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Abstract

Tissue engineered constructs have the potential to respond to the unmet medical need of treating
deep osteochondral defects. However, current tissue engineering strategies struggle in the
attempt to create patterned constructs with biologically distinct functionality. In this work, a
developmentally-inspired modular approach is proposed, whereby distinct cartilaginous
organoids are used as living building blocks. First, a hierarchical construct was created,
composed of three layers of cartilaginous tissue intermediates derived from human periosteum-
derived cells: (i) early (SOX9), (ii) mature (COL2) and (iii) (pre)hypertrophic (IHH, COLX)
phenotype. Subcutaneous implantation in nude mice generated a hybrid tissue containing one
mineralized and one non-mineralized part. However, the non-mineralized part was represented
by a collagen type | positive fibrocartilage-like tissue. To engineer a more stable articular
cartilage part, iPSC-derived cartilage microtissues (SOX9, COL2; IHH neg) were generated.
Subcutaneous implantation of assembled iPSC-derived cartilage microtissues resulted in a
homogenous cartilaginous tissue positive for collagen type Il but negative for osteocalcin.
Finally, iPSC-derived cartilage microtissues in combination with the pre-hypertrophic cartilage
organoids (IHH, COLX) could form dual tissues consisting of i) a cartilaginous safranin O
positive and ii) a bony osteocalcin positive region upon subcutaneous implantation,
corresponding to the pre-engineered zonal pattern. The assembly of functional building blocks,
as presented in this work, opens possibilities for the production of complex tissue engineered
implants by embedding zone-specific functionality through the use of pre-programmed living

building blocks.
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1. Introduction

An osteochondral defect is a local injury of the joint affecting the articular cartilage and the
underlying subchondral bone [1]. Deep osteochondral defects caused by trauma have a high
prevalence in young patients and can result in substantial functional disability, pain, swelling
and are a high risk factor for the onset of osteoarthritis when left untreated [2—4]. Osteoarthritis
(OA) is a joint disease affecting the whole joint but in particular the osteochondral unit [5]. To
prevent the onset of posttraumatic OA in otherwise healthy joints, treatment of deep
osteochondral defects (>8 mm) requires implants that represent the full osteochondral unit of
articular cartilage and subchondral bone [6]. In the future, osteochondral implants may also be
an option for treatment in more advanced OA. However, current treatment methods are
suboptimal and associated with donor-site morbidity and/or limited tissue availability [7].
Novel advancements in tissue engineering (TE) could provide future solutions for efficient and
synchronized regeneration of the articular cartilage and subchondral bone, irrespective of the
size of the defect. However, current TE strategies entail drawbacks with regard to the formation
of patterned osteochondral-like tissues.

To date, TE constructs developed for creation of osteochondral tissues have applied
scaffolds created from hydrogels [8], polymers in combination with ceramics [9] and native
cartilage extracellular matrix (ECM) [10] either alone or seeded with chondrocytes and/or adult
progenitor cell types [11,12]. A majority of efforts employed single cell populations which,
upon implantation as large implants, have shown impaired cell viability and regenerative
potential [13]. In addition, the large volumetric presence of foreign material has recently been
shown to affect the regenerative processes in an in vivo setting [14]. At the same time, the use
of certain calcium phosphate (CaP) have been shown to trigger immune reactions from the host
with detrimental effects on the implanted cells [15]. Moreover, many of these TE constructs are

composed of two considerably different zones either in terms of biology (for example using



terminally differentiated cells), or in terms of material (using high volumes of polymers and
CaP) which have very different properties from the native tissue [3,6].

Recent advances in the field of TE demonstrated that in vitro recapitulation of processes
during skeletal development can lead to the development of functional intermediate tissues that
upon implantation in vivo mature into full organs [16-20]. The long bones with edges covered
by articular cartilage develop via a cartilage intermediate, where mesenchymal condensation is
followed by chondrogenic maturation creating a cartilage template. The chondrogenic
differentiation follows a distinct cellular cascade from proliferating chondrocytes (Sox9),
prehypertrophic chondrocytes (Sox9, Foxa2) to hypertrophic chondrocytes (Runx2, Sp7) which
promote tissue mineralization and remodeling into bone while articular cartilage is formed at
the template edges by Gdf5 positive progenitor cells [21-24]. Regarding osteochondral tissues,
a distinct engineered cartilage intermediate in vitro could potentially mature into non-
mineralized, mineralized cartilage or bone upon implantation in vivo. Cartilage intermediate
tissues from lapine bone marrow-derived mesenchymal stromal cells (BMSC) or human
periosteum derived cells (hPDC) have been demonstrated to contribute to the regeneration of
osteochondral defects, illustrating the power of developmentally inspired approaches [25,26].
However, the cartilage quality was suboptimal and the constructs failed to capture the zonal
nature of the native joint containing several zones being articular cartilage, mineralized
cartilage and subchondral bone. In addition, subchondral bone originates from the cartilage
template while cells in the articular cartilage are also derived from invading Gdf5 positive cells,
which may make it challenging to create osteochondral grafts in vitro using a single cell type
under the same culture conditions [27,28]. Efforts have been made to allow gradient maturation
within one tissue by applying different media from the top to the bottom of the constructs [29]
but this makes the process complex and may limit the future possibility for upscaling.

Therefore, the zonal complexity of osteochondral tissues implicates that a bottom-up

approach, where different building blocks are assembled into a multi-layered structure, is more
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attractive [30-32]. We recently reported a developmentally inspired bottom-up approach for
successful healing of critical size long bone defects through assembly of prehypertrophic
microtissues (“callus organoids’) which upon implantation mimicked the function of the soft
callus during fracture healing. Furthermore, gene signatures attained from transcriptomic
analysis demonstrated that the differentiation into ‘“callus organoids” followed the
developmental process of endochondral ossification from a proliferative to a prehypertrophic
stage [19]. Hence, the sequentially differentiated building blocks have potential for the
formation of a hierarchical osteochondral tissue.

To generate cell-based constructs, a major challenge with the use of adult mesenchymal
stromal cells (MSCs) is the formation of hyaline-like Saf O positive cartilage, rich in collagen
type Il. Instead, mostly fibrocartilage rich in collagen type I is formed and because of its
suboptimal mechanical properties, clinical success is limited [33,34]. Articular chondrocytes
(ACs) isolated from the articular surface have shown promising results for the healing of full
thickness cartilage defects but isolation and extended expansion leads to dedifferentiation [35].
For these reasons, induced pluripotent stem cells (iPSCs) are emerging as a promising cell
source for cartilage TE and hyaline-like Saf O positive cartilage tissue has successfully been
produced from human iPSCs [36-38]. Additionally, the iPSC-derived engineered cartilage
tissue demonstrated phenotypic stability in both rat and mini-pig cartilage defect models [37].

Hence, osteochondral TE constructs should be designed to allow synchronized formation
of both articular cartilage and the underlying subchondral bone. In the current study, we applied
a bottom-up strategy to create patterned constructs. In order to obtain best performance for both
layers, distinct cartilaginous microtissue populations derived from hPDCs or iPSCs were
developed to form a subchondral and articular cartilage zone, respectively. We hypothesized
that cartilage microtissues (iCMTs) from iPSC-derived chondrocytes (iChon) in combination

with bone forming “callus organoids” (COs) from hPDCs could be engineered into



cartilaginous intermediate implants that possess zone specific characteristics resulting in bone

and cartilage formation upon subcutaneous implantation.

2. Materials and Methods

Periosteal cell isolation and culture

hPDCs were isolated from periosteal biopsies of five female donors of age 14 + 3 years old
(n=5) from which a single cell pool was created as previously described [39]. Cells were seeded
at a density of 5700 cells/cm? for expansion until passage 9 (in vitro experiment) and 7 (in vivo
experiments) at 37°C, 5% CO and 95% humidity in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies, UK) with 10% fetal bovine serum (HyClone FBS, Thermo
Scientific, USA), 1% antibiotic-antimycotic (100units/mL penicillin, 100mg/mL streptomycin
and 0.25mg/mL amphotericin B) and 1mM sodium pyruvate (Life Technologies, UK).
Expansion medium was changed every 2-3 days and cells were harvested with TrypLE™
Express (Life Technologies, UK) at a confluence of 90%. TrypLE™ Express was used for all
passaging and harvesting steps during cell handling. Patients’ informed consent were obtained
and all procedures were approved (ML7861) by the ethical committee for Human Medical

Research (KU Leuven).

Formation of agarose microwells and cartilaginous microtissues from human periosteum
derived cells

Polydimethylsiloxane (PDMS, Dow Corning Sylgard 184 elastomer, MAVOM Chemical
Solutions) molds were fabricated as described elsewhere [40]. Briefly, an SU8 wafer was
fabricated to produce a PDMS mold containing pillars with a diameter of 200 um and height of
153 pum. Next, 3% agarose (Thermo Fisher) was carefully poured over the PDMS mold and let
to cool down to form agarose microwells (153 um depth, 200 um diameter). The agarose

microwells were punched into a size (1.8 cm?) to fit in a 24-well plate resulting in approximately



2000 microwells per 24 well plate well. Agarose microwells were sterilized under UV before
seeding 500 000 hPDCs per well resulting in microspheroids with approximately 250
cells/spheroid. Microspheroids were cultured in xeno-free chemically defined chondrogenic
medium (CM1) (LG-DMEM (Gibco) supplemented with 1% antibiotic-antimycotic
(100units/mL penicillin, 100mg/mL streptomycin and 0.25mg/mL amphotericin B), 1 mM
ascorbate-2 phosphate, 100 nM dexamethasone, 40 pg/mL proline, 20 uM of Rho-kinase
inhibitor Y27632 (Axon Medchem), ITS+ Premix Universal Culture Supplement (Corning)
(including 6.25 pg/mL insulin, 6.25 pg/mL transferrin, 6.25 pg/mL selenious acid, 1.25 pg/mL
bovine serum albumin (BSA), and 5.35 pg/mL linoleic acid), 100 ng/mL BMP-2
(INDUCTOS®), 100 ng/mL GDF5 (PeproTech), 10 ng/mL TGFB1 (PeproTech), 1 ng/mL
BMP-6 (PeproTech) and 0.2 ng/mL FGF-2 (R&D systems)) [41] for up to three weeks with

media changes 2 times per week.

Fluorescent staining for viability and proliferation

Cell viability in microspheroids was assessed qualitatively with Live-or-Dye NucFix™ Red
Staining Kit (Biotium, US). Briefly, microspheroids were washed with Phosphate buffered
saline (PBS) and Live-or-Dye NucFix™ Red Dye (1:1000 in PBS) was added for 30 minutes
at 37°C, 5% CO2 and 95% humidity followed by fixation with 4% paraformaldehyde (PFA) at
room temperature, permeabilization and staining with 4°,6-diamidino-2-phenylindole (DAPI)
(2.5 pg/mL). Cell proliferation in microspheroids was visualized using the Click-iT® EdU (5-
ethynyl-2’-deoxyuridine) Imaging Kit (Life Technologies, USA) according to the
manufacturer’s protocol. Briefly, 10 uM EdU was added to microspheroids during four days.
Next, microsperoids were fixed in 4% PFA, EdU was detected with Alexa Fluor azide and cells
were counter stained with Hoechst 33342 (5 pg/mL). Stained microspheroids were mounted on
glass slides using ProLong™ Glass Antifade Mountant (Invitrogen, US) and imaged with wide-

field fluorescence microscopy using Olympus 1X83 inverted microscope equipped with DP73
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camera taking images each 5 um followed by merging. The percentage of EdU/Hoechst
(proliferating/all cells) stained area was quantified using ImageJ software (NIH) [42] for 18-20

microspheroids per time point.

Generation of iPSC derived chondrocytes for dual implants

The human iPSC line CY2 (Rutgers University Cell and DNA Repository) was cultured as
previously described [37]. In summary, hiPSCs were maintained on mitomycin-c (Sigma)
treated SNL feeder cells in human embryonic stem cell medium (Dulbecco’s modified eagle
medium (DMEM) Ham’s F12 nutrient mix (F12) (Sigma) supplemented with 20% knockout
serum replacement, 2mM Glutamax, 1% sodium pyruvate (SP), 1% non-essential amino acids
(NEAA), 0.1 mM 2-mercaptoethanol (2ME), 50 U and 50 mg/ml penicillin/streptomycin
(Pen/Strep) and 10 ng/ml human basic fibroblast growth factor (FGF-2, Peprotech)) at 37°C
and 5% CO». Medium refreshment was performed daily and cells were passaged once a week
onto fresh feeder cells. hiPSCs were transferred and maintained in feeder-free conditions using
Essential 8 (Thermo Fisher) and Matrigel (Becton Dickinson) coated 6-well plates (Nunc™
Thermo Scientific™) followed by chondrogenic differentiation according to a previously
described protocol [37]. Primitive streak and mesoderm induction were carried out for 72 hours
by using 8 uM canonical wingless related integration protein (Wnt) agonist CHIR99021 (GSK3
inhibitor, Axon Medchem), 8-20 ng/ml FGF-2 and 1 puM retinoic acid (RA). Subsequently,
chondrogenic differentiation was performed until day 14 using chondrogenic medium (CM2)
(DMEM supplemented with 1% Fetal Bovine Serum (FBS, Hyclone), 1% L-Glutamine, 1%
NEAA, 1% SP, 1% Insulin-Transferrin-Selenite X (ITS-X), 50 pg/ml ascorbic acid (AA,
Sigma), 0.1 mM 2ME, 10 ng/ml FGF-2, 10 ng/ml TGF- B1, 10 ng/ml BMP2, 10 ng/ml GDF5
(Prospec), 50 U and 50 mg/ml Pen/Strep). After 14 days, cartilage-like nodules were cultured

in suspension using CM2 without FGF-2 for 8 weeks. Next, cartilage-like nodules were
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digested to release and isolate human iChon. The nodules were incubated with rotation for 4
hrs at 37°C and 5% CO- in digestion medium (DMEM: F12 (Gibco) supplemented with 1.5
mg/mL collagenase B (Roche), 1% Antibiotics-Antimycotics: Gibco, 10% FBS: Hyclone

SV30160.03).

Formation of hiPSC derived cartilage microtissues

Agarose microwells were created using MicroTissues® 3D Petri Dish® micro-molds (Sigma)
for 12-well plates according to manufacturer’s description. Briefly, 500 puL of melted 2%
agarose (Thermo Fisher) was pipetted into the precision micro-molds containing 256 pillars
(800 um depth, 400 um dimeter). After the agarose was gelled, it was removed and transferred
to a 12 well and an additional of 500 uL agarose (2%) was added around the insert for
immobilization. The microwells were sterilized under UV before use. iChon were resuspended
in CM2 to a concentration of 128 000 cell/100uL and 100uL was seeded into the microwell.
Cells were let to sediment for 20 minutes after which ImL CM2 was added and cultured for 3

weeks at 37°C, 5% CO, and 95% to form iCMTSs.

Isolation and expansion of human articular chondrocytes as adult chondrocyte control

Adult human articular chondrocytes (hAC) were used to compare the chondrogenic phenotype
of iPSC derived chondrocytes. The hACs were obtained from patients undergoing hip
replacement for osteoporotic or malignancy-associated fractures (female: 82, male: 54 and male
84 years old). The University Hospitals Leuven Ethics Committee and Biobank Committee
approved the study. For chondrocytes isolation, cartilage was dissected from the joint explant
surfaces and then rinsed with saline. The tissue was cut into small pieces, using a sterile surgical
blade. Cartilage explants were incubated with 2 mg/ml pronase solution (Roche) for 90 min at
37 °C under continuous agitation and digested overnight at 37 °C in 1.5 mg/ml collagenase B
solution (Roche). The preparation was filtered through a 70 uM strainer and cells were plated

in culture flasks and cultured in a humidified atmosphere at 37 °C, 5% CO> with a density of 16
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000 cells cm™. Culture medium consisted of DMEM/F12 (Gibco), 10% fetal bovine serum
(FBS) (Gibco), 1% (vol/vol) antibiotic/antimycotic (Gibco) and 1% L-glutamine (Gibco).

Experiments were performed with passage 2 cells in triplicate.

Dual building block fusion assay

Microtissues were carefully flushed out from their microwells and seeded onto another micro-
well insert already containing microtissues. Wells containing two microtissues were imaged
with 10x magnification over time in a well plate incubator (OKOlab Top Stage Incubator with
insert H301-EC-24MW) using an inverted microscope (Olympus 1X53) previously described
in [43]. The length of the duplets and width of each microtissue was manually measured and

the aspect ratio (AR) was defined as length divided by the average widths (Figure 3c).

Formation of zonal constructs

PDMS cylinders (2mm diameter, 5mm depth) were placed in a petri-dish and 3% agarose was
carefully poured to cover the PDMS cylinders. The agarose was left to gel where after a 6 mm
agarose part was punched out, the PDMS pillar was removed and the now created macro-well
was placed in a ThinCert™ Cell Culture Inserts (Greiner Bio-One) for 24 well plates. The
macro-wells were sterilized under UV before use. Next, three-layered hierarchical intermediate
tissues with progressive stages of chondrogenic maturation were created layer-by-layer (Figure
1a). Day 7 and day 14 hPDC microtissues represented the cartilaginous part and day 21 hPDC
microtissues (“callus organoids”) represented the hypertrophic part. For this, approximately
1000 building blocks of day 7 hPDC microtissues were carefully flushed out from their micro-
wells. Building blocks were centrifuged and resuspended in 20pL fresh CM1 media followed
by seeded into the macro-well (2mm @) to allow sedimentation and fusion at 37°C, 5% CO2 and
95% humidity during 1 hour. Subsequently, the second building block population (day 14 hPDC
microtisues) was seeded on top of the underlying tissue followed by 1-hour fusion. The third

and final building block population (day 21 hPDC microtissues) was seeded and allowed to
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fuse for 1 hour followed by careful addition of CM1 media. The three-layered hierarchical
intermediate tissues were ready for analysis after 24 hours of additional fusion. For the creation
of dual constructs with iPSC derived cartilage microtissues (iCMTSs) and day 21 hPDC derived
“callus organoids” (COs) (Figure 5a), COs were seeded into a macro-well (2mm @) and
incubated for 24 hours where after COs were added and fused for additional 24 hours before

adding CM1 in ThinCert™ and CM2 in the well plate (Figure S2a-b, Supporting Information).

Gene expression analysis

Total RNA from hAC was extracted using the Nucleospin RNA 11 kit (Macherey-Nagel).
Microspheroids from one well were pooled together and total RNA was isolated using
QIlAshredder (Qiagen) followed by RNeasy Mini Kit (Qiagen). RNA concentration and quality
were assessed with NanoDrop 2000 (Thermo Scientific) and PrimeScript™ RT reagent kit
(Takara) was used for cDNA synthesis. Quantitative real-time polymerase chain reaction (QRT-
PCR) was performed using SYBR® Green (Life Technologies) on Rotor Gene® 6000 (Qiagen)
and relative differences in expression were calculated using the 222t method normalized to the
housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) [44]. All protocols

were performed according to the manufacturer’s protocol.

Subcutaneous implantation

The zonal constructs were implanted subcutaneously in 8 weeks old female, immune
compromised mice (Rj:NMRInu/nu; Jackson laboratory); two samples from different
conditions were implanted per mouse. After 4 weeks implantation, explants were taken out and
fixed in 4% PFA for subsequent nanoCT scan and histological analysis. All procedures on
animal experiments were approved by the local ethical committee for Animal Research, KU
Leuven (P36/2016 ECD) and the animals were housed according to the regulations of the

Animalium Leuven (KU Leuven).
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NanoCT imaging and quantification

After PFA fixation, the explants were washed in PBS and immersed in 20% Hexabrix® 320
(Guerbet Nederland BV) overnight. Hexabrix® 320 contains negatively charged ioxaglate
molecules which are locally repelled by the negatively charged sulfated glycosaminoglycans
(sGAG) containing cartilage enabling visualization of the cartilage tissues [45]. Samples were
scanned with nanoCT (Pheonix Nanotom M®, GE Measurement and Control Solutions) at a
voltage of 60 kV and a current of 140 pA resulting in an isotropic voxel size of 2 um using
diamond target, mode 0, 500ms exposure time, 1 frame average, 0 image skip, 2400 images and
a 0.2 mm aluminum filter. Region of interest (ROI) was drawn to define total explant volume
followed by mineralization quantification using CTAn (Bruker micro-CT, BE) based on
automatic Otsu segmentation, 3D space closing and despeckle algorithm. CTvox (Bruker

micro-CT, BE) was used to create 3D visualizations.

Histological staining

After nanoCT imaging, explants were decalcified in ethylenediaminetetraacetic acid
(EDTA)/PBS (pH 7.5) for 10 days at 4°C followed by paraffin embedding overnight. Explants
were sectioned into 5 um slices and de-paraffinized in HistoclearTM (Laborimpex, Belgium)
followed by histological staining Hematoxylin-eosin (H&E), Alcian blue (Sigma; 0.5% in 1M
HCI, pH1,; counterstain with nuclear fast red (NFR)) and Safranin O (Saf O; Klinipath; 0.25%;
counterstain with fast green and hematoxylin) as previously described [46]. Immunostaining
was performed by antigen retrieval (1 mg/mL pepsin in 0.02 M HCI), washes, quenching in 3%
H202 and blocking followed by primary antibody incubation overnight at 4°C for collagen type
I1 (Col2: dilution 1:50, AB761, Merck Millipore), collagen type I (Col1: dilution 1/200, PA1-
36057, Thermo Fisher), Indian hedgehog (IHH: dilution 1/50, ab80191, Abcam) or human
specific osteocalcin (hOCN: dilution 1/5000, gift from E. Van Herck, Legendo, KU Leuven,

BE). Next, slides were blocked and incubated with secondary anti-rabbit antibody (dilution

13



1:500, 111-035-003, Jackson ImmunoResearch, UK) or anti-Guinea pig antibody (dilution
1:500) followed by visualization with DAB (K3468, Dako, US) and counterstained with
haematoxylin. Stained sections were imaged with Leica M165 FC microscope (Microsystems,

BE).

Histomorphometry

The number of cells/mm? was quantified on Alcian Blue stained histological sections of the in
vitro hierarchical constructs using ImageJ [47,48]. Briefly, images were deconvoluted using
“Alcian blue & H” and the color_2 representing the nuclei was chosen. This image was made
binary, followed by watershed and particle analysis (5-500 um?) to quantify the number of
particles (cells) in the chosen region (3 sections per condition; top and bottom were quantified).
The Saf O stained area of in vivo samples was quantified using llastik version 1.3.3post3 pixel
classification [49] and ImageJ [48].The llastik software was trained to recognize Saf O stained
regions based on color/intensity on three different samples. Subsequently, three distributed
sections per sample were analyzed and HDF5 files were opened in ImageJ to define % of Saf

O stained area (“number Saf O stained pixels” / “number sample pixels” defined by histogram).

Scanning electron microscopy and Raman spectrometry

Samples were sectioned into 5 pm slices and de-paraffinized in HistoclearTM (Laborimpex,
Belgium) followed by de-hydration. Samples to be imaged with scanning electron microscopy
(SEM) were sputter coated with gold particles (EDWARDS S150) and subsequently imaged
with Nova NanoSEM™ 450 (FEI). Non-polarized Raman spectra were collected by a T64000
micro-Raman system (Horiba). The laser wavelength excitation selected was the 514.5 nm
emitted from an SSD laser and the excitation beam was focused on the deparaffinated 5 um thin
cross-sections by a 100x microscope objective. Confocal configuration was used in order to
minimize the spectral contribution of the microscope glass slide. The scattered beam passed

through an appropriate edge filter and was then focused on the entrance slit of a single
14



spectrograph (600 g/mm). The signal was detected by a 2D CCD detector with a resolution of

~7 cmL, For statistical purposes, a series of more than 6 spectra was collected from each sample.

Statistical analysis

All experiments were performed with at least three samples per condition. Statistical analysis
was performed using GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, CA) and
represented as mean = SD if nothing else was stated. One-way or two-way Analysis of Variance
(ANOVA) followed by Student’s t test or Tukey’s post-hoc test respectively, was used to find
the significant differences between the means of the different groups with p<0.05: *, p<0.01:

** and p<0.001: ***,

3. Results

3.1. Human periosteum derived cells form microtissues with cartilaginous and
hypertrophic phenotype

hPDCs were seeded into non-adherent microwells to form microspheroids of homogenous size
(107 £ 12 pm dimeter, 2700 microspheroids quantified day 1). The microspheroids were
differentiated in chemically defined chondrogenic media for 21 days leading to accumulation
of extracellular matrix (Figure la and Figure Sla-c, Supporting Information). Proliferation
assay demonstrated high presence of proliferating cells at day 7 (53 £ 21 %) followed by a
significant decrease on day 14 and 21 (Figure 1b-c) and both viable and dead cells were present
throughout the differentiation process (Figure S1d, Supporting Information). Gene expression
analysis was performed on the different building block populations before assembly to define
the maturity of microspheroids over time. mRNA expression of the early chondrogenic marker
SOX9 was up-regulated 7-folds after 7 days in culture without significant change on day 14
followed by a 3-fold down-regulation at day 21 (Figure 1d). The mRNA of the gene COL2A1,

encoding the alpha-1 chain of type 11 collagen present in cartilage, was up-regulated 1600-fold
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by day 14 followed by a significant up-regulation of 5200-fold after 21 days in culture. Up-
regulation of the (pre)hypertrophic gene markers IHH and COLX was detected after 21 days in
culture (Figure 1e). These results indicate the formation of chondrogenic microtissues after 7
to 14 days, which attain a (pre)hypertrophic phenotype after 21 days in culture corroborating
our previously attained data within the same culture platform, where the day 21 microtissues

were defined as “callus organoids” (COs) [19].

3.2. Building blocks from adult progenitor cells form hierarchical structures for
gradient cartilaginous tissue
The osteochondral tissue is defined by layers of tissues with different properties going from
avascular cartilage, mineralized cartilage to subchondral bone. To create a hierarchical
intermediate tissue that upon implantation would create these layers, building blocks of
different maturity were sequentially assembled in a non-adherent macro-well of 2 mm diameter.
Day 7 and day 14 microtissues were added to represent the chondrogenic part, followed by the
prehypertrophic day 21 microtissues expected to continuously mature and mineralize in vivo to
represent the bone part. The macro-well was placed in a Thincert™ to allow media diffusion
from both the top and bottom of the construct during the 24 hours fusion period. Histological
characterization of the in vitro construct showed a gradient increase in Alcian blue staining, Saf
O and collagen type Il (Figure 1f-h). Day 7 microtissues in the bottom layer contained a higher
number of cells per area (4062 + 463 cellssmm?) compared to the top layer with day 21
microtissues (2538 * 521 cellssmm?) while the top layer contained increased sulfated
glycosaminoglycans (SGAG) and collagen type Il positive areas confirming the formation of a
hierarchical construct.
Next, the constructs were implanted subcutaneously in immunocompromised mice for
4 weeks to evaluate their in vivo tissue formation/maturation potency. Alcian blue staining

indicated the formation of two distinct layers, a fibrocartilage-like layer which was non-
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mineralized and a second layer containing mature hypertrophic chondrocyte-like cells (Figure
Sle, Supporting Information). Collagen type I immunostaining (COL1) demonstrated positive
areas in the mineralized part but also in the fibrocartilage-like layer, further indicating a fibrous
nature of the non-mineralized region (Figure S1f, Supporting Information). NanoCT
demonstrated that the top layer was mineralized (Figure 1k) and certain areas were positive for
fast green (Figure 1i), hOCN (Figure 1j) and fluorescent H&E staining (Figure S1g, Supporting
Information) indicating occurrence of bone formation. Although a layered structure was created
after subcutaneous in vivo implantation, the cartilaginous part showed a fibrous phenotype with
elongated cells, indicating that the microtissues were insufficient for formation of Saf O positive
cartilage at a subcutaneous implantation site. However, as previously described, the
(pre)hypertrophic day 21 microtissues, “callus organoids” (COs), showed promise for bone

formation.

3.3. Chondroprogenitors from human induced pluripotent stem cells form cartilage
microtissues in vitro

Since the day 7 and 14 microtissues formed fibrocartilage in vivo, an alternative cell source for
creation of the cartilaginous part was introduced. iPSCs have emerged as a promising cell
source for cartilage TE and Saf O positive cartilage tissue in vivo has successfully been
produced from human iPSCs [36-38]. Here, human iPSCs were differentiated into highly Saf
O positive chondrogenic nodules (approximately 2 mm in diameter) (Figure 2a) [37]. Cells
within the nodules were subsequently isolated by enzymatic digestion resulting in a yield of
256 500 + 37 590 iPSC-derived chondrocytes (iChon) per nodule (140 nodules from 4
independent digestions). Gene expression of three independent iChon batches were compared
to hACs from three donors to assess their chondrogenic phenotype. iChon had increased mMRNA
expression of the early chondrogenic marker SOX9 and COL2 but no significant difference was

seen for ACAN and COL1 (Figure 2b). These data demonstrate that iPSCs were successfully
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differentiated into chondrocytes which secreted sGAG-rich cartilaginous matrix and isolated
iChon.

Next, the isolated chondroprogenitors (iChon) were seeded into non-adherent micro-
wells. The entrapped chondroprogenitors underwent self-aggregation and subsequent
condensation into microspheroids at day 7 (Figure 2c) followed by an increase in size over time
(Figure 2d). Alcian blue and Saf O staining demonstrated presence of extracellular matrix
already at day 7 (Figure 2e-f). A down-regulation of the early chondrogenic marker SOX9
(Figure 2g) was detected in the building blocks as compared to the isolated iPSC derived
chondrocytes (iChon; Day 0), indicating an effect of the aggregation and microspheroid culture.
However, the chondrogenic marker COL2 remained stable over time (Figure 2g) suggesting
that collagen type 11 secretion remained stable. In addition, the genes GREM1 and FRZB related
to articular cartilage maintenance were 3- and 4.5-fold up-regulated, respectively, after 21 days
(Figure 2g) while COL1 gene expression associated with fibrocartilage also was up-regulated
(Figure 2h) [50]. Furthermore, no significant difference in gene expression of the hypertrophic
markers IHH or PTH1R was detected between day 0 and 21, although significant up-regulation
of the hypertrophic genes COLX (3-fold), ALP (2-fold) and LEF1 (3.5-fold) was detected on
day 21 (Figure 2i). In conclusion, isolated iChon were able to form cartilage-like microtissues
with increasing size over time and up-regulation of articular cartilage gene markers, although

certain hypertrophic gene markers also were up-regulated on day 21.

3.4. Chondrogenic and prehypertrophic building blocks assemble into integrated
constructs in vitro

The presented results indicate that the day 21 COs (Figure 1d-e) and day 21 iCMTs (Figure 2)

have characteristics suitable to create a dual construct from the bottom up with one part (iCMTSs)

representing cartilage and the second part (COs) more hypertrophic cartilage potentially serving

as a template for the subchondral bone. Indeed, gene expression was analyzed to further assess
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the cellular phenotype of the distinct building blocks. No significant difference of the
chondrogenic gene markers SOX9 and COL2 was detected between day 21 hPDC- and iChon-
derived building blocks while mRNA levels of the genes GREM1 and FRZB associated with
articular cartilage maintenance were significantly higher in iChon compared to hPDC building
block on day 21 (Figure 3a). Furthermore, the mRNA levels of hypertrophic gene markers
were significantly higher in the hPDC-derived building blocks compared to iChon-derived
building blocks on day 21: IHH (37-fold), COLX (781-fold), ALP (601-fold), PTH1R (14-fold)
and LEF1 (2-fold) (Figure 3b and Figure S2c, Supporting Information). No significant
difference in COL1 mRNA levels between hPDC- and iChon-derived building blocks were
observed on day 21 (Figure S2d, Supporting Information).

Since formation of larger constructs requires fusion of building blocks, quantification
of fusion capacity was assessed by fusion of two building blocks of each tissue type (Figure
3c). 24 hours fusion was previously shown to be suitable for assembly of COs which was
confirmed by the significantly lower aspect ratio (AR) already observed after 10 hrs after which
it continued to decrease (Figure 3d). Markedly, iCMTs fused (Supplemental Movie 1)
significantly slower and consequently a longer fusion time for iCMTs was used. The iICMTs
were assembled in a non-adherent macro-well (2 mm diameter) which resulted in a thin layer
(Figure S2a, Supporting Information). After 24 hrs, COs were added on top for an additional
24 hrs of fusion into a dual construct (Figure 3f, Figure S2b, Supporting Information). Hence,
to correlate with the AR quantification, iCMTs were fused for 48 hrs in total while the COs
were fused for 24 hrs.

Gene expression analysis demonstrated a distinct difference between hPDC and iChon
building blocks on day 21 (Figure 3a-b) and vague differences were further detected with
histological staining. Alcian blue staining of fused constructs demonstrated presence of ECM
although no or small differences were detected between COs and iCMTs (Figure 4a), while Saf

O staining was more prominent in iCMTSs (Figure 4b) and IHH immunostaining hinted towards
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increased staining of cells within COs (Figure 4c, black arrows). Next, SEM was performed on
the different building blocks (CO and iCMT) to visualize the ECM structure with high
magnification (Figure 4d). As comparison, the human articular cartilage on an osteochondral
section (Figure S2e, Supporting Information) was imaged. CO exhibited a dense fibrous ECM
structure (Figure 4d, CO 50 000x) while the ECM structure of iCMT was more porous, similar
to the structures detected in articular cartilage.

To further elucidate the chemical composition of ECM, Raman spectroscopy was
applied on fused in vitro constructs (COs and iCMTSs). Raman spectroscopy has previously been
used to assess the quality of tissue engineered cartilage as well as native articular cartilage [51—
53]. Typical Raman spectra from native cartilage tissue as well as engineered cartilaginous
tissues (hPDC derived COs and iChon derived iCMTSs) are depicted in Figure 4e. Several bands
may be resolved via assignment found in the literature [52,53]. The most prominent bands are
the ones characteristically described amide I and 111 bands at ~1650 and 1250 cm™ respectively
and the CH, and CH3 bending bands at ~1450 cm™. The latter are ascribed primarily to collagen
chemical species, however respective bands of lipids may also contribute in the same spectral
range. Two additional weaker bands at ~1060 and 1130 cm™ have been used in order to predict
the amount of glycosaminoglycans (GAG) and Aggrecan in the samples [54,55]. One of the
foremost arguments resulting from Raman spectroscopy is the fact that the intensity of the
aliphatic bands is enhanced in both cases of engineered tissues. The intensity enhancement is
revealed by comparison with the amide | and amide Il bands in the respective spectra. An
additional finding is that the Raman prediction of GAG and Aggrecan for the two engineered

cartilaginous tissues differs (Figure 4f).
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3.5. Integrated constructs can maintain maturation properties in vivo and form
osteochondral-like tissues

The fused constructs (only COs or iCMTs and Dual) were implanted subcutaneously for 4
weeks to evaluate their capacity to mature in vivo (Figure 5a). Mineralization was detected in
both dual and osteogenic (COs) constructs but not in chondrogenic (iCMTs) constructs (Figure
5b and Figure S3a, Supporting Information). As expected, the dual constructs contained
significantly less mineralization (18 + 6 %) as compared to the hPDC constructs (29 £ 3 %)
(Figure 5g and Figure S3b, Supporting Information). To enable visualization of cartilaginous
tissue with nanoCT, the contrast agent Hexabrix® (ioxaglate meglumine & ioxaglate sodium)
was used. lonic Hexabrix® is detected by nanoCT and repelled by negatively charged tissue,
such as SGAG-rich cartilage, resulting in decreased gray values for cartilaginous tissues [45].
Cartilaginous tissue was detected in both the iCMTs (3/3 samples) and dual constructs (3/6
samples). 3D rendering of mineralized and cartilaginous tissue demonstrated that the two parts
formed a dual tissue (Figure 5b).

H&E staining of the dual constructs indicated areas of integration between the distinct
building blocks (Figure 5c, black arrow) although non-mineralized fibrous regions were also
discerned between the two parts (Figure 5c, white arrow and Figure S3d, Supporting
Information). The presence of two distinct zones was further demonstrated with positive Saf O
staining in three of six dual samples (Figure 5d and Figure S3d, Supporting Information) as
well as collagen type Il positive areas in the iCMT construct/part (Figure 5e). However, COs
in dual samples with advanced maturation into bone ossicles, containing cortical bone and bone
marrow (Figure S3e, Supporting Information), appeared to subdue the iCMTs. Quantification
of the Saf O positive area showed that 3/6 dual implants contained 41 £ 5 % (n=3) while the
other 3/6 dual implants did not contain Saf O positive areas (Figure 5h). Interestingly, 2/3 iCMT
implants generated homogeneous Saf O positive tissues, demonstrating that the assembled

building blocks were able to fuse into one tissue without evident microtissue structures after
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implantation (Figure 5d: iCMTSs). Furthermore, 2/5 CO implants generated tissues with Saf O
positive areas indicating the presence of hypertrophic cartilage that was not yet fully remodeled
(Figure 5d and h, COs).

Human osteocalcin (hOCN) positive areas in the CO construct/part provided evidence
that at least some of the implanted human cells were contributing to bone formation (Figure 5f)
and COL1 immunostaining demonstrated higher positivity in CO constructs/parts, while
presence of COLL1 in the iCMT explants was mainly present in the fibrous periphery (Figure
S3f, Supporting Information). Structure thickness (St. Th.) and structure linear density
(St.Li.Dn) within the mineralized tissue structures (Figure S3c, Supporting Information) of COs
and Dual constructs did not demonstrate any significant differences (Figure 5i-j). Variations in
mineral structure thickness and structure linear density may instead be attributed to the bone
maturation (Figure 5i, empty data points represent constructs without Saf O positive regions).
These data demonstrated that the different building blocks could integrate into dual constructs
with preserved maturation properties to form osteochondral-like tissues upon subcutaneous
implantation. However, the variable in vivo outcome demonstrated that the subtle balance

required between the two tissues was not fully achieved.

4. Discussion

In this study, we aimed to engineer a patterned osteochondral tissue using distinct cartilaginous
building blocks, which allowed the progressive formation of an osteochondral unit upon
subcutaneous in vivo implantation. The native osteochondral tissue consists of a gradient with
multiple cell types, which maintain a stability of the full depth joint surface including non-
mineralized hyaline cartilage, mineralized cartilage and subchondral bone. The one-module
culture set-up currently used in TE is limiting the complexity of TE constructs that can be
produced [56]. A multimodular approach using microtissues and organoids [30,57] was

therefore proposed here, to allow the assembly of multiple building blocks into designed

22



gradients corresponding to the native structure. By generating a hierarchical tissue assembly
from building blocks of defined developmental stages (proliferation to hypertrophy) we aimed
to create an engineered implant able to form an osteochondral unit in vivo. However, although
mineralized tissue was detected, the hPDC derived microtissues with chondrogenic gene
expression phenotype (SOX9, COL2A1 up-regulated mRNA expression) resulted in
fibrocartilage upon subcutaneous implantation (Figure 1i-j and S1e-f, Supporting Information).
The use of multipotent MSCs has been shown to result in fibrocartilage or onset of hypertrophy
leading to mineralization after long term implantation, even at orthotopic sites [25,34],
indicating that adult MSCs either do not have the intrinsic capacity to form stable cartilage or
that current chondrogenic differentiation protocols are not appropriate. For further
improvement, developmentally-inspired expansion and differentiation protocols have been
presented to obtain more stable cartilage from adult progenitor cells [58,59].

In this study, we aimed at using human iPSCs as cell source for the generation of
cartilage microtissues which could result in Saf O positive cartilage after subcutaneous
implantation. In contrast to hACs, chondrocytes derived from iPSCs can be produced in large
amounts without the need of making additional cartilage defects for obtaining biopsies, making
IPSCs potentially attractive for clinical translation [60]. Additionally, iPSC-derived
microtissues can be produced through protocols ensuring homogeneity and purity [36,37,61]
and their production has scale-up potential by using bioreactors [62]. We demonstrated that
cells isolated from chondrogenic nodules derived from iPSCs (iChon) attained comparable gene
expression levels of ACAN and COL1A1l as hACs while SOX9 and COL2 mRNA transcript
levels were higher in iChon (Figure 2b). The relatively high SOX9 and COL2 mRNA expression
in iChon compared to hACs may be linked to a younger cell phenotype of iChon or be an effect
of the well-known event of dedifferentiation during monolayer culture [63,64]. Subsequent
aggregation of iChon into microspheroids allowed the formation of cartilage microtissues

(iICMTSs) permitting bottom-up formation of larger constructs. Upon implantation, the iCMT
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constructs formed uniform cartilaginous tissues, demonstrating building block integration
(Figure 5). This is in contrast to previously published data of assembled iPSC cartilage nodules
[37] and the improved building block integration could be related to the relatively short culture
time for iChon as microtissues (3 weeks) compared to nodules (6-8 weeks). This time-
dependent fusion capacity is a phenomenon previously described for sheep articular
chondrocytes [65]. This is an interesting finding as compared to prior art [66] and the
reconstitution of iPSC pellets into iChon microtissues could be a methodology enabling module
fusion for modular tissue engineering of cartilage.

Although iPSCs demonstrate promise for cartilage regeneration, few studies have applied
IPSC-derived chondrocytes to tissue engineer zonal osteochondral grafts, to our knowledge.
Lin et.al. demonstrated the formation of an osteochondral unit in vitro using iPSCs for the
purpose of drug screening but no in vivo functionality was reported [67]. Our approach involved
the combination of iChon derived iCMTs for the cartilage part to overcome limitations using
hACs and adult progenitor cell (hPDC) derived COs for the bone part to take advantage of their
robust endochondral bone forming potency [19]. Gene expression demonstrated a distinct
cellular difference between COs and iCMTs (Figure 3a-b) and Raman spectroscopy gave
information regarding ECM composition (Figure 4e-f). Engineered iCMTs showed higher
resemblance to native cartilage in terms of the proportional GAG and aggrecan presence to
overall collagen (as quantified through the main Amide | peak) as indicated in the Raman
spectra analysis. The presence of lower aggrecan in the case of hPDC engineered COs could
also be linked to a more hypertrophic phenotype as seen also in the context of osteoarthritis
[68]. These findings provide additional information on the properties of the extracellular matrix
that are in accordance with the gene expression analysis and immunohistochemistry carried out
between the different conditions, further distinguishing the properties of the extracellular matrix
of the two populations of cartilaginous microtissues. With further validation, Raman spectra

could be used to quantitatively identify engineered tissue quality properties (tissue identity)
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with high precision and hopefully act as predictive tools for implant potency and novel
biomarker identification for organoid-based implants [52,53]. However, it should be noted that
the measurements in our work were carried out in fixated histological sections hence further
validation in “living organoids” should be carried out in future experiments.

Subcutaneous implantation of the assembled constructs demonstrated tissue maturation and
the two different zones (COs and iCMTSs) showed the development of a tissue interface that
appeared to have areas of integration (Figure 5c, black arrow), quite critical for its potential
biomechanical and biological behavior in vivo when implanted in a deep osteochondral defect.
Nevertheless, half of the dual implants in our study generated both Saf O positive and
mineralized regions while the other half lacked Saf O positive cartilaginous regions. These
results highlight the importance of a balanced cellular phenotype between the cartilaginous and
bony part. The absence of a cartilaginous region could be attributed to the up-regulation of
certain hypertrophic gene markers in the iCMTs at day 21 (Figure 2i: COLX, ALP, LEF1). In
addition, the mineralized part in the dual constructs containing Saf O positive regions was less
mature compared to samples without Saf O positive regions, indicating that the maturation of
the COs bone part overpowered the maintenance of the cartilaginous iCMT phenotype.

The native cartilage-bone interface of the joint surface is defined by the tidemark, a tissue
junction between mineralized and non-mineralized cartilage, which plays an important role in
the maintenance of a balanced osteochondral unit [69,70]. Attempts to recreate an in vitro
cartilage-bone interface using combinations of biomaterials and cells have been presented in
the literature, as well as scaffold-free approaches to recreate the crucial mineralized cartilage
zone between the non-mineralized cartilage and bone substitute [9,71,72]. Introduction of a
biomaterial- or protein-based barrier, i.e. electrospun membrane [73] or noggin [24]
respectively, between iCMTs and COs may be a solution to further improve the in vivo outcome.
However, the formation of the tidemark is hypothesized to be linked to mechanical stimulation

[74,75] and orthotopic implantation is therefore probably necessary to evaluate this point.
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Hence, orthotopic implantation in an osteochondral defect model is also required to assess
whether the interface between iCMTs and OCs could possess a functional role corresponding
to that of the tidemark. Moreover, the building block approach applied in our work provides the
possibility to model cartilage-bone integration by detailed analysis of building block fusion as
previously described for hepato-biliary-pancreatic organoids [76]. The in vitro building block
fusion could further be combined with novel microwell platform designs, which might elicit
improvements in micro-engineering of osteochondral niches in vitro [77]. Additionally, the
development of dual constructs with an iPSC-derived bone part [36,78,79] is envisaged to
create an osteochondral graft entirely derived from iPSCs.

The modular approach suggested in this work is amenable to the use of recently
developed biofabrication technologies for a more automated and guided bioassembly process
[9,57,80-82]. The use of large spheroids for bioprinting has been exhibited [82] for the
formation of spatially organized tissues [81], in the presence of scaffolds. The intrinsic design
of scaffolds could also be designed to further promote a gradient tissue formation [83] in
addition to deposition of spheroids. Recently, aspiration assisted bioprinting showed that single
microspheroids, of equivalent size to our study, could be picked-up and transferred at desired
locations [80]. Currently, the throughput of these strategies is low and considerable time would
be needed for the biomanufacturing of clinically relevant tissue volumes. However, it is
plausible that through parallelization and further intensification of these processes it could be
possible to automate the production of complex patterned osteochondral tissues as developed

in the present study.

5. Conclusion
Organoids engineered in vitro possess the capacity to semi-autonomously undergo maturation
and developmental-like processes in vivo. This provides the unique opportunity to build

complex living implants within which a quasi-deterministic behavior can be engineered. In this
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study, we embedded genetically distinct populations of cartilaginous tissue intermediates within
a single implant in order to create an osteochondral tissue unit. iICMTSs, derived from human
IPSCs, were assembled with COs, derived from human PDCs, to engineer a zonal structure.
Upon implantation, the different zones (iCMTs and COs) of the implant, could result in the
formation of a dual structure of cartilage and bone corresponding to the preimplantation design.
Additional studies to further stabilize dual maturation as well as implantation at orthotopic sites
will be needed to explore the capacity of these implants to gradually integrate at the defect site

and result in an osteochondral tissue.
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Figure 5
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Figure Captions

Figure 1. Hierarchical micromodule implant derived from adult hPDCs. a) Schematic overview
of building block assembly into tri-layered constructs. b) Semi-quantification of proliferating
EdU positive cells (box plot min to max where each point represents one microspheroid; one-
way ANOVA followed by Tukey’s post-hoc test) and c) representative images. d) Gene
expression analysis on the different building block populations before assembly of
chondrogenic and e) hypertrophic markers (graphs show mean + SD of three independent
samples; one-way ANOVA followed by Tukey’s post-hoc test). f) In vitro constructs stained
with Alcian blue/Nuclear Fast Red (NFR), g) Safranin O/Fast Green and h) collagen type Il
immunostaining. Samples four weeks after implantation stained with i) Safranin O/Fast Green
and j) human osteocalcin (hOCN). k) 3D visualization of mineralized tissue imaged with
nanoCT; 3 constructs were implanted in 3 different mice. #: agarose, FC: fibrocartilage, NB:
new bone. Scale bars represent c: 50 um, f-j: top-images represent 500 um, zoom-in images
100 pm and k: 500 pm.

Figure 2. Formation of cartilage microtissues from iPSC derived chondrocytes (iChon). a)
Safranin O /Fast Green staining of mature chondrogenic nodules derived from iPSCs. b) Gene
expression comparison of cells isolated from iChon nodules and hAC (mean + SD; each data
point represents one hAC donor/independent iPSC experiment; unpaired t test). c) Bright field
images of building blocks created from iChon in non-adherent microwells. d) Projection area
of iChon building blocks over time (mean + SD; each data point represents one individual
building block, data pooled from 3 independent iPSC experiments; one-way ANOVA followed
by Tukey’s post-hoc test). Histological sections of cartilaginous building blocks stained with e)
Alcian blue/NFR and f) Saf O/Fast Green. Gene expression analysis of iChon building blocks
over time of genes related to g) articular cartilage, h) fibrocartilage and i) chondrocyte
hypertrophy (mean £ SD of four independent samples; one-way ANOVA followed by Tukey’s
post-hoc test). Scale bars represent a: 50 um (zoom-in) and 500 um (insert), ¢: 200 um and e-
f: 50 pm.

Figure 3. Creation of integrated osteochondral tissues through assembly of hPDC- and iChon-
derived building blocks. a) Chondrogenic and b) hypertrophic gene expression analysis of
hPDC- and iChon derived building blocks at day 0 and 21 (mean = SD of three (hPDC) or four
(iChon) independent samples; two-way ANOVA followed by Tukey’s post-hoc test). c)
Equation for the aspect ratio (AR). d) Aspect ratio (AR) quantification for dual building block
fusion over time for callus organoids (COs) and cartilage microtissues (iCMTs) separately
(mean £ SD, each data point represents one dual fusion; two-way ANOVA followed by Tukey’s
post-hoc test; #: compared to COs Ohrs; $: compared to iCMTs Ohrs). €) Representative images
of fusing building blocks. f) Bright field image of a fused construct in the constructed agarose
macro-well. AR: aspect ratio, L: length, W: width, COs: callus organoids, iCMTs: cartilage
microtissues. Scale bars represent e: 100 um, f: 500 pm.

46



Figure 4. Characterization of the extracellular matrix in building blocks. Histological sections
of in vitro constructs stained with a) Alcian blue/NFR, b) Saf O/Fast Green and c) indian
hedgehog (IHH) immunostaining (white arrows: cells negative for IHH; black arrows: cells
positive for IHH). d) SEM images of CO, iCMT building blocks and human articular cartilage
(white dotted line: tidemark, *: articular cartilage). ) Typical Raman spectra from native
articular cartilage, COs and iCMTs. f) Bar charts indicating the relative intensity of the 1061
(GAG) and 1131 cm™ (aggrecan) peaks with respect to the aliphatic ~1650 cm™ band (mean +
SD). COs: callus organoids, iCMTs: cartilage microtissues, IHH: Indian hedgehog. Scale bars
represent a-c: 50 pm.

Figure 5. In vivo functionality of integrated dual constructs after 4 weeks implantation. a)
Schematic illustration of building block assembly into zonal constructs. b) Cross-section and
3D rendering of nanoCT demonstrating mineralized (white; threshold defined by automatic
Otsu segmentation) and cartilaginous tissue (dark grey in cross-section and red in 3D rendering).
Histological sections of samples after 4 weeks subcutaneous implantation stained with ¢) H&E
(arrows: zone interface), d) Safranin O/Fast Green (Figure S3d-e, Supporting Information), €)
collagen type Il and f) human osteocalcin (hOCN) immunostaining. g) Quantification of
mineralized tissue normalized to total tissue volume (% MV/TV). h) Quantification of Saf O
stained regions (%). i) Structure Thickness (St. Th.) and j) Structure Linear Density (St.Li.Dn)
of the mineralized structure in the bony region calculated from nanoCT images. Graphs show
violin plots with each data point representing one explant. 5 of 5 COs, 3 of 4 iCMTs and 6 of 6
Dual constructs were recuperated in total from two separate experiments; two samples per
mouse were implanted (8 mice in total). B: bone, RC: remodeling cartilage, C: cartilage, COs:
callus organoids, iCMTs: cartilage microtissues. Scale bars represent 500 um and zoom-ins
(dashed border) 100 pum.
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Supplementary Figures
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Figure S1. Formation of cartilaginous and prehypertrophic building blocks from adult hPDCs.
a) Bright field images of hPDC microspheroids over time. b) Alcian blue/NFR and c) Safranin
O (Saf O) staining of building block sections at day 7, 14 and 21. d) Viability staining of hPDC
microspheroids over time. Hierarchical constructs after four weeks implantation stained with e)

Alcian Blue/NFR, f) collagen type | (insert: negative control without primary antibody), and
49



H&E visualized with bright field and GFP fluorescence. Scale bars represent a-d: 50 um, e-g:
top-images 500 um and zoom-in images 100 pum.
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Figure S2. Schematic image of building block assembly into dual constructs. a) iChon were
isolated, cultured as microspheroids into iCMTs and assembled into an agarose microwell (2
mm diameter). b) hPDCs cultured as microspheroids into COs were added after 24 hrs for
bilayered assembly. Bilayered constructs were implanted subcutaneously in immune
compromised mice. ¢) LEF1 and d) COL1 gene expression analysis of hPDC- and iChon
derived building blocks at day 0 and 21 (mean + SD of three (hPDC) or four (iChon)
independent samples; two-way ANOVA followed by Tukey’s post-hoc test). e) H&E staining
of human osteochondral tissue, *: articular cartilage, dotted line: tide mark. hPDC: human
periosteum-derived cells, iChon: iPSC-derived chondroprogenitors, CM: chondrogenic
medium, COs: callus organoids, ICMTSs: cartilage microtissues. Scale bars e) represent left: 500

um and right: 200 pum.
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Figure S3. NanoCT analysis after 4 weeks implantation to define a) total mineralized volume
b) total explant volume, and c) total volume of mineralized region (without hexabrix stained
region). Graphs show mean £ SEM with explants pooled from two individual experiments
(COs: 5, iICMTs: 3, Dual: 6 samples); each data point represents one sample; one-way ANOVA
followed by Tukey’s post-hoc test; two samples per mouse were implanted (8 mice in total). d)
nanoCT section and Saf O/Fast Green staining of three types of dual integration detected. €)
Saf O/Fast green staining of alternative in vivo outcome. f) Collagen type 1 immunostaining of
explants. COs forming full ossicle (2/5), iCMTs with weak Saf O staining (2/3) and Dual
constructs without Saf O positive areas (3/6). RC: remodeling cartilage, CC: columnar
chondrocytes, B: bone, FT: fibrous tissue, iChon: iPSC-derived chondroprogenitors, COs:
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callus organoids, iCMTs: cartilage microtissues. Scale bars represent d: 100 um, e: 500 pum, f:

500 pm and zoom-ins (dashed border) 100 pum.
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