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ARTICLE INFO ABSTRACT

Keywords: Mesenchymal stem cells (MSCs) can be effective in alleviating the progression of osteoarthritis (OA). However,
Osteoarthritis low MSC retention and survival at the injection site frequently require high doses of cells and/or repeated in-
Mesenchymal stem cells jections, which are not economically viable and create additional risks of complications. In this study, we pro-
x:;ﬁ::rgzzermg duced MSC-laden microcarriers in spinner flask culture as cell delivery vehicles. These microcarriers containing a
Transcriptome low initial dose of MSCs administered through a single injection in a rat anterior cruciate ligament (ACL)

transection model of OA achieved similar reparative effects as repeated high doses of MSCs, as evaluated through
imaging and histological analyses. Mechanistic investigations were conducted using a co-culture model involving
human primary chondrocytes grown in monolayer, together with MSCs grown either within 3D constructs or as a
monolayer. Co-culture supernatants subjected to secretome analysis showed significant decrease of inflammatory
factors in the 3D group. RNA-seq of co-cultured MSCs and chondrocytes using Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed processes relating to early chondro-
genesis and increased extracellular matrix interactions in MSCs of the 3D group, as well as phenotypic main-
tenance in the co-cultured chondrocytes. The cell delivery platform we investigated may be effective in reducing
the cell dose and injection frequency required for therapeutic applications.

1. Introduction can be broadly classified into non-pharmacological [4], pharmacolog-

ical [4], and surgical approaches [5]. However, all of these approaches

Osteoarthritis (OA) is a leading cause of disability worldwide, which
is defined by the pathological characteristics of cartilage deterioration,
aberrant bone outgrowths or osteophytes, synovitis, and subchondral
bone changes [1,2]. Unfortunately, a clear mechanism for OA patho-
genesis remains elusive, which creates a heavy burden for patients and
their families, as well as healthcare systems due to the need for ongoing
disease management [3]. Presently, the main clinical treatments for OA
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are incapable of achieving tissue restoration, and each have their own
limitations. Non-pharmacological treatments such as lifestyle modifi-
cations have a low risk of harm, but also have a low rate of compliance
and debatable effects on long-term pain relief [6]. Pharmacological
treatments such as non-steroidal anti-inflammatory drugs may provide
pain relief, but are associated with an increased risk of medical com-
plications [7]. Surgical treatment involving joint replacements,
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although effectively removing the whole joint and therefore the source
of pain, has a risk of causing serious complications such as dislocation
and infection [8]. There is hence a significant unmet need to develop
new treatments for OA, such as those arising from tissue engineering and
regenerative medicine, to provide tissue preservation or restoration and
a more long-term clinical solution.

Mesenchymal stem cells (MSCs) have recently been tested in pre-
clinical and clinical studies as a regenerative therapy for OA [9]. These
cells have documented potential for self-renewal, directional differen-
tiation, and immune-regulation [10-12], and also offer numerous
practical benefits such as being available in the adult human and able to
be extracted without donor morbidity [13-15]. However, intra-articular
injection of MSCs for treating OA have not always resulted in the
anticipated benefits due to a number of unoptimized parameters, such as
cell number, cell retention, cell survival, and integration into the host
tissue [16]. Other problems arise from the current inability to efficiently
and reproducibly regulate their tissue-specific differentiation in a
spatially and temporally controlled manner [17,18]. Approaches aimed
at solving these problems associated with direct cell injection include
loading the cells on a biomaterial matrix. This type of delivery strategy
can achieve cell protection from mechanical damage during injection, as
well as from the ischemic or inflammatory in vivo microenvironment
within the lesion tissues after injection [19]. Additionally, such delivery
strategies allow cells to be pre-cultured or expanded within the bioma-
terial prior to injection, which removes the need to detach cells from
their adhesion surface directly before transplantation, a process that
could otherwise be detrimental to cell survival and result in poor clinical
outcomes [20].

The majority of biomaterial matrices used for intra-articular cell
delivery are in the form of hydrogels due to their injectability. However,
hydrogels are inefficient in promoting extracellular matrix (ECM)
accumulation or cell-cell interactions for the encapsulated cells [21,22].
Additionally, it has been reported that instead of a single dose, periodic
injections of MSCs should be used for OA treatment to maintain a viable
source of cells within the joint, which was shown to have improved ef-
fects at slowing OA progression in both animal models and human knee
OA [23-25]. A higher dose of MSCs has also been reported to achieve
greater benefits than a low dose [26]. However, implementing high
injection frequency and/or cell dose in OA treatment is problematic, due
to issues of increasing the local complication rate [27], and wasting cell
resources or risking the over-expansion of cells [28], respectively. An
ideal biomaterial platform for cell delivery in OA treatment should
therefore be injectable, while at the same time presenting the cells with a
three dimensional (3D) microenvironment that enhances native cell-cell
interactions and ECM deposition, to maximize cell functionality and
therefore reduce the injection frequency and cell dose required for
therapeutic effects.

Our group has previously developed 3D gelatin microcarriers that
can be used as cell delivery vehicles. When loaded with cells, these
microcarriers form microniches that allow local accumulation of ECM
and cell-cell interactions [29]. When packed into a geometrically
confined 3D environment, the microniches may further self-assemble
into functional 3D constructs [30]. We have shown that these inject-
able 3D microniches can increase the efficiency of cell therapy, whereby
a low cell dose delivered within microniches can achieve similar effects
as a high cell dose delivered directly in rat models of knee OA [31] and
critical limb ischemia [28]. However, we have not optimized the
methods for the efficient production of cell-laden microniches that
would be suitable for scale-up applications, or the functionality of the
microniches to ideally substitute for both high-dose cell injection and
repeated injections. Furthermore, we have not performed detailed in-
vestigations on the interactions between cell-laden microniches and
resident cells to understand the precise mechanisms driving the
observed therapeutic effects in a pathological joint environment.

The scalable and controllable expansion of MSCs is a primary hurdle
that needs to be overcome when developing cell therapy products aimed
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at practical applications [32]. For cells loaded within micro-scaffolds,
stirred-tank bioreactors are one of the most cost-effective types of bio-
processing systems that can efficiently increase nutrient supply [19]
compared to conventional monolayer cultures [33]. For instance, cells
pre-cultured within scaffolds under the dynamic culture conditions
provided by a spinner flask bioreactor have shown increased rates of
proliferation and ECM synthesis [34]. MSCs combined with polymeric
scaffolds [35,36] or microspheres [37] and cultured in spinner flasks
have also shown improved formation of chondrogenic constructs
compared to those cultured under static conditions. In this study, we
have tested for the first time a single injection of microniches seeded
with a low MSC dose and pre-cultured in spinner flasks, compared with
repeated high-dose injections of MSCs for their therapeutic effects in an
in vivo rat model of knee OA.

Several studies have introduced co-culture systems between MSCs
and chondrocytes to investigate the mechanisms underlying intercel-
lular communication and trophic effects, mimicking the in vivo in-
teractions between injected exogenous MSCs and resident chondrocytes
in physiological and pathological joint environments [38-40]. It is
generally believed that molecular factors passed between the two cell
types in a co-culture system are responsible for changes in their
expression profiles, which may sometimes result in mutually beneficial
effects [41]. In this study, to understand the mechanisms underlying the
observed effects of MSC-laden microniches after being injected into the
in vivo OA model, we for the first time established an in vitro co-culture
system consisting of OA chondrocytes cultured in monolayer and primed
in an inflammatory environment (through interleukin-1f (IL-1p) stim-
ulation), together with MSCs growing in monolayer or within micro-
carriers. We characterized the secretome and transcriptome of MSCs and
chondrocytes in this co-culture system.

Our study aimed to use in vivo (rat anterior cruciate ligament (ACL)
transection OA model) and in vitro (MSC and chondrocyte co-culture)
systems to simulate the chronic OA environment, for investigating 1)
the therapeutic effects of a single injection of cell-laden microniches
with a low dose of MSCs, and 2) the mechanisms by which MSCs
cultured in microcarriers produce a beneficial response compared to free
MSCs. We showed that a low dose of MSCs administered through
microniches produced similar therapeutic effects in a rat model of OA as
repeated injections of high-dose free MSCs, and that MSCs cultured in
microcarriers may better promote the activation of pathways leading to
early chondrogenesis and maintenance of the chondrocyte phenotype.

2. Materials and methods
2.1. Preparation and characterization of gelatin microgels

Gelatin microcarriers (“3D FloTrix” supplied by Beijing CytoNiche
Biotech Ltd) were fabricated as previously described to give spherical
micro-scaffolds with uniform diameter, degradation time, and water
absorption [19,29]. The microcarriers were sputter coated with gold for
90 s and imaged using scanning electron microscopy (SEM; FEI Quanta
200). The pore size distribution of scaffolds was measured using ImageJ
by sampling 8 regions each in 12 different SEM images.

2.2. Preparation and characterization of MSC-laden microniches

2.2.1. Preparation of MSC-laden microniches using spinner flask culture
Microniches were prepared by loading MSCs into gelatin micro-
carriers. Five tablets of compressed gelatin microcarriers (3D FloTrix)
were placed in a sterile 125 mL spinner flask (SF125, CytoNiche Biotech,
China) with 10 mL cell culture medium (MO0O1, Viral Therapy Tech-
nologies, China) through the side arm and fully dispersed by gentle
agitation. A 1 mL cell suspension containing 5 x 10® human umbilical
cord MSCs (non-commercial; provided by Clinical Stem Cell Center, The
Affiliated Drum Tower Hospital of Nanjing University Medical School)
at passage 3 were then added, and culture medium was immediately
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topped up to a final volume of 40 mL. The spinner flasks were placed on
a miniSPIN system (M1, CytoNiche Biotech, China) set up inside a cell
culture incubator, and rotated at 60 rpm. MSC-laden microniches were
cultured in spinner flasks at 37 °C and 5% COx, for up to 14 days, with 20
mL of fresh culture medium replaced from the flask every 3 days.

2.2.2. Live/dead staining of MSCs in microniches

After 1, 3, 7, and 14 days of culture in spinner flasks, live/dead
staining with Calcein AM and Propidium iodide (PI) (Wako, Japan) of
MSCs within microniches was performed at 37 °C for 15 min according
to the manufacturer’s instructions. Cells on microcarriers were
enumerated by dissolving microcarriers with 3D FloTrix Digest
(CNR001-500, CytoNiche Biotech, China) reagent at a ratio of 0.15 mL
mg ™! microcarriers for 30 min at 37 °C. Gell numbers were counted with
an automatic cell counter (Countstar Biotech, ALIT Life Science, China),
and viability was evaluated with Trypan Blue exclusion assay [34].

2.2.3. Quantitative RT-PCR of MSCs in microniches

Total RNA of MSCs in microniches was isolated using the TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions. For
each sample, reverse transcription was performed using the ReverTra
Ace Qrna RT Master Mix with gDNA Remover (TOYOBO). Quantitative
RT-PCR (qRT-PCR) was performed using the CFX96 Real-Time System
(Bio-Rad, USA). Samples were denatured for 30 s at 95 °C, and then
amplified for 40 cycles as follows: denaturation at 95 °C for 5 s,
annealing at 55 °C for 10 s, and extension at 72 °C for 15 s. The Ct values
of the products were normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as an internal control, and the expression levels of
the genes of interest were calculated using the 274" method. Primer
details are shown in Table 1.

2.2.4. Flow cytometry of MSCs in microniches

MSCs digested from microniches were stained with antibodies
against the MSC markers CD73, CD90 and CD105, and the negative
markers CD34 and CD45. Unstained MSCs were used as negative con-
trol. The cells were analyzed by flow cytometry (BD LSRFortessa, US).

2.2.5. Invivo cell retention of MSCs in microniches

Cell deliverability and long-term retention of MSCs within micro-
niches was tested using an in vivo mouse model, using methods adapted
from our previous study [28]. A firefly Akalumine Hydrochloride
(AkaLuc-HCL) expression vector was constructed on plasmid
pPLVX-IREs-IsGreen (Clontech, USA). Lentiviruses were packaged in
293T cells with a three-plasmid system, comprising pMD2.G, psPAX and

Table 1
Details of primer.

Primers Primer sequence

SOX2 Forward: ACACCAATCCCATCCACACT
Reverse: GCAAACTTCCTGCAAAGCTC

OCT4 Forward: AGCGAACCAGTATCGAGAAC
Reverse: GCCTCAAAATCCTCTCGTTG

NANOG Forward: TGAACCTCAGCTACAAACAG
Reverse: CTGGATGTTCTGGGTCTGGT

P16 Forward: ATATGCCTTCCCCCACTACC
Reverse: CCCCTGAGCTTCCCTAGTTC

P21 Forward: CCCAGTTCATTGCACTTTGATTAGC
Reverse: ACAGTCTAGGTGGAGAAACGGGAAC

P53 Forward: CCCATCCTTACCATCATCACG
Reverse: TGCTGGTGGGCAGTGCTCTCT

SOX9 Forward: AGCGAACGCACATCAAGAC
Reverse: CTGTAGGCGATCTGTTGGGG

Col2A1 Forward: CCAGATGACCTTCCTACGCC

Reverse: TTCAGGGCAGTGTACGTGAAC
AGG Forward: GTGCCTATCAGGACAAGGTCT
Reverse: GATGCCTTTCACCACGACTTC
Forward: TGCACCACCAACTGCTTAGC
Reverse: GGCATGGACTGTGGTCATGAG

GAPDH
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pLVX vectors (CytoNiche Biotech, China). MSCs were then infected with
AkaLuc-HCL lentiviruses, with a positive rate of greater than 90%.
AkaLuc-transduced MSCs (luc™MSCs) were injected subcutaneously
around both knee joints in six male BALB/c mice (200-250g, 4-6
weeks), either as 1 x 10° cells loaded within microniches or as free cells
in the contralateral limb. High-sensitivity bioluminescence imaging was
performed to track the retention of cells on days 1, 7, 14, and 21 after
injection using a Xenogen IVIS Lumina II imaging system (Caliper Life
Science, USA). The luminescence signal is presented as photons per
second per square centimeter per steradian (photons/s/cmz/sr).

2.3. Rat ACL transection model of knee OA

2.3.1. Surgical procedures

The animal experiments were conducted in accordance with guide-
lines of the Institutional Animal Care and Use Committees (IACUC), and
approved by the Ethics Committee of Shanxi Medical University (No.
2018LL036). A total of 40 female Sprague Dawley rats (mean weight
200g) were randomly divided into 5 groups. A 1.5 cm midline skin
incision was made over the knee joint by using a #12 blade scalpel.
Superficial fascia tissues and capsule were then exposed using a medial
parapatellar approach. With the knee in full extension, the patella was
retracted laterally, then the joint was brought back into full flexion. The
ACL was visualized and transected at its mid-point using a surgical blade
scalpel. The capsule and surgical wound were closed using 4-0 Prolene
sutures. The 5 groups were treated at 6 weeks post-surgery: sham, hy-
aluronic acid (HA), lowMSCs/microniches, highMSCs and ctrl. Sham:
animals with surgery only but no treatment. HA: hyaluronic acid
(Shandong Boshlun Freida Pharmaceutical Co., Ltd) injections of 200 pL
per knee per week for 4 weeks. LowMSCs/microniches: microniches
containing 1 x 10° MSCs were cultured in spinner flasks for 2 days prior
to injection, which were collected and centrifuged just before the time of
injection, and injected in 200 pL PBS per knee as a single injection.
HighMSCs: 1 x 10° free MSCs injected in 200 L PBS per knee per week
for 4 weeks. Ctrl: animals without surgery.

2.3.2. MRI analysis

All rats undergoing magnetic resonance imaging (MRI) were anes-
thetized with a halothane-oxygen mixture in a closed box. The rat was
placed in a supine position with the rear legs stretched straight. A res-
piratory sensor was used for monitoring respiratory conditions and
delivering the halothane-oxygen mixture. A separate quadrature surface
coil (BioSpec70/20USR, Bruke, Germany) for signal detection was
placed above both knee joints to reach maximum signal intensity. After
image acquisition was completed, the data were transferred to a stand-
alone computer for final analysis.

2.3.3. X-ray analysis

Rats were sacrificed at 12 weeks after ACL transection. Explanted
knee joints were fixed with 4% paraformaldehyde and evaluated using a
small-animal X-ray apparatus (Faxitron UltraFocus, Arizona, USA). X-
ray images were taken from knee joints in the anteroposterior position.
The exposure time and kV settings were set at “full AUTO”.

2.3.4. Micro-CT analysis

Explanted knee joints were scanned using p-CT (SC5814, Scanco,
Switzerland), using the following parameters: 70 kV (voltage), 200 pA
(current), 30 pm (resolution), 300 ms (exposure time). After image
reconstruction, the region of interest (ROI) of knees was assigned. The
3D reconstructed images were evaluated and visualized using Inveon
Research Workplace (Siemens) software. A semiquantitative method
using the degree of osteophytes and joint destruction was introduced to
grade the degree of OA changes [31].

2.3.5. Histological analysis
Explanted knee joints were fixed in 10% formalin for a minimum of
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72 h prior to decalcification with ethylenediaminetetraacetic acid
(EDTA) for 3 weeks. After serial dehydration, samples were embedded in
paraffin. Knees were cut longitudinally (4 pm) along the coronal face.
Safranin O and hematoxylin and eosin (H&E) staining were applied to
detect cartilage degeneration using light microscopy. The Osteoarthritis
Research Society International (OARSI) [42] and Mankin’s score [43]
were used to grade cartilage quality.

2.4. Co-culture model of OA with human chondrocytes and MSCs

2.4.1. Human chondrocyte isolation and culture

Primary human chondrocytes were isolated from the femoral con-
dyles of patients undergoing total knee arthroplasty (TKA) due to knee
OA. The inclusion criteria for patient selection were: 1) end-stage pri-
mary knee OA and undergoing TKA. The exclusion criteria were: 1)
rheumatoid arthritis, 2) post-traumatic OA, and 3) having other condi-
tions contributing to the need for TKA, such as hemophilia or ankylosing
spondylitis. Patient characteristics are presented in Table S1. All pro-
cedures were conducted with the patients’ written consent and
approved by the Nanjing Tower Drum Hospital Ethics Committee (2020-
156-01). Briefly, isolated cartilage samples were cut into small pieces
and washed with PBS before digestion with 0.1% collagenase D-con-
taining DMEM media (Gibco) for 8 h. The cells were then dispensed over
a 100 pm cell strainer (BD, Falcon) positioned over a 15 ml conical tube.
Cells were centrifuged at 1500 rpm for 5 min, and the supernatants
containing collagenase D were removed. The resulting primary chon-
drocytes were cultured in 6-well plates in Dulbecco’s modified eagle
medium (DMEM, Gibco) supplemented with 15% fetal calf serum (FBS;
Invitrogen), 1% glutamine, 100 units/mL penicillin, 100 units/mL
streptomycin, and 0.05 mg/mL ascorbic acid. Cultures were maintained
at 37 °C and 5% CO, for 7 days until the cells reached 70-80% conflu-
ence, which was designated as passage 0.

2.4.2. Co-culture of chondrocytes and MSCs using transwells

Co-cultures using patient unmatched cells were set up using a
transwell system, in which the two cell types not physically separated
and allowed to interact only through diffusible factors. Chondrocytes (1
x 10° cells/cm?) were grown in monolayer on 6-well plates (Corning/
Costar 3516, USA), while MSCs (1 x 10° cells/cm?) were grown on 6-
well hanging inserts (Millicell, pore size 0.4 pm, Germany) under
liquid-covered conditions, either as a monolayer (2D group) or within
microniches (3D group). MSC-laden microniches in the 3D group were
added to the co-culture system 2 h after the MSCs were seeded within
microcarriers to allow cell adhesion [28,30]. The co-cultures were
cultivated at 37 °C and 5% CO, for 7 days, in DMEM medium containing
10% (v/v) FBS and 1% (v/v) P/S. All co-cultures were stimulated with
IL-1B (10 ng/ml) for 48 h before conducting qRT-PCR and Western blot
analyses. Previous literature has suggested that 24 h is a suitable period
for IL-1p stimulation of chondrocytes in monolayer [44]. Based on our
preliminary investigations for IL-1p stimulation of monolayer chon-
drocytes in our co-culture system for 24, 48 and 72 h (data not shown),
which involved an increased volume of culture medium and an addi-
tional cell type (MSCs), 48 h was the optimal stimulation time based on
chondrocyte phenotype maintenance.

2.4.3. qRT-PCR analysis of chondrocytes and MSCs

Gene expression analysis of co-cultured chondrocytes and MSCs was
conducted using qRT-PCR according to procedures described in Section
2.2.3.

2.4.4. Western blot analysis of chondrocytes and MSCs

Protein expression levels of type II collagen (SC-52658, Santa Cruz,
USA), SOX9 (ab3697, Abcam, USA), and GAPDH in co-cultured chon-
drocytes and MSCs were measured using Western blot. Cytosolic pro-
teins were directly extracted with radio immune precipitation assay
(RIPA) lysis buffer combined with a cocktail of protease and
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phosphatase inhibitors. The protein concentration was calculated using
the BCA Protein Assay Kit (Promega). Western blot was performed using
a kit (Beyotime, Biotechnology) according to the manufacturer’s in-
structions, and ECL reagent was used to generate chemiluminescent
signals.

2.4.5. Secretome analysis of co-culture supernatants

Cells in the 2D and 3D co-culture groups were washed twice in PBS
and then cultured under starvation in non-supplemented F12 medium
(Gibco, USA) for 24 h. The co-culture supernatants were collected and
analyzed for 40 secreted proteins using the Proteome Profiler Human
Inflammation Array Q3 (QAH-INF-3-1, RayBiotech Systems) according
to the manufacturer’s instructions. Briefly, slides were held by the edges
to make a small marking along the top edge. The array area was blocked,
washed and incubated overnight at 4 °C on a rocking platform with 0.1
mL of standard cytokines or culture supernatant (at 10 x concentration).
Each well was then washed and incubated with Biotinylated antibody
cocktail for 2 h at room temperature on a rocking platform. The slide
was incubated with Cy3 Equivalent Dye-Streptavidin and imaged using
the InnoScan 300 Microarray Scanner (Innopsys, France). After cor-
recting for background intensity and normalizing to the slide’s positive
control, expression levels of cytokines were detected by microarray
analysis and drawn as a heat map.

2.4.6. RNA-seq analysis of chondrocytes and MSCs

The procedure for RNA-seq was modified based on previously pub-
lished methods [45]. Briefly, total RNA was extracted from both chon-
drocytes and MSCs in the 2D and 3D groups using the TRIzol reagent
(Invitrogen). RNA purity was checked using the NanoPhotometer
spectrophotometer (IMPLEN, USA), and RNA integrity was assessed
using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, USA). The sequencing library was constructed
using the NEBNext UltraTM RNA library Prep Kit for Illumina (NEB,
USA) according to the manufacturer’s instructions. Index of the refer-
ence genome was built using Hisat2 v2.0.5. Differential expression
analysis between groups (two biological replicates per condition) was
performed using the DESeq2 R package. All statistical analyses were
conducted using R statistical programming language. Genes with an
adjusted p-value of <0.05 found by DESeq2 were assigned as differen-
tially expressed. Differentially expressed genes (DEGs) were defined as
having a fold change >2 and p-value <0.05. Heatmaps were generated
using the heatmap package. Gene ontology (GO) enrichment analysis
and KEGG pathway analysis were performed using clusterProfiler R
package. For each group, 3 duplicates were collected for RNA-seq
analysis.

2.5. Statistical analysis

Statistical analysis was performed using GraphPad Prism. All data
are presented as mean + standard deviation (SD). Student’s t-test was
used when comparing two groups of data, and one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was used when
comparing between three or more groups. Values of p < 0.05 were
considered to be statistically significant. All experiments were per-
formed using at least three independent samples.

3. Results
3.1. Study design

A schematic overview of the study design is shown in Fig. 1. Gelatin
microcarriers were fabricated with uniform diameter (Fig. 1A and B).
MSCs were seeded in spinner flasks and cultured together with micro-
carriers for 2 days to form MSC-laden microniches (Fig. 1C and D). These
microniches were then used for injection in a rat ACL transection model
of knee OA (Fig. 1E and F). A co-culture system was used to investigate
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Fig. 1. Schematic illustration of the overall study design. (A, B) Gelatin microcarriers with interconnected porosity were fabricated with unified diameter, scale bar
= 100 pm. (C, D) MSCs were seeded in microcarriers and cultured in a customized spinner flask to form MSC-laden microniches, scale bar = 100 pm. (E, F) After in
vitro culture for 2 days, the MSC-laden microniches were injected as treatment in a rat ACL transection model of knee OA. Sham: animals with surgery only but no
treatment. Experiment: treatment by injection with MSC-laden microniches. (G) A transwell co-culture system was used for mechanistic investigations of the in-
teractions between MSCs and chondrocytes in an OA environment.

the mechanism of interactions between MSCs and chondrocytes in an 3.2. Characterization of MSC-laden microniches produced using spinner
OA environment (Fig. 1G). flask culture

The gelatin microcarriers were supplied as compressed tablets which
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Fig. 2. Characterization of MSC-laden microniches produced using spinner flask culture. (A) Photograph of the compressed microcarrier tablet, and SEM images of
the dispersed microcarriers upon contact with an aqueous medium. Scale bar (left to right) = 100 pm. (B) Spinner flask culture system with controller, magnetic
stirrer and spinner flasks. (C) Fluorescent images of live/dead staining of MSCs on days 1, 3, 7, and 14 of culture, scale bar = 500 pm. (D) Relative gene expression of
stemness-related markers (SO0X2, OCT4, NANOG) and senescence-related markers (P21, P16, P53) in MSC-laden microniches over 14 days of culture (n = 3). (E) Flow
cytometry analysis of surface biomarker expression over 14 days (n = 1, corresponding to a pool of 3 microniches). (F) Bioluminescence imaging for tracking in vivo
cell retention for injected MSC-laden microniches, showing measurements of average radiance in standardized regions of interest from the hindlimb of mice on days
1, 7, 14 and 21. Luminescence signal is presented as photons per second per square centimeter per steradian (n = 3).
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dispersed into individual microcarriers upon contact with an aqueous
medium. The microcarriers exhibited a uniform diameter of 200 + 7.35
pm, together with high porosity (>80%) and interconnected macro-
porous structure, as shown in SEM images (Fig. 2A). The pore diameter
distribution analyzed using ImageJ was 17.78 + 6.3 pm. The micro-
carriers were cultured together with MSCs in spinner flasks to allow the
formation of MSC-laden microniches (Fig. 2B).

3.2.1. Live/dead staining of MSCs in microniches

Live/dead staining with Calcein AM/PI showed that the majority of
MSCs growing in microniches during spinner flask culture over 14 days
remained viable (Fig. 2C). The MSCs deposited ECM within the micro-
niches at days 2-3, and then formed larger constructs at the later time
points. The number of MSCs in microniches showed significant increases
at day 2-3 (Fig. S1), but not at day 7 or 14 (data not shown). To ensure
cell quantity and quality for in vivo testing, we selected 2 days as the pre-
culture period for MSC-laden microniches before they were used for
injection into animals.

3.2.2. Quantitative RT-PCR of MSCs in microniches

MSCs in microniches were evaluated for stemness and senescence
related gene markers by qRT-PCR (Fig. 2D). The stemness-related
markers SOX2, OCT4 and NANOG showed higher expression at 7 and
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14 days compared to earlier time points. In contrast, the senescence-
related markers P21, P16 and P53 showed significant downregulation
after 3 days, matching the time frame at which self-assembly of micro-
niches commenced as shown by the live/dead staining images. The gene
expression results collectively suggested that the MSCs could maintain
their stemness and suppression of senescence while the microniches
were cultured for 7-14 days in spinner flasks. It is expected that similar
effects would persist in vivo for at least 1-2 weeks after MSC-laden
microniches pre-cultured for 2 days are injected into animals.

3.2.3. Flow cytometry of MSCs in microniches

Flow cytometry results demonstrated that MSCs in microniches
retained their immunophenotype during spinner flask culture, with high
expression of the MSC markers CD73, CD90 and CD105, as well as low
expression of the negative markers CD34 and CD45 (Fig. 2E). The pro-
portion of surface marker expression did not show significant changes
over the 14 days culture period.

3.2.4. Invivo cell retention of MSCs in microniches
Luciferase-transduced MSCs (luctMSCs) were subcutaneously
injected into the thighs of mice as free MSCs (left) or loaded within
microniches (right). The microniches luctMSCs showed more constant
bioluminescence between 7 and 21 days, suggesting stable cell retention
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Fig. 3. Imaging analyses of MSC-laden microniches in a rat ACL transection model of knee OA. (A) Schematic illustration of the overall animal study design. Six
weeks after ACL transection, rat knees with OA were divided into sham, HA, lowMSCs/microniches, highMSCs and control groups. (B) The grade of OA changes based
on p-CT analysis in all groups at 6 weeks after treatment. Representative images from (C) X-ray, (D) p-CT, and (E) MRI analysis in all groups at 6 weeks

after treatment.
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and sustained viability within microniches at the injection site over the
21 day period (Fig. 2F). In contrast, the free luc * MSCs underwent
greater dispersion after 7 days with dramatic cell loss and deteriorated
bioluminescence. The imaging data was quantified and presented as a
measurement of the average radiance in standardized regions of interest
on the thigh. The improved in vivo MSC retention and survival within
microniches might enable better delivery of their therapeutic functions
after injection.

3.3. Effects of MSC-laden microniches in a rat ACL transection model of
knee OA

The rats developed knee OA at 6 weeks after ACL transection. All
animals tolerated the bilateral transection model, and could bear the
load of their own weight on the day after surgery. Rat knees were
injected with HA (four times, one week apart), large dose of free MSCs
(four times, one week apart), or low dose of MSCs in microniches (once)
at 6 weeks after ACL transection, and the animals were sacrificed at 12
weeks (Fig. 3A).

3.3.1. X-ray, u-CT and MRI analyses

X-ray images showed that the LowMSCs/microniches and HighMSCs
groups had better treatment effects compared to the HA and sham
groups, with less osteophyte formation and joint narrowing (Fig. 3C).
These observations were confirmed by the p-CT reconstructed images
(Fig. 3B, D). MRI images showed that the LowMSCs/microniches and
HighMSCs groups had less knee effusion compared to the HA and sham
groups, suggesting less severe progression of OA (Fig. 3E).

3.3.2. Histological analysis

H&E and Safranin O (Fig. 4A) staining were performed on coronal
sections of explanted knees. The histological images were scored using
the OARSI (Fig. 4B) and Mankin’s (Fig. 4C) grading systems. Although
all groups had significantly higher scores compared to the control, the
LowMSCs/microniches and HighMSCs groups showed significantly
lower scores compared to the HA and sham groups, with values that
were more similar to control (normal) knees. Scores for the LowMSCs/
microniches and HighMSCs groups also had similar values. The histo-
logical results indicated that a low dose of MSCs in microniches had
similar effects as repeated high doses of free MSCs in helping to preserve
and restore cartilage integrity in an in vivo model of induced knee OA.

Sham
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3.4. Human chondrocyte and MSC interactions in a co-culture model of
OA

A transwell system was used to examine the influence of MSC culture
in microniches (3D group) compared to monolayer (2D group) when co-
cultured with chondrocytes in monolayer on their secretome and tran-
scriptome (Fig. 5A).

3.4.1. qRT-PCR and Western blot analyses of chondrocytes and MSCs

Gene and protein expression analyses both indicated that the chon-
drocytes co-cultured with MSCs in microniches (3D group) had higher
expression of chondrogenesis-related markers, namely collagen type II
and SOX9, compared to those co-cultured with MSCs in monolayer (2D
group) (Fig. 5B). In the same co-culture system, MSCs in the 3D group
had higher expression of chondrogenesis-related gene and protein
markers compared to those in the 2D group.

3.4.2. Secretome analysis of co-culture supernatants

The secretome of co-culture supernatants was compared between the
2D and 3D groups at 7 days using their cytokine profile, with DMEM/F-
12 (Gibco, USA) used as a control. There were 4 of 40 cytokines that
exhibited significantly different staining intensity between groups: IL-
1B, IL-1a, GM-CSF and IL-6R (Fig. 5C). Among these, granulocyte mac-
rophage—colony stimulating factor (GM-CSF) has important roles in
cartilage repair, and it significant increase in the 3D group together with
decrease in IL-6R suggest anti-inflammatory and reparative effects of 3D
MSC culture in microniches. Gene Ontology (GO) enrichment analysis
showed prominent regulation of pathways relating to cytokine produc-
tion and cytokine receptor binding in the 3D group, which possibly
contribute to the anti-inflammatory effects observed in this group.
Similarly, KEGG pathway analysis showed significant induction of
“cytokine-cytokine receptor interaction” in the 3D group (Fig. 5D, S2).

3.4.3. RNA-seq analysis of chondrocytes and MSCs

Whole transcriptome RNA sequencing was performed on MSCs and
chondrocytes in the 2D and 3D groups. Heat maps were drawn to
compare differentially expressed genes (DEGs) in the co-cultured MSCs
and chondrocytes, relative to a monolayer control (Fig. 6A). MSCs in the
3D group had 6371 DEGs, including 3005 upregulated and 3366
downregulated genes, while MSCs in the 2D group had 4992 DEGs,
including 2270 upregulated and 2722 downregulated genes. Chon-
drocytes in the 3D group had 5891 DEGs, including 2671 upregulated
and 3130 downregulated genes, while chondrocytes in the 2D group had
6461 DEGs, including 3084 upregulated and 3377 downregulated genes
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Fig. 4. Histological analysis of MSC-laden microniches in a rat ACL transection model of knee OA. (A) Light microscopy images of articular cartilage on coronal
sections from explanted knees in all groups, stained by H&E and Safranin O. (B) OARSI and (C) Mankin’s histological assessment scores for all groups at 6 weeks

after treatment.
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Fig. 5. Secretome analysis of chondrocyte and MSC co-culture supernatants. (A) Schematic illustration of the transwell system for co-culturing human chondrocytes
and MSCs. The 3D group consisted of MSCs in microniches while the 2D group consisted of MSCs in monolayer, with both groups having chondrocytes in monolayer.
(B) Relative gene and protein expression of chondrogenesis-related markers (COL2, SOX9) in chondrocytes and MSCs of the 3D and 2D groups (n = 3). (C) Secretome
analysis of culture supernatants conducted by comparing cytokine profiles between groups. A heat map of 4 incubated cytokines that exhibited significantly different
staining intensity among groups is presented, along with relative expression levels of 13 inflammatory cytokines. (D) GO enrichment analysis and KEGG pathway
analysis of co-culture supernatants compared between the 3D and 2D groups. BP: Biological Process; CC: Cellular Component; MF: Molecular Function.
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Fig. 6. RNA-seq analysis of co-cultured chondrocytes and MSCs. (A) Heatmaps of differentially expressed mRNA levels for MSCs and chondrocytes from the 3D and
2D groups. (B) Upregulated and downregulated genes from differentially expressed genes (DEGs) in MSCs and chondrocytes. (C) Venn diagrams showing the number
of significantly altered genes (>2-fold difference; upregulated and downregulated) in MSCs and chondrocytes. (D, E) GO enrichment analysis of upregulated genes in
MSCs and chondrocytes (3D group vs 2D group). (F, G) KEGG pathway analysis using DAVID for upregulated genes in MSCs and chondrocytes (3D group vs 2D
group). BP: Biological Process; CC: Cellular Component; MF: Molecular Function.

(Fig. 6B). As shown by Venn diagrams, the overlapping upregulated and
downregulated genes between 2D and 3D groups in MSCs were 140 and
107, respectively, while those for chondrocytes were 206 and 189
(Fig. 6C). Heap map clustering based on genes with p < 0.05 and log,FC
above or below cutoff (>1, <-1) showed that the 3D group had an
overall response reflective of significant changes in the transcriptomic
profile of co-cultured cells. Volcano plots of the upregulated and
downregulated DEGs in MSCs and chondrocytes are illustrated in the
supplementary data (Fig. S3).

GO enrichment analysis was performed for the upregulated genes in
MSCs and chondrocytes. The majority of enriched biological processes
in MSCs in the 3D compared to 2D group were related to ribosome
biogenesis, DNA replication, extracellular matrix organization, regula-
tion of cell cycle, extracellular matrix binding, collagen binding, peri-
bosome, and extracellular matrix structural constituent (Fig. 6D, S4A,
B). Similar biological processes have been reported in other studies on
early chondrogenic induction in MSCs [46]. For chondrocytes

co-cultured with MSCs, differences between the 3D compared to 2D
group were related more closely to cartilage development, including
processes on the regulation of extracellular matrix, focal adhesion,
positive regulation of cell migration, and glycosaminoglycan binding
(Fig. 6E, S4C, D). These results suggest that in the co-culture system,
MSCs cultured in 3D can promote better initiation of MSC chondro-
genesis and phenotypic maintenance in the co-cultured chondrocytes
compared to MSCs cultured in 2D.

KEGG pathway analyses for MSCs and chondrocytes were performed
using the Database for Annotation, Visualization and Integrated Dis-
covery (DAVID). The top pathways of upregulated genes in the 3D
compared to 2D group for MSCs and chondrocytes are shown. The “cell
cycle” and “DNA replication” pathways were reported for MSC prolif-
eration. Furthermore, KEGG clusters related to “ribosome biogenesis”
and “PI3K-Akt signaling pathway” were greatly induced during MSC
chondrogenesis in the 3D group (Fig. 6F, S4E, F). These results matched
previous investigations reporting an increase in cell proliferation during
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chondrogenesis [47]. In chondrocytes, the results showed important
pathways in phenotype preservation relating to “focal adhesion”,
“MAPK signaling pathway”, and “cytokine-cytokine receptor interac-
tion” (Fig. 6G, S4G, H). “N-Glycan biosynthesis” was also enriched in
chondrocytes co-cultured with MSCs in the 3D group, which was
consistent with other reports demonstrating positive effects of this
pathway in the maintenance of articular cartilage [48].

4. Discussion

In this study, we used both an in vivo ACL transection OA model and
an in vitro co-culture model to investigate the therapeutic effects of MSC-
laden microniches in a chronic OA environment. Current clinical evi-
dence points to the benefits of repeated intra-articular injections of
therapeutic substances, such as HA and MSCs, instead of a single dose
[24], which while more effective is also associated with a higher risk of
infection and other complications [27]. Using the in vivo model, we
demonstrated that microniches may allow a single low dose of MSCs to
achieve similar restorative effects as repeated high doses of MSCs, as
indicated by radiological, pu-CT and histological analyses. Using the in
vitro model, we illustrated potential molecular mechanisms of in-
teractions between MSCs and host chondrocytes in an OA environment,
and investigated the contributions of cell delivery in microniches
through secretome and transcriptome analyses.

The loss of proteoglycans and loosening of the collagen meshwork
constitute major ECM changes in OA disease progression. It has been
reported that MSCs can promote cartilage preservation and/or accel-
erate cartilage restoration due to their self-renewal capacity, trophic
secretory functions, immunomodulation properties, and ability to
override the HLA barrier to allow for allogeneic transplantation [24,
49-52]. A number of clinical trials have been conducted whereby MSC
injections were used to treat knee OA, but these have reported some
inconsistent or even contradictory results [53,54]. While it is generally
believed that MSC therapy has dose-dependent effects and larger
quantities of cells are more effective, further high-quality evidence is
needed to confirm the long-term safety and clinical advantages of
high-dose MSC injections. One of the caveats of using high-dose MSC
injections is that the cells often undergo repeated expansion in 2D cul-
ture, which is not an ideal method for maintaining their stemness and
phenotypic characteristics. 3D culture is known to provide cells with the
ability to establish a biomimetic hierarchical structure that facilitates
better maintenance of stemness and viability [55,56]. However, the
development of a stable and efficient method for the 3D culture of MSCs
in scale-up applications has been a challenge. Our injectable gelatin
microcarriers, which were used in this study provides a possible cell
delivery platform to address this challenge, by providing a 3D substrate
to allow for optimal cell anchorage, phenotypic regulation and prolif-
eration that then contribute to their improved therapeutic functions
[19]. These microcarriers are made from clinically applicable gelatin,
which provides inherent cell adhesion motifs, and their 3D microporous
structure provides MSCs with a native microenvironment to improve cell
retention and therapeutic functions following in vivo injection [34].

We performed a single injection of MSC-laden microniches into an
experimentally-induced ACL transection model of knee OA. ACL tran-
section surgery in rats is used to model human post-traumatic OA, by
producing joint instability and altering load-bearing in the knee. In this
model, there is a clear relationship between ACL transection as the
disease-initiating event and the development of OA-associated pathol-
ogy [57,58]. Treatment groups were injected at 6 weeks following the
initial surgery, the time at which post-traumatic OA would have
developed and would progress to severe OA without intervention.
Through imaging and histological analyses, we showed that microniches
loaded with a low dose of MSCs achieved comparable reparative effects
in a physiologically-relevant in vivo model of OA at 6 weeks after
intervention relative to repeated high-dose injections of free MSCs,
which were far superior to the results achieved using repeated HA
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injections. This approach of using MSC-laden microniches may provide
an alternative to the need of producing large amounts of MSCs for
large-scale clinical use, which may not be economically or practically
viable due to the limited sources of primary MSCs and the costs of cell
harvesting and expansion processes [59,60]. Nevertheless, it is impor-
tant to recognize that these injectable microniches would be more
suitable for treating early-stage OA with cartilage deterioration as the
main pathological characteristic, rather than late-stage OA with mod-
erate to large defect areas. OA is defined by the main pathological
characteristics of cartilage deterioration, aberrant osteophytes or syno-
vitis, and subchondral bone changes. In early-stage OA, cartilage dete-
rioration would be the most common cause of knee pain and joint
instability, which may benefit from early intervention such as oral
medicine, and HA or MSC injections. For late-stage OA with large-scale
lesions and tissue degeneration on a whole-joint level, joint arthroplasty
would be the last choice for treatment.

Cell-cell interactions are implicated in a plethora of biological phe-
nomena spanning embryogenesis, tissue morphogenesis, and repair. In
the context of joint repair, the co-culture of expanded MSCs with pri-
mary chondrocytes or cartilage explants offers an ideal approach to
investigate the specific paracrine functions of MSCs that may contribute
to their therapeutic effects. Co-culture models can be set up to mimic the
in vivo physiological or pathological joint environment, where the
transplanted MSCs would be surrounded by, but not be in direct contact
with, native chondrocytes residing within the host cartilage [40,61,62].
In this study, we established co-cultures of chondrocytes with MSCs in
transwells, either growing in microniches or as a monolayer. Gene and
protein expression results showed that MSCs in microniches increased
the expression of chondrogenic markers in both MSCs and chondrocytes,
suggesting that MSCs growing in a 3D compared to 2D environment are
more responsive to chondrogenic signals, and promote better mainte-
nance of phenotype in the co-cultured chondrocytes. Moreover, MSCs
can be activated by inflammatory factors to directly suppress immune
cells [63]. In our co-cultures supplemented with IL-1B, secretome
analysis showed that the expression of inflammatory markers such as
IL-6R was greatly downregulated in the co-culture supernatants with 3D
MSCs compared to 2D MSCs. On the other hand, the greater upregula-
tion of GM-CSF in the 3D group was associated with a possible role in
cartilage repair [64,65]. Taken together, these findings suggest that
MSCs grown in 3D microniches have paracrine functions that may be
more effective at reducing inflammation and increasing cartilage repair
in OA compared to those cultured in monolayer. As a cell delivery
vehicle, if these MSC-laden microniches are applied in a clinical setting,
we expect the MSCs to exert their therapeutic effects in OA joints mainly
through paracrine functions and their immunomodulatory effects,
which are elevated through their retainment within the microniches. We
would not expect the MSCs to be released from the microniches, or to
colonize cartilage defects and directly differentiate into new tissue.

Previous studies on co-culture systems involving MSCs and chon-
drocytes mainly focused on their bi-directional effects on gene and
protein expression in the context of chondrogenesis. For instance, MSCs
in co-culture have been found to enhance chondrocyte proliferation and
ECM synthesis [66], while the chondrocytes can simultaneously pro-
mote the differentiation of MSCs [62,67]. Morphogens or other factors
secreted by chondrocytes can contribute to reducing hypertrophy and
increasing chondrogenic differentiation in MSCs [40,41,68], possibly
through the transfer of extracellular vesicles [38,69]. However, the
possible interactions between MSCs and chondrocytes in a pathological
joint environment have been rarely investigated using co-culture
models. The results from a previous study suggested that OA chon-
drocytes could promote chondrogenic differentiation of MSCs while
downregulating type I and X collagen expression. This effect could not
be achieved using conditioned medium from primary (PO) OA chon-
drocytes or co-culturing with passaged (P1) OA chondrocytes, indicating
the importance of intercellular communication and chondrocyte
phenotype for inducing chondrogenic differentiation of MSCs [40]. In
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this study, we for the first time investigated the whole transcriptomic
profile of co-cultured human MSCs and chondrocytes in an inflamma-
tory environment simulating knee OA stimulated by IL-15. We found
different transcriptomic profiles in both MSCs and chondrocytes when
comparing between the 3D and 2D co-cultured groups. MSCs in 3D
microniches co-cultured with chondrocytes showed GO terms relating to
ribosome biogenesis, ECM organization, and positive regulation of cell
migration and glycosaminoglycan binding, processes which were
similar to those encountered in MSC chondrogenesis [70]. Chondrocytes
in the 3D group showed significant variations in gene expression relating
to cellular processes, ECM, and signal transduction, suggesting a
comprehensive response that was also observed in other studies using
rabbit chondrocytes [71]. A number of cartilage-related GO terms for
both MSCs and chondrocytes in the 3D group suggested that MSCs
cultured in microniches had greater potential to maintain in vitro
chondrogenesis and maintenance of the original chondrocyte pheno-
type. KEGG pathway analysis showed enrichment for ribosome
biogenesis, cell cycle, and PI3K-Akt signaling pathway in 3D MSCs. The
enrichment of PI3K-Akt signaling pathway possibly points to a mecha-
nism by which MSCs in microniches may undergo increased prolifera-
tion and improve the repair of OA injury [72-74]. Chondrocytes in the
3D group showed enrichment for focal adhesion and N-Glycan biosyn-
thesis pathway, possibly suggesting better phenotype maintenance. The
differences in transcriptomic profile of MSCs in 3D culture compared to
2D, which may broadly contribute to their paracrine functions and
therapeutic effects, may be attributed to improved cell adhesion, pro-
liferation and ECM deposition [28,75].

There are some limitations in our study that will be addressed in
follow-up investigations. First, culturing primary chondrocytes in
monolayer in the co-culture models is not optimal for maintaining their
phenotypic characteristics. However, this was the most efficient method
for reducing the number of variables, while isolating the interactions
between chondrocytes and MSCs for secretome and transcriptome ana-
lyses. To establish a more physiologically relevant in vitro co-culture
model, culturing the chondrocytes in pellet form or seeded inside a
biomaterial should be investigated in future studies. The use of patient-
matched chondrocytes and MSCs should also be considered. Second,
while the transwell co-culture model in our study revealed complex and
compelling cell-cell interactions, we were unable to perform analyses
relating to the nature of the transfer cargo between cell types, their
transport mechanisms, and variations between chondrocytes in different
zones of articular cartilage. These factors may all contribute to the repair
mechanisms of MSCs in a pathological joint environment and warrant
further investigation. Last, our in vivo experiment was performed in a
small rodent model, which would not be representative of reparative
effects in humans. Studies in larger animals will be required before the
clinical relevance of using MSC-laden microniches to treat patients with
knee OA can be determined.

5. Conclusion

MSC-laden microniches grown in spinner flasks loaded with a low
cell dose and delivered through a single injection achieved similar
reparative effects in an in vivo model of post-traumatic OA as repeated
high dose injections of MSCs. This in itself shows the advantages of MSC-
laden microniches, by significantly reducing the cell numbers and in-
jection frequency required to demonstrate a therapeutic effect. The
elevated therapeutic effects of MSCs when delivered through micro-
niches may be reflective of their increased anti-inflammatory and tro-
phic functions when grown in a 3D environment. Chondrocytes in
monolayer and MSCs in microniches or monolayer, grown in co-culture
showed bi-directional interactions and mutually beneficial effects that
were relevant for the potential use of MSC-laden microniches as future
therapeutics for the treatment of OA.
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