iIScience

¢? CellPress

OPEN ACCESS

Time- and cell-specific activation of BMP signaling
restrains chondrocyte hypertrophy

In vitro
cartilage model
hBMSCs/SSCs

HyA/FMB scaffold

1t MGP

UMAP2

UMAP1

| BMP signaling

.

SOX9*/MGP"/IGFBP5"
COL10A1/SPP1/IBSP-

UMAP2
X
(]

UMAP1

T BMP signaling

=

L Timely manipulation of BMP signaling

S— BMP L,
= | innhibition %
hiPSCs Sclerotome
|
BMP
activation

SOX9*/ACAN*/PRG4*/

v
COL10A1- chondrospheroids @

enzymf\tic digestion

®

formation of stable
cartilage in vivo by
chondrospheroid-
derived cells with

HyA-FMB scaffold

Stephen J.
Gadomski, Byron
W.H. Mui, Raphael
Gorodetsky, ...,
Daniel Martin,
Andrew W.
McCaskie, Pamela
G. Robey

probey@dir.nidcr.nih.gov

Highlights

A bone marrow stromal cell
subset bound to fibrin
beads do not hypertrophy

in vivo

BMP signaling is initially
reduced, then activated in
stable chondroprogenitors

Temporal manipulation of
BMP signaling in iPSC
cultures generates
chondrospheroids

Chondrospheroid-derived
cells transplanted with
fibrin beads form stable
cartilage

Gadomski et al., iScience 27,
110537

August 16, 2024 Published by
Elsevier Inc.
https://doi.org/10.1016/
j-isci.2024.110537



mailto:probey@dir.nidcr.nih.gov
https://doi.org/10.1016/j.isci.2024.110537
https://doi.org/10.1016/j.isci.2024.110537
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110537&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Time- and cell-specific activation of BMP
signaling restrains chondrocyte hypertrophy
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Joseph Featherall,’-> Li Li,” Abigail Haffey,!® Jae-Chun Kim,"? Sergei A. Kuznetsov,' Kathryn Futrega,’
Astar Lazmi-Hailu,® Randall K. Merling,” NIDCD/NIDCR Genomics and Computational Biology Core:,'0""
Daniel Martin,'%"" Andrew W. McCaskie,®'? and Pamela G. Robey'3*

SUMMARY

Stem cell therapies for degenerative cartilage disease are limited by an incomplete understanding of hy-
aline cartilage formation and maintenance. Human bone marrow stromal cells/skeletal stem cells
(hBMSCs/SSCs) produce stable hyaline cartilage when attached to hyaluronic acid-coated fibrin microbe-
ads (HyA-FMBs), yet the mechanism remains unclear. In vitro, hBMSC/SSC/HyA-FMB organoids exhibited
reduced BMP signaling early in chondrogenic differentiation, followed by restoration of BMP signaling in
chondrogenic IGFBP5*/MGP™ cells. Subsequently, human-induced pluripotent stem cell (hiPSC)-derived
sclerotome cells were established (BMP inhibition) and then treated with transforming growth factor
(TGF-B) —/+ BMP2 and growth differentiation factor 5 (GDF5) (BMP signaling activation). TGF-f alone eli-
cited a weak chondrogenic response, but TGF-8/BMP2/GDFS5 led to delamination of SOX9* aggregates
(chondrospheroids) with high expression of COL2A1, ACAN, and PRG4 and minimal expression of
COL10A1 and ALP in vitro. While transplanted hBMSCs/SSCs/HyA-FMBs did not heal articular cartilage
defects in immunocompromised rodents, chondrospheroid-derived cells/HyA-FMBs formed non-hyper-
trophic cartilage that persisted until at least 5 months in vivo.

INTRODUCTION

Osteoarthritis (OA), a disease characterized by the permanent loss of articular cartilage, is among the most prevalent disabling diseases,
affecting over 300 million people worldwide." For end-stage OA, surgical joint replacements provide excellent outcomes for pain relief
and restoration of quality of life, but limitations in longevity and the risk of revision limit use in early OA and younger patients.” Cell therapy
has the potential to effectively treat OA, yet current strategies are largely ineffective. For instance, microfracture—a technique by which small
holes are drilled into the subchondral bone to liberate bone marrow (which contains bone marrow stromal cells [BMSCs]/skeletal stem cells
[SSCs)) to the affected area—is limited by the overproduction of fibrocartilage, enriched in type | collagen (COL1A1) and less suited to reduce
friction with joint movement.® Similarly, direct injection of human bone marrow stromal cells (\BMSCs)/SSCs into arthritic joints has led to
inconsistent results in restoring the architecture of hyaline cartilage and relieving pain.” Autologous chondrocyte implantation (ACl)—a
two-step procedure by which healthy chondrocytes from less-weight-bearing areas are removed, expanded ex vivo, and transplanted into
the affected joint—has been recommended as a cost-effective procedure” for chondral defects in patients with no previous cartilage repair
surgery and in knees with minimal OA. However, ACl is limited by the dedifferentiation of chondrocytes during ex vivo expansion® and issues
surrounding manufacture and supply. Alternative single-step procedures, utilizing the autologous harvesting of cartilage and bone (osteo-
chondral) plugs and repositioning them in a suitably prepared area of cartilage damage (e.g., mosaicplasty), are limited by donor site
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morbidity and incomplete coverage of the damaged area, leading to suboptimal healing.” Therefore, cartilage repair remains an unmet clin-
ical need, where regenerative cell therapies are limited by an inadequate understanding of the development and maintenance of articular
cartilage.

Following conception and the formation of three germ layers during gastrulation, embryonic mesenchyme expressing COL1AT condenses
in an area that will develop into a long bone.® The induction of the sex-determining region Y-box (SOX) family of transcription factors—SOX5,
SOX6, SOX8, and SOX9—promotes chondrogenic differentiation, leading to the formation of a cartilage template rich in type Il collagen
(COL2A1) and Aggrecan (ACAN). As development progresses, the majority of chondroprogenitors express hypertrophic markers (e.g.,
Type X Collagen [COL10A1]) and either go through apoptosis or become osteogenic, resulting in the replacement of cartilage by bone
through the process of endochondral ossification.” However, a condensation of flattened cells in the presumptive joint area—the inter-
zone—begins to regulate the development of articular chondrocytes that resist hypertrophy.'® The interzone is rich in cells that secrete trans-
forming growth factor B (TGF-B), growth differentiation factor 5 (GDF5), and wingless-type MMTV integration site (WNT) ligands, whereas a
nearby area contains cells that are exposed to BMP inhibitors (e.g., Noggin) and may progressively migrate to the interzone region."'~* Dur-
ing joint cavitation, interzone cells synthesize high amounts of hyaluronic acid, which binds to CD44 and Aggrecan, forming aggregates with
anionic glycosaminoglycans that attract water into the developing matrix.®'? A layered architecture begins to appear in articular cartilage.
Lubricin (PRG4) becomes preferentially expressed at the surface layer of articular cartilage and interacts with cartilage oligomeric matrix pro-
tein (COMP) and COL2A1 expressed in surface and deeper layers.'>'® The surface layer is also marked by the expression of bone morpho-
genetic protein receptor type-1B (BMPR1B), a receptor for BMP2 and GDF5.""'® The surface layer is typically the most damaged by OA, dis-
playing fibrillations and fissures with joint aging and OA, leading to the exposure of deeper layers and subchondral bone that elicit pain with
joint movement.!” Since BMP signaling plays key roles in interzone development and surface articular cartilage homeostasis, these findings
suggest that this pathway can be fine-tuned in stem cell differentiation strategies to enhance regeneration.

One stem cell population that has been extensively tested for OA regenerative therapies is hBMSCs/SSCs, a subset of which are pericytes,
derived from perichondral cells during endochondral ossification that attach to invading blood vessels, where they preserve their primitive
state in adult marrow.'? Adult hBMSCs/SSCs are identified by their ability to generate bone, hematopoiesis-supporting stroma, and marrow
adipocytes in transplantation studies and their ability to self-renew across serial transplantation.”>*> hBMSCs/SSCs do not directly form carti-
lage during development or in steady state, but maintain a chondrogenic memory, as their chondrogenic capacity is revealed upon in vitro
pellet culture conditions with TGF-B supplementation.’” However, current chondrogenic induction strategies of hBMSCs/SSCs seem to follow
a default pathway of endochondral ossification, evidenced by the expression of hypertrophic markers in vitro and matrix calcification
2321 questioning whether hBMSCs/SSCs have the potential to form surface hyaline cartilage.”” The attachment of hBMSCs/SSCs to
20-2% may promote a switch from an endochondral ossification

in vivo,
a three-dimensional (3D) scaffold, such as dense solid fibrin microbeads (FMBs),
program to that which promotes and maintains stable cartilage. Modification of the FMB scaffold by surface coating with hyaluronic acid
(HyA-FMBs) was shown to promote the differentiation of hBMSCs/SSCs to stable hyaline-like cartilage in an ectopic site, which could be main-
tained for up to 28 weeks after in vivo subcutaneous implantation into immunocompromised mice.”” Thus, hBMSCs/SSCs attached to the
HyA-FMB scaffold presents an attractive model to study mechanisms that promote stable cartilage development.

An alternative stem cell population that can be harnessed for OA regenerative therapies are human-induced pluripotent stem cells
(hiPSCs). Since these cells can be reprogrammed from a patient’s somatic cells and resist replicative senescence, hiPSCs offer advantages
in preventing graft rejection and generating expandable and scalable tissues and lack ethical restraints associated with the use of human em-
bryonic stem cells (hRESCs). Several differentiation strategies have been used to generate articular chondrocyte-like cells, including coculture
with chondrocytes,**®' formation of a BMSC/SSC-like intermediate prior to chondrogenic differentiation,*** and the stepwise differentiation
that mimics embryonic gastrulation and formation of neural crest or mesoderm intermediates prior to chondrogenic induction.* " Few chon-
drogenic differentiation strategies have yielded chondrocyte-like cells that are able to resist hypertrophy in functional transplantation
studies®® %, however, these studies employed undefined, animal-derived factors (e.g., serum) in differentiation, hampering clinical transla-
tion. Though some serum-free strategies have shown effective chondrogenic differentiation in vitro,*""** follow-up transplantation studies
have focused on hESC-derived chondrocyte-like cells.*** Therefore, the derivation of articular chondrocyte-like cells in serum-free and
defined conditions that resist hypertrophy in long-term transplantation studies has been an ongoing challenge in hiPSC translational research.

Herein, we show that HyA-FMBs combined with hBMSCs/SSCs in vitro promote early expression of non-collagenous proteins (i.e., carti-
lage oligomeric matrix protein [COMP], dermatopontin [DPT], insulin-like growth factor-binding protein 5 [IGFBP5], matrix Gla protein [MGP])
with reduced BMP signaling marked by expression and protein analyses. However, by days 5 and 10 of chondrogenic differentiation, an early
chondrogenic subpopulation with high expression levels of IGFBP5 and MGP shows restored BMP signaling and low expression of hypertro-
phic and osteogenic markers, confirmed in transplanted hBMSC/SSC-derived stable chondrocytes. Applying this mechanistic knowledge to
chondrogenic differentiation of hiPSCs, we inhibited BMP signaling and other pathways during an initial sclerotome induction phase and acti-
vated BMP signaling using BMP2 and GDF5 during a subsequent chondrogenic induction phase. This biphasic BMP signaling produced
chondrocyte-like cells derived from a 3D structure (herein termed a “chondrospheroid”) with a stable phenotype in vitro when applied to
a purified SOX9-expressing subpopulation of sclerotome cells but produced a hypertrophic phenotype when applied to all sclerotome cells,
indicating a time- and cell-specific nature of BMP signaling in stable chondrogenic differentiation. Further, chondral transplantation of cells
liberated from day 35 chondrospheroids, which mimicked the transcriptional identity of a fetal chondrocyte, produced stable hyaline-like
cartilage for up to 5 months in NSG mice and SRG rats when attached to HyA-FMBs, offering an articular-like cell source from a serum-
free and defined protocol that can be employed in cartilage regenerative therapies.
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Figure 1. HyA-FMBs promote early expression of non-collagenous proteins

(A) hBMSCs/SSCs were attached to HyA-FMBs and differentiated in chondrogenic medium, forming HyA-FMB organoids, which were digested at days 1, 3, 5,
and 10 for scRNA-seq analyses in (C)~(H).

(B) Toluidine blue staining of control and HyA-FMB organoids at days 1, 3, 5, and 10 of chondrogenic differentiation. Scale bars, 300 um. Asterisks (*) indicate HyA-
FMBs.

(C-F) Gene ontology analysis showing enriched pathways in HyA-FMB organoids compared with controls at days 1 (C), 3 (D), 5 (E), and 10 (F) of chondrogenic
differentiation. Analyses performed using gProfiler’s driver GO pathway analysis from global differential gene expression (logfc>0.25, p < 0.05) between control
and HyA-FMB organoids. Arrows indicate pathways of interest.

(G and H) Gene expression from days 0, 1, 3, 5, and 10 of chondrogenic differentiation. These data represent integrated data within control (G) and HyA-FMB
(H) datasets for an overview of gene expression over time in each condition. Boxes indicate key trends in genes of interest (see also Figure S1).

RESULTS
HyA-FMBs promote early expression of non-collagenous proteins

hBMSCs/SSCs differentiate into chondrocytes that form stable hyaline-like cartilage for up to 28 weeks when transplanted on HyA-FMBs sub-
cutaneously in mice.”” Because of the stability of this cartilage, we sought to determine what influence the HyA-FMBs have on hBMSCs/SSCs
that would direct them into a non-hypertrophic chondrogenic fate. To address this issue, we used these constructs as a model system to
examine transcriptomic mechanisms that guide stable cartilage development and maintenance. Specifically, we cultured hBMSCs/SSCs
attached to HyA-FMBs in chondrogenic differentiation medium and performed single-cell RNA sequencing (scRNA-seq) from digested
organoids atdays 1, 3,5, and 10 (Figure 1A) in comparison with organoids that did not have HyA-FMBs. Over time, organoids formed a glycos-
aminoglycan-rich cartilage matrix indicated by toluidine blue staining (Figure 1B) and required TGF-B1 supplementation for proper chondro-
genic differentiation (Figures S1A and S1B).

Atotal of 37,792 cells from control and 41,545 cells from HyA-FMB organoids were analyzed by scRNA-seq across all time points following
ambient RNA and doublet removal (along with other quality control measures; see STAR methods), and Seurat integration®® was performed
within control and HyA-FMB datasets. Gene ontology analysis of differentially expressed genes in HyA-FMB organoids showed an enrichment
of collagen fibril organization and extracellular matrix organization at early timepoints, especially at day 3 (Figures 1C-1F). Global expression
analysis across 10 days of chondrogenic differentiation revealed early induction of COMP, DPT, IGFBP5, and MGP in HyA-FMB organoids
(Figures 1G and TH). Thus, HyA-FMBs promote early induction of non-collagenous and secreted proteins in hBMSCs/SSCs during chondro-
genic differentiation. Trends for COMP, DPT, and MGP were confirmed at the protein level (see Figures 2G-2L).

HyA-FMBs suppress BMP signaling early in chondrogenic differentiation

Since many differences associated with HyA-FMB organoids were observed early, we jointly analyzed control and HyA-FMB datasets from two
hBMSC/SSC donors at days 1 and 3 of chondrogenic differentiation. We processed 26,307 control and 30,890 HyA-FMB single-cell transcrip-
tomes following quality control and performed Seurat integration between control and HyA-FMB datasets for direct comparison. Enrichment
analysis of differentially expressed genes against the KEGG Pathway Database revealed a higher number of genes from the TGF- signaling
pathway in control organoids than in HyA-FMB organoids (Figures S1C and S1D). At day 1, expression of TGF-B and BMP inhibitors (Ring-Box1
[RBX1], S-phase kinase-associated protein 1 [SKP1], and DAN Family BMP Antagonist [NBL1]) were elevated in HyA-FMB organoids
(Figures 2A and 2B). At day 3, BMP inhibitor expression (GREM1 and NBL1) remained elevated with a corresponding reduction in BMP-induc-
ible genes, ID1-4 in HyA-FMB organoids (Figures 2C and 2D), confirmed by pathway analysis (Figures S1E and S1F). HyA-FMB organoids
showed global reduction in phospho-SMADS5 (pSMADS) protein expression, suggesting a reduction in BMP signaling® (Figures 2E and
2F). Confocal microscopy also confirmed early induction of COMP and DPT expression in HyA-FMB organoids (Figures 2G-2L).

To address heterogeneity of these early organoid cultures, we performed cluster analyses. The majority of the cells did not display a
discernible phenotype at day 1 (Cluster #4, Figures S2A-S2C), but a subgroup of COL2A1* chondrogenic cells enriched in IGFBP5 and
MGP emerged by day 3 of differentiation (Cluster #1, Figures S2D-S2F, solid black box in F). This chondrogenic population exhibited lower
levels of NBLT and higher levels of ID1 compared with an early osteogenic population (RUNX2"/IBSP™) (Cluster #4, Figure S2F, dashed black
box). These differences between a chondrogenic cluster and an osteogenic cluster prompted us to further examine BMP signaling in MGP/
IGFBP5-enriched cells during chondrogenic differentiation.

HyA-FMBs restore BMP signaling in MGP/IGFBP5-enriched chondrogenic cells

At day 5 of chondrogenic differentiation, more identifiable chondrogenic and osteogenic populations emerged in both control and HyA-FMB
organoids. Specifically, cluster analysis of integrated day 5 datasets identified six populations: primitive actin alpha2 (ACTA2)"/GREM1" cells,
MGP"/IGFBP5" early chondrogenic cells, SOX9*/ACAN"* chondrogenic cells, ACAN"/bone sialoprotein (IBSP)* chondro-osteogenic cells,
secreted phosphoprotein 1(SPP1)"/IBSP" osteogenic cells, and DNA topoisomerase Il alpha (TOP2A)"/marker of proliferation Ki-67
(MKI167)" cycling chondro-osteoprogenitor cells (Figure 3A). Cluster proportions were similar between control and HyA-FMB datasets,
with the exception of the MGP"/IGFBP5" early chondrogenic cluster, which comprised 12% of HyA-FMB organoids compared with 27%
of controls (Figure 3B). Expression in BMP signaling genes were similar between organoids in MGP"/IGFBP5" early chondrogenic cells (Fig-
ure 3C, solid black box, arrows); however, reduced levels of BMP8A, BMP8B, BMPR2, ID1, ID2, and ID4 were observed in SPP17/IBSP* oste-
ogenic cells (Figure 3C, dashed black box, arrows) cultured with HyA-FMBs. These data suggest that HyA-FMBs reduce BMP signaling in
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Figure 2. HyA-FMBs suppress BMP signaling early in chondrogenic differentiation

(A-D) Global expression analyses from scRNA-seq of control (blue) and HyA-FMB (red) organoids at day 1 (A and B) and day 3 (C and D) of chondrogenic
differentiation. Control and HyA-FMB datasets at each time point were normalized and integrated using Seurat. Cluster analyses at each time point are
provided in Figures S2A-S2F.

(A, C) Violin plots depict expression of genes associated with TGFp signaling (orange), BMP signaling (purple), and chondro-osteogenesis (green). Statistical
significance (logfc>0.25, p < 0.05) is shown with an asterisk (*) for donor #1 and dagger (1) for donor #2.

(B and D) Feature plots show genes of interest.

(E, G, I, and K) Immunofluorescence analyses in day 3 control and HyA-FMB organoids. High-magnification insets shown to the right of their corresponding
images. Nuclei counterstained with DAPI. Scale bars, 200 um. Asterisks (*) indicate HyA-FMBs.

(F, H, J, and L) Area quantification of protein expression in day 3 control and HyA-FMB organoids. Each dot represents a biological replicate. Data are
mean + SEM; *p < 0.05, unpaired two-tailed t test (see also Figures ST and S2).

SPP1*/IBSP* osteogenic-committed cells but restore BMP signaling in MGP"/IGFBP5" early chondrogenic cells by day 5 of chondrogenic
differentiation.

Atday 10, IBSP* cell populations comprised 84% =+ 6% of control organoids compared with 67% =+ 7% of HyA-FMB organoids, suggesting
that the default osteogenic program in hBMSCs/SSCs was reduced in HyA-FMB organoids (Figures 3D and 3E). Importantly, MGP/IGFBP5-
enriched cells from HyA-FMB organoids exhibited little to no expression of hypertrophic and osteogenic markers (COLT0A1, Alkaline Phos-
phatase [ALPL], IBSP, and SPP1) compared with control organoids (Figure 3F, black box, arrows). Expression of NBL1, ID1, and ID3were almost
exclusive to MGP"/IGFBP5" early chondrogenic cells and TOP2A*/MKI67* cycling chondro-osteoprogenitor cells. However, NBLT expression
in MGP/IGFBP5-enriched cells from HyA-FMB organoids was reduced in comparison with control organoids, whereas BMP target genes, ID1
and ID3, were increased, indicative of restoration of BMP signaling (Figure 3F, black box, arrows), and confirmed by pathway analysis (Fig-
ure S2@G). Confocal microscopy showed no differences in pSMADS5 expression between control and HyA-FMB organoids at day 10 of chondro-
genic differentiation (Figures 3G and 3H). Overall, these data suggest that HyA-FMBs restore BMP signaling (as measured by the phosphor-
ylation status of Smad5) in MGP"/IGFBP5" early chondrogenic cells, which exhibit low expression of hypertrophic and osteogenic markers.

BMP signaling is increased in stable, hyaline-like cartilage upon ectopic transplantation

We next examined BMP signaling in stable, transplanted cartilage. Specifically, we transplanted hBMSCs/SSCs attached to HyA-FMBs sub-
cutaneously into immunocompromised NSG mice and performed scRNA-seq of digested cartilage tissues 8 weeks post-transplant (Fig-
ure 4A), at which point, chondrogenesis is well underway. Integration of in vitro and in vivo HyA-FMB datasets was performed for cross-com-
parison. Transplanted tissues exhibited increased levels of PRG4 and decreased levels of ALPL, IBSP, SPP1, COL1A1, and COLT10A1
compared with in vitro culture, confirming a more hyaline-like phenotype in the in vivo model (Figure 4B). Moreover, BMP2, ID1, ID2, ID3,
and ID4 were increased in 8-week transplants, which was confirmed by pathway analysis, suggesting a potential role of BMP activation in main-
taining stable cartilage (Figures 4B and S3A). Ectopic HyA-FMB transplants formed a hyaline-like cartilage matrix by 8 weeks, shown by to-
luidine blue and H&E staining (Figures 4C and 4D) with nearly half (48.8% + 2.7%) of transplanted cells exhibiting pSMADS immunoreactivity
(Figure 4E), similar to what was found in 10-day HyA-FMB organoids in vitro (Figure 2F). These data confirm the activation of BMP signaling
genes in the formation of stable, mature cartilage.

Rat chondral transplantation of hRBMSC/SSC/HyA-FMB constructs yields suboptimal chondrogenesis

To test the stability of newly formed cartilage by hBMSCs/SSCs attached to HyA-FMBs in a chondral defect model, we transplanted hBMSCs/
SSCs attached to HyA-FMBs into a 2-mm defect at the femoral trochlear groove in immunodeficient SRG rats, followed by histological ana-
lyses of the defect site at 1, 2, and 4 months post-transplantation (Figure 4F). Unexpectedly, transplanted hBMSC/SSC/HyA-FMBs were
degraded within 1-2 months at the defect site, as identified by h-vimentin staining of transplanted human cells (Figures S3B and S3C). To-
luidine blue-stained cartilage matrix was evident on the joint surface in the defect site at 2 months post-transplant, yet surface toluidine
blue staining was less evident by 4 months, with organization of subchondral bone and marrow in the defect site (Figures 4G and S3D).
We examined whether a 10-day chondrogenic induction period in vitro would enhance the stability of transplanted hBMSC/SSC/HyA-
FMBs when placed into the defect site of SRG rats (Figure 4H). Toluidine blue and H&E staining revealed a similar degradation of HyA-
FMBs by 1-2 months, vascular invasion by 2 months, and replacement by bone by 4 months (Figures 4l, S3E, and S3F). Cartilage and
bone from defect areas were graded according to an established scoring system,”” indicating low cartilage formation and abundant bone
formation by hBMSC/SSC/HyA-FMB transplants (Table S1). Thus, upon degradation of HyA-FMBs, hBMSC/SSCs regenerate subchondral
bone following injury and may be relevant for osteochondral regeneration (e.g., osteochondral plug surgery). Given the degradation of
HyA-FMBs and propensity of hBMSCs/SSCs to undergo endochondral ossification in the absence of HyA-FMBs, we directed our attention
to another potential source of chondrogenic cells, hiPSCs, which may escape this default program upon directed differentiation.

BMP activation in SOX9*-purified early chondrogenic cells promotes stable chondrogenesis in vitro

Based on the mechanistic knowledge that we gained from the HyA-FMB model system in vitro and in vivo transplants in immunocompromised
mice, we sought to establish a serum-free hiPSC differentiation protocol that employs BMP inhibition during initial differentiation, followed by
BMP activation in early chondrogenic cells, with the goal of obtaining a stable chondrocyte-like cell for clinical translation. First, we employed
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Figure 3. HyA-FMBs restore BMP signaling in MGP/IGFBP5-enriched chondrogenic cells

(A-F) Cluster analyses from scRNA-seq of control (blue) and HyA-FMB (red) organoids at day 5 (A-C) and day 10 (D-F) of chondrogenic differentiation. Control
and HyA-FMB datasets at each time point were normalized and integrated using Seurat. Marker genes for each cluster are listed in the corresponding color. Data
are shown from donor #1.

(A, D) UMAP representation of integrated control and HyA-FMB datasets with annotated clusters. Split UMAPs are shown on the right for control organoids (blue
dashed outline) and HyA-FMB organoids (red dashed outline).

(B and E) Bar chart depicting proportion of cell clusters in control and HyA-FMB datasets.

(C and F) Violin plots depicting gene expression split by experimental condition (blue violin plots are control organoids, red violin plots are HyA-FMB organoids)
from integrated datasets at day 5 (C) and day 10 (F) of chondrogenic differentiation. Genes associated with TGF-B signaling (orange), BMP signaling (purple), and
chondro-osteogenesis (green) are shown. Arrows depict notable gene expression differences (logfc>0.25, p < 0.05) between MGP"/IGFBPS" cluster (solid black
box) and SPP1*/IBSP* cluster (dashed black box). Global significance (logfc>0.25, p < 0.05) between control and HyA-FMB organoids is shown with an asterisk (*)
for donor #1 and dagger (}) for donor #2.

(G) Immunofluorescence of phospho-Smad5 (pSMADS) in day 10 organoids. High-magnification insets shown to the right of their corresponding images. Nuclei
counterstained with DAPI. Scale bars, 300 um. Asterisks (*) indicate HyA-FMBs.

(H) Quantification of pPSMAD5™" nuclei in day 10 organoids. Each dot represents a biological replicate. Data are mean + SEM (see also Figure S2).

an initial 6-day sclerotome induction period in hiPSCs in which BMP signaling was inhibited, as previously proposed in human ESCs,* and
confirmed transcriptional identity of resulting anterior primitive streak, paraxial mesoderm, early somite/somitomere, and sclerotome cells
(Figures S4A-S4D). Since sclerotome cells are enriched for IGFBP5 (as shown below), mimicking its expression in early organoids with
HyA-FMBs in vitro when BMP signaling was low, our next approach was to activate BMP signaling in a chondrogenic induction protocol, based
on the fact that we saw BMP2 expression in the transcriptome analyses, and we observed pSMADS in maturing cartilage in vitro and in vivo.
We also included GDF5 because it is known that it signals through the same receptors as BMP2, but it is also known that GDF5 prefers
BMPR1B over BMPR1A, which is preferred by BMP2. Consequently, we included it because it has been reported to be important for conden-
sation of chondrogenic progenitors and enhances chondrogenic differentiation of hBMSCs/SSCs. As a negative control, supplementation of
sclerotome-derived pellet cultures with TGF-B1 alone led to stable COL1A1 and COL2A1 expression across 42 days, with sporadic ACAN and
minimal PRG4 expression (Figures S4E and 5A, blue lines); these data confirm incomplete chondrogenesis in cultures treated with only TGF-°
and no HyA-FMBs (see Figure 3). We then formed pellet cultures from sclerotome cells and supplemented them with TGF-B1 and the BMP
signaling activators, BMP2 and GDFS5, which produced strong COL2A1 and ACAN expression, but a progressive increase in COL10A1 and
ALPL across 42 days (Figures S5A and 5A, green lines), suggesting improved chondrogenic differentiation but increased hypertrophy of
hiPSC-derived chondroprogenitors. Since BMP signaling is restored in chondrogenic-enriched cell populations in the development of hyper-
trophic-resistant chondrocytes (see Figure 3), we hypothesized that targeted BMP activation in a purified, early chondrogenic subset of cells
would produce a more homogeneous and stable chondrogenic phenotype (compared with broad BMP activation of the entire culture). To
select for an early chondrogenic subset of cells, we treated monolayer sclerotome cultures derived from SOX9-mCherry hiPSCs with chon-
drogenic medium supplemented with TGF-B1, BMP2, and GDFS5. Incucyte imaging revealed a progressive increase in SOX9-mCherry area
and intensity in sclerotome cultures across 10 days of chondrogenic induction (Figure 5B). Interestingly, groups of SOX9-mCherry™ cells
began to condense after 6 days of chondrogenic induction in sclerotome cultures, similar to the condensation observed during in vivo
limb development, and formed SOX9-mCherry® 9" aggregates that detached around 10 days, whereas surrounding adherent cells showed
little to no SOX9-mCherry expression (Figure 5C and Video $1). Therefore, we transferred these SOX9-mCherry®"9" aggregates—hereafter
termed chondrospheroids—to suspension cultures and continued BMP signaling activation selectively in this subgroup of early chondrogenic
cells (see full chondrospheroid protocol in Figure 5D). Chondrospheroids transiently expressed COL1A1, followed by expression of strong
COL2A1, ACAN, and PRG4 expression, starting from the exterior and moving inward, with little to no COL10A1 expression (Figure 5E); chon-
drospheroid formation and expression patterns were confirmed in an additional hiPSC line and quantified over time (Figure 5A, red lines).
Overall, non-selective BMP activation in all sclerotome cells induced hypertrophic chondrogenesis, yet selective BMP activation in a
SOX9" chondrogenic subset induced stable chondrogenesis in vitro.

BMP2 and GDF5 supplementation enhance chondrogenesis in iPSC-derived sclerotome

To confirm the role of BMP activation in strengthening the chondrogenic phenotype, we differentiated hiPSCs to sclerotome and treated
sclerotome cells with either TGF-B alone or in combination with BMP2 and GDF5, using the chondrospheroid protocol, followed by
scRNA-seq. At 42 days of differentiation, cluster analyses of integrated datasets showed three chondrogenic populations, 1 cycling popula-
tion, and 5 off-target populations with tendon and neuronal expression markers (Figures S5B and S5C). Seventy-six percent of cultures treated
with TGF-B along with BMP2 and GDF5 were composed of chondrogenic and cycling populations compared with 54% of cultures treated with
TGF-B alone (Figure S5D). Further, supplementation of TGF-B along with BMP2 and GDF5 promoted elevated expression of chondrogenic
markers (i.e., ACAN, MGP, COMP, decorin (DCN), MATN3, COL2AT; Figure S5E), indicating enhanced chondrogenic differentiation
compared with cultures treated with TGF-p alone.

Chondrospheroid transcriptomes show efficient chondrogenic differentiation

We next performed bulk RNA sequencing of sclerotome cells and sclerotome-derived chondrospheroids at days 14, 28, and 42 of differen-
tiation. Principal-component analysis (PCA) (Figure 6A) and hierarchical clustering (Figure S6A) showed similarities among chondrospheroids
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Figure 4. BMP signaling is increased in stable, hyaline-like cartilage upon ectopic transplantation

(A) hBMSCs/SSCs were incubated with HyA-FMBs for 2 h and transplanted ectopically into NSG mice, followed by digestion of transplanted tissue 8 weeks post-
transplant and scRNA-seq analysis shown in (B).

(B) Dot plot demonstrating global gene expression of integrated in vitro HyA-FMB datasets (from days 0, 1, 3, 5, and 10 of chondrogenic differentiation) and
in vivo transplant of hBMSCs/SSCs attached to HyA-FMBs analyzed 8 weeks post-transplant. Genes associated with BMP signaling (purple) and chondro-
osteogenesis (green) are shown. Asterisks indicate differentially expressed genes (logfc>0.35) in transplanted hBMSCs/SSCs attached to HyA-FMBs,
compared with all in vitro HyA-FMB datasets.

(C and D) Toluidine blue (C) and H&E (D) staining of ectopic transplant of hBMSCs/SSCs attached to HyA-FMBs at 8 weeks post-transplant with high-
magnification insets. Scale bars, 500 pm. Asterisks (*) indicate HyA-FMBs.

(E) Immunofluorescence analysis of pSMADS (red) at 8 weeks post-transplant with high-magnification insets. Nuclei counterstained with DAPI (blue). Scale bar,
100 pm. Asterisks (*) indicate HyA-FMBs.

(F) hBMSCs/SSCs were incubated with HyA-FMBs for 2 h and transplanted into a 2-mm defect at the femoral trochlear groove in SRG rats, followed by histology
analyses in (G).

(G) Toluidine blue staining of defect areas (dashed lines) from chondral transplants at 2 and 4 months post-transplant in SRG rats. Scale bars, 500 pm. High-
magnification images shown below each image.

(H) hBMSCs/SSCs were cultured with HyA-FMBs in chondrogenic medium for 10 days and transplanted into a 2-mm defect at the femoral trochlear groove in SRG
rats, followed by histology analyses in (I).

() Toluidine blue staining of defect areas (dashed lines) from organoid chondral transplants at 2 and 4 months post-transplant in SRG rats. Scale bars, 500 pm.
High-magnification images shown below each image (see also Figure S3; Table S1).

on days 14, 28, and 42, with clear differences between chondrospheroids and undifferentiated iPSCs and sclerotome cells. Gene ontology
(GO) analysis of sclerotome cells enriched for genes associated with tissue development and organ morphogenesis (Figure 6B), with high
expression of FOXC2, IGFBP5, mesenchyme homeobox 1 (MEOX1), PAX1, and PAX9 (Figure 6F). Additionally, many primitive hBMSC/
SSC markers were highly expressed in sclerotome cells—such as C-X-C motif chemokine ligand 12 (CXCL12), leptin receptor (LEPR), and
platelet-derived growth factor B (PDGFRB)—whereas others peaked later in differentiation, including CD146 (melanoma cell adhesion mole-
cule/MCAM) and GREM1 (Figures 6F and S6B). Several homeobox (HOX) family genes were differentially expressed early in chondrogenic
differentiation, as day 14 chondrospheroids were enriched for genes associated with embryonic skeletal system and organ development
(Figures 6C and 6F). Day 28 and 42 chondrospheroids, which were the most similar, were enriched for genes involved in skeletal system devel-
opment and morphogenesis; however, day 28 chondrospheroid expression showed an enrichment for collagen and extracellular matrix or-
ganization (Figure 6D), evidenced by transiently high expression of COL2A1, COL3A1, COL9A1, COL11A1, and COL11A2 (Figures 6F and
S6B). In contrast, day 42 chondrospheroids showed enrichment for genes involved in cartilage and connective tissue development (Figure 6E),
showing higher expression of COMP, GDF5, MGP, and PRG4 and sustained expression of ACAN, DCN, DPT, fibromodulin (FMOD), and
IGFBP7 (Figure 6F). Notably, these transcriptional profiles matched protein expression (see Figures 5A and 5E) with early, transient
COL1AT expression; progressive increased expression of ACAN and PRG4; uniformly low expression of COLT0AT (with the exception of
one replicate); and absence of ALPL expression (Figures 6F and S6B). BMP activation in chondrospheroids led to the induction of ID genes
with low expression of osteogenic genes (COL1A1, SPP1, IBSP, ALPL) similar to hBMSC/SSC-derived chondrocytes in stable hyaline-like carti-
lage formed subcutaneously (see Figures 4A-4E). Taken together, these results provide transcriptional confirmation of sclerotome and chon-
drogenic identity using a serum-free chondrospheroid differentiation protocol with selective, timed BMP activation.

Chondrospheroid transcriptomes reveal a fetal-like chondrogenic identity

To determine the chondrogenic maturity of cultured chondrospheroids, we normalized and compared our datasets with primary human em-
bryonic (5-6 weeks old), fetal (17 weeks old), adolescent, and adult chondrocytes from a recent study* using ComBat-Seq (see STAR
methods). Both PCA and hierarchical clustering confirmed the transcriptional similarity among adolescent and adult chondrocytes reported
in the initial study”” (Figures 6G and 6H). PCA placed embryonic chondrocytes close to the 14 chondrospheroids; fetal chondrocytes were
near day 28 and 42 chondrospheroids, with day 42 chondrospheroids approaching adult chondrocyte populations (Figure 6G). Hierarchical
clustering grouped sclerotome cells with embryonic chondrocytes and all chondrospheroid datasets with fetal chondrocytes (Figure 6H).
Differentially expressed genes among chondrospheroid and human chondrocyte populations are provided in Tables S2-S4. Therefore,
the initial chondrogenic differentiation of sclerotome cells mimicked an embryonic chondrogenic state, progressing to a fetal-like state in
day 28 and 42 chondrospheroids.

We also sought to compare our chondrospheroids with hESC-derived chondrocytes that have recently been shown to repair damaged
articular cartilage in pigs with stability for up to 6 months.** Interestingly, PCA and hierarchical clustering showed transcriptional similarity
between chondrospheroids (day 28 and day 42) and hESC-derived chondrocytes (day 60) that have shown stable chondrogenesis in preclinical
studies (Figures S46C and S6D).

Chondral transplantation of chondrospheroid cells attached to HyA-FMBs yields stable chondrogenesis

Our final goal was to examine stable chondrogenesis in transplanted chondrospheroids, and we first used subcutaneous transplantation to
compare three cell delivery methods (Figure S7A). The first method involved the transplantation of undigested day 35 chondrospheroids,
which led to enlarged lacunae and widespread hypertrophy at 2 months (Figures S7B and S7C). The latter two methods utilized enzymatic
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Figure 5. BMP activation in SOX9*-purified early chondrogenic cells promotes stable chondrogenesis in vitro

(A) Quantification of protein expression in tissues derived from three chondrogenic differentiation strategies: iPSC-derived sclerotome cells were pelleted in
chondrogenic medium supplemented with TGF-B (blue) or TGF-B, BMP2, and GDF5 (green) or formed chondrospheroids that were cultured in chondrogenic
medium supplemented with TGF-B, BMP2, and GDF5 (red). n = 2-4 replicates. Data are mean + SD. Confocal images associated with these area
quantifications are shown in Figures 5E, S4E, and S5A.

(B) SOX9-mCherry culture area (blue) and fluorescence intensity (red) of SOX9-mCherry hiPSCs across 16 days of differentiation on monolayer cultures from the
protocol depicted in Figure 5D, measured by Incucyte analysis software. Sum of three independent experiments.

(C) Representative brightfield and mCherry fluorescence images depicting cell morphology across differentiation, and appearance of SOX9-mCherry°roht
chondrospheroid by 16 days of adherent culture. Abbreviation names are shown in Figure 5D.

(D) Schematic of sclerotome and chondrogenic differentiation strategy from hiPSCs: pathway activators (green), inhibitors (red), and recombinant growth factors
(black) were added across 6 days of adherent culture, followed by chondrogenic induction to produce chondrospheroids.

(E) Toluidine blue staining and immunofluorescence analyses of chondrospheroids across time. Nuclei counterstained with DAPI. Scale bars, 300 um (see also

Figures S4 and S5).

digestion of day 35 chondrospheroids and transplantation of isolated cells either in Matrigel or with HyA-FMB scaffolds. Chondrospheroid
cells transplanted in Matrigel formed a patchy cartilage matrix by 2 months with minimal evidence of hypertrophy (Figures S7D and S7E). In
contrast, HyA-FMB transplants with chondrospheroid-derived cells formed a uniform metachromatic stain of cartilage matrix as shown
by toluidine blue and COL2A1 staining at 2 months (Figures S7F and S7G), suggesting improved chondrogenesis stability in vivo.
Similar to stable ectopic transplants of hBMSC/SSC/HyA-FMB constructs (see Figure 4E), about half (51.71% + 2.13%) of transplanted
chondrospheroids with HyA-FMBs exhibited pSMADS5 immunoreactivity (Figures S7H and S71), confirming active BMP signaling in stable
cartilage.

We then transplanted digested chondrospheroid cells attached to HyA-FMBs into articular cartilage defects in vivo (Figure 7A). Day 35
chondrospheroid-derived cells attached to HyA-FMBs formed stable, hyaline-like cartilage for up to 5 months upon chondral transplantation
in NSG mice compared with undigested chondrospheroids without Hy-A-FMBs and cell-free controls, which formed bone at the defect site
(Figures 7B and S8A-S8C). Of note, the animals were fully ambulatory during the entire period from transplantation to euthanasia. No major
differences were noted in the integrity of the transplants from early and late time points. These transplanted human cells, which were
confirmed by h-vimentin expression (Figure S8D), exhibited similar protein expression to surface articular chondrocytes and disparate expres-
sion to growth plate chondrocytes; i.e., immunofluorescence analyses showed uniform COL2A1 expression, no COL10A1 expression,
COL1A1 expression near subchondral bone, widespread ACAN expression, and surface PRG4 expression in transplanted chondrospheroid
cells. Although PRG4 may be absorbed to the surface of cartilage from the synovial fluid, cells well below the surface were also PRG4 positive,
butto a lesser extent. Allin all, these results confirm an articular-like phenotype (Figures 7C-7F and S8E). Similarly, chondral transplantation of
day 35 chondrospheroid-derived cells attached to HyA-FMBs in SRG rats produced dense metachromatic staining with toluidine blue at the
defect site after 2 and 5 months, which proved superior to the patchy, hypertrophic chondrogenesis and fibrocartilage formation seen with
transplantation of hBMSC/SSC/HyA-FMB constructs and the absent chondrogenesis in controls (Figures 7G and S8F; Table S1). Interestingly,
unlike the transplantation of hBMSC/SSC/HyA-FMB constructs, the HyA-FMBs were not degraded with time in chondrospheroid-derived cell
constructs and were still observed at 5 months in vivo. Overall, these data confirm stable chondrogenesis in two animal models with a defined,
serum-free, articular-like cell source obtained from timely and selective BMP activation.

DISCUSSION

In this study, we have confirmed our previous data showing that attachment of hBMSCs/SSCs to HyA-FMBs supports the formation of stable
articular-like cartilage in subcutaneous transplants. We then utilized hBMSC/SSC cartilage organoids without and with HyA-FMBs in vitro to
determine pathways by which HyA-FMBs support stable cartilage. In day 1 and 3 HyA-FMB organoids, increased levels of non-collagenous
proteins, including COMP, DPT, IGFBP5, and MGP, and decreased BMP signaling (assessed by pSMADS levels) were noted in comparison
with control organoids. At day 5 and 10, BMP signaling was apparent in MGP*/IGFBP5™ early chondrogenic cells devoid of hypertrophic and
osteogenic markers in HyA-FMB organoids, as well as in 8-week hBMSC/SSC/HyA-FMB transplants in vivo. Using this information, we devel-
oped a serum-free method for chondrogenic differentiation of hiPSCs that incorporated inhibition of BMP signaling for the differentiation of
sclerotome-like cells, followed by treatment with BMP2/GDFS5 in addition to TGFp, which stimulated BMP signaling and resulted in delam-
ination of Sox9" chondrospheroids that exhibited high expression of COL2A1, ACAN, and PRG4 with little to no COL10A1, similar to fetal
chondrocytes. When chondrospheroid-derived cells were transplanted along with HyA-FMBs into articular defects, the defects were filled
with stable cartilage up to at least 5 months in immunocompromised mice and rats, whereas hBMSCs/SSCS/HyA-FMBS only temporarily
formed cartilage that went on to undergo hypertrophy and bone formation. Overall, these studies highlight the biphasic nature of BMP
signaling in the formation and maintenance of stable cartilage and provide an articular cartilage-like cell source for regenerative OA and carti-
lage repair therapies.

It is possible that the HyA-FMBs absorbed a particular subset of hBMSCs/SSCs that elicited early changes in the HyA-FMB organoids.
However, we hypothesize that the nature of the initial interaction is mediated, in part, by the highly condensed and cross-linked low-heat
denatured fibrin, by cell attachment to specific highly conserved C-termini on different fibrinogen chains, termed “Haptides.”*’*? Addition-
ally, hyaluronic acid linked to HyA-FMBs may further enhance cell interaction through the hyaluronic acid receptor, CD44. Our previous study
has shown that covalent linkage of hyaluronic acid on HyA-FMBs improves stable chondrogenesis,”’ either by binding to CD44, which is

12 iScience 27, 110537, August 16, 2024



iScience
Article

¢? CellPress

OPEN ACCESS

A B Sclerotome et Day 14 chondrospheroid
. animal organ morphogenesis: skeletal system development:
skeletal system development: embryonic skeletal system development:
Sclerotome tissue development animal organ morphogenesis-
100 structure skeletal system morphogenesis:
2 system development: embryonic organ development:
c
8 50 Day 14 chondrospheroid o H o g : I P p
[ p value, -logsg . p value, -logyo
§ D E Day 42 chondrospheroid
= 0 skeletal system development: skeletal system development:
o
8 4 skeletal system morphogenesis: skeletal system morphogenesis-
-50 iPSc © collagen fibril organization cartilage development:
& matrix izati connective tissue development:
Day 42 chondrospheroid b
10 4 i extracellular matrix organization
0 5 10 15 20

-200 -100 0

PC1 (80% variance)

100 0 5 10 15 20

p value, -logy p value, -logse

MGP
F APOD G
FAP
OMD
MPS .
fibi COMP Embryonic
PRG4
PRRX1
MMP13
HOXBs
- IGFBP7 Day 14 chondrospheroid
FMOD 100
] ABI3BP
gRFF’ir'(z Sclerotome
| e— BGN —
A2M B
= c
8
ACAN g Fetal Day 28
n\z chondrospheroid
HOXAS5 B @
=z 0
o
LUM
SCRG1 8
L2A1
iPSc Adult
Adolescent Day 42
-100 ) chondrospheroid
-200 -100 0 100
PC1 (42% variance)
H

|
ﬁﬁﬁ?ﬂm LW I

Adolescent-3
Adolescent-2
Adolesce_nt_:;

Embryonic-2

Sclerotome-3
Sclerotome-2
Sclerotome-1

iPSC-3

iScience 27, 110537, August 16, 2024 13



¢? CellPress iScience
OPEN ACCESS

Figure 6. Chondrospheroid transcriptomes reveal a fetal-like chondrogenic identity

(A) PCA of hiPSC, sclerotome, and chondrospheroid datasets. Each dot represents a technical replicate.

(B-E) Gene ontology analysis representing top five pathways from sclerotome (B), day 14 (C), day 28 (D), and day 42 (E) chondrospheroids.

(F) Heatmap depicting differential gene expression: top 100 differentially expressed genes from each dataset were assessed against GO pathways listed in (B)-
(E), reducing the list to 103 relevant genes.

(G) PCA of hiPSC, sclerotome, and chondrospheroid datasets, which were batch-corrected and normalized using ComBat-seq to previously published datasets,’”
which included 5- to 6-week-old embryonic, 17-week-old fetal, adolescent, and adult primary human chondrocytes.

(H) Hierarchical clustering analysis of sclerotome, chondrospheroid, and primary human chondrocyte® populations (see also Figure S6; Tables $2-54).

abundant on hBMSCs/SSCs, or by an indirect effect whereby physical composition (e.g., stiffness) associated with covalent linkage is altered,
as it is known that hBMSC/SSC cell fate is influenced by extracellular matrix composition and substrate stiffness.'”*”

HyA-FMBs organoids express MGP, IGFBP5, and DPT after only 1-3 days of TGF-B treatment. MGP prevents extracellular calcium depo-
sition, as Mgp-deficient mice exhibit arterial and cartilage calcification. MGP nonsense mutations in humans with Keutel syndrome results in
diffuse cartilage calcification, leading to facial abnormalities and cardiovascular defects.”””" IGFBP5 is known to regulate chondro-osteogenic
cell fate, as high IGFBP5 levels inhibit osteoblast differentiation in C3H10T1/2 cells and promote early chondrocyte differentiation in RCJ
cells.®>* Our studies show that IGFBP5is induced early in chondrogenic differentiation, labeling an early chondrogenic population, confirm-
ing results from other studies,” with consistent coexpression of MGP. The function of DPT is not well understood in chondrogenesis, though
studies in epithelial cells indicate a TGF-B binding site on DPT, which in conjunction with decorin, can modulate TGF-B signaling on target
cells.>" Overall, early changes in extracellular matrix composition may influence early hBMSC/SSC cell fate decisions and intracellular
signaling.

The best demonstration of h(BMSC/SSC chondrogenic capacity in vitro is in pellet cultures supplemented with TGF-B."” During fetal devel-
opment, TGF-Bs are expressed at the developing joint interzone, stimulate proliferation, inhibit osteogenesis and adipogenesis in hBMSCs/
SSCs, and promote chondrogenic cell fate in hBMSCs/SSCs after one day of exposure in vitro."' >’ In our study, TGF-p alone was insufficient
in promoting uniform and stable chondrogenic differentiation of h(BMSCs/SSCs and hiPSCs, consistent with previous reports.” For this reason,
many studies have targeted the BMP signaling pathway®*%“%"!; however, there is uncertainty whether BMP signaling must be activated or
repressed. Some studies have shown that BMP2 is induced after one day of TGF-B exposure in hBMSCs/SSCs micropellet cultures, suggesting
that it may be skewing differentiation to hypertrophy and osteogenesis.”® Other studies have shown that BMP4 promotes hypertrophic dif-
ferentiation, leading some to conclude that BMP activation should be avoided in chondrogenic differentiation.”*! While blocking BMP
signaling hampers mineralization in osteogenic and chondrogenic cultures treated with B-glycerophosphate, chronic BMP blockade using
LDN 193189 does not prevent hypertrophic expression in hBMSC/SSC micropellet cultures.”” Our study suggests that BMP inhibition may be
time-sensitive, as HyA-FMB organoids show overall BMP inhibition during the first 3 days of chondrogenic induction, followed by an expres-
sion signature indicating restored BMP signaling in early chondrogenic cells at days 5 and 10. Consistent with these results, transient and early
BMP inhibition using an engineered compound that targets ALK2 and ALK3 receptors and downstream Smad1/5/8 signaling reduces hyper-
trophic expression in vitro and bone formation in vivo.®°

GDF5 has become a primary marker in identifying the joint interzone®' and has been shown to induce chondrogenesis. GDF5 is less potent
in inducing hypertrophy compared with BMP2 based on its preferential binding to BMPR1B, a marker for articular chondrocyte progeni-
tors.'"*%? However, while BMP2 signaling through BMPR1A can promote hypertrophy and endochondral ossification, loss of BMPR1A leads
to severe articular cartilage degeneration and fibrillation, suggesting a potential role of BMP2 in articular cartilage maintenance.®*** Our
studies show increased levels of BMP2 and downstream ID genes in engineered stable, hyaline-like cartilage, suggesting the importance
of BMP signaling in the later stages of articular cartilage maturation and maintenance.

These mechanistic studies corroborate current understanding of articular cartilage formation during joint development. Cells located in
the distal proliferative zone beneath the joint interzone' are highly exposed to the BMP inhibitor, Noggin, before migrating to the presump-
tive joint surface where they are primed as early chondrocytes and exposed to GDF5, promoting the maturation and maintenance of early
articular chondrocytes.'? This is similar to our process for differentiating iPSCs into stable cartilage. After initial inhibition, we determined
that selective BMP activation in SOX9* cells led to cell aggregation, as seen during limb development, confirming our data generated by
the HyA-FMB organoids. The early chondrogenic populations are enriched for IGFBP5 and SOX9,% which have been shown to prevent
BMP2-mediated osteogenic transcription.53'66'5’7 This pattern is followed by expression of ACAN, COL2A1, COMP, DCN, FMOD, GDF5,
MGP, matrix metalloproteinase 3 (MMP3), and PRG4 in day 28 and 42 chondrospheroids. Thus, it would be interesting to explore whether
an altered response to BMP signaling could precede articular cartilage degeneration in OA, since SOX9 and IGFBP5 expression in articular
cartilage decrease with advanced age and OA.*%¢’

Previously we showed that subcutaneous transplantation of naive hBMSCs/SSCs attached to HyA-FMBs produced stable, hyaline-like
cartilage.”” However, transplantation of hBMSC/SSC/HyA-FMB organoids into injured cartilage led to the formation of bone. It was also
noted that in this scenario, the HyA-FMBs rapidly disappeared. Likewise, transplantation of undigested hiPSC-derived chondrospheroids
led to progressive hypertrophy by 2 months but adding freshly digested chondrospheroid-derived cells to HyA-FMBs prior to transplantation
produced stable articular chondrocyte-like cells for up to 5 months. These results emphasize the role of the HyA-FMBs in stable chondrogen-
esis in vivo and demonstrate superior cartilage formation when single cells freshly attached to HyA-FMBs are transplanted rather than organo-
ids incubated in vitro. Further, larger organoids often contain diffusion gradients, leading to differences in signaling, extracellular matrix
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Figure 7. Chondral transplantation of chondrospheroid cells attached to HyA-FMBs yields stable chondrogenesis

(A) hiPSC-derived sclerotome was differentiated to chondrospheroids, which were digested at day 35, incubated with HyA-FMBs for 2 h, and transplanted into a
femoral trochlear groove defect in NSG mice (B-F) and SRG rats (G).

(B) Toluidine blue staining of defect areas from transplanted day 35 chondrospheroids attached to HyA-FMBs at 1-5 months post-transplant in NSG mice. High-
magnification insets shown to the right of their corresponding images. Arrows depicting the formation of bone in control transplants at 1 month. Scale bars,
500 um.

(C—F) Immunofluorescence analyses of femoral defects from NSG mice 1 month post-transplant. High-magnification insets depicting transplanted cells, surface
articular cartilage, and growth plate cartilage shown to the right of their corresponding images. Nuclei counterstained with DAPI. Scale bars, 200 pm.

(G) Toluidine blue staining of defect areas from transplanted day 35 chondrospheroids attached to HyA-FMBs at 2 and 5 months post-transplant in SRG rats (left).
Right images depict control transplants, including HyA-FMBs only and hBMSCs/SSCs attached to HyA-FMBs at 2 months. High-magnification insets shown to the
right of their corresponding images. Scale bars, 500 um.

(B-G) Asterisks (*) indicate HyA-FMBs. Orange dashed lines indicate area of transplanted tissue (see also Figures S7 and S8).

composition, and cell phenotype across the tissue.”””" For this reason, digested cells or smaller microtissues with more homogeneity, similar
to the microwell-mesh system previously described,”’ may provide superior clinical efficacy and reproducibility. Finally, transplantation of
hiPSC-derived chondrospheroid cells proved superior to hBMSC/hSSC-derived cells, which failed to form stable cartilage in the articular
defect. This suggests that the predisposition of hBMSCs/SSCs toward an osteogenic fate is not present in hiPSC-derived cells. Additional
studies are needed to determine the cellular and molecular events that are associated with priming of hBMSCs/SSCs toward ossification
and how they can be overcome to achieve stable cartilage.

A successful pre-clinical hiPSC-cartilage regenerative therapy would rely on using defined factors and resisting hypertrophy in long-term
transplantation studies in vivo. One group has performed extensive transcriptional screening of an articular protocol based on knowledge of
human development.'’*” They have demonstrated stable chondrogenesis from ESC-derived chondrocytes,* which show transcriptional sim-
ilarity to our chondrospheroids; thus, our studies provide a hiPSC alternative approach. A serum-free protocol using both hiPSCs and hESCs
has been reported, generating stable hESC-derived cartilage; however, the hiPSC-derived cartilage showed signs of hypertrophy,*’ and their
subsequent transplantation studies have focused only on hESCs.** Other groups have shown resistance of their cells to hypertrophy in vivo
but are limited by the use of serum and short follow-up periods.**° Thus, our data show that TGFB/BMP2/GDF5 promote efficient chondro-
genesis in SOX9" chondrospheroid-derived cells in serum-free conditions, which promote stable cartilage at the joint surface up to 5 months
upon attachment to HyA-FMBs. These data support the potential for clinical utility in cartilage repair and regeneration within the context of
OA as a cell therapy.

Limitations of the study

While the results presented here are encouraging, there are a number of limitations to this study. We established an in vitro system to examine
the mechanism by which HyA-FMBs facilitate formation of stable cartilage, since transcriptomic studies of in vivo HyA-FMB transplants are
limited by the lack of appropriate controls; i.e., scaffold-free cells do not survive, and Matrigel would add confounding factors (due to presence
of growth factors and soft mechanical influence) for sequencing analyses. However, the in vitro approach does not perfectly mimic their in vivo
properties, as demonstrated by expression of COL10A1 in vitro but not in vivo. However, the disappearance of COLT0AT in MGP"/IGFBP5"
early chondrogenic cells by day 10 of chondrogenic differentiation suggests potential transient hypertrophic expression in vitro. To best
address this limitation, we performed transcriptomic measurements from hBMSC/SSC/HyA-FMB transplants and compared results with
in vitro studies. An additional limitation includes the lack of stability of HyA-FMBs in chondral transplants with hBMSCs/SSCs. There are a num-
ber of potential reasons that could be addressed such as increasing the stability of the HyA-FMBs in the injured joint, modifying the hostile
environment, or modifying the hBMSCs/SSCs. By comparing the transcriptomes of the less than successful hBMSCs/SSCs with the successful
iPSC-derived chondrospheroid cells, more clues as to which gene regulatory networks are at play in the formation of stable cartilage may shed
light on how hBMSCs/SSCs can be altered. Finally, the chondral defect model was designed to assess chondrocyte stability at the joint site, yet
future studies using more superficial defects (without potential damage to subchondral bone) in large animal models could be used to assess
surface chondrocyte integration and stability with greater weight-bearing forces. In spite of these limitations, our study provides a process by
which hiPSCs can be used to generate stable cartilage in cartilage defects and suggests that modifications of hBMSC/SSC processing and/or
HyA-FMBs may provide another source of cells for the regeneration of cartilage lost due to trauma and disease.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-MGP Abcam Cat. No. ab224367
Rabbit anti-COMP Abcam Cat. No. ab231977

Rabbit anti-DPT

Rabbit anti-COL1A1

Mouse anti-COL2A1

Rabbit anti-COL10A1

Rabbit anti-ACAN

Goat anti-ALPL

Rabbit anti-PRG4

Alexa 488 Goat anti-hVIMENTIN
Alexa Flour 488 Donkey anti-Goat
Alexa 488 Donkey anti-Mouse
Alexa Flour 546 Donkey anti-Rabbit

ThermoFisher

Abcam

Dev. Studies Hybridoma Bank

Kuznetsov et al., 20197
Millipore Sigma
ThermoFisher

Abcam

R&D Systems
ThermoFisher
ThermoFisher

ThermoFisher

Cat. No. PA514396; RRID: AB_2094317
Cat. No. ab34710; RRID: AB_731684
Cat. No. II-116B3; RRID: AB_528165
Made by SBS/NIDCR/NIH

Cat. No. AB1031; RRID: AB_90460
Cat. No. PA547419; RRID: AB_2609590
Cat. No. ab28484; RRID: AB_776089
Cat. No. IC8104G; RRID: AB_2827831
Cat. No. A11055; RRID: AB_2534102
Cat. No. R37114; RRID: AB_2556542
Cat. No. A10040; RRID: AB_2534016

Biological samples

Human bone marrow stromal cells/skeletal stem cells

NCRM NL5 human induced pluripotent stem cell line

Human bone specimens

Baghbaderani et al., 2015’7

see Table S1

NIH-Center for Regenerative Medicine

MIXL1-GFP human induced pluripotent stem cell line This paper N/A
SOX9-mCherry human induced pluripotent stem cell line This paper N/A

Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum GeminiBio Cat. No. 100-50
Dexamethasone Sigma Cat. No. D4902
L-ascorbic acid phosphate magnesium salt n-hydrate Wako Cat. No. 013-19641

Vitronectin XF
Insulin-transferrin-selenium
Recombinant TGFB1
Collagenase I
Hyaluronidase

Dispase

Bovine serum albumin
Pepsin

Citrate buffer

Matrigel

Polyvinyl alcohol

Lipid concentrate
Monothioglycerol
Recombinant Activin A
CHIR99021 (Wnt agonist)
Recombinant FGF-2

PIK90 (PI3K inhibitor)
SB-431542 (TGFB inhibitor)

Stemcell Technologies
ThermoFisher
Peprotech
ThermoFisher
Merck

Sigma

Miltenyi Biotec
Millipore Sigma
Millipore Sigma
Corning

Sigma
ThermoFisher
Sigma

R&D systems
R&D Systems
R&D Systems
Millipore Sigma
Millipore Sigma

Cat. No. 07180

Cat. No. 51500056
Cat. No. 100-21

Cat. No. 17101015
Cat. No. H3506

Cat. No. D4693

Cat. No. 130-091-376
Cat. No. R2283

Cat. No. C9999

Cat. No. 356237

Cat. No. P8136

Cat. No. 11905031
Cat. No. M6145

Cat. No. 338-AC-050/CF
Cat. No. 4423

Cat. No. 233-FB

Cat. No. 528117

Cat. No. S4317

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
LDN-193189 (BMP inhibitor) Sigma Cat. No. SML0559

C59 (Wnt inhibitor)

PD173074 (FGF inhibitor)
Purmorphamine (Hedgehog agonist)
Recombinant BMP-4

Cellagen Technology
R&D Systems
ReproCell

R&D systems

Cat. No. C7641-2s
Cat. No. 3044

Cat. No. 04-0009
Cat. No. 314-BP-050

Recombinant BMP-2 Peprotech Cat. No. AF-120
Recombinant GDF-5 Peprotech Cat. No. 120-01
Critical commercial assays

EndoFree Plasmid Maxi Kit Qiagen Cat. No/12362
RNeasy Micro Kit with DNase treatment Qiagen Cat. No. 74004

SuperScript Il First-Strand Synthesis SuperMix

ThermoFisher

Cat.

=

No. 11752050

Deposited data

hiPSC RNA sequencing data
Code

GEO
Github

NCBI GEO accession number: GSE242526

GitHub: https://github.com/gadomskisj/
Gadomski_et_al_iScience_2024

Experimental models: organisms/strains

Mouse: NOD.Cg-Prkdc* [12rgt™"Wil/Sz)
Rat: Sprague Dawley-Rag2°™2"er2|12rg=™ '"e™2/Hb| Crl

The Jackson Laboratory

Charles River

Strain No. 005557
Strain No. 400

Oligonucleotides

Primers for gRT-PCR

U.S. Food and Drug Administration

see Table S2

Recombinant DNA

Plasmid: pUC57
Plasmid: LentiCRISPR v2

Genscript Biotech Corp.
Addgene

Cat. No. SD1176
Plasmid #52961

Software and algorithms

Cell Ranger version 7.0

SoupX (ambient RNA removal)
scDblFinder (doublet removal)

Seurat (integration and cluster analysis)
Clustree (determining cluster resolution)
clusterProfiler (pathway analysis)

Bioconductor's edgeR package

(RNA sequencing analysis)
gProfiler (gene ontology)

ComBat-Seq (adjusting batch effects
with cross-comparison of

published datasets)

Incucyte Image Analysis Software
ImageJ/Fiji Software

Flowjo 10.6 Software

GraphPad Prism 8 Software

10x Genomics

Young and Behjati, 20207°
Germain et al., 20227*
Stuart et al., 2019"°
Zappia & Oshlack, 20187°
Wu et al., 20217
Robinson et al., 2009”7

Raudvere et al., 20197¢
Zhang et al., 2020”7

Sartorius, UK

National Institutes of Health
FLOWJO, LLC

GraphPad Software

RRID:SCR_017344
RRID:SCR_019193
RRID:SCR_022700
RRID:SCR_016341
RRID:SCR_016293
RRID:SCR_016884
RRID:SCR_012802

version e107_e.g.,54_p17_bf42210
RRID:SCR_010974

RRID:SCR_017316
RRID:SCR_002285
RRID:SCR_008520
RRID:SCR_002798

Other

HyA-FMBs

0.9 mm and 2.1 mm drill bits

Gorodetsky et al., 1999°¢:
Kuznetsov et al., 201977

FineScienceTools

N/A

Cat. No. 19007
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to the Lead Contact, Pamela G. Robey (probey@dir.nidcr.
nih.gov).

Materials availability
e HyA-FMBs were constructed as a modification of the original cell binding condensed fibrin-based microbeads at the laboratory of Prof.
Raphael Gorodetsky,” for better adhesion of hABMSCs/SSCs for chondrogenesis.”” The FMBs were further chemically cross-linked with
hyaluronic acid coating to form HyA-FMBs, as previously described.?” The fully detailed HyA-FMBs production protocols are available.
HyA-FMBs have a density of 1.2-1.3, and the mean molecular weight of the HyA-FMB polymer is 20,000.
e MIXL1-GFP and SOX9-mCherry hiPSC lines will be made available upon request.

Data and code availability
e Single-cell and bulk RNA sequencing have been deposited at NCBI's GEO Database and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table.
e All original code has been deposited at Github and is publicly available as of the date of publication. The link is listed in the key re-
sources table.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Immunocompromised female 3-4-month-old NSG mice (NOD.Cg-Prkdc®“ 112rg"™""™/SzJ, the Jackson Laboratory, Strain#005557) and male
and female 20-25-week-old SRG rats (Sprague Dawley-Rag25m2"e™@||2rg=™"e"2/Hb|Crl, Charles River) were used as recipients for transplant
studies. All animal experiments were approved by the National Institutes of Health (NIH)/National Institute of Dental and Craniofacial
Research (NIDCR) Animal Care and Use Committee (protocol #19-888 and 19-889) in accordance with the NIH Guide for the Care and
Use of Laboratory Animals.

Human BMSC/SSC cultures

Human bone specimens were obtained from surgical waste in accordance with NIH regulations from four donors under the OHSR exemption
#373 and #170 NIDCR-00183 (Table S5). Primary hBMSCs/SSCs were isolated and cultured, as previously described.”” Briefly, human bone
marrow fragments were removed and placed in a-modified Minimum Essential Medium (eMEM, ThermoFisher, Cat. No. 12571-063), followed
by repeated pipetting and mechanical digestion through 16 and 19 G needles (Becton Dickinson). Cell suspensions were filtered through
70 pum cell strainers (Biologix, Cat. No. 15-1070) and plated at a density of 2-6.7 x 10% cells/em? in aMEM supplemented with 20% non-
heat-inactivated fetal bovine serum (FBS, pre-selected lot, GeminiBio, Cat. No. 100-50), 10 nM dexamethasone (Sigma, Cat. No. D4902),
25 pg/mL L-ascorbic acid phosphate magnesium salt n-hydrate (Wako, Cat. No. 013-19641), and 1% penicillin/streptomycin
(ThermoFisher, Cat. No. 15070-063). hBMSC/SSC cultures were incubated at 37°C, 5% CO, with biweekly medium replacements, and
passaged using 0.05% Trypsin-EDTA (ThermoFisher, Cat. No. 25300-054).

Human iPSC cultures

hiPSCs were derived from CD34" peripheral blood cells using episomal reprogramming (NL5, NCRM-5, fetal male), NIH Center for Regen-
erative Medicine, Bethesda, MD).”? A SOX9 mCherry reporter hiPSC line (described below) was also used for differentiation experiments.
hiPSCs were cultured on 6-well plates treated with 10 ug/mL Vitronectin XF (Stemcell Technologies, Cat. No. 07180) overnight at 37°C
and maintained feeder-free in Essential 8 medium (ThermoFisher, Cat. No. A1517001). Spontaneous differentiation was prevented by timely
passaging and the addition of 50 pm ROCK Inhibitor (Y-27632, Sigma, Cat. No. SCM075) to E8 medium during passage. hiPSC cultures were
incubated at 37°C, 5% CO, with daily medium replacements, and passaged as aggregates using 0.5 mM EDTA/PBS solution.

METHOD DETAILS

Generation of chondrogenic organoids

To generate control organoids, 2.5 x 10° hBMSCs/SSCs (passage 2) were suspended in 14 mL polyethylene conical tubes with 1 mL chon-
drogenic medium, which consisted of high glucose Dulbecco’s Modified Eagle Medium (DMEM) with sodium pyruvate (ThermoFisher, Cat.
No. 11995073), 1% insulin-transferrin-selenium (ThermoFisher, Cat. No. 51500056), 100 nM dexamethasone, 50 pg/mL L-ascorbic acid phos-
phate magnesium salt n-hydrate (Wako, Cat. No. 013-19641), 40 ug/mL L-Proline (Sigma, Cat. No. P5607), 1% penicillin/streptomycin, and
10 ng/mL TGFB1 (Peprotech, Cat. No. 100-21). The same process was employed to generate HyA-FMB organoids, except each conical
tube contained 3 mg of pre-sterilized HyA-FMBs (70% ethanol washes overnight), which were constructed according to established
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protocols.”” The ratio of cells to scaffold was approximately the same as our previous in vivo study.”” For both control and HyA-FMB organo-
ids, each tube was centrifuged at 193xg for 6 min, then incubated with loosened caps at 37°C, 5% CO, with medium replacements 2-3x/week.

Tissue processing and histological staining

Tissue processing

hBMSC/SSC and hiPSC-derived tissues from in vitro pellet culture studies were fixed in 4% formaldehyde at room temperature with mixing for
2 h, then embedded in 3% agarose disks and placed in 70% ethanol for paraffin embedding. In vivo mouse subcutaneous and chondral trans-
plants were harvested and fixed overnight in 4% formaldehyde at 4°C with mixing and demineralized with 250 mM EDTA/dH20 solution
(Quality Biological, Cat. No. 351-027-101) for 1.5-2 weeks at 4°C with mixing. Rat chondral transplants were fixed for 2 days and demineralized
for 4 weeks in the same conditions. Transplants were stored in 70% ethanol at 4°C and embedded in paraffin within one week.

Toluidine blue staining

Tissues were sectioned at 6 um and rehydrated in washes of xylene (2x) for 5 min, 100% ethanol (2x) for 2 min, 95% ethanol (2x) for 2 min, and
tap water (1x) for 2-3 min. Then, tissues were stained with 0.1% w/v Toluidine Blue Stain Solution (Mercedes Scientific, Cat No.
EKI14949250ML, pH 4.148) for 4 min, rinsed with tap water (1X) for 1 min, rinsed with distilled water (1 X) for 1 min, and allowed to air dry before
placing in xylene for mounting with Optic Mount | (Mercedes Scientific, Cat. No. MER7722).

H&E staining

Rehydrated tissues were treated with the following reagents (all from Fischer Scientific): Hematoxylin 2 (Cat. No. 22050113)(1 X 3 min), tap
water (2 X 2 min), Clarifier 2 (Cat. No. 22050117)(1 X 1 min), tap water (2 X 1 min), Bluing reagent (Cat. No. 22050114)(1 X 1 min), tap water
(1 x 1 min), 95% ethanol (1 x 1 min), Eosin Y with Phloxine (Cat. No. 22050198)(1 x 40's), 95% ethanol (2 x 10 dips), 100% ethanol (1 X 2 min),
xylene (2 x 3 min), and mounting with Optic Mount |.

Single-cell RNA sequencing and analysis

Passage 2 hBMSCs/SSCs from donors 1-2 (see Table S5) were used to generate organoids for single cell RNA sequencing studies, and were
shown to form bone, hematopoietic supporting-stroma, and adipocytes upon ectopic transplantation. Control and HyA-FMB organoids from
days 1-10 and ectopic HyA-FMB transplant were digested in high-glucose DMEM containing 0.2% collagenase Il (ThermoFisher, Cat. No.
17101015), 0.1% hyaluronidase (Merck, Cat. No. H3506), and 0.1% dispase (Sigma, Cat. No. D4693) with gentle pipetting every 20-30 min.
Enzymatic digestion was observed in 6 well-plates, and digestion was terminated when aggregates were completely dissolved, for up to
2 h. Enzyme was inhibited with 20% FBS, and cells were filtered through 70 pum strainers and re-suspended in PBS supplemented with
0.04% high-quality bovine serum albumin (BSA, Miltenyi Biotec, Cat. No. 130-091-376) at 1000 cells/pL for single-cell capture. Only samples
with >95% viability were submitted for single-cell capture, as measured by Vi-CELL BLU Cell Viability Analyzer (Beckman Coulter). Naive
hBMSC/SSC controls (from donor 3) required a 10-min incubation with collagenase Il on monolayer cultures prior to cell detachment and
cell capture. Single-cell RNA sequencing was performed using 10X Genomics Chromium instruments. Reads were mapped using
GRCh38-2020-A reference transcriptome, and libraries were processed using Cell Ranger version 7.0. The following quality control measure-
ments were performed: Ambient RNA removal using SoupX,”” cell cycle regression using Seurat’s Cell Cycle Scoring (https://satijalab.org/
seurat/articles/cell_cycle_vignette.html), doublet identification and removal using scDblIFinder,”* and removal of low-quality or dead cells
that expressed fewer than 150-200 genes and >10-15% mitochondrial reads. Captures from the HyA-FMB ectopic transplant contained
an abnormally high number of doublets, so only global transcriptional measurements were described from this dataset. The merging of data-
sets using anchoring techniques (https://satijalab.org/seurat/articles/integration_introduction.html), dimensionality reduction, cluster anal-
ysis and UMAP projection was performed using Seurat's R package with cluster resolution determined by Clustree.”” Differentially expressed
genes, which represented 25% of each dataset (logfc>0.25, p < 0.05), were analyzed using gProfiler (https://biit.cs.ut.ee/gprofiler/gost), and
pathway analysis was performed using clusterProfiler and pathview, with focused analysis on KEGG signal transduction pathways
(FDR<0.20).”® Raw data are deposited in the Gene Expression Omnibus (GEO).

Immunofluorescence and confocal imaging

Staining procedure

Paraffin-embedded tissues were used for immunofluorescence. Tissues were sectioned at 6 um and heated for 1 h at 60°C, then rehydrated in
2 washes of xylene (5 min), 100% ethanol (5 min), 95% ethanol (5 min), 70% ethanol (5 min), and distilled water (5 min). Two different antigen
retrieval methods were used: (1) for staining with COL1A1, COL2A1, COL10A1, PRG4, and hVIMENTIN, tissues were treated with 2 mg/mL
hyaluronidase/PBS solution for 1 h at 37°C, followed by a PBS wash and treatment with Pepsin (Millipore Sigma, Cat. No. R2283) for 5-10 min
at 37°C; (2) for staining with MGP, COMP, DPT, ACAN, ALPL, and pSMADS5, tissues were incubated in citrate buffer (Millipore Sigma, Cat. No.
C9999) for 1 h at 70°C, followed by a 15-s wash with distilled water. Cytofix/Cytoperm buffer (BD, Cat. No. 554722) was used in some cases to
enhance intracellular staining. Tissues were blocked in staining solution for 30 min in PBS supplemented with 5% donkey serum (Sigma, Cat.
No. D9663) and 0.5% IgePal (Sigma, Cat. No. 13021), then stained with primary antibodies overnight at 4°C. On the following day, tissues were
washed in PBS (4x for 5 min) and incubated with secondary antibodies for 1 h at room temperature, followed by a PBS wash and mounting with
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Prolong Gold Antifade Mountant with DAPI (ThermoFisher, Cat. No. P36931). For negative controls, non-immune antibodies of the same iso-
type and host species as primary antibodies were incubated overnight at 4°C, followed by secondary staining. The following primary anti-
bodies were used: Rabbit anti-MGP (Abcam, Cat. No. ab224367), Rabbit anti-COMP (Abcam, Cat. No. ab231977), Rabbit anti-DPT
(ThermoFisher, Cat. No. PA514396), Rabbit anti-COLTA1 (Abcam, Cat. No. ab34710), Mouse anti-COL2A1 (Developmental Studies Hybrid-
oma Bank, Cat. No. II-116B3), Rabbit anti-COL10A1 (synthesized in the Skeletal Biology Section in consultation with Dr. Larry W. Fisher, accord-
ing to Kuznetsov et al., 2019), Rabbit anti-ACAN (Millipore Sigma, Cat. No. AB1031), Goat anti-ALPL (ThermoFisher, Cat. No. PA547419), Rab-
bit anti-PRG4 (Abcam, Cat. No. ab28484), Rabbit anti-Phospho-Smad5 (Serdé3, Serd65; Bioss, Cat. No. BSM-52206R), and Alexa 488 Goat
anti-hVIMENTIN (R&D Systems, Cat. No. IC8104G). The following secondary antibodies were used: Alexa 546 Donkey anti-Rabbit
(ThermoFisher, Cat. No. A10040), Alexa 488 Donkey anti-Mouse (ThermoFisher, Cat. No. R37114), and Alexa 488 Donkey anti-Goat (Abcam,
Cat. No. ab150129).

Confocal imaging

Tiled z-stacks were acquired using the Zeiss LSM 880 confocal microscope with Airyscan using the 20x objective and 20% overlap. Maximum
intensity projections were merged in Fiji/lmaged (National Institutes of Health) for image analysis and quantifications. Second harmonic gen-
eration images were acquired using a Nikon ATR + MP, two photon, resonant scanner with the 40x lens water objective. Live-cell imaging of
SOX9-mCherry hiPSCs was performed using Essen Incucyte Zoom S3 with 2018B software.

qRT-PCR and RNA sequencing

gRT-PCR

Lysates were processed according to Qiagen’s RNeasy Mini Kit with DNAse treatment (Cat. No. 74004), and RNA quality and concentration
was measured using a NanoDrop. cDNA was constructed using SuperScript Il First-Strand Synthesis SuperMix (ThermoFisher, Cat. No.
11752050) with no Reverse Transcriptase added to negative controls. Samples were measured in triplicate using the Quantstudio 6 Flex sys-
tem (Applied Biosystems), and 272" values were calculated using GAPDH as the housekeeping gene. Primer sets used for gRT-PCR are listed
in Table Sé.

RNA sequencing

RNA from hiPSCs, sclerotome cells, and chondrospheroids (days 14, 28, and 42) was isolated using Qiagen’s RNeasy Mini Kit with DNAse
treatment. mRNA libraries were prepared using the polyA TruSeq method (lllumina) and sequenced on an lllumina NextSeq500 configured
for 100 paired-end reads. FASTQ files were pre-processed using the snakemake/5.6.0 utility and aligned using the STAR v2.7.3a aligner with
mapping parameters derived from the GENCODE project. All samples had >50% alignment with <1% reads mapping to ribosomal tran-
scripts. Sequencing depth at 50 million reads was shown to be sufficient in saturation curves. Quantification, normalization, PCA, hierarchical
clustering, and differential expression analysis were performed using Bioconductor’s edgeR package.”” Top 100 differentially expressed
genes from each dataset were assessed against top 5 gene ontology pathways in gProfiler,”® which reduced the list to 103 relevant genes
for plotting using the heatmap.2 function (https://cran.r-project.org/web/packages/gplots/index.html). The ComBat-Seq method’? was em-
ployed to generate batch-corrected expression matrices for normalization of previously published datasets*? with chondrospheroid datasets.
Briefly, a combined gene expression matrix was assembled from ours and previously published datasets and then submitted to the ComBat-
seqmethod after specifying one batch per study. This allows the independent modeling the variance of gene expression at the study level and
then the creation of a batch-corrected raw counts expression matrix that was submitted to downstream (PCA) analysis. Of note, a comparison
of the single-end sequenced human chondrocyte populations with paired-end sequenced chondrospheroids could create some technical
variation. Raw data are deposited in the Gene Expression Omnibus (GEO).

In vivo transplantation

Ectopic transplantation

Subcutaneous transplantation in male NSG rats were performed according to an established method'?*” under an NIDCR ACUC-approved
protocol. Briefly, the dorsal skin of the back was shaved and sterilized using alternating Betadyne and ethanol scrubs. Then, a 1.5 cm incision
was made on the back, and hBMSC/SSC- and hiPSC-derived cells were placed in a subcutaneous pocket using a sterile spatula, with up to 4
transplants per mouse. Three methods of cell delivery were used for day 35 chondrospheroids. The first method involved the placement of
undigested chondrospheroids directly into the subcutaneous pocket. The latter two methods involved the digestion of chondrospheroids to
liberate cells using 0.2% collagenase Il and 0.1% dispase in high glucose DMEM for up to 2 h with gentle pipetting every 30 min, after which
cells were washed and filtered through 70 um strainers. The second approach involved the re-suspension of ~1.7 x 10° cells in 100 uL Matrigel
(Corning, Cat. No. 356237). The final approach involved incubation of ~1.7 x 10° cells with 10 mg pre-sterilized HyA-FMBs for 1.5 h at 37°C
with gentle rocking. In both cases, transplants were placed on ice for ~1-2 h during transfer and preparation of surgical site, then placed into a
subcutaneous pocket. Incisions were closed using resorbable sutures (Ethicon, 5-0 Monocryl, Cat. No. Y303H) in a horizontal mattress pattern
and dissected 1-2 months later.
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Chondral transplantation

Passage 2 hBMSCs/SSCs from donors 1 and 4 (see Table S5) were detached using Trypsin/EDTA, and 3x10° hBMSCs/SSCs were incubated
with 30 mg pre-sterilized HyA-FMBs, according to previous studies.”” In some cases, hBMSCs/SSCs were subjected to chondrogenic differ-
entiation for 10 days, as described above, prior to transplantation of pre-formed organoids. For hiPSC transplants, ~1.7 x 10° cells were incu-
bated with 10 mg HyA-FMBs, as noted above. Both immunocompromised NSG mice and SRG rats were used for chondral transplantation
under a NIDCR ACUC-approved animal protocol, and both left and right knees were used, often with one knee serving as a HyA-FMB
only control (no cells) or sham control (no cells or HyA-FMBs). Surgical draping (Vitality Medical, Cat. No. 005714) and autoclaved instruments,
as well as alternating Betadyne and alcohol scrubs of the shaved surgical site, were employed to maintain sterility. An incision was made at the
medial aspect of the knee through the overlying skin and joint capsule with the mouse in a supine position. Next, the patella was gently dis-
located laterally using a 25 G needle, exposing the trochlear groove of the femur, which is then stabilized with large, serrated tweezers
clamped to a ring-stand. The Ideal micro-drill (CellPoint Scientific) was used to create a chondral defect using a 0.9 mm drill bit for mice
and 2.1 mm drill bit for rats (FineScienceTools, Cat. No. 19007) on the trochlear surface, and a 0.5 mm micro-curette was used to introduce
and pressurize hBMSCs/SSCs/HyA-FMB or hiPSC/HyA-FMB constructs into the defect. Finally, the patella was gently relocated; two vertical
sutures (Ethicon, 5-0 Vicryl, Cat. No. J303H) were tied at the joint capsule and 2-3 sutures (Ethicon, 5-0 Monocryl, Cat. No. Y303H) were placed
in a horizontal mattress pattern in the skin. Heat pads were placed underneath the surgical area and surgical recovery area to maintain core
temperature, and animals were administered Buprenorphine (ZooPharm LLC) subcutaneously before surgery and as needed afterward. Fe-
murs were gently dissected at several timepoints and processed, as noted above.

Grading of cartilage and bone formation

Cartilage and bone formation was quantitatively assessed using an established grading system.?” Briefly, cartilage was graded from 0 to 4:
Oindicates no cartilage formation by Toluidine Blue staining, 1 indicates minimal cartilage formation (a single or few small cartilaginous areas),
2 indicates low cartilage formation (cartilaginous areas occupy only a small area), 3 indicates moderate cartilage formation (cartilaginous areas
occupy a significant area but less than one-half of transplant), and 4 indicates abundant cartilage formation (mature cartilaginous areas in
more than one-half of transplant). Levels of metachromasia were also considered in cartilage grading, as previously described.”” Bone
was also graded from 0to 4: 0 indicates no bone formation by H&E staining, 1 indicates minimal bone formation (a single or a few bone trabec-
ulae), 2 indicates low bone formation (multiple bone trabeculae present in several areas but the new osseous tissue occupies only a small
portion), 3 indicates moderate bone formation (bone occupies a significant area, but did not exceed one-half of the transplant), and 4 indi-
cates abundant bone formation (osseous tissue occupies greater than one-half of the transplant).

Generation of reporter hiPSC lines
MIXL1-GFP

The donor plasmid (based on GRCh38.p11, 2017) was synthesized and cloned into Puc57-Kan plasmid by Genscript Biotech Corp. (Piscat-
away, NJ). The donor contains the MIXL1 left homology arm, exon 2 with TGA stop codon removed and fused to neonGreen, rBGpA,
CMVPuro, BGHpA and right homology arm. The donor has 5 bases changed to the 3UTR to prevent cutting by CRISPR/Cas? guides as fol-
lows with changes underlined: AGTGGATTCTGGGAGAATTCGAGATAAGCTCTGAGAAGCCATGACTGACAGCCTGAGAGA. LentiCRISPR
v2 was a gift from Feng Zhang (Addgene plasmid #52961%°) and was used as the backbone to create the CRISPR-Cas9 plasmids. The following
primers were used to clone the guides targeting the 3'UTR into the lentiCRISPR v2 according to Sanjana et al. (2014): 5'-caccgTGAG
GATTCTGGGAGAATTC-3" (1a-MIXL-CRISPR-3UTR) with 5-aaacGAATTCTCCCAGAATCCTCACc-3" (1b-MIXL-CRISPR-3UTR); 5'-caccgA
GAATTCGGGATAAGCTCTG-3' (2a-MIXL-CRISPR-3UTR) with 5'-aaacCAGAGCTTATCCCGAATTCTc-3' (2b-MIXL-CRISPR-3UTR).

SOX9-mCherry

The SOX9-mCherry donor plasmid (based on GRCh38.p13, 2019) was inserted into Puc57 plasmid by GenScript Biotech Corp. (Piscataway,
NJ). The TGA stop codon in exon 3 of the SOX? coding region was replaced with GGC, followed by mCherry in frame. The synthesized prod-
uct was inserted into Xba1 to Hindlll sites of Puc57. The CMV-puro-BGHpA, flanked by loxP sites (also synthesized by GenScript), was cloned
into the Pac1 to Spe1 sites of the SOX9-mCherry donor to confer selection capability and excision if necessary. The donor was modified to
prevent cutting by CRISPR/Cas9 guides as follows with changes underlined: TATACGAAGTTATACTAGTGGAGGCCTCCCACGA.
LentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid #52961%°). The following primers were used to clone the guides into the
LentiCRISPRv2 according to Sanjana et al. (2014): 5-caccgCAGCTCACTCGACCTTGAGG-3" (FWD) with 5-aaacCCTCAAGGTCGAGT
GAGCTGc-3' (REV)[CRISPR Set 1], and 5-caccgCTTGAGGAGGCCTCCCACGA-3" (FWD) with 5-aaacTCGTGGGAGGCCTCCTCAAGe-3'
(REV)[CRISPR Set 2].

Transfection and screening

NL5 hiPSCs were grown in Nutristem (Stemgent) for 1-2 weeks prior to transfection with AMAXA mouse ES transfection kit (A-023), 5 ug donor
and 5 ng CRISPR/Cas? (2.5 nug each). Five to six days after transfection, the colonies were treated with 0.25-0.5 pg/mL puromycin (Thermo-
fisher Scientific) for 2 to 3 days. Colonies were expanded and retreated with 0.25-0.5 pg/mL puromycin for 3 days for additional selection.
Individual colonies were picked and expanded in E8 medium. During passaging, some cells from each clone were used to test for the correct
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insertion of the donor plasmid. The following PCR primers were used to screen for correct insertion: 5-AAAAGGGGGCTGTCCAGTGTGT-3'
(FWD-SOX9scrn-Ex3-2330, outside SOX9 donor region) with 5-AGCCCTCCATGTGCACCTTGAA-3" (REV-mCherryscrn-1045, inside SOX9
donor region); 5-GAAATTGCATCGCATTGTCTGAGTAGG-3' (FWD BGHpA, inside MIXL1 donor region) and 5-5537 TTGCATAGCTG
TCCTGCAGG-3' (3Rev-MX-RHA-scrn, outside MIXL1 donor region).

hiPSC differentiation

Sclerotome differentiation

hiPSCs were passaged at 1:12-1:20 as evenly distributed small aggregates onto Vitronectin-coated é-well plates. After one day, Essential 8
medium was replaced with CDM2 medium® which consisted of 50% IMDM medium (ThermoFisher, Cat. No. 31980030), 50% F12 medium
(ThermoFisher, Cat. No. 31765035), 1 mg/mL pre-dissolved polyvinyl alcohol (Sigma, Cat. No. P8136), 1% lipid concentrate (ThermoFisher,
Cat. No. 11905031), 450 uM monothioglycerol (Sigma, Cat. No. M6145), 1% insulin-transferrin-selenium, and 1% penicillin/streptomycin. Dif-
ferentiation to sclerotome was achieved using selective pathway activators and inhibitors supplemented in CDM2 medium, according to pre-
vious reports.3‘5 Atday 1, hiPSC cultures were treated with 30 ng/mL Activin A (R&D systems, Cat. No. 338-AC-050/CF), 4 uM CHIR99021 (R&D
Systems, Cat. No. 4423), 20 ng/mL FGF2 (R&D Systems, Cat. No. 233-FB), and 100 nM PIK?0 (Millipore Sigma, Cat. No. 528117) for 24 h to
induce anterior primitive streak. At day 2, cultures were treated with 4 uM SB-431542 (Millipore Sigma, Cat. No. S4317), 3 uM CHIR99021,
250 nM LDN-193189 (Sigma, Cat. No. SML0559), and 20 ng/mL FGF2 for 24 h to induce paraxial mesoderm. At day 3, cultures were treated
with 4 uM SB-431542, 250 nM LDN-193189, 1 uM C59 (Cellagen Technology, Cat. No. C7641-2s), and 500 nM PD173074 (R&D Systems, Cat.
No. 3044) for 24 h to induce early somite/somitomere. At days 4-6, cultures were treated with 2 pM purmorphamine (ReproCell, Cat. No. 04—
009) and 1 uM C59 for 72 h to induce sclerotome; purmorphamine was shown to be an effective substitute for the commercially synthesized
Hedgehog agonist 21K, according to previous reports.®® Each day, cultures were washed with CDM2 medium prior to adding fresh differen-
tiation medium.

Chondrogenic differentiation

At day 7, three chondrogenic differentiation strategies were employed from sclerotome cultures derived from NL5 hiPSC and SOX9-mCherry
hiPSC cell lines. The first two strategies involved cell detachment using Accutase, and the pelleting of 5 x 10° sclerotome cells at 193xg in
14 mL conical tubes with 1 mL chondrogenic medium, consisting of high glucose Dulbecco’s Modified Eagle Medium (DMEM) with sodium
pyruvate (ThermoFisher, Cat. No. 11995073), 1% insulin-transferrin-selenium (ThermoFisher, Cat. No. 51500056), 100 nM dexamethasone,
50 pg/mL L-ascorbic acid phosphate magnesium salt n-hydrate (Wako, Cat. No. 013-19641), 40 pg/mL L-Proline (Sigma, Cat. No. P5607),
and 1% penicillin/streptomycin. In the first approach, pellet cultures were supplemented with 10 ng/mL TGFB1, and in the second approach
cultures were treated with 10 ng/mL TGFB1, 10 ng/mL BMP2 (Peprotech, Cat. No. AF-120), and 10 ng/mL GDF5 (Peprotech, Cat. No. 120-01);
in both cases, medium was changed 2-3x/week. The final approach, which is referred to as the formation of chondrospheroids, involved treat-
ment of monolayer sclerotome cultures with chondrogenic medium supplemented with 10 ng/mL TGFB1, 10 ng/mL BMP2, and 10 ng/mL
GDF5, with daily medium replacements. Following 8-11 days of chondrogenic treatment, developing nodules were loosely adhered or
completely detached from monolayer cultures; these chondrospheroids were either gently detached or collected via pipetting and trans-
ferred to 14 mL conical tubes with 1 mL chondrogenic medium supplemented with 10 ng/mL TGFB1, 10 ng/mL BMP2, and 10 ng/mL
GDFS5, with medium replacements 2-3x/week. We found that reproducibility of this protocol is especially dependent on the initial plating den-
sity. Plating of hiPSCs at 1:12 at day O led to the formation of more developed chondrospheroids, but risks delamination of the entire cell layer
during chondrospheroid formation. Timely collection of chondrospheroids is essential in this case (prior to delamination); chondrospheroids
can also be collected and separated from delaminated cultures by gentle pipetting. Plating of hiPSCs at 1:20 at day 0 leads to smaller chon-
drospheroids but reduces the chance of cell layer delamination during chondrogenic differentiation. Tissues were collected at several time-
points and processed for histology, sequencing, and transplantation, as noted above.

FLOW CYTOMETRY

For MIXL1-GFP measurements, day 1 anterior primitive streak cells were detached using Accutase and resuspended in PBS supplemented
with 0.2% BSA. Cells were acquired using BD LSR Fortessal with analysis using FlowJo (Tree Star).

QUANTIFICATION AND STATISTICAL ANALYSIS

Area measurements from maximum intensity projections were performed as previously shown.®' Following confocal acquisition, the channel
of interest was isolated using “Split Channel” and quantified using “Color Threshold” in Fiji/lmageJ Software (National Institutes of Health).
Measurements of both positively stained area and total tissue section area were obtained. Positive staining area was calculated as a percent-
age of total tissue area, which did not include HyA-FMB particles. Data are shown as mean =+ standard error of the mean (SEM) and are repre-
sentative of at least two independent experiments, unless otherwise noted, with N values representing biological or technical replicates,
which are outlined in the figure legends. Unpaired two-tailed t tests were used for two-group comparisons with o = 0.05. Significant differ-
ences between groups were indicated as: *p < 0.05, **p < 0.01, ***p < 0.001. Statistical analyses and graphics were performed with Microsoft
Excel and GraphPad Prism 8 software.

iScience 27, 110537, August 16, 2024 27




	Time- and cell-specific activation of BMP signaling restrains chondrocyte hypertrophy
	Introduction
	Results
	HyA-FMBs promote early expression of non-collagenous proteins
	HyA-FMBs suppress BMP signaling early in chondrogenic differentiation
	HyA-FMBs restore BMP signaling in MGP/IGFBP5-enriched chondrogenic cells
	BMP signaling is increased in stable, hyaline-like cartilage upon ectopic transplantation
	Rat chondral transplantation of hBMSC/SSC/HyA-FMB constructs yields suboptimal chondrogenesis
	BMP activation in SOX9+-purified early chondrogenic cells promotes stable chondrogenesis in vitro
	BMP2 and GDF5 supplementation enhance chondrogenesis in iPSC-derived sclerotome
	Chondrospheroid transcriptomes show efficient chondrogenic differentiation
	Chondrospheroid transcriptomes reveal a fetal-like chondrogenic identity
	Chondral transplantation of chondrospheroid cells attached to HyA-FMBs yields stable chondrogenesis

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Animals
	Human BMSC/SSC cultures
	Human iPSC cultures

	Method details
	Generation of chondrogenic organoids
	Tissue processing and histological staining
	Tissue processing
	Toluidine blue staining
	H&E staining

	Single-cell RNA sequencing and analysis
	Immunofluorescence and confocal imaging
	Staining procedure
	Confocal imaging

	qRT-PCR and RNA sequencing
	qRT-PCR
	RNA sequencing

	In vivo transplantation
	Ectopic transplantation
	Chondral transplantation
	Grading of cartilage and bone formation

	Generation of reporter hiPSC lines
	MIXL1-GFP
	SOX9-mCherry
	Transfection and screening

	hiPSC differentiation
	Sclerotome differentiation
	Chondrogenic differentiation


	Flow cytometry
	Quantification and statistical analysis



