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Abstract

The fate and behavior of bone marrow mesenchymal stem/stromal cells (BM-MSC) is bidirectionally influenced by
their microenvironment, the stem cell niche, where a magnitude of biochemical and physical cues communicate in an
extremely orchestrated way. It is known that simplified 2D in vitro systems for BM-MSC culture do not represent
their naive physiological environment. Here, we developed four different 2D cell-based decellularized matrices (dECM)
and a 3D decellularized human trabecular-bone scaffold (dBone) to evaluate BM-MSC behavior. The obtained cell-
derived matrices provided a reliable tool for cell shape-based analyses of typical features associated with osteogenic
differentiation at high-throughput level. On the other hand, exploratory proteomics analysis identified native bone-
specific proteins selectively expressed in dBone but not in dECM models. Together with its architectural complexity, the
physico-chemical properties of dBone triggered the upregulation of stemness associated genes and niche-related protein
expression, proving in vitro conservation of the naive features of BM-MSC.

Keywords
Decellularization, bone model, stem cell niche, stemness, osteogenesis, 3D models

Date received: 12 November 2021; accepted: 4 January 2022

Introduction adult tissues retain unique milieus, known as stem cell
niches, defined by their anatomic location and protective
surrounding, where multipotent cells are self-maintained
in quiescence and/or mobilized in response to stimuli. The
niche is a dynamic structure that transmits and receives

Mesenchymal stem/stromal cells (MSC) are rare, self-
renewing, multipotent cells, responsible for maintaining
skeletal tissues’ homeostasis. Since the discovery of MSC
in bone marrow (BM),! similar cell populations with pro-
liferative competence, an undifferentiated phenotype and
the ability to differentiate into osteoblastic, adipogenic,
and chondrogenic lineages in vitro, have been identified
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signals through cellular and acellular mediators, where the
interplay between MSC and neighboring cells of different
maturation and activation states likewise plays a pivotal
role in tissue dynamics.'? These niches protect stem cells
from depletion during adult life, preventing their uncon-
trolled proliferation and differentiation. The concept of a
stem cell niche has become more complex since its first
definition was proposed by Schofield in 1978 in the con-
text of the hematopoietic microenvironment'?; stem cell
niches constitute a basic unit of tissue physiology, with not
only well-defined anatomical but also with functional
dimensions. A primary function of the niche is to provide
physical anchorage to stem cells, mainly via RGD-
mediated adhesion molecules.'* In BM, the location and
identification of MSC is controversially discussed due to
the lack of distinct surface markers to identify these cells
in vivo. Recent studies suggested that at least three differ-
ent osteoblastic niches for skeletal progenitor cells exist, in
particular at endosteal, perivascular, and stromal regions
(reviewed in Herrmann and Jakob!!'), implying distinct
functions in tissue maintenance and regeneration.' It is
clear that standard in vitro monolayer culture approaches
do not recapitulate this environmental complexity, thus
causing a widely observed translational gap from in vitro
results to the in vivo situation and clinics. Moreover, from
a biochemical perspective, the niche-specific extracellular
matrix (ECM) regulates stem cell fate in an extremely
well-orchestrated manner,'° triggering intracellular signal-
ing pathways either by (1) directly binding to cellular
receptors, or indirectly (2) presenting non-canonical
growth factors, and (3) generating stress gradients of, for
example, oxygen content or mechanical forces due to its
physical properties and spatial orientation. In fact, the
ECM network is not an arbitrary arrangement of structural
proteins. Common ECM proteins such as collagens,
fibronectin, vitronectin, and proteoglycans exhibit con-
served motifs assigned to keenly bind several growth fac-
tors and bone morphogenic proteins (BMPs), hence acting
as an insoluble localized reservoir of morphogens.!”'
Meanwhile, proteolytic enzymes, such as matrix metallo-
proteinases (MMPs), locally break ECM proteins, result-
ing in a confined release of soluble growth factors from
their insoluble anchorage.'>?° Likewise, physical proper-
ties of the microenvironment such as stiffness, porosity
and topography are also constantly being remodeled and
may as well influence various anchorage-related biologi-
cal functions, such as cell division, tissue polarization, and
cell migration.?"??> Importantly, all these characteristics
and properties are intrinsically related and can mutually
influence each other. This becomes even more evident
when one considers cell-ECM communication (or rela-
tions) as bidirectional interactions, wherein cells con-
stantly rebuild their surroundings, thus untimely
influencing their own fate.?>> It follows from this that
great efforts have been made in the field of tissue

engineering using advanced biomaterials to recapitulate
these unique niche conditions in ex vivo culture. The key
universal goal is to avoid the persistently observed “age-
ing” process of cells during long-lasting in vitro cultiva-
tion —that is, cell shape change, and significantly decreased
colony-forming and differentiation potential.?*?” Indeed, it
is now widely recognized that 2D cultures, despite their
numerous advantages in regard to simplicity, impose arti-
ficial spatial limits to cell-matrix interactions and mechan-
ical transduction processes. Consequently, those limitations
ultimately strongly influence cell biological functions and
response to stimuli,?® resulting in potentially misleading
results toward clinic applications. A wide variety of mate-
rial alternatives have been developed to recreate the tissue-
specific ECM composition and intricate structure of stem
cell niches, 32 albeit a single in vitro model that repro-
duces the in vivo microenvironment homeostasis remains
a bioengineering challenge. Aiming to address this issue,
decellularization of cell-derived ECM, tissues, and organs
came as an ideal reverse-engineering concept able to faith-
fully mimic the native tissue complexity. Through physi-
cal, chemical and/or enzymatic treatments, the central goal
of decellularization protocols is to preserve the above-
mentioned biochemical complexity and mechanical integ-
rity of the tissue, while efficiently removing all cellular
elements to prevent any immunological reaction.3?
Decellularized tissue constructs have been successfully
applied for several years in tissue engineering and regen-
erative medicine, mainly designed for rather simple tis-
sues, for example, heart valve substitutes,>*3> skin
grafts,’*37 bladder mucosa grafts,3%3° etc. Particularly,
decellularized bone ECM-derived constructs — for exam-
ple, (1) in vitro MSC-produced decellularized ECM con-
structs®® and (2) bioactive 3D scaffolds originated from
trabecular*'*? or cortical decellularized bone®® — have
gained a lot of interest as implantable biomaterials for
bone tissue repair and regeneration, due to their biochemi-
cal properties and their unique mechanical properties and
architecture.

To date, the simplest models for examining biological
behavior of MSC in response to microenvironmental fac-
tors are conducted in 2D monocultures.** Although very
convenient and effective for mechanistic purposes, the
results from 2D culture models may not represent the
essential and complex physical features of native microen-
vironments. Therefore, in this study, we developed and
systematically compare unique human bone ECM models
(2D and 3D) based on decellularization techniques, aiming
to identify intrinsic ECM regulatory factors in either basal
or osteogenic settings, which may be responsible for main-
tenance of MSC stem-cell competence in vitro and their
response to homeostatic and extrinsic signals. Thus, the
novelty of this study lays on the systematic approach aim-
ing to verify the physiological relevance of 2D in vitro
produced decellularized models, commonly used in
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literature, by a direct comparison with a human tissue-
derived decellularized matrix.

Materials and methods

BM-MSC isolation and expansion

MSC were isolated from human BM acetabular reaming
of patients undergoing hip arthroplasty surgery after
obtaining informed consent of the patient (Ethical
approval (187/18)). Briefly, mononuclear cells were col-
lected from BM material by Ficoll (Histopaque®-1077,
Sigma-Aldrich, Germany) density gradient centrifugation
(150 RCF for 5min, Heraeus Multifuge X1R Centrifuge,
Thermo Fisher Scientific, Germany) and repeatedly
washed. To obtain adherent BM-MSC fraction, cells
were cultured and further expanded in culture medium
(DMEM/F-12 GlutaMAX, 31331-028, Gibco, Germany)
supplemented with 10% fetal calf serum (FCS, Bio&Sell,
Germany), 1% Pen/Strep (P4333, Gibco), 1% HEPES
(HO0887, Sigma-Aldrich), and 5ng/mL fibroblast growth
factor (FGF, 100-18C, PeproTech, Germany) at 37°C in a
humidified atmosphere and 5% CO,. Culture medium was
replaced three times a week. Cells were detached from
culture flasks by trypsinization (T4174, Sigma-Aldrich),
centrifuged and washed. Cell number and viability were
assessed with the trypan-blue dye (93595, Sigma-Aldrich)
exclusion test. BM-MSC in passage 4—6 were used for the
experiments.

2D decellularized matrices (dECM) production

We often observed delamination of newly formed ECM of
decellularization cultures on conventional tissue culture
plastic well plates (data not shown). In order to achieve
robustly anchored native dECM, BM-MSC were seeded
on 13mm treated-coverslips (174950, Thermo Scientific
Nunc, USA) at a density of 2 X 10* cells/cm?. Cells were
cultivated for an accommodation period of 48h in
DMEM/F-12 GlutaMAX medium supplemented with
10% FCS, 1% Pen/Strep and 1% HEPES, before starting
the matrix production phase. Four different models were
created combining two variables: the time of culture (10 or
21days) and media supplementation (basal: DMEM/F-12
GlutaMAX medium supplemented with 10% FCS, 1%
Pen/Strep, 1% HEPES, and 50 pug/mL L-Ascorbic acid
2-phosphate (ASC, A8960, Sigma-Aldrich); osteo: DMEM
low glucose medium (D6046, Sigma-Aldrich) supple-
mented with 10% FCS, 1% Pen/Strep, 1% HEPES, 50 ng/
mL ASC, 5SmM B-Glycerophosphate disodium salt (-GP,
G9422, Sigma-Aldrich) and 10nM dexamethasone
(D4902, Sigma-Aldrich)). After the matrix production
phase, all different types of cultures were exposed to a
mild decellularization protocol. First, monolayers were
washed 2 times with phosphate-buffered saline without

calcium and magnesium (PBS, D8537, Sigma-Aldrich),
and incubated in lysis buffer (20mM ammonia
(1.05432.1011, Merk, Germany) in 0.5% (v/v) PBS-Triton
X100 solution (3051.3, Carl Roth, Germany)) for 10 min at
37°C under gentle agitation. Next, monolayers were
washed repeatedly with excess of PBS before complete
decellularization of matrices with DNase 100 Units/mL
(DN25, Sigma-Aldrich) dissolved in 0.15 M sodium chlo-
ride (NaCl, P029.3, Carl Roth) incubation for 1h at 37°C
under gentle agitation. dECM were finally washed twice
with PBS and stored for no longer than 1 month at 4°C in
PBS supplemented with 1% Pen/Strep until allogeneic
BM-MSC seeding.

Decellularization efficiency

In order to assess the efficiency of the decellularization
protocol, matrices for each condition were fixed in 4%
paraformaldehyde (PFA, 11762, Morphisto, Germany) just
after the matrix production phase and respectively after the
complete decellularization protocol. Monolayers were
washed twice with excess of PBS, followed by staining of
cell nuclei with 4',6-diamidino-2-phenylindole (DAPI,
H-1200, Vectashield, USA). Coverslips were mounted on
slides for fluorescence microscopy and DAPI channel
images were acquired (DMi8, Leica, Germany) for each
condition. Cell counting was performed with a Fiji analy-
sis plugin (version 2.1.0/1.53f) and calculated for a total
area of 1cm? per sample (four region of interested selected
for each technical triplicate per condition in a total of
seven individual experiment).

Preparation of decellularized bone scaffolds

Decellularized bone scaffolds were obtained from human
trabecular femoral head specimens (permission number:
187/18, University of Wuerzburg ethics committee), as
previously described in.?# Briefly, freshly thawed sam-
ples (kept at —20°C for no more than 4 months after sur-
gery) were precisely cut in 3mm thick slides using an
electric diamond band saw (300 Exakt D64, Walter
Messner, Germany) to ensure homogeneous penetration of
washing solutions through the complete sample volume.
Blood and residual fat material were removed by several
washing cycles in water and a chloroform (288306, Sigma-
Aldrich) and methanol (8388.6, Carl-Roth) mix solution.
Further decalcification of bone slices was achieved by
incubation for several days in 2.5% ethylenediaminetet-
raacetic acid (EDTA, E5134, Sigma-Aldrich) in 10mM
Tris-base (T6066, Sigma-Aldrich), from where cylindrical
constructs with a diameter of 5Smm were shaped using a
biopsy punch (05.SF004, Stiefel, Germany). Complete
decellularization of bone samples was achieved by enzy-
matic treatment with 100 Units/mL. DNase and finalized
with lyophilization (Martin Christ, Alpha 1-2 LDplus,
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Germany) for 4days under a vacuum pressure of 1 mbar.
Processed bone scaffolds were stored at —20°C. For sterili-
zation, scaffolds were incubated with 70% ethanol 1day
before cell seeding.

Protein extraction: Electrophoresis and western-
blot

For analysis of protein content in the decellularized mod-
els, matrices were collected in ImL of RIPA buffer (89901,
Thermo Fisher Scientific) supplemented with proteinase
inhibitor cocktail (78440, Thermo Fisher Scientific).
Homogenization of samples was performed by cycles of
sonification (20X: 2s 80% peak followed by 28 s break,
Sonopus HD 4100, Bandelin, Germany) and the total
amount of protein quantified using a Pierce BCA kit
(23227, Thermo Fisher Scientific). Samples were reduced
in the presence of 2-mercaptoethanol at 95°C for 10 min
and 10 pg of total protein per condition were loaded on
10% polyacrylamide gels followed by sodium dodecyl
sulfate (SDS) separation through electrophoresis (PAGE).
Coomassie staining was performed for dECM characteri-
zation; enriched rat-tail Collagen-type I (C3867, Sigma-
Aldrich) and FCS were run in parallel as controls. For
western-blot analysis, three individual donors were used
for each condition. Proteins were transferred to the
nitrocellulose membrane (10600001, GE Healthcare,
Germany) for 1h and then blocked overnight at 4°C with
5% BSA in Tris (pH 8, A4577, Applichem, Germany)-
buffered saline with 0.1% Tween-20 (P1379, Sigma-
Aldrich). Next, membranes were incubated with primary
antibodies (dilution 1:2000, Coll (ab35710, abcam,
Germany), type-VI collagen (Col6, MA5-32412, Thermo
Fisher Scientific) and fetuin-A (Fet-A, homemade serum
no. 5359 kindly provided by Prof. W. Jahnen-Dechent,
RWTH Aachen University)) overnight at 4°C followed by
incubation with secondary anti-rabbit immunoglobulin G
(IgG) antibody conjugated with horseradish peroxidase
(dilution 1:5000, ab205718, abcam). Finally, blots were
developed by the enhanced chemiluminescence method
with Chemiluminescent HRP substrate (541015, Biozym,
Germany) and images acquired with the FluorChem Q
imaging System (Cell Biosciences, Germany). Semi-
quantification of the bands was carried out by optical den-
sitometry and analyzed using the Fiji Gel plugin menu
(version 2.1.0/1.53f). The expression of each protein is
presented in relation to Coll expression. For each protein,
three independent matrices were analyzed.

Proteomics analysis: Mass spectrometry (MS)

For proteomics studies one sample for each condition was
analyzed by MS. Briefly, protein precipitation was per-
formed overnight at —20°C with 4X volume of acetone.
Pellets were washed with acetone at —20°C. Precipitated
proteins were dissolved in NuPAGE® LDS sample buffer

(NP0007, Thermo Fisher Scientific), reduced with 50 mM
DTT at 70°C for 10min and alkylated with 120mM
iodoacetamide at room temperature for 20 min. Separation
was performed on NuPAGE® Novex® 4%-12% Bis-Tris
gels (NP0321PK2, Thermo Fisher Scientific) with MOPS
buffer according to manufacturer’s instructions. Gels were
washed three times for 5 min with water and stained for 1 h
with Simply Blue™ Safe Stain (LC6065, Thermo Fisher
Scientific). After washing with water for 1h, each gel lane
was cut into 15 slices. The excised gel bands were destained
with 30 % acetonitrile in 0.1 M NH,HCO, (pH 8), shrunk
with 100 % acetonitrile, and dried in a vacuum concentra-
tor (5301, Eppendorf, Germany). Digests were performed
with 0.1 pg trypsin per gel band overnight at 37°C in 0.1 M
NH,HCO, (pH 8). After removing the supernatant, pep-
tides were extracted from the gel slices with 5% formic
acid, and extracted peptides were pooled with the
supernatant.

NanoLC-MS/MS analyses were performed on a LTQ-
Orbitrap Velos Pro (Thermo Fisher Scientific) equipped
with a PicoView lon Source (New Objective) and coupled
to an EASY-nLC 1000 (Thermo Fisher Scientific).
Peptides were loaded on a trapping column (2 cm X 150 um
ID, PepSep) and separated on capillary columns
(30cm X 150 um ID, PepSep, Denmark) both packed with
1.9 um C18 ReproSil and separated with a 30 min linear
gradient from 3% to 30% acetonitrile and 0.1% formic
acid and a flow rate of 500nL/min. MS scans were
acquired in the Orbitrap analyzer with a resolution of
30000 at m/z 400, MS/MS scans were acquired in the
Orbitrap analyzer with a resolution of 7500 at m/z 400
using HCD fragmentation with 30% normalized collision
energy. A TOPS data-dependent MS/MS method was
used; dynamic exclusion was applied with a repeat count
of 1 and an exclusion duration of 30's; singly charged pre-
cursors were excluded from selection. Minimum signal
threshold for precursor selection was set to 50,000.
Predictive AGC was used with AGC target a value of 1¢6
for MS scans and 5e4 for MS/MS scans. Lock mass option
was applied for internal calibration in all runs using back-
ground ions from protonated decamethylcyclopentasilox-
ane (m/z 371.10124). Raw MS data files were analyzed
with MaxQuant version 1.6.2.2.° Database search was
performed with Andromeda, which is integrated in the uti-
lized version of MaxQuant. The search was performed
against the UniProt Human database. Additionally, a data-
base containing common contaminants was used. The
search was performed with tryptic cleavage specificity
with three allowed miscleavages. Protein identification
was under control of the false-discovery rate (1% FDR on
protein and peptide level). In addition to MaxQuant
default settings, the search was performed against follow-
ing variable modifications: Protein N-terminal acetyla-
tion, Gln to pyro-Glu formation (N-term. Gln) and
oxidation (Met). Carbamidomethyl (Cys) was set as fixed
modification.
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Proteins of particular interest were selected based on
their involvement in the following groups: bone extracel-
lular matrix components, intracellular and membrane pro-
teins, and hematopoietic compartment related proteins.
The intensity based absolute quantification (iBAQ) log10
transformed values calculated by the software algorithm
were plotted in heatmap graphs corresponding to the
molar quantities found for each protein using official gene
symbols.

Scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS)

The ultrastructure of decellularized-matrices and BM-MSC
morphology (initial seeding: 10* cells per cm?) were evalu-
ated for each cell-seeded model after 48 h of basal culture,
that is, cultivation in standard BM-MSC expansion
medium without FGF, by SEM (Crossbeam 340 with sec-
ondary electron detector, Carl Zeiss, Germany). The sam-
ples were fixed on ice for 15min with 6% glutaraldehyde
(G5882, Sigma-Aldrich), dehydrated in a serial dilution of
ethanol, dried in hexamethyldisilazane (440191, Sigma-
Aldrich) and stored at 4°C. Prior to imaging, all samples
were sputter-coated (EM ACE600, Leica, Germany) with
a 4nm film of platinum to ensure conductivity of the sam-
ple’s surface. Images were taken at an acceleration voltage
equal to 2-3kV. Cellular details were artificially colored
on magnified images using Photoshop® CS6 (Adobe,
v13.0.1) for visualization purposes.

Additionally, dECM models without cells were also
prepared and the surface atomic composition was evalu-
ated using energy dispersive X-ray spectroscopy with a
silicon drift detector (X-MaxN 50, Oxford Instruments,
United Kingdom) setting the acceleration voltage of the
SEM’s electron beam to 10kV. Two random areas of inter-
est were evaluated for each sample. Mineral distribution
and composition were analyzed using AZTech (Oxford
Instruments).

Immunofluorescence staining and microscopy

Immunofluorescence analysis of matrix-associated bone
proteins was performed to visualize their presence and dis-
tribution in the generated dECM models. Briefly, decellu-
larized-monolayers were fixed in 4% PFA for 15 min at 4°C
followed by blocking with 1% BSA-PBS (10735086001,
Roche, Germany) for 1h at room temperature and incuba-
tion with primary antibody (anti-Coll (sc-293182,
Santacruz, Germany), anti-laminin (sc-74418, Santacruz),
anti-osteopontin (sc-21742, Santacruz), 1:500 dilution in
1% BSA-PBS)) overnight at 4°C. After washing, samples
were incubated with secondary antibody (dilution 1:100,
goat anti-mouse IgG-FITC, sc-516140, Santacruz) for 2h
at room temperature. Finally, samples were slide-mounted
for microscopy (H-1000, Vectashield, Germany) and

representative pictures were acquired using a fluorescence
microscope (DMi8, Leica).

To confirm expression of CXCL12 by BM-MSC seeded
on decellularized models after 5days in basal culture (ini-
tial seeding: 10* cells per cm? for dECM models and
4 X 103 cells per dBone scaffold, seeding protocol previ-
ously described in Pereira et al.**), immunofluorescence
analysis was performed on both dECM monolayers and
12 um cryosections of dBone scaffolds (sectioning proto-
col previously described in Pereira et al.**). Samples were
fixed in 4% PFA for 15 min at 4°C and permeabilized with
0.1% (v/v) Triton-X /PBS for 30 min at room temperature.
BSA-blocking was performed for 1h before the overnight
incubation with CXCL12-primary antibody (dilution
1:100, MAB350, R&D System, Germany) at 4°C. In addi-
tion, Phalloidin-iFluor 488 (dilution 1:500, ab176753,
abcam) was added during primary antibody incubation for
cell cytoskeleton visualization. After washing, samples
were incubated with secondary antibody (dilution 1:100,
goat anti-mouse IgG conjugated with Alexa Fluor® 594,
ab150116, abcam) for 2 h at room temperature and embed-
ded in mounting medium containing DAPI for nuclei
staining. For all stainings, secondary antibody specificity
controls were performed by executing the full protocol for
each sample in the absence of primary antibody.

Cell shape analysis

For BM-MSC morphology analysis, cells were seeded on
dECM matrices at a density of 10* cells per cm? for 48 h in
basal culture and then fixed with 4% PFA for 15 min. Cell
and nuclear morphology were assessed using phalloidin
and DAPI staining respectively, as previously described.
Automated quantification of cellular shape features was
performed using CellProfiler*’ (version 4.0.6, pipeline
description in Supplemental Figure S1). Selection of
poorly thresholded cells or overlapping parts was per-
formed by unique numbering of individual segmented
cells exported to the spreadsheet. At least 350 cells were
assessed for each experimental group, with approximately
equal numbers of cells analyzed from each of seven inde-
pendent experiments. Overall morphological signatures
were constructed for each group using nine cellular
descriptive features (form factor, eccentricity, area, solid-
ity, perimeter, aspect ratio, extent, orientation, compact-
ness, area, aspect ratio, and compactness).

Separate principal component analysis (PCA) was per-
formed using single-cell morphological data (200 cells
presented in density plots of PC space) using all available
CellProfiler data given for four independent experiments.
Representative cells were chosen randomly from the cen-
troids for each condition. Statistical significance of each
significant parameter was evaluated with the mean value
corresponding to each independent run for a total of seven
experiments.
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Alizarin-red staining

Matrix-mineral deposition was measured by Alizarin-red
staining and subsequent quantification, according to stand-
ard protocols. To test the effect of the decellularization
protocol, analysis was performed before and after decel-
lularization for each dECM model. In addition, we assessed
the osteogenic differentiation potential of seeded BM-MSC
(initial seeding: 2 X 10* cells per cm?) after 21 days in oste-
ogenic medium (DMEM low glucose medium supple-
mented with 10% FCS, 1% Pen/Strep, 1% HEPES, 50 pug/
mL ASC, 5mM B-GP and 10nM dexamethasone) or con-
trol conditions (osteogenic medium without differentiation
factors). Briefly, at the analysis timepoint cells were
washed twice with cold PBS and fixed in 70% ethanol
(T913.3, Carl Roth) for 1h at —20°C. Monolayers were
allowed to air-dry and mineral deposition was stained with
2% Alizarin-red solution (0223, ScienCell, USA) for
15min at room temperature under gentle agitation. After
repeated washing steps, representative images were taken,
followed by absorbance quantification of the resulting
staining. Staining was eluted in 10% cetylpyridinium chlo-
ride (C0732, Sigma-Aldrich) solution for 20min under
gentle agitation. Absorbance of samples and standard were
measured (infinite M200, Tecan, Switzerland) in a 96-well
plate at 570nm in duplicates. Results were calculated as
mM (or pg/mL) of Alizarin-red. Technical triplicates were
analyzed for nine individual experiments.

Resazurin viability assay

Cell metabolic activity of BM-MSC seeded on different
decellularized models was assessed over a total period of
10days in basal culture (initial seeding: 10* cells per cm?
for dECM models and 4 X 10° cells per dBone scaffold)
with a resazurin reduction assay. Briefly, at day 0 (4 h after
seeding), 2, 5, and 10 BM-MSC seeded on each model were
incubated with 10% sterile solution of resazurin (R7017,
Sigma-Aldrich) in cell culture medium. The reduction
assay was performed for 4h, followed by fluorescence
reading of metabolized resazurin-product at 560 nm emis-
sion/590nm absorption wavelengths. Measurements were
normalized with blank (no cells) and for each model con-
trols without cells were tested in parallel to confirm their
respective biologic inertness. Technical triplicates were
analyzed for three individual experiments.

Flow cytometry

For quantification of cell viability and analysis of cell
cycle stage, BM-MSC (initial seeding: 10* cells per cm?
for dECM models and 4 X 10° cells per dBone scaffold)
cultured on decellularized models were collected by trypsi-
nization for 20min at 37°C under strong agitation, and
pooled (six wells for each dECM model and two dBone

scaffolds) for flow cytometry staining. Cells were washed
twice in PBS and incubated with Fixable Viability Dye
eFluor™ 780 (65-0865-14, Thermo Fisher Scientific) for
30min at 4°C in the dark according to manufactures rec-
ommendations, followed by repeated washing in 1% FCS-
PBS. To detect cells entering different apoptotic stages,
cells were then prepared and stained with fluorochrome-
conjugated Annexin V (A35111, Thermo Fisher Scientific)
for 15min at room temperature. Finally, cells were fixed
with 2% PFA for 15 min at 4°C and stained with 10 pg/mL
DAPI solution in 1% FCS-PBS for DNA amount detec-
tion. Samples were analyzed at the Attune NxT Flow
Cytometer (Thermo Fisher Scientific) and data evaluated
using the software FlowJo (version 10.5.3). Six individual
experiments were tested.

Real-time quantitative polymerase chain
reaction (PCR)

To analyze early gene expression response of BM-MSC to
the decellularized models, cells from six 13 mm wells or
two scaffolds were pooled together for RNA harvesting in
Tri-Reagent (T9424, Sigma- Aldrich) after 5 days in basal
culture (initial seeding: 10* cells per cm? for dECM mod-
els and 4 X 10° cells per dBone scaffold). BM-MSC cul-
tured on coverslips were used as controls. Homogenization
and cell lysis were performed by mechanical disruption for
Smin at 50Hz (TissueLyser LT, Qiagen, Germany).
Samples were stored at —80°C until further processing.
RNA was isolated by 1-bromo-3- chloropropane (B9673,
Sigma- Aldrich) phase separation followed by column
separation according to the manufacturer’s instructions
(NucleoSpin RNA, Macherey-Nagel, Germany). cDNA
was synthesized by reverse transcription (Oligo (dT)
C110A, dNTP Mix UI151A, M-MLV RT 5X Buffer
M531A, and M-MLV Reverse Transcriptase M1708,
Promega, Germany) from 1pg of RNA. Real-time PCR
was performed by CFX96 Real-Time System (1845096,
Bio-Rad, Germany) using SYBR Green dye (GoTaq®
qPCR Master Mix, A600A, Promega) following a stand-
ardized program: 2min at 95°C, 45X (30s at 95°C and
1 min at 60°C), melting curve at 65°C-95°C. Primers for
stem marker genes (nestin and octamer-binding transcrip-
tion factor 4 (Oct4)) and genes related with niche-micro-
environment (Survivin and C-X-C Motif Chemokine
Ligand 12 (CXCL12)), and osteogenesis (RUNX Family
Transcription Factor 2 (Runx2), alkaline phosphatase
(ALP), Coll and secreted phosphoprotein 1/osteopontin
(SPP1)) were designed in the Primer Blast tool from
NBCI and purchased from Biomers.net (Germany).
Primer sequences and NCBI reference numbers appear in
Supplementary Table S1. Expression of target genes was
normalized with beta-2-microglobulin (B2M) as the refer-
ence gene, and results displayed as relative values
(10% X 27ACY),
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Statistical analysis

Quantitative data was analyzed using Graphpad Prism
software (version 9.1) and presented as the mean = stand-
ard error of the mean. Statistical significance was gener-
ally determined using the Kruskal-Wallis method followed
by Dunn’s multiple comparisons test. Statistical signifi-
cance was set to p <0.05. n refers to number of BM-MSC
donors independently tested.

Results and discussion

Preparation and characterization of 2D dECM
models

Here, we generated 2D dECM in vitro models by inducing
human BM-MSC to synthesize and secrete de novo ECM
proteins during a total time of 10 or 21 days, in presence of
osteogenic differentiation medium (O-matrix) or in basal
medium supplemented with ASC (B-matrix), followed by a
mild decellularization protocol (Figure 1(a)). Based on pre-
viously published work on cell culture-derived ECM as cell
niche models,**° we hypothesized that by controlling the
cell culture environment, we would be able to trigger syn-
thesis of ECM key components necessary to either influ-
ence differentiation’' or preserve BM-MSC’s stemness
properties.”? Numerous decellularization protocols for vir-
tual all types of tissues and in vitro systems have been
described, although no standard criteria have yet been
defined. Generally, the protocols involve a combination of
physical, chemical, and enzymatic techniques tailored to
balance the preservation of unique physical and biochemi-
cal properties, and the complete removal of cellular and
antigen epitopes material.>** In this study, we first opti-
mized the decellularization protocol considering each
matrix (data not shown). The selected protocol involved
treatment of cell-monolayers with a sequential series of
short incubations in Triton X-100 and ammonia to disrupt
the cell membranes and lyse the cells, followed by slow
DNase enzymatic removal of remaining nuclear material
alongside with continuous gentle agitation. DAPI staining
of the matrices (Figure 1(b)) showed efficient removal of
cells and nuclei for all conditions after the decellularization
protocol, resulting in a residual average of 2.8 nuclei
counted per cm? compared to 127.6 before. Considering
that the whole process of decellularization naturally dis-
rupts the ECM to some extent,”> we then examined the
structure and biochemical composition of the resulting
dECM matrices. We observed presence of homogenously
distributed fibrillar type-I collagen (Coll) in all decellular-
ized matrices (Figure 1(d)). Coll is the most abundant
extracellular protein in bone and plays a fundamental role
in the structure and mechanical strength of the tissue.”
Therefore, we decided to supplement the basal control cul-
tures with ASC to generate a collagen-rich ECM as well.*
Bone-specific ECM proteins®” such as laminin and osteo-
pontin, on the contrary, have been only detected with a

spotted distribution in the 21-day decellularized osteogenic
matrix (021). Similarly, Coomassie stained SDS-PAGE
(Figure 1(c)) revealed a strong band at 138 kDa and 129
kDa for all matrices, most likely accounting for presence of
Coll al and a2-chains, respectively, as indicated by the
purified Colla control. Not surprisingly, these matrices also
exhibited presence of bands (67 kDa) that can be specu-
lated to be associated with albumin derived from cell cul-
ture FCS. Other observed bands are conjectured to be
associated with highly-concentrated categorical-ECM pro-
teins, for example, fibronectin (262 kDa), laminin (177
kDa), elastin (68 kDa), osteonectin (34 kDa), osteopontin
(32 kDa), etc. Nonetheless, each matrix shows an overall
complex and unique protein pattern, similar to what has
been reported in literature,**>® and further assessed in the
present study by MS. Lastly, we explored the effect of the
decellularization protocol on the mineralization residues of
the produced matrices.

Quantification of Alizarin-red dye (Supplemental Figure
S2) for all conditions showed a general decrease of mineral
content after decellularization. Particularly, O21 matrices
showed a high concentration of mineral residues before
decellularization, however EDS analysis (Supplemental
Figure S3) revealed no detectable presence of minerals,
such as calcium and magnesium, after decellularization.

Effect of dECM models on BM-MSC’s
osteogenic potential

Cellular morphology has traditionally been considered as
an important qualitative indicator of cell behavior and
state. Interestingly, while changes in cell shape are associ-
ated with descriptive traits of specific biology processes,
studies have shown that cell shape in turn plays an impor-
tant role in regulating cell fate, emerging as a fine bond
between the interplay of physics and cell biology.>**

In order to assess the effect of dECM substrates on cell
behavior, we first analyzed cell morphology of seeded
BM-MSC after 2days of culture by SEM (Figure 2(a)).
Cells seeded on coverslips (CS) were used as controls.
CS-cultured cells displayed a widespread morphology. In
contrast, cells on dECM seem to have acquired an explicit
orientation and rather favor cell-ECM interactions. High-
magnification images reveal the complexity of BM-MSC
(colored in blue) interactions with the fibrous-collagen rich
dECM substrates through numerous cytoplasmic exten-
sions, which corroborates the functionality and relevance
of the dECM models. In fact, the morphology of a cell is
known to be primarily determined by a combination of
physical and biochemical interactions with its surrounding
ECM, reflecting an integrative effect across a wide range of
multiple processes and signaling pathways, such as migra-
tion,®"%? lineage commitment,> % function or dysfunc-
tion®® and cancer progression.®’ Therefore, monitoring
cellular morphology has also been used as a practical and
non-invasive approach to predict lineage commitment of
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Figure |. Production and characterization of BM-MSC-derived 2D dECM: (a) Schematic protocol of the development of dECM
models. The first phase involves the key period of synthesis and secretion of ECM proteins by BM-MSC, where unique stimuli
target the production of specific environments. Next, monolayers are treated by a multi-step decellularization protocol, therefore
eliminating any nuclear material yet retaining the biochemical and structural complexity of the previously produced matrices.

Finally, the last step is the repopulation of the dECM models and the study of the differential behavior of BM-MSC seeded on each
matrix. Images created with BioRender.com. (b) Decellularization efficiency analysis. ECM-cell monolayers were fixed before and
after the decellularization protocol and cell nuclei stained with DAPI. Quantitative and qualitative (representative images) analysis
was performed, confirming the efficient decellularization protocol for all types of matrices. (Statistic: Kruskal-Wallis one-way test,
*p < 0.05, n=7). (c) Coomassie stained SDS-PAGE of collected matrices in reduction conditions. Rat-tail derived Coll concentrated
solution and FCS were used as control in order to identify specific bands in the samples. Total protein loaded per well 10 ng. (d)
Immunofluorescence staining of bone-ECM proteins (Coll, laminin and osteopontin). Absence of detectable signal in secondary
antibody (AB) controls (left column) confirms that they do not bind unspecifically to matrix-associated proteins, therefore validating
the positive signal detected in presence of each individual antibody. Acquired FITC-colored images are shown. Scale bar: 100 um.
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Figure 2. Cell shape analysis of human BM-MSC cultured on dECM for 2 days: (a) Representative SEM images of BM-MSC's early
morphological response to the culture substrate. For visualization purposes the cell surface was artificially colored in blue with
Photoshop. Low magnification images (first row) uncover the overall cell shape morphology of BM-MSC on each culture substrate,
where a clear elongation and orientation is enforced on dECM cultured BM-MSC, particularly on O21 and B2| matrices. Scale bar:
10 pm. High magnification images (bottom row) illustrate single cell interactions with the ECM through cytoplasmic extensions. A
highly complex fibrous collagen-like matrix is detected for all dECM models. Scale bar: | um. (b) Principal-component (PC) analysis
from single-cell morphological data of fluorescently labeled cells (B-actin and DAPI staining) (n=200 total points per condition,
collected from four individual experiments). PC1 accounted for 44%—47% of the data variance. Representative segmented
boundaries, exported from CellProfiler pipeline, are illustrated (right column) for each condition as qualitative evidence. (c)
Substrate-specific cell shape descriptor variance. Pie-charts corresponding to the variance of six non-significantly different shape-
parameters exported from the CellProfiler pipeline (form factor, eccentricity, solidity, perimeter, extent, and orientation, n=200
from four individual experiments). (d) Normal distribution and statistical analysis of the three significant shape-parameters selected
(area, aspect ratio and compactness, repeated measures (RM) one-way ANOVA, *p < 0.05, *p < 0.01, ¥**p < 0.001, ****p < 0.0001,
n=350 from seven individual experiments). (e) Three-dimensional multiple variable analysis showing connection between the top
three morphological features: area (symbol size), aspect ratio (x-axis), and compactness (y-axis) with the BM-MSC culture substrate

(color map shown on the right of the graph, n=350 from seven individual experiments).

stem cells. While these assessments have historically been
applied qualitatively and require experienced interpreta-
tion, recently high-throughput single-cell bioimaging has
enabled quantification of numerous shape descriptors from
a heterogeneous cell population. Particularly, Marklein
et al.%% demonstrated the prediction of BM-MSC minerali-
zation at day 35 from several human donors, based on auto-
mated morphometric descriptor analysis at day 3 of
osteogenic induction with over 90% accuracy.

Here, we developed a robust protocol (pipeline in
Supplemental Figure S1) for automated high-throughput
quantification of cell shape descriptors, based on fluores-
cent-labeled cytoskeletal images of seeded BM-MSC on
dECM matrices after 2 days of culture. Supporting the cell
morphology observations in SEM, the integration of the
multi-parametric acquired features into a principal-compo-
nent analysis (Figure 2(b)) revelated a clear segmentation
of matrix-seeded BM-MSC when compared to the tissue
culture plastic control, both by qualitative observation of
segmented single-cell images and by quantitative analysis
of cell shape descriptors. With the purpose of obtaining
reliable and biological significant results,*® from nine shape
descriptors acquired (form factor, eccentricity, area, solid-
ity, perimeter, aspect ratio, extent, orientation, and com-
pactness, Figure 2(c)), three significant parameters (area,
aspect ratio and compactness) were selected, considering
both their definition and interpretation, for further analysis
(Figure 2(d)). In fact, due to the combined results of these
three parameters, individual clusters could be identified in
a 3D graph of multiple variables (Figure 2(e)). Control
CS-seeded BM-MSC are categorically bigger in size (area
>4000 um?) and display a rather simple (i.e. low compact
values, restricted to its spatial boundaries) and spherical
shape (aspect ratio values closer to 1). In opposite, cells
seeded on dECM models, particular day 21-matrices (021
and B21), reveal an evident shift from the CS cluster in all
three dimensions — cell size/area is significantly reduced,
while cells exhibit a rather elliptical and complex shape,
creating a state of cytoskeletal tension, characteristic of a
pre-osteogenic differentiation phenotype.”®

Previous literature has shown that osteogenic lineage
determination occurs within the cell cytoskeleton itself,
that is, adhesion protein complexes communicate the cell
tension state to the cell nucleus via mechanotransducive
cascade involving yes-associated protein 1 (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ),
leading to the activation of RhoA-associated signaling
pathways, therefore specifically promoting the osteogenic
differentiation process.®>”!

Thus, we further compared the osteogenic potential of
BM-MSC seeded on dECM in presence and absence of
osteogenic factors, that is, ASC, dexamethasone and -
GP, by means of mineral deposition at day 21 (Figure 3).
Interestingly, there was no apparent effect on differentia-
tion of BM-MSC (red bars) when cultured on different
substrates, with observed mineral deposition for all condi-
tions. Yet, BM-MSC cultured on dECM models in absence
of external differentiation factors (white bars) show a
trend toward an increased mineral deposition in compari-
son to CS control cultures, particularly significant for the
021 condition. Furthermore, an increased number of
competent colony-forming cells in the dECM models was
observed in comparison with CS control cultures, advo-
cating for the superior supportive-effect of decellularized
ECM models as a culture substrate for BM-MSC expan-
sion (Supplemental Figure S4). It seems that BM-MSC
interaction with dECM topography- and chemical-associ-
ated features governs the initial cell adhesion, resulting in
a stronger intercellular connectivity in the early phase of
cell culture. It follows from this that enhanced cell-cell
contacts accelerate the osteogenic differentiation cas-
cade.”” Hence, these findings validate the cell-shape pre-
diction results, which shows to be in line with a common
organogenesis theory hypothesizing that cellular function
may indeed follow form.”

Notwithstanding, BM-MSC lineage fate decision is a
complex process influenced by several microenvironmen-
tal factors; whilst topography imposes a physical con-
straint to cells and ultimately to tissue structure (in a
process known as mechanotransduction),’ integrin-matrix
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Figure 3. Human BM-MSC’s osteogenic potential assessed by mineral deposition analysis at day 21. Representative images of
Alizarin Red S staining at day 2| of osteogenic culture (top panel). Osteogenic differentiation was stimulated by supplementation of
low-glucose cell culture medium with osteogenic factors (i.e. ASC, dexamethasone, and [-GP). Control cultures for each substrate
were performed in parallel in absence of osteogenic-inducing factors. Scale bar: 100 um. Quantification of Alizarin Red S staining
(bottom panel) shows no effect of dECM on BM-MSC mineralization in presence of differentiation-inducing medium (red bars).
Although in absence of external differentiation factors (white bars), a significant increase of mineral deposition of BM-MSC seeded
on O2] matrix was detected when compared with cells cultured in the same conditions on CS substrate (two-way ANOVA

multiple comparisons, *p <0.05, n=9).

interactions likewise play a pivotal role in gene expres-
sion, phenotype, and eventually cell fate by direct signal
transducing to the nucleus. In contrast to the artificial over-
imposing chemically-induced osteogenic differentiation
methods, commonly applied in research, dECM models
seem to provide a rather natural substrate for BM-MSC
expansion, while specific features on ECM osteogenic-
produced matrices are able to trigger spontaneous osteo-
genic differentiation of BM-MSC.

dECM and dBone comparative chemical-
composition analysis

As the native niche develops, most of the local microenvi-
ronmental cues are highly heterogeneous and continuously

dynamic over time. The complexity of this process imposes
difficulties in uncovering the role of individual features of
well-defined ECM properties and signals in cellular
responses. Several biomaterials have been designed to
capture key molecular cues that mimic particular aspects
of the natural extracellular milieu, such as mechanical
properties, structural characteristics, chemical composi-
tion, and bioactive compounds’>’%; however, they still rep-
resent a rather simplistic approach to the full complexity of
the tissue. Therefore, full tissue decellularization tech-
niques appear as a straightforward method to retain the
physical and chemical complexity of the naive environ-
ment. We have previously established a human decellular-
ized trabecular bone 3D scaffold (dBone, dB), proved to
be a suitable in vitro model to study the complexity of the
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bone skeletal environment.*> We speculate that beyond the

dimensionality, specific protein expression patterns in
cell-based and bone-derived decellularized models might
play a significant role in BM-MSC in vitro cell fate.

Thus, here we conducted a comparative investigation
considering the chemical composition and subsequent
behavioral differences of cells interacting with both dECM
and dBone models.

To this end, MS-based high-throughput proteomics
techniques provide a feasible exploratory approach toward
the identification of important bone factors that might be
absent in certain models and therefore not fully reflecting
the naive environment. LC-MS detected a total of 735 pro-
teins identified in at least one of the samples (excluding
contaminants). Of these, 128 proteins were found in both
dECM and 3D dBone proteome, indicating high homology
of obtained dECM models to the in vivo bone niche.”” This
homology is found to particularly be evident for intracel-
lular and membrane proteins. Interestingly, we found by
gene ontology (GO) analysis (Figure 4(a)) that there were
proteins specifically enriched in the dBone scaffold. These
differentially expressed proteins were associated with
bone matrix structure and metabolism, for example,
secreted phosphoprotein 24 (SPP2), a2-HS-glycoprotein
(AHSG) also referred to as fetuin-A; while intracellular
proteins were rather enriched in dECM matrices, for exam-
ple, tubulin (TUB), actin (ACT) and laminin (LMNA),
recapping the cell lysis during the decellularization proto-
col, which has been documented likewise in other
studies.”® Moreover, further GO analysis of biological pro-
cesses revealed singular expression of proteins associated
with the hematopoietic compartment function, such as
immune effector process and antimicrobial humoral
response, for example, proteoglycans (PRG), hemoglobin
(HBB), and F2 (prothrombin), specifically in dBone but
not dECM, resembling the native-complexity of dBone
scaffolds. Coll accounts for nearly 95% of the entire col-
lagen amount in the organic bone matrix and about 80% of
the total proteins present in bone, playing a substantial role
in the mechanical properties of the tissue, particularly for
its toughness (i.e. the ability to absorb energy before rup-
turing).” Therefore, the consistent expression of Coll
throughout all models was confirmed by Western Blot
analysis for three independent donors (Figure 4(b)).

The observation of an obvious band at the 138kDa
mark for all conditions confirmed the anticipated presence
of a collagen-rich matrix, therefore validating the prot-
eomic results. We were further interested in exploring
expression patterns of differentially enriched proteins in
different models, that is, Col6 only be detectable in dECM
samples and FetA exclusively detected in dBone scaffold.
Col1 basal expression was used to normalize the quantifi-
cation of Col6 and Fet-A, in the samples (Figure 4(c)).
Interestingly, we observed a very strong expression of
Col6 (108 and 134.7kDa) in dECM, particularly for day-
21 matrices, whereas the detection in dBone samples was

significantly reduced, evident for both proteomics and
western blot analysis. Col6 is a nonfibrillar collagen com-
monly associated with ECM remodeling, specifically
important in processes such as wound healing®® and cancer
progression.’! Altogether, we postulate that stronger
expression of Col6 specifically in dECM models may be a
result of artificial in vitro culture, which may affect
BM-MSC behavior, particularly cell motility and spread-
ing.%? Likewise, the detection of analogous patterns of
Coll14 expression may be postulated as an in vitro artifact
as well. Col14 has been known as regulator of fibrillogen-
esis,® and is often present in areas of high tissue mechani-
cal stress,’ advocating toward the aforementioned
artificial excessive ECM remodeling in in vitro culture.
We further found an enrichment in dECM models of pro-
teins involved in ECM-cell binding and other cellular
responses, for example, transforming growth factor beta
(TGF-B)* and fibulin 2 (FBLN2).%¢ The concentrations of
these proteins in the dBone sample ranged below the
detection limits of the technique. In fact, TGF-p3 was pro-
posed to induce early stages of osteoinduction in vitro®’,
therefore these results reveal the potential of dECM as a
versatile tool to be used as a model where a higher exposi-
tion to growth factors is desired. On the other hand,
although there is limited literature describing the isolation
of in vitro cell-produced ECM and its proteomic analy-
sis,¥8 ECM-associated proteins selectively expressed in
dBone but not in dECM models may be extremely signifi-
cant to identify novel targets involved in bone-niche pro-
cesses. In particular, fetuin-A (55 kDa), is one of the most
abundant non-collagenous proteins found in mineralized
bone. Primarily produced in the liver, fetuin-A binds to
hydroxyapatite minerals in bone matrix and acts as a potent
inhibitor of ectopic mineralization.”*! Despite its’ affinity
to bind to TGF-B/BMP receptors blocking osteogenic
signaling, fetuin-A may also sequester cytokines in the
matrix, thereby generating a reservoir of osteoinductive
activity when released.”” Similarly to fetuin-A, secreted
phosphoprotein—24 (SPP2) is a liver-derived precursor of
pro-osteogenic proteins, playing an important role in the
rate and magnitude of BMP2-dependent bone formation.”
Collectively, the acquired data highlight that, although
structurally important proteins for cell adhesion and prolif-
eration such as Coll are present on both dECM and dBone
models, extracellular proteins importantly involved in the
bioactivity of the bone mineral phase are not detected in
manufactured dECM models, due to their peripheral syn-
thesis followed by bloodstream-transportation to the bone,
which may well have an implication on the functionality of
those models.

BM-MSC behavior and transcriptional activity
on decellularized models

In order to study the effect of the here developed decellu-
larized models on BM-MSC behavior, we first looked at
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Figure 4. Proteomic analysis of collected dECM and dBone samples: (a) SDS-PAGE was performed under reduction conditions
and followed by MS analysis (n= |). Heatmaps show the logl0 value of the relative abundance of proteins in the decellularized
models (iBAQ calculated by MaxQuant). Detected proteins of interest were grouped under three main groups (bone extracellular
matrix, intracellular and membrane proteins and hematopoietic compartment), showing different patterns of expression across each
model (gradient blue color code). (b) Western blot analyses from electrophoresis gel separation (9 ug of total protein), of three
proteins (Coll, Colé, and Fet-A), validating proteomics results (representative image of three replicates). (c) Relative quantifications
of Col6 and Fet-A Western blot band expression normalized to the respective expression of Coll. Quantification of band area was
performed in Image] using the Analyze Gel plugin (two-way ANOVA multiple comparisons, *p < 0.05, n=3).

cell metabolism over a period of 10days in basal culture
conditions (Figure 5(a)). In order to revalidate the meta-
bolic inertness of the models per se, the signal of constructs
without cells for all conditions and timepoints was
assessed. The observed near-zero values with insignificant
small variance confirm the abovementioned success of the
decellularization protocol. Human BM-MSC seeded on
the decellularized models were compared with control cul-
tures on coverslip (CS). Generally, a positive and sustained

increase of cell metabolic activity over time was observed
in all conditions, verifying once more the cytocompatibil-
ity of the models. Moreover, the superior initial (day 0)
metabolic values observed for cells seeded in the decellu-
larized models in comparison with CS controls, confirm
the previously claimed extraordinary cell adhesion facili-
tated by the ECM-associated features. For 3D matrices, the
initial cell number was adapted to the total scaffold vol-
ume in order to achieve an equivalent confluent cell
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Figure 5. Analysis of metabolic activity of BM-MSC seeded on dECM and dBone models during early timepoints: (a) Metabolic

analysis of BM-MSC in basal culture over time (0—10days) measured

by resazurin reduction assay shows a stable and sustained

growth of BM-MSC in all models. Values were normalized with blank measurements (10% resazurin solution in cell culture
medium). For each condition controls without cells were tested to prove the inert activity of decellularized models (n=3). (b)
Flow cytometry analysis of BM-MSC viability at day 5 of culture in decellularized models. BM-MSC in all conditions show similar
results to CS control samples with live cells percentage values consistently higher than 98% (n=6). (c) BM-MSC cell cycle stage
analysis performed by flow cytometry based of DAPI-DNA labeled histograms. Upper panel displays the cumulative cell percentage
quantification for each condition, whereas in the bottom panel individual values are displayed for enhanced visualization and

interpretation (n=6).

density (previously described in Pereira et al.**), which
explains the elevated baseline signal in the dBone model.
Subsequently, we took particular interest in assessing fur-
ther biological changes in BM-MSC after 5days in basal

culture. Cell viability was quantified by flow cytometry of
labeled cells with Annexin-V and viability dye, and live,
early apoptotic, late apoptotic, or dead populations were
identified (Figure 5(b)).
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As anticipated from the resazurin assay results, a high
percentage of viable cells was observed for all conditions,
with the percentage of the live population being consist-
ently higher than 98%. Analysis of the cell cycle stage was
performed on the population of live cells, based on meas-
urement of cellular DNA content, albeit no significant
changes were observed.

In order to further investigate the hypothesized niche-
phenotype of BM-MSC in the different decellularized
models, we performed an extensive analysis of gene mark-
ers associated with different BM-MSC features (Figure
6(b)). In order to assess the early response of BM-MSC to
the microenvironmental cues, this analysis was performed
after a period of culture of 5 days in basal conditions, that
is, without imposing BM-MSC developmental decisions
by means of external growth factor supplementation.
Firstly, we observe an explicitly dBone-associated upregu-
lation of stem cell-related markers when compared with
BM-MSC in control conditions and dECM models.

CXCLI12 is a soluble ligand secreted by niche-resident
BM-MSC reported to be highly involved in hematopoietic
stem cells (HSC) communication and associated with cell-
homing, especially during fracture healing.”* To confirm
the significancy of CXCL12 gene expression upregulation
in the dBone condition, we further performed an immu-
nostaining targeting protein expression of CXCLI2 in
BM-MSC seeded on the different substrates (Figure 6(a)).
Interestingly, no expression of CXCL12 was detected in
control or any dECM model. Contrarily, a high percentage
of cells, but not all, cultured in the dBone model exhibited
intracellular CXCL12 expression, corroborating the previ-
ous results toward a dBone-conferred niche-like environ-
ment for BM-MSC. Nestin is a recognized stem marker
found in vivo particularly on BM-MSC at perivascular sites
adjacent to the bone and marrow parenchyma, known to be
closely associated with HSC communication in bone mar-
row.”> Despite the high donor variance, the emerging tran-
scription of Nestin, together with an increased gene
expression of transcription factor Oct4 (p-value=0.0651 to
CS control), a factor well-known to be associated with
pluripotency of stem cells,”® as well as the enhanced
CXCL12 expression at gene and protein level,”’ suggests
that the 3D dBone model is capable to preserve the prop-
erty of a primary BM stem cell niche, that is, to provide a
sheltered environment for BM-MSC to maintain their stem
phenotype. The supported stem-cell potential of recovered
BM-MSC from decellularized bone models was function-
ally validated by a colony-forming unit (CFU) efficiency
assay (Supplemental Figure S5a), where a slightly increased
number of competent colony-forming cells was observed in
dBone-recovered cells compared with controls. Moreover,
a decreased level of Survivin mRNA in 3D dBone when
compared to 2D cultures might be indicative of the struc-
ture-induced sheltered effect by protecting BM-MSC from
external proliferation and mobilization stimuli, therefore

allowing for the preservation of a rather quiescent pheno-
type.”® In fact, cellular quiescence is a native key property
of adult stem cells observed in vivo allowing BM-MSC to
temporarily suppress proliferation but re-enter cell cycle
upon stimuli.”” However, literature regarding biology of
quiescent BM-MSC in culture is poor due to the difficulty
of maintaining the BM-MSC naive phenotype during cell
expansion in traditional culture-plastic surfaces.?®

Next, we were interested to explore early microenviron-
ment-related BM-MSC lineage commitment decisions.
Thus, a selection of osteogenesis (Runx2, ALP and Coll)
specific gene markers were investigated for BM-MSC at
5 day-basal culture on the different decellularized-models —
whereas extensive long-term analysis of these markers
should be further assessed in order to conclude about recog-
nized differentiation potential of these constructs. Expression
of Runx2 did not show to be predictive of the dECM mate-
rial-osteoconductive properties previously observed. In prin-
ciple, the time-point of analysis and the no-differentiation
culture condition, were not sufficient to induce spontaneous
detectable differences of the osteogenesis transcription factor
by BM-MSC. Furthermore, no obvious trend was identified
for gene expression of ALP in BM-MSC seeded either on
control coverslips or in decellularized models nor in dBone
models in basal conditions. To note, the osteoconductive
function of dBone scaffolds was confirmed by cultivation in
osteogenic medium and detection of ALP activity at day 7
(Supplemental Figure S5b). Coll expression appears to pre-
sent some donor-to-donor variability, yet while the collagen-
rich dECM models seem to generally inhibit new formation
of Coll fibers on seeded BM-MSC, the native properties of
dBone might induce synthesis of newly formed bone-matrix
by BM-MSC (our previous results?), contributing to the
augmentation of a cell-fitting niche. Additionally, there is
evidence of BM-MSC osteoblastic differentiation induced
by Coll-mediated o231 integrin interaction through Runx2
transcriptional cascade activation.!*>!'! Finally, a significant
upregulation of SPP1 was detected in BM-MSC seeded in
dBone. SPP1 expression is known to be particularly sensi-
tive to physical environment and mechanical stimuli, possi-
bly due to its dual role in cell adhesion'’?> and ECM-calcium
sequestering competence. '

In fact, early SPP1 mRNA and protein expression in
response to mechanical cues has been strongly associated
with bone remodeling process via osteoclast and osteo-
blast interaction,'** also observed in our previous study on
BM-MSC seeded in dBone.?® Taken together, the results
suggest that 2D dECM matrices are extremely accessible
models which might be used as a BM-MSC culture sub-
strate supporting their proliferation and differentiation
potential. On the other hand, the 3D dBone model has
shown to support the preservation of a naive-like cell phe-
notype, hence providing a suitable in vitro model to study
the overall functions of BM-MSC in a physiologically rel-
evant microenvironment.
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Figure 6. Analysis of the BM-niche signature of cells seeded in dECM and dBone models after 5days in basal culture: (a)
Representative images of CXCLI2-stained samples (n=2). Top panel: merge composite images of nuclei (DAPI, blue), F-actin
(phalloidin, green) and CXCLI2 (red) channels. Bottom panel: individual CXCL|2-staining for better visualization. No observable
signal in dECM models was detected, yet a strong intracellular staining in BM-MSC seeded in dBone was found. Absence of signal in
secondary antibody control (on right) confirms the specificity of the secondary to the primary antibody and absence of sample auto-
fluorescence. Scale bar: 50 um. (b) Relative gene expression (10* X 2"A") normalized to B2M housekeeping gene. A combination of
genes associated with stemness: Nestin and Oct4; niche microenvironment cues: Survivin and CXCLI2; and osteogenesis: Runx2,
ALP, Coll and SPPI| were analyzed. Statistics: Kruskal-Wallis one-way test, *p < 0.05, **p» < 0.01, ***p <0.001, n=4-10.

Conclusion

The complexity of the extracellular matrix in adult stem
cell niches and the relevance of its’ different elements for
MSC physiology remains elusive with the current in vitro

manufactured alternatives, which cannot fully mimic the
biochemistry and architecture of the native tissue-specific
ECM. Decellularization of cell culture sheets and/or whole
tissues may provide an alternative method to bypass these
limitations. In this study, we showed that cell-derived
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ECM models can be tailored by manipulating the cell cul-
ture conditions, particularly through biochemical additives
during culture, in line with previous literature results. The
established 2D dECM models proved to be a suitable cul-
ture substrate for BM-MSC, allowing cell-matrix interac-
tions that more closely mimic the bone environment in
vivo. The observed BM-MSC morphological shape
changes suggested a superior cell adhesion to the sub-
strates facilitated by the chemical properties of dECM
models. Moreover, mature osteogenic day 21-matrices
triggered spontancous early osteogenic commitment of
BM-MSC, where mineralization was detected in absence
of external osteogenic differentiation factors. Furthermore,
here we report on a 3D human-derived decellularized tra-
becular bone model developed in our laboratory as a prom-
ising scaffolding material to study the complexity of the
bone skeletal environment. As far as we know, here we
provided for the first time a comparative proteomic analy-
sis between cell-derived dECM and human 3D dBone
ECM, hence revealing key proteins involved in regulation
of BM-MSC behavior and functions, such as adhesion,
metabolic activity and osteogenic differentiation, raising
new insights for the material functionalization of tissue
engineering constructs. Interestingly, BM-MSC seeded in
dBone scaffolds exhibited, when compared with control
and dECM cultures, upregulation of BM stem cell-niche
related genes, suggesting the recapitulation of the naive
BM-MSC phenotype.

Taken together, the here developed decellularization-
based bone models, prominently the 3D dBone scaffold,
seem to hold potential to provide a novel platform for
advanced BM-MSC in vitro culture where mechanisms of
activation, proliferation and lineage determination can be
studied in a physiologically relevant context. Furthermore,
future studies will focus on the investigation of the cellular
interactions between MSC and their niche neighbor cells by
means of co-culture systems using the here developed
models.
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