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Engineering exosomes derived from TNF-a

preconditioned IPFP-MSCs enhance both yield
and therapeutic efficacy for osteoarthritis
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Abstract

Background The pathogenesis of osteoarthritis (OA) involves the progressive degradation of articular cartilage.
Exosomes derived from mesenchymal stem cells (MSC-EXOs) have been shown to mitigate joint pathological injury
by attenuating cartilage destruction. Optimization the yield and therapeutic efficacy of exosomes derived from MSCs
is crucial for promoting their clinical translation. The preconditioning of MSCs enhances the therapeutic potential

of engineered exosomes, offering promising prospects for application by enabling controlled and quantifiable
external stimulation. This study aims to address these issues by employing pro-inflammatory preconditioning of MSCs
to enhance exosome production and augment their therapeutic efficacy for OA.

Methods The exosomes were isolated from the supernatant of infrapatellar fat pad (IPFP)-MSCs preconditioned
with a pro-inflammatory factor, TNF-a, and their production was subsequently quantified. The exosome secretion-
related pathways in IPFP-MSCs were evaluated through high-throughput transcriptome sequencing analysis, g-PCR
and western blot analysis before and after TNF-a preconditioning. Furthermore, exosomes derived from TNF-a pre-
conditioned IPFP-MSCs (IPFP-MSC-EXOs™ %) were administered intra-articularly in an OA mouse model, and subse-
quent evaluations were conducted to assess joint pathology and gait alterations. The expression of proteins involved
in the maintenance of cartilage homeostasis within the exosomes was determined through proteomic analysis.

Results The preconditioning with TNF-a significantly enhanced the exosome secretion of IPFP-MSCs compared
to unpreconditioned MSCs. The potential mechanism involved the activation of the PI3K/AKT signaling pathway

in IPFP-MSCs by TNF-a precondition, leading to an up-regulation of autophagy-related protein 16 like 1(ATG16L1)
levels, which subsequently facilitated exosome secretion. The intra-articular administration of IPFP-MSC-EXQs™NF-a
demonstrated superior efficacy in ameliorating pathological changes in the joints of OA mice. The preconditioning
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of TNF-a enhanced the up-regulation of low-density lipoprotein receptor-related protein 1 (LRP1) levels in IPFP-MSC-

EXOs™F=¢ thereby exerting chondroprotective effects.

Conclusion TNF-a preconditioning constitutes an effective and promising method for optimizing the therapeutic
effects of IPFP-MSCs derived exosomes in the treatment of OA.

Keywords Osteoarthritis, Exosomes, TNF-a precondition, Mesenchymal stem cells, Chondrocytes
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Introduction

The pathogenesis of osteoarthritis (OA) involves the
progressive degradation of articular cartilage, accompa-
nied by synovitis, subchondral bone remodeling, and the
development of osteophytes [1]. OA encompasses vari-
ous pathogenic factors, including aging, obesity, gender,
occupation, among others. With its global prevalence
affecting millions of individuals and being the primary
cause of disability worldwide, OA presents a signifi-
cant challenge to both economic and public health [2].
Currently, pain-relieving medications are commonly
administered during the early stages of OA, while joint
replacement surgery becomes necessary in advanced
cases. Therefore, it is imperative to proactively intervene
in or halt the progression of early-stage OA prior to its
advancement.

The efficacy of mesenchymal stem cells (MSCs) derived
from various sources in mitigating joint pathological
injury has been demonstrated in animal models of OA,
encompassing the attenuation of cartilage destruction,
reduction of synovial inflammation, and mitigation of
osteophyte formation [3—5]. However, the direct utiliza-
tion of MSCs is partially constrained by risk factors such
as potential chromosomal variations and immune rejec-
tion. Therefore, it is imperative for studies to develop
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a superior treatment that ensures the effective use of
MSCs while mitigating the possible risks associated with
their direct application. MSCs-derived exosomes, as an
emerging cell-free therapeutic modality, have demon-
strated promising therapeutic potential across a range
of diseases [6—8]. Our previous study demonstrated that
exosomes derived from infrapatellar fat pad (IPFP)-MSCs
possess the ability to mitigate cartilage pathological dam-
age by modulating chondrocyte autophagy levels, thereby
ameliorating abnormal gait in mice with OA [9]. Enhanc-
ing the yield and therapeutic efficacy of exosomes from
IPFP-MSC:s is a pivotal aspect in facilitating their clinical
translation.

The manipulation of MSCs to enhance the therapeu-
tic potential of exosomes presents promising prospects
for application, as it allows for controlled and quantifi-
able external stimulation [10]. Preconditioning MSCs
with IL-1p enables the secretion of exosomes containing
chondroprotective miRNA cargo and anti-inflammatory
factors, facilitating their rapid penetration into collagen-
rich regions of cartilage [11, 12]. Additionally, exosomes
secreted by lipopolysaccharide (LPS)-preconditioned
MSCs significantly enhanced the proliferation and
migration of chondrocytes, while inhibiting chondro-
cyte apoptosis. Moreover, they effectively prevented the
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development of the OA mouse model [13]. The results
of these experiments demonstrate that the precondition
with pro-inflammatory factors can effectively enhance
the production of exosomes with chondroprotective
properties by MSCs.

The pro-inflammatory cytokine TNF-a plays a piv-
otal role in orchestrating the inflammatory response
in OA [14]. The findings of this study demonstrate that
TNEF-a preconditioning significantly enhances exosome
production in IPFP-MSCs. The activation of the PI3K/
AKT signaling pathway leads to the up-regulation of
ATGI16L1 levels, thereby mediating this effect. Further-
more, proteomic analysis revealed that exosomes from
TNF-a preconditioned IPFP-MSCs exhibited elevated
levels of low-density lipoprotein receptor related pro-
tein 1 (LRP1). LRP1 facilitates the degradation of matrix
metalloproteinases (MMPs) and A disintegrin and met-
alloproteinase with thrombospondin motifs (ADAMTSs)
in chondrocytes [15, 16]. The hydrolysis of extracellular
matrix (ECM) in articular cartilage is significantly influ-
enced by MMPs and ADAMTSs, thereby effectively
protecting ECM from degradation caused by destabiliza-
tion of the medial meniscus (DMM)-induced OA mouse
model in the exosomes from TNF-a preconditioned
IPFP-MSCs treatment group.

Methods

Isolation and characterization of IPFP-MSCs

Relevant samples of infrapatellar fat pad and articular
cartilage were procured from patients who underwent
total knee replacement (TKA) (n=8). The methodology
for sample isolation has been previously documented
[9]. Briefly, as for isolation of IPFP-MSC:s, the infrapatel-
lar fat pad was harvested and washed in phosphate-buft-
ered saline (PBS, PRC), and then finely diced into small
pieces by using a surgical scissor. The diced tissues were
digested in 0.2% type I collagenase (Gibco, USA) for 2 h,
and the cell suspension was filtered through a 100-pum
cell strainer (BD Falcon, USA). The released cells were
centrifuged at 400 g for 10 min and resuspended in Red
Cell Lysis Buffer (Beyotime, PRC) at room temperature
for 10 min. The cells were then centrifuged again, and
resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, USA) and 1% Penicillin/strep-
tomycin (P/S). The medium was changed every other
day. As for isolation of primary articular chondrocytes,
cartilage specimens were washed in PBS and then diced.
Cartilage tissues were isolated by digesting the matrix
overnight in high-glucose DMEM (Gibco, USA) supple-
mented with 0.2% type II collagenase (Gibco, USA) and
1% P/S. The cell suspension was filtered by a 40-pm cell
strainer; and the collected cells were centrifuged at 400 g
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for 5 min, and then resuspended in high glucose DMEM
supplemented with 10% FBS and 1% P/S. The medium
was replaced every other day. Cells were used at passage
3. Surface antigens of IPFP-MSCs were characterized by
using flow cytometry to detect CD34 (BD Biosciences,
RRID: AB_396151, USA), CD45 (BD Biosciences,
RRID: AB_10897171, USA), CD73 (BD Biosciences,
RRID:AB_393561, USA) and CD105 (BD Biosciences,
RRID:AB_2033932, USA).

Flow cytometry analysis

IPFP-MSCs at passage 3 were digested with trypsin and
centrifuged. The cells were washed using BD"" Accutase"
Cell Detachment Solution (Cat. No. 561527) and resus-
pended at a concentration of 5x10° cells/ml in BD
Pharmingen™ Stain Buffer (Cat. No. 554656). After labe-
ling each tube and adding antibodies according to the
instructions, 100 pl of cell suspension was added to the
labeled tubes. The tubes were then incubated in the dark
at room temperature for 30 min. Following incubation,
the cells were washed twice and resuspended in 300 pl
BD Pharmingen’" Stain Buffer. Finally, the cells were ana-
lyzed using ACEA NovoCyte D2060R flow cytometry
analyzer (Agilent USA).

Isolation and identification of exosomes

IPFP-MSCs were washed with PBS twice and cultured in
the exosome-free DMEM (Invitrogen, USA). After 48 h,
the conditioned medium of IPFP-MSCs was collected
for isolation of exosomes. The methods of ultrafiltration
were used in this study. Briefly, the conditioned medium
of IPFP-MSCs was centrifuged at 300 g for 10 min,1500 g
for 10 min and then at 10,000 g for 10 min at 4 °C.
After centrifugation, the supernatant was filtered with
a 0.22 um filter (Millipore, USA), which removed the
remaining cells and debris effectively. The supernatant
was then added to an Ultra-clear tube (Millipore, USA)
and centrifuged at 4000 g for 40 min at 4 °C until the vol-
ume in the upper compartment was reduced to approxi-
mately 200 pl. The ultrafiltration liquid was resuspended
in PBS and re-ultrafiltrated at 4000 g to 200 pl. This step
was repeated once. Exosomes were stored in aliquots
at—80 °C for further use. For morphology verification of
isolated exosomes using Transmission electron micros-
copy (TEM), the size distribution and concentration of
isolated exosomes were determined using a NanoSight
LM10 instrument (Malvern, UK).

Transmission electron microscopy (TEM)

The ultrastructure of the MSC-EXOs was identified
using TEM (HT-7700, Hitachi, Japan). Briefly, MSC-
EXOs samples were diluted with PBS and dropped onto
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a copper grid. Filter paper was used to absorb the excess
liquid. After staining with uranyl acetate, the grids were
air-dried at room temperature and subjected to TEM at
100 kV.

RT-qPCR
Total RNA was extracted from cells using TRIzol Rea-
gent (Invitrogen, USA) and then reverse transcribed into
complementary DNA with the PrimeScript" RT Reagent
Kit (Takara, JPN). The samples were then analyzed on the
Mx3000P system (Stratagene, USA) by using SYBR Pre-
mix Ex Taq' II Kit (Takara, JPN). GAPDH was used as

an internal reference.
Sequences of primers were listed as follows:

Forward primer

Reverse primer

Rab5 5'- ACTTCTGGGAGAGTC 5'-TGGGTTAGAAAAGCAGCC
CGCT-3" cc-3

Rab7a 5- CTCTCGGTGTGGCCTTCT 5~ GGGTTTTGAATGTGTTGG
AC-3' GGG -3

Rab27a 5~ AGTTGATGGAGCGAACTG  5'- ACTTCCAATCACATGTCC
CTr-3 TCTTCA -3

ATG5 5'- AGGCACACCACTGAAATG 5~ AGATGGACAGTGCAGAAG
GC-3' GTC-3'

SNAP23 5~ CTGCCCATGTAATAGAAC 5~ TGGTTGCTGAAGCTGACC
AAAGAAC -3’ AT -3

ATG16LT 5'- CAGAGCAGCTACTAAGCG  5'- AAAAGGGGAGATTCGGAC
ACT -3 AGA -3

GAPDH  5'- CAGGAGGCATTGCTGATG  5'- GAAGGCTGGGGCTCA

AT -3'

CTT-3

Western blot

The protein samples were harvested from cell lysates
using RIPA (Beyotime, PRC), and the protein concen-
trations were measured using a BCA protein assay kit
(Beyotime, PRC). Western blot analysis was carried out
as described previously[9]. The primary antibodies used
for Western blotting included anti-ATG16L1 (Protein-
tech, RRID: AB_2918308, PRC), anti-GAPDH (Protein-
tech, RRID:AB_2107436, PRC), anti-B-actin (ABclonal,
RRID:AB_2768234, PRC) and anti-phospho-AKT (Cell
Signaling Technology, RRID:AB_2315049, USA), Densi-
tometry for western blotting was measured using Image

J.

RNA-seq analysis

For transcriptome sequencing analysis, IPFP-MSCs were
cultured with TNF-a conditioned medium and control
medium for 48 h, respectively. Then, the total RNA of
IPFP-MSCs was extracted using TRIzol reagent (Invitro-
gen, USA). The RNA samples were sent for library prepa-
ration and the transcriptome sequencing was performed
on the NovaSeq X Plus platform by Majorbio company.
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Briefly, the samples were quantified using Qubit 4.0 and
mixed according to the data ratio for sequencing. Bridge
PCR amplification was then performed on cBot to gener-
ate clusters, and sequencing was finally carried out on the
machine. The data were analyzed using the free online
Majorbio Cloud Platform, with analyses including GO
and KEGG pathway enrichment.

Lentiviral transduction

Human ATGI16L1-silencing RNA (ATG16L1-RNAj)
was purchased from the Genechem (Shanghai, PRC).
ATG16L1-specific siRNA-targeting coding sequences
was cloned into GV115 vectors to produce ATG16L1-
knockdown vectors. The non-targeting negative control
sequence was cloned into the GV115 vectors to construct
the ATG16L1-control vectors. Transfection of ATG16L1-
RNAi was accomplished according to the manufacturer
protocol. The ATG16L1-control vectors transfected
IPFP-MSCs were used as controls. Then the transfection
efficiency was assessed by immunofluorescence, and the
transfected cells were collected to evaluate transfection
effectiveness via western blotting.

Quantitative proteomic analysis

To determine the proteomic profiles of exosomes derived
from IPFP-MSCs (IPFP-MSC-EXOs), exosomes derived
from TNF-a preconditioned IPFP-MSCs (IPFP-MSC-
EXOs™F%) and exosomes derived from naive IPFP-
MSCs (IPFP-MSC-EXOs™"¢) were analyzed using
label-free quantification on a liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) system supported
by Wayen Biotechnologies following a standard proto-
col. Firstly, purified exosomes were lysed in protein lysis
buffer, and the protein concentration was determined
using the BCA method. Secondly, the protein solution
samples were digested using the standard filter aided pro-
teome preparation protocol. Thirdly, after centrifugation
and drying, the peptides were desalted using a Ziptip C18
column. Once dried, they were used for mass spectrom-
etry analysis. Finally, LC-MS/MS was performed with a
QE-HF-X (Thermo Scientific, USA) mass spectrometer.
Briefly, after vacuum drying, the samples were reconsti-
tuted in 0.1% formic acid (FA), separation was performed
at a flow rate of 300 nL/min using an EASY-nLC 1200
system (Thermo Scientific, USA) with a C18 analytical
column (2 um particle size, 100 A, 50 pmx 15 cm, nano
Viper). Mass spectrometry analysis was conducted using
data-dependent acquisition (DDA) mode. The full scan
resolution was set to 60,000 (FWHM) over a mass range
of m/z 350-2000. Higher-energy collisional dissocia-
tion (HCD) fragmentation was employed with collision
energy set to 28%. Raw data were processed by Max-
Quant (v 1.5.8.3) with reverse and potential contaminant
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proteins removed. Proteins found in exosomes of differ-
ent groups were compared and then subjected to the dif-
ferential analysis.

Intra-articular injection of exosomes in an OA mouse
model

All animal experiments were conducted in accordance
with the regulations of the Animal Research Committee
of the Third Military Medical University (Army Medi-
cal University). OA was induced in the right knee joints
of mice by DMM surgery as described in our previous
research [9]. The DMM surgery involved surgically sec-
tioning the medial meniscotibial ligament, while the
sham operation only involved incisions in the cutane-
ous and muscular planes. Four weeks post-surgery, the
mice in the DMM+PBS group received intra-articular
injections of 10 pl PBS, while those in the DMM +IPFP-
MSC-EXOs™"¢ group were administered intra-articular
injections of 10 pl IPFP-MSC-EXOs™"¢ (5x10' par-
ticles/ml). Additionally, the mice in the DMM +IPFP-
MSC-EXOs™F@ group were subjected to intra-articular
injections of 10 pl IPFP-MSC-EXOs™F* (5x10'° parti-
cles/ml). The injections were administered at an interval
of every other week until eight weeks post-surgery.

Gait analysis

The gait analysis of freely moving mice was assessed after
ten weeks post-surgery using the video-based CatWalk
gait analysis system, as previously described [9]. The gait
changes of mice were quantified and analyzed using the
CatWalk software.

Micro-CT scanning

Ten weeks post-DMM surgery, the right knee joints of
mice from different experimental groups were isolated
and fixed using 4% paraformaldehyde for a duration of
48 h. The knee joints were imaged using micro-computed
tomography (Bruker, Germany). The scanner was config-
ured with a resolution of 15 pum, operating at 70 kV volt-
age and 200 pA current. Each sample was assessed using
consistent thresholds. Three-dimensional structural
parameters, including osteophyte morphology and size,
were analyzed.

Safranin O/fast green staining

Knee joint sections of mice were stained with the saf-
fron O solid green staining kit (Solarbio, PRC) to observe
their cartilage damage [9]. The Osteoarthritis Research
Society International (OARSI) scoring system was used
to score cartilage damage. According to the OARSI scor-
ing recommendations, the histological changes in the
cartilage of the tibiofemoral joint in the medial knee
were rated on a scale of 0-6 [9, 17]. In simple terms:

Page 5 of 18

0=Normal articular cartilage; 0.5=Loss of articular
cartilage matrix; 1=Small fibrosis of articular cartilage;
2=Small fissure in the surface layer of articular cartilage;
3= Articular cartilage fissure or wear range less than 25%
of the cartilage surface; 4= Articular cartilage fissure or
wear range affecting 25%-50% of the cartilage surface;
5=Articular cartilage fissure or wear in the range of 50%-
75% of the cartilage surface; 6=Articular cartilage fissure
or wear greater than 75% of the cartilage surface. After
scoring 5 slices of each joint, the final statistical metric
was the maximum scores and the sum scores of the four
highest scores.

H&E staining

Mice knee sections were stained using the H&E staining
kit (Solarbio, PRC). The scoring method reported in the
literature was used to score the synovitis of mice [17]. In
simple terms, it was rated 0—9 based on the histological
changes in the synovium of mice. The main evaluation
indicators were the number of cell layers in the syno-
vial lining layer (0-3 points), the density of synovium-
resident cells (0-3 points), and the infiltration density of
inflammatory cells (0-3 points). The sum of these three
scores was used for statistical analysis.

Immunohistochemical and immunofluorescence analyses
The knee joint sections of mice were immunostained
using commercially available SABC kits (Boster, PRC)
following the manufacturer’s instructions, as previously
described [9]. Briefly, the samples were deparaffinized,
followed by quenching with hydrogen peroxide. Subse-
quently, trypsin treatment was performed and blocked
using goat serum. The samples were then incubated with
primary antibodies and secondary antibodies. Visualiza-
tion was achieved using AEC kits (Boster, PRC), followed
by counterstaining with hematoxylin. Primary antibodies
against the following proteins: LRP-1 (Proteintech, RRID:
AB_3085841, PRC) and Aggrecan (Proteintech, RRID:
AB_2722780, PRC). A semi-quantitative cellular scor-
ing was performed utilizing a four-point scale based on
immunohistochemical intensity: negative (0), mild posi-
tivity (1+), moderate positivity (2+), and strong posi-
tivity (3+) [18]. As for the immunofluorescence assay,
LRP-1 (Proteintech, RRID:AB_3085841, PRC) was used
as primary antibody. After dark-incubating with a fluo-
rescein secondary antibody, chondrocytes were observed
using the fluorescent microscope and each collected
image was evaluated for fluorescence intensity using
Image] [9].

Statistical analysis
The experimental data were analyzed using Prism 10.0
software (GraphPad Prism) and presented as mean + SD.



Wu et al. Journal of Nanobiotechnology (2024) 22:555
IPFP-MSCs
A Knee Joint cgll_re B

100m

/& X

IPFP-MSC-EXOs™ive
[ : W
\/
¥
Gradient Ultrafiltration  IPFP-MSC-EXOs™"

centrifugation
and remove impurities

Count

Page 6 of 18

CD45 ,
g 2 H
S | Ml s | 1 M1
=5 050% | | 97H1% 96.27%
] | T T 8 R =
| | [
i« R R AR
: 2‘ " “ & | | \
: | y L
I R I A I T A A A T A S i S e
PE-H PE-H PE-H

500 nm

500 nm

[ IPFP-MSC-EXOs™e

& o G
Cahal [0 IPFP-MSC-EXOs™"
20 . 4 p=0.024
TSGI101 | g 5 _
SIS IPFP-MSC-EXOs™"e IPFP-MSC-EXOs™«  § E 3
CD63 -—g £310 58,
[~ = T Q
o T EE
e - 5 2
I N = idallafln
- % “ M“m. vk = [=|
0 T | T 1 0 T T 1 | 0= T T T
0 200 400 600 800 O 200 400 600 800 RTINS
A \\ -

Diameter (nm)

Diameter (nm) Diameter (nm)

Fig. 1 Characterization of IPFP-MSCs and IPFP-MSC-EXOs. A Flowchart of isolation and culture of IPFP-MSCs from OA patients. B IPFP-MSCs

at passage 3 showed a representative spindle-like morphology under light microscopy. Scale bar: 100 um. C The flow cytometry analysis showed
that IFPF-MSCs exhibited low expression of CD34 and CD45, high expression of CD105 and CD73 on their surface. D Schematic illustration

of IPFP-MSC-EXOs isolation process. E The morphology of IPFP-MSC-EXOs"™"e and IPFP-MSC-EXOs ™ @ exhibited a typical sphere-shaped

bilayer membrane structure under transmission electron microscopy (TEM), and the representative image was shown. F The western blotting

of IPFP-MSC-EXOs™"¢ and IPFP-MSC-EXOs ™9 exhibited positive expression of TSG101, CD63 and CD81. G The size distribution and concentration
of IPFP-MSC-EXOs™"¢ and IPFP-MSC-EXOs™ ¢ measured by nanoparticle tracking analysis (NTA). H The statistical analysis for the size distribution

of extracellular vesicles from different samples

The independent-sample t-test was employed to compare
two distinct groups, while multiple group comparisons
were conducted using ANOVA. Statistical significance
was determined at a threshold of p <0.05.

Results

Characterization of IPFP-MSCs and IPFP-MSC-EXOs

The primary IPFP-derived MSCs were isolated from TKA
patients and subsequently cultured in cell culture dishes
(Fig. 1A). At passage 3 of culture, the representative cells
were examined using a light microscope and displayed
characteristic spindle-shaped morphology (Fig. 1B). The
immunophenotype of IPFP-MSCs was characterized by
flow cytometry, demonstrating high expression of stem
cell markers, including CD105 and CD73, and absence
of hematopoietic lineage markers, such as CD34 and
CD45 (Fig. 1C). The IPFP-MSCs were divided into two
groups: the control group and the TNF-a preconditioned

group. In the TNF-a preconditioned group, IPFP-MSCs
were treated with 75 ng/ml TNF-a for 48 h prior to fur-
ther processing. Subsequently, exosomes were isolated
from the supernatant of both TNF-a preconditioned and
untreated IPFP-MSCs using an ultrafiltration method
employing a commercially available nanomembrane con-
centrator (Fig. 1D). The exosomes were characterized
using TEM and nanoparticle tracking analysis (NTA).
Both IPFP-MSC-EXOs™"* and IPFP-MSC-EXOs™F ™
showed a morphology characterized by sphere-shaped
bilayer membrane structures (Fig. 1E). The NTA analysis
revealed that both IPEFP-MSC-EXOs™¥¢ and IPFP-MSC-
EXOs™F® exhibited comparable peaks at approxi-
mately 150 nm in size (Fig. 1G). The western blotting
revealed that both IPFP-MSC-EXOs™¥¢ and IPFP-MSC-
EXOs™F @ exhibited positive expression of TSG101,
CD63 and CD81 (Fig. 1F). The number of extracellu-
lar vehicles (EVs) with diameters ranging from 30 to
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Fig. 2 TNF-a pretreatment enhances the EVs secretion of IPFP-MSC by upregulating ATG16L1. A Schematic diagram of exosomes synthesis

and release processes. B IPFP-MSCs were pretreated with or without 75 ng/ml TNF-a for 24 h, and then the mRNA expression of genes related

to exosome synthesis and secretion were detected by RT-gPCR, with ATG16L1 showing the most pronounced changes. C The protein levels

of ATG16L1 in IPFP-MSCs cultured with TNF-a at indicated concentrations for 48 h were analyzed by western blot assay, and the statistical graph
of ATG16L1 protein expression after gradient TNF-a treatment. D ATG16L1-RNAI lentiviruses were constructed according to different target
sequences. E Monitoring of the transfection efficiency of the lentiviruses into IPFP-MSCs using a fluorescence microscope that measured GFP
expression. F The transfection efficiency of the lentiviruses was detected by western blot assay, and the statistical analysis of ATG16L1 protein
expression following lentiviral transfection indicated that ATG16L1-RNAi-2 demonstrated the most effective knockdown efficiency of ATG16L1. G
Exosomes yield of different groups determined by the NTA

150 nm exhibited a significant increase (approximately
1.8-fold on average) in the control group compared to the
TNF-a preconditioned group (Fig. 1H). Moreover, nota-
ble alterations were observed in the abundance of EVs

within other diameter ranges between these two groups
(Fig. 1H). These findings suggest that TNF-a precondi-
tioning enhances the release of EVs by IPFP-MSCs when
compared to untreated IPFP-MSCs.
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TNF-a precondition enhances the EVs secretion

of IPFP-MSCs by upregulating ATG16L1 levels.

To clarify the mechanism that TNF-a induced the pro-
motion of EVs in IPFP-MSCs, a series of molecules
including SNAP23, Rab27a, Rab7a, Rab5, ATG5 and
ATGI16L1, associated with EVs synthesis and secretion,
were detected in IPFP-MSCs (Fig. 2A). Firstly, IPFP-
MSCs were preconditioned with or without TNF-a
(75 ng/ml) for 24 h, the mRNA expression was detected
using RT-qPCR assay. The mRNA expression levels of
ATG16L1 in IPFP-MSCs were significantly upregulated
following TNF-a preconditioning (Fig. 2B). Subsequently,
IPFP-MSCs were subjected to preconditioning with vari-
ous concentrations (25 ng/ml, 50 ng/ml and 75 ng/ml) of
TNEF-a for 48 h. The subsequent detection of ATG16L1
protein expression was performed using a western blot
assay. After treatment with 75 ng/ml TNF-q, the pro-
tein levels of ATG16L1 in IPFP-MSCs showed the most
significant upregulation (Fig. 2C). To further investi-
gate the potential of TNF-a in enhancing the release of
EVs from IPFP-MSCs, we constructed three types of
ATG16L1-RNAI] lentiviruses to knock down the expres-
sion of ATG16L1 (Fig. 2D). IPFP-MSCs were transiently
transfected with negative controls or different ATG16L1-
RNAI lentiviruses for 3 days, and then preconditioned
with 75 ng/ml TNF-a for 48 h. The transfection efficiency
in IPFP-MSCs was evaluated using fluorescence micros-
copy and western blot analysis. The findings revealed
that lentiviruses efficiently transfected IPFP-MSCs
(Fig. 2E), with the target sequence of ATG16L1-RNAi-2
demonstrating the most significant inhibitory effect on
ATGI16L1 expression in these cells (Fig. 2F). Further-
more, IPFP-MSCs were transfected with negative con-
trols or ATG16L1-RNAi-2, and then preconditioned with
75 ng/ml TNF-a for 48 h. The exosomes derived from
IPFP-MSCs were collected separately and subjected to
Nanosight analysis. The data revealed that the ATG16L1-
RNAi-2 group exhibited a significantly reduced concen-
tration of EVs compared to the control group (Fig. 2G).
Based on these findings, it is plausible that TNF-a pre-
conditioning may enhance the production of EVs in
IPFP-MSCs, at least in part, through the up-regulation of
ATGI16L1 levels.

(See figure on next page.)
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ATG16L1 expression in IPFP-MSCs is upregulated by TNF-a

through the PI3K/AKT signaling pathway

To investigate the molecular pathways underlying the
TNF-a-induced up-regulation of ATGI16L1 expres-
sion, IPFP-MSCs were preconditioned with or without
TNE-a for 48 h, followed by collection of cell lysates for
high-throughput transcriptome sequencing analysis
(Fig. 3A). The transcriptome sequencing data exhibited
high quality, demonstrating homogeneity in the results
(Fig. 3B). The volcano plot revealed that in the TNF-«
preconditioned group, a total of 2752 genes were found
to be up-regulated, while 6004 genes exhibited down-
regulation (Fig. 3C). The enriched Gene Ontology (GO)
analysis revealed that the most significant terms are
associated with embryonic skeletal joint morphogen-
esis (Fig. 3D). The Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis revealed the enrichment of
multiple signaling pathways, including the PI3K-AKT
pathway, in the TNF-a preconditioned group (Fig. 3E).
To further validate the results, IPFP-MSCs were pre-
conditioned with 75 ng/ml TNF-«a and the resulting cell
lysates were subjected to Western blot analysis (Fig. 3F—
@G). Previous studies have demonstrated that activation
of the PI3BK-AKT pathway leads to phosphorylation of
various downstream molecules, including cyclic AMP-
responsive element binding protein (CREB) [19-21].
According to the database of transcription factor binding
site prediction (https://jaspar.genereg.net), it has been
identified that the transcription factor CREB exhibits
potential binding affinity towards the promoter region
of ATG16L1 (Fig. 3H). LY294002, an effective inhibitor
of PI3K, has been widely employed as a drug of choice
in studies investigating the PI3K/AKT pathway by our
group and others [22, 23]. The TNF-a preconditioned
IPFP-MSCs were subsequently treated with 40 puM
LY294002. Remarkably, the administration of LY294002
resulted in a significant reduction in ATG16L1 mRNA
levels within the TNF-a preconditioned IPFP-MSCs
(Fig. 3I). The Western blot assay confirmed these obser-
vations, showing that AKT pathway inhibitors effectively
downregulated the protein levels of ATG16L1 induced by
TNF-« in IPFP-MSCs (Fig. 3]).

Fig. 3 TNF-a upregulates the expression of ATG16L1 in IPFP-MSCs via PI3K/AKT signaling pathway. A Flowchart for the transcriptome sequencing
analysis. B Quality analysis of transcriptome sequencing. C A volcano plot of RNA-seq results. D and E KEGG pathway enrichment analysis

and GO enrichment analysis of differentially expressed genes. F The protein levels of p-AKT in IPFP-MSCs cultured with 75 ng/ml TNF-a for 48 h
were analyzed by western blot assay. G Statistical map of p-AKT protein expression after TNF-a. H Prediction of CREB binding sites in ATG16L1
promoter region. | After treating with 40 uM AKT pathway inhibitor LY294002, the ATG16L1T mRNA levels of TNF-a primed IPFP-MSCs were analyzed
by RT-gPCR. J TNF-a primed IPFP-MSCs were treated with 20 uM or 40 uM LY294002, and the protein expression of ATG16L1 was determined using

western blot analysis
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Fig. 4 Therapeutic effects of IPFP-MSC-EXOs™ % on OA mice model. A Schematic diagram of IPFP-MSC-EXOs ™=@ treatment strategy in OA mice.
B Representative images of three-dimensional reconstruction of the knees in the different groups by micro-CT. shown in the oblique coronal plane.
White arrows: osteophytes. C Gait parameters including duty cycle, mean intensity, print area, print length, print width and stride length were
compared in different mice groups by Catwalk system. Values are presented as the ratio of the right hind (RH, DMM applied knee)/the left hind (LH,

contralateral knee)

The intra-articular administration of IPFP-MSC-EXOs™F—¢
demonstrated superior efficacy in ameliorating gait
abnormalities and pathological changes compared

to that of IPFP-MSC-EXOs"*"® in the joint of DMM mice

To assess the comparative efficacy of IPFP-MSC-
EXOs™F% yersus IPFP-MSC-EXOs™*¢ in protecting OA
joints in vivo, we evaluated the clinical and pathological
status in an OA mouse model. Initially, we successfully
established an experimental model of OA by inducing
it through DMM surgery in 9-week-old male C57 mice.
After a 4-week period following the DMM surgery, either
PBS or IPFP-MSC-EXOs (at a concentration of 5x 10
particles/ml) were administered into the articular cavity
of the OA mice once per week for consecutive 4 weeks.
Subsequently, the mice were sacrificed after 2 weeks for
further analysis (Fig. 4A). The total joints of OA mice
were evaluated using micro-computed tomography
(Micro-CT). The joints in the Sham group remained
intact without the presence of osteophytes, whereas

numerous osteophytes were observed within the joint
cavity of mice in the PBS injection group. Intra-articu-
lar administration of IPFP-MSC-EXOs™"¢ attenuated
osteophyte formation in DMM mice, with IPFP-MSC-
EXOs™F injection demonstrating superior efficacy in
reducing osteophytes (Fig. 4B). Considering the ability
of IPFP-MSC-EXOs™"® and IPFP-MSC-EXOs™ ™% to
mitigate OA pathology in the knee joint, we hypothesized
their potential to ameliorate gait pattern abnormali-
ties in mice undergoing DMM surgery. In our previous
study, we observed a partial improvement in gait abnor-
mality in the DMM mice model following treatment
with IPEP-MSC-EXOs™¥¢ [9]. To further investigate the
potential effects of IPFP-MSC-EXOs™F~% we assessed
gait parameters, including print length, duty cycle, mean
intensity, print area, print width and stride length, using
a Catwalk system in different groups of mice. The IPFP-
MSC-EXOs™F® group exhibited significant improve-
ments in all gait parameters compared to the PBS group.
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Fig. 5 IPFP-MSC-EXOs™ % local injection improves cartilage degradation and synovial inflammation in vivo. A Safranin O/fast green staining

of cartilage morphology in different OA mice group, dashed boxes were amplified showing articular cartilage destruction (yellow arrowheads).
Scale bar: 50 um. B Representative images of H&E staining of the OA mice knee, higher magnification was depicted by dashed boxes (the dashed
double-headed arrows represents synovial inflammation). Scale bar: 50 um. C and D The OARSI scoring system quantify the severity of cartilage
destruction in knee joints of OA mice. n=8 for each group. E Synovial inflammation was evaluated with the synovitis scores. n=8 for each group

And the IPFP-MSC-EXOs™F% group exhibited sig-
nificant improvements in print length and stride length
compared to the IPFP-MSC-EXOs™"® group (Fig. 4C).
These findings suggest that intra-articular administration
of IPFP-MSC-EXOs™F~* exhibited superior efficacy in
alleviating gait abnormalities compared to the adminis-
tration of IPFP-MSC-EXOs"™"™,

The degradation of articular cartilage and loss of ECM
were investigated using Safranin O-fast green stain-
ing. Specifically, basophilic cartilage exhibits a prefer-
ence for the basic dye Safranin O, which yields a distinct

red hue, whereas acidophilic bone readily binds to the
acidic dye Fast Green, resulting in a vibrant green col-
oration. (Fig. 5A). Remarkable destruction of the articu-
lar cartilage was observed in the PBS group. Both the
IPEP-MSC-EXOs™" group and IPFP-MSC-EXQs™ @
group exhibited improvements in cartilage repair, with
the IPFP-MSC-EXOs™ % group showing a more com-
plete cartilage surface. The cartilage degeneration in the
medial tibial plateau and medial femoral condyle of mice
knee joints was assessed using a scoring system ranging
from 0 to 6, following the guidelines recommended by the
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Osteoarthritis Research Society International (OARSI)
[24]. The scoring system comprises the Summed Score
(the sum of the four highest scores from each section
within the same joint) and the Maximal Score (the high-
est score from each section within the same joint). Histo-
logical analysis revealed that the IPFP-MSC-EXQOs N~
group exhibited the lowest OARSI score (Fig. 5C-D),
indicating a remarkable therapeutic effect of IPFP-MSC-
EXOs™F % in mitigating cartilage destruction in mice
with OA. The synovial inflammation of mice knee joints
was assessed by performing H&E staining (Fig. 5B). The
degree of synovial inflammation was assessed by evaluat-
ing synovitis scores, which were based on the thickness of
cells in the synovial lining layer and the density of cells in
the synovial stroma [25]. The PBS group exhibited more
severe synovitis, including an enlarged synovial lining cell
layer, an increased number of synovial stroma cells, and
heightened inflammatory infiltration in the knee joint.
Notably, the IPFP-MSC-EXOs™F® group displayed
a lower synovitis score comparable to that of the IPFP-
MSC-EXOs™" group (Fig. 5E).

The proteomic analysis reveals a significant enrichment

of exosomal LRP1 in IPFP-MSC-EXOs™" ¢

To investigate the underlying mechanism by which
TNE-a precondition enhances the therapeutic efficacy of
exosomes derived from IPFP-MSCs, we employed high-
throughput label-free quantitative proteomic analysis to
identify differentially expressed proteins in exosomes iso-
lated from the culture supernatants of IPFP-MSC-EXOs-
naive and IPFP-MSC-EXOs™ * (Fig. 6A). A total of 241
proteins were identified in the two sample groups, with
139 and 227 proteins identified in IPFP-MSC-EXQOs™*¢
(Ctrl group) and IPFP-MSC-EXOs™F~* (TNF-a group),
respectively. Notably, we observed an overlap of 125 pro-
teins expressed in both groups, among which 55 proteins
were up-regulated and 12 proteins were down-regulated
specifically in IPFP-MSC-EXOs™F* compared to IPFP-
MSC-EXOs™" (Fig. 6B). The mass spectra revealed the
predominant proteins in IPFP-MSC-EXOs™F™% with
particular attention drawn to LRP1 (Fig. 6D). The GO
terms and KEGG pathways were identified for the differ-
entially upregulated proteins. The results indicated that

(See figure on next page.)
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the most significantly enriched GO terms were primarily
associated with ECM-receptor interaction, while the up-
regulated proteins exhibited enrichment in KEGG path-
ways specifically related to ECM organization (Fig. 6C
and E). It has been previously reported that LRPI1, a
transmembrane protein of type I, serves as the primary
endocytic receptor for extracellular matrix-degrading
MMPs and ADAMTSs in chondrocytes [15, 16] (Fig. 6F).

Exosomal LRP1 protein derived from IPFP-MSC-EXOs™F~¢
exerts a chondroprotective effect

In order to investigate the potential association between
exosomal LRP1 protein and the therapeutic efficacy of
IPFP-MSC-EXOs™F~% 3 series of in vivo and in vitro
experiments were conducted to validate our hypoth-
esis. The human primary chondrocytes were subjected
to a 48 h treatment with both H,O, (200 uM, 48 h) and
IPFP-MSC-EXOs™®  (1x10® particles/ml). Subse-
quently, the protein levels of LRP1 in chondrocytes were
assessed using an Immunofluorescence assay. The results
demonstrated a significant upregulation of LRP1 expres-
sion in chondrocytes upon treatment with IPFP-MSC-
EXOs™F™® (Fig. 7A, B). The up-regulation of LRP1 in
chondrocytes may potentially be attributed to the inter-
nalization of IPFP-MSC-EXOs™F % indicating a plausi-
ble mechanism. In subsequent animal experiments, we
evaluated the immunohistochemical expression of LRP1
in the articular cartilage of mice with OA. The expres-
sion of LRP1 was found to be up-regulated in the articu-
lar cartilage of mice treated with IPFP-MSC-EXOs™ ™,
concomitant with increased levels of aggrecan expres-
sion (Fig. 7C, D). This suggests that OA chondrocytes
may internalize IPFP-MSC-EXOs™F~% which are rich in
LRP1 protein. Furthermore, the exosomal LRP1 protein
might play a role in promoting the catabolism of ECM-
degrading MMPs and ADAMTSs, indirectly leading to
an upregulation of aggrecan expression. This upregula-
tion is associated with maintaining the homeostasis of
ECM in cartilage.

Fig. 6 Effect of TNF-a treatment on IPFP-MSC-EXOs composition. A Workflow of the high throughput label-free quantitative proteomic
analysis. B Venn diagram showing overlap of protein groups identified by label-free quantitative proteomics in the indicated exosomes. C KEGG
pathway analysis of proteomic data in IPFP-MSC-EXOs. The vertical axis represents the pathway category and the horizontal axis represents
pathway’s enrichment score [—log10(adjusted P value)]. D Heatmap analysis of differentially expressed proteins in IPFP-MSC-EXOs, dashed
boxes were enlarged to show the top 13 proteins that up-regulated in IPFP-MSC-EXOs™ . E Pie diagram of Gene ontology of the differentially
expressed proteins was performed to study the specific biological processes (GO-BP). F LRP1-mediated endocytic pathway of ECM-degrading

metalloproteinases in chondrocyte
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in immunohistochemical images are shown as mean+SD. n=5 for each group

Discussion

Exosomes, ranging from 30 to 150 nm, are small cargo-
loaded EVs that originate from multivesicular bodies
derived from endosomes. Naturally occurring exosomes
derived from MSCs are the most extensively investigated
therapeutic approach for OA due to their ease of acquisi-
tion and demonstrated efficacy. However, they also pos-
sess several limitations, including challenges in scaling
up production and inadequate individual potency. Con-
sequently, there has been a growing inclination towards
engineering approaches in the realm of exosomes appli-
cations [10]. In this study, we found that TNF-a precon-
ditioning enhanced exosome secretion in IPFP-MSCs
through the activation of the PI3K/AKT pathway. Addi-
tionally, it induced the incorporation of chondropro-
tective LRP1 protein into exosomes, thereby exerted
a beneficial effect on OA treatment in mice (Fig. 8).
Therefore, this study presents a novel clinical treatment

strategy for OA by investigating the functions and mech-
anisms of engineering exosomes from IPFP-MSCs in OA
patients.

Previous studies have demonstrated that MSCs exhibit
robust anti-inflammatory effects and possess excep-
tional immunomodulatory properties, primarily medi-
ated through their paracrine actions [26, 27]. Recently,
an increasing number of studies have demonstrated that
exposure to a pro-inflammatory, such as LPS, or hypoxic
preconditioned culture environment, can enhance the
functional properties and paracrine effects of MSCs in
combating chronic inflammatory conditions of OA [13,
28]. The proinflammatory cytokine TNF-a, which plays
a pivotal role in the early stages of OA, is secreted and
independently drives the inflammatory cascade [29]. Fur-
thermore, TNF-« exerts an inhibitory effect on the adi-
pogenic differentiation of human adipose-derived MSCs,
thereby preserving their undifferentiated state [30, 31].
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Fig. 8 Schematic Diagram: After TNF-a precondition, the PI3K/AKT signaling pathway within IPFP-MSCs is activated. This activation leads

to the transcription factor CREB binding to the promoter region of ATG16L1, which promotes the transcription of ATG16L1, thereby increasing
the release of exosomes. Concurrently, TNF-a treatment facilitates the enrichment of LRP1 in exosomes derived from IPFP-MSCs. When these
LRP1-enriched exosomes are used to treat OA chondrocytes, they promote the degradation of ADAMTSs and MMPs within chondrocytes

and increase Aggrecan levels in cartilage. Ultimately, this process favors the maintenance of the extracellular matrix homeostasis in OA cartilage

Based on the aforementioned findings, we employed
TNF-a preconditioned IPFP-MSCs and observed a sig-
nificant augmentation in exocrine secretion. A similar
finding was reported, demonstrating that precondition-
ing MSCs with a pro-inflammatory cytokine cocktail
consisting of IL-6, TNF-«, and IL-1p resulted in an
approximately two-fold increase in exocrine secretion
[32]. The findings presented here have significant impli-
cations for the future clinical application of exosomes
derived from MSCs, especially in terms of scaling up
production. Therefore, further investigation is needed to
understand the underlying mechanism responsible for
this observed effect.

Exosome biogenesis is a multistage process encom-
passing endocytosis, the establishment of the early endo-
some, progression to the late endosome, multivesicular
body (MVB) formation, membrane fusion events, and
ultimate exosome release [33]. Various proteins, such as
members of the Rab protein family, autophagy-related
proteins (ATGs), and SNARE proteins, play crucial roles
in regulating the biogenesis and release of exosomes [34—
36]. Upon activation, Rab5, a member of the Rab GTPase
family, binds to the membranes of specific organelles due
to its unique subcellular localization. This enables Rab5
to participate in a variety of membrane trafficking events,
such as vesicle budding, intracellular vesicle transport,
and membrane fusion processes. Rab27a is predomi-
nantly localized within CD63-positive MVBs and pro-
motes their docking, tethering, and fusion with the
plasma membrane through interaction with the effector

protein Slp4 [34]. Rab7a is a key regulator that facili-
tates the maturation of endosomes and autophagosomes,
guiding the transport of cargoes along microtubules and
ultimately, participating in the fusion process with lys-
osomes (Maturation of autophagosomes and endosomes:
A key role for Rab7) [37, 38]. SNAP23, a member of the
SNARE complex, serves as a pivotal mediator in the
fusion of MVBs and the subsequent release of exosomes
[34, 39]. Additionally, autophagy is a lysosomal-depend-
ent pathway for degradation and recycling. Recent stud-
ies have unveiled shared molecular machinery involved
in exosome biogenesis and autophagy, as well as signifi-
cant interplay between these two processes [40]. A pre-
vious study has demonstrated that exosome production
is tightly regulated in cells through the ATG5-ATG16L1
complex, which de-acidifies multivesicular bodies via
V,V,-ATPase [35]. In this study, we observed a signifi-
cant up-regulation of mRNA expression levels in IPFP-
MSC:s following TNF-a preconditioning, including Rab5,
ATG5 and ATG16L1. Based on RT-qPCR results show-
ing a more pronounced fold change of ATG16L1 mRNA
expression relative to Rab5 and ATG5, we elected to focus
our subsequent experimental endeavors on ATGI16L1.
Nevertheless, it is noteworthy that Rab5 and ATG5 may
also play a contributory role in TNF-a-induced exosome
secretion from IPFP-MSCs, an aspect that necessitates
comprehensive elucidation in future research. Further-
more, inhibition of ATG16L1 resulted in a significant
decrease in the concentration of EVs derived from IPFP-
MSCs. The PI3K/AKT kinase pathways play a pivotal
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role in modulating the activation of autophagy in cells
[41]. Previous studies have demonstrated that activation
of the AKT/CREB signaling pathway, a crucial pro-sur-
vival signaling cascade, confers protection against stress-
induced cellular apoptosis and inflammatory response
[42, 43], while also playing a key role in the regulation
of autophagy in neuronal cells [44]. The levels of p-AKT
are significantly up-regulated in TNF-a preconditioned
IPFP-MSCs, whereas inhibition of PI3K/AKT signaling
leads to a reduction in the expression of ATG16L1. Fur-
thermore, by integrating the findings from previous stud-
ies with our predictions, we postulate that the abundance
of exocrine secretion in IPFP-MSCs following TNF-a
preconditioning is partially attributed to the activation of
AKT/CREB signaling pathway, leading to an up-regula-
tion in ATG16L1 expression.

In our previous study, we found that exosomes derived
from IPFP-MSCs alleviated gait abnormalities and
exerted protective effects on the articular cartilage of OA
[9]. We have presently discovered that the intra-articular
administration of IPFP-MSC-EXOs™F® exhibited supe-
rior efficacy in alleviating gait abnormalities and patho-
logical changes compared to that of IPFP-MSC-EXOs""®
in the OA joint of mice. Further investigation into the
underlying mechanism of enhanced therapeutic efficacy
of exosomes derived from TNF-a preconditioned IPFP-
MSCs revealed a significantly high expression of LRP1, a
type I transmembrane protein that serves as the primary
endocytic receptor for extracellular matrix-degrading
MMPs and ADAMTSs in chondrocytes [15, 16], within
these exosomes. One possible explanation is that the
increase in LRP1 expression can be attributed to TNF-«
preconditioning [45]. Moreover, LRP1 interacts with
TNF receptor complexes to facilitate endocytosis and
subsequent loading onto exosomes for secretion [46].
The intricate mechanism of these effect necessitates fur-
ther investigation.

Recently, a study has reported that adipose-derived
MSCs preconditioned with the pro-inflammatory fac-
tor IL-1P can produce chondroprotective EVs capable of
crossing the complex cartilage matrix and rapidly pen-
etrating to reach target chondrocytes [11]. We observed
that the IPFP-MSC-EXOs™F % which contains a high
level of LRP1, effectively induces up-regulation of LRP1
expression in OA chondrocytes, thereby significantly
alleviating the loss of cartilage ECMs. Relevant to our
investigation, local inhibition of LRP1 shedding effec-
tively restores the endocytic capacity and significantly
mitigates aggrecan and collagen degradation in OA car-
tilage [47]. Notwithstanding the therapeutic advantages
conferred by exosomal LRP1 derived from IPFP-MSC-
EXOs™F~% delving into its potential as a clinical tar-
get for the amelioration of OA necessitates additional
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investigative efforts. Additionally, further research
is necessary to thoroughly investigate other proteins
or RNA components that are differentially present in
IPFP-MSC-EXOs™F ™,

While preconditioning MSCs with biochemical factors
is a straightforward approach to augment exosome pro-
duction without significant impact on their structures, it
is imperative to acknowledge the potential cytotoxicity
associated with the use of pro-inflammatory factors [10].
Additionally, distinct concentrations of TNF-a can exert
divergent effects on the differentiation of MSCs [48]. In
the future, further optimization of TNF-a precondition-
ing of MSCs is expected to yield enhanced and more
robust outcomes. Despite TNF-a pretreatment upregu-
lating LRP1 in exosomes derived from IPFP-MSCs, the
loading efficiency remains inefficient. Therefore, the
methods for engineering exosomes to enhance their
protein loading efficiency are worth considering. For
example, engineered EVs that deliver therapeutic pro-
tein cargoes using self-assembling "enveloped protein
nanocages" (EPN) may provide an effective solution in
the future [49]. In summary, preconditioning with TNF-«
activates the PI3K/AKT signaling pathway in IPFP-
MSCs, leading to the upregulation of ATG16L1 levels.
Consequently, this enhances the production of LRP1-
enriched exosomes, which serve as protective agents
against cartilage damage caused by OA. This approach
presents a compelling alternative for engineering MSC-
derived exosomes as a therapeutic strategy for OA.
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