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ABSTRACT

After trauma, the formed fracture hematoma within the fracture gap contains all the important components (immune/stem
cells, mediators) to initiate bone regeneration immediately. Thus, it is of great importance but also the most susceptible to neg-
ative influences. To study the interaction between bone and immune cells within the fracture gap, up-to-date in vitro systems
should be capable of recapitulating cellular and humoral interactions and the physicochemical microenvironment (eg, hyp-
oxia). Here, we first developed and characterized scaffold-free bone-like constructs (SFBCs), which were produced from bone
marrow-derived mesenchymal stromal cells (MSCs) using a macroscale mesenchymal condensation approach. SFBCs revealed
permeating mineralization characterized by increased bone volume (pCT, histology) and expression of osteogenic markers
(RUNX2, SPP1, RANKL). Fracture hematoma (FH) models, consisting of human peripheral blood (immune cells) mixed with MSCs,
were co-cultivated with SFBCs under hypoxic conditions. As a result, FH models revealed an increased expression of osteogenic
(RUNX2, SPP1), angiogenic (MMP2, VEGF), HIF-related (LDHA, PGK1), and inflammatory (IL6, IL8) markers after 12 and 48 hours co-
cultivation. Osteogenic and angiogenic gene expression of the FH indicate the osteoinductive potential and, thus, the biolog-
ical functionality of the SFBCs. IL-6, IL-8, GM-CSF, and MIP-13 were detectable within the supernatant after 24 and 48 hours of
co-cultivation. To confirm the responsiveness of our model to modifying substances (eg, therapeutics), we used deferoxamine
(DFO), which is well known to induce a cellular hypoxic adaptation response. Indeed, DFO particularly increased hypoxia-adap-
tive, osteogenic, and angiogenic processes within the FH models but had little effect on the SFBCs, indicating different
response dynamics within the co-cultivation system. Therefore, based on our data, we have successfully modeled processes
within the initial fracture healing phase in vitro and concluded that the cross-talk between bone and immune cells in the initial
fracture healing phase is of particular importance for preclinical studies. © 2021 The Authors. Journal of Bone and Mineral Research
published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR)..

KEY WORDS: BIOENGINEERING; FRACTURE HEALING; FRACTURE HEMATOMA; OSTEOIMMUNOLOGY

This is an open access article under the terms of the Creative Commons Attribution NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

Received in original form July 24, 2020; revised form January 20, 2021; accepted January 29, 2021. Accepted manuscript online February 3, 2021.

Address correspondence to: Annemarie Lang, PhD, Department of Rheumatology and Clinical Immunology, Charité — Universitatsmedizin Berlin, Corporate
Member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Charitéplatz 1, 10117 Berlin, Germany. E-mail: annemarie.
lang@charite.de

Additional Supporting Information may be found in the online version of this article.

Journal of Bone and Mineral Research, Vol. 36, No. 6, June 2021, pp 1189-1201.

DOI: 10.1002/jbmr.4267
© 2021 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).

1189 W

85US01 SUOWILWLOD) 311D 3(qedl|dde auy Aq pausenoh ae 9 YO ‘SN J0 3| 1oy Akelq1 aUljuQ A3]1A UO (SUO I IPUOD-pUR-SWLB/L0D" A3 | IM° AReiq 1 pul|UOo//:SdNY) SUORIPUOD pUe WS | Y 39S *[2202/TT/82] U0 Arigiaulluo AB|IAN ‘UiZIpBWSIBelSBAIUN - 3}y Aq 29zi"IWq(/200T 0T/10p/Wod A3 1M Afeld Ul |uo* wgse// SNy Wwolj papeojumod ‘9 ‘TZ0Z ‘T89VEZST


https://orcid.org/0000-0001-6651-2963
https://orcid.org/0000-0002-3900-088X
https://orcid.org/0000-0003-2534-550X
https://orcid.org/0000-0002-6675-3895
https://orcid.org/0000-0002-6539-9476
mailto:annemarie.lang@charite.de
mailto:annemarie.lang@charite.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbmr.4267&domain=pdf&date_stamp=2021-02-25

Introduction

one pathologies such as osteoporosis or disturbed fracture

healing lead to pain, immobility, inflexibility, considerable
loss of life quality, and even mental illnesses.” Traumatic events
can result in bone fracturing accompanied by vessel ruptures
and the opening of the bone marrow channel. An important
event in the initial phase of fracture healing is the formation of
the fracture hematoma, which mainly consists of immune and
chondro- and osteoprogenitor cells.%*) Negative influences such
as medications or comorbidities including diabetes, rheumatoid
arthritis, orimmunosuppression can lead to dysregulation within
the inflammatory phase of fracture healing and to impairments
within the following regeneration process.** Recent treatment
strategies have achieved high-technology standards with regard
to fixation systems such as plates or implants, regenerative
approaches using autologous bone graft (gold standard), or the
additional application of stem cells and/or growth factors.©
Therefore, preclinical studies are highly needed to tackle the
unmet clinical need, especially with respect to an aging popula-
tion and the increase of comorbidities.

The surgical removal of the fracture hematoma results in a
prolonged healing process, whereas transplantation in an
ectopic location leads to endochondral bone formation at the
implantation site.”? Formation of the fracture hematoma and
the constricted interplay of pro- and anti-inflammatory pro-
cesses are considered as the starting point of bone regenera-
tion.®®’ Because the bone marrow cavity is opened during the
fracture, the bone marrow acts as a resource for immune cells
as well as chondro- and osteoprogenitor cells such as mesenchy-
mal stromal cells (MSCs). Therefore, it can be hypothesized that
osteogenic induction within the fracture gap is directly induced
and controlled by signals from bone components in the vicinity
of the fracture gap.'® Hence, the cross-talk between immune
cells from peripheral blood (after vessel rupture) and the bone
marrow and osteoprogenitor cells is essential and needs to be
considered in preclinical studies."" Today’s gold standard of
preclinical drug, compound screening, and risk assessment is
the use of animal models—mainly rodents (mice and rats)—
which is in accordance with most national legal requirements.
Nevertheless, trans-species differences may be responsible for
the limited transferability of findings to the human patient."?
Mimicking the in-patient situation in preclinical studies is highly
encouraged and evading cross-species differences by novel
in vitro approaches is of great interest. During the past decades,
conventional in vitro cell culture systems have been revised and
improved to provide more physiological and human-relevant
features. Furthermore, the rapid technical evolution allocating
sophisticated biomaterials, bioreactors, and microfluidic plat-
forms allows the development of innovative human-relevant
in vitro systems as alternative or predictive support to animal
testing."®

Current in vitro systems focus on mimicking bone develop-
ment, endochondral ossification, or the bone homoeostasis itself
by using spheroids, scaffold-based, or scaffold-free model sys-
tems."® Common cell sources are either primary bone-related
cells such as osteoblasts, osteocytes, osteoclasts, or MSCs as pro-
genitor cells."*' To mimic fracture healing, models mainly
focus on later stages of the regeneration processes, particularly
endochondral ossification or remodeling."™ We have previously
described the development of a fracture hematoma model con-
sisting of human whole blood and a certain amount of human (h)

MSCs."® However, to study the initiated processes in an inter-
connected manner and more adequate experimental setting,
the combination of the bone components with the fracture
hematoma (immune component) remains elusive.

Within our study, we have developed and characterized
scaffold-free bone-like constructs (SFBCs) based on mesenchy-
mal condensation, which exceeded the dimensions of spheroids.
These SFBCs were co-cultivated with in vitro fracture hematoma
(FH) models (i) to confirm the biological functionality of the
SFBCs, and (ii) to recapitulate certain aspects of the initial phase
of fracture healing allowing cell-cell interactions (immune and
bone cells) and providing an adequate microenvironment
(hypoxia).

Materials and Methods

Bone marrow-derived MSC isolation, cultivation, and
characterization

Human mesenchymal stromal cells (hMSC; n = 12) were isolated
from bone marrow of patients undergoing total hip replacement
(registered and distributed by the “Tissue Harvesting” Core Facil-
ity of the Berlin Institute of Health Center for Regenerative Ther-
apies [BCRT]; donor list in Supplemental Table S1). All protocols
were approved by the Charité-Universitatsmedizin Ethics Com-
mittee and performed according to the Helsinki Declaration (eth-
ical approval EA1/012/13). MSC isolation was performed as
described in detail before."® Briefly, bone marrow was trans-
ferred to a 175 cm? cell culture flask, covered with expansion
medium containing DMEM+GlutaMAX (Gibco, ThermoFisher,
Waltham, MA, USA), 10 (v/v) % FCS (Biowest, Nuaille, France), 1
(v/v) % penicillin/streptomycin (Gibco, ThermoFisher), 20 (v/v)
% StemMACS MSC Expansion Media XF (Miltenyi Biotech, Ber-
gisch Gladbach, Germany), and incubated at 37°C in 5% CO,
atmosphere (approx. 18% O,). Medium was changed after 3 to
4 days when cells became adherent. Isolated cells were
expanded at 37°C, 5% CO,. Medium exchange was performed
weekly and passaging with Trypsin—-EDTA (Gibco, ThermoFisher)
was conducted at a cellular confluency of 80% to 90%. For char-
acterization, MSCs were evaluated at passage 3 for their differen-
tiation potential (osteogenic, adipogenic) and the presence and
absence of specific cell surface markers (MSC Phenotyping Kit,
Miltenyi Biotech) as described in detail before.'®

Fabrication of the 3D bone-like scaffold-free constructs
(SFBCs)

SFBCs were produced based on a patented protocol (patent
no. EP1550716B1), which was modified by applying osteogenic
medium to induce osteogenic differentiation after 1 week and
no application of biomechanical loading to avoid matrix destruc-
tion. The osteogenic medium for generation and maturation
contained DMEM/F-12, 10% (v/v) FCS, 1% (v/v) streptomycin/
penicillin, 10 mM B-glycerophosphate, and 10 nM dexametha-
sone (all Sigma-Aldrich, St. Louis, MO, USA). Approx. 10 to 20
x 10° hMSC/cm? (passage 3 to 4) were cultivated in expansion
medium until reaching confluency and forming a closed mono-
layer. The cells were detached and centrifuged at 350g for
15 minutes at room temperature. Afterward, the resulting cell
aggregates were cultivated for up to 1 week with medium
exchange every day. Cell aggregates were then transferred to a
6-well plate and cultured for up to 12 weeks, enabling a
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permeating mineralization of the SFBCs until performing charac-
terization or co-cultivation with the FH model.

Generation of FH and co-cultivation

Human EDTA blood (n = 3) was collected from healthy donors
with written consent."® The FH models were generated as
described previously.'® In brief, 2.5 x 10° hMSCs were resus-
pended in 100 pL of EDTA-blood and subsequently mixed with
a 10 mM CaCl, solution (solved in PBS). The resulting coagulate
is referred to as FH. After an incubation time of 30 minutes at
37°C, 5% CO,, the FH were placed on a SFBC with direct contact
and cultivated in normal medium (NM) containing DMEM+Gluta-
MAX;, 10 (v/v) % FCS, and 1 (v/v) % penicillin/streptomycin. Oste-
ogenic medium components (OMQ)—10 mM
B-glycerophosphate, 0.1 mM L-ascorbic acid-2-phosphate, and
10 nM dexamethasone—were supplemented for control experi-
ments. For the treatment study, 250 pM DFO (Sigma-Aldrich) was
supplemented to the medium. The generated, combined
models were incubated under hypoxic (37°C, 5% CO, and ~ 1%
0,, flushed with N,) conditions in a humidified atmosphere for
up to 48 hours.

In vitro micro-computed tomography (uCT)

SFBCs were scanned at a nominal resolution of 8 pm, with a Sky-
Scan 1172 high-resolution microCT (Bruker, Kontich, Belgium).
X-ray tube voltage was set at 80 kV, 124 pA with maximized
power of 10 W, and a 0.5 mm aluminum filter was employed to
reduce beam hardening effects. The scan orbit was 360° with a
rotation step of 0.2°. For reconstruction, the Bruker NRecon soft-
ware accelerated by GPU was used, and Gaussian smoothing,
ring artifact reduction, misalignment compensation, and beam
hardening correction were applied. XY alignment was corrected
with a reference scan to determine the thermal shift during scan
time. The CTAn software (Bruker) was used to analyze the total
volume of interest (VOI) of SFBCs. The threshold for bony tissue
was set globally (determined by the Otsu method) and kept con-
stant for all SFBCs. For analysis, we used the bone volume (BV),
the bone surface (BS), and the trabecular pattern factor
(TBPf)"”) as measured and calculated by the software.

Scanning electron microscopy (SEM)

Samples were fixed with 2.5 (v/v) % glutaraldehyde (fixation for
10 minutes), dehydrated with increasing alcohol concentration
30 (v/v) % to 100 (v/v) % (5 steps), and incubated with 100% hex-
amethyldisilazane (all Sigma-Aldrich). Subsequently, the samples
were transferred to a sample holder, and gold coating was per-
formed with a fine gold coater JFC-1200 (JEOL, Tokyo, Japan).
For electron microscopy, the JCM-6000 Plus NeoScope (JEOL)
was used for imaging, and high vacuum was adjusted.

Histological stainings

SFBCs were fixed for 6 hours in a 4 (v/v) % paraformaldehyde
solution (PFA; Carl Roth, Karlsruhe, Germany) followed by an
ascending sucrose solution treatment (10 [w/v] %, 20 [w/v] %,
and 30 [w/v] %) for 24 hours, respectively, and afterward cryo-
embedded with SCEM medium (Section-lab, Hiroshima, Japan).
Slices were produced with a cryotom using cryofilms (Section-
lab) and afterward air-dried for 20 minutes and fixed with
4 (v/v) % PFA before every histological or immunohistological
staining on a microscope slide. Hematoxylin and eosin (H&E)

staining was performed as described previously.’® In short,
slices were fixed with 4 (v/v) % PFA (10 minutes), washed with
distilled water, and stained with Harris’s hematoxylin solution
(MilliporeSigma, Burlington, MA, USA). Staining was followed
by several washing steps, a differentiation step (0.25 [v/v] % con-
centrated HCl), and a second staining step in 0.2 (w/v) % eosin
(Chroma, Waldeck, Munster, Germany). Staining was finished
by differentiation in 96 (v/v) % and 100 (v/v) % ethanol, fixation
with xylol, and covering with Vitro-Clud (R. Langenbrinck GmbH,
Emmendingen, Germany). Alizarin Red S staining was conducted
by applying slices after fixation and washing to the 2 (w/v) % Aliz-
arin red S staining solution (Sigma-Aldrich; pH 4.1-4.3) for
10 minutes. Afterward, slices were washed in distilled water
and differentiation was performed in 0.1 (v/v) % HCL solved in
ethanol and fixed by washing two times with 100% ethanol
before xylol fixation and covering. Von Kossa staining was con-
ducted according to the following protocol: air drying, fixation,
and washing as described above, 3% (w/v) silver nitrate solution
(10 minutes), washing step with distilled water, sodium carbon-
ate formaldehyde solution (2 minutes), washing step with tap
water, 5% (w/v) sodium thiosulphate solution (5 minutes), wash-
ing step with tap water and distilled water, ascending ethanol
series (70 [v/v] % to 100 [v/v] %), fixation in xylol, and covering.
For Col |, Il, and ALP staining, slices were rehydrated with
phosphate-buffered saline (PBS) treated with 3 (v/v) % H,0,
(30 minutes), washed with PBS, blocked with 5% normal horse
or goat serum (Vector Laboratories, Burlingame, CA, USA) in
2 (w/v) % bovine serum albumin (BSA), and incubated overnight
with primary antibodies at 4°C (Col | antibody: ab6308, 1:500,
Abcam [Cambridge, UK]; Col Il antibody, 1:10, Quartett Immuno-
diagnostika [Berlin, Germany]; ALP antibody, ab95462, Abcam).
Afterward, slices were washed and treated with 2 (v/v) % second-
ary antibody (biotinylated horse anti-mouse IgG antibody - Col |
and Col II; biotinylated goat anti-rabbit IgG antibody — ALP, Vec-
tor Laboratories) diluted in 2 (v/v) % normal horse/goat serum/2
(v/v) % BSA/PBS (30 minutes), washed with PBS, incubated with
avidin-biotin complex (Vectastain Elite ABC HRP Kit, Vector Labo-
ratories) (50 minutes), washed with PBS, incubated with DAB
under microscopic control with time measurement (DAB peroxi-
dase (HRP) Substrate Kit, Vector Laboratories) and stopped with
PBS. For counterstaining, slices were washed with distilled water
and stained with Mayer’'s hematoxylin (Sigma-Aldrich), washed
with tap water, and covered with Aquatex (MilliporeSigma). Pic-
tures were taken with the Axioskop 40 optical microscope (Zeiss,
Jena, Germany) using the corresponding AxioVision microscopy
software. Von Kossa staining was quantified using ImageJ and
the threshold tool to mark positive (black) and negative (brown)
stained areas.

Immunofluorescence

For the immunofluorescence staining, the slides were rehy-
drated with PBS and blocked with PBS with 5 (v/v) % FCS for
30 minutes at room temperature. Primary osteopontin antibody
(mouse anti-human, Abcam) or osteocalcin (rabbit anti-human,
Abcam) was diluted 1:50 in PBS/5 (v/v) % FCS/0.1 (v/v) % Tween
20 and incubated for 2 hours. After washing with PBS/0.1%
Tween 20, the secondary antibody (donkey anti-goat A568; Life
Technologies/ThermoFisher) was diluted 1:500 in PBS/5 (v/v) %
FCS/0.1 (v/v) % Tween 20 and applied for 1 hour. Pictures were
taken with a Keyence fluorescence microscope BZ 9000
(Keyence, Osaka, Japan) using the DAPI, TexasRed, and Cy5
channels.
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RNA isolation and quantitative PCR (qPCR)

SFBCs were transferred to RLT-buffer (Qiagen, Hilden, Germany)
with 1% 2-Mercaptoethanol (Serva Electrophoresis, Heidelberg,
Germany) and disrupted using the Qiagen Tissue Ruptor
(Qiagen). Total RNA was extracted using the RNeasy Fibrous Tis-
sue Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions, and the RNA concentration was determined using the
Nanodrop ND-1000 (Peqglab, VWR International, Radnor, PA,
USA). RNA was stored at —80°C until further processing. For the
co-cultivation experiments, the FH and the SFBC models were
analyzed separately. RNA from SFBCs was isolated as described
above, and cells from the FH were dissociated by using a cell
strainer (Corning, Corning, NY, USA) and washing with PBS. After
centrifugation for 10 minutes at 300g, the cell pellet was resus-
pended in 350 pL RLT buffer with 3.5 uL 2-Mercaptoethanol
and total RNA was extracted as described above. RNA quality
was assessed via Bioanalyzer (Agilent, Santa Clara, CA, USA).
cDNA was synthesized by reverse transcription using TagMan
Reverse Transcription Reagents (Applied Biosystems, Carlsbad,
CA, USA) using 100 to 400 ng RNA. qPCR was performed using
the DyNAmo Flash SYBR Green gPCR Kit (Thermo Fisher Scien-
tific) and the Stratagene Mx3000P (Agilent Technologies). Initial
denaturation was for 7 minutes at 98°C. Afterward, 50 cycles
with 5 seconds at 98°C, 7 seconds at 56°C, and 9 seconds at
72°C were performed. The melting curve was analyzed by step-
wise increasing the temperature from 50°C to 98°C every
30 seconds. All primers were designed with Primer3, verified
with NCBI PrimerBlast, purchased from TIB Molbiol (Berlin, Ger-
many), and tested for efficiency beforehand (Supplemental
Table S2). Eukaryotic translation elongation factor 1 alpha 1
(EF1A) was used as housekeeper gene because it has been previ-
ously reported to be stable under normoxic and hypoxic condi-
tions.1619) The 2(-defta delta ) mathod was employed to
analyze the gene expression data.

Cytokine and chemokine quantification in supernatants

Supernatants were immediately stored at —80°C after 24 and
48 hours of co-cultivation. The concentration (pg/mL) of cyto-
kines and chemokines was determined using multiplex suspen-
sion assay (Bio-Rad Laboratories, Hercules, CA, USA) following
the manufacturer’s instructions. The following cytokines and
chemokines (lower detection limit) were measured: IL-1f
(7.55 pg/mL), IL-2 (18.99 pg/mL), IL-4 (4.13 pg/mL), IL-5
(20.29 pg/mL), IL-6 (25.94 pg/mL), IL-7 (16.05 pg/mL), IL-8
(37.9 pg/mL), IL-10 (37.9 pg/mL), IL-13 (7.21 pg/mL), IL-17
(24.44 pg/mL), interferon-gamma (IFNy, 56.32 pg/mL), tumor
necrosis factor-alpha (TNFa, 59.53 pg/mL), monocyte chemotac-
tic protein-1 (MCP-1, 27.02 pg/mL), macrophage inflammatory
protein MIP-16 (6.27 pg/mL), granulocyte colony-stimulating fac-
tor (G-CSF, 50.98 pg/mL), and granulocyte-macrophage colony-
stimulating factor (GM-CSF, 11.82 pg/mL).

Statistical analysis

Statistical tests were performed using GraphPad (La Jolla, CA,
USA) Prism Software version 8. Statistical differences towards a
hypothetical value were determined by the Wilcoxon signed
rank test (unpaired). With respect to the co-cultivation studies,
differences between two groups were determined with the Wil-
coxon matched-pairs signed rank test, the Mann-Whitney test,
or between more groups with the Kruskal-Wallis test with
Dunn’s multiple comparisons test. Probability values of p < .05

were considered to be statistically significant (exact p values
are indicated in the figures). Details on the statistics per figure
are displayed in the Supplemental Information.

Results

SFBCs are characterized by permeating mineralization

In a first step, we wanted to know if it is possible to employ mes-
enchymal condensation as a macroscale approach with consistent
3D self-organization and permeating mineralization. Thus, SFBCs
were generated by hMSC condensation and treatment with oste-
ogenic medium until analysis at week 12 (Fig. 1A). Macroscopic
observation indicated comparable generation of SFBCs from
different hMSC donors with a diameter of approx. 1 cm and a
thickness of 0.5 cm (Fig. 1B). To verify the mineralization, in vitro
pCT was performed, showing a consistently high mineralization
in the outer area, which was slightly reduced toward the center
(Fig. 1C0). 3D reconstruction demonstrated the presence of miner-
alized tissue as indicated by parameters such as bone volume (BV;
mean = 51+37mm® and bone surface (BS;
mean = 276.1 = 1954 mm?) (Fig. 1D), however with a high stan-
dard deviation by means of the bone volume and the bone sur-
face. To quantify the connectedness of the mineralized areas, we
additionally examined the trabecular pattern factor (TBPf). This
parameter was originally invented to evaluate trabecular bone.
Although no osteoclasts were present in the SFBCs and thus the
formation of clear trabeculae was not expected, we use this
parameter to distinguish between concave (ie, connected) and
convex (ie, isolated) structures. Low or even negative values repre-
sent hereby high connected tissue, which was found in at least
4 (TBPf <2) of 9 SFBCs (Fig. 1D). To evaluate the structural morphol-
ogy of the SFBCs in further detail, we used SEM and found similar
morphology when compared with human native cortical/trabecu-
lar bone (Fig. 1E, F). In detail, the top view shows strong matrix for-
mation and a closed superficial layer with certain, isolated crystal-
like depositions, while the cut face revealed a cancellous-like struc-
ture with interconnected mineralized areas. However, the forma-
tion of clear trabeculae within the SFBC is not visible when
compared with native trabecular bone (Fig. 1F, cut face).

To get a more detailed overview on the matrix composition,
assorted histological and immunohistochemical stainings were
applied. Cells were homogenously distributed within the SFBCs
as indicated by H&E staining, while Alizarin Red S and von Kossa
staining confirmed the deposition of calcium and phosphate,
respectively, throughout the tissue (Fig. 2A). Interestingly, SFBCs
that showed less von Kossa staining exhibited a more pro-
nounced layer-like structure, while the layers itself were strongly
mineralized at the borders (Fig. 2A; lower row). Negative controls
were cultivated without osteogenic medium (Fig. 2B). In addi-
tion, we observed the expression of collagen type I (Col I) and
alkaline phosphatase (ALP), which are typical markers for osteo-
genic processes, whereas no Col I, a typical marker of chondro-
genesis, was found (Fig. 20).

SFBCs show profound expression of bone-specific markers

To confirm the previous findings regarding the expression of
bone-specific markers, immunofluorescence staining for osteo-
pontin (OPN) and osteocalcin (OC), two non-collagenous bone
matrix proteins, were analyzed and yielded the evenly distrib-
uted, distinct protein expression (Fig. 3A, B). Although OPN is
mainly produced by immature osteoblasts, OC is a marker of
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Neg. control - Alizarin

Fig 2. Histological and immunohistochemical examination of the SFBCs. (A) Exemplary images of H&E, Alizarin red staining, and von Kossa stains. Upper
row is exemplary for fully calcified SFBCs and lower row for less fully calcified SFBCs. n = 9. (B) Negative control for Alizarin red and von Kossa staining. (C)
Immunohistochemical stainings for Col I, Col I, and ALP. All scale bars = 200 pm. All images are exemplary for n = 9.

late-stage osteoblasts, indicating the presence of different cell phosphoprotein 1 (SPP1) and distal-less homeobox 5 (DLX5;
states within the SFBCs. mRNA expression analysis showed high Fig. 30). SPP1 was significantly higher expressed (10-fold),
levels of osteogenic marker genes such as secreted whereas DLX5 was higher expressed by trend (8-fold) when
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Fig 3. Immunofluorescence and mRNA expression analysis of SFBCs. (A, B) Immunofluorescence staining of osteocalcin (OC; A) and osteopontin (OPN; B).
White asterisks highlight cells with high OPN production. To reveal the nuclei of present cells, all slides were counterstained with DAPI. All scale
bars = 200 pm. Images are exemplary for n = 3. (C) gPCR results of mature osteogenic markers (SPP1, DLX5, RANKL) (n = 8-10), and (D) metabolic marker
VEGFA is highly expressed while other metabolic markers (PGK1, LDHA, HIF1, EPAS) and markers indicative for osteoprogenitors (RUNX2, SOX9) remain at a
basal level (n = 10). Data are shown as box plots with median, interquartile range, max and min values, and all data points. For statistical analysis, the
results were compared with the expression level of monolayer hMSC, and the Wilcoxon signed rank test was used (Supplemental Table S3).

compared with monolayer MSCs. In contrast, the early osteo-
genic transcription factor runt-related transcription factor 2
(RUNX2) and the chondrogenic marker SRY-box transcription fac-
tor 9 (SOX9) were expressed on a more basal level. Interestingly,
receptor activator of NF-xB ligand (RANKL) was highly expressed
(Fig. 3C). Moreover, vascular endothelial growth factor (VEGF)
was significantly higher expressed (10-fold), although other
hypoxia-inducible factor (HIF1) target genes such as phospho-
glycerate kinase 1 (PGK1), lactate dehydrogenase A (LDHA), endo-
thelial PAS domain-containing protein 1 (EPAS), and HIF1 were
comparably or lower (LDHA) expressed as in monolayer MSCs
(Fig. 3D).

Co-cultivation indicates biological functionality of SFBCs

To confirm the functionality of the SFBCs and to mimic the initial
phase of fracture healing in an adequate experimental setting,
SFBCs were directly co-cultivated with FH models under hypoxic
conditions (5% CO,, ~ 1% O,) for 12 hours up to 48 hours
(Fig. 4A), since the initial phase of fracture healing in humans
takes place within the first 72 hours.”> However, preliminary

results indicated a significant loss of living cells within the FH
models after an incubation of 72 hours (Supplemental Fig. S1).
Although we have not fixed both models to each other by any
technical measures, we observed a close contact of the FH with
the corresponding SFBC, allowing direct cell-cell contact and
cross-talk between the models. After co-cultivation for 48 hours,
H&E staining revealed the typical cell morphology with no obvi-
ous alterations within the SFBCs, whereas the cells in the FH
seemed to be evenly distributed. The calcification throughout
the SFBC was reconfirmed via von Kossa staining with no obvi-
ous calcification in the border areas of the FH (Fig. 4B). We have
previously shown that the most interesting observations in our
in vitro FH were visible between 12 and 48 hours with respect
to immune cell survival and activity."® Thus, in a first experi-
ment, mRNA expression in the FH and the SFBC was analyzed
after 12 and 48 hours and normalized to the mean expression
at 0 hours (Fig. 4C, D, respectively). Analysis of the mRNA expres-
sion in the FH indicated a time-consistent, upregulated expres-
sion of RUNX2, SPP1, MMP2, VEGF, LDHA, and PGK1 with only
numerical differences between time points—except for LDHA
(Fig. 4C). The main differences were observed for the inflamma-
tory markers interleukin 6 (IL6) and IL8, which were slightly lower
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Fig 4. Co-cultivation of SFBCs and in vitro FH. (A) Experimental setup for the co-cultivation study. NM = normal cultivation medium; OMC = osteogenic
medium components. (B) Exemplary images of H&E (1, 2) and von Kossa staining (3, 4). Images in the right row (2, 4) are magnifications. Scale bars are
indicated. (C) gPCR results of the FH model after 12- and 48-hour co-cultivation with SFBCs under hypoxic conditions. Data are normalized to EF1A and
0 hour to verify induction of gene expression by co-cultivation. Data are presented as individual data points with median, max and min values (n = 3).
Statistical significance was determined using the Wilcoxon signed rank test (matched pairs and unpaired to hypothetical value = 1; Supplemental
Tables S4 and S5). (D) qPCR results of the SFBCs after 12- and 48-hour co-cultivation with FH under hypoxic conditions. Data are normalized to EF1A
and 0 hour. Data are presented as individual data points with median, max and min values (n = 3). Statistical significance was determined using the Wil-
coxon signed rank test (matched pairs and to hypothetical value = 1; Supplemental Tables S6 and S7). (E) qPCR results of the FH model after 12- and
48-hour co-cultivation with SFBCs compared with the FH + OMC control. Data are normalized to EF1A, 0 hour, and the median of FH + OMC. Data are pre-
sented as box plots with median, interquartile range, max and min values, and all data points (n = 3-12). Statistical significance was determined using the
Mann-Whitney test (unpaired; Supplemental Table S8).
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expressed after 48 or 12 hours, respectively. Within the SFBCs,
SPP1 was elevated after 12 hours and was marginally lower
expressed at 48 hours compared with 0 hours (Fig. 4D). MMP2,
VEGFA, and IL8 were highly expressed at both time points.

Based on these data, further expression analysis and experi-
ments were conducted after 48 hours of co-cultivation. To verify
the biological functionality, in particular the osteoinductive
potential of the SFBC, we compared the results from the co-
cultivated FH model with a FH + OMC control group (treated
only with osteogenic medium components [OMC]: pB-glycero-
phosphate, ascorbic acid, dexamethasone). The normalization
of the data to the starting point (0 hours) and the FH + OMC con-
trol revealed no substantial differences between both groups
(Fig. 4E). Only SPP1 was lower expressed in the FHs co-cultivated
with SFBCs compared with the FH + OMC control. Based on
these findings, we concluded that the SFBCs show a comparable
osteoinductive capacity as the OMC and, therefore, biological
functionality. Control experiments investigating the effect of
the medium composition (= OMC) on the FH and SFBC revealed
only slight differences between the groups regarding MMP2 and
LDHA expression after 48 hours in the FH and a time-dependent
upregulation of /L8 within the FH when supplementing OMC
(Supplemental Figs. S2 and S3).

Regarding the protein release, we confirmed the secretion of
the pro-inflammatory IL-6 and the pro-inflammatory/-
angiogenic IL-8. The pro-inflammatory GM-CSF and MIP-1f were
also released (Fig. 5A). All other analyzed cytokines could not be
measured because of concentrations lower than the detection
level.

DFO treatment intensifies pro-angiogenic processes

For evaluation of the model suitability to identify interfering sub-
stances, we supplemented 250 pM DFO for 48 hours and ana-
lyzed the changes in mRNA expression and protein release.
DFO is an iron chelator, which inhibits prolylhydroxylases to
chemically stabilize HIF and is a well-known osteoinductive sub-
stance.?% After co-cultivation for 48 hours and supplementation
of DFO, we found that DFO triggered the expression of osteo-
genic, angiogenic, and hypoxia-related genes in the in vitro FH
with barely any effect on the SFBCs (Fig. 5B). In detail, the expres-
sion of the osteogenic marker SPP1 in the FH was higher
expressed compared with the untreated control, whereas DFO
had no effect on the expression of RUNX2. The inflammatory
markers MMP2 and IL6 were additionally elevated, whereas the
pro-angiogenic factor VEGFA and the hypoxia-responsive LDHA
were highly expressed under the influence of DFO compared
to the untreated control group (Fig. 5B). Referring to the mRNA
expression within the SFBCs, we observed a pattern very similar
to untreated conditions, which were expected because of the
short treatment period (Fig. 5B). Finally, the protein release of
IL-6 and IL-8 was slightly induced after 24 hours with DFO sup-
plementation (Fig. 5C). These results confirm the interfering
potential of DFO and indicate different response dynamics
within the co-cultivation system.

Discussion

To study the interaction between bone and immune cells within
the fracture gap, adequate in vitro systems should recapitulate
cell-cell interactions and the microenvironment (hypoxia). Here,
we first developed and characterized SFBCs, which were co-
cultivated with FH models under hypoxic conditions to verify

the osteoinductive potential of SFBCs and to recapitulate certain
aspects of the initial phase of fracture healing. To stratify the
model regarding the responsiveness toward potentially interfer-
ing substances (eg, therapeutics), DFO was supplemented for
48 hours. Based on our data, we were able to distinctly mimic
processes of the initial fracture phase in vitro and highlighted
the importance of including the cross-talk between bone and
immune cells for preclinical studies. Improved tissue engineering
approaches employ mesenchymal condensation as a natural
form of 3D self-assembly or self-organization consisting exclu-
sively of the cells and their own produced extracellular matrix
(ECM).?V MSCs from the bone marrow, but also the adipose tis-
sue as well as primary cells (osteoblasts) or induced pluripotent
stem cells, have been used depending on the availability and
phenotype stability. It has been described that bone marrow-
derived MSCs tend to mineralize than undergo chondrogenesis
after mesenchymal condensation.'*2?? Several techniques are
exerted, such as the use of low-attachment plates to induce
spontaneous MSC aggregation, membrane-based aggregation
(eg, chitosan), or forced aggregation (via centrifugation).®®

The applied technique patented by Ponomarev and col-
leagues® exploits the capacity of MSC to undergo mesenchy-
mal condensation on a macroscale level to produce macro-
tissues in a highly standardized manner without causing necrosis
formation in the center."® The advantage of such macroscale
approaches is the physiologically relevant size, geometry, and
low cell number and density compared with the matrix and
mechanical properties when compared to, for example, spher-
0ids."® However, the generation and examination of these con-
structs are time-consuming and require high numbers of cells
limiting the throughput of the system but enabling the perfor-
mance of several analyses from one model. Here, we reported
the bone-like structure and ongoing calcification/mineralization
of the SFBCs that were verified by in vitro uCt (Fig. 1) and histol-
ogy/immunohistochemistry, showing pronounced expression of
ALP and Col I in the absence of Col Il (Fig. 2). These findings are
comparable to other studies using MSC aggregates analyzed
after 1 to 3 weeks.*>?® The morphology and structure of the
SFBCs resemble immature woven bone regarding the body
structure. To identify bone-representative cell types, we applied
immunofluorescence staining. Because osteoblasts and osteo-
cytes are the characteristic cells in native bone, we stained for
OPN as well as OC. OPN, a glycol-phosphoprotein,” is mainly
expressed in immature osteoblasts and OC can be found in
late-stage osteoblasts currently transforming to osteocytes.
Thus, we have heterogenic differentiation and maturation states
within the SFBCs, indicating a heterogeneous cell population in
functional balance. With respect to the mRNA expression, we
observed augmented expression of osteogenic relevant markers
such as SPP1, DLX5, RANKL and VEGFA (Fig. 3). SPP1, the coding
gene for OPN, is hereby the most distinct upregulated gene,
coherent with the expression of OPN within the immunofluores-
cence staining. Muraglie and colleagues observed comparable
trends, including a two- to eightfold increase in OC and OPN
expression in MSC aggregates cultivated in low-attachment
plates.*® Because RUNX2 is an early upstream transcription fac-
tor, high expression on mRNA level is expected 3 to 7 days after
osteogenic induction.®® After 3 weeks, the process of ossifica-
tion and cellular differentiation toward the osteogenic lineage
is already in an advanced state.?*>% VEGFA is an essential coor-
dinator, not only of angiogenetic processes and important for
fracture healing, but also in the process of endochondral ossifica-
tion®” and is known to enhance osteogenic differentiation
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Fig 5. Analysis of the supernatant after co-cultivation and co-cultivation of SFBCs and in vitro FH with supplementation of DFO. (A) Supernatants were
collected after 24 and 48 hours and analyzed via multiplex assay. Statistical significance was determined using the Kruskal-Wallis test with Dunn’s mul-
tiple comparisons test (Supplemental Table S9). Data are shown as individual data points with median, max and min values. (B) qPCR results of the FH or
the SFBCs after 48-hour co-cultivation with supplementation of 250 pM DFO (bold abbreviations in title indicate analyzed component). Data are normal-
ized to EF1A and the untreated control and presented as individual data points with median, max and min values, and all data points (n = 3). Statistical
significance was determined using the Wilcoxon signed rank test (Supplemental Tables S10 and S11). (C) Supernatants were collected after 24 and
48 hours and analyzed via multiplex cytokine detection assay (dark blue = DFO treated samples). Statistical significance was determined using the Krus-
kal-Wallis test with Dunn’s multiple comparisons test (Supplemental Table S12). Data are shown as individual data points with median, max and min
values.

in vitro.®? Interestingly, other HIF1 target genes such as PGK1,
EPAS, and HIF1 were comparably expressed as in monolayer
MSCs, although LDHA was downregulated (Fig. 3D). Because
the SFBCs were not cultivated under hypoxic conditions, the
increased expression of VEGFA might result from an alternative
pathway, eg, induced by transforming growth factor beta
1 (TGF-p1).%® DLX5, an important transcription factor in

osteogenesis and bone development,®¥ is also highly expressed
within the SFBCs, also indicating an intense ossification process.
RANKL is also expressed in mature osteoblasts, differentiating
into osteocytes and regulating osteoblastogenesis, indicating
the presence of late-stage osteoblasts.®*

After characterizing their bone-like quantities, we co-cultivated
the SFBCs with in vitro FHs to evaluate the osteoinductive
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potential and, therefore, the functionality of the SFBCs. Previously,
we developed an in vitro FH model, incubated in osteogenic
induction medium, which closely reflects the in vivo situa-
tion."®3® One of the main findings was the importance of hyp-
oxia. Therefore, we included hypoxic conditions in our co-
cultivation setup. The co-cultivation of the in vitro FH and SFBCs
in NM for up to 48 hours under hypoxic conditions revealed sig-
nificant initiation of cellular processes (MRNA level) for adapta-
tion to hypoxia and osteogenic induction within the FH
(Fig. 4). These findings are in accordance with results from an
ex vivo study and an in vitro FH model conducted in our group
(Supplemental Table 513).1637

Based on the comparative analysis with an FH + OMC control,
we concluded that the SFBCs show a comparable osteoinductive
capacity as the OMC and biological functionality indicated by, for
example, VEGF and MMP2 (Fig. 4). Interestingly, SPP1 was notice-
ably lower expressed in the FH when co-cultivated with SFBCs
compared with the FH + OMC control, which could be explained
by either the higher amount of OPN provided by the SFBC (Fig. 3)
or the considerable high expression/concentration of IL-6 (Figs. 4
and 5A), as previously reported.®® The level of pro-inflammatory
cytokines (eg, IL-6 and IL-8) was abundant, which has been also
observed in ex vivo samples from patients (Fig. 54).%*3” The
microenvironment of the fracture hematoma is described by
hypoxia, high lactate and low pH owing to the disruption of ves-
sels, cell death of, for example, erythrocytes, and the lack of nutri-
ents. This cytotoxic environment needs to be counterregulated
to allow the invasion of regenerative cells. Therefore, we
included whole human blood instead of isolated peripheral
blood mononuclear cells (PBMCs). At the initial stage, the micro-
environment in the fracture hematoma is acidotic and switched
to neutral and slightly alkaline during the regeneration
process,®*? which can be triggered by hypoxia. Interestingly,
upon co-cultivation, LDHA was highly upregulated in the FH
model (Supplemental Fig. S2).

Furthermore, the effect of certain immune cells during the ini-
tial phase of fracture healing has been studied in detail during
the last decade. Lymphocytes play a crucial role as shown in
RAG1™7) mice supposing a detrimental effect of adaptive
immune cells.*? A negative impact was reported for the pres-
ence of CD8" cytotoxic T cells in humans and mice,*” whereas
CD4™ cells have been shown to enhance osteogenic differentia-
tion in vitro and upregulated osteogenic markers, eg, RUNX2 or
0C“? This clearly indicates the need to combine bone and
immune cells in in vitro approaches to recapitulate the cross-talk,
environment, and key features of the in vivo situation.

With respect to the DFO treatment, we found an upregulation
of HiF-target genes (VEGFA and LDHA), indicating the effectivity
of DFO to stabilize HIF (Fig. 5B, C). In addition, pro-inflammatory
processes were more pronounced, which is in accordance with
current findings in a mouse-osteotomy model revealing the acti-
vation of, for example, C-X-C motif chemokine ligand 3 (Cxcl3) or
metallothionein 3 (Mt3) expression at day 3 after application of
DFO in the fracture gap.*® We did not expect a strong upregula-
tion of osteogenic markers or changes in the SFBCs, which nor-
mally require longer treatment periods.?®)

Nevertheless, there are many ways to foster the current
approach. To improve the current protocol to generate SFBC, dif-
ferent approaches such as the addition of specific growth fac-
tors, eg, BMPs, fibroblast growth factors (FGFs), or VEGFs,
enhancing the differentiation and bone formation in vitro can
be considered to fasten up the generation period in the future.
Furthermore, bioreactors can be used to approximate the

environment to the actual in vivo situation by dynamic culturing
and restrained environment, while overcoming the lack of nutri-
ent transfer and combining cells with scaffolds.*® Bioreactors
also provide the possibility to withdraw toxic and cell apoptotic
signals, perhaps allowing a longer cultivation period of the
model. Moreover, to adequately mimic the fracture gap, the
adjacent bone marrow might be included within the system to
allow the migration of further immune cells but also, for exam-
ple, endothelial cells, which invade the fracture hematoma to
promote neovascularization.

Nevertheless, we present a first approach to recapitulate key
features of the initial phase of fracture healing more closely to
the in vivo situation by combining macroscale bone equivalents
and FH models. Despite some limitations, we here provide data
on a prototype of an in vitro fracture gap model that can be used
in the future (i) to study potential underlying mechanisms of
fracture-healing disorders, eg, using blood of immunologically
restricted patients* to produce the FH models; (i) to be
employed as a prediction tool to identify (potential) interfering
substances (eg, glucocorticoids, NSAIDs) or new therapeutics;
and (iii) to be further optimized and expanded to provide a suf-
ficient alternative method for active implementation of the 3R
principle.
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