris HCl, 1 mM EDTA at 1 μg/
μl for use. In mRNA, uridine was fully replaced by 
N1-methylpseudouridine. GFP and firefly luciferase 
ORF sequences were the same as previously described 
[14]. Open reading frame sequence for mouse IGF-1 
modRNA was provided in the supplementary data 
(Additional file 1: Table S1).

modRNA transfection in vitro
MessengerMAX (Invitrogen, USA) transfection rea-
gents was used to carry out modRNA transfections. 
Transfection reagents and modRNA were respectively 
diluted in Opti-MEM media (Invitrogen, USA) and 
then incubated for 5  min. Subsequently, the mixes 
were pooled together and incubated at room tempera-
ture (RT) for 15 min to generate the transfection mix-
ture. 5 μl of MessengerMAX transfection reagent were 
applied per 2 μg of RNA. Cells were incubated with the 
transfection mixture for 4 h. 2 μg RNA was applied for 
transfection of 1.5 ×  105 ADSCs in accordance with our 
previous study [18, 22].

To evaluate GFP modRNA expression, the transfected 
ADSCs were photographed at 24  h after transfection. 
Fluorescence intensity and transfection efficiency of 
GFP-modRNA was analyzed by confocal microscopy 
and flow cytometry at 24  h after transfection. Cells 
were then harvested using trypsin (0.05% (w/v); Gibco, 
Cat. 15400054), washed with PBS completely and 
resuspended in 500 μl PBS. Samples were analyzed on 
a FC500MPL flow cytometer (Beckman Coulter, USA). 
Data of flow cytometry were analyzed by FlowJo vX.0.7 
software.

To measure the protein expression kinetics of IGF-1 
modRNA, the supernatant of IGF-1 modRNA trans-
fected ADSCs was harvested at specific time point (4, 
16, 24, 48, 72, 96, 120  h post transfection) and then 
the concentration of IGF-1 protein was quantified by 
ELISA (MultiSciences, China). To collect the condi-
tioned medium of transfected ADSCs, medium was 
then replaced by culture medium (DMEM supple-
mented with 10% FBS).

Isolation and culture of chondrocytes
Mouse chondrocytes were isolated according to previ-
ous studies [30, 31]. Articular cartilage tissue of post-
natal day 5–6 C57BL/6 mice (n = 6) was collected. 
The cartilage tissue was washed in PBS and cut into 
pieces. Type II collagenase (Invitrogen, USA) was used 
to digest the tissue pieces at 37  °C overnight. Culture 
medium containing DMEM/F12 (Gibco, USA) with 
10% (v/v) FBS and 1% (v/v) PS was used to stop the 
digestion. Cells were resuspended by culture medium 
after centrifugation and then plated on 10-cm culture 
dish at 37  °C, 5%  CO2 environment. Chondrocytes of 
the second passage (P2) were used in this study.

Chondrocytes treated by recombinant and purified IGF‑1 
modRNA produced IGF‑1 protein
1.5 ×  105 mouse chondrocytes were seeded into 6-well 
plates. Cells were starved in F12/DMEM for 24  h and 
then exposed to 20 ng/ml IGF-1, either recombinant pro-
tein (Peprotech, USA) or protein produced from IGF-1 
modRNA (added as conditioned media), or to control 
media. Stimulation was carried out for 48  h, and total 
protein of chondrocytes was extracted using RIPA lysis 
buffer comprising of protease and phosphatase inhibitors 
(Solaribio, China).

Western blot analysis
The BCA Protein Assay kit (Pierce, USA) was applied to 
measure the concentration of extracted protein. Protein 
was then separated on SDS–polyacrylamide gel elec-
trophoresis gels by electrophoresis. Then protein was 
transferred onto a polyvinylidene difluoride membrane. 
Membrane was blocked in 1% (w/v) bovine serum albu-
min (BSA) at RT for 1  h and subsequently incubated 
with primary antibodies of mouse Col2 (Santa Cruz, 
sc-52658, dilution: 1:200) at 4  °C overnight. Membrane 
was washed in Tris-buffered saline with Tween (TBST) 
and incubated with horseradish peroxidase (HRP) sec-
ondary antibodies (goat anti-mouse, Beyotime Institute 
of Biotechnology, China, A0216, dilution:1:1000) at RT 
for 1.5  h. After washed by TBST to rinse off the excess 
antibody, membrane was then subjected to western blot 
detection reagents (ECL, Thermo Scientific, USA) to gen-
erate chemiluminescent signal based on manufacturer’s 
protocol.

Cell coculture
Non-contacting coculture system (transwell chambers 
(Corning, USA) with a 0.4-μm pore polycarbonate 
membrane insert) was applied to investigate the effect 
of IGF-1-ADSCs on mouse chondrocytes. Chondro-
cytes without coculture were used as control. ADSCs 
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transfected with GFP modRNA were used as a trans-
fection control (GFP-ADSCs) in the experiments. 
ADSCs, GFP-ADSCs or IGF-1-ADSCs were respec-
tively plated onto the membrane of transwells, and 
chondrocytes were plated onto the bottom of 24-well 
plates. Human interleukin 1 beta (IL-1β) (Peprotech, 
USA) was added to the medium (10 ng/ml) [32]. These 
treated chondrocytes were collected for RNA prepara-
tion and immunofluorescence at 48 h after treatment.

qPCR analysis
The mRNA was extracted using Trizol (Invitrogen, 
USA) followed by reverse transcription. PCR was 
performed using the SYBR Green Real-time PCR 
Master Mix kit (Takara, Japan) based on the manufac-
turer’s instructions with a Light Cycler apparatus (ABI 
7900HT). The following primer sequences were used: 
Col2a1 sense 5’- CCACA CCAAA TTCCT GTTCA-
3’, antisense 5’-ACTGG TAAGT GGGGC AAGAC-3’; 
Acan sense 5’-CCACA CCAAA TTCCT GTTCA-3’, 
antisense 5’-ACTGG TAAGT GGGGC AAGAC-3’; 
Igf-1 sense 5’-CACAT CATGT CGTCT TCACA CC-3’, 
antisense 5’-GGAAG CAACA CTCAT CCACA ATG-
3’; Gapdh sense 5’-ATACG GCTAC AGCAA CAGGG-
3’, antisense 5’-TGTGA GGGAG ATGCT CAGTG-3’. 
Relative level of expression of target genes was then 
calculated using the 2-ΔΔCt method and the repre-
sentative results are presented as target gene expres-
sion normalized to the reference gene Gapdh.

Immunofluorescence
The control ADSCs, GFP-ADSCs and IGF-1-ADSCs 
were harvested 16  h after transfection. The expres-
sion of IGF-1 (Abcam, ab106836, dilution: 1:50) was 
detected. The chondrocytes were harvested 48 h after 
treatment. Immunofluorescence was used to evaluate 
the anabolic markers of the chondrocytes. The ana-
bolic markers including Col2(Santa Cruz, sc-52658, 
dilution: 1:200) and Aggrecan (Abcam, ab36861, dilu-
tion: 1:200) were detected. Cells were firstly fixed in 4% 
(vol/vol) paraformaldehyde for 30  min and subjected 
to immunofluorescence for primary anti-bodies at 4 °C 
overnight. After washed by PBS, cells were incubated 
with secondary anti-bodies (Alexa Fluor® 488, A21202 
for Col2, dilution: 1:500; Alexa Fluor® 546, A11035 for 
Aggrecan, dilution: 1:500; Cy3, Beyotime Institute of 
Biotechnology, A0502 for IGF-1, dilution: 1:500) and 
the nucleus was visualized with DAPI. The sections 
were viewed under a Nikon A1R confocal laser scan-
ning microscope (Nikon, Tokyo, Japan).

Bioluminescence imaging
Animal experimental protocols were approved by Zhe-
jiang University Ethics Committee (ZJU16059). In  vivo 
imaging system (IVIS, Caliper Life Sciences, USA) 
was used to demonstrate the bioluminescence imag-
ing of transplanted ADSCs which are transfected with 
modRNA encoding luciferase (Luc modRNA). Male 
10-week-old C57BL/6 mice were randomly divided into 2 
groups (n = 3 per group). 2 ×  105 ADSCs (ADSCs group) 
or Luc-ADSCs (Luc modRNA group) were respectively 
injected into the right knee joints of mice with a dose of 
1 μg RNA/7.5 ×  104 ADSCs. At 16 h, 24 h, 48 h, 72 h after 
treatment, mice were imaged. Mice received intra-articu-
lar injection of d-luciferin (Solarbio, China) at the dose of 
150 μg/10 μl. After 5 min, mice were anesthetized by iso-
flurane inhalation. The exposure time was set at 10 s and 
the values of bioluminescence were quantified by meas-
urement of photon flux.

In vivo cell tracking
Male 10-week-old C57BL/6 mice were randomly divided 
into 3 groups (n = 3 per group). 2 ×  105 ADSCs, GFP-
ADSCs or IGF-1-ADSCs were staining with DiI (invitro-
gen, USA) and respectively injected into the knee joints 
of mice. To evaluate the cell viability in knee joint, in vivo 
imaging system (IVIS, Caliper Life Sciences, USA) was 
used to demonstrate the fluorescence signal at 1 week 
and 4 weeks after transplantation.

OA animal model induced
Surgical destabilization of medial meniscus (DMM) was 
performed on the right hind knees of Male 10-week-old 
C57BL/6 mice (n = 40) according to previous study [33], 
with Sham surgery performed on the contralateral left 
knees. Briefly, the knee articular cavity was opened after 
anesthesia and the medial meniscus was destabilized by 
cutting medial meniscotibial ligament. The Sham sur-
gery was performed by opening the joint capsule with-
out further damage. At 1 week and 2 weeks after surgery, 
the OA induced knee joint were equally divided to four 
groups randomly and intra-articular injections of DMEM 
(Control), ADSCs, GFP-ADSCs or IGF-1-ADSCs (2 ×  105 
cells in 10  μl DMEM [34, 35]) were performed respec-
tively with a 0.5-ml monoject (29-gauge) insulin syringe 
(BD, USA). After surgery, animals were allowed free cage 
activity. Terramycin (60 mg/kg) will be administered sub-
cutaneously as antibiotic prophylactic at every 72 h basis. 
Flunixin (by adding 0.1 ml of 50 mg/ml flunixin to 200 ml 
water) will be used for 3 days after surgery as analgesic. 
Mice were housed in cage after the surgery and running 
wheels were put in 2 days after the surgery to encourage 
exercise. The mice were harvested at 4 weeks and 8 weeks 
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after surgery and the knee joints were collected for his-
tological evaluation. Each experimental group included a 
total of 5 samples.

Tissue fixation and histological analysis
At 4 weeks and 8 weeks after surgery, the harvested knee 
joints were firstly fixed in 4% (vol/vol) paraformaldehyde 
for 24  h and then decalcified in 10% (wt/vol) ethylene 
diamine tetra-acetic acid (EDTA) solution for 1  month. 
Knee joints were embedded in paraffin blocks, slice 
(7  μm), stained with Safranin Orange (SO) and OARSI 
scored [36] sequentially in a blinded manner by 3 observ-
ers (YX, ZXS and YGL) (3 sections were scored per knee).

Immunohistostaining
Paraffin sections were firstly treated with 0.5% pepsin 
(Sangon Biotech, China) at 37  °C for 30  min. Subse-
quently treated with 3% hydrogen peroxide in methanol 
for 10 min to block endogenous peroxidase and then with 
5% BSA to block nonspecific protein binding. After incu-
bated with primary antibody (mouse anti-Col2 (Santa 
Cruz, USA, sc-52658, dilution: 1:200) and mouse anti-
Aggrecan (Abcam, USA, ab36861, dilution: 1:200)) at 
4  °C overnight (2% BSA was used as negative control), 
sections were incubated with secondary antibodies [goat 
anti-mouse (Beyotime Institute of Biotechnology, China, 
A0216, dilution:1:50) or goat anti-rabbit (Beyotime Insti-
tute of Biotechnology, China, A0208, dilution:1:50)] at 
RT for 2  h. The sections were then washed in distilled 
water for 5 min and incubated with DAB (Beyotime Insti-
tute of Biotechnology, China, P0202) at RT for 3 min. The 
stained specimens were photographed digitally under a 
slide scanning machine (Pannoramic MIDI, 3DHISTECH 
Ltd., Budapest, Hungary).

Statistical analysis
All data were shown as the mean ± SE. Statistical analysis 
was performed and charts were constructed with Graph-
Pad Prism version 8.0. Statistical significance (P < 0.05) 
was calculated using unpaired two-tailed Student’s t-tests 
(two groups at the same time point), one-way ANOVA 
(multiple groups at the same time point). Statistical 
results of the in  vivo experiment were analyzed by the 
Mann–Whitney test using the SPSS software 18.0.

Results
Efficient transfection of chemically modified mRNA 
in mouse ADSCs in vitro
We synthesized modRNA by previous protocol [18, 37]. 
A GFP reporter was utilized to demonstrate the pro-
tein expression kinetics and transfection efficiency of 
modRNA in mouse ADSCs. The expression level of GFP 
was measured by flow cytometry after 24  h. Compared 

to native ADSCs, a clear GFP fluorescence presented in 
the ADSCs transfected with GFP modRNA (Fig.  1A). 
Moreover, the results demonstrated that 85 ± 5% of cells 
expressed GFP, indicating the high transfection efficiency 
of modRNA (Fig. 1B, C).

In order to determine the expression dynamics of 
modRNA in ADSCs, we respectively transfected ADSCs 
with either GFP modRNA or IGF-1 modRNA and 
detected transcript levels inside the cells. Quantitative 
reverse-transcription polymerase chain reaction (qRT-
PCR) revealed more than 50,000-fold increase of IGF-1 
mRNA expression in the IGF-1-ADSCs group at 24  h, 
48  h and 72  h after transfection, in comparison to the 
GFP-ADSCs and ADSCs (Fig.  1D). Using immunofluo-
rescence, we demonstrated that the intracellular levels 
of IGF-1 protein in the IGF-1-ADSCs group expressed 
significantly more IGF-1 protein 16  h after transfection 
than the ADSCs and GFP-ADSCs groups, which further 
confirmed the translation of the modRNA (Fig.  1E). To 
test if the IGF-1 modRNA transcript could translate into 
secreted and functional protein, the expressional pro-
tein kinetics of IGF-1 modRNA in ADSCs were tested 
by enzyme-linked immunosorbent assay (ELISA). As 
shown in Fig.  1F, IGF-1 production was immediately 
increased and reached high level after only 4  h, peaked 
at 16 h, and returned to baseline at 72 h. To confirm the 
bio-functionality of IGF-1 protein produced from IGF-1 
modRNA transfected ADSCs, we introduced the same 
concentration of IGF-1 modRNA produced protein and 
commercially available recombinant mouse IGF-1 pro-
tein to mouse chondrocytes. After 48  h, the expression 
of type II collagen of chondrocytes was assessed. Notably, 
IGF-1 modRNA produced protein exhibited compara-
ble type II collagen production with recombinant IGF-1 
protein, while the additional control group from native 
ADSC supernatant showed much lower type II collagen 
production (Fig.  1G). These results demonstrated that 
IGF-1 modRNA transfection could generate high level 
and bio-functional IGF-1 to boost chondrocytes type II 
collagen expression.

ADSCs transfected with IGF‑1 modRNA promoted 
the extracellular matrix synthesis of chondrocytes in vitro
We next used a co-culture system to investigate whether 
IGF-1-ADSCs stimulate the synthesis of cartilage-ana-
bolic proteins (type II collagen and aggrecan) in chon-
drocytes, as this is a critical factor for cartilage tissue 
regeneration. To better mimic the OA environment 
in  vitro, interleukin 1 beta (IL-1β) was added to the 
medium [32]. The ADSCs transfected with GFP modRNA 
(GFP-ADSCs) were used as a transfection control in the 
experiments. As shown in Fig.  2A, chondrocytes were 
respectively co-cultured with ADSCs, GFP-ADSCs or 
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Fig. 1 Efficiency and protein kinetics of modRNA transfected ADSCs. A Representative images demonstrating GFP expression in GFP modRNA 
transfected ADSCs (the GFP-modRNA group) at 24 h after transfection (Scale bar = 100 μm) compared to ADSCs (the control group). B, C 
Transfection efficiency by flow cytometry analysis at 24 h after transfection. D Expression levels of IGF-1 mRNA in ADSCs, GFP-ADSCs and 
IGF-1-ADSCs at 24 h, 48 h and 72 h post-transfection. E Representative images demonstrating expression of IGF-1 protein in ADSCs, GFP-ADSCs 
and IGF-1-ADSCs at 16 h post-transfection. (Scale bar = 60 μm) F ELISA analysis of kinetics of IGF-1 protein from IGF-1 modRNA transfected mouse 
ADSCs (native ADSCs, the control group). G Western blot analysis of the type II collagen production of chondrocytes treated with the medium of 
ADSCs, recombinant IGF-1 protein or IGF-1 protein produced by IGF-1-ADSCs. (*P < 0.05, **P < 0.01, ***P < 0.001, ns not significant)
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IGF-1-ADSCs in a transwell system (chondrocytes with-
out co-culture were used as control). After 48  h, the 
expression level of type II collagen and aggrecan in chon-
drocytes was assessed. The immunofluorescent staining 
results showed that expression of type II collagen and 
aggrecan were significantly higher in the IGF-1-ADSCs/
chondrocyte co-culture group (P < 0.05), when compared 
with the other three groups (Fig. 2B, C). qRT-PCR results 
also showed the expression of Col2a1 and Acan genes 
were significantly higher in chondrocyte co-cultured with 
IGF-1-ADSCs (Fig.  2D). These results suggested that 
IGF-1-ADSC significantly increased the anabolic mark-
ers of chondrocytes in inflammatory microenvironment.

Highly efficient protein expression of modRNA‑transfected 
ADSCs in vivo
To determine the expression kinetics of modRNA in vivo, 
ADSCs were transfected with luciferase-modRNA (Luc 
modRNA group) and transplanted into mice knee joint. 
The luciferase signals were detected by IVIS biolumines-
cence imaging. The results showed that luciferase expres-
sion from the Luc modRNA group peaked the highest 
expression at 16 h and retained for about 72 h, which was 
in line with the potent and transient burst of gene expres-
sion in vitro (Fig. 3A, B).

Transplantation of IGF‑1 modRNA transfected ADSCs 
attenuated the degeneration of extracellular matrix 
in mice suffering from OA
Given IGF-1-ADSC could increase the chondrocyte ana-
bolic markers expression under inflammation in  vitro, 
we set out to analyze whether it might attenuate OA 
progression. Firstly, the survival rate of transplanted 
cells was examined. ADSCs, GFP-ADSCs, IGF-1-ADSCs 
were respectively labelled with DiI and transplanted into 
knee joints. The results showed that the injected cells in 
the three groups could be tracked after 1 week. How-
ever, after 4 weeks, the signal was only detectable in IGF-
1-ADSCs groups, which indicated that IGF-1 modRNA 
transfection could increase the cell viability of trans-
planted ADSCs in vivo (Fig. 4A–C).

To investigate whether transplantation of IGF-1-AD-
SCs can delay OA progression, IGF-1-ADSCs were 
injected intraarticularly into mice OA joints at 1 week 

and 2 weeks post-surgery and knee joints were collected 
at 4 weeks and 8 weeks after surgery for further evalua-
tion (Fig. 5A). The result showed that ADSCs and GFP-
ADSCs group exhibited similar OA development with 
the untreated control group, which had a thin cartilage 
surface and decrease Safranin Orange (SO) staining 
(Fig.  5B, C). The Osteoarthritis Research Society Inter-
national (OARSI) score results also showed no significant 
difference among these three groups (Fig.  5D, E). How-
ever, the IGF-1-ADSCs transplantation markedly pre-
vented the articular cartilage degeneration as assessed 
by increased SO staining and decreased OARSI score. 
Moreover, expression levels of Aggrecan and Type II col-
lagen were evaluated by immunohistochemistry (Fig. 6A, 
B). The results demonstrated that IGF-1-ADSCs effec-
tively restored ECM deposition demonstrated by higher 
expression of Aggrecan and Type II collagen compared to 
the other groups (Fig.  6C–E). Collectively, these results 
revealed that the transplantation of IGF-1-ADSCs was 
effective in delaying OA progression in mice OA model.

Discussion
In this study, we reported the first study emphasiz-
ing the therapeutic potential of combining ADSCs with 
modRNA technologies for OA treatment (Fig.  7). First, 
we successfully developed genetically modified ADSCs 
to secrete trophic factor IGF-1 by modRNA technique. 
Second, our result demonstrated that the presence of 
IGF-1-ADSCs could significantly increase the expression 
of anabolic markers of chondrocytes in the inflammatory 
microenvironment. Third, the result showed that IGF-
1-ADSCs displayed superior chondroprotective effect 
over native ADSCs in murine OA model, highlighting 
that this therapeutic management might be potential for 
ameliorating OA progression.

Transplantation of stem cells undoubtedly repre-
sents a promising strategy to combat OA [3]. Various 
populations of MSCs such as ADSCs [3], bone marrow 
mesenchymal stem Cells (BMSCs) [5, 6], and umbilical 
cord-derived stem cells (UC-MSCs) [7, 38] have been 
employed in clinical practice. BMSCs were reported to 
be the most common MSC population applied in the 
orthopedic field [39], while ADSCs were recently emerg-
ing as alternatives to BMSCs. ADSCs have several key 

(See figure on next page.)
Fig. 2 ADSCs transfected with IGF-1 modRNA promoted extracellular matrix synthesis of chondrocytes. A Schematic model of indirect co-culture 
system of chondrocytes with ADSCs, GFP-ADSCs or IGF-1-ADSCs using transwell in the presence of IL-1β (chondrocytes without co-culture, the 
control group). Each cell type was grown independently on the transwell plates. B, C Representative photo-micrographs and fluorescent intensity 
analysis of immunofluorescence staining for aggrecan and type II collagen in mouse primary chondrocytes cocultured with ADSCs, GFP-ADSCs 
or IGF-1-ADSCs for 48 h (Scale bar = 100 μm). D Quantitative polymerase chain reaction analysis of mRNA transcript levels of Col2a1 and Acan in 
mouse primary chondrocytes cocultured with ADSCs, GFP-ADSCs, IGF-1-ADSCs for 48 h (chondrocytes without co-culture, the control group). 
(*P < 0.05, **P < 0.01, ***P < 0.001, ns not significant)), COL2 type II collagen, IL-1β interleukin 1 beta
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Fig. 3 The in vivo expression kinetics of modRNA transfected ADSCs. A Representative imaging of mice which received intra-articular 
transplantation of Luciferase modRNA (Luc modRNA) transfected ADSCs (native ADSCs, the control group). B Luciferase activity in the knee joint 
after transplantation

Fig. 4 The cell survival of IGF-1 transfected ADSCs after intra-articular transplantation. A Tracking cell survival after intra-articular transplantation 
of ADSCs, GFP-ADSCs or IGF-1-ADSCs using DiI labeling. B–C Fluorescent signals in the knee joint at 1 week(B) and 4 weeks(C) after intra-articular 
transplantation (n = 3/group; ns = P > 0.05, *P < 0.05, **P < 0.01)

Fig. 5 Intra-articular transplantation of IGF-1-ADSCs ameliorated OA cartilage degradation. A Schematic illustration of in vivo experiment design: 
the intra-articular injection was performed twice at 1 week and 2 weeks after surgery. Samples were harvested at 4 weeks or 8 weeks after surgery. 
B, C Typical photomicrographs of SO staining of mouse knee joints at 4 weeks (B) and 8 weeks (C) post-surgery. (Scale bar = 150 μm (left) or 100 μm 
(right)). D OARSI Scoring of mouse knee joints at 4 weeks (D) and 8 weeks (E) post-surgery. (ns = P > 0.05, *P < 0.05, **P < 0.01)

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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advantages including relatively more abundant sources, 
evasion of ethical concerns and rapid amplification [40]. 
In addition, we previously reported that ADSCs were 
more adaptable to surviving in the hypoxic articular cav-
ity niche and exhibited superiority in modulating inflam-
mation when compared to BMSCs [41]. Collectively, 
these advantages implicate that ADSCs are ideal stem cell 
source for OA treatment.

Although ADSCs transplantation displayed great ther-
apeutic potential, several pertinent limitations including 
low cell survival rate and low efficacy hindered advances 
in stem cell therapy. Combing with other engineering 
approaches such as recombinant proteins or DNA vec-
tors appears to be an effective strategy to realize the full 
potential of ADSCs in regenerative medicine [10]. In this 
study, we did not investigate the application of IGF-1 
recombinant proteins due to their short half-life and poor 
pharmacokinetic properties [42]. On the other hand, 
modifying MSCs through DNA-based genetic manipu-
lations raises various safety concerns such as poor con-
trol of duration and risk of tumorigenesis which limits 
its clinical translation [17]. modRNA-based method has 
the potential to be a more direct and efficient way for the 
gene-enhanced MSC therapy without the above issues 
related to DNA or viral vectors [22]. The advantages of 
modRNA approach, when compared to DNA-based 
transfection, included high transfection efficiency and 
the ability of transient and considerable expression of tar-
get protein [17]. As shown in Fig. 1, modRNA transfected 
primary mouse ADSCs with high efficiency (85 ± 5%). 
This high efficiency represented a significantly increase 
compared to typical transfection efficiency when applied 
non-viral DNA mediated transfection [43, 44]. IGF-1, as 
a naturally secreted substance of ADSCs, has anabolic 
and chondroprotective properties on the cartilage, while 
low levels of endogenously secreted IGF-1 are inadequate 
for effective regeneration [45]. In this study, we generated 
genetically modified ADSCs with the ability to secrete 
IGF-1 in a transient and potent manner using modRNA. 
Our results showed the IGF-1 protein production using 
modRNA was approximately 10 folds increase compared 
to the previous study using DNA in 24 h after transfec-
tion [46]. This is important when considering the thera-
peutic efficiency of IGF-1 is dose-dependent [47].

Previous researches reported that the therapeu-
tic potential of MSCs transplantation mainly depends 

on their paracrine function rather than differentiation 
potential [48]. A series of studies have proposed “hit-and-
run” MSC mode of action upon transplantation [49, 50]. 
As for OA treatment, it has been reported that MSCs dis-
appeared from the target tissue quickly after transplanta-
tion, but were still able to deliver chondroprotective and 
immunomodulatory effects [35, 51]. The therapeutic effi-
cacy of stem cell transplantation seems to be independ-
ent of their differential ability but mainly depend on the 
modulation of the microenvironment and stimulation of 
endogenous regeneration mediated by its paracrine func-
tion. In our study, with engineered to secrete the IGF-1 in 
a “pulse-like” manner, the paracrine function of ADSCs 
seems magnified. We compared the therapeutic effect of 
native ADSCs and IGF-1-ADSCs in murine OA model 
induced by destabilization of medial meniscus (DMM). 
Our result showed that the injection of ADSCs led to a 
limited effect on OA pathology in DMM model which 
was consistent with previous study [52], while IGF-1-AD-
SCs resulted in effectively ameliorating the progression of 
OA (Figs. 5, 6). We speculated this might be due to the 
sufficient secretion of the IGF-1 initiated intrinsic physi-
ological stimulation that continued to drive chondropro-
tective effect and facilitated the regeneration process. 
Considering the proposed “hit-and-run” concept, the 
highly efficient, transient protein expression by modRNA 
might be beneficial for modulation of the microenviron-
ment and promotion of ECM synthesis in OA.

Currently, a major hurdle of stem cell therapy is the 
low cell survival rate after transplantation [53, 54]. The 
majority of transplanted cells die off in the short term, 
which may result from the hostile microenvironment 
in OA suffered from hypoxia, insufficiency of metabolic 
substrates and inflammation. We found that the injected 
ADSCs could be tracked after 1 week by DiI staining, 
while signal was only detectable in IGF-1-ADSCs groups 
after 4 weeks (Fig. 4). We speculated that the overexpres-
sion of the IGF-1 enhanced the cell survival. In lined 
with our findings, it was previously reported that IGF-1 
over-expressed MSCs exhibited more resistant to apop-
tosis and higher cell viability under hypoxia in myocar-
dial infarction model [55, 56]. The mechanism that IGF-1 
modRNA transfection increased the survival rate of 
ADSCs in such OA microenvironment is also of interest 
and worth being studied in future studies.

(See figure on next page.)
Fig. 6 Intra-articular transplantation of IGF-1-ADSCs decreased the loss of extracellular matrix. A, B Immunohistochemistry staining of mouse knee 
joints for aggrecan and type II collagen at 4 weeks (A) and 8 weeks (B) post-surgery (Scale bar = 100 μm). C, D The ratio of Aggrecan positive cells in 
cartilage samples at 4 weeks (C) and 8 weeks (D) after surgery. E The relative positive intensity of type II collagen staining in cartilage samples at 4 
weeks and 8 weeks after surgery (ns = P > 0.05, *P < 0.05, **P < 0.01)
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Novel delivery systems such as microparticles and 
hydrogels were developed for the delivery of mRNA 
and therapeutic protein, which effectively decreased 
the degradation rates of mRNA/protein and improved 
transfection/delivery efficiency [57–59]. However, 
the current delivery systems are difficult to achieve 
clinical translation due to the biodegradability of the 
materials and unexpected adverse inflammatory/immu-
nological reactions [60, 61]. Yu et al. have demonstrated 
that using ADSCs [22] or fibroblasts [18] as cell-carriers 
for modRNA delivery, can effectively prevent the degra-
dation of modRNA transcripts and highly express target 
protein without triggering any additional adverse side 
effects. Compared to delivery system involved foreign 
body implantation, this autologous cell therapy treat-
ment regime seems to be safer and has more transla-
tional potential. Besides, the IGF-1 modRNA transfected 
ADSCs were not merely carriers of the therapeutic gene 

but a novel strategy that combined stem-cell therapy with 
therapeutic protein delivery.

Nevertheless, there are some limitations in this study 
that need to be addressed. Firstly, a major advantage 
of a modRNA approach is the ability to simultaneously 
engineer cells with multiple factors. The combination of 
other anti-inflammatory or trophic factors such as bone 
morphogenetic protein 2 (BMP-2) or interleukin 4 (IL-4) 
might further improve the therapeutic efficiency of stem 
cell therapy. Secondly, the mechanisms of IGF-1-ADSCs 
on OA treatment still need further investigations. Previ-
ous studies had highlighted that the exosomes from gene-
modified stem cells showed different composition of 
specific miRNA and protein which significantly improved 
the therapeutic effect [62]. Whether or not MSCs engi-
neered with modRNA could enhance the therapeutic effi-
cacy through exosomes excretion would be an interesting 
topic for the following studies.

Fig. 7 Improving the therapeutic potential of stem cells via IGF-1 modRNA transfection
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Conclusion
In this study, we have applied modRNA transfection to 
generate engineered ADSCs with the ability to secret 
IGF-1. The application of IGF-1-ADSCs effectively 
delayed the progression of OA demonstrated by the 
amelioration of cartilage destruction and the increased 
expression of anabolic markers of chondrocytes. 
modRNA transfection rises as a promising platform to 
enhance stem cell-based therapeutic strategy, which 
might be an effective approach for OA therapy.

Abbreviations
ADSCs: Adipose-derived stem cells; modRNA: Modified mRNA; IGF-1: Insulin-
like growth factor 1; OA: Osteoarthritis; ECM: Extracellular matrix; MSCs: 
Mesenchymal stromal/stem cells; OARSI: The Osteoarthritis Research Society 
International; SO staining: Safranin Orange staining; GFP: Green fluorescent 
protein; IL-1β: Interleukin 1 beta; UC-MSCs: Umbilical cord-derived stem cells; 
BMSCs: Bone marrow mesenchymal stem cells; IL-4: Interleukin 4; BMP-2: Bone 
morphogenetic protein 2; BMPs: Bone morphogenetic proteins.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287- 021- 02695-x.

Additional file 1. The sequence of IGF-1-modRNA.

Acknowledgements
Not applicable.

Authors’ contributions
H.Y.W., Z.P. and Y.X. designed experiments, analyzed data and wrote the manu-
script. J.J.H. provided conceptual advice and technical support. X.D.Y. assisted 
in the preparation of the manuscript. Z.X.S., Y.S.L., Y.G.L., B.Q.Y., H.J.W., J.Z.Y., Y.W., 
X.R.C., C.X., and Y.W. performed experiments. H.W.O.Y and W.F. supervised the 
study. All authors read and approved the final manuscript.

Funding
This work was supported by the National Key Research and Development 
Program of China (2016YFB0700804), and the Natural Sciences Founda-
tion of China (81630065, 81802146), Shanghai Natural Science Foundation 
(20ZR1434500), the Biomedical Engineering fund of Shanghai Jiao Tong 
University (YG2021GD04), Science and Technology Development Foundation 
of Shanghai Pudong (PKJ2020-Y06).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All animal procedures were approved in advance by Zhejiang University Ethics 
Committee (ZJU16059).

Consent for publication
Not applicable.

Competing interests
The authors indicated no potential conflicts of interest.

Author details
1 Dr. Li Dak Sum & Yip Yio Chin Center for Stem Cells and Regenerative 
Medicine, and Department of Orthopedic Surgery of the Second Affiliated 
Hospital, Zhejiang University School of Medicine, Hangzhou 310058, China. 

2 Department of Sports Medicine, Zhejiang University School of Medicine, 
Hangzhou, China. 3 Zhejiang University-University of Edinburgh Institute, Zhe-
jiang University School of Medicine, and Key Laboratory of Tissue Engineering 
and Regenerative Medicine of Zhejiang Province, Zhejiang University School 
of Medicine, Hangzhou, China. 4 China Orthopedic Regenerative Medicine 
Group (CORMed), Hangzhou, China. 5 Institute of Pediatric Translational 
Medicine, Department of Pediatric Cardiothoracic Surgery, Shanghai Children’s 
Medical Center, School of Medicine, Shanghai Jiao Tong University, Shang-
hai 310003, China. 

Received: 16 July 2021   Accepted: 20 September 2021

References
 1. Hunziker EB. Articular cartilage repair: basic science and clinical pro-

gress. A review of the current status and prospects. Osteoarthr Cartil. 
2002;10(6):432–63.

 2. Hunter DJ. Pharmacologic therapy for osteoarthritis–the era of disease 
modification. Nat Rev Rheumatol. 2011;7(1):13–22.

 3. Song Y, Du H, Dai C, et al. Human adipose-derived mesenchymal stem 
cells for osteoarthritis: a pilot study with long-term follow-up and 
repeated injections. Regen Med. 2018;13(3):295–307.

 4. Liu H, Ding J, Wang C, et al. Intra-articular transplantation of allogeneic 
BMMSCs rehabilitates cartilage injury of antigen-induced arthritis. Tissue 
Eng Part A. 2015;21(21–22):2733–43.

 5. Garay-Mendoza D, Villarreal-Martinez L, Garza-Bedolla A, et al. The effect 
of intra-articular injection of autologous bone marrow stem cells on 
pain and knee function in patients with osteoarthritis. Int J Rheum Dis. 
2018;21(1):140–7.

 6. Chahal J, Gomez-Aristizabal A, Shestopaloff K, et al. Bone marrow mes-
enchymal stromal cell treatment in patients with osteoarthritis results in 
overall improvement in pain and symptoms and reduces synovial inflam-
mation. Stem Cells Transl Med. 2019;8(8):746–57.

 7. Matas J, Orrego M, Amenabar D, et al. Umbilical Cord-Derived Mesenchy-
mal Stromal Cells (MSCs) for knee osteoarthritis: repeated MSC dosing is 
superior to a single MSC dose and to hyaluronic acid in a controlled rand-
omized phase I/II trial [in English]. Stem Cell Transl Med. 2019;8(3):215–24.

 8. Romanov YA, Darevskaya AN, Merzlikina NV, et al. Mesenchymal 
stem cells from human bone marrow and adipose tissue: isolation, 
characterization, and differentiation potentialities. Bull Exp Biol Med. 
2005;140(1):138–43.

 9. Ando W, Fujie H, Moriguchi Y, et al. Detection of abnormalities in the 
superficial zone of cartilage repaired using a tissue engineered construct 
derived from synovial stem cells. Eur Cell Mater. 2012;24:292–307.

 10. Madl CM, Heilshorn SC, Blau HM. Bioengineering strategies to accelerate 
stem cell therapeutics. Nature. 2018;557(7705):335–42.

 11. Ikeda Y, Sakaue M, Chijimatsu R, et al. IGF-1 gene transfer to human 
synovial MSCs promotes their chondrogenic differentiation potential 
without induction of the hypertrophic phenotype [in English]. Stem Cells 
Int. 2017;2017:5804147.

 12. Neumann AJ, Alini M, Archer CW, et al. Chondrogenesis of human bone 
marrow-derived mesenchymal stem cells is modulated by complex 
mechanical stimulation and adenoviral-mediated overexpression of bone 
morphogenetic protein 2. Tissue Eng Part A. 2013;19(11–12):1285–94.

 13. Ikeda T, Kamekura S, Mabuchi A, et al. The combination of SOX5, SOX6, 
and SOX9 (the SOX trio) provides signals sufficient for induction of per-
manent cartilage. Arthritis Rheum. 2004;50(11):3561–73.

 14. Zangi L, Lui KO, von Gise A, et al. Modified mRNA directs the fate of heart 
progenitor cells and induces vascular regeneration after myocardial 
infarction. Nat Biotechnol. 2013;31(10):898–907.

 15. Van Tendeloo VF, Ponsaerts P, Berneman ZN. mRNA-based gene transfer 
as a tool for gene and cell therapy. Curr Opin Mol Ther. 2007;9(5):423–31.

 16. Evans CH. Gene delivery to bone. Adv Drug Deliv Rev. 
2012;64(12):1331–40.

 17. Chien KR, Zangi L, Lui KO. Synthetic chemically modified mRNA 
(modRNA): toward a new technology platform for cardiovascular biology 
and medicine. Cold Spring Harb Perspect Med. 2014;5(1):a014035.

https://doi.org/10.1186/s13287-021-02695-x
https://doi.org/10.1186/s13287-021-02695-x


Page 15 of 15Wu et al. Stem Cell Research & Therapy           (2022) 13:19  

 18. Yu Z, Witman N, Wang W, et al. Cell-mediated delivery of VEGF modified 
mRNA enhances blood vessel regeneration and ameliorates murine criti-
cal limb ischemia. J Control Release. 2019;310:103–14.

 19. Richner JM, Himansu S, Dowd KA, et al. Modified mRNA vaccines protect 
against Zika virus infection. Cell. 2017;169(1):176.

 20. Sultana N, Magadum A, Hadas Y, et al. Optimizing cardiac delivery of 
modified mRNA. Mol Ther. 2017;25(6):1306–15.

 21. Svitkin YV, Cheng YM, Chakraborty T, et al. N1-methyl-pseudouridine in 
mRNA enhances translation through eIF2alpha-dependent and inde-
pendent mechanisms by increasing ribosome density. Nucleic Acids Res. 
2017;45(10):6023–36.

 22. Yu F, Witman N, Yan D, et al. Human adipose-derived stem cells enriched 
with VEGF-modified mRNA promote angiogenesis and long-term 
graft survival in a fat graft transplantation model. Stem Cell Res Ther. 
2020;11(1):490.

 23. Balmayor ER, Geiger JP, Koch C, et al. Modified mRNA for BMP-2 in 
combination with biomaterials serves as a transcript-activated matrix for 
effectively inducing osteogenic pathways in stem cells. Stem Cells Dev. 
2017;26(1):25–34.

 24. Danisovic L, Varga I, Polak S. Growth factors and chondrogenic differentia-
tion of mesenchymal stem cells. Tissue Cell. 2012;44(2):69–73.

 25. Fortier LA, Barker JU, Strauss EJ, et al. The role of growth factors in carti-
lage repair. Clin Orthop Relat Res. 2011;469(10):2706–15.

 26. Li Y, Fan Q, Jiang Y, et al. Effects of insulin-like growth factor 1 and basic 
fibroblast growth factor on the morphology and proliferation of chon-
drocytes embedded in Matrigel in a microfluidic platform. Exp Ther Med. 
2017;14(3):2657–63.

 27. Ok SM, Kim JH, Kim JS, et al. Local injection of growth hormone for tem-
poromandibular joint osteoarthritis. Yonsei Med J. 2020;61(4):331–40.

 28. Geiger BC, Wang S, Padera RF Jr, et al. Cartilage-penetrating nanocarriers 
improve delivery and efficacy of growth factor treatment of osteoarthri-
tis. Sci Transl Med. 2018;10(469):eaat8800.

 29. Shi LB, Cai HX, Chen LK, et al. Tissue engineered bulking agent with adi-
pose-derived stem cells and silk fibroin microspheres for the treatment of 
intrinsic urethral sphincter deficiency. Biomaterials. 2014;35(5):1519–30.

 30. Sun H, Wu Y, Pan Z, et al. Gefitinib for epidermal growth factor recep-
tor activated osteoarthritis subpopulation treatment. EBioMedicine. 
2018;32:223–33.

 31. Gosset M, Berenbaum F, Thirion S, et al. Primary culture and phenotyping 
of murine chondrocytes. Nat Protoc. 2008;3(8):1253–60.

 32. Wang YF, Yu DS, Liu ZM, et al. Exosomes from embryonic mesenchymal 
stem cells alleviate osteoarthritis through balancing synthesis and deg-
radation of cartilage extracellular matrix [in English]. Stem Cell Res Ther. 
2017;8(1):189.

 33. Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of the 
medial meniscus (DMM) model of osteoarthritis in the 129/SvEv mouse. 
Osteoarthr Cartil. 2007;15(9):1061–9.

 34. Schelbergen RF, van Dalen S, ter Huurne M, et al. Treatment efficacy of 
adipose-derived stem cells in experimental osteoarthritis is driven by 
high synovial activation and reflected by S100A8/A9 serum levels [in Eng-
lish]. Osteoarthr Cartil. 2014;22(8):1158–66.

 35. ter Huurne M, Schelbergen R, Blattes R, et al. Antiinflammatory and chon-
droprotective effects of intraarticular injection of adipose-derived stem 
cells in experimental osteoarthritis. Arthritis Rheum. 2012;64(11):3604–13.

 36. Glasson SS, Chambers MG, Van Den Berg WB, et al. The OARSI histopa-
thology initiative—recommendations for histological assessments of 
osteoarthritis in the mouse. Osteoarthr Cartil. 2010;18(Suppl 3):S17-23.

 37. Magadum A, Kaur K, Zangi L. mRNA-based protein replacement therapy 
for the heart. Mol Ther. 2019;27(4):785–93.

 38. Yuan X, Qin X, Wang D, et al. Mesenchymal stem cell therapy induces 
FLT3L and CD1c(+) dendritic cells in systemic lupus erythematosus 
patients. Nat Commun. 2019;10(1):2498.

 39. Park YB, Ha CW, Rhim JH, et al. Stem cell therapy for articular cartilage 
repair: review of the entity of cell populations used and the result of the 
clinical application of each entity. Am J Sports Med. 2018;46(10):2540–52.

 40. Veronesi F, Maglio M, Tschon M, et al. Adipose-derived mesenchymal 
stem cells for cartilage tissue engineering: state-of-the-art in in vivo stud-
ies. J Biomed Mater Res A. 2014;102(7):2448–66.

 41. Zhou W, Lin J, Zhao K, et al. Single-cell profiles and clinically useful prop-
erties of human mesenchymal stem cells of adipose and bone marrow 
origin. Am J Sports Med. 2019;47(7):1722–33.

 42. Clemmons DR. Insulin-like growth factor binding proteins and their role 
in controlling IGF actions. Cytokine Growth Factor Rev. 1997;8(1):45–62.

 43. Chen T, Huang D, Chen G, et al. Efficient and sustained IGF-1 expression 
in the adipose tissue-derived stem cells mediated via a lentiviral vector. J 
Mol Histol. 2015;46(1):1–11.

 44. Watkins DJ, Zhou Y, Matthews MA, et al. HB-EGF augments the ability 
of mesenchymal stem cells to attenuate intestinal injury. J Pediatr Surg. 
2014;49(6):938–44 (discussion 944).

 45. Wei FY, Lee JK, Wei L, et al. Correlation of insulin-like growth factor 1 and 
osteoarthritic cartilage degradation: a spontaneous osteoarthritis in 
guinea-pig. Eur Rev Med Pharmacol Sci. 2017;21(20):4493–500.

 46. Kucic T, Copland IB, Cuerquis J, et al. Mesenchymal stromal cells 
genetically engineered to overexpress IGF-I enhance cell-based gene 
therapy of renal failure-induced anemia. Am J Physiol Renal Physiol. 
2008;295(2):F488-496.

 47. Fortier LA, Lust G, Mohammed HO, et al. Coordinate upregulation of car-
tilage matrix synthesis in fibrin cultures supplemented with exogenous 
insulin-like growth factor-I. J Orthop Res. 1999;17(4):467–74.

 48. Bjorge IM, Kim SY, Mano JF, et al. Extracellular vesicles, exosomes and 
shedding vesicles in regenerative medicine—a new paradigm for tissue 
repair. Biomater Sci. 2017;6(1):60–78.

 49. von Bahr L, Batsis I, Moll G, et al. Analysis of tissues following mesenchy-
mal stromal cell therapy in humans indicates limited long-term engraft-
ment and no ectopic tissue formation. Stem Cells. 2012;30(7):1575–8.

 50. Levy O, Zhao W, Mortensen LJ, et al. mRNA-engineered mesenchymal 
stem cells for targeted delivery of interleukin-10 to sites of inflammation. 
Blood. 2013;122(14):e23-32.

 51. Mancuso P, Raman S, Glynn A, et al. Mesenchymal stem cell therapy for 
osteoarthritis: the critical role of the cell secretome. Front Bioeng Biotech-
nol. 2019;7:9.

 52. Schelbergen RF, van Dalen S, ter Huurne M, et al. Treatment efficacy of 
adipose-derived stem cells in experimental osteoarthritis is driven by 
high synovial activation and reflected by S100A8/A9 serum levels. Osteo-
arthr Cartil. 2014;22(8):1158–66.

 53. Xia Q, Zhu S, Wu Y, et al. Intra-articular transplantation of atsttrin-trans-
duced mesenchymal stem cells ameliorate osteoarthritis development. 
Stem Cells Transl Med. 2015;4(5):523–31.

 54. Terrovitis JV, Smith RR, Marban E. Assessment and optimization 
of cell engraftment after transplantation into the heart. Circ Res. 
2010;106(3):479–94.

 55. Haider H, Jiang S, Idris NM, et al. IGF-1-overexpressing mesenchymal stem 
cells accelerate bone marrow stem cell mobilization via paracrine activa-
tion of SDF-1alpha/CXCR4 signaling to promote myocardial repair. Circ 
Res. 2008;103(11):1300–8.

 56. Lin M, Liu X, Zheng H, et al. IGF-1 enhances BMSC viability, migration, 
and anti-apoptosis in myocardial infarction via secreted frizzled-related 
protein 2 pathway. Stem Cell Res Ther. 2020;11(1):22.

 57. Bible E, Qutachi O, Chau DY, et al. Neo-vascularization of the stroke cavity 
by implantation of human neural stem cells on VEGF-releasing PLGA 
microparticles. Biomaterials. 2012;33(30):7435–46.

 58. Pardi N, Tuyishime S, Muramatsu H, et al. Expression kinetics of nucleo-
side-modified mRNA delivered in lipid nanoparticles to mice by various 
routes. J Control Release. 2015;217:345–51.

 59. Balmayor ER, Geiger JP, Aneja MK, et al. Chemically modified RNA induces 
osteogenesis of stem cells and human tissue explants as well as acceler-
ates bone healing in rats. Biomaterials. 2016;87:131–46.

 60. Kaczmarek JC, Kowalski PS, Anderson DG. Advances in the delivery 
of RNA therapeutics: from concept to clinical reality. Genome Med. 
2017;9(1):60.

 61. Wu B, Li Y, Nie N, et al. Nano genome altas (NGA) of body wide organ 
responses. Biomaterials. 2019;205:38–49.

 62. Huang CC, Kang M, Lu Y, et al. Functionally engineered extracellular 
vesicles improve bone regeneration. Acta Biomater. 2020;109:182–94.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Engineered adipose-derived stem cells with IGF-1-modified mRNA ameliorates osteoarthritis development
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Isolation and culture of adipose derived stem cells
	modRNA synthesis and formulation
	modRNA transfection in vitro
	Isolation and culture of chondrocytes
	Chondrocytes treated by recombinant and purified IGF-1 modRNA produced IGF-1 protein
	Western blot analysis
	Cell coculture
	qPCR analysis
	Immunofluorescence
	Bioluminescence imaging
	In vivo cell tracking
	OA animal model induced
	Tissue fixation and histological analysis
	Immunohistostaining
	Statistical analysis

	Results
	Efficient transfection of chemically modified mRNA in mouse ADSCs in vitro
	ADSCs transfected with IGF-1 modRNA promoted the extracellular matrix synthesis of chondrocytes in vitro
	Highly efficient protein expression of modRNA-transfected ADSCs in vivo
	Transplantation of IGF-1 modRNA transfected ADSCs attenuated the degeneration of extracellular matrix in mice suffering from OA

	Discussion
	Conclusion
	Acknowledgements
	References


