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ARTICLE INFO ABSTRACT
Keywords: Skeletal stem cells (SSC) have gained attentions as candidates for the treatment of osteoarthritis due to their
Microgel carriers osteochondrogenic capacity. However, the immunomodulatory properties of SSC, especially under delivery
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Single-cell RNA sequence
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operations, have been largely ignored. In the study, we found that Pdpn* and Grem1™ SSC subpopulations owned
immunoregulatory potential, and the single-cell RNA sequencing (scRNA-seq) data suggested that the mechan-
ical activation of microgel carriers on SSC induced the generation of Pdpn'Grem1*Ptgs2" SSC subpopulation,
which was potent at suppressing macrophage inflammation. The microgel carriers promoted the YAP nuclear
translocation, and the activated YAP protein was necessary for the increased expression of Ptgs2 and PGE; in
microgels-delivered SSC, which further suppressed the expression of TNF-q, IL-1p and promoted the expression of
IL-10 in macrophages. SSC delivered with microgels yielded better preventive effects on articular lesions and
macrophage activation in osteoarthritic rats than SSC without microgels. Chemically blocking the YAP and Ptgs2
in microgels-delivered SSC partially abolished the enhanced protection on articular tissues and suppression on
osteoarthritic macrophages. Moreover, microgel carriers significantly prolonged SSC retention time in vivo
without increasing SSC implanting into osteoarthritic joints. Together, our study demonstrated that microgel
carriers enhanced SSC reprogramming towards immunomodulatory phenotype to regulate macrophage pheno-
type transformation for effectively osteoarthritic therapy by promoting YAP protein translocation into nucleus.
The study not only complement and perfect the immunological mechanisms of SSC-based therapy at the single-
cell level, but also provide new insight for microgel carriers in stem cell-based therapy.

1. Introduction risk factors including obesity, metabolism and genetics have been
demonstrated to accelerate OA progression [1,2], increasing evidences

Osteoarthritis (OA) is a degenerative whole-joint disease character- show that macrophage derived inflammatory factors are positively
ized by synovial inflammation and osteochondral lesions which leads to correlated with articular cartilage destruction, osteophyte formation,
functional limitations and joint dysfunction [1,2]. Though numerous and abnormal subchondral bone remodeling [3-6], which suggest the
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chronic  inflammation  aggravates @ OA  symptoms.  Thus,
inflammation-targeting strategies for OA treatment have gained
increasing attention and yield promising effects [5,7,8].

Mesenchymal stem cells (MSC) are the type of mesenchyme-derived
stem cells (MDSC) with powerful tissue regeneration properties and
immunomodulatory capabilities, which contribute to the therapeutic
effects on the settlement of immune disorders including chronic in-
flammatory joint disease such as OA [9,10]. However, increasing studies
have emphasized the tissue specificity of MDSC. Skeletal stem cells (SSC)
are tissue-specific MDSC in skeletons with the potential of osteogenesis
and chondrogenesis [11-13]. Studies have demonstrated that the acti-
vated SSC in subchondral bones benefits the regeneration of murine
articular cartilage [14,15], which contribute to the application of SSC
for OA treatment. Moreover, most of the current studies attribute the
osteochondral regeneration of SSC to their differentiation properties,
and the immunoregulatory properties of SSC have been largely ignored.

Except for the cell types, recent studies also confirm the importance
of carriers for MDSC-based therapy. Gelatin-microniches applied for
human MSC delivery not only protect the loaded cells from non-essential
mechanical damage during operation, but also significantly improve cell
retention, survival, and regenerative effects in vivo for the treatment of
critical limb ischemia [16]. In addition, human pluripotent stem cells
cultured in microniches are also proved to tend to differentiate into
endothelial cells and exhibit enhanced vascular repairing capacity in the
model of critical limb ischemia [17]. Microcarriers play important role
in stem cell-based therapy, however, most research focuses on the effects
of microniches/microgels in the functional phenotype of stem cells, the
immunomodulatory capacity of stem cells and the contribution of cell
subpopulation alteration to the immunomodulatory phenotype of
microniches/microgels-delivered stem cells have rarely been explored.

Herein, the microgels based delivery system for SSC was constructed
in the present study. The immunoregulatory capacity of SSC, and the
reprogramming effects of microgel carriers on the SSC subpopulation
alteration and immunomodulatory phenotype were studied by single-
cell transcriptomic and functional analysis. We found that not all cell
subpopulations respond to the mechanical reprogramming effects of
microgels and possessed the immunoregulatory potentials. Among the
obtained cell subpopulations, Pdpn* SSC and Grem1" SSC showed the
immunomodulatory potential and plasticity. Moreover, microgel car-
riers enhanced the mechanical properties of SSC via promoting YAP
nuclear translocation, which altered the cell fate of Pdpn®™ SSC and
Grem1™ SSC in microgels, resulting in the emergence of an immuno-
regulatory SSC subpopulation (Pdpn*Grem1*Ptgs2" SSC). The immu-
nomodulatory  SSC  subpopulation  enhanced the overall
immunomodulatory capacity of microgels-delivered SSC to improve the
therapeutic effects in OA treatment by suppressing OA macrophage
inflammation. Our study provides profound insights into the role of
microgel-based cell carrier in YAP activation and cell subpopulation
alteration, which further result in the enhanced SSC immunomodulation
and alleviating OA osteochondral damages. The work offers a promising
strategy and systematic immunological mechanisms studies at the
single-cell level for the development of SSC-based osteochondral tissue-
engineering applications.

2. Materials and methods
2.1. Animals

8-week-old (n = 100) and 1-week-old (n = 20) SPF Sprague Dawley
(SD) rats were purchased from Beijing Vital River Laboratory Animal
Technology Co, Ltd. China. All animal studies were conducted in
accordance with the ethics committee of the Academy of Military
Medical Science (Number: IACUC-DWZX-2020-765).
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2.2. Harvesting and culture of SSC

SSC were harvested from femur and tibia according to our previously
reported procedure [18]. Briefly, long bones were dissected from
1-week-old SD rats, and bone marrow cells were flushed out, and then
the long bones were shredded and digested by collagenase II (Sigma U.
S., 0.1 % g/mL) for 30 min in the 37 °C incubator. After digestion, the
bone fragments were cultured in alpha modification-minimum essential
medium («-MEM; Invitrogen) with 10 % fetal bovine serum (FBS; Pri-
cella). The adherent cells (SSC) from passages 2 to 5 were used.

In order to construct microgels-based delivery system for SSC (SSC
with microgels), the gelatin porous microgels was used based on the
established cryogelation method [19]. SSC were resuspended at a con-
centration of 5 x 10° cells/mL. Then, 200 pL SSC suspension was seeded
on one microgel tablet (20 mg, 3D Table Trix, CytoNiche Biotech-
nology), and then cultured for 2 h in the 37 °C incubator. After that,
phosphate buffer saline (PBS) or complete medium was added for sub-
sequent experiments.

2.3. Bulk RNA sequencing (RNA-seq) of SSC

To investigate the reprogramming property of SSC with microgel,
aliquots (2 x 10°/well) SSC suspensions with or without microgel car-
riers were seeded on six-well culture plates and cultured for 3 days, and
then RNA-seq analysis was performed. The mRNA library constructing
and sequencing were conducted at GENEWIZ, Inc (Suzhou, China). Total
RNA was utilized for library construction, and the libraries with
different indexs were multiplexed and loaded on an Illumina Novaseq
instrument for sequencing by using a 2 x 150 paired-end (PE) config-
uration according to manufacturer’s protocols.

2.4. Single-cell RNA sequencing (scRNA-seq) of SSC

To investigate the cellular heterogeneity of SSC and explore the
immunoregulatory potential and plasticity of SSC in microgels at single-
cell resolution, SSC suspensions with or without microgel carriers were
harvested. The scRNA-seq libraries were prepared by using the Chro-
mium Single Cell 3' Reagent Kits v3 (10 x Genomics) at Berry Genomics
Corporation (Beijing, China). Briefly, the single cells of SSC with or
without microgel carriers were washed with PBS and resuscitated to a
concentration of 800~1000 cells/pL (viability >90 %), and then cells
were captured in droplets to generate single cell gel beads-in-emulsion
(GEMs). After the reverse transcription step, GEMs were broken and
barcoded-cDNA was purified with Dynabeads, and then PCR amplifi-
cation was performed. Then the 3’ gene expression library was con-
structed by using amplified cDNA. Subsequently, amplified cDNA was
fragmented and end-repaired, double-size selected with SPRIselect
beads, and sequenced on an Illumina NovaSeq platform to generate 150
bp paired-end Reads.

2.5. Generation and analysis of scRNA-seq data

The raw data of scRNA-seq were processed with Cell Ranger (version
7.0) (10 x Genomics) and aligned to the rat genome constructed by the
cellranger-mkref function. Further analyses were carried out in R
(version 4.1.0) by using Seurat (version 4.2.0; https://satijalab.or
g/seurat/). For data preprocessing, cells with fewer than 200 detected
genes or greater than 7500 genes were excluded, and less than 15 % of
mitochondrial gene were retained. Cell doublets were removed using R
package Doublet Finder. After filtering, 9232 cells from SSC and 12177
cells from SSC with microgels were analyzed. For integrated analysis of
SSC datasets with or without microgel, we used canonical correlation
analysis (CCA) method implemented in Seurat. For cell clustering, a
Shared Nearest Neighbor (SNN) Graph was conducted by FindNeighbors
function with a resolution of 1.5. Uniform manifold approximation and
projection (UMAP) was used to create a 2D map. For the analysis of
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differentially expressed genes, the FindAllMarkers function of Seurat
was performed to identify differentially expressed genes in SSC
(Table S1) and SSC with microgels (Table S2).

2.6. Gene ontology (GO) and gene set enrichment analysis (GSEA)

For the GO and GSEA of SSC datasets with or without microgels, R
package Clusterprofiler (version 4.2.2; https://guangchuangyu.github.
io/software/clusterProfiler) were used.

2.7. Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis

KEGG pathway analysis was performed by using the DAVID website
(https://david.nciferf.gov/tools.jsp), and visualization was done by
using ggplot2 (version 3.4.1; https://ggplot2.tidyverse.org/)

2.8. Single cell trajectory analysis

RNA velocity analysis was performed by using velocyto (version
0.17; https://github.com/velocyto-team/velocyto.py) and scVelo
(version 0.2.3; https://github.com/theislab/scvelo). To generate the
loom files, the run10 x function of velocyto was conducted on Cell-
ranger ouputs files, and scVelo functions were applied to calculate the
root and terminal states. For the PAGA analysis, the python package
Scanpy (version 1.9.1; https://github.com/theislab/scanpy) was
utilized.

2.9. Cell communication analysis

R package CellChat (version 1.1.3; github.com/sqjin/CellChat) was
used for cell communication analysis. For the pattern of cellular
communication, we used the “ECM-Receptor” pattern to analyze the
main cell population with significant mechanical properties.

2.10. Multilineage differentiation assay

Osteogenic, chondrogenic, and adipogenic differentiation of SSC
were performed as our reported protocol [18]. For osteogenesis assay,
SSC suspensions with or without microgel carriers were seeded into
48-well plates and cultured in stem cell growth medium (a-MEM with
10 % FBS) or osteogenic culturing medium (50 pM
ascorbate-2-phosphate, 10 mM p-glycerol phosphate and 10~7 M dexa-
methasone). After 14 or 28 days of culturing, alkaline phosphatase (ALP)
staining and von Kossa staining were executed. For chondrogenesis
assay, SSC suspensions with or without microgel carriers were seeded
into 48-well plates and cultured in stem cell growth medium or chon-
drogenic culturing medium (50 pM ascorbate-2-phosphate, 0.1 mM
dexamethasone, 50 pg/mL proline, 1 % ITS (1 x ), 1 mM sodium py-
ruvate and 20 ng/ml TGF-$3). After 21 days of culturing, toluidine blue
staining was executed. For adipogenesis assay, SSC suspensions with or
without microgel carriers were seeded into 48-well plates and cultured
in stem cell growth medium or adipogenic culturing medium (0.5 pM
3-Isobutyl-1-methylxanthine, 10~® M dexamethasone and 10 ng/ml in-
sulin). After 14 days of culturing, Oil Red O staining was conducted.

2.10.1. Scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS)

The samples were washed with PBS and fixed in 4 % PFA. Then, the
samples were transferred into 1 % OsO4 in PBS for 1-2 h at room
temperature. After that, the samples were sequentially dehydrated in 30
%, 50 %, 70 %, 80 %, 90, 95 % and 100 % ethanol. Subsequently, the
samples were dried and attached to metallic stubs using carbon stickers,
and were sputter-coated with gold for 30s. Afterwards, the samples were
observed with a scanning electron microscope (HITACHI, SU8100). The
EDS measurements were performed by AZtec X-Max 80.
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2.11. Particle size analysis

The particle size distribution analysis was conducted by using
ImageJ software (version: ImageJ 1.53c).

2.12. Cell proliferation and viability

The ability of proliferation was evaluated by the Cell Counting Kit 8
(CCK-8; Dojindo, Japan). The cell suspensions of SSC with or without
microgel carriers were seeded into 96-well plate. CCK-8 solution was
added into growth medium at a ratio of 1:10, and then the plates were
cultured for 2 h in the 37 °C incubator. After incubation, the supernatant
was sucked out to the empty 96-well culture plate and absorbance was
detected by using a microplate reader at a wavelength of 450 nm. The
CCK-8 tests were conducted on days 1, 4, 7, and 10. For graded numbers
of SSC incubated on microgel carriers, 1 x 10% 1 x 10%and 2 x 10° SSC
were respectively incubated with one microgel tablet (20 mg), and
cultured for 2 h in the 37 °C incubator. Then, one-tenth of the super-
natant of graded numbers of SSC with microgel carriers were used for
each test of CCK-8.

The viability of SSC with or without microgel carriers was detected
ondays 1, 4, 7 and 10 by live/dead assay with Calcein/PI Cell Viability/
Cytotoxicity Assay Kit according to the manufacturer’s protocol (Beyo-
time) and visualized by a fluorescence microscope (Olympus CKX53).

2.13. Colony-forming unit fibroblast formation assay (CFU-F assay)

The self-renewal capacity of SSC with or without microgels was
performed by CFU-F assay. Aliquots (5 x 10%/well) of SSC suspensions
with or without microgels were seeded into six-well plates and cultured
for 7 days. To assess the colony formation, crystal violet staining was
conducted.

2.14. Real-time qPCR and ELISA

SSC with or without microgel carriers were seeded into 6-well plates
and cultured for 3 days. In some groups, SSC was incubated in microgels,
and then respectively cultured in growth medium with 1 pM YAP in-
hibitor (verteporfin) and in growth medium with 10 pM COX2 inhibitor
(NS-398) for 3 days in six-well culture plates, respectively. The cell and
culture medium were collected for qPCR and ELISA. The rat monocytes,
isolated from the bone marrow of femurs and tibias, were divided into 6
groups: (i) monocytes cultured in growth medium (monocytes); (ii)
monocytes cultured in growth medium containing 20 ng/mL TNF-a
(macrophages); (iii) monocytes cultured in growth medium containing
20 ng/mL TNF-a and 10 % SSC supernatant (macrophages + SSC me-
dium); (iv) monocytes cultured in growth medium containing 20 ng/mL
TNF-a and 10 % cell supernatant of SSC with microgels (macrophages +
(SSC with microgel) medium); (v) monocytes cultured in growth me-
dium containing 20 ng/mL TNF-a and 10 % cell supernatant of SSC with
microgel + verteporfin group (macrophages + (SSC with microgel +
verteporfin) medium); (vi) monocytes cultured in growth medium
containing 20 ng/mL TNF-a and 10 % cell supernatant of SSC with
microgel + NS-398 group (macrophages + (SSC with microgel + NS-
398) medium). All groups were cultured for 3 days in six-well culture
plates, and the cells and culture medium were collected for qPCR and
ELISA. The qPCR procedure were performed as previously reported. The
rat GAPDH, Ptgs2, TNF-q, IL-1f and IL-10 primers were synthesized by
Tsingke Biotechnology and were shown in Table S3. Rat PGE; in SSC
supernatants and TNF-o, IL-1p, and IL-10 in monocyte supernatants
were detected by ELISA according to manufacturer’s protocols
(Czkwbio, China). Optical density was detected by using a microplate
reader at a wavelength of 450 nm.
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2.15. Western blotting

The total protein was extracted by protein lysis buffer (BioRad,
Hercules, California) according to manufacturer’s protocols. And then
proteins were resolved via 10 % sodium dodecyl sulfatepolyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose mem-
branes. The membranes were incubated with anti-vinculin (proteintech,
1:5000), anti-phospho-YAP (CST, 1:2000), anti-YAP (CST, 1:2000), anti-
COX2/Cyclooxygenase 2/Ptgs2 (proteintech, 1:1000), anti-Lamin b1l
(proteintech, 1:2000) and anti-GAPDH (CST, 1:2000) at 4 °C for 8-12 h.
After that, the membranes were incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (Servicebio, 1:3000) or HRP-
conjugated goat anti-mouse IgG (Servicebio, 1:3000) at room tempera-
ture for 1 h.

2.16. Immunofluorescence staining

The samples were washed with PBS, fixed with 4 % para-
formaldehyde for 30 min, according to experimental requirements, were
incubated with anti-Pdpn (proteintech, 1:200), anti-Grem1 (CST, 1:50),
anti-Cd200 (proteintech, 1:200), anti-Ctsk (Abcam, 1:200), anti-Ptgs2
(proteintech, 1:200), anti-vinculin (proteintech, 1:200) or anti-YAP
(CST, 1:200) at 4 °C for 8-12 h. After that, samples incubated with
goat anti-rabbit IgG (Servicebio, Alexa Fluor 488, 1:300), goat anti-
rabbit IgG (Servicebio, Cy3, 1:300) or goat anti-mouse IgG (Service-
bio, Alexa Fluor 488, 1:200) for 1 h at room temperature. Nuclear
staining was conducted with DAPI (Sigma), and F-actin stained by
rhodamine phalloidin (Beyotime). Tissue samples were fixed in 4 %
paraformaldehyde. After decalcification, all samples were embedded in
paraffin and sectioned at 6-pm slices. The tissue sections were immu-
nofluorescently stained with primary antibodies targeting Sry (Santa
Cruz, 1:200), CD11b (Servicebio, 1:500), TNF-a (Uscn Life Science Inc.,
1:1000), IL-1p (Servicebio, 1:1200) and IL-10 (Servicebio, 1:1000), and
the goat anti-rabbit IgG (Servicebio, Alexa Fluor 488, 1:400) and goat
anti-rabbit IgG (Servicebio, Cy3, 1:500). DAPI was used to stain the
nuclei. The images were observed by a fluorescence microscope
(Olympus CKX53) or Nikon confocal microscope (Nikon).

2.17. Rheological property evaluation

The injectability of SSC with microgels was evaluated by rheological
experiments, conducted at 37 + 5 °C in the straincontrolled mode. The
strain sweep experiments were performed in the range of 0-100 % strain
at a frequency of 1 rad/s.

2.18. Transplantation of SSC into a rat OA model

SD rats (8-week-old) were divided into 6 groups: sham (n = 8), OA +
SSC (n = 8), OA + SSC with microgels (n = 8), OA + SSC with microgels
+ verteporfin (n = 8) and OA + SSC with microgels + NS-398 (n = 8).
OA of knee joint was induced by transection of anterior cruciate liga-
ment (ACL). Anesthetized rats and surgically transected the ACL to
induce knee instability. For sham group, only the articular cavity was
exposed, then sutured and no anterior cruciate ligament was cut. For OA
+ SSC, SSCs were injected at 1 x 10° cells/knee. For OA + SSC with
microgel, OA + SSC with microgels + verteporfin and OA + SSC with
microgels + NS-398 groups, 1 x 10° SSCs in about 2 mg microgels with
100 pL PBS were injected; before injection, SSC was incubated on
microgel, and then cultured in growth medium, medium containing 1
M YAP inhibitor (verteporfin) and medium containing 10 pM COX2
inhibitor (NS-398), respectively, for 3 days in six-well culture plates.

2.19. Transplantation of SSC in vivo and bioluminescence imaging

To track SSC with or without microgels in vivo, the cells were infected
by lentiviruses with firefly luciferase (Luc+). Then both free Luc + SSC
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and Luc + SSC with microgels were injected into the knee joints of OA
rats. OA rats were divided into two groups: (i) 1 x 10° SSC were injected
into the knee joints of OA models; (ii) 1 x 10° SSC with microgels were
injected into the knee joints of OA models. Bioluminescence imaging
was conducted to track the retention of SSC with or without microgels
on days 1, 4, 7, and 12 after injection by using a Xenogen IVIS Luminall
imaging system (Caliper Life Sciences).

2.20. Degradation experiment of microgel carriers in vitro

Microgel carriers were cultured in growth medium with 20 ng/mL
TNF-a, 20 ng/mL IL-1p and 100 ng/mL MMP1 in the 37 °C incubator.
Then, the degradation of microgel carriers were observed by an optical
microscope on days 1, 4, 7 and 12 (Olympus CKX53).

2.21. Microcomputerized tomography (uCT) analysis

For puCT analysis, the rats were killed at 4 weeks and knee joints were
harvested. All samples were fixed in 4 % paraformaldehyde, and scan-
ned by a uCT system (Scanco Medical, Bassersodrf, Zurich, Switzerland).
A scanning time of 14 min with settings of 70 kVp and 114 pA was used.
The imaging reconstruction of 3D images was conducted using a stan-
dard convolution back-projection. The degree of OA changes was
assessed by the number of osteophyte and the degree of joint destruction
[20].

2.22. Histological examination and immunohistochemistry

For histology analysis and immuno-staining, all samples were fixed
in 4 % paraformaldehyde. After decalcification, all samples were
embedded in paraffin and sectioned at 6-pm slices. HE staining was
conducted to observe the structure of articular tissues. Toluidine blue
and safranin-o/fast green stainings were performed to evaluate the
cartilaginous matrix distribution. In addition, the expression of collagen
type I and collagen type II was detected by immunohistochemical assay
with anti-Collal (Servicebio, 1:800) and anti-Col2al (Abcam, 1:500),
respectively.

2.23. Statistical analysis

For all quantitative results, three replicate samples were performed
at least. Data were presented as means + SDs. To detect the significance
of differences, the Student’s t-test or one-way ANOVA was applied. P
value < 0.05 was considered to be statistically significant.

3. Results
3.1. Preparation and viability of SSC with or without microgel carriers

Commercially available microgels were used for SSC delivering. The
scanning electron microscopy (SEM) images showed microgels were
dispersed porous spherical microcarriers with the diameter of about
100-110 pm (Fig. 1A and B). To explore a suitable SSC-microgels culture
system, graded numbers of SSC, obtained from the long bones of one-
week-old SD rats (Fig. 1C), were incubated with microgels (Fig. 1D).
The CCK-8 assays were performed at days 1, 4, 7 and 10. The CCK-8 data
showed that cell viability of 1 x 10° group were better than that of 2 x
10 group and 1 x 10° group at day 10, which suggested an appropriate
number of SSC (1 x 106) for cultivation on microgel carriers (Fig. 1E). In
addition, SSC with or without microgel carriers were observed through
SEM. The data showed that SSC cultured on cell culture dishes exhibited
a flat morphology (Fig. S1A), while SSC with microgels grew into the
pores of microgel carriers (Fig. 1F). Subsequently, the cell viability of
SSC with or without microgel carriers were examined. The live/dead
staining showed SSC had better cell viability in microgels (Fig. 1G and
Fig. S1B). However, SSC cultured on flat surfaces exhibited mild cell
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death (Fig. S1C).

3.2. SSC delivered with microgel carriers enhanced OA therapeutic
efficacy by reducing osteo-chondral lesions

For OA treatment, SSC with or without microgels were intra-
articularly administered as reported previously [21,22].The SEM and
energy-dispersive spectroscopy (EDS) of the microgels before and after
injection were performed to determine whether the injection behavior
affects the morphology and composition of the microgels. The results
showed that the microgels is composed of four major elements carbon,
oxygen, nitrogen and sulfur, and there was no significant changes of the
morphology and composition of microgels before and after injection
have been observed (Fig. 2A, B, C). Besides, the injectability of microgel
carriers and SSC delivered with microgels were detected by rheological
experiments. The strain amplitude sweep results, showing the storage
moduli (G") and loss moduli (G") of the microgels with or without SSC,
revealed that both microgels and SSC with microgels could sustain up to
80 % compressive strain (Fig. 2D). However, in the strain range of less
than 80 %, the stress of SSC with microgels was consistently lower than
that of microgels (Fig. 2E). These data showed the superior elasticity of
SSC-microgels under compression than that of microgels, which sug-
gested SSC-microgels was an efficient delivery system.

To explore the in vivo survival and distribution of SSC with or without
microgels after intra-articular injection, Sry immunofluorescence and
bioluminescence imaging were performed. The results of Sry immuno-
fluorescence showed that neither SSC nor SSC delivered with microgels
was implanted into OA joints after intra-articular injection (Fig. S2A).
Bioluminescence imaging showed the survival time of SSC with micro-
gels in vivo was significantly longer than that of SSC (Figs. S2B and C),
suggesting that the SSC with microgels delivery system might protect
SSC from insults in the pathological microenvironment of OA joints. In
addition, the data of degradation experiments showed that microgel
carriers significantly degraded in the presence of inflammatory factors
that contribute to OA lesions at day 12 (Figs. S2D and E).

The overall efficacy of SSC with or without microgels on OA treat-
ment was evaluated by pCT and histological analysis (Fig. 2F). pCT
imaging data showed remarkably irregular articular surface and osteo-
phyte formation in the knee joints of OA rats, while SSC with microgels
injection significantly attenuated the osteochondral lesions compared
with SSC group (Fig. 2G). In addition, pCT-based OA grading of all in-
dividuals showed that the SSC with microgels yielding better protective
effects (Fig. 2H). Consistent with the pCT results, histological staining
data showed that SSC with microgels resulted in less cartilage destruc-
tion (Fig. 2I), lower Mankin score (Fig. 2J), higher expression of type II
collagen (Fig. 2K), and lower expression of type I collagen (Figs. S3A and
B), suggesting an strengthened protective effects on the cartilage
structure and extracellular matrix. Also, it was worth noting that the
microgels did not have an therapeutic effect on OA (Figs. S3C and D).

Together, these results demonstrated that the SSC with microgels
delivery system had stronger advantages in OA treatment.

3.3. Microgel carriers delivery enhances the immunomodulatory capacity
of SSC

To further investigate the regulations of microgel carriers on SSC, the
cell proliferation, selfrenewal and multiple-differentiation of SSC with
or without microgel carriers were explored. The results of CCK-8 assays
indicated that microgels cultivation significantly promoted the cell
proliferation of SSC at least at day 7 and 10 (Fig. S4A), while CFU-F
assay data proved that there was no significant difference in the self-
renewal between SSC and SSC with microgels (Figs. S4B and C). In
addition, trilineage differentiation assays showed that the osteogenic,
chondrogenic and adipogenic potential of SSC and SSC with microgel
carriers did not remarkably changed in the present study (Fig. S4D).

Alternations of SSC properties in microgels were also explored by
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bioinformatic analyses. The bulk RNA-seq was performed to compare
the gene expression profiles of SSC and SSC with microgels. There were
1528 differentially expressed genes (DEGs) in SSC with microgels
compared with SSC, including 747 upregulated genes and 781 down-
regulated genes (Figs. SS5A and B). GO analysis showed that the upre-
gulated DEGs in SSC with microgels were significantly enriched in
regeneration and immunomodulation (Fig. 3A), among which the
representative DEGs were shown in Fig. S5C. Moreover, gene set
enrichment analysis (GSEA) of all DEGs showed that SSC with microgels
exhibited an enhanced ability to regulate myeloid cell differentiation
(Fig. 3B). Notably, convincing evidence has demonstrated that over-
activated macrophages aggravate OA inflammation, leading to pro-
gressive destruction of joint tissues [23,24]. Our previous work also has
demonstrated that reducing the inflammation of macrophages alleviates
OA symptoms [9]. Therefore, SSC with microgels might reduce OA
macrophage inflammation through immunomodulatory capacity to
achieve better therapeutic effects. The qPCR results of OA tissues
confirmed that SSC with microgels yielded strengthened suppression on
the expression of macrophage-derived inflammatory factors such as
TNF-a and IL-1pB, and promoted the expression of the anti-inflammatory
factor such as IL-10 (Fig. 3C). Correspondingly, immunofluorescence
staining of OA tissues showed that SSC with microgels injection resulted
in significant reductions in CD11b"TNF-a™ and CD11b*IL-18" macro-
phages compared with the SSC group, while CD11b*IL-10" macro-
phages significantly increased (Fig. 3D), suggesting that SSC with
microgels had stronger ability to suppress inflammatory macrophages in
vivo.

In brief, these results showed that the SSC with microgels efficiently
enhanced the immunomodulatory capacity compared with SSC.

3.4. Microgel carriers enhanced SSC reprogramming towards
immunomodulatory phenotype via inducing Pdpn * Grem1*Ptgs2* SSC
subpopulation

To further elucidate the effects of microgel carriers on the cellular
composition and functional phenotype of SSC, single-cell suspensions of
SSC and SSC delivered with microgels were generated for scRNA-seq
(Fig. 4A). We first analyzed the single-cell data of SSC cultured on flat
surfaces. Four distinct clusters were identified based on the most
significantly expressed genes (Figs. S6A and B). SSC1 (Pdpn, Spp1, Acan,
and Col18al), SSC2 (Grem1, Grem2, Mylk and Gpx3), SSC3 (Cd200, Igf1,
Cacnb2, and Cdh2) and SSC4 (Ctsk and Runx2) respectively expressed
classical SSC markers Pdpn [13], Grem1 [12], Cd200 [11] and Ctsk [25]
(Fig. S6C). Consistent with the scRNA-seq data, immunofluorescent
staining confirmed the presence of the four subclusters in SSC (Fig. S6D).
The DEGs of each group were used for GO analysis. All four clusters were
capable of osteogenic and chondrogenic differentiation, but SSC1
showed stronger ability of anti-apoptosis; SSC2, 3, 4 were significantly
active in BMP, NOTCH and PDGF signaling pathways, respectively
(Fig. S6E). Notably, SSC1 (Pdpn™ SSC) and SSC2 (Grem1™ SSC) had
potential immunomodulatory ability and stronger stem cell property
(Fig. S6E). Furthermore, single-cell trajectory analysis including RNA
velocity and PAGA also revealed that SSC1 and SSC2 had the ability of
differentiating into other SSC subsets (Figs. S6F and G). These results
indicated that SSC was multipotent and heterogeneous, and Pdpn™ SSC
and Grem1" SSC had stronger plasticity in immunomodulation and
stemness.

After integration analysis, we obtained 5 subpopulations in
microgels-delivered SSC, and a newly emerged subpopulation (SSC5)
accounted for about 70 % to the total number of microgels-delivered SSC
(Fig. 4A and B). Moreover, SSC5 highly expressed Pdpn and Greml
(Fig. 4C), suggesting that SSC5 may be derived from SSC1 (Pdpn* SSC)
and SSC2 (Grem1™ SSC). Consistently, the results of RNA velocity and
PAGA also indicated the two origins (SSC1 and SSC2) of SSC5 (Fig. 4D
and E). Gene expression heatmap showed that the feature genes of SSC1
were down-regulated along pseudotime trajectory 1 (Fig. 4F), the highly
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Fig. 2. Analysis of efficacy of SSC with or without microgel carriers for OA treatment. (A) SEM images of the microgel carriers before and after injection, and the
distribution of carbon, oxygen, nitrogen and sulfur on microgel carriers were shown by EDS. (B) The apparent concentration of each element of the microgels before
and after injection. (C) Density plot of size distribution of the microgel carriers before and after injection. The dashed line represents the average of diameter. (D-E)
Strain amplitude sweep (D) and stress-strain curves (E) of the microgel carriers with or without SSC. (F) The workflow of OA treatment by SSC with or without
microgels and their efficacy evaluation. (G) pCT analysis of OA articular tissues in different treatment groups at 4 weeks after intra-articular injection. (H) OA grade
change in each treatment group at 4 weeks after injection. (I) Safranin O/fast green staining (top), toluidine blue staining (middle) and Col2al immunohistochemical
staining (bottom) of OA articular tissues in different treatment group at 4 weeks after injection. Scale bars: 200 pm. (J) Mankin scores of each treatment group at 4
weeks after injection. (K) Semi-quantitative analysis of Col2al immunohistochemical staining for each treatment group at 4 weeks after injection. All tests were

replicated at least three times. *p < 0.05, **p < 0.01, ns, no significance. For the treatments of OA rats, n > 5 per group.

expressed genes in SSC2 were down-regulated along pseudotime tra-
jectory 2 (Fig. 4G), and the feature genes of SSC5 were up-regulated
along both pseudotime trajectory 1 and 2, including numerous immu-
nomodulatory genes (Sfrpl, Tnfaip6, Ptgs2, Nfkbiz, Ccl2 and Ccl?7),
especially Ptgs2 (Fig. 4F and G). Thus, the novel subset SSC5 was defined
as Pdpn'Grem1 "Ptgs2" SSC due to its origin and co-expression of Pdpn
or Greml with Ptgs2 (Fig. 4F, G and Fig. S7). Notably, these feature
genes varying with pseudotime 1 and pseudotime 2 were differentially
expressed in SSC and SSC delivered with microgels. The feature genes
(especially Ptgs2) at the end of pseudotime trajectory 1 and 2 were more
strongly expressed in the SSC with microgels group, which indicated
that the emergence of the novel subpopulation (Pdpn*Grem1*Ptgs2"
SSC) might be attributed to microgels cultivation (Fig. 4H and I). Cor-
relation analysis of each subpopulation showed the independency of the
novel subset (Pdpn'Grem1 Ptgs2" SSC) compared with other sub-
populations, suggesting its unique function (Fig. 4J). Gene expression
analysis showed that the immunomodulatory genes were highly
expressed in SSC5 (Fig. S8). To further explore the characteristics of
SSC5, GO analysis was performed, and the data showed that SSC5
possessed immunomodulatory properties (including negative regulation
of immune system process and regulation of macrophage activation) and
mechanical stimuli-responsive characteristics (including focal adhesion
assembly and actin cytoskeleton reorganization) (Fig. 5A). In addition,
KEGG pathway analysis indicated that the “ECM-receptor interaction”,
which has been reported to promote focal adhesion protein activation
and cytoskeletal reorganization [26], were significantly activated in
microgels-delivered SSC (Fig. S9A), so we used the “ECM-Receptor”
pattern of CellChat R package for analysis to explore the ECM-related
mechanical effects on SSC5. Compared with 2D-cultured counterpart,
the “ECM-Receptor” pattern had stronger interaction weights in
microgels-delivered SSC (Fig. 5B), and the significantly strengthened
signaling patterns of SSC5 included COLLAGEN, FN1 and TENASCIN
pathways (Fig. 5C and Fig. S9B). Also, GO analysis showed that the
ligand and receptor genes of these signaling pathways (Figs. S9C, D, E)
were enriched in functions including secretory activity and immuno-
modulation (Fig. 5D), which indicated that mechanical reprogramming
induced the generation of immunomodulatory subset (SSC5) in microgel
carriers. Importantly, Ptgs2, the immunomodulatory feature gene of
SSC5, had more interactions with mechanical property and macrophage
regulation gene set (Fig. 5E).

Together, these results suggested that mechanical reprogramming of
the microgel carriers activated the overall immunomodulatory capacity
of SSC by generating SSC5 (Pdpn™Grem1*Ptgs2" SSC) with mechanical
and immunomodulatory properties.

3.5. Microgel carriers induced Pdpn © Grem1Ptgs2" SSC subpopulation
via promoting YAP nuclear translocation

Considering that our scRNA-seq data suggested SSC5
(Pdpn*tGrem1 TPtgs2" SSC) was a mechanosensitive subpopulation with
focal adhesion assembly and actin cytoskeleton reorganization in
microgels-delivered SSC (Fig. 5A), we further explored the effects of
microgel carriers on the mechanical properties of SSC. Immunofluores-
cence staining showed increased vinculin (VCL) activity in the SSC with
microgels group (Fig. 6A and B). Additionally, the results of western
blotting showed the enhanced total protein expression of VCL in
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microgels-delivered SSC (Fig. 6E). Moreover, Yes-associated protein
(YAP), a mechanosensitive transcriptional activator, has been reported
to be associated with focal adhesion assembly and actin cytoskeleton
reorganization [26,27]. The immunofluorescent staining also showed
higher nuclear translocalization of YAP in microgels-delivered SSC
(Fig. 6C and D). Of note, the data of western blotting analysis revealed
weakened total protein expression of phospho-YAP (p-YAP), strength-
ened expression of nuclear YAP protein, and no significant change in the
total protein expression of YAP in the SSC with microgels group
(Fig. ©6E), indicating YAP nuclear translocation increased in
microgels-delivered SSC. These results showed that microgels indeed
enhanced the mechanical properties of SSC, which might contribute to
the generation of Pdpn'Grem1"Ptgs2" SSC.

To explore the possible role of YAP activation in the SSC reprog-
ramming towards immunomodulatory phenotype, verteporfin, a spe-
cific YAP inhibitor, was used to treat SSC in microgels. The data showed
that the expression of Ptgs2, also known as COX2, and its major product
PGE; [28] were significantly higher in the SSC with microgels group.
Notably, the YAP inhibitor group (SSC with microgels + verteporfin)
showed significant decreases of the expression of Ptgs2 and PGE,
(Fig. 6F, G, H). Additionally, immunofluorescence staining showing a
co-expression of Pdpn or Greml with Ptgs2 confirmed that
PdpntGrem1*Ptgs2® SSC  were significantly increased in
microgels-delivered SSC (Fig. 61, J, K). These findings suggested that the
enhanced mechanical properties of SSC were closely involved in the
increased production of Ptgs2 in microgels-delivered SSC.

Since the scRNA-seq data suggested that Pdpn'Grem1 "Ptgs2" SSC
had enhanced immunomodulatory capabilities with macrophage regu-
lation (Fig. 5A and E), the immunomodulatory effects of microgels-
delivered SSC on inflammatory macrophages were verified by using
SSC culture medium from different culture conditions (Fig. 6L and M).
Compared to the SSC medium group, macrophages in the SSC with
microgels medium group exhibited significantly lower expression of
inflammatory factors TNF-a and IL-1f but higher expression of immune-
regulatory factor IL-10. In addition, the immunomodulatory effect on
macrophages of SSC was strikingly eliminated by blocking the me-
chanical stimulation of microgels-delivered SSC with YAP-specific in-
hibitor verteporfin, suggesting that the suppression on macrophages of
microgels-delivered SSC was mediated by the mechanosensitive pro-
tein YAP and associated pathways. Moreover, the suppressive effect on
macrophages was also significantly abolished by blocking the function
of Ptgs2 with COX2 inhibitor NS-398, indicating that Ptgs2 played a
major role in the immunomodulatory function of microgels-delivered
SSC (Fig. 6L and M).

Collectively, the mechanical reprogramming effects of microgel
carriers enhanced the immunomodulatory capacity of SSC by activating
YAP and increasing Ptgs2 expression.

3.6. Microgels-delivered SSC with activated mechanical property and
enhanced immunomodulatory capacity contributed to the preventive
effects on OA macrophage activation and osteo-chondral lesions

To explore the mechanism by which the mechanical properties of the
microgels affect the immunomodulatory capacity of SSC and contribu-
tions to OA treatment, the SSC were pretreated by using YAP inhibitor
(verteporfin) and COX2 inhibitor (NS-398), respectively (Fig. 7A and B).
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Fig. 6. Functional analysis of mechanical properties and Ptgs2 expression in SSC with microgel carriers. (A) 3D confocal images of SSC with or without microgel
carriers at days 4 and 10 after staining with vinculin (VCL) and F-actin. (B) The proportion of cells with vinculin activation in SSC with or without microgel carriers.
(C) 3D confocal images of SSC with or without microgel carriers at 4 and 10 days after staining with YAP and F-actin. (D) The proportion of cells with nuclear
localization of YAP in SSC with or without microgel carriers. (E) The total protein expression of VCL, phospho-YAP (p-YAP) and YAP in SSC with or without microgel
carriers. GAPDH served as control; nuclear protein expression of YAP in SSC with or without microgel carriers. Lamin bl served as control. (F) Relative mRNA
expression of Ptgs2 in all groups. (G) Secretion of PGE, in all groups. (H) Total protein expression of Ptgs2 in all groups. (I) Immunofluorescence staining showing the
co-expression of Pdpn or Grem1 with Ptgs2 in all groups. (J) The proportion of cells co-expression of Grem1 with Ptgs2 in all groups. (K) The proportion of cells co-
expression of Pdpn with Ptgs2 in all groups. (L) Relative mRNA expression of pro- and anti-inflammatory cytokines in macrophages in all groups. (M) Secretion of

pro- and anti-inflammatory cytokines by macrophages in all groups. All tests were replicated at least three times. *p < 0.05,

significance.
<

**p < 0.01, ***p < 0.001, ns, no

<

The pCT data showed that the knee osteochondral damage was more
severe in the SSC with microgels + verteporfin group and the SSC with
microgels + NS-398 group compared with that of the SSC with microgels
group (Fig. 7C). Quantiative analysis of uCT exhibited that OA grade was
consistent with the changes in the pCT images (Fig. 7D), which sug-
gested that blockage of YAP and Ptgs2 weakened the efficacy of SSC with
microgels. Further histological analysis showed that the therapeutic
effects of microgels-delivered SSC on osteochondral lesions were
partially abolished after pretreatment with the two inhibitors, man-
ifested by more cartilage destruction (Fig. 7E), higher Mankin score
(Fig. 7F), lower expression of type II collagen (Fig. 7G), and higher
expression of type I collagen (Figs. SI0A and B). The results of immu-
nofluorescence staining showed that compared with the SSC with
microgels group, microgels-delivered SSC pretreated with verteporfin or
NS-398 exhibited an increase of CD11b"TNF-a* and CD11b*IL-1p"
macrophages, but a decrease of CD11b"IL-10" macrophages in the joint
tissues of OA rats (Fig. 7H). Consistently, the qPCR results confirmed
that the blockage of YAP and Ptgs2 of microgels-delivered SSC weak-
ened the suppression on the expression of macrophage-derived inflam-
matory factors such as TNF-a and IL-1p, and reduced the expression of
the anti-inflammatory factor such as IL-10 (Fig. 71).

Together, these results demonstrated that microgels-delivered SSC
exhibited enhanced immunomodulatory capacity by activating YAP and
increasing Ptgs2 expression.

4. Discussion

MDSC are previously characterized by differentiating into stromal
cells and synthesizing extracellular matrix so as to provide structural
support for organs development, homeostasis and regeneration [29,30].
However, increasing studies showed that immune regulation of MDSC
also significantly contributed to these processes. Mesenchymal stem
cells (MSC) are one of the MDSC and are well known to participate in
tissue homeostasis and regeneration [31-33]. In vitro expanded MSC
have been demonstrated to have therapeutic potential for the settlement
of immune disorders including graft versus host disease, Crohn’s dis-
ease, and rheumatoid arthritis [34-36]. Our previous study demon-
strates that MSC are capable of improving PLGA scaffold
biocompatibility by inhibiting host dendritic cell maturation and func-
tion [37]. SSC is tissue specific MDSC in skeletons and is previously
characterized by committedly osteochondrogenic capacity while OA
progression cause generally skeletal degradation in joints. However, our
findings confirmed that the generation of the immunomodulatory ca-
pacity of SSC within microgels, which yielded enhanced therapeutic
effects on OA via suppressing overactivated macrophages.

In the current study, the bulk RNA-seq data suggested that the SSC
cultured in cell dishes could regulate innate immune response and
suppressed leukocyte activation, while microgels-delivered SSC
enhanced the suppression on TNF-a and IL-1$ production and response.
Notably, the data showed that microgels delivery system facilitated SSC
gained capacity to regulate myeloid cell differentiation. Although bulk
RNA-seq analysis indicated the immunoregulatory potential and plas-
ticity of SSC, it could not identify the cellular subpopulations in SSC and
their possible alternation, which could contribute to the functional
changes.
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By advantage of scRNA-seq analysis, we acquired the unbiased pro-
file of cellular subpopulations in SSC. The results showed that instead of
the Cd200" and Cstk™ subpopulations, the Pdpn™ and Grem1* sub-
populations have immunoregulatory potential in vitro expanded SSC,
which suggested that the immunoregulatory potential are heteroge-
neous in SSC subpopulations. Further scRNA-seq data of SSC in micro-
gels demonstrated that a novel Pdpn*Grem1Ptgs2" subpopulation was
generated from both Pdpn* and Grem1™ subpopulation according to
pseudotime analysis. These findings not only revealed the enhanced
immunoregulation of SSC in microgels, but were also consistent with
previous studies that delivery system might influence the immunoreg-
ulation of stem cells [38].

As has been reported, immunoregulatory genes, including IL-10, IL-
6, Ptgs2, TGF-p, TSG-6, HGF and ICAM1, are highly expressed in
encapsuled MSC, which contributes to the immunomodulation of MSC
[39]. However, the study just focuses on the overall immunomodulatory
effects of MSC. Notably, the subpopulation alteration in stem cells has
recently been revealed as novel cellular mechanism that controls tissue
regeneration. Zhang et al. showed that tendon stem/progenitor cells
delivered in gelatin microcarrier developed FGF7'CYGB™ and
ICAM17*ITGB8" subpopulations which promoted tendon repairing with
improved tenogenic differentiation capacity [40]. This study demon-
strated that cell-subpopulation alteration in response to the mechanical
effects of microgels played a pivotal role in improving stem
cell-mediated tissue regeneration. In the current study, our scRNA-seq
analysis showed that SSC in microgels exhibited stronger self-renewal
capacity compared with that of SSC in cell dishes. Importantly, we
found the emergence of immunoregulatory Pdpn™Grem1*Ptgs2t sub-
population in microgels-delivered SSC.

We further investigated the immunoregulation of SSC in vivo by using
OA models. According to the indication that SSC controled macrophage
activation by bioinformatics analysis and the in vitro effects of SSC
medium on macrophage secretion of inflammatory factors, we hypoth-
esized that the immunoregulation property at least partially accounted
for SSC-mediated protection on OA joints. Previous studies attributed
the regenerative capacity of SSC to differentiation into osteochondral
cells [41]. In the current study, Sry immunofluorescence and biolumi-
nescence imaging were performed to clarify the possibility of engraft-
ment of intra-articularlly injected SSC. The survival time of SSC in
microgels in vivo was significantly longer than that of SSC without
microgels; however, the microgels-delivered SSC yet could not be
observed at day 12, which the time was limited to allow SSC to differ-
entiate into osteochondral tissues. The Sry immunofluorescence data
further demonstrated that no injected SSC was observed in the OA rat
knees. In addition, blockage of the expression of Ptgs2 in
microgels-delivered SSC significantly abolished the strengthen sup-
pression on OA macrophage and impaired the better protection on joint
tissues compared with SSC without microgels. Thus, these data sug-
gested that SSC in microgels promoted tissue regeneration not by their
limited differentiation potentials but their enhanced immunomodula-
tion capacity to induce favorable immune microenvironment.

To explore whether the microgel carriers participated in controlling
SSC immunomodulation, the activation of YAP in SSC with or without
microgels were analyzed due to the pivotal role of YAP-mediated
regulation on stem cells. Previous studies reported that
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Fig. 7. YAP and its downstream COX2 mediated the efficacy of SSC with microgel carriers on osteoarthritic macrophages and osteochondral lesions in OA model. (A)
Schematic illustration showing the pretreatment of SSC in microgels with YAP inhibitor (verteporfin) or COX2 inhibitor (NS-398). (B) Schematic illustration showing
the treatment for rat OA with pretreated SSC in (A) and their therapeutic efficacy evaluation. (C) uCT analysis of OA articular tissues in different treatment groups at
4 weeks after intra-articular injection. (D) OA grade change in each treatment group at 4 weeks after injection. (E) Safranin O/fast green staining (top), toluidine blue
staining (middle) and Col2al immunohistochemical staining (bottom) of OA articular tissues in each treatment group at 4 weeks after injection. Scale bars: 200 pm.
(F) Mankin scores of each treatment group at 4 weeks after injection. (G) Semi-quantitative analysis of Col2al immunohistochemical staining for each treatment
group at 4 weeks after injection. (H) Immunofluorescent staining showing the co-expression of TNF-a, IL-1, IL-10 with CD11b in the articular tissue of OA rats in
different treatment groups. Nuclei are counterstained with DAPI. Scale bars: 50 pm. (I) Relative mRNA expression of pro- and anti-inflammatory cytokines in the
articular tissue of OA rats in different treatment groups. All tests were replicated at least three times. *p < 0.05, **p < 0.01. For the treatments of OA rats, n > 5

per group.

mechanobiological conditioning could activate YAP signaling to pro-
mote stem cell proliferation [29,42]. In the current study, SSC delivered
with microgels enhanced the intercellular communication, as well as the
mechanical interaction between cells and extracellular matrix (ECM),
thereby promoting the reorganization of the cytoskeleton and activating
YAP signaling, shown as enhanced expression of vinculin, and increased
YAP in cell nucleus. Blocking YAP in microgels-delivered SSC with a
specific inhibitor significantly reduced the expression of Ptgs2 and PGEo,
which had suppressive effects on inflammatory macrophages. Addi-
tionally, pretreatment of SSC in microgels with YAP inhibitor impaired
the strengthened immunoregulation of SSC on macrophages in OA rats
and the therapeutic effects on osteochondral lesions. Our findings first
reported that the mechanical effects of microgels on the activation of
YAP signaling in SSC, and the role of YAP in controlling SSC immuno-
regulation, which suggested microgels delivery technology and
YAP-targeted strategy could be helpful to improve the immunoregula-
tory plasticity of SSC.

However, we acknowledge that some limitations remain present in
the current study. First, although the in vitro expanded SSC have been
demonstrated to have immunoregulatory potential and plasticity, and
contribute to the prevention of OA osteochondral lesions, the immune
properties of in situ SSC remain to be investigated in further studies.
Second, the effects of SSC immunoregulation need to be clarified in more
microenvironments such as tumorigenesis and autoimmune diseases.
Third, the application of multiomics analysis in future studies will be
helpful to reveal the underlying mechanisms that control SSC immu-
noregulation. Fourth, in the current study, rat SSC were used to exclude
the possible influence of species, but the findings need to be validated in
human SSC for future SSC-based therapy. Fifth, the chemical composi-
tion of materials used in the current study may inherently possess bio-
logical activity which influencing SSC subpopulation alteration and
osteochondrogenic capacity in vivo. Although we focus on the potential
role of mechanistic events such as YAP-translocation in SSC, the chem-
ical factors of microgels on the SSC need to be explored in the future
study. Sixth, the particle sizes of microgels may contribute to the un-
derlying mechanisms of SSC reprogramming immunoregulatory capac-
ity. Seventh, except for inflammatory cytokines, other factors including
mechanistic factor may contribute to the microgels degradation in vivo.

5. Conclusion

In the study, we developed the delivery system for SSC with micro-
gels for OA treatment. The immunoregulatory capacity of SSC, and the
reprogramming effects mediated by microgel carriers on the SSC sub-
population alteration and immunomodulatory phenotype were investi-
gated by single-cell transcriptomic and functional analysis at the first
time. The single-cell transcriptomic characteristics of SSC defined the
Pdpn'Grem1 "Ptgs2" SSC as an immunoregulatory subpopulation.
Further bioinformatic and functional analysis identified the indispens-
able role of microgel carriers in YAP activation for promoting SSC
immunoregulatory capacity. The application of SSC in the treatment of
experimental OA demonstrated that immnuoregulation and their plas-
ticity were pivotal properties of SSC that contributed to skeletal regen-
eration except for osteochondral differentiation. Moreover, microgel
carriers also prolonged SSC retention time in vivo without increasing SSC
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implanting into OA joints. In short, our study demonstrated the immu-
nological mechanisms of SSC-based therapy at the single-cell level, as
well as provided new insight for microgel carriers in stem cell-based
therapy.
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