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1. Introduction

1. Introduction

1.1 Bone tissue engineering

Bone is a crucial element of the skeletal system, supporting body shape and
posture in vertebrates. In the clinic, large bone defects represent one of the most
severe organ damages due to tumor resection, severe trauma, or congenital
defects, which affect hundreds of millions of people worldwide every year,
resulting in disfunction and socio-economic issues. Especially, maxillofacial bone
defects seriously affect patient's pronunciation and chewing function, as well as
self-confidence of their appearance. These reasons make the development of
bone tissue engineering (BTE) imperative, which is a feasible approach for
reconstructing large bone defects that exceed bone self-healing capacity.

Generally, BTE seeks to patient-own (autologous) stem cells and biocompatible
scaffolds as well as biological factors that regulate osteoprogenitor cells
proliferation, migration and differentiation to enhance and form functional bone
structure. Figure 1.1 shows a representative workflow of BTE in oral and
maxillofacial area. Jaw periosteal cells (JPCs) are isolated from the jaw
periosteum and expanded in vitro. JPCs-seeded scaffolds are then cellularized
and promoted to growth and maturation in bioreactors. JPCs-based bone
constructs are analyzed for cell functions, properties and interaction with
microenvironment, for example osteogenic differentiation, angiogenic and
immunomodulatory capacities, and interaction with osteoclasts. Finally, JPCs-
based bone constructs are applied for clinical implantation.
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Figure 1.1 Schematic draft of a representative workflow for the development of JPC-
based bone constructs for jaw bone tissue engineering. The daft is created by BioRender.

1.2 Periosteum derived stem cells

Periosteum is a highly vascularized membrane that covers the outer surface of
most bones, consisting of an outer fibrous layer, and an inner cambium layer
(Dwek, 2010) (Figure 1.2).
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Figure 1.2 Schematic draft of the periosteum tissue. The daft is created by BioRender.

The outer fibrous layer is composed of collagenous matrix, elastic fibers,
fibroblasts, micro vessels and neural network (Squier et al., 1990). The inner
cambium layer contains mesenchymal progenitor cells and differentiated
osteogenic progenitor cells (collectively referred to as periosteum derived
progenitor cells, PDPCs), osteoblasts, micro vessels and sympathetic nerves
(Squier et al., 1990, Allen et al., 2004). PDPCs play an important role in bone
development and regeneration (Evans et al., 2013). Interestingly, the osteogenic
differentiation potential of PDPCs differs with location. Studies have shown that
cranial periosteum had less osteogenic potential than that of the tibia (Bilkay et
al., 2008, Uddstromer, 1978). Regarding the 1,25-dihydroxyvitamin D3
responsiveness, cranial periosteum appeared to be regulated differently from that
of appendicular and axial bones (Hock et al., 1982). Compared to bone marrow

derived cells, PDPCs divided more rapidly and mineralized in a more random
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pattern in vitro responding to osteoinductive substances. When exposed to
physiological levels of mechanical strain PDPCs increased proliferation and
PGE2 production whereas osteoblasts of endosteal origin failed to respond
(Jones et al., 1991). These studies indicated that PDPCs have partially unique
properties compared to those of other osteogenic cells. Accordingly, PDPCs have
been considered as a suitable alternative for BTE application due to their
excellent characteristics including a high proliferation rate, easy isolation and
expansion, as well as high osteogenic potential (Ferretti and Mattioli-Belmonte,
2014).

Thereby, jaw periosteal cells (JPCs) could be considered as a suitable stem cell
source for BTE application in the oral and maxillofacial region. Schimming and
Schmelzeisen first demonstrated in a clinical trial that mandibular periosteum-
derived cells can form lamellar bone within 3 months after transplantation in
human posterior maxilla (Schimming and Schmelzeisen, 2004). Regarding the
basic researches on JPCs, numerous studies by Alexander’s group have focused
on application of JPCs for jaw BTE. Continuously, detection methods (Umrath et
al., 2018, Alexander et al., 2009, Brauchle et al., 2017, Olbrich et al., 2012),
culture conditions (Danalache et al., 2019, Wanner et al., 2017, Alexander et al.,
2013), osteogenic potential of JPCs (Alexander et al., 2010) and related
biomaterial aspects (Ardjomandi et al., 2012, Alexander et al., 2008) were
optimized. After years of research, obtained results showed evidence for the
suitability of JPCs for BTE applications.

1.3 Scaffold for osteogenic progenitor cells

Although autologous bone grafts are considered as the ‘gold standard’ for bone
replacement/regeneration, they are facing inevitable limitations for example
limited availability and donor site morbidity, which could be overcome by the
application of synthetic scaffolds. Scaffolds play an important role in the tissue
engineering triad concept (Figure 1.3) and should provide shape, promote cell
anchorage and function, and finally tissue formation.
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Figure 1.3 The role of scaffolds in BTE. Scaffolds are an important component of the
tissue engineering triad. The daft is created by BioRender.

Ideal scaffolds applied in BTE must provide both an osteoconductive and
osteoinductive environment. Osteoconduction refers to the capacity of constructs
to integrate into the surrounding tissue. Osteoinduction refers to the supporting
capacity of scaffolds to allow undifferentiated cells to differentiate into bone-
forming cells or to the maintenance of the osteogenic phenotype of more mature
cells. A high number of natural and synthetic scaffolds are available on the market
but none has proven to replace thoroughly the autologous bone grafts as the ‘gold
standard’ (Oryan et al., 2014). However, the application of biphasic calcium
phosphate ceramics scaffolds is a big step in BTE due to their excellent
performance in being bone bioactive (Oryan et al., 2014, Smith and Grande,
2015). Several commercial biphasic scaffolds, which are composed of
B-tricalcium phosphate (B-TCP) and hydroxyapatite in a ratio of 85:15 or 80:20,
were reported to produce similar fusion rates to autograft alone (Smucker et al.,
2012, Miller et al., 2012, Kapur et al., 2010). Furthermore, hybrid scaffolds of
PLGA/B-TCP skeleton with collagen I/apatite sponge composite coating,
mimicking the specific bone extracellular matrix and being bone bioactive, are
considered as promising candidates for BTE applications (Oryan et al., 2014).

1.4 Application of bioreactors in bone tissue engineering
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Apart from the tissue engineering triad, novel approaches in BTE that including
the application of a bioreactor are emerging. One of the key intentions behind the
application of bioreactors for engineering thick tissues or cell-seeded constructs
is to mimic the physiological environment and nutrient transport by blood flow in
the human body. Some of the important applications of bioreactors in biomedical
sciences and engineering area are listed in Figure 1.4.
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Figure 1.4. Applications of bioreactors in TE. The daft is created by BioRender.

Mimicking the physiological microenvironment of tissues with engineered cell-
colonized constructs remains one of the biggest challenges in TE. Bioreactor
systems are able to simulate in vitro an in vivo occurring environment conditions
and help to analyze cell/molecular physiology, and to expand cells for medical
purposes. The main reasons for their use in the field of TE are based on inducing
physiological simulations, mimicking biological processes, by a monitored and
controlled environment (Castro et al., 2020). It has been shown that the delivery
of oxygen and nutrients within the in vitro-cultured 3D tissues is critically limited.
Bioreactors are an alternative and efficient approach to increase diffusion of
nutrients and leaching of waste products, while generating low levels of shear
(Martin et al., 2004).

Perfusion bioreactors are mostly used in BTE (Grayson et al., 2008) and cartilage
TE (Santoro et al., 2010) approaches, which utilize the flow to generate shear
stress. Perfusion bioreactors are able to better mimic the in vivo environment,

maintain the function of hypermetabolic cells, and increase the mass transport of
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nutrients and oxygen through cell-seeded scaffolds by providing media flow to
the cell culture (Martin et al., 2004). These devices have been reported to provide
better results than stirred flask or rotating vessel bioreactors due to greater
homogeneity of the mixed medium, allowing for better environmental and
physical stimulation of larger structures (Gaspar et al., 2012). A novel tubular
perfusion bioreactor has been reported to result in high levels of human
mesenchymal stem cell viability, allowing the maximum size of an half-adult femur
(Nguyen et al.,, 2016). In addition to improving growth conditions, perfusion
bioreactors stimulate stem cell differentiation by enhancing osteogenic gene
expression, thereby promoting tissue maturation within the bioreactor (Nguyen et
al., 2016, Bancroft et al., 2002). However, the effect of perfusion may be highly
dependent on the medium flow rate and the maturity stage of the perfused
construct, as previously demonstrated in 3D-cultured chondrocytes (Davisson et
al., 2002). Therefore, optimizing the application of perfusion bioreactors for 3D
TE constructs must be carefully balanced between mass transfer of nutrients and
waste into and out of cells, retention of newly synthesized extracellular matrix
components in the construct and fluid-induced shear stress within the scaffold
pores/surfaces (Martin et al., 2004). The perfusion rate of the medium has a
significant effect on tissue characteristics (Grayson et al., 2008). It has been
reported that low flow rates (0.075 to 0.2 mL/min) resulted in higher cell viability
in human chondrocytes-seeded polyglycolic acid scaffolds (Shahin and Doran,
2011). But in the case of BTE, low flow rate didn’t achieve proper distribution of
nutrients, oxygen, and effective waste removal, while higher flow rate of 0.2 to 1
mL/min were optimal for a more positive effect on osteogenic differentiation, ECM
deposition and distribution, obviously depends on the system used (Gaspar et al.,
2012).

1.5 Immunomodulatory properties of mesenchymal stem/stromal cells
1.5.1 MSCs and immunocompetent cells

Mesenchymal stem cells (MSCs, also called mesenchymal stromal cells) actively
influence the microenvironment of injured tissues, where they enhance tissue

regeneration by cell attraction, by empowering the regenerative capacity of in situ
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cells and through immunomodulatory mechanisms. MSCs are poorly recognized
by HLA-incompatible hosts due to their poor immunogenicity, and able to
differentiate into multiple mesenchymal and non-mesenchymal lineages,
providing a promising tool for TE and immuno-mediated disease therapies
(Uccelli et al., 2006). Multiple studies have demonstrated the immunoregulatory
properties of MSCs. MSCs profoundly affect the immune response through their
interactions with the cellular components of the innate and adaptive immune
system through cell-to-cell contact and/or the secretion of soluble factors (Meisel
et al., 2004, Aggarwal and Pittenger, 2005, Jiang et al., 2005).

As shown in Figure 1.5, many types of immune cells, including macrophages,
neutrophils, T cells, B cells, plasma cells, dendritic cells (DCs) and natural killer
(NK) cells, are present at sites of inflammation and can all be regulated by MSCs.
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Figure 1.5. Stimulatory (left panel) and inhibitory (right panel) effects of MSCs on
different immune cells. The daft is created by BioRender.

For example, MSCs can drive macrophages polarization from a pro-
inflammatory to an anti-inflammatory phenotype by means of the secreted factors,
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such as prostaglandin E> (PGE2) (Vasandan et al., 2016), TNFa-stimulated gene
6 protein (Mittal et al., 2016), lactate (Selleri et al., 2016), kynurenic acid (Wang
et al., 2018), and spermidine (Yang et al., 2016). MSCs affect the phenotype,
proliferation, cytotoxic potential, and cytokine secretion of NK cells (Castro-
Manrreza and Montesinos, 2015). Regarding their regulation on DCs, MSCs can
affect the recruitment, maturation, and function of DCs (Jiang et al., 2005,
Maccario et al., 2005, Zhang et al., 2004). Moreover, MSCs exert regulatory
effects on proliferation, activation, differentiation and effector function of T cells
and potentially B cells in an indirect manner by maintaining macrophages,
monocytes and DCs in an immature or anti-inflammatory state, or in a direct
manner through production of immunosuppressive molecules as summarized in
Shi’s review (Shi et al., 2018).

1.5.2 MSC secretome and immunoregulation

The MSC secretome contains multiple components, including chemokines,
growth factors, cytokines, anti-inflammatory factors and exosomes. Recent data
demonstrated that these soluble factors exert immunoregulatory effects on
various immune cells. Cytokines produced by MSCs, including TGF-3, IL-10,
CCL2, IL-6 and IL-7, are involved in immunoregulatory effects on various immune
cells. TGF-B can reversibly diminish alloantigen-activated T lymphocyte
proliferation (Groh et al., 2005) and induce regulatory T cells (English et al., 2009).
IL-10 has been demonstrated to be important for the suppression of T cell
proliferation (Taga and Tosato, 1992) and has been shown to be expressed by
human MSCs (Ryan et al., 2007). Contradictorily, IL-10 was also been reported
to be detected at only very low quantities in human MSCs either at mRNA or
protein level (Hsu et al., 2013), or even not to be expressed by human MSCs
(Najar et al., 2015). MSC-produced CCL2 played an important role in modulating
Th17 cell function (Rafei et al., 2009). MSCs express IL-6 and IL-7, which are
critical for T cell proliferation, differentiation and T cell survival (Tan et al., 2001,
Rincon et al., 1997).

MSCs-produced chemokines such as CC-chemokine ligand 5 (CCL5), CXC-
chemokine ligand 9 (CXCL9), CXCL10 and CXCL11 are chemoattractants for
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immune cells (Shi et al., 2018). Importantly, pro-inflammatory cytokines are
required to enhance immunosuppression by MSCs through the synergistic effects
of chemokines and NO (Ren et al.,, 2008). MSCs express anti-inflammatory
mediators with immunosuppressive function, including NO, IDO, PGE,, TSG6,
HO1 and galectins (Ma et al., 2014, Shi et al., 2018). MSC-produced growth
factors, such as HGF and LIF, have been shown to inhibit effector T cell
differentiation (Cao et al., 2011). Exosomes derived from MSCs, containing miR-
15a, miR-15b and miR-16, have been shown to inhibit the CX3CL1 expression,

a potent macrophage chemoattractant (Zou et al., 2014).
1.6 Aim of the present study

JPC-seeded constructs might be a suitable alternative for BTE applications in the
oral and maxillofacial area. However, several issues need to be addressed before
JPC-seeded constructs can be applied clinically. The culture conditions of JPC-
seeded constructs need to be improved and optimized. Additionally, the
immunomodulatory effects of JPC-secreted factors have still not been
investigated to date. Therefore, this cumulative dissertation focused on the

following two studies:

1. To establish an optimal perfusion condition in order to create cell-rich bone-
like scaffolds by using a commercially available perfusion bioreactor for the

cultivation of JPCs seeded on B-TCP scaffolds (corresponding to study I).

2. To investigate the effects of JPC secretomes collected from undifferentiated
and osteogenically differentiated 2D-cultured cells on the maturation and function
of CD14" monocyte-derived DCs (corresponding to study Il).
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2. Results and discussion

2.1 Study |: Impact of Fluid Dynamics on the Viability and Differentiation Capacity
of 3D-Cultured Jaw Periosteal Cells

This part is a reprint of the following publication:

Wanjing Cen, Suya Wang, Felix Umrath, Siegmar Reinert and Dorothea
Alexander. Impact of Fluid Dynamics on the Viability and Differentiation Capacity
of 3D-Cultured Jaw Periosteal Cells. International journal of molecular
sciences.2022; 23(9), 4682.

Abstract

Perfused bioreactor systems are considered to be a promising approach for the
3D culturing of stem cells by improving the quality of the tissue-engineered grafts
in terms of better cell proliferation and deeper penetration of used scaffold
materials. Our study aims to establish an optimal perfusion culture system for jaw
periosteal cell (JPC)-seeded scaffolds. For this purpose, we used beta-tricalcium
phosphate (B-TCP) scaffolds as a three-dimensional structure for cell growth and
osteogenic differentiation. Experimental set-ups of tangential and sigmoidal fluid
configurations with medium flow rates of 100 and 200 puL/min were applied within
the perfusion system. Cell metabolic activities of 3D-cultured JPCs under
dynamic conditions with flow rates of 100 and 200 yL/min were increased in the
tendency after 1, and 3 days of culture, and were significantly increased after 5
days. Significantly higher cell densities were detected under the four perfused
conditions compared to the static condition at day 5. However, cell metabolic and
proliferation activity under dynamic conditions showed flow rate independency in
our study. In this study, dynamic conditions increased the expression of
osteogenic markers (ALPL, COL1A1, RUNX2, and OCN) compared to static
conditions and the tangential configuration showed a stronger osteogenic effect
than the sigmoidal flow configuration.

2.1.1 Introduction

Organ loss or failure due to tumor resection, severe trauma, or congenital defects,

10
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is one of the most frequent, destructive, and cost-intensive problems, especially
with regard to the regeneration of large bone defects. Due to the limitation of
spontaneous bone self-healing, regeneration of large bone defects is beyond the
normal healing potential (Sun et al., 2009, Huey et al., 2012). For these cases,
the tissue engineering approach comprising the use of autologous stem cells and
degradable biomaterials represents a suitable and very promising therapeutic
option. For bone tissue engineering, 3D porous scaffold materials as supporting
structures are usually combined with osteogenic progenitor cells (Cartmell et al.,
2003, Leclerc et al., 2006, Alexander et al., 2008, Chen et al., 2015, Ardjomandi
et al., 2016, Filipowska et al.,, 2016). Three-dimensional grafts used for
transplantations, such as skin flaps, are usually thin due to the limited cell survival
in the central area of thick grafts (Liu et al., 2015). Most mammalian cells are
susceptible to culturing and stimulation conditions. The growth of 3D cultured
cells in the static culture environment is limited by insufficient transport of oxygen
and nutrients, and removal of waste products and metabolites within the scaffolds
(Rouwkema et al., 2008). Additionally, in vitro static culture without appropriate
mechanical stimulation does not simulate the natural microenvironment of bone
tissue resulting in non-functional, poorly cell-colonized constructs (Rouwkema et
al., 2008, Kanczler and Oreffo, 2008). To avoid these limitations, bioreactor
systems were developed in order to provide dynamic culture conditions and to
improve the quality of the tissue-engineered grafts (Wu et al., 2015, Nam et al.,
2013, Zhang et al., 2009). In a study by Bruder et al., the implantation of a
hydroxyapatite/B-TCP scaffold containing mesenchymal stem cells in a rat
femoral gap model showed a positive impact on bone tissue growth around the
periphery but lacked mineralization in the central region of the implant (Bruder et
al., 1998). Considering these issues, the quality of tissue-engineered bone grafts
has to be improved in terms of cell growth and differentiation within the whole
construct. It has been reported that dynamic conditions within bioreactors
resulted in a high level of human mesenchymal stem cell viability allowing a
maximum size of a half adult femur (~200 cm3) (Nguyen et al., 2016). Besides
improved growth conditions, dynamic culture conditions stimulated stem cell

differentiation by enhancing osteogenic gene expression, and consequently
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promoting tissue maturation within the bioreactor (Wu et al., 2015, Nguyen et al.,
2016).

As developments progress, some of the bioreactors were put on the market and
there are increasing reports of their clinical usage (Ravichandran et al., 2018).
Different concepts of dynamic 3D bioreactors were developed in order to simulate
the natural microenvironment within the bone tissue, for example, spinner flasks,
rotating wall vessel constructs, perfusion bioreactors, and systems allowing
mechanical or electromagnetic stimulation of cell/scaffold composites (Rauh et
al., 2011).

Beta-tricalcium phosphate (B-TCP) is one of the most used synthetic bone
substitute materials in bone tissue engineering due to its good biocompatibility,
high osteoconductive and osteoinductive properties. B-TCP is not soluble in
physiological conditions, but can be resorbed by osteoclasts, leading to material
dissolution and final replacement by new bone formation (Eggli et al., 1988). Marc
Bohner and co-authors has documented the widespread interest in this material,
reflected in more than 200 articles published yearly (Bohner et al., 2020). In
previous studies, we used this material for biofunctionalization strategies in order
to improve cell functions of jaw periosteal cells (JPCs) (Ardjomandi et al., 2016,
Dai et al., 2020, Weber et al., 2021, Ardjomandi et al., 2015). We have shown in
numerous studies that JPCs represent a suitable stem cell source for the
generation of bone tissue engineering (BTE) constructs which can be used
without constraints for bone regeneration purposes in the oral and maxillofacial
region (Alexander et al., 2008, Brauchle et al., 2017, Danalache et al., 2019).

In the present study, we aimed at establishing an optimal perfusion condition in
order to create cell-rich bone-like scaffolds. For this purpose, we used a
commercially available perfusion bioreactor for the cultivation of JPCs seeded on
B-TCP scaffolds.

2.1.2 Results

2.1.2.1 Cell Proliferation within JPC-Seeded Scaffolds Cultured in the Perfusion
System

12
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Cell proliferation was analyzed indirectly by measuring the metabolic activity of
JPC-seeded scaffolds under the indicated configuration, flow rate and position
within the bioreactor (Figure 2.1.1A-C). As shown in Figure 2.1.1D, significantly
higher metabolic activities were detected within perfused scaffolds in comparison
to static conditions at day 5. Compared to day 1, significantly higher metabolic
activities were obtained at day 5 under most of the conditions, except under the
static condition and sigmoidal configuration with a flow rate of 100 uL/min. No
significant differences were detected among dynamically cultured JPC-seeded
scaffolds under different flow configurations, different flow rates or different
positions within the bioreactor.

2.1.2.2 Visualization and Quantitative Analysis of Cell Distribution within 3-TCP
Scaffolds Cultured under Static and Perfusion Conditions by Crystal Violet
Staining

To visualize proliferation, density, and distribution of JPCs on B-TCP scaffolds,
JPC-seeded scaffolds cultured under different conditions were stained with
crystal violet, which binds to proteins and nucleic acids of cells. On day 1 some
small crystal violet spots were observed on the top of scaffolds under all
conditions while crystal violet plaques were detected only at the bottom edges
(side that touches the ground of the well plate) (Figure 2.1.2A). During further
cultivation, small crystal violet spots became larger and merged on day 3 and day
5. Bigger and deeper violet plaques were observed at the bottom of scaffolds
under all conditions on day 5 in comparison to day 1 and 3. Homogenous deep
violet staining was visible on the top of the scaffolds under perfused condition on
day 10, while lighter violet staining was detected on the top of the scaffolds under
static conditions. To better compare cell densities on the JPC-seeded scaffolds
cultured under different conditions, crystal violet staining was quantified.
According to the absorbance detected at 550 nm, significantly higher densities of
JPCs were detected under the four perfused conditions in comparison to the
static condition on day 5 (Figure 2.1.2B). JPC densities on scaffolds under
perfused conditions were shown to be higher in the tendency compared to those
detected under static condition on day 10.

13



2. Results and discussion

A

Medium in —s

Porous mesh

e (450 nm)
o al =
~ o N
o o o

lu
o
o
o

OD Val
o
N
o

0.00

B

— Medium out Medium in ——s

JPCs + B-TCP JPCs + B-TCP
— Medium out

Porous mesh

Tangential configuration (T) Sigmoidal configuration (S)

Metabolic activity
* %k k
I * % 1
I *k 1
I *k 1
I *% 1
I vy 1 Day 1
T 1 Day 3
*%
I dekokok . By e
| — |
.................. ****
T * * * *%k * T
.................... ‘I.' . ...—-T-:';.........T..T.........T...1.-..............I.-.............1._.............1.-.........-.|-... X
......... T I— 1|‘ ... x..].} T T sieiToeded ~|'
..... . 1'R.] S N T
T
1 inlet I outlet inlet I outlet inlet I outlet inlet I outlet
static T+100 pL/min S$+100 pL/min T+200 pL/min S$+200 pL/min

Figure 2.1.1 Schematic illustrations of (A) the tangential configuration and (B) the
sigmoidal configuration. B-tricalcium phosphate (3-TCP) scaffolds were placed in the
upper chamber of the bioreactor. (C) Position of scaffolds within the upper chamber of
the bioreactor. (D) Metabolic activity of JPC-seeded scaffolds (yellow, positioned near
the inlet and the outlet) under different culture conditions (static culture, tangential and
sigmoidal configurations with flow rates of 100 and 200 yL/min) at day 1, 3 and 5 of in
vitro cultivation. Optical density (OD) was measured at 450 nm and values are given as
means * standard deviation (SD). Results were compared using one-way ANOVA
followed by Tukey’s multiple comparisons tests, the asterisk character reflects different
p-values (* p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001 (n = 3 donors)).
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Figure 2.1.2 Crystal violet staining for the visualization and quantitative analysis of cell
distribution within B-TCP scaffolds. (A) JPC-colonized scaffolds cultured under the
indicated conditions (static culture, perfusion culture of tangential and sigmoidal
configuration with flow rates of 100 and 200 pL/min) were stained with crystal violet dye
at day 1, 3, 5 and 10 of in vitro cultivation. (B) Crystal violet staining was dissolved from
stained scaffolds and optical density (OD) values were measured at a wavelength of 550
nm. The OD values are given as means + SD and compared using one-way ANOVA
followed by Tukey’s multiple comparisons tests (* p < 0.05, *** p < 0.001, **** p < 0.0001
(n = 3 donors)).

2.1.2.3 Visualization of Cell Morphology on JPC-Seeded B-TCP Scaffolds and

Quantification of Scaffold Porosity by Scanning Electron Microscopy

The morphology of the porous JPC-seeded B-TCP scaffolds was analyzed by
scanning electron microscopy (SEM) after 1, 3 and 5 days of in vitro culture under
the indicated conditions (Figure 2.1.3A-C). Differences in cell appearance were
observed in different areas of the same scaffold surface, depending on the size
of the pores into which the cells grew or which they spanned. In general, the JPCs
appeared to preferentially grow inside small pores on the scaffold surface while
the cells grew along the rim of the big pores as shown in images with 500-fold
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magnification. The SEM images revealed that JPCs spread over the pores of -

TCP scaffolds, fully expanded with a flattened morphology.
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Figure 2.1.3 SEM micrographs of JPC-seeded scaffolds cultured for (A) 1, (B) 3 and (C)
5 days under the indicated conditions in different magnifications (40x, 200%, 500x and
2000x). Scale bars are 1 mm, 100 um, 20 yum and 20 um respectively. Representative
images of three independent experiments (n = 3 donors with one experiment for each
donor) are shown. (D) Pore areas in the 200x images were quantified with ImageJ
software (red columns = day 1, green columns = day 3, blue columns = day 5). The
porosity of JPCs-colonized scaffolds was calculated by the ratio of the total pore area to
the whole area of the scaffolds. The ratios are given as means + SD and compared using
one-way ANOVA followed by Tukey’s multiple comparisons tests (* p < 0.05, ** p < 0.01,
***p <0.001, **** p <0.0001 (n = 3 donors)).
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On day 1, the porosity of 3-TCP scaffolds appeared to be high under all examined
conditions under 200x and 500x magnifications and cell attachment was rarely
observed (Figure 2.1.3A). During consecutive cell cultivation, the pore size and
number decreased due to cell attachment and proliferation. At day 5, JPCs
cultured under perfused conditions showed more homogeneous and deeper
distribution within the scaffolds in comparison to the JPCs cultured under the
static condition. As shown in Figure 2.1.3D, porosity of JPC-seeded scaffolds
cultivated under perfused conditions decreased significantly at day 3 and 5
compared to the porosity observed at day 1. Significant lower porosity on
perfused scaffolds (T + 100 pL/min, T + 200 yL/min and S + 200 puL/min perfused
conditions) in comparison to static conditions were detected at day 5.

2.1.2.4 Visualization of Cell Density and Distribution within Scaffolds by
Fluorescent Staining and Microscopy

Since B-TCP scaffolds have a porous and brittle composition, we achieved the
best experience with the polymethylmethacrylate (PMMA) embedding procedure.
For further information about JPC distribution within the scaffolds under static or
different perfusion conditions, sections of PMMA-embedded JPC-seeded
scaffolds were stained by Sytox orange to visualize cell nuclei. The images of
1.25-fold magnification showed that JPCs were mainly located on the top (white
arrows) and the bottom edge (rectangular boxes) of scaffolds after 5 days of
culture. A higher fluorescence intensity was observed on the sections of the
scaffolds under perfusion in comparison with scaffolds cultured under the static
condition (Figure 2.1.4A). After 10 days of culture, cells appeared on both the
surface and within the scaffolds under all conditions (Figure 2.1.4A). According
to the quantification results of Sytox orange staining, means of red fluorescence
under perfused conditions were higher than the ones obtained under static
condition in the tendency at both day 5 and 10. Mean fluorescence under
sigmoidal configuration with a flow rate of 100 pL/min was shown to be
significantly higher compared to the detected mean fluorescence under static
condition (Figure 2.1.4B).
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Figure 2.1.4 Visualization of cells in sections of PMMA-embedded scaffolds by Sytox
orange nuclear staining. (A) Sytox orange staining was performed on sections of
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Technovit 9100 embedded JPC-seeded scaffolds that were cultured under the indicated
conditions for 5 or 10 days. Bright field images with 1.25x magnification are given. White
and yellow arrows point to the top and the bottom of the scaffolds respectively. Images
taken with a 10-fold objective represent the area of rectangular box in images taken with
a 1.25-fold objective. Scale bars represents 1 mm (1.25x magnification) and 100 ym
(10x magnification) respectively. (B) Integrated densities (IntDen) in sections with 1.25
magnification at day 5 and 10 were quantified by the Imaged software. Mean
fluorescence intensities are shown as a ratio of IntDen to the total area of sections. Mean
fluorescence intensity values are given as means + SD and compared using one-way
ANOVA followed by Tukey’s multiple comparisons tests (** p <0.01, **p <0.001 (n=3
donors)).

2.1.2.5 Gene Expression Analyses of Osteogenic Markers in 3D-Cultured JPCs
Growing under Perfusion Conditions

JPC-seeded scaffolds were cultured dynamically or statically in osteogenic media
and gene expression analysis was performed after 5, 10 and 15 days of 3D
culture. mMRNA expression levels of alkaline phosphatase (ALPL) and RUNX
family transcription factor 2 (RUNX2) were significantly upregulated after 5 days
of osteogenic induction under all performed conditions, but no significant
differences between perfused conditions and static control (Figure 2.1.5A, B and
Figure 2.1.6A, B) were observed. Gene expression levels of collagen 1a1
(COL1A1) were significantly higher under tangential configuration independently
of the flow rates at day 5 (Figure 2.1.7A, B). In the case of osteocalcin (OCN),
expression levels were increased significantly only under tangential configuration
with 200 pL/min compared to obtained levels under static conditions in
osteogenic media at day 5 (Figure 2.1.8A, B). At day 10, significantly higher ALPL
and COL1A1 expression levels under tangential configuration with a flow rate of
100 uL/min were detected compared to levels under static condition in both
control and osteogenic media. Further, significantly higher expression levels of
OCN were observed under tangential configuration compared to levels detected
under static and osteogenic condition. At day 15, significantly higher ALPL
expression was detected under tangential configurations in osteogenic medium.
Higher expression of RUNX2 was observed under sigmoidal configuration with a
flow rate of 200 pL/min in control media, while increased expression of COL1A1
was detected under sigmoidal configuration with a 200 yL/min flow rate after 15
days of osteogenic differentiation (Figure 2.1.5, Figure 2.1.6, Figure 2.1.7 and
Figure 2.1.8).
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Figure 2.1.5 Gene expression levels of alkaline phosphatase (ALPL) in JPC-seeded B-
TCP scaffolds after 5 days, 10 days and 15 days of osteogenic differentiation under static
or perfusion conditions. mMRNA expression levels under (A) tangential and (B) sigmoidal
configuration were quantified and normalized to the housekeeping gene GAPDH. To
calculate induction indices, gene expression levels were normalized to untreated (co)
JPCs or osteogenically induced (ob) under static conditions. Induction indices of
tangential (T) and sigmoidal (S) configuration after (C) 5 days, (D) 10 days and (E) 15
days of culture were calculated. The gene expression and induction values are given as
means + SD. Gene expression levels under different culture conditions (dynamic
conditions and static condition) are compared using one-way ANOVA followed by
Tukey’s multiple comparisons tests. To compare levels of osteogenic to control condition
and induction values between T and S configuration condition, two-tailed Student’s t-test
was used (* p < 0.05, ** p <0.01, (n = 3 donors)).
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Figure 2.1.6 Gene expression levels of collagen 1a1 (COL1A1) in JPC-seeded B-TCP
scaffolds after 5, 10 and 15 days of osteogenic differentiation under static or perfusion
conditions. mMRNA expression levels under (A) tangential and (B) sigmoidal configuration
were quantified and normalized to the housekeeping gene GAPDH. To calculate
induction indices, gene expression levels were normalized to untreated (co) or
osteogenically induced (ob) JPCs under static condition. Induction indices of tangential
(T) and sigmoidal (S) configuration after (C) 5 days, (D) 10 days and (E) 15 days of
culture were calculated. The gene expression and induction values are given as means
+ SD. Gene expression levels under different culture conditions (dynamic and static
conditions) were compared using one-way ANOVA followed by Tukey’s multiple
comparisons tests. For comparing levels of osteogenic condition to control and induction
values between T and S, two-tailed Student’s t-test was used (* p < 0.05, ** p < 0.01, ***
p < 0.001 (n = 3 donors)).
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Figure 2.1.7 Gene expression levels of runt-related transcription factor 2 (RUNX2) in
JPC-seeded B-TCP scaffolds after 5, 10 and 15 days of osteogenic differentiation under
static or perfusion conditions. mMRNA expression levels under (A) tangential and (B)
sigmoidal configuration were quantified and normalized to the housekeeping gene
GAPDH. To calculate induction indices, gene expression levels were normalized to
untreated (co) or osteogenically induced (ob) JPCs under static condition. Induction
indices of tangential (T) and sigmoidal (S) configuration after (C) 5 days, (D) 10 days and
(E) 15 days of culture were calculated. The gene expression and induction values are
given as means = SD. Gene expression levels under different culture conditions
(dynamic and static condition) are compared using one-way ANOVA followed by Tukey’s
multiple comparisons tests. For comparing levels of osteogenic condition to control and
induction values between T and S, two-tailed Student’s t-test is using (* p < 0.05, ** p <
0.01, ** p < 0.001 (n = 3 donors)).
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Figure 2.1.8 Relative gene expression levels of osteocalcin (OCN) in JPCs cultured
within B-TCP scaffolds after 5, 10 and 15 days of osteogenic differentiation under the
indicated conditions. mRNA expression levels under (A) tangential and (B) sigmoidal
configuration were quantified and normalized to the housekeeping gene GAPDH. To
calculate induction indices, gene expression levels were normalized to untreated (co) or
osteogenically induced (ob) JPCs under static condition. Induction indices of tangential
(T) and sigmoidal (S) configuration after (C) 5 days, (D) 10 days and (E) 15 days of
culture were calculated. The gene expression and induction values are given as means
+ SD. Gene expression levels under different culture conditions (dynamic conditions and
static condition) were compared using one-way ANOVA followed by Tukey’s multiple
comparisons tests. For comparing levels of osteogenic condition to control and induction
values between T and S, two-tailed Student’s t-test is using (* p < 0.05, ** p < 0.01, *** p
< 0.001 (n = 3 donors)).

2.1.3 Discussion

Since cell fate and function are susceptible to the cells’ microenvironment, control
over the microenvironment is essential in order to regulate cellular activities and
behavior (Barthes et al., 2014). Many studies have shown that fluidic bioreactors
are useful to control the microenvironment and have a high impact on promoting
cell proliferation and differentiation. Perfusion bioreactor systems have shown

promise for the 3D cultivation of stem cells for bone regeneration (Gandhi et al.,
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2019). Beta-tricalcium phosphate, the scaffold material we used in this study, is
a resorbable material that is widely used in clinics as a synthetic bone substitute
(Ishikawa et al., 2018). It can be biofunctionalized in order to improve functions
of the colonizing cells, as we reported in a previous study (Ardjomandi et al.,
2016). The aim of the present study was to establish optimal perfused conditions
for the cultivation of JPC-seeded beta-TCP scaffolds, and to compare cell
behaviors/functions under different perfusion conditions in comparison to the
static culture condition. Flow rates during perfusion have to be optimized, since
cells can be damaged at high flow rates, or may not have sufficient nutrients and
oxygen supply at low flow rates. In our study, cell metabolic activities were
increased in the tendency under dynamic conditions with flow rates of 100 and
200 pL/min after day 1, and 3 of perfusion culture, and reached significantly
higher values at day 5 compared to the static culture (Figure 2.1.1C). This result
was confirmed by the crystal violet staining which showed similar results (Figure
2.1.2B) as detected by the colometric assay. The flow rates we used in this study
were supposed to be in the range of values reported to promote osteogenic cell
proliferation (Cartmell et al., 2003, Leclerc et al., 2006). Cartmell et al. (Cartmell
et al., 2003) reported that a flow rate of 1.0 mL/min led to significant cell death
and lowering of flow rate resulted in increased numbers of viable MC3T3-E1 cells.
Best results were achieved with a flow rate of 100 uL /min compared to 200 uL
/min and to the static controls (Cartmell et al., 2003). However, in our study, very
similar cell metabolic activities were obtained under dynamic conditions
independently of the used flow rate. An important difference to these studies
might be the fact, that perfusion chambers used here were much bigger than the
scaffolds, which allowed the medium flow to go around the scaffolds. As a result,
we made the observation that cells did not grow into the scaffolds and did not
homogeneously cover the scaffolds, as shown by the crystal violet and Sytox
orange staining. The flow of our perfusion system exerted shear stress in a
unidirectional laminar manner to the scaffold surface under both configuration
types (Figure 2.1.1A, B). A previous study demonstrated that bone cells respond
to fluid-generated shear stress by an increase in intracellular calcium, providing
evidence that fluidic flow alone can stimulate bone cells (Williams et al., 1994). In
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our study, we expected that the shear stress exerted by the fluidic flow onto the
scaffolds in the same chamber depended on the distance between the scaffolds
and the medium inlet. But as shown in Figure 2.1.1C, flow configuration made no
difference in cell viability of 3D-cultured JPCs, implying that shear stress forces
within the chamber were uniformly distributed or too little to direct cell proliferation.
Since the amount of medium in the perfusion system was 200 times more than in
the cell culture plate for static culture, enhanced cell proliferation on perfused
scaffolds can be explained by better supply of nutrients and better transportation
of metabolic waste. Cell distribution on the surface of scaffolds was initially
determined by the seeding procedure/density in the 96-well plate outside the
perfusion system, showing cell-rich distribution on the top and bottom edge of the
scaffolds (Figure 2.1.2A and Figure 2.1.4A). Crystal violet staining and SEM
images revealed higher cell densities on scaffolds cultured under dynamic
conditions compared to the static controls during the analyzed culture time period.
McCoy and co-authors summarized in his review article that cells attached flatly
to the rim of the scaffold pores were more prone to active impact of perfusion
compared to cells that bridged pores thereupon underwent cytoskeleton
deformations due to resistance to flow (McCoy and O'Brien, 2010). We observed
JPCs with a flat morphology attached to the side or the inside of the beta-TCP
scaffold pores, in the perfusion experiments at day 1 by SEM. At day 5, cells were
prone to bridge some of the scaffold pores because of increasing confluence
under perfusion conditions resulting in significantly decreased porosity on the
perfused scaffolds (Figure 2.1.3D). On one hand, achieving higher cell densities
is desired. However, reduced scaffold porosity minimizes the nutrient transport
and the stimulating effect on the cells growing within the scaffold by flow perfusion.
Further experiments are needed to determine the cell viabilities within the
scaffolds for long-term culture. Overall, the data suggested that the perfusion
system promoted JPCs proliferation in beta-TCP scaffolds under tangential and
sigmoidal configuration with flow rates of 100 and 200 pL/min, with no evidence

pointing to different effects in different types of configurations or flow rates.

Within the osteons, bone cells are exposed to interstitial fluid flow through the
bone canaliculi, where they respond to changes in fluid flow shear stress
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controlling bone formation (Wittkowske et al., 2016). Additionally, progenitor cells
can be affected in their differentiation by changes in hydrostatic pressure and
shear stress within the bone marrow (Gurkan and Akkus, 2008). The perfusion
system can also be used to mimic mechanical stimulation to the cells growing
within the constructs to promote osteogenic differentiation and extracellular
matrix production. In our study, the comparison of static and dynamic cultivation
in terms of osteogenic gene expression (ALPL, COL1A1, RUNX2, and OCN)
revealed that dynamic conditions obviously increased the expression of the
analyzed osteogenic markers and the tangential flow configuration had stronger
osteoinductive effect than the sigmoidal configuration. As an early marker of
osteogenic differentiation (Hoemann et al., 2009, Farley et al., 1983), alkaline
phosphatase is reported to be upregulated by fluidic shear stress both on mRNA
and protein expression level in MC3T3-E1 cells (Cartmell et al., 2003, Leclerc et
al., 2006), and human osteoblasts (Chen et al., 2015) as well as in human MSCs
(Filipowska et al., 2016, Mygind et al., 2007). Cartmell and co-authors reported
from increased ALPL gene expression levels at 200 yL/min compared to
conditions under lower flow rates. In our perfusion system mRNA levels of ALPL
significantly increased compared to static conditions, and higher ALPL levels
were induced under tangential compared to sigmoidal configuration in the
tendency and at significant level under osteogenic condition at day 10. However,
no significant change was achieved at different flow rates (100 and/or 200 pL/min).
Compared to results obtained under sigmoidal configuration (Figure 2.1.6D, E)
the tangential configuration setting seemed to be also more effective in the
upregulation of COL1A1 gene expression (Figure 2.1.6D, E). RUNX2 represents
an essential transcription factor involved in osteoblastic differentiation and
skeletal morphogenesis (Zeng et al.,, 2017, Jung et al., 2018). Induction of
RUNX2 was detected in osteogenic samples compared to the untreated ones,
but perfused configurations had no significant effect on it. Osteocalcin (OCN)
expression was significantly upregulated in the tangential configuration setting at
day 5 and 10 of perfusion culture (Figure 2.1.8A, C, D).

Taken together, in terms of metabolic activity/proliferation and distribution within
the B-TCP scaffolds, we detected significant differences compared to static
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conditions, but we did not detect any correlation to fluidic dynamics or to the
scaffold position within the used bioreactor. The tangential flow configuration
seemed to activate osteogenic gene expressions by JPCs at a higher extent than
the sigmoidal configuration set-up.

2.1.4 Materials and Methods
2.1.4.1 Isolation and Expansion of Jaw Periosteal Cells (JPCs)

The jaw periosteal tissue of three donors was obtained during routine surgery
after informed written consent (approval number 6182017BO2 from the local
ethics committee). The tissue (<1 cm?) was cut into small pieces and washed with
Dulbecco’s phosphate buffered saline (DPBS, Lonza, Basel, Switzerland). Then
the fragments were enzymatically digested by 1500 U/mL collagenase (Sigma-
Aldrich, Darmstadt, Germany) in DMEM/F12 medium for 2 h at 37 °C. After
digestion, the cells were centrifuged, and cultured with DMEM/F12, containing
the GlutaMAX supplement (Thermo Fisher Scientific, Waltham, MA, USA), 10%
fetal bovine serum  (Sigma-Aldrich, Darmstadt, Germany), 1%
penicillin/streptomycin (Lonza, Basel, Switzerland), and 1% amphotericin B
(Biochron GmbH, Berlin, Germany) at 37 °C in a humidified incubator. After 2
weeks of culture, JPCs were harvested for further expansion. The JPCs derived
from 3 donors (two donors were 74 and one donor was 80 years old) of passage
5 were used in the experiment and culture medium was changed every other day.

2.1.4.2 Cell Seeding of 3-TCP Scaffolds

The B-TCP scaffolds (Curasan AG, Kleinostheim, Germany) were soaked in
culture medium for 1 h in low binding polypropylene 96-well plates before cell
seeding. The JPCs were detached from the culture flasks with TrypLE Express
(Thermo Fisher Scientific, Waltham, MA, USA) after reaching 80% confluency
and resuspended in culture medium at a concentration of 1 x 108 cells/mL. The
medium was aspirated from the scaffolds and 50 uL of cell suspension (5 x 104
cells) per scaffold was added. After 2 h of incubation, additional 150 pL of culture
medium was added to the cell-seeded scaffolds, resulting in 200 pL final volume.
For osteogenic differentiation, JPC-seeded scaffolds were cultured with
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osteogenic (OB) medium containing DMEM/F12, 10% FBS, 1%
penicillin/streptomycin, 1% amphotericin B, 100 uM ascorbic acid 2-phosphate,
10 mM pB-glycerophosphate and 4 pM dexamethasone (Sigma-Aldrich,
Darmstadt, Germany) for the indicated time periods.

2.1.4.3 Cultivation and Configuration of the Perfusion Bioreactor

The double flow bioreactor (LB2, IVTech S.r.l., Ospedaletto, Italy), contains two
chambers, with two flow inputs and outputs respectively (Figure 2.1.1A, B). The
JPC-seeded scaffolds were placed in the upper chamber of the bioreactor on a
porous nylon mesh (Merck, Darmstadt, Germany) with a pore size of 100 um.
Different set-ups of tangential and sigmoidal configurations (Figure 2.1.1A, B)
with flow rates of 100 and 200 pL/min were applied (T100, T200, S100, and S200).
JPC-seeded scaffolds cultured in a 24-well plate under control (CO) or osteogenic
(OB) medium were used as controls for static conditions.

2.1.4 .4 Cell Metabolic Activity Assay

The JPC-seeded scaffolds were cultured within the bioreactor under the indicated
flow rate and flow configuration. After 1, 3 and 5 days of culture, JPC-seeded
scaffolds were placed in a 96-well plate and incubated with 20 uL substrate
(EZ4U, Biozol, Eching, Germany) and 200 pL culture medium for 2.5 h at 37 °C
in a humidified incubator. 150 yL mixture of substrate and culture medium was
pipetted into a fresh well, and the absorbance at 450 nm was measured using a
microplate reader (Biotek, Bad Friedrichshall, Germany).

2.1.4.5 Crystal Violet Staining and Quantification

JPC-seeded scaffolds cultured under different conditions were fixed with 4%
formaldehyde (Otto Fischar GmbH, Saarbriucken, Germany) for 20 min and then
washed with PBS twice. 0.1% crystal violet dye (Sigma, St. Louis, MO, USA) was
used to stain the fixed scaffolds for 20 min at room temperature. The scaffolds
were washed with distilled water overnight on a shaker and dried at room
temperature. The dye which was bound by the scaffolds was dissolved in 200 pL

methanol for 30 min on a shaker. 150 pL of eluant was pipetted to a fresh well,
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and absorbance was measured at a wavelength of 550 nm with a microplate
reader (Biotek, Bad Friedrichshall, Germany).

2.1.4.6 Scanning Electron Microscope (SEM) Analysis of JPC-Seeded Scaffolds

The JPC-seeded scaffolds were fixed with 4% glutaraldehyde (Applichem,
Darmstadt, Germany) in 0.1 M sodium cacodylate (Merck, Darmstadt, Germany)
buffer for 30 min and washed twice with PBS. All scaffolds were dehydrated with
an ascending ethanol series (50%, 70%, 80%, 90% and 100%), liquids were
completely removed by the critical point drying method and sputtered with a thin
gold/palladium layer. The surface of the gold/palladium coated scaffolds was
visualized with a scanning electron microscope (Carl Zeiss, Oberkochen,
Germany). Scaffold porosities were measured in the 200x images using the

quantification tools of the Imaged software 1.53.

2.1.4.7 Embedding and Microtome Sectioning of Embedded JPC-Seeded
Scaffolds

JPC-seeded scaffolds were fixed with 4% formaldehyde for 30 min, washed twice
with PBS, and distilled water, respectively. Then, samples were dehydrated and
degreased with an ascending ethanol series (70%, 80%, 96% and 100%) for 15
min, and xylene for 15 min, respectively. Afterwards, all samples were pre-
infiltrated with acetone twice for 1h and incubated with solution A of Technovit
9100 (Kulzer, Wehrheim, Germany) overnight at -20 °C. The following day,
scaffolds were embedded with nine parts of solution A and one part of solution B
in a 5 mL syringe and incubated again at —20 °C overnight. Finally, the syringes
containing the scaffolds were incubated at 37 °C in a water bath for 1 h.
Embedded scaffolds were cut to 15 ym sections with a microtome before
fluorescent cell labeling.

2.1.4.8 Fluorescent Cell Labeling with Sytox Orange

Microtome sections were stained with 1:1000 Sytox orange dye (Thermo Fisher
Scientific, Waltham, MA, USA) in PBS for 15 min and washed with PBS. All slices
were mounted with Fluoromount-G (Thermo Fisher Scientific, CA, USA) before
visualization by a fluorescent microscope (Carl Zeiss, Oberkochen, Germany).
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2.1.4.9 Gene Expression Analyses by Quantitative PCR

The JPC-seeded scaffolds were placed in Lysing Matrix D microtubes with
ceramic beads (MP Biomedicals, Irvine, CA, USA) and lysis buffer (Macherey-
Nagel, Dueren, Germany), and shredded by a FastPrep-24 device (MP
Biomedicals, Irvine, CA, USA). RNA isolation from the obtained lysates of JPC-
seeded scaffolds was carried out using the NucleoSpin RNA Mini kit (Macherey-
Nagel, Dueren, Germany) following the manufacturer’s instructions. After RNA
quantification using the Nanodrop spectral photometer (Thermo Fisher Scientific,
Waltham, USA), 200 ng of RNA was synthesized to cDNA using the SuperScript
VILO kit (Thermo Fisher, Darmstadt, Germany) following the manufacturer’s
instructions. MRNA transcription levels were quantified by a real-time LightCycler
system (Roche Diagnostics, Mannheim, Germany). DNA Master SYBR Green 1
(Roche, Mannheim, Germany) and the primer kits (Search LC, Heidelberg,
Germany) for the target genes (ALPL, COL1A1, RUNX2, OCN, GAPDH) were
used for the PCR reactions. 35 cycles of amplification were carried out for each
MRNA. The ratio of target gene copy numbers to those of the housekeeping gene
(GAPDH) were calculated.

2.1.4.10 Statistical Analysis

Statistical analysis was conducted for three independent experiments using the
GraphPad Prism 8.1.0 software (GraphPad, San Diego, CA, USA), and all the
results were presented as means = SD. All data were tested for normality using
the Shapiro-Wilk test. Statistical analysis was performed for comparing results of
different culture conditions (dynamic conditions and static condition) using one-
way ANOVA followed by Tukey’s multiple comparisons tests, for comparing
results of osteogenic condition to control using two-tailed Student’s t-test. p
values < 0.05 were considered significant.

2.1.5 Conclusions

In this study, we tested a perfusion system for the simultaneous cultivation of
several JPC-seeded beta-TCP scaffolds, which promotes cell proliferation and
enhances osteogenic differentiation. Perfusion conditions stimulated cell growth

30



2. Results and discussion

on B-TCP scaffolds independently of the flow configuration and applied flow rates.
The tangential configuration of the bioreactor seemed to up-regulate JPC gene
expressions at a higher extent than the sigmoidal set-up and seems to be more

suitable for the used beta-TCP constructs.
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2.1 Study Il: Secretomes derived from osteogenically differentiated jaw periosteal
cells inhibit phenotypic and functional maturation of CD14* monocyte-derived
dendritic cells

This part is a reprint of the following publication:

Wanjing Cen, Felix Umrath, Antonio José Salgado, Siegmar Reinert and
Dorothea Alexander. Osteogenically differentiated jaw periosteal cell secretome
inhibits phenotypic and functional maturation of CD14* monocyte-derived

dendritic cells. Frontiers in Immunology. 2023; 13:1024509.

Abstract

The jaw periosteal tissue is generally recognized as a suitable source for the
isolation of mesenchymal stem cells (MSCs). In previous studies we showed
evidence that two- and three-dimensionally cultured jaw periosteum-derived
MSCs (JPCs) are able to induce a more immature phenotype of dendritic cells
(DCs). To further expand our knowledge of JPCs' immunoregulative function, we
investigated the effects of JPC secretomes derived from undifferentiated (CO) or
osteogenically differentiated cells (treated with or without dexamethasone: OB+/-
D) on CD14" monocyte-derived DCs (MoDCs). We detected a remarkably
reduced formation of MoDC homotypic clusters under the influence of
secretomes from osteogenically induced JPCs. Further, significantly decreased
numbers of CD83" cells, up-regulated CD209 and down-regulated CD80, CD86
and CD197 expression levels were detected on the surface of MoDCs. Whereas
secretomes from JPCs osteogenically stimulated with dexamethasone
significantly enhanced FITC-dextran uptake capacity of MoDCs, the increase by
secretomes of JPCs treated without dexamethasone did not reach significance.
The analysis of mixed lymphocyte reactions revealed that OB+/-D secretomes
were able to significantly reduce the numbers of proliferating CD14" peripheral
blood mononuclear cells (PBMCs) and of proliferating CD4* T cells. The OB-D
secretome significantly promoted the expansion of regulatory CD25" T cells.
Regarding gene expression of MoDCs, remarkably up-regulated mRNA
expression of CD209, HLA-DRA, CSF3, IL10 and IL8 was detected when DCs
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were cultured in the presence of OB+/-D secretomes. At the same time,
secretomes seemed to have an impact in the down-regulation of IFNy and IL12B
gene expression. At protein level, OB+/-D secretomes significantly up-regulated
IL-10 and IDO (indoleamine-pyrrole 2,3-dioxygenase) levels whereas IL-12/IL-
23p40 levels were down-regulated in supernatants of MoDCs when cultured
under the presence of OB+/-D secretomes. Taken together, while secretomes
from untreated JPCs had only little effects on the process of maturation of MoDCs,
secretomes derived from osteogenically induced JPCs were able to inhibit the

phenotypic and functional maturation of MoDCs.

Keywords: mesenchymal stem cells; jaw periosteal cells; osteogenic
differentiation; secretomes; CD14" monocytes; dendritic cell maturation; dextran-
uptake; mixed lymphocyte reactions.

2.2.1 Introduction

Mesenchymal stem cells (MSC) are guardians of adult tissue maintenance and
generally considered to be weakly immunogenic cells which implement their
immunomodulatory functions by producing a plethora of growth factors, cytokines
and chemokines (Uccelli et al., 2006, Kim et al., 2005). Bone marrow MSCs
suppress different T, B, NK and dendritic cell (DC) functions involved in their
maturation, activation and antigen presentation process (Uccelli et al., 2006).

Jaw periosteum-derived cells (JPCs) with their advantages of simple tissue
harvesting and cell isolation, represent a highly suitable mesenchymal stem cell
source for regeneration purposes in the jaw bone area. In different studies we
were able to prove the osteogenic potential of these cells (Alexander et al., 2008,
Brauchle et al., 2017, Danalache et al., 2019). The primary function of the
immune system is to protect the host from foreign pathogens, but its
dysregulation can lead to failure of transplanted organs or in the case of tissue
engineering (TE) of implanted TE constructs. Reducing the immune response to
implanted cell-seeded constructs may be achieved by choosing a cell source that
can prevent activation of the immune system via suppressing the function of

antigen-presenting cells (APC). In previous studies, we started with examinations
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in terms of the immunogenicity of JPCs and could demonstrate that 2D/3D
cultured JPCs suppress monocytic DC maturation in a transwell coculture system
(Dai et al., 2018, Dai et al., 2020) and that they are also empowered to regulate
THP-1-derived macrophage polarization in a direct and a horizontal coculture in
system (He et al., 2021a, He et al., 2021b).

DCs are rare, heterogeneous bone marrow (BM)-derived professional APCs
(Steinman and Cohn, 1973), which arise from hematopoietic stem cells through
specialized progenitor subsets (Watowich and Liu, 2010). They can be broadly
categorized as hematopoietic progenitor cell-derived DCs and monocyte-derived
DCs. Monocytes are precursors of macrophages, and can also serve as DC
precursors (Shortman and Naik, 2007). Monocyte-derived DCs have been the
model for studies of DC development and function (Sallusto and Lanzavecchia,
1994). DCs build an important link between the innate and adaptive immune
system and are crucial in determining the balance between immunity and
tolerance (Matta et al., 2010, Morelli and Thomson, 2007, Maldonado and von
Andrian, 2010). In the steady state, the majority of DCs are in an immature state
within tissues where they constantly present self-antigens to T cells but lack
adequate co-stimulatory ability, deliver inhibitory and produce tolerance-
promoting cytokines, such as IL-10 (Morelli and Thomson, 2007) and maintain
self-tolerance (Steinman et al., 2003a, Steinman et al., 2003b, Steinman and
Nussenzweig, 2002). Further, immature DCs promote T cell deletion and/or
expansion of regulatory T cells (Dhodapkar and Steinman, 2002, Dhodapkar et
al., 2001), inducing peripheral tolerance. When activated, immature DCs
recognize danger signals and undergo further maturation (Kaisho and Akira,
2001). Mature DCs lose their antigen-capturing and obtain an antigen-presenting
combined with the T cell co-stimulatory ability, thereby migrate in the following

step to the lymph nodes, and stimulate T cells (Pierre et al., 1997).

Toward the development of cell-free therapeutic strategies for regenerative
medicine, the usage of MSC-sourced secretome receives more and more
awareness. Compared to the difficulties associated with the transplantation of

living and proliferating cell populations in terms of embolism, transmission of
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infectious diseases or immune incompatibility, secretomes are safer and dosage
and potency/storage can be evaluated in a similar manner to that of
pharmaceuticals (Vizoso et al., 2017). The aim of the present study was to
investigate whether JPC-secreted factors are efficient enough to inhibit DC
activation/maturation. Since for bone tissue engineering purposes osteogenically
differentiated MSCs are commonly used, we compared the effects emanating
from both undifferentiated and osteogenically induced JPCs. Dexamethasone is
typically supplemented to the osteogenic differentiation medium of MSCs.
However, our previous study has shown that dexamethasone is not
indispensable for the osteogenic differentiation of JPCs when the medium was
supplemented with human platelet lysate (hPL) instead of fetal calf serum (FCS)
(Wanner et al., 2017). Therefore, we analyzed the effects of JPC secretomes
from untreated and osteogenically induced cells with and without dexamethasone
on the morphology, phenotype and function of MoDCs.

2.2.2 Materials and Methods
2.2.2.1 Isolation and culture of jaw periosteal cells (JPCs)

JPCs obtained from three donors were included in this study after the approval
(number 618/2017B0O2) from the local ethics committee. Jaw periosteal tissue
was extracted during routine surgery after obtaining written informed consent and
JPCs were isolated as mentioned previously (Umrath et al., 2019). JPCs were
cultured in DMEM/F-12+GlutaMAX medium (Gibco, Waltham, MA, USA)
supplemented with 10 % human platelet lysate (hPL, PL BioScience GmbH,
Aachen, Germany), 1 % penicillin-streptomycin (Pen-Strep, Lonza, Basel,
Switzerland) and 1 % amphotericin B (Biochrom, Berlin, Germany). In previous
works, we published minimal criteria fulfilment and tri-lineage differentiation
potential of JPCs (Wanner et al., 2017, Umrath et al., 2019, Umrath et al., 2020).

2.2.2.2 Osteogenic differentiation of JPCs

The cell culture flasks and plates were coated with 0.1 % gelatin from bovine skin
(Sigma-Aldrich, St. Louis, MO, USA) prior to osteogenic differentiation in order to
allow better JPC adherence and avoid detachment from the culture flasks during
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long-term incubation. For osteogenic differentiation, JPCs were cultured in
osteogenic medium (DMEM/F-12+GlutaMAX medium, 10 % hPL, 1 % Pen-Strep,
1 % amphotericin B, 100 uM L ascorbic acid 2-phosphate (Sigma-Aldrich, St.
Louis, MO, USA), 10 mM 3 glycerophosphate (AppliChem, Darmstadt, Germany)
supplemented with or without 4 yM dexamethasone (Sigma-Aldrich, St. Louis,
MO, USA) for 10 days for secretome collection or for 15 days for the analysis of
the JPC osteogenic potential.

2.2.2.3 JPC secretome collection and enrichment

For secretome collection, 0.1 % gelatin was used to coat the 175- cm? cell culture
flasks and incubate at 37°C for at least 30 min. JPCs of passage 5 were seeded
onto the coated cell culture flasks at a cell density of 1 million cells per flask. After
overnight incubation, medium was changed to osteogenic medium with (OB+D)
or without dexamethasone (OB-D). Cells cultured in normal medium (CO) were
used as control. After 10-day of cultivation, cells were washed with PBS (Lonza,
Basel, Switzerland) three times and 37 mL DMEM/F12 medium containing 1 %
Pen-Strep and 1 % amphotericin B were added to the JPCs for accurately 24 h.
Secretome was collected from the flasks and centrifuged at 600 g to remove cell
debris. 34 mL of supernatant were collected and shock frozen in liquid nitrogen
instantly and stored at -80 °C. After thawing, the secretome was concentrated
100-fold by centrifugation using Vivaspin 20 (Sartorius, Goettingen, Germany) as
recommended by the manufacturer. Collected and enriched secretomes (S_CO,
S_OB+D, S_OB-D) from three JPCs donors were pooled before use for further
experiments. The concentration of JPC secretomes was determined using the
Qubit protein assay kit (Invitrogen, Waltham, MA, USA) and the Qubit 3.0
fluorometer (Thermo Fisher Scientific, Waltham, USA) following the
manufacturer’s instructions. 100-fold basal DMEM/F12 medium was used as a
blank. In Table 2.1 the measured concentrations of the 100-fold concentrated
JPC secretomes (S_CO, S_OB+D, S_OB-D) are given.
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Table 2.1. Protein concentration of 100-fold concentrated JPC secretomes

S_CO S_OB+D S_OB-D
Concentration 1%tthawing  0.93 + 0.03 0.92 £0.02 1.04 £ 0.07
(mg/mL)
2"%thawing 0.92+0.09% 0.97+0.05% 116 +£0.11%

The aliquots of concentrated secretomes derived from JPCs treated with control medium
(S_CO), osteogenic medium with or without dexamethasone (S_OB+D/S_OB-D) stored
at -80 °C were thawed before first use (1% thawing) and stored at -20 °C till second use
for medium change (2" thawing). The protein concentration of secretomes was
determined using the Qubit protein assay kit and the Qubit 3.0 Fluorometer. 100-fold
concentrated DMEM/F12 medium was used as a blank. The data of three independent
experiments are shown as means + SD and compared using paired t test (n=3, *
represented no significant difference compared to 1st thawing).

2.2.2.4 Alizarin red staining and Osteolmage mineralization assay of JPCs

After 15 days of osteogenic stimulation, JPCs were fixed with fixation buffer
(Biolegend, California, USA) and stained with 40 mM Alizarin red solution (pH 4.2,
Sigma-Aldrich) for 20 min. Unbound dye was removed by washing with deionized
water and images were taken using an inverted microscope (Leica, Wetzlar,
Germany). The stained plates were quantified using alizarin red S staining
quantification assay kit (ScienCell, California, USA) following the manufacturer’s
instructions and photometrical quantification of the alizarin staining was
performed at a wavelength of 405 nm using a microplate reader (Biotek, Bad
Friedrichshall, Germany). JPCs were further stained for hydroxyapatite detection
using the Osteolmage mineralization assay kit (Lonza, Basel, Switzerland)
following the manufacturer’'s instructions. Images were taken using an Axio

Observer Z1 fluorescence microscope (Zeiss, Oberkochen, Germany).

2.2.2.5 Separation of CD14" cells from human peripheral blood mononuclear
cells (PBMCs)

PBMCs were isolated from fresh blood collected using S-monovettes with 1.6 mg
EDTA/mL (SARSTEDT AG & Co. KG, Numbrecht, Germany) using the gradient
centrifugation with Ficoll-Paque PLUS (Cytiva, Uppsala, Sweden). After
extraction of the PBMC fraction and washing three times with PBS, PBMCs were
used for further separation of the CD14* population using the CD14 MicroBeads
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kit (Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer’s
instructions. The obtained CD14* cells were used for DC differentiation
experiments and the fraction of the CD14" cells was cryopreserved in freezing
medium consisted of 45 % RPMI 1640 medium (Gibco, Waltham, MA, USA), 45 %
fetal calf serum (FCS, Gibco, Waltham, MA, USA), and 10 % DMSO (Sigma-
Aldrich, Darmstadt, Germany), and used for further mixed lymphocyte reactions

experiments.
2.2.2.6 Development of CD14* monocyte-derived dendritic cells (MoDCs)

CD14* monocytes were seeded at a density of 10° monocytes/mL in 24-well
plates and cultured for 6 days in RPMI 1640 medium containing 10 % FCS, 1 %
pen-strep and 1 % amphotericin B, supplemented with the DC cytokine cocktail
(40 ng/mL IL-4 and 100 ng/mL GM-CSF (Sigma-Aldrich, Darmstadt, Germany)
for the first 5 days; 40 ng/mL IL-4, 100 ng/mL GM-CSF, 10 ng/mL TNF- a, 10
ng/mL IL-13, 10 ng/mL IL-6 (Tebu Bio, Offenbach, Germany), and 1 yg/mL PGE2
(Bio Trend, Koln, Germany) for the last 24 h). Four different DC populations were
generated, three of them were treated with 5-fold or 10-fold concentrated JPC
secretomes (from untreated JPCs (S_CO), and from osteogenically induced
JPCs with (S_OB+D) or without (S_OB-D) dexamethasone stimulation for 10
days). The fourth DC population served as a control sample without additional

secretome supplementation (control).
2.2.2.7 Flow cytometry analysis of cell surface marker expression on MoDCs

CD14" monocytes and the four differentiated DC populations were collected and
analyzed for surface marker expression by flow cytometry. 2 x 10° cells per
sample were blocked with 20 yL 10 % Gamunex (human immune globulin
solution, Talecris Biotherapeutics, Germany) in FACS buffer (PBS, 0.1 % BSA,
and 0.1 % sodium azide) for 15 min on ice. Cells were incubated on ice with PE-
labeled mouse anti-human CD83 (BD Pharmingen, New Jersey, USA, clone:
HB15e, isotype: IgG1k), CD80 (clone: 2D10, isotype: IgG1k), CD86 (clone: BUG3,
isotype: 1gG1k), and CD1a (clone: HI149, isotype: IgG1k), and APC-labeled
mouse anti-human CD209 (clone: 9A9ES, isotype: IgG2ak), HLA-DR (clone:
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L243, isotype: IgG2ak), CD14 (clone: M5E2, isotype: IgG2ak) and CD197 (clone:
G043H7, isotype: IgG2ak) antibodies (BioLegend, San Diego, USA) for 15 min in
dark. For the isotype controls, PE-labeled I1gG1 and APC-labeled 1gG2a
antibodies (Biolegend, San Diego, CA, USA) were used. After washing with
FACS buffer twice, cell pellets were resuspended in 200 yL FACS buffer and
analyzed using the Guava easyCyte 6HT-2L device (Merck Millipore, Billerica,
MA, USA). The analyzed cells were gated according to their size and granularity
(Supplementary Figure 1A, B). All percentages, mean fluorescent intensities and
statistical analysis were performed inside the gate, thus excluding cell debris. For
data evaluation, the guavaSoft 2.2.3 (InCyte 2.2.2, Luminex Corporation,
Chicago, IL, USA) software was used.

2.2.2.8 Analysis of the phagocytic activity of generated DC populations

To measure the phagocytotic activity of the four generated DC populations, cells
were resuspended in 100 ml RPMI 1640 medium containing 10 % FCS and
incubated with 1 mg/mL FITC-dextran (wt 40000; Sigma-Aldrich, St. Louis, MO,
USA) at 37 °C and on ice (negative control) for 60 min. After incubation, cells
were washed twice with cold PBS and fixed with fixation buffer (BioLegend, San
Diego, USA). The uptake of FITC-dextran by DCs was determined by flow
cytometry. The analyzed cells were gated according to their size and granularity
(Supplementary Figure 1C). All percentages, mean fluorescent intensities and
statistical analysis were performed inside the given gate, thus excluding cell
debris. At least 5000 cells per sample were analyzed. For confocal microscopy
image acquisition, cells were stained for nuclei using DAPI (Life Technologies,
Lima, USA) and spun onto a Shandon Cytospin 4 slide (Thermo Fisher Scientific,
Waltham, USA). The slides were examined with a confocal laser scanning
microscope system (Leica NS-CT; Leica Lasertechnik, Heidelberg, Germany)
fitted with lasers emitting light at 488 and 405 nm.

2.2.2.9 Analysis of T cell stimulatory capacity of generated DC populations

To analyze T cell stimulatory ability of MoDCs generated under the presence of
different JPC secretomes, CD14- PBMCs were thawed 1 day before coculturing
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with DCs. Before use, thawed cells were stained with 1 pg/mL propidium iodide
(P1, Invitrogen, Waltham, MA, USA) for cell viability by flow cytometry on the same
day (day 0) and the day after thawing (day 1), as shown in Table 2.2.

Table 2.2. Percentages of viable CD14- PBMCs after thawing

Day 0 Day 1

Viable cell percentage (%) 95.64 +1.17 92.12 + 0.97

Frozen CD14" PBMCs were thawed one day before use. Cell viability was measured
after propidium iodide staining by flow cytometry on day 0 and the second day (day 1)
after thawing. The data of three independent experiments are shown as mean £ SD.

On day 1, CD14- PBMCs were used for further separation of the CD4* T cells
using the CD4" T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
following the manufacturer’s instructions. The CD4" cell fraction was stained with
mouse anti-human CD4-PE (clone: M-T466, isotype: IgG1k, Miltenyi Biotec,
Bergisch Gladbach, Germany) and analyzed using flow cytometry. CD14- PBMCs
and CD4" T cells were firstly labeled with the CFSE cell proliferation kit (Invitrogen,
Waltham, MA, USA) following manufacturer recommendations respectively. 2 x
10° CFSE-labeled cells were cocultured (ratio of 1:1) with DCs previously
generated under the four different conditions (in the absence of JPC secretome
or under the addition of the 3 JPC secretomes) in RPMI 1640 medium containing
10 % FCS in U-bottom 96-well plates for 72 h. CD14- PBMCs were analyzed by
flow cytometry. CD4* T cells were stained with mouse anti-human CD25-APC
(clone: 3G10, isotype: IgG1k, Miltenyi Biotec, Bergisch Gladbach, Germany) and
at least 5000 cells per sample were analyzed by flow cytometry. The
monocultured CFSE-labeled cells were used as unstimulated control. The
analyzed cells were gated according to their size and granularity (Supplementary
Figure 1D-G). The mean fluorescent intensities and statistical analysis were
performed inside the gate, excluding cell debris. For data evaluation, the
guavaSoft 2.2.3 software and FlowJ 10 (BD, New Jersey, USA) were used.

2.2.2.10 Quantitative gene expression analysis of generated DC populations
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The total mMRNA of DCs generated under the four different conditions was
extracted using the NucleoSpin RNA kit (Macherey-Nagel, Dueren, Germany) as
manufacturer recommended. After determining the concentrations of RNA using
the Nanodrop One device (Thermo Fisher Scientific, Waltham, USA), 500 pg of
RNA was used for cDNA synthesis using the LunaScript RT SuperMix Kit (New
England Biolabs, Ipswich, MA, USA). The mRNA expression levels were
quantified by the QuantStudio 3.0 device (Thermo Fisher Scientific, Waltham,
USA). The LUNA universal probe qPCR master mix (New England Biolabs,
lpswich, MA, USA) and primers of indicated genes (GAPDH
(Hs.PT.39a.22214836), CD209 (Hs.PT.58.15573799.9), HLA-DRA
(Hs.PT.58.15096946), CCL3 (Hs.PT.58.27485430.9), CSF3
(Hs.PT.58.27044427.g), IL10 (Hs.PT.58.2807216), IL8 (Hs.PT.58.39926886.9),
IL4 (Hs.PT.58.46539563.9), TNF (Hs.PT.58.45380900), IFNG
(Hs.PT.58.3781960), IL12A (Hs.PT.58.1687020), IL12B (Hs.PT.58.2925830),
IL12RB1 (Hs.PT.58.14547172) and IL12RB2 (Hs.PT.58.40444640)) were
purchased from Integrated DNA Technologies (Coralville, lowa, USA) and used
for the PCR reactions. PCR amplification of each of the indicated genes was
carried out for 40 circles (95 °C 60 sec, 95°C 1 sec, and 60 °C 20 sec). The
relative gene expression levels were calculated using the 22Ct method and the
data presented as 2-24Ct,

2.2.2.11 Analysis of immunomodulatory factors in supernatants of generated DC
populations and JPC secretomes

IL-10, IDO (Indoleamine-pyrrole 2,3-dioxygenase) and IL-12/IL-23p40 secretion
levels in supernatants of generated DC populations and 5-fold concentrated JPC
secretomes were quantified using the human IL-10 (assay range: 0.39-25.0
pg/mL), human IDO (assay range: 0.819-200 ng/mL), and human IL-12/IL-23p40
(assay range: 0.0313-2 ng/mL) ELISA kits (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s instructions. All measurements were performed
in triplicates and determined at 450 nm with a microplate reader (Biotek, Bad
Friedrichshall, Germany).

2.2.2.12 Statistical analysis
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Statistical analysis was conducted for three independent experiments using the
GraphPad Prism 8.1.0 software (GraphPad, San Diego, CA, USA). Data were
tested for normality using the Shapiro-Wilk test. All results were presented as
means + SD. Results of JPC secretome concentration were compared using
paired t test. Results of FACS measurements of cell surface markers on CD14*
monocytes and MoDCs (Control group), and ELISAs were compared using the
multiple t test, other results were compared using one-way ANOVA followed by
Tukey’s multiple comparisons tests. P values < 0.05 were considered significant.

2.2.3 Results
2.2.3.1 Analysis of osteogenic potential of JPCs

The three used JPC donors mineralized in both media (with/without
dexamethasone, OB+/-D) containing 10 % hPL after 15 days of osteogenic
induction. JPCs cultured in the OB-D medium revealed less calcium deposits as
stained by alizarin red (Figure 2.2.1A). The differences between the
mineralization in osteogenically stimulated JPCs (OB+/-D) and control wells (CO)
were significant. However, differences between OB+D and OB-D conditions were
not statistically significant, due to high donor variations (Figure 2.2.1B).
Consistent with the results of the alizarin red staining, hydroxyapatite particles of
smaller size were detected under OB-D condition by the fluorescent Osteolmage
staining (Figure 2.2.1C).

2.2.3.2 Effect of JPC secretome on cell surface marker expression of MoDCs

To analyze the phenotypic features of DC precursors and MoDC, surface markers
were detected by flow cytometry. In pre-experiments, we compared the influence
of 5- and 10-fold concentrated secretomes on DC maturation (as shown in the
supplementary figure 2). Since no significant differences were observed between
both groups, we decided to continue the experiments with 5-fold concentrated
JPC secretomes. As illustrated in Figure 2.2.2A and Table 2.3, separated CD14*
population weekly expressed CD83, CD80, CD1a, CD209 and CD197, but they
show strong CD86, CD14 and HLA-DR surface expression.
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Figure 2.2.1 Mineralization capacity of JPCs from used donors. JPCs (3 donors) were
cultured with control medium (CO), osteogenic medium with (OB+D) and without
dexamethasone (OB-D) for 15 days. (A) Calcium deposits were stained with alizarin red.
(B) Quantification of alizarin staining. Data of three independent experiments are given
as means + SD and compared with each other using student’s t test (n=3, *p<0.05). (C)
Hydroxyapatite particles were stained using the fluorescent Osteolmage assay (green)
and cell nuclei were stained with Hoechst (blue). Scale bars represent 500 pm.

Highly purified CD14* monocytes (vitality of 97.4% + 0.6%) were stimulated by
DC induction cytokine cocktails. After 6 days, the number of CD14" cells
decreased to 1.7% = 1.4%. The percentages of CD83, CD80, CD1a, CD209 and
CD197 positive cells were 96.8% + 2.8%, 98.7% + 0.7%, 38.8% + 40.7%, 96.8%
+ 1.4% and 95.4% = 1.4% respectively. Higher expressions of CD86 and HLA-
DR were detected on the induced cells compared to their precursors (Table 2.3).
Therefore, MoDCs maturation in this study was shown to be efficient. The
addition of 5-fold and 10-fold concentrated JPCs secretomes to DCs during the
maturation process had no effect on the viability of MoDCs (as shown in Table
2.4).
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Table 2.3. Efficiency of CD14" monocyte-derived DC maturation

Surface Percentages of positive cells (%) MFI

markers Day 0 Day 6 Day 0 Day 6

CD83 0.7+0.6 96.8+2.8* 3.6+16.8 36.9+10.2
CD80 0.7+0.7 98.7+0.7* 19.1+£5.2 784 +57*
CD86 909+28 98.9+0.6 27.8+4.6 527.2+58.9*
CD1a 6.6+1.3 38.8+40.7* 55.3+31.9 122.7+183.5
CD209 2.7x0.9 96.8+1.4* 39.6+229 129.3+30.8
CD197 1.8zx25 954+14* 354+7.9 360.9+95.8*
CD14 97.4+0.6 1.7+£14* 69.5+19.2 223+11.4
HLA-DR 90.9+0.9 99.6 +0.4 17.0+£6.5 80.9+123*

After separation of CD14" cells from PBMCs, the population was analyzed for cell surface
markers using FACS (day 0). Cells were further cultured in DC cytokine cocktail for 6
days and analyzed for cell surface markers on day 6. Data of three independent
experiments are given as means * SD and compared using student’s t tests (n=3,
*p<0.05 compared to day 0).

Table 2.4. Percentages of viable DCs generated in the presence of JPC
secretomes.

Addition of JPC secretomes

Control Concentration S_CO S_OB+D S_OB-D
Percentage of 9447% 5-fold 96.76 £ 054 94.02+154 9351 %230
viable cells (%) 4 o3 10-fold 96.78 £ 1.01 93.26+0.67 90.34 £ 3.20

The viability of DCs generated without (control) or in the presence of JPC secretomes
(S_CO/S_OB+D/S_0OB-D) was determined after propidium iodide staining by flow
cytometry. The data of four independent experiments are shown as mean + SD (n=4).
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2. Results and discussion

Significantly decreased number of cells expressing CD83 and significantly
increased number of cells expressing CD14 were detected in the S_OB+/-D DC
groups compared to surface expression on DCs cultured without secretomes or
under S_CO (from untreated JPCs) conditions (Figure 2.2.2B). MoDCs from the
S_OB+/-D cell groups expressed significantly lower levels of CD80, CD86 and
CD197, and significantly higher levels of CD209 in comparison to those detected
under control conditions (without secretome) and S_CO conditions (Figure
2.2.2C, D). MoDCs generated under S_CO condition showed no significant
effects on cell surface marker expression. We observed only little differences in
induced effects on DC cell surface marker expression when treated with 5-fold
and 10-fold secretomes (Supplementary Figure 2). Therefore, 5-fold
concentrated secretomes were used for further experiments. The effect of 5-fold
secretomes on CD1a and HLA-DR expression was further analyzed. S_OB+D
decreased CD1a* cells compared to number of others but not significantly, due
to high donor variations (Figure 2.2.2E). There’s no significant difference in HLA-

DR expression on cells generated under different conditions (Figure 2.2.2E).
2.2.3.3 Effect of JPC secretome on homotypic cluster formation of MoDCs

As shown in Figure 2.2.3A, large homotypic cell clusters were formed after
culturing in DC differentiation cocktail (control) and under the influence of the
cocktail additionally supplemented with the JPC secretome of undifferentiated
JPCs (S_CO) for 6 days. Only a small number of aggregated cells were observed
under the influence of the secretome from osteogenically differentiated JPCs,
treated with or without dexamethasone (S_OB+D/S_OB-D). The quantification of
the cell cluster size resulted in significantly decreased formation of large DC
clusters under the influence of S_OB+D and S_OB-D secretomes. The smallest
DC cluster size was detected in the S_OB+D group. However, differences to the
S_OB-D did not reach significance and were just as little as between of the
Controland S_CO groups (Figure 2.2.3B). In terms of cell shape, MoDCs showed
a characteristic morphology in the Control and S_CO groups with numerous
dendrites and a round and “tree-like” shape. Some adherent cells in non-round
shape were observed in the S_OB+/-D groups (black arrows).
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Figure 2.2.2 Cell surface marker expression of CD14" monocytes and DCs generated
by various treatments. (A) Flow cytometry analysis (FACS) of cell surface markers on
CD14" monocytes (CD14" mo) and DCs generated without (control) or in the presence
of JPC secretomes derived from untreated (S_CO), and osteogenically induced cells
with or without dexamethasone (S_OB+D/S_OB-D. Representative results from three
independent experiments are given. Mean frequencies calculated from three
independent experiments are given in each histogram. (B) Percentages of CD83 and
CD14 positive cells. (C-E) Median fluorescence intensities (MFI) of CD80, CD86, CD197,
CD209, CD1a and HLA-DR expression. Data of three independent experiments are
given as means = SD and compared using one-way ANOVA followed by Tukey’s multiple
comparisons tests (n=3, *p<0.05, **p<0.01, ***p<0.001; * p< 0.5 compared to CD14* mo).
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Figure 2.2.3 Effects of JPC secretomes on the homotypic cluster formation and the
morphology of MoDCs. CD14" monocytes were cultured with DC cocktails for 6 days
(control). 5-fold concentrated secretomes of JPCs treated with control medium (S_CO),
osteogenic medium with or without dexamethasone (S_OB+D/S_OB-D) were added to
the DC induction cocktail respectively. (A) Representative microscopic images of three
independent experiments (scale bars represent 500 and 50 pm respectively). Black
arrows are pointing at adherent cells in non-round shape. (B) Quantification of cell cluster
size using Imaged. Results of three independent experiments are given as means + SD
and compared using one-way ANOVA followed by Tukey’s multiple comparisons tests
(n=3, **p<0.01, ***p<0.001).

2.2.3.4 Effect of JPC secretome on dextran uptake activity of MoDCs

MoDCs generated without the addition of secretomes or in the presence of
different JPC secretomes were compared in terms of their phagocytic activity by
testing their ability for FITC-dextran uptake. S_OB+/-D developed MoDCs both
showed phagocytic ability (Figure 2.2.4A). The percentage of dextran-positive
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cells was significantly increased in the S_OB+D compared to the Control and
S_CO DC groups, whereas a clearly increased trend of dextran-positive cells was
also detected in the S_OB-D DC group without reaching significance (Figure
2.2.4B, C). Figure 2.2.4D show representative microscopic images of green
fluorescence FITC-dextran uptake mainly in DCs generated under the influence

of secretomes from osteogenically induced JPCs.
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Figure 2.2.4 Effects of JPC secretomes on the dextran uptake ability of maturated
MoDCs. DCs generated by indicated treatments (without secretomes or after the addition
of 5-fold concentrated JPC secretomes) were incubated with 1 mg/mL FITC-dextran
either on ice (0 °C) or within an incubator (37 °C) for 1 hour and analyzed by flow
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cytometry and fluorescence microscopy. (A) Representative FACS graphs of three
independent experiments. (B) Percentage of dextran-positive DCs. (C) Mean
fluorescence intensity (MFI) of dextran uptake by DCs on ice and at 37°C. Results of
three independent experiments are given as means + SD and compared using one-way
ANOVA followed by Tukey’s multiple comparisons tests (n=3, *p<0.05). (D) Microscopic
fluorescence images of FITC-dextran uptake (green) by DCs. Cell nuclei were stained
by DAPI (blue). Scale bars represent 20 pm.

2.2.3.5 Effect of JPC secretome on T cell stimulation ability of MoDCs

To compare the stimulatory ability of differently generated MoDCs on
lymphocytes, they were cocultured with autologous CFSE-labeled CD14- PBMCs
for 3 days. After this incubation period, cells mainly gathered in the center of the
well bottom under all cultivation conditions. However, cell distribution within the
wells where CD14- PBMCs were cocultured with DCs from S_OB+/-D conditions
described a higher spreading beyond the well center, as shown in Figure 2.2.5A.
The sizes and densities of formed cell clusters in the well center were shown to
be significantly smaller/lower when CD14- PBMCs were cocultured with MoDCs
from the S_OB+/-D groups compared to those from the control and S_CO groups
(Figure 2.2.5B, C), indicating fewer proliferating cells in these groups. This result
was also confirmed by flow cytometry: significantly lower numbers of proliferating
CD14- PBMCs were detected in the coculture with S_OB+D DCs (Figure 2.2.5D-
F), whereas the number of CD14- PBMCs proliferating cells in S_OB-D coculture
condition was also remarkably decreased, but without reaching significance
(Figure 2.2.5E, F). Further, purified CD4* T cells from CD14- PBMCs (Figure
2.2.5G) were cocultured with differently generated MoDCs for 3 days. In contrast
to the results of CD14- PBMCs, significantly higher percentage of proliferating
CD4* T cells were detected in the S_OB+/-D groups (Figure 2.2.5H). However,
both the proportion of the whole CD4* T cell population and that of proliferating
CD4* T cells significantly decreased in the S_OB+/-D groups (Figure 2.2.51). The
increased percentage of proliferating CD4" T cells and observed decreased
concentration of all CD4* T cells in the S_OB+/-D groups indicated that CD4* T
cell numbers of parent generation were decreased probably due to cell apoptosis.
After CD25 labeling of the CD4" cell population, we detected the highest ratio of
regulatory CD4*/CD25" T cells in the cocultures with MoDCs from the S_OB-D
secretome group (Figure 2.2.5J, K).
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Figure 2.2.5 Effects of JPC secretomes on lymphocytes stimulatory ability of maturated
MoDCs. CFSE-labeled CD14- PBMCs (A-F) and CD4" T cells (G-K) were cocultured
(ratio 1:1) with MoDCs generated under different conditions (without secretomes (control)
or in the presence of 5-fold concentrated JPC secretomes) for 3 days. Cell cluster size
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and density of the cocultured CD14"PBMCs was observed by microscopy and quantified
by Imaged. (A) Representative microscopic images of three independent experiments
(scale bars represent 2000 ym). Quantification of cell cluster size (B) and integrated
density (C) by Imaged. Data of three independent experiments are given as means + SD
and compared using one-way ANOVA followed by Tukey’s multiple comparison tests
(n=3, *p<0.05, **p<0.01). (D) Representative histograms of three independent
experiments of CD14"PBMCs. Blue peaks represent monocultured CFSE-labeled CD14"
cells (unstimulated parent generation). Percentage (E) and concentration (F) of
proliferating CD14~ PBMCs. Results of four independent experiments are given as
means + SD and compared using one-way ANOVA followed by Tukey’s multiple
comparisons tests (n=4, *p<0.05, **p<0.01). (G) Purity of CD4" T cells after isolation
using the CD4" T cell isolation kit (%). (H) Representative histograms of CD4" T cell
stimulatory experiments and percentage of proliferating CD4" T cells. Blue peaks
represent monocultured CFSE-labeled CD4* T cells (unstimulated parent generation). (1)
Concentration of CD4" T cells after coculturing with differently generated MoDCs.
Concentration of all CD4" T cells and proliferating cells are given as means + SD
respectively and compared using one-way ANOVA followed by Tukey’s multiple
comparison tests (* means p<0.05 compared to the control group). (J) Representative
dot blots for CD25 expression of monocultured CD4" T cells or cocultures with differently
generated DCs. (K) Ratio of CD25" T cells within the whole CD4" T cell population was
calculated (CD25" T cells/CD25 T cells). (G-K) Data of three independent experiments
are given as means = SD and compared using one-way ANOVA followed by Tukey’s
multiple comparison tests (n=3, *p<0.05, **p<0.01).

2.2.3.6 Effect of JPC secretome on gene expressions of MoDCs

The mRNA levels of MoDCs generated under the different conditions were
quantified by real-time PCR. As shown in Figure 2.2.6, mRNA levels of CD209,
HLA-DRA, CSF3 (G-CSF), IL10 and IL8 were significantly up-regulated in the
S_OB+/-D DC cell groups compared to those detected in the control group
without secretomes (control). CCL3 (MIP-1a) gene expression levels were
significantly higher in the S_OB+D but not in the S_OB-D DC group compared to
those detected in the control and S_CO cell groups. No significant differences of
IL4 and TNF- a levels were detected. MoDCs differentiated under S_OB+/-D
conditions expressed extremely low or undetectable IFN- y levels. Generated
MoDCs expressed under all conditions extremely low levels of IL12A (IL-12p35),
but they expressed IL12B (IL-12p40). IL12B mRNA levels were significantly
reduced in MoDCs which were supplemented with the JPC secretome from
untreated and osteogenically induced cells (S_CO, S_OB+/-D). Levels of IL-12
receptor (IL-12RB1/IL-12RB2) were detected to be significantly reduced only in
MoDCs from the S_OB+D cell group in comparison to those detected inthe S_CO
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group. IL-12RB2 gene expression showed in the tendency also a clear

downregulation, without reaching significance.
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Figure 2.2.6 Effects of JPC secretomes on gene expression levels of maturated MoDCs.
The relative gene expression levels of DCs generated by indicated treatments (control
or after supplementation with 5-fold concentrated JPC secretomes) were presented as
225t Mean + SD values of three independent experiments were calculated and
compared using one-way ANOVA and Tuckey’s multiple comparison tests (n=3, * p<
0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001).

2.2.3.7 Effect of JPC secretome on secretory of DCs

To detect key factors of immunosuppression and/or inflammation released by
MoDCs generated without or in the presence of secretomes, supernatants of
MoDCs and JPC secretomes were analyzed by specific ELISAs. IL-10, IDO or
IL-12/IL-23p40 were undetectable in JPC secretomes. As shown in Figure 7,
MoDCs generated under S_OB+/-D conditions significantly up-regulated IL-10
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protein expression (Figure 2.2.7A) and suppressed their IL-12/IL-23p40 release
(Figure 2.2.7C), consistent with the results obtained by quantitative gene
expression analysis. Additionally, significantly increased levels of indoleamine
2,3-dioxygenase 1 (IDO) were detected under S_OB+/-D in comparison to control
culture conditions, levels under the S _OB-D condition were shown to be
significantly higher than IDO levels under the S_OB+D condition (Figure 2.2.7B).
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Figure 2.2.7 Effects of JPC secretomes on protein release by maturated MoDCs. (A-C)
IL-10, IDO and IL-12/IL-23p40 levels in supernatants from DCs generated under the
indicated treatments (control — without secretome or after the addition of 5-fold
concentrated JPC secretomes). Quantification was performed using specific ELISAs.
Mean = SD values of three independent experiments were calculated and compared
using multiple t tests (n= 3, * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001).

2.2.4 Discussion

Originating from experiments focusing on the immunomodulatory function of
bone marrow MSCs, considerable knowledge regarding MSC-mediated inhibition
of DC maturation and activation has been gained (Beyth et al., 2005, Jiang et al.,
2005, Zhang et al., 2004, Ramasamy et al., 2007). For jaw bone regeneration,
we are working with MSCs derived from the jaw periosteum tissue. In previous
studies we were able to confirm that two- and three-dimensionally cultured JPCs
effectively suppressed monocyte-derived DC maturation in a transwell coculture
system (Dai et al., 2018, Dai et al., 2020). As stem-cell free therapies are easier
to transfer from bench site into the clinical routine, we investigated the effects of

secretomes from undifferentiated and osteogenically differentiated JPCs on the
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maturation and function of MoDCs. For DC generation, a protocol different from
the original one used for our previous studies was chosen starting from the
isolation of CD14" monocytes. Using this highly purified CD14" cell fraction (97.4%
+ 0.6%), generated MoDCs aggregated and formed large homotypic clusters
while MoDCs supplemented with secretomes from osteogenically induced JPCs
(S_OB+/-D) were reduced in their capability of cluster formation (Figure 2.2.3A).
Termeer and colleagues showed evidence that DCs are able to form cell clusters,
and reveal characteristics of mature DCs after isolation from formed clusters with
high expression of MHC class Il, CD80 and CD86 (Termeer et al., 2001). Kubo
and co-authors report on DC cluster formation after LPS stimulation, which could
be inhibited by tofacitinib, a JAK (Janus kinase) inhibitor resulting in reduced
CD80/CD86 surface expression on DCs (Kubo et al., 2014). Homotypic clustering
of DCs seems to be closely correlated with the maturation state of DCs and might
facilitate intercellular signal transduction or even an exchange of antigenic
material between APCs (Delemarre et al., 2001, Lehner et al., 2003). In addition
to the reduced capacity of cluster formation, JPC secretomes from osteogenically
induced cells significantly down-regulated the expression of B7-costimulatory
molecules (CD80/CD86), C-C chemokine receptor (CD197) on maturating
MoDCs (Figure 2.2.2C, D and Supplementary Figure 2C-2E) and decreased the
number of CD83 expressing MoDCs (Figure 2.2. 2B and Supplementary Figure
2A). CD83 represents an activation marker for antigen presenting cells (Li et al.,
2019). The same secretomes were able to increase the number of CD14* cells
(Figure 2.2.2B and Supplementary Figure 2B). This marker is specific for
immature monocytes (Ziegler-Heitbrock and Ulevitch, 1993). Secretomes from
osteogenically induced JPCs in the absence of dexamethasone showed similar
but in tendency lower effects than those from dexamethasone-treated JPCs
(Figure 2B-2D and Supplementary Figure 2.2.2A-E). These results indicated that
osteogenically differentiated JPC secretomes inhibit phenotypic maturation of
MoDCs.

Surprisingly, HLA-DR surface expression was not affected by JPC secretomes
although mRNA levels were significantly up-regulated (Figure 2.2.2E and Figure
2.2.6). These opposite results can be explained by the theory that immature DCs
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constitutively present self-peptides bound to MHC Il molecules, but these
complexes are degrading quickly and therefore a more transient expression on
the cell surface is observed compared to that on mature DCs (Wilson et al., 2004).
Therefore, up-regulation of HLA-DRA mRNA but not up-regulated expression of
HLA-DR on the surface of MoDCs supplemented with OB +/- dexamethasone
secretomes suggested that these MoDCs were less mature than MoDCs of the
control and S_CO groups. Further, there is the possibility that only a DC subset
responds to the JPC secretome treatment. This issue should be analyzed in

future studies.

CD209 is a cell surface C-type lectin expressed on DCs involved in cell-cell
interactions through its capacity to bind ICAM-3 and ICAM-2 (Geijtenbeek et al.,
2000a, Geijtenbeek et al., 2000b). CD209 surface expression is usually
upregulated in particular on immature DCs (Tassaneetrithep et al., 2003,
Bullwinkel et al., 2011). In our study, CD209 surface expression was strongly
induced after the DC maturation. We detected a significant increase in CD209
surface expression (Figure 2.2.2D and Supplementary Figure 2F) and mRNA
expression (Figure 2.2.6) under the influence of secretomes from osteogenically
induced JPCs. Since CD209 is known to be an antigen-uptake receptor for
pathogens (Cambi et al., 2003, Colmenares et al., 2002, Ngaosuwankul et al.,
2008, Tassaneetrithep et al., 2003), we analyzed the phagocytic ability of MoDCs
generated under the different conditions. The same secretome (from
dexamethasone-treated JPCs) which led to significantly upregulated CD209
gene expression, simultaneously induced the highest dextran-uptake in MoDCs
(Figure 2.2.4B).

Mature DCs lose their antigen-capturing capacity, but they obtain a T cell
stimulatory function (Pierre et al., 1997). The coculture experiments performed in
our study gave evidence for significant lower cluster formation, density and
proliferating CD14- PBMCs in the presence of JPC secretomes from
osteogenically treated JPCs, whereas the highest effect came from secretomes
of dexamethasone-treated JPCs (Figure 2.2.5D-F). When CD4* T cells were
applied in the coculture experiment, MoDCs generated with secretomes from
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osteogenically treated JPCs significantly reduced the number of proliferating
CD4* T cells and the number of the parental CD4* T cells (Figure 2.2.5l).
CD80/CD86 co-stimulatory involvement for optimal T cell activation was firstly
described by Azuma and co-authors (Azuma et al., 1992, Azuma et al., 1993).
Blockage of CD80 and CD86 on MoDCs led to a decreased capacity in activation
of naive CD4" T cells (Dilioglou et al., 2003). This could be at least partially the
underlying mechanism by which JPC secretomes are able to elicit the observed
reduced CD4"* T cell stimulatory function.

In addition, interactions between DCs and helper T (Th) cells during antigen
presentation determine the Th cell differentiation fate (Hilligan and Ronchese,
2020). Apart from direct cell-to-cell interactions by costimulatory molecules,
mature DCs also exert T cell stimulatory functions by the secretion of pro-/anti-
inflammatory cytokines. IL-12p40 is a component of IL-12p70 and IL-23 and a
cytokine activating T cells (Cooper and Khader, 2007). Previous studies have
reported that IFN-y (Lighvani et al., 2001) and IL-12 (Macatonia et al., 1995, Zhu
et al., 2012) drive the pro-inflammatory Th1 transcriptional program. DC-derived
IL-12p40 is required for the activation and maintenance of IFN-y-producing Th1
cells (Stobie et al., 2000, Macatonia et al., 1995). In our study, DC cocktail
supplementation with secretomes from osteogenically induced JPCs led to
significant down-regulated IL12B mRNA levels (Figure 2.2.6) and a significant
down-regulation of IL-12p40 release by MoDCs (Figure 2.2.7C). IFN-y mRNA
levels were almost completely abolished in the presence of the secretome from
osteogenically induced JPCs. These results indicate that JPC secretomes are
potentially able to suppress Th1 cell polarization function of MoDCs by an
effective down-regulation of the pro-inflammatory cytokines IFN-y and IL-12p40.

IDO is an enzyme capable to degrade the essential amino acid tryptophan,
participating in regulation of T cell immunity by the tryptophan metabolic pathway
(Yang et al., 2021). Numerous studies report on the promotion of T cell tolerance
and suppression of T cell responses by IDO expressing cells (Mellor and Munn,
2004). In our study, the secretome derived from osteogenically induced JPCs
was able to significantly up-regulate IDO expression in MoDCs, and the
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secretome from osteogenically induced JPCs in the absence of dexamethasone
seemed to be the most powerful supplement in inducing IDO up-regulation
(Figure 2.2.7B). Apart from this, the addition of the same secretomes significantly
induced the up-regulation of mMRNA and protein levels of the anti-inflammatory
cytokine IL-10 (Figure 2.2.6 and Figure 2.2.7A). IL-10 is known to inhibit T cell
proliferation and to initiate the development of regulatory T cells limiting the
development of Th1 or Th2 effector cells (Taga and Tosato, 1992, Couper et al.,
2008). The coculture experiments performed in this study revealed that DCs
generated with secretomes from osteogenically induced JPCs significantly
suppressed proliferation of CD4" T cells and potentially induce CD4* T cell
apoptosis (Figure 2.2.51). MoDCs generated with secretome from osteogenically
induced JPCs in the absence of dexamethasone significantly increased the
number of regulatory CD25* T cells within the CD4* T cell population (Figure
2.2.5K). These evidences revealed that MoDCs generated in the presence of
secretomes from osteogenically induced JPCs without dexamethasone seemed
to act as tolerogenic DCs and induced expansion of regulatory T cells. This
finding indicates that JPC secretomes, especially those of osteogenically
stimulated cells without dexamethasone could be able to suppress immune
responses and induce tolerance after implantations of cell-free engineered

constructs.

It has been reported that MIP-1a (macrophage inflammatory protein-1 or CCL3)
is not active on mature but immature DCs, mediating their migration into
peripheral sites (Yanagihara et al., 1998). In our experiments, we detected a
significant upregulation of MIP-1a gene expression in DCs supplemented with
JPC secretomes, in particular with those from dexamethasone-treated JPCs.
Further MoDC gene expression of other chemokines such as G-CSF (CSF3) and
IL-8 were shown to be significantly up-regulated, indicating that JPC secretomes
were not only able to up-regulate expression or release of anti-inflammatory
cytokines (IL-10) and to downregulate the secretion of pro-inflammatory
cytokines (IL-12, IFN-y, MIP-1a), but also to enhance the production of

chemokines.
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Strategies were developed for the use of DCs as “positive vaccines” for anti-tumor
therapeutic approaches whereby monocytes are isolated from the peripheral
blood of the patient, loaded with tumor antigens, and subsequently matured. The
activated DCs are then re-infused into the patient where they migrate to the lymph
nodes to interact with naive T cells in order to induce the activation of effector T
cells (Vasaturo et al., 2013). Another therapeutic option is to apply tolerogenic
DCs as “negative vaccines” in order to induce tolerance against transplanted
tissues (Svajger and Rozman, 2014). In our study, we could demonstrate that
osteogenic JPC secretomes activate the generation of tolerogenic DCs. This
finding indicates that TE constructs colonized with JPCs will probably not induce
an inflammatory immune reaction. On the other site, it is conceivable that
tolerogenic DCs can be applied together with TE grafts in order to ensure the
prevention of immune reactions and to facilitate a favorable integration of the

implants into the surrounding tissue.

Taken together, in the present study we examined for the first time the effects
emanating from different JPC secretomes on DC maturation of CD14* monocytes.
JPC secretomes seemed to be sufficient to efficiently inhibit MoDC maturation
and this ability is linked to their osteogenic differentiation state. Interestingly, JPC
secretomes from untreated cells had little to no effect on maturation of MoDCs,
and secretomes derived from dexamethasone-treated cells showed stronger
effects compared to those from cells osteogenically stimulated in the absence of
dexamethasone. Since it is well-known that dexamethasone elicits
immunosuppressive effects, it is important to note that the obtained results are
not mediated by dexamethasone contained in the culture medium/secretomes.
Before secretome collection, dexamethasone dissolved in the culture medium
was removed and JPCs were incubated with the basal medium only for the last

24 hours (as mentioned in the section 2.2 of materials and methods).
2.2.5 Conclusion

JPC secretomes from osteogenically induced cells are able to inhibit phenotypic
maturation of MoDCs by destabilizing cluster formation and down-regulation of

co-stimulatory surface markers. Generated MoDCs show enhanced antigen
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uptake ability and suppressed CD4* T cell stimulatory function displaying a more
immature phenotype. MoDCs generated in the presence of JPC secretomes from
osteogenically induced cells without dexamethasone were able to promote
regulatory CD25" T cell expansion. The underlaying mechanism probably
involves the up-regulation of IL-10 and IDO, the down-regulation of the co-
stimulatory molecules CD80/86 and the down-regulation of the pro-inflammatory
IL-12p40 (Figure 2.2.8). These findings indicate that TE constructs colonized with
JPCs will probably not induce an inflammatory immune reaction after implantation.
In order to ensure the prevention of immune reactions and to facilitate a favorable
integration of the implants into the surrounding bone tissue, it is conceivable that
tolerogenic DCs generated in the presence of osteogenic JPC secretomes will be
applied together with TE grafts. The present study contributes to a better
understanding of JPCs' paracrine activity in order to optimize bone regenerative
strategies using this cell type.
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Figure 2.2.8 Summary of the results obtained in the present study. lllustration of the
effects of JPC secretomes derived from osteogenically differentiated cells on MoDC
maturation and function. Secretomes from osteogenically induced JPCs inhibit the
maturation of CD14" monocyte-derived DCs and their CD4" T cell stimulation function,
but promote phagocytic function of immature DCs. Secretome from osteogenically
induced JPCs in the absence of dexamethasone induced expansion of regulatory T cells.
The illustration was created with BioRender.
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2.2.6 Supplementary Material

Supplementary Table 1. Information in terms of age and gender of included
PBMCs donors. PBMCs for the generation of monocyte-derived dendritic cells
differentiation were obtained from healthy donors.

Age Gender
Donor 1 26 male
Donor 2 32 female
Donor 3 31 male
Donor 4 29 female

CD14* monocytes MoDCs
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Supplementary Figure 1. Representative gating strategy for flow cytometry analyses.
All analyzed cells were gated according to their size and granularity (forward scatter,
FSC, cell size vs. side scatter, SSC, granularity) within the marked gate. (A) Dotplot of
FSC vs. SSC-HLog for cell surface marker detection of CD14" monocytes. (B) Dotplot
of FSC vs. SSC-HLog for cell surface markers detection of dendritic cells (DCs). (C)
Dotplot of FSC vs. SSC-HLog for analysis of the phagocytic activity of DCs. (D-G)
Dotplot of FSC vs. SSC-HLog for mixed lymphocyte reactions. (D) Gating of
monocultured CD14" PBMCs. (E) Gating of CD14 PBMCs cocultured with DCs. (F)
Gating of monocultured CD4" T cells. (G) Gating of CD4" T cells cocultured with DCs.
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All percentages, mean fluorescent intensities and statistical analysis were performed
inside the gate, excluding cell debris.

A CD83 B CD14 C CD80
*kk
lél Fokok &
s Kkkok ol
kK kKK *ok
—
— 150 Aokokk — 100 ns ns ns
2 |—| |—| 9 . M1 1
® el pEly B @ 80 % "
E 100 weee pave g, f # E o 60 - s, 4 #
s T #
4 s &
g {' + o =40 e -
s 50 s ¢
3 2 i
m 0 T T T T T T T n- 0 T T T T T T T
00 0 90 9.9 > P P
o\@g? @O 0Q7 oQ’ OQ’ OQ’ o‘éo%/ (22 o<2>0 OO%QOQ’o
o bo,,/cg/%/oy SR \69/9/@ %7
BISHR & P o ® & & &
{o‘\ P \Q, N o;‘ S @,
D CD86 E CD197 F CD209
HkkK
1
dekkk
*
Aok oy
Akkk ‘I* ns
| — — 1
ns ns ns A #
600 — 1 150 ril ,L| [LI 250
4 o
i‘ g o {» 200 %
400 ove 100 _# .
- # - T o = 150
z cv g™ Ty . % zaitEid
s # # L o s - % # 4 # = 100 oo —o
200 HONS i 50 < &= 5 e
504 °*
O | T T T T T T 0 T T T T T T T 0 T T T T T T T
O 20 O QO O Q) > 0O 0 0 0 9.9 OO0 0 0 0.9
> € F O Y oY o S
Oo(\ i ol L FS 00056/69’ ¥ F o F & b%/b%” o e9®o_,9<b
& & \66/\66/\"0/\6"9/ & \66/\6%/ c%’\o%/ o3,\0\ \6%/\6%/ s
[CANRS IS O @ 54 0‘ S ¥ & 9 AN \° 0
e 0 AR &

Supplementary Figure 2. Flow cytometry analysis (FACS) of cell surface markers on
DCs generated without (control) or in the presence of 5 and 10-fold concentrated
secretomes derived from JPCs treated with control medium (S_CO), osteogenic medium
with or without dexamethasone (S_OB+D/S_OB-D). (A, B) Percentages of CD83 and
CD14 positive cells. (C-F) Mean fluorescence intensity (MFI) of CD80, CD86, CD197
and CD209 surface expression. Data of four independent experiments are given as
means + SD and compared using one-way ANOVA followed by Tukey’s multiple
comparisons tests (n=4, "*p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.001; * p< 0.5
compared to the group Control).
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3. Discussion

The first goal of this cumulative thesis was to optimize the culture condition for
JPCs seeded onto B-TCP scaffolds. In this context, cell functions such as the
osteogenic differentiation potential and the penetration depth into the used
material should be improved by changing static to dynamic culture conditions.
The second part of this thesis aimed to provide evidence for the
immunomodulatory capacities of JPCs by investigating their impact on dendritic
and helper T cells. To sum up, the present thesis has contributed to an
improvement of the application of JPCs in the field of bone tissue engineering
and to the elucidation of their immunosuppressive functions. The entire results
are discussed subdivided in single points as follows.

3.1 First study: Impact of flow rates and flow configurations on JPCs proliferation
within B-TCP scaffolds

The commercial bioreactor applied for study | is a perfusion bioreactor, primarily
for bone and cartilage tissues, that work by providing a medium flow to a cell
culture, providing oxygen and nutrients through the cell-seeded constructs.
However, the medium flow must be optimized for different types of bioreactors
and different used cell types in order to achieve sufficient nutrition avoiding cell
culture damage. Used flow rates for some of commercially available bioreactors
are shown in Table 3.1. There is a widely variation of applied flow rates and only
few studies compared a specific range of flow rates. However, in some cases,

trends could be detected (Gaspar et al., 2012).

In study | of this cumulative thesis, cell viability and cell densities were remarkably
improved under perfusion conditions with both used flow rates (100 and 200
pL/min) after a 5-day culture compared to the static condition (Figure 2.1.1C and
Figure 2.1.2B). A study of Cartmell et al. (Cartmell et al., 2003) demonstrated that
a high flow rate of 1.0 mL/min significantly increased the number of dead cells
and vice-versa lowering the flow rate led to increased amount of viable murine
pre-osteoblasts, and a flow rate of 100 pL/min led to the best effect in promoting
cell growth. The flow rates applied in study | of this thesis were considered to be
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in the range of reported values that induced expansion of bone forming cells
(Cartmell et al., 2003, Leclerc et al., 20006).

Table 3.1 Selected perfusion bioreactors, used type of scaffolds, cell type, pore
sizes and applied flow rate

Scaffold type Cell type Pore size Flow rate
PLA nonwoven hMSCs 17 um 0.6 mL/min
scaffolds (Sikavitsas et al.,
2005)
hMSCs Not reported 1 mL/min
(Holtorf et al., 2005)
hOBs 250 mm 0.3, 1 and 3 mL/min
Titanium (Bancroft et al., 2002)
nonwoven fibbers hOBs 250 mm 0.3 mL/min

(Sikavitsas et al.,

2003)
hOBs 29.8 and 65.3 1 mL/min
mm (Datta et al., 2006)
Skelite™ hMSCs 200 to 500 mm 0.1 mL/min
(Bjerre et al., 2008)
Coralline hydroxyapatite hMSCs 200 to 500 mm 0.1 mL/min

(Bjerre et al., 2011)
0.2, 0.1 and 0.01

MC3T3-E1 645 mm mL/min
Trabecular bone (Cartmell et al., 2003)
hMSCs 600 to 1,000 mm 0.85 mL/min
(Grayson et al., 2008)
Biphasic hMSCs >100 mm 4 mL/min
calcium phosphate (Janssen et al., 2006)
Polyurethane MC3T3-E1 200 mm 1 mL/min

(Sailon et al., 2009)
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However, in the first study of this thesis, quite similar cell viabilities were detected
under perfusion conditions with the used flow rates. In addition, the flow
configuration types (tangential and sigmoidal setting) did not influence cell
metabolic activities and cell numbers of 3D-cultured JPCs. These results could
be based on the fact that the size of the used perfusion chambers in study | were
much bigger than the size of used JPC-seeded scaffolds, leading to medium
flowing around the surface of scaffolds rather than permeating through the whole
scaffolds under both flow configuration types. As a result, the medium flow
exerted shear stress in a similar laminar manner to the scaffold surface under
both configuration types (Figure 2.1.1A, B), leading to similar results under both
used configuration types. The fluid-generated shear stress forces of the used flow
rates seemed to be very similar or the changes were too little to direct cellular

metabolic activities.

Overall, the flow rates of 100 and 200 pL/min applied in the used perfusion
bioreactor in this thesis were effective to promote cell proliferation on JPC-seeded
B-TCP scaffolds by providing better nutrient supply compared to static culture and
generating fluid flow as a stimulation on cell growth. The flow configuration types
may not need to be taken into consideration when the goal of promoting cell
proliferation of 3D-cultured must be reached in the present perfusion bioreactor.

3.2 Impact of flow rates and configurations on osteogenic differentiation of 3D-
cultured JPCs

Bone forming cells control bone formation by responding to the changes of
interstitial fluid-generated shear stress through the lacunar-canalicular network
(Wittkowske et al., 2016), while the differentiation of their progenitors can be
influenced by changes in the fluid static pressure and fluid-generated shear stress
within the bone marrow (Gurkan and Akkus, 2008). Therefore, it is one of the
essential functions for perfusion bioreactors to mimic such mechanical
stimulations for osteogenic progenitors to promote their intercellular matrix
production and osteogenic potential. The effect of perfusion flow on the
osteogenic potential of bone-forming cells or their precursors observed in some

previously published studies are summarized in Table 3.2.
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Table 3.2 Effects of fluid flow on the osteogenic potential of different progenitor

cell types
Publication Cell type Flow rate Result
(Hosseinkhani et al., 2005) Rat MSCs 0.2 mL/min ALP activity 1,
OCN content 1
(Alvarez-Barreto et al., hMSCs 0.1 and 1 mL/min ALP activity 1,
2011) Calcium deposition
T
(Cartmell et al., 2003) MC3T3-E1 0.2 mL/min ALP, OCN and
Runx2 mRNA 1
(Leclerc et al., 2006) MC3T3-E1 5 pL/min ALP activity 1
(Chen et al., 2015) hOBs 1 mL/min ALP, OCN, Col1a1
and Runx2 mRNA
T
(Filipowska et al., 2016) hBMSCs 2.5 mL/min Mineral and
collagen production
T

As an indicator of early osteogenic differentiation (Hoemann et al., 2009, Farley
et al., 1983), alkaline phosphatase (ALP) was reported to be up-regulated by
shear stress generated by fluid flow of different flow rates on gene expression
and protein expression level in murine pre-osteoblasts (Cartmell et al., 2003,
Leclerc et al., 2006), human osteoblasts (Chen et al., 2015) and human MSCs
(Filipowska et al., 2016, Mygind et al., 2007). Based on the above evidence and
resulting data as listed in Table 3.2, there was no doubt that fluid flow in a certain
range of flow rates promoted more or less the osteogenic differentiation. With the
perfusion bioreactor used for this thesis, the comparison of perfusion conditions
and static condition in terms of gene expression levels of osteogenic markers
showed that the used settings of perfusion conditions obviously upregulated the
levels of ALP, collagen 1a1 and osteocalcin, and the tangential setting was more
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capable of osteoinduction than the sigmoidal setting. Among all analyzed
markers, ALPL mRNA levels were most affected by the dynamic conditions, with
significantly up-regulated level detected under all used dynamic conditions
compared to those induced under static conditions, and remarkably higher
expression levels were observed under tangential setting in comparison to the
sigmoidal setting under osteogenic condition (Figure 2.1.5D). In addition, the
tangential setting appeared to be more effective compared to the sigmoidal flow
setting with regard to promoting gene expression levels of collagen 1a1 and
osteocalcin (Figure 2.1.6D, E and Figure 2.1.8C, D). However, dynamic culture
conditions showed only little effect on RUNX2 gene expression.

Overall, the fluid flow generated by the used dynamic settings was able to
enhance the osteogenic potential of 3D-cultured JPCs. Compared to the
sigmoidal configuration, the tangential configuration is a better setting to promote
osteogenic differentiation of 3D-cultured JPCs. The flow rates of 100 and 200
ML/min could be applied both in the present perfusion system as they have very
similar stimulatory effects on the osteogenic potential of 3D-cultured JPCs.

3.3 Influence of secretomes collected from osteogenically induce JPCs on the
maturation of CD14* MoDCs and helper T cells

DCs show significant functional and phenotypic heterogeneity. MoDCs generated
in vitro after stimulation with GM-CSF and/or IL-4 develop phenotypes or DC
functions similar to those found during inflammatory states (Yin et al., 2021).
Many DC-specific markers, such as CD83, B7 family of molecules (B7-1 (CD80)
and B7-2 (CD86)), C-C chemokine receptor type 7 (CCR7, also known as CD197)
and MHC class Il molecules, can be used to identify MoDCs that are in the mature
state, making possible to distinguish between mature and immature DCs (Li et
al., 2019, Azuma et al., 1993, Wilson et al., 2004, Yanagihara et al., 1998). In the
second study included in the present thesis, secretomes collected from
osteogenically differentiated JPCs remarkably decreased the expression levels
of CD80, CD86 and CD197 on MoDCs surface (Figure 2.2.2C, D). Additionally,
secretomes derived from JPCs, osteogenically induced with dexamethasone,
decreased the number of MoDCs expressing CD83, and increased the number
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of cells expressing CD14, a useful marker molecule for immature monocytes
(Ziegler-Heitbrock and Ulevitch, 1993). In the tendency, the addition of
secretomes derived from JPCs, osteogenically induced without dexamethasone,
showed similar but slighter effects compared to those observed after the addition
of secretomes derived from osteogenically induced JPCs in the presence of
dexamethasone (Figure 2.2.2B).

We also made the observation that secretomes collected from osteogenically
differentiated JPCs remarkably reduced the formation of cell aggregates and the
size of formed DC clusters (Figure 2.2.3A, B). It has been shown that CD154-
induced DCs could form cell aggregates, and DCs isolated from these clumps
showed the phenotype of DCs in mature state, expressing high levels of MHC
class Il and molecules of the B7 family on their surface (Termeer et al., 2001).
LPS stimulation led to DC aggregate formation after 24 h of incubation, which
could be suppressed by the addition of a JAK inhibitor, following in decreased
expression levels on DCs surface of molecules of the B7 family (Kubo et al.,
2014). Based on the phenotypic properties of clump-derived DCs, it is likely that
the formation of DC clumps is closely associated to the mature state of DCs.

Overall, the described results provided evidence that secretomes of
osteogenically differentiated JPCs were able to partially inhibit the maturation of

DCs in terms of phenotypic properties.

3.4 Influence of secretomes collected from osteogenically induced JPCs on the

maturation of CD14" MoDCs in terms of function

As showed in Figure 3.1, danger signals can drive differentiation of classical
mature DCs. The mature DC subset expresses a large amount of costimulatory
molecules (CD40, CD80 and 86) and MHC class |l molecules on their surface,
release pro-inflammatory cytokines, migrate to the peripheral lymph nodes, and
activate naive or memory T cells, resulting in T cell expansion and division of
helper T cells (Th1, Th2 or Th7) (Kou and Babensee, 2011). During the steady
state, the tolerogenic DC subset is naturally actively induced in response to
apoptotic cells and self-antigens. The tolerogenic DC subset releases anti-
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inflammatory factors and induce T cell anergy, T cell apoptosis and/or regulatory

T cells expansion (Morelli and Thomson, 2007).

In the second study of the present thesis, MoDCs generated in the presence of
secretomes collected from osteogenically differentiated JPCs significantly
decreased the number of both parental and proliferating CD4" helper T cells
(Figure 2.2.5 1). CD80/CD86 costimulatory effects were reported to be involved
and required for optimal T cell activation (Azuma et al., 1992, Azuma et al., 1993).
Dilioglou and co-authors showed that blockage of CD80/CD86 on MoDCs surface
resulted in 24 % and 71 % decrease in naive CD4" T cell activation respectively
(Dilioglou et al., 2003). As mentioned previously, secretomes collected from
osteogenically differentiated JPCs remarkably decreased the expression levels
of CD80 and CD86 on MoDCs surface. This might be one of the mechanisms by
which DCs cultured in the presence of JPCs secretomes remarkably suppressed

the proliferation/activation of co-cultured CD4* T cells.
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Figure 3.1 Schematic draft of DC subsets developed from immature DCs following
different stimuli. The daft is created by BioRender.

In addition to direct cell-cell interaction through costimulatory molecules, mature
DCs also stimulate T cells through secreting pro-inflammatory cytokines. Serving
as a protein subunit of IL-12p70 and IL-23, IL-12p40 is an inducer of DC migration
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and also a cytokine acting on T cells (Cooper and Khader, 2007). IFN-y (Lighvani
et al.,, 2001) and IL-12 (Macatonia et al., 1995, Zhu et al., 2012) have been
reported to drive the Th1 transcriptional program, which promotes the up-
regulation of the transcription factor T-bet and IL-12R[3 in CD4 T cells. IL-12p40
derived from DCs has been reported to play an essential role on the induction
and maintaining of IFN-y-secreting Th1 cells (Macatonia et al., 1995, Stobie et
al., 2000). In the second study of the present thesis, secretomes collected from
osteogenically differentiated JPCs significantly down-regulated IL-12p40 mRNA
and protein expression in MoDCs (Figure 2.2.6 and 2.2.7). The IFN-y mRNA level
in MoDCs was detected to be extremely low or even absent in the presence of
secretomes collected from osteogenically differentiated JPCs. Based on the
obtained results, we postulate that secretomes collected from osteogenically
differentiated JPCs potentially suppressed T cell stimulatory effects of MoDCs by
decreasing their IFN-y and IL-12p40 expression levels.

There is considerable evidence supporting the assumption that cells expressing
IDO can inhibit T cell activation and induce T cell anergy (Mellor and Munn, 2004).
In the second study of the present thesis, secretomes collected from
osteogenically differentiated JPCs significantly up-regulated IDO protein levels in
MoDCs, and among both used conditions for secretome collection, the one from
osteogenically induced JPCs without dexamethasone seemed to be more
efficient in promoting IDO release (Figure 2.2.7B). Additionally, secretomes
collected from osteogenically differentiated JPCs led to a remarkable increase in
IL-10 mRNA (Figure 2.2.6A) and protein levels (Figure 2.2.7). Tega and co-
authors demonstrated that 30 years ago that human IL-10 inhibits mitogen-
activated T cell proliferation (Taga and Tosato, 1992). DCs exposed to IL-10 can
drive the proliferation of regulatory Treg cells, thereby restricting the proliferation
of T helper cells (Th1, Th2) (Couper et al., 2008). This mechanism could be an
explanation for the inhibitory function on T cell activation by the co-cultured DCs
generated in the presence of secretomes collected from osteogenically
differentiated JPCs. Furthermore, this finding might also be one of the

mechanisms by which JPC secretomes collected from osteogenically induced
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cells without dexamethasone significantly promoted CD25" Treg cell proliferation
by co-cultured MoDCs (Figure 2.2.5K).

3.5 Influence of secretomes collected from osteogenically induced JPCs on the
function of immature MoDCs

The antigen- (Ag) uptake ability of DCs is associated to the immature DC
phenotype (Wilson et al., 2004). As an Ag-uptake receptor for some pathogens
(Tassaneetrithep et al., 2003, Cambi et al., 2003, Colmenares et al., 2002,
Ngaosuwankul et al., 2008), CD209 is widely present on the surface of DCs in
the immature state (Tassaneetrithep et al., 2003, Bullwinkel et al., 2011) and a
strong, robust increase in mMRNA expression can be detected shortly after
induction of DC differentiation (Bullwinkel et al., 2011). In the study described
herein, we found a remarkable upregulation in CD209 mRNA expression in DCs
cultured in the presence of secretomes collected from osteogenically
differentiated JPCs (Figure 2.2.6). Furthermore, the used dextran-uptake
demonstrated that JPC secretomes collected from osteogenically induced cells
with dexamethasone remarkably expanded the DC subset that exert antigen
uptake function, whereas JPC secretomes collected from osteogenically induced
cells without dexamethasone enhanced only slightly the dextran-uptake capacity
of MoDCs (Figure 2.2.4B, C).

3.6 Comparison of the effects starting from different JPC secretomes on MoDC

maturation

It is worth noting that MSCs from different sources may have different
immunomodulatory properties, and they may change their function depending on
the used culture conditions (Mattar and Bieback, 2015). Throughout the second
study of this thesis, the potential of JPC secretomes to inhibit the maturation of
MoDCs appeared to be related to their osteogenic capacity. JPC secretomes
collected from undifferentiated cells induced only little apparent effects on the
maturation of MoDCs, whereas those from osteogenically induced JPCs had
remarkably inhibitory effects on the maturating process and functions of MoDCs,

which were most pronounced upon dexamethasone supplementation.

70



3. Discussion

3.7 The application possibilities of JPCs in bone tissue engineering based on the
results of the present thesis

After years of extensive research on JPCs, obtained results have shown evidence
for the suitability of JPCs for BTE application. The present thesis reported for the
first time the generation of a perfusion system for the 3D-culturing of JPCs, which
was able to provide sufficient nutrition and mechanical stimulation of the used
cells. The cell viability, cell expansion efficiency and osteogenic potential of 3D-
cultured JPCs were significantly increased by using the optimized perfusion
setting in this thesis, providing a novel alternative strategy or at least a feasible
idea for the preparation of JPC-colonized constructs in vitro. The second study of
the present thesis further demonstrated the immunosuppressive capacities of
JPCs. Osteogenically differentiated JPCs suppressed the maturating process
and function of dendritic cells in a secreted manner, indicating the reasonable
use of this cell source in bone tissue engineering. The influence of
dexamethasone on the immunomodulatory capacities of JPCs was also
elucidated in the second study, expanding the knowledge of optimizing culture
conditions and minimizing a too artificial microenvironment for JPCs. Apart from
this, the second study suggested that secretomes collected from osteogenically
differentiated JPCs, especially secretomes collected from osteogenically induced
cells without dexamethasone may be beneficial for suppressing undesirable

immune responses and building tolerance after transplantations.

Altogether, the results of the present thesis contribute to bring us closer to the
clinical application of JPCs.
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4. Summary

The present thesis addressed several issues that need to be addressed before
JPC-seeded constructs can be used clinically. Study | aimed to set up an optimal
dynamic condition so as to generate cell-enriched bone-like constructs. For this
purpose, a perfusion bioreactor available in the market was used to culture JPCs
seeded B-TCP scaffolds. Study Il aimed to investigate the immunomodulatory
function of JPCs secreted factors. For this purpose, we explored the influence of
secretomes collected from undifferentiated and osteogenically induced JPCs on
the phenotypic and functional maturation of CD14* monocyte-derived dendritic
cells by supplementation of their culture medium with the relevant JPC
secretomes. According to the obtained results, the main findings can be

summarized as follows:

1) In terms of metabolic activity/proliferation and distribution within the B-TCP
scaffolds, we observed remarkable differences compared to static culture, but we
observed no correlation to hydrodynamic or to the scaffold position within the
used perfusion bioreactor. The tangential setting appeared to promote
osteogenic gene expressions by JPCs at a higher extent than the sigmoidal
setting.

2) Secretomes collected from osteogenically induced JPCs seemed to suppress
the maturation of MoDCs in terms of phenotypic properties by prevention of
MoDC clump formation and downregulation of MoDCs' surface markers. In
particular, JPC secretomes enhanced the antigen-uptake capacity of immature
DCs, and suppressed the CD4* T cell stimulatory function of mature MoDCs by
up-regulation of IL-10 and IDO release, down-regulation of CD80/86 on their
surface and IL-12p40 release. The JPC secretomes collected from osteogenically
differentiated cells without dexamethasone remarkably induced the proliferation
of CD25" Treg cells. These obtained results suggested that sectetomes from
osteogenically induced JPCs have the potential of immune response suppression
promoting peripheral tolerance. The second study provides a further
understanding of JPCs' secretory function involved in their immunoregulatory
effects.
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To sum up, application of perfusion bioreactors is a strategy to generate JPC-
seeded constructs in vitro. A flow rate of 100-200 yL/min promotes proliferation
and osteogenic differentiation of JPCs within 3-TCP scaffolds. Further, JPCs
possess immunosuppressive properties and can act as a promising stem cell

source for bone tissue engineering.
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5. German summary

Die vorliegende Dissertation befasste sich mit mehreren Problemen, die
angegangen werden mussen, bevor JPC (jaw periosteal cell) -besiedelte
Konstrukte klinisch angewendet werden konnen. Studie | zielte darauf ab, einen
optimalen Perfusionszustand herzustellen, um zellreiche, knochenahnliche
Konstrukte zu schaffen. Zu diesem Zweck verwendeten wir einen im Handel
erhaltlichen Perfusionsbioreaktor zur Kultur von JPCs, die auf B-TCP-Gerusten
ausgesat wurden. Studie Il zielte darauf ab, die immunmodulatorische Funktion
der sekretorischen Funktion von JPCs zu untersuchen. Zu diesem Zweck
untersuchten wir die Wirkung von JPC-Sekretomen, die von undifferenzierten
und osteogen differenzierten Zellen sezerniert wurden, auf die Reifung und
Funktion von aus CD14+-Monozyten-abgeleiteten dendritischen Zellen (MoDCs),
deren Medium mit JPC-Sekretomen supplementiert wurde. Basierend auf den
experimentellen Ergebnissen konnen die wichtigsten Ergebnisse wie folgt

zusammengefasst werden:

1) In Bezug auf die metabolische Zell-Aktivitat/-Proliferation und Verteilung
innerhalb der B-TCP-Geruste, stellten wir signifikante Unterschiede im Vergleich
zu statischen Bedingungen fest. Aber es konnte keine Korrelation zur
Stromungsdynamik oder zur GerUstposition innerhalb des verwendeten
Bioreaktors festgestellt werden. Die tangentiale Flusskonfiguration schien die
osteogene Genexpression durch JPCs in einem hoheren Ausmald zu aktivieren

als die sigmoidale Flusskonfiguration.

2) JPC-Sektetome, die von osteogen induzierten Zellen gewonnen wurden,
hemmten die phanotypische Reifung von MoDCs durch Verhinderung der MoDC-
Clusterbildung und Herunterregulierung der MoDC-spezifischen
Oberflachenmarkern.  Daruber  hinaus  verbesserte die  Sekretom-
Supplementierung die Antigenaufnahmefahigkeit von unreifen dendritischen
Zellen (iDCs). Weiterhin wurde die T-Zell-stimulatorische Funktion von reifen
MoDCs durch die Hochregulierung von IL-10 und IDO und die
Herunterregulierung von CD80/86 und IL-12p40 unterdruckt. Diese Ergebnisse
zeigten, dass das JPC-Sekretom von osteogen differenzierten Periostzellen das
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Potenzial zur Unterdrickung einer Immunantwort und zur Forderung der
peripheren Toleranz hat. Die vorliegende Studie liefert ein weiteres Verstandnis
der Beteiligung der sekretorischen Fahigkeit von JPCs anihrer

immunregulatorischen Funktion.

Zusammenfassend lasst sich sagen, dass die Anwendung von
Perfusionsbioreaktoren eine geeignete Strategie darstellt, um JPC-gesate
Konstrukte in vitro zu erzeugen; Eine Flussrate von 100-200 pm/min fordert die
Proliferation und osteogene Differenzierung von JPCs innerhalb von B-TCP-
Gerusten. Daruber hinaus weisen JPCs immunsuppressive Eigenschaften auf
und konnen als vielversprechende Stammzellquelle fur BTE angesehen werden.
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