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Abstract

Objective Human placenta-derived exosomes (pExo) were generated, characterized, and evaluated as a therapeutic
candidate for the treatment of osteoarthritis (OA).

Methods pExo was generated from full-term human placenta tissues by sequential centrifugation, purification,

and sterile filtration. Upon analysis of particle size, cytokine composition, and exosome marker expression, pExo

was further tested in cell-based assays to examine its effects on human chondrocytes. In vivo therapeutic efficacies
were evaluated in a medial meniscal tear/medial collateral ligament tear (MCLT +MMT) rat model, in which animals
received pExo injections intraarticularly and weight bearing tests during in-life stage while histopathology and immu-
nohistochemistry were performed as terminal endpoints.

Results pExo displayed typical particle size, expressed maker proteins of exosome, and contained proteins with pro-
proliferative, pro-anabolic, anti-catabolic, or anti-inflammatory activities. In vitro, pExo promoted chondrocyte migra-
tion and proliferation dose-dependently, which may involve its activation of cell growth-related signaling pathways.
Expression of inflammatory and catabolic genes induced in a cellular OA model was significantly suppressed by pExo.

In the rat OA model, pExo alleviated pain burden, restored cartilage degeneration, and downregulated expressions
of pro-inflammatory, catabolic, or apoptotic proteins in a dose-dependent manner.

Conclusions Our study demonstrates that pExo has multiple potential therapeutic effects including symptom
control and disease modifying characteristics. This may make it an attractive candidate for further development

as an anti-OA therapeutic.
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Introduction

Affecting over 300 million people worldwide as a degen-
erative disease, osteoarthritis (OA) is pathologically
defined by articular cartilage destruction with whole-
joint inflammation and damage. OA causes chronic joint
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pain and motion dysfunction symptomatically, which
seriously reduce life quality and increase social burden
[1]. In addition to surgical and non-pharmacological
managements, pharmacological treatments for OA are
aimed at achieving pain control to improve function and
quality of daily life [2]. However, among the few approved
pharmacological treatments such as intraarticular (IA)
corticosteroids so far, no such therapies have been proven
to modify the disease pathology by inhibiting the cata-
bolic pathways, suppressing inflammation, or promoting
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regeneration [3], highlighting the largely unmet clinical
needs of treating OA.

The current understanding of OA as a complex and
multifactorial disease process facilitates the development
of novel therapies, especially those with modulation of
multiple targets. For example, cell-based approaches
using autologous chondrocytes [4], induced pluripo-
tent stem cells [5], or mesenchymal stromal/stem cells
(MSCs) [6] demonstrated promising results both pre-
clinically and in OA patients. Furthermore, various
types of MSC-derived exosomes, which are defined as
secreted bi-lipid membranes and nano-sized vesicles,
have shown multiple effects including immunosuppres-
sion and tissue repair [7]. By mediating MSCs’ biologi-
cal effects, exosomes may serve as a novel approach for
OA treatment based on recent primary research [8] and
clinical practice [9]. Exosomes can also overcome clini-
cal limitations of cellular therapies such as tumorigenic-
ity, immunogenicity [10], and operational challenges of
cell product handling and storage [11]. Therefore, MSC
exosomes are gradually becoming a promising strategy
for OA.

The placenta is a highly specialized and essential organ
for mammalian reproduction and a unique source of
MSCs [12-14]. Human placental-derived biomaterials
have been increasingly recognized for their therapeu-
tic applications across multiple diseases with consist-
ent safety and efficacy profiles being observed [15]. For
example, Interfyl®, a decellularized flowable placental
connective tissue matrix product, is applied in wound
healing [16], while BIOVANCE®, a decellularized and
dehydrated human amniotic membrane allograft, sup-
ports tissue repair [17]. Serial studies have investigated
different human placental tissue products in animal mod-
els of OA [18-23]. Furthermore, exosomes secreted by
cultured amniotic fluid stem cells (AFSCs) were reported
to support a regenerative and less pro-inflammatory phe-
notype in a chemical-induced OA model [24]. Neverthe-
less, the therapeutic effects of exosomes directly isolated
from placentas have not been studied in OA so far.

Considering the above evidence and modulation of
maternal—fetal tolerance during pregnancy by placenta-
derived exosomes (pExo) [25], we hypothesize that pExo
may help repair OA-associated cartilage damage and
suppress inflammation. Therefore, pExo was generated,
characterized, and evaluated for its therapeutic effects
in vitro and in vivo. Our results highlight the potential of
pExo as a disease-modifying therapeutic against OA.

Methods

Preparation of pExo

As summarized in Fig. 1A, full-term healthy human
placentas procured through donors with full consent
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were dissected and incubated with saline in sterile cell
culture containers at room temperature (RT) for 2 h.
The supernatant underwent sequential centrifugations
at 3000, 10,000, and 100,000 g. The centrifuged pellets
were defined as crude pExo and purified by size exclu-
sion chromatography (SEC) using qEV10/35 nm Legacy
Column Gen 1 (Izon, Product Code SP7). Purified pExo
fractions were sterilized through 0.22-pm filters and
diluted in saline (vehicle), from which the concentrations
were measured by Micro BCA protein assay kit (Thermo
Fisher Scientific, Cat# 23,235). The size distribution of
pExo was determined by nanoparticle tracking analysis
(NTA) using a ZetaView particle tracker (Particle Metrix
GmbH, Germany).

Western blot

Protein samples of 2 ug pExo were loaded, separated on
4-12% SDS gels (Novex Wedgewell, Invitrogen, Cat#
NP0321BOX), and followed by blocking for 30 min in
3% blocker BSA solution and overnight incubation with
primary antibodies (Thermo Fisher Scientific) of CD9
(Cat# 10626D), CD63 (Cat# 10628D), and CD81 (Cat#
10630D) at 4 °C. The membranes were then washed using
Tris-buffered saline with 0.1% Tween on a plate shaker
and incubated with IRDye 680RD secondary antibody
(LiCOR Biosciences, Cat# 926-68,071) for 1 h at RT.
Odyssey CLX (LI-COR Biosciences) was used to visualize
blotting in the membranes.

Protein composition analysis

Protein samples of 1-2 pg pExo determined by Micro
BCA protein assay kit (Thermo Fisher Scientific, Cat#
23,235) were lysed according to the manufacturer’s
instruction. pExo were placed in 50 pl RIPA buffer, incu-
bated at 4 °C for 30 min, placed in an ice-cold sonica-
tion bath for 30 s, and followed by a gentle mix on ice
for 15 min. cOmplete”™ EDTA-free Protease Inhibitor
(Sigma Aldrich, Schnelldorf, Germany) was used during
the lysis. The same volume of pExo lyses (N=5 donors)
were loaded to analyze the protein composition by multi-
plex assays (MILLIPLEX® Human Cytokine/Chemokine
Magnetic Bead Panel, Millipore Sigma, Cat# HCYT-
MAG-60 K-PX41). TIMP-1 and TIMP-2 levels were
assayed using Human TIMP Magnetic Bead Panel 2 (Mil-
lipore Sigma, cat# HTMP2MAG-54 K). Following the
vendor’s instruction, the median fluorescence intensity
(MFI) of all beads was measured for quantification.

Human chondrocyte culture and WST-1 assay

Primary articular chondrocytes were purchased from
Lonza (Cat# CC-2550) and expanded in the vendor’s
culture media (Cat# CC-3216). To evaluate prolifera-
tion, chondrocytes were starved in basal media (BM) for
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Fig. 1 Generation and characterization of pExo. A Flow chart of pExo generation. B Western blots of pExo (N=6 donors) to examine the levels
of CD81, CD63, and CD9 as exosome markers. C Protein composition analysis showed the levels of OA-relevant proteins in pExo (N=5 donors). Data
is presented as mean +95% Cl. Size distribution diagram (D) and particle image (E) were generated by NTA from a representative pExo donor
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24 h and treated with 50 or 200 pug/ml pExo for 72 h in
96-well plates (1x 10* cells/well). By the end, the WST-1
reagent (Roche, cat# 11,644,807,001) was added for 4 h
before optical density (OD) absorbance measurement at
440 nm. Assays were performed in triplicate.

Transwell cell migration assay

Chondrocytes were seeded on the top chamber of an
8-pum Transwell (Corning, cat# 3422) on a 24-well plate
with 500 pul BM with or without pExo in the bottom
chamber. After 12 h, non-migrated cells on the top cham-
ber were removed with a cotton swab, and the Transwells
were stained with crystal violet. Migrated cells passed
through the membrane were counted under a micro-
scope. Five representative areas were counted per Tran-
swell. Five areas of each Transwell were counted, and
assays were performed in triplicate.

Signaling pathway analysis

After 24-h starvation in serum-free media, chondrocytes
in 6-well plates (1 x 10° cells/well) were treated with pExo
(100 pg/ml) or growth factors (100 ng/ml) for 30 min. To
analyze the signaling pathways using MILLIPLEX Multi-
Pathway Magnetic Bead 9-Plex (Millipore Sigma, cat#
48-680MAG), chondrocyte lysates were prepared follow-
ing the manufacturer’s instruction, and MFI of all beads
was measured for quantification of target protein phos-
phorylation levels. Assays were performed in triplicate.

Quantitative real-time PCR (qRT-PCR) assay

Total RNAs of chondrocytes treated with pExo (100 pg/
ml) were isolated and used for gene expression analysis
using Tagman probes purchased from Thermo Fisher Sci-
entific: MMP13 (Hs00942584_m1), NOS2 (Hs01075529_
m1), IL6 (Hs00174131_m1), TNFA (Hs00174128 ml),
and GAPDH (Hs02786624_gl1). Assays were performed
in triplicate. The fold change of each gene’s expression
was internalized with that of GAPDH.

Rat OA study

In vivo effects of pExo were evaluated in the medial col-
lateral ligament transection and medial meniscus tear
(MCLT + MMT) surgery-induced OA model, which is
relevant to test chondroprotective interventions [26],
using healthy male Sprague—Dawley rats (10-12 weeks
old), as approved by Institutional Animal Care and Use
Committee (IACUC) of Pharmaseed (Ness-Ziona, Israel)
with controlled order of treatments and measurements
to minimize potential confounders. Briefly, rats were
housed in polyethylene cages (three rats/cage), included,
randomized, and stratified into four groups according to
the static weight bearing test (Additional file 1: Supple-
mental Methods) results on day 0. The MCLT + MMT
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surgery was performed on day 1: an incision on the
medial side of the patellar tendon provided access to the
joint that was exposed; the medial ligament was tran-
sected, and the medial meniscus was resected under a
surgical microscope. In sham-operated rats (N=6 rats),
the right knee joint was exposed and then closed without
medial ligament transection or meniscus resection.

Vehicle (saline, 30 pl/injection, N=11) or pExo (20 pg/
injection) was given by either single (N=10) or triple
(N=10) IA injections to the operated leg on days 5, 12,
and 19 as illustrated in Fig. 5A. The number of groups
and the total number of animals were based on previous
studies demonstrating that this is the minimum number
of animals per group required to obtain indicative infor-
mation. Clinical observations (Additional file 1: Supple-
mental Methods), body weight, and pain measurements
based on static weight bearing tests were performed
weekly until termination on day 44. Knee joint samples
were collected, fixed, and processed for toluidine blue
(TB) staining-based histopathology (Additional file 1:
Supplemental Methods) and immunohistochemistry
(IHC) evaluation. The conduct of experiments and meas-
urements at the in-life stage and terminal analyses were
performed in a blind manner without technicians being
aware of group allocation.

IHC analysis

Three paraffin sections were cut from each knee,
dewaxed, dehydrated, and treated with 3% H,O,
(Thermo Fisher Scientific, Cat# 426,001,000) to quench
endogenous peroxidase activity. Antigen retrieval was
performed using Histo/Zyme solution (Sigma, Cat#
H3292-15ML). The sections were incubated with primary
antibodies (Additional file 1: Table S2) overnight at 4 °C
then horseradish peroxidase-conjugated secondary anti-
bodies (Vector, Cat# PK-6101 & PK-6102) for 1 h at RT.
Hydrogen peroxide, NovaRed (Vector, Cat# SK-4805),
and hematoxylin (Vector, cat# H-3401) were used as
substrate, dye, and counterstaining, respectively. Images
were taken with ZEISS Axiocam microscope cameras.
The staining intensity of MMP8 and COL-II was quan-
tified by using the Image] software. For CCP3, iNOS,
TNFa, and IL6 quantification, positively stained and
non-stained cells were counted at x 100 magnification in
three fields of each section and presented as percentages
of positive cell number of total cell number.

Statistical analysis
GraphPad Prism 9.3.1 (GraphPad Prism Software, Inc.)
was used to calculate the statistics generated by T-test
and one- or two-way ANOVA with Tukey’s multiple
comparisons test.
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Results

pPExo possesses exosome characteristics and contains
OA-relevant proteins

After preparation (Fig. 1A), pExo was confirmed to carry
exosome-associated signature proteins CD9, CD63, and
CD81 [27] by Western blots (Fig. 1B and Additional file 1:
Fig. S1). Based on the NTA results (Additional file 1:
Table S1), pExo derived from multiple donors exhibited
an average range of 177+49 nm in size, consistent with
the previously described exosome size ranging from 50
to 200 nm [28]. Furthermore, the protein composition
analysis (Fig. 1C) revealed pExo contained significant
levels of molecules related to OA therapeutic or heal-
ing: fibroblast growth factor 2 (FGEF-2), platelet-derived
growth factor (PDGF), and hepatocyte growth factor
(HGF) to promote chondrocyte proliferation and pro-
teoglycan synthesis [29-31], soluble intercellular adhe-
sion molecule-1 (sSICAM-1) as an inflammation regulator
[32], tissue inhibitor of metalloproteases (TIMP)-1 and 2
as anti-catabolic factors [33], and interleukin-1 receptor
antagonist (IL-1RA) which has been investigated as an
OA therapeutic target [34].

pExo promotes chondrocyte proliferation and migration

MSC-derived exosomes are reported to promote chon-
drocyte proliferation, one of the hallmarks of OA pre-
vention and protection [35]. In our study, human
chondrocytes were actively proliferating in the presence
of nutrient factor-enriched 10% FBS, while pExo and
PDGF at indicated concentrations showed comparable
abilities in promoting chondrocyte proliferation (Fig. 24,
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B). Of note, pExo exhibited this pro-proliferative effect
in chondrocytes in a dose-dependent manner within
1-200 pg/ml (Additional file 1: Fig. S2). Chondrocyte’s
migration ability is also known to be essential for cartilage
repair [36]. We found that chondrocytes did not migrate
in BM condition at the time point monitored (Addi-
tional file 1: Fig. S3), while these cells showed even more
migration when treated with pExo compared to 10% FBS
(Fig. 2C). Collectively, these in vitro results demonstrate
the promoting effects of pExo in chondrocytes.

pExo activates cell growth signaling pathways to promote
chondrocyte proliferation

Flow cytometry confirmed chondrocytes express PDGFR
and HGEFR, receptors of pExo-contained growth factors
(Additional file 1: Fig. S4), suggesting pExo may display
its effects via signaling pathways downstream of these
factors. To interrogate this hypothesis, chondrocytes
were treated and analyzed in cell signaling multiplex
assays (Fig. 3A). Among analytes available for the assay,
cAMP response element-binding protein (CREB) and
extracellular signal-regulated kinase 1/2 (ERK1/2), which
are reported to prevent chondrocyte apoptosis [37] and
regulate chondrocyte differentiation [38], respectively,
were significantly activated by pExo (Fig. 3B). We noticed
100 pg/ml pExo showed similar stimulatory effects on
CREB and ERK1/2 activation compared to 10% FBS,
which was stronger than any of the treated growth fac-
tors. Meanwhile, when co-treated with PP1 or U-73122,
the pharmacological inhibitors of cell growth-related
pathways, pExo’s pro-proliferative on chondrocytes,
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Fig. 2 Effects of pExo in chondrocytes. A In vitro study scheme to determine the impacts of pExo on chondrocytes. BWST-1 assay to compare
the impacts of 10% FBS, PDGF (100 ng/ml), or pExo (N=3 donors, 50 pg/ml) on chondrocyte proliferation. Data is presented as mean +95% Cl
(t-test, vs basal medium condition, *P<0.05, **P<0.01, ***P < 0.005, ****P < 0.0001). C Traswell migration assay to evaluate the effects of 10% FBS,
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were abolished (Fig. 3C), suggesting partial mediation of
these signaling pathways for pExo’s mitogenic effects in
chondrocytes.

pPExo suppresses expressions of inflammatory

and catabolic genes

To evaluate pExo’s ability of anti-inflammation and resto-
ration of matrix synthesis, chondrocytes were treated by
IL1p as a stimulus to mimic inflammatory environment
of OA (Fig. 4A). Analysis of qPCR showed IL1p dramati-
cally induced expression levels of catabolic genes matrix
metallopeptidase (MMP)-13 and 8, inflammatory genes
nitric oxide synthase 2 (NOS2), interleukin 6 (IL6), and
tumor necrosis factor alpha (TNFa), which was reversed
by its natural antagonist IL1-RA (Fig. 4B). Of note, pExo
also significantly reduced the expressions of these genes
stimulated by IL1P, suggesting its protective roles of
reducing inflammation and matrix degradation in chon-
drocytes upon IL1p insult.

pExo alleviates OA-associated pain and restores cartilage
damage in vivo

Next, in vivo effects of pExo were evaluated in immuno-
competent rats with surgery-induced OA (Fig. 5A). The
results of static weight bearing tests indicated repeat
doses of pExo significantly reduced OA-associated pain
within 2 weeks post the first injection compared to vehi-
cle and led to almost complete recovery by the end of
study (Fig. 5B and Additional file 1: Table S3). However,
while animals that received a single dose of pExo showed
a trend towards recovery, it did not reach statistical sig-
nificance. Histopathology analysis based on TB stain-
ing of the knee joints also demonstrated that cartilage
degeneration was markedly reduced in the pExo repeat-
dose group compared to the vehicle or single-dose group

among OA rats with a trend of reduced osteoarthritic
damage grade (Fig. 5C, Additional file 1: Figs. S5 and S6).
In addition, the body weight growth of OA rats was not
affected by single or repeat dosing of pExo (Additional
file 1: Fig. S7). No unexpected clinical signs or deaths
were observed throughout the study, while upon termi-
nation, no abnormalities or treatment-related changes
were noted by gross examination (data not shown), indi-
cating the potentially favorable tolerability and safety
profile of pExo IA administration.

The OA knee joint sections (Fig. 6A, B, Sham+ Veh
vs OA+Veh) upon IHC staining showed characteris-
tic changes associated with the disease at protein level:
significantly reduced expression of cartilage component
collagen II (COL-II) as well as increased expressions of
catabolic matrix metallopeptidase 8 (MMP8), cell death
marker cleaved caspase 3 (CCP3), inflammatory media-
tor NOS2, and inflammatory cytokines TNFa and IL6.
However, the dysregulation of these proteins was almost
completely abolished by pExo treatment (Fig. 6B), which
is consistent with the in vitro data and suggests pExo may
alleviate OA pains and reduce cartilage loss by modulat-
ing expressions of these molecules. These data demon-
strated the efficacy of pExo in the treatment of OA in a
dose-dependent manner. It was also well tolerated with
no adverse immune reactions from the use of xenogeneic
human exosomes in immunocompetent animals being
observed.

Discussion

Our study demonstrates for the first time that pExo
carries the defining characteristics of exosomes and a
potential therapeutic candidate as a disease-modify-
ing agent through modulating multiple targets of OA.
In cultured chondrocytes, pExo promotes migration
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and proliferation in a dose-dependent manner via cell
growth-related signaling pathways while simultaneously
suppressing inflammation and catabolism. In animals,
repeated doses of pExo alleviated OA pain, restored car-
tilage damage, and downregulated expressions of pro-
inflammatory, catabolic, and apoptotic proteins. The
mitogenic, pro-anabolic, anti-catabolic, and anti-inflam-
matory proteins contained in pExo may contribute to
these effects.

In a rat model with surgically created osteochondral
defects, repeat IA injections of 100 ug human embryonic
MSC exosomes regenerated cartilage by enhancing cell
proliferation and reducing apoptosis and inflammation
[11, 39]. In another rat model of chemical-induced tem-
poromandibular joint OA, repeat dosing of 100 ug MSC
exosomes reduced pain, cartilage loss, and inflammation
[40]. In our study using the MCLT + MMT rat OA model,
3 weekly IA injections of 20 pug pExo demonstrate similar
therapeutic effects: pain alleviation, cartilage restoration,
reduction of apoptosis, inflammation, and catabolism.
Moreover, MSC exosomes increased chondrocyte migra-
tion and proliferation via the AKT and ERK signaling
pathways as well as ameliorated IL1B-induced inflam-
matory effects and matrix degradation [39], which are
also consistent with our in vitro data. Although pExo’s
mechanism of action requires further investigation, the
above consistent observations suggest the wide-ranging
therapeutic efficacies of pExo against multiple OA targets
overlap with MSC exosomes.

Developed as a novel therapeutic strategy, MSC
exosomes are aimed to overcome clinical limitations
[10] and operational challenges [11] of cellular therapies.
For example, exosomes derived from Hoffa fat pad [41]
or synovial fluid [42] MSCs showed promising chondro-
protective effects both in vitro and in vivo. Unlike other
human tissues, the placentas are of a consistent age, and
would otherwise be discarded as medical waste. Manu-
factured from screened healthy donors with consist-
ent yield and safety control, pExo generation does not
require isolation, expansion, or maintenance of MSCs or
any other cell types, thus greatly reducing cost and tech-
nical challenges. As an allogeneic approach, pExo can
better address product consistency and provide timely
availability for patients as an “off-the-shelf” therapeutic.

As a temporary organ that develops during preg-
nancy, the placenta not only consists of specific cell
populations such as cytotrophoblast, syncytiotropho-
blast, endothelial cells, and decidual cells but also has
abundant hematopoietic and multipotent MSCs, which
make placenta a unique source of MSCs with unique
functional properties for therapeutic use compared to
MSCs derived from other adult tissues [12—-14]. Our
earlier studies indicate MSC-like cells derived from
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human placental tissue possess immunomodulatory,
anti-inflammatory, pro-regenerative, neuroprotective,
and angiogenic properties in preclinical models of neu-
ropathic pain, experimental allergic encephalomyelitis,
and ischemic stroke [43-47]. Together with reported
therapeutic efficacies of placental MSCs in preclinical
and clinical OA studies [48], pExo’s beneficial proper-
ties may be at least partially attributed to the placen-
tal MSC population, which is one of pExo’s cellular
resources.

Similar to exosomes secreted by cultured AFSCs [24],
small extracellular vesicles obtained from chorionic-
derived MSCs were also characterized to explore their
potential in OA treatment [49]. Other biomaterials or
biologics derived from human placentas demonstrated
reduced pain, cartilage damage, and inflammation with-
out product-related adverse findings in animal models of
OA [18-23]. In patients, the efficacy and safety of placen-
tal tissue products have been revealed by recent clinical
trials showing alleviation of OA symptoms such as joint
pain and motion dysfunction without serious, unan-
ticipated, product-related adverse events [50—53]. How-
ever, the lack of standardized process development and
manufacturing criteria of these placental biomaterials or
biologics may lead to product heterogeneity and incon-
sistent efficacies. With well-defined characteristics such
as particle size and marker protein expression as an exo-
some product, pExo may address these issues in further
studies.

The safety of exosomes derived from human MSCs or
AFSCs in immunocompetent rats is suggested by the
absence of observed treatment-related adverse effects
[11, 24, 39, 40]. At 1-year follow-up, IA injection of extra-
cellular vesicles isolated from allogeneic bone marrow-
derived MSCs also appeared to be safe and clinically
efficacious for OA patients [9]. Consistently, we also
found multiple IA injections of pExo were well tolerated
and safe in immunocompetent rats. Our unpublished
data further demonstrates no immunogenicity or hepato-
toxicity detected in an immunocompetent mouse model
with repeat dosing of pExo by systematic infusion. How-
ever, as exosomes represent novel cell-free therapeutic
agents in many conditions, there are still significant chal-
lenges and issues related to safety, manufacture, and reg-
ulation, which is highlighted by the fact that there are no
FDA-approved exosome products to date [54]. Undoubt-
edly clinical studies are needed to further understand
pExo’s therapeutic potential. Finally, although it is plau-
sible to conclude pExo’s anti-OA effects are mediated by
a myriad of components, future studies to better under-
stand underlying mechanisms and further optimize pExo
as a therapeutic agent in comparison with exosomes of
other resources are warranted.
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Conclusions

Our study demonstrates for the first time that pExo
carries exosome characteristics and displays multiple
therapeutic effects in alleviating OA symptoms and
modifying disease progression preclinically. Therefore,
pExo can be further investigated and produced as a new
anti-OA therapeutic under standardized process devel-
opment and manufacturing criteria, with reduced cost
and technical challenges compared to MSC exosomes.

Abbreviations

AFSCs Amniotic fluid stem cells

CCP3 Cell death marker cleaved caspase 3
COL-II Collagen Il

CREB CAMP response element-binding protein
ERK1/2 Extracellular signal-regulated kinase 1/2
FGF2 Fibroblast growth factor 2

HGF Hepatocyte growth factor

IA Intraarticular

IHC Immunohistochemistry

IL-1RA Interleukin-1 receptor antagonist

IL6 Interleukin 6

MCLT +MMT Medial meniscal tear/medial collateral ligament tear
MFI Median fluorescence intensity

MMP-8 and 13 Matrix metallopeptidase (MMP)-8 and 13
MSCs Mesenchymal stromal/stem cells

NOS2 Nitric oxide synthase 2

NTA Nanoparticle tracking analysis

OA Osteoarthritis

oD Optical density

PDGF Platelet-derived growth factor

pExo Placenta-derived exosomes

qRT-PCR Quantitative real-time PCR

SICAM-1 Soluble intercellular adhesion molecule-1
B Toluidine blue

TIMP-1 and 2 Tissue inhibitor of metalloproteases-1 and 2
TNFa Tumor necrosis factor alpha

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513075-023-03219-z.

Additional file 1: Table S1. pExo size distribution. Table S2. Primary
antibodies for immunohistochemistry. Table S3. Statistical analysis of rat
OA study. Fig. S1. Full, uncropped gel and Western blot images of pExo
(N=9 donors) to examine levels of CD63, CD81 and CD9. Fig. S2. WST-1
assay showed pExo of 3 donors promotes chondrocyte proliferation in

a dose-dependent manner. Data is presented as mean + 95% Cl (t-test,
vs Basal medium condition, **P<0.01, ***P<0.005, ****P<0.0001). Fig.

S3. Representative images of Transwell migration using chondrocytes
cultured in basal medium and treated with or without pExo for 24 hours.
Fig. S4. Flow cytometry diagrams showing HGFR and PDGFR expressions
in human chondrocytes. Fig. S5. Representative toluidine blue staining
images of knee joint tissues collected from rat OA study. Note cartilage
zones (C) were stained in blue purple and cartilage loss or degeneration
was noted by yellow arrows. Fig. S6. Osteoarthritic damage scores were
compared among treatment groups of OA rats. Data was presented

as mean + 95% Cl and statistically analyzed by one-way ANOVA with
Tukey's multiple comparison tests. Fig. S7. Body weight change was
calculated based on weekly measurements and presented as mean +
95% Cl. Although body weight growth rate of rats received MCLT + MMT
OA surgery was reduced compared to sham rats overall, two-way ANOVA
with Tukey's multiple comparison tests was not able to detect any statistic
difference in comparisons among three OA groups: OA + Veh, OA + pExo
x 1and OA + pExo x 3.

Page 10 of 12

Acknowledgements
Not applicable.

Authors’ contributions

Conception and design: CH, Y.Z, LY, SH, QY, AK, RH. Acquisition of data:
CH. YZ,SL, LL, S.Y. Analysis and interpretation of data: CH, Y.Z, S.L, LL, S,
X.G., SH., QY. Drafting of the manuscript: CH, Y.Z, S.L, SH. Final approval of
the article: all authors.

Authors’information
CH,YZ, SL, RH, and AK are Celularity's employees. LL, XG, SY, JY, QY, and SH
ended employment at Celularity in the past 24 months.

Funding
This study was funded by Celularity Inc.

Availability of data and materials

All data needed to evaluate the conclusions in the paper are presented in
the paper. Additional data related to this paper may be requested from the
authors.

Declarations

Ethics approval and consent to participate
Full-term healthy human placentas were procured through donors with full
consent. All animal protocols were approved by IACUC of Pharmaseed Ltd.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 August 2023 Accepted: 22 November 2023
Published online: 28 November 2023

References

1.

GBD 2017 Risk Factor Collaborators. Global, regional, and national
comparative risk assessment of 84 behavioural, environmental and
occupational, and metabolic risks or clusters of risks for 195 countries
and territories, 1990-2017: a systematic analysis for the Global Burden of
Disease Study 2017. Lancet. 2018;392:1923-94.

Ni Z, Zhou S, Li S, Kuang L, Chen H, Luo X, et al. Exosomes: roles and
therapeutic potential in osteoarthritis. Bone Res. 2020;8:25.

Tonge DP, Pearson MJ, Jones SW. The hallmarks of osteoarthritis and the
potential to develop personalised disease-modifying pharmacological
therapeutics. Osteoarthr Cartil. 2014;22:609-21.

Minas T, Gomoll AH, Solhpour S, Rosenberger R, Probst C, Bryant T.
Autologous chondrocyte implantation for joint preservation in patients
with early osteoarthritis. Clin Orthop Relat Res. 2010;468:147-57.
Csobonyeiova M, Polak S, Nicodemou A, Zamborsky R, Danisovic L. iPSCs
in modeling and therapy of osteoarthritis. Biomedicines. 2021,9:186.
Xiang X-N, Zhu S-Y, He H-C, Yu X, XuY, He C-Q. Mesenchymal stromal cell-
based therapy for cartilage regeneration in knee osteoarthritis. Stem Cell
Res Ther. 2022;13:14.

Zhang B, YinY, Lai RC, Tan SS, Choo ABH, Lim SK. Mesenchymal stem
cells secrete immunologically active exosomes. Stem Cells Dev.
2014;23:1233-44.

Fan W-J, Liu D, Pan LY, Wang W-Y, Ding Y-L, Zhang Y-Y, et al. Exosomes in
osteoarthritis: updated insights on pathogenesis, diagnosis, and treat-
ment. Front Cell Dev Biol. 2022;10:949690.

East J, Dordevic M. Pilot safety study of an extracellular vesicle isolate
product for treatment of osteoarthritis in combat-related injuries: one
year follow up. J Stem Cell Res. 2021;2:1.

Zhang S, Jiang YZ, Zhang W, Chen L, Tong T, Liu W, et al. Neonatal
desensitization supports long-term survival and functional integration of


https://doi.org/10.1186/s13075-023-03219-z
https://doi.org/10.1186/s13075-023-03219-z

Huang et al. Arthritis Research & Therapy

20.

21.

22.

23.

24.

25.

26.
27.
28.

29.

30.

32.

(2023) 25:229

human embryonic stem cell-derived mesenchymal stem cells in rat joint
cartilage without immunosuppression. Stem Cells Dev. 2013;22:90-101.

. Zhang S, Chu WG, Lai RC, Lim SK, Hui JHP, Toh WS. Exosomes derived from

human embryonic mesenchymal stem cells promote osteochondral
regeneration. Osteoarthr Cartil. 2016,24:2135-40.

Nazarov |, Lee JW, Soupene E, Etemad S, Knapik D, Green W, et al.
Multipotent stromal stem cells from human placenta demonstrate high
therapeutic potential. Stem Cells Transl Med. 2012;1:359-72.

Mayer L, Pandak WM, Melmed GY, Hanauer SB, Johnson K, Payne D, et al.
Safety and tolerability of human placenta-derived cells (PDA0O1) in
treatment-resistant crohn’s disease: a phase 1 study. Inflamm Bowel Dis.
2013;19:754-60.

Lublin FD, Bowen JD, Huddlestone J, Kremenchutzky M, Carpenter A,
Corboy JR, et al. Human placenta-derived cells (PDA-001) for the treat-
ment of adults with multiple sclerosis: a randomized, placebo-controlled,
multiple-dose study. Mult Scler Relat Disord. 2014;3:696-704.

Moore MC, Van De Walle A, Chang J, Juran C, McFetridge PS. Human
perinatal-derived biomaterials. Adv Healthc Mater. 2017,6:1700345.
Mao Y, John N, Protzman NM, Kuehn A, Long D, Sivalenka R, et al. A decel-
lularized flowable placental connective tissue matrix supports cellular
functions of human tenocytes in vitro. J Exp Orthop. 2022;9:69.

Gleason G, Guo X, Protzman NM, Mao Y, Kuehn A, Sivalenka R, et al.
Decellularized and dehydrated human amniotic membrane in wound
management: modulation of macrophage differentiation and activation.
2022;12:1000289.

Willett NJ, Thote T, Lin AS, Moran S, Raji Y, Sridaran S, et al. Intra-articular
injection of micronized dehydrated human amnion/chorion membrane
attenuates osteoarthritis development. Arthritis Res Ther. 2014;16:R47.
Raines AL, Shih M-S, Chua L, Su C-W, Tseng SCG, O'Connell J. Efficacy of
particulate amniotic membrane and umbilical cord tissues in attenuat-
ing cartilage destruction in an osteoarthritis model. Tissue Eng Part A.
2017;23:12-9.

Marino-Martinez IA, Martinez-Castro AG, Pena-Martinez VM, Acosta-
Olivo CA, Vilchez-Cavazos F, Guzman-Lopez A, et al. Human amniotic
membrane intra-articular injection prevents cartilage damage in an
osteoarthritis model. Exp Ther Med. 2019;17:11-6.

Reece DS, Burnsed OA, Parchinski K, Marr EE, White RM, Salazar-Noratto
GE, et al. Reduced size profile of amniotic membrane particles decreases
osteoarthritis therapeutic efficacy. Tissue Eng Part A. 2020;26:28-37.
Kimmerling KA, Gomoll AH, Farr J, Mowry KC. Amniotic suspension
allograft modulates inflammation in a rat pain model of osteoarthritis. J
Orthop Res. 2020;38:1141-9.

Flannery CR, Seaman SA, Buddin KE, Nasert MA, Semler EJ, Kelley KL, et al.
A novel placental tissue biologic, PTP-001, inhibits inflammatory and cat-
abolic responses in vitro and prevents pain and cartilage degeneration in
a rat model of osteoarthritis. Osteoarthritis Cartilage. 2021;29:1203-12.
Zavatti M, Beretti F, Casciaro F, Bertucci E, Maraldi T. Comparison of the
therapeutic effect of amniotic fluid stem cells and their exosomes on
monoiodoacetate-induced animal model of osteoarthritis. BioFactors.
2020;46:106-17.

Bai K, Li X, Zhong J, Ng EHY, Yeung WSB, Lee C-L, et al. Placenta-derived
exosomes as a modulator in maternal immune tolerance during preg-
nancy. Front Immunol. 2021;12:671093.

Teeple E, Jay GD, Elsaid KA, Fleming BC. Animal models of osteoarthritis:
challenges of model selection and analysis. AAPS J. 2013;15:438-46.
Lasser C, Eldh M, Lotvall J. Isolation and characterization of RNA-contain-
ing exosomes. J Vis Exp. 2012,59:e3037.

Phinney DG, Pittenger MF. Concise review: MSC-derived exosomes for
cell-free therapy. Stem Cells. 2017;35:851-8.

Khan IM, Palmer EA, Archer CW. Fibroblast growth factor-2 induced chon-
drocyte cluster formation in experimentally wounded articular cartilage
is blocked by soluble Jagged-1. Osteoarthr Cartil. 2010;18:208-19.

Xiao J, Chen X, Xu L, Zhang Y, Yin Q, Wang F. PDGF regulates chondrocyte
proliferation through activation of the GIT1- and PLCy1-mediated ERK1/2
signaling pathway. Mol Med Rep. 2014;10:2409-14.

. TakebayashiT, lwamoto M, Jikko A, Matsumura T, Enomoto-lwamoto M,

Myoukai F, et al. Hepatocyte growth factor/scatter factor modulates cell
motility, proliferation, and proteoglycan synthesis of chondrocytes. J Cell
Biol. 1995;129:1411-9.

Shi Q Benderdour M, Lavigne P, Ranger P, Fernandes JC. Evidence for two
distinct pathways in TNFalpha-induced membrane and soluble forms

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 11 of 12

of ICAM-1 in human osteoblast-like cells isolated from osteoarthritic
patients. Osteoarthr Cartil. 2007;15:300-8.

. Yamamoto K, Wilkinson D, Bou-Gharios G. Targeting dysregula-

tion of metalloproteinase activity in osteoarthritis. Calcif Tissue Int.
2021;109:277-90.

Vincent TL. IL-1 in osteoarthritis: time for a critical review of the literature.
F1000Res. 2019;8:F1000 Faculty Rev-934.

LiuY, Lin L, Zou R, Wen C, Wang Z, Lin F. MSC-derived exosomes promote
proliferation and inhibit apoptosis of chondrocytes via INCRNA-KLF3-AS1/
miR-206/GIT1 axis in osteoarthritis. Cell Cycle. 2018;17:2411-22.

Szustak M, Gendaszewska-Darmach E. Extracellular nucleotides
selectively induce migration of chondrocytes and expression of type Il
collagen. Int J Mol Sci. 2020;21:5227.

Zhang H, Li X, LiY,Yang X, Liao R, Wang H, et al. CREB ameliorates osteo-
arthritis progression through regulating chondrocytes autophagy via the
miR-373/METTL3/TFEB axis. Front Cell Dev Biol. 2021;9:778941.

Wang X, XueY, Ye W, Pang J, Liu Z, Cao Y, et al. The MEK-ERK1/2 signaling
pathway regulates hyaline cartilage formation and the redifferentiation of
dedifferentiated chondrocytes in vitro. Am J Transl Res. 2018;10:3068-85.
Zhang S, Chuah SJ, Lai RC, Hui JHP, Lim SK, Toh WS. MSC exosomes medi-
ate cartilage repair by enhancing proliferation, attenuating apoptosis and
modulating immune reactivity. Biomaterials. 2018;156:16-27.

Zhang S, Teo KYW, Chuah SJ, Lai RC, Lim SK, Toh WS. MSC exosomes
alleviate temporomandibular joint osteoarthritis by attenuating inflam-
mation and restoring matrix homeostasis. Biomaterials. 2019;200:35-47.
Wu J, Kuang L, Chen C, Yang J, Zeng W-N, Li T, et al. miR-100-5p-abundant
exosomes derived from infrapatellar fat pad MSCs protect articular
cartilage and ameliorate gait abnormalities via inhibition of mTOR in
osteoarthritis. Biomaterials. 2019;206:87-100.

Liang H, Li D, Neufeld EV, Sayegh MJ, Kiridly A, Palacios P, et al. Extracel-
lular vesicles from synovial fluid-derived mesenchymal stem cells confer
chondroprotective effects on in vitro and in vivo osteoarthritic chondro-
cytes. J Cartil Joint Preservation. 2023;0. [cited 2023 Oct 23]. Available
from: https://www.cartilagejournal.org/article/S2667-2545(23)00052-5/
fulltext

He S, Khan J, Gleason J, Eliav E, Fik-Rymarkiewicz E, Herzberg U, et al.
Placenta-derived adherent cells attenuate hyperalgesia and neuroinflam-
matory response associated with perineural inflammation in rats. Brain
Behav Immun. 2013;27:185-92.

Liu W, Morschauser A, Zhang X, Lu X, Gleason J, He S, et al. Human
placenta-derived adherent cells induce tolerogenic immune responses.
Clin Transl Immunology. 2014;3:e14.

Shehadah A, Chen J, Pal A, He S, Zeitlin A, Cui X, et al. Human placenta-
derived adherent cell treatment of experimental stroke promotes
functional recovery after stroke in young adult and older rats. PLoS ONE.
2014;9:e86621.

He S, Gleason J, Fik-Rymarkiewicz E, DiFiglia A, Bharathan M, Morschauser
A, et al. Human placenta-derived mesenchymal stromal-like cells
enhance angiogenesis via T cell-dependent reprogramming of mac-
rophage differentiation. Stem Cells. 2017;35:1603-13.

Huang C, ZhaoY, Ye Q, Gleason J, Rousseva V, Stout B, et al. Characteriza-
tion of CRISPR/Cas9-edited human placental allogenic stromal cells with
low tissue factor expression and reduced thrombotic effects. Cytother-
apy. 2023,;51465-3249(23):00131-7.

Sawvell E, Wright N, Ode G, Mercuri J. Perinatal tissue-derived allografts
and stromal cells for the treatment of knee osteoarthritis: a review of
preclinical and clinical evidence. Cartilage. 2022;13:184-99.

Janockova J, Matejova J, Moravek M, Homolova L, Slovinska L, Nagyova

A et al. Small extracellular vesicles derived from human chorionic

MSCs as modern perspective towards cell-free therapy. Int J Mol Sci.
2021;22:13581.

Vines JB, Aliprantis AO, Gomoll AH, Farr J. Cryopreserved amniotic suspen-
sion for the treatment of knee osteoarthritis. J Knee Surg. 2016;29:443-50.
Gellhorn AC, Han A. The use of dehydrated human amnion/chorion
membrane allograft injection for the treatment of tendinopathy or arthri-
tis: a case series involving 40 patients. PM R. 2017;9:1236-43.

Farr J, Gomoll AH, Yanke AB, Strauss EJ, Mowry KC, ASA Study Group. A
randomized controlled single-blind study demonstrating superiority of
amniotic suspension allograft Injection over hyaluronic acid and saline
control for modification of knee osteoarthritis symptoms. J Knee Surg.
2019;32:1143-54.


https://www.cartilagejournal.org/article/S2667-2545(23)00052-5/fulltext
https://www.cartilagejournal.org/article/S2667-2545(23)00052-5/fulltext

Huang et al. Arthritis Research & Therapy ~ (2023) 25:229 Page 12 of 12

53. Castellanos R, Tighe S. Injectable amniotic membrane/umbilical cord
particulate for knee osteoarthritis: a prospective, single-center pilot study.
Pain Med. 2019;20:2283-91.

54. Rezaie J, Feghhi M, EtemadiT. A review on exosomes application in clini-
cal trials: perspective, questions, and challenges. Cell Commun Signal.
2022;20:145.

Publisher’s Note

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

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Characterization of human placenta-derived exosome (pExo) as a potential osteoarthritis disease modifying therapeutic
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Preparation of pExo
	Western blot
	Protein composition analysis
	Human chondrocyte culture and WST-1 assay
	Transwell cell migration assay
	Signaling pathway analysis
	Quantitative real-time PCR (qRT-PCR) assay
	Rat OA study
	IHC analysis
	Statistical analysis

	Results
	pExo possesses exosome characteristics and contains OA-relevant proteins
	pExo promotes chondrocyte proliferation and migration
	pExo activates cell growth signaling pathways to promote chondrocyte proliferation
	pExo suppresses expressions of inflammatory and catabolic genes
	pExo alleviates OA-associated pain and restores cartilage damage in vivo

	Discussion
	Conclusions
	Anchor 27
	Acknowledgements
	References


