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1. Introduction 

1.1. Stem cell and bone tissue engineering 

1.1.1. Bone tissue engineering and stem cell source 

Tissue engineering is a field creating natural alternatives to regenerate defective 

tissues and organs due to injury, disease and development defects that have 

failed to heal by themselves [1]. In critical-size bone defects, bone tissue 

engineering (BTE) provides a challenging but ideal treatment strategy for bone 

regenerative medicine [2]. The aim of BTE is to create functional bone 

regeneration through a combination of cells, biomaterial scaffolds and tissue-

inducing factors [3]. In general, the following processes are involved in cell-based 

BTE [4, 5]: First, autologous or allogeneic cells are primarily cultured and 

expanded in vitro to obtain sufficient cells for clinical applications. In the next step, 

the expanded cells are induced to osteogenic/chondrogenic differentiation and 

seeded onto three-dimensional (3D) biomaterials with or without growth factors. 

Subsequently, the prepared constructs can be cultured in vitro in a bioreactor 

system until the maturation stage or implanted directly into the recipient in vivo 

for further development. The ultimate goal is to create a functional tissue that will 

fit with the defective site for the purpose of bone/organ regeneration [4]. Figure 1 

shows a schematic paradigm of the bone tissue engineering procedure. 

In terms of material design and selection for BTE purposes, understanding and 

mimicking the composition and structure of native bone tissue and the selection 

of appropriate biomimetic natural biomaterials can enhance the success rate of 

BTE [6, 7]. β-tricalcium phosphate (β-TCP), characterized as osteoconductive, 

osteoinductive and cell-resorptive, is a widely used and adequate synthetic bone 

graft substitute [8]. 
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Figure 1. A schematic paradigm of bone tissue engineering [4, 5]. To obtain 

sufficient cells for clinical applications, autologous or allogeneic cells are first 

cultured and expanded in vitro. Next, the expanded cells are differentiated into 

the osteogenic/chondrogenic lineage and seeded on 3D biomaterials with or 

without growth factors. After preparation, the constructs can be cultured in vitro 

in a bioreactor system until maturity or implanted directly into a recipient in vivo 

for further development. For bone/organ regeneration, functional tissue must be 

created at the defective site. 

 

In the BTE approach, cells are one of the primary determinants of success since 

they are the basic functional unit of the organism [9]. Currently, several types of 

differentiated cells (e.g. osteoblasts) and undifferentiated cells (e.g. embryonic 

stem cells, adult stem cells from a variety of tissues, perinatal stem cells and 

induced pluripotent stem cells) have been applied alone or in combination with 

various biological scaffolds for bone restoration [10]. Differentiated cells (e.g. 

osteoblasts) have a limited proliferative lifespan. In contrast, stem cells that sit at 
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the apex of the differentiation hierarchy can self-renew and develop into highly 

specialized cells, making them more suitable for tissue engineering and 

regenerative purposes [11]. Considering their availability, ethical issues, 

tumorigenicity and immune tolerance properties of various stem cell subtypes, 

mesenchymal stem cells (MSCs) are comprehensively considered as the best 

source of stem cells for BTE at present (Table 1) [10, 12, 13].  

 

Table 1. Comparison of cell sources used in BTE [10, 12, 13]. 

Cell type Accessibility 
Ethical 

issue 
Tumorigenicity Immune tolerance 

Autologous 

osteoblasts 
difficult no no no 

Embryonic stem 

cells 
difficult yes yes no 

Induced 

pluripotent stem 

cells 

difficult no yes partly 

Mesenchymal 

stem cells 
easy no no yes 

 

1.1.2. Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are multipotent stromal/stem cells that possess 

self-renewal ability and tri-lineage differentiation potential and show extreme 

plasticity [14, 15]. The International Society for Cellular Therapy (ISCT) set 

minimal standards for defining MSCs [16]: 1) MSCs are defined as plastic 
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adhesion cells and fibroblast-like shapes under conventional culture conditions. 

2) In vitro, MSCs can differentiate into osteogenic, adipogenic, or chondrogenic 

cells. 3) The cultured MSCs express CD73, CD90 and CD105 on their surfaces, 

while they do not express CD11b, CD14, CD19, CD34, CD45, or HLA-DR (Figure 

2). In addition, the immunomodulatory ability and immune escape properties of 

MSCs make them more suitable for the BTE approach when allogeneic-derived 

cells are used, and some of them have already entered the phase I and I/II stage 

of clinical trials [17-19]. MSCs acting as sensors and switchers of inflammation 

can be classified into pro-inflammatory (MSC-1) and anti-inflammatory (MSC-2) 

phenotypes (Figure 2) [20]. Under different microenvironments (such as different 

levels of TNF-α/IFN-γ stimulation), MSCs can orchestrate innate or adaptive 

immune responses by releasing a series of heterogeneous mediators, including 

cytokines, chemokines, exosomes and various immunosuppressive metabolites 

[19, 21]. Vice versa, the immune microenvironment reshaped by the mediators 

also feeds back to influence the biological property of MSCs themselves, such as 

osteogenic differentiation [22, 23]. When implanting biological scaffolds into a 

recipient for BTE purposes, both local/mobilized endogenous MSCs and 

transplanted exogenous MSCs will communicate with local immune cells in a 

complex pattern [24-26]. Currently, the homeostasis of inflammatory 

microenvironments is the main challenge for the efficacy of BTE constructs, but 

MSCs may offer a viable solution for inflammation regression and tissue 

homeostasis at the site of bone defects [27, 28]. 
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Figure 2. The characteristics and immunomodulatory properties of MSCs [16, 20, 

29]. MSCs exhibit a specific phenotype, fibroblast morphology and multipotency. 

The intensity and complexity of inflammatory stimuli dictate the plasticity of MSC 

immune regulation. MSCs exhibit an immunosuppressive phenotype (MSC2) in 

high levels of TNF-α/IFN-γ environment. The low levels of TNF-α/IFN-γ may allow 

MSCs to exhibit a pro-inflammatory phenotype (MSC1). 

 

1.1.3. Jaw periosteum-derived mesenchymal stem cells 

MSCs derived from bone marrow, adipose tissue, tooth tissue and periosteum 

tissue represent popular cell candidates for the study of regenerative medicine 

and tissue engineering [30]. However, different in situ derived MSCs do not have 

the same level of multipotency [11]. The periosteum is the membrane that 

attaches to the outer surface of all bones except the long bony joints, and it 

consists of dense irregular connective tissue, which can be divided into an 

external "fibrous layer" and an internal "cambium layer" [31]. One of its 

characteristics is mechanoreception. This means that mechanical loading can 

modify the phenotype of periosteal progenitor cells and induce periosteal-based 
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bone repair and regeneration [32-34]. Compared with MSCs harvested from other 

tissues, the periosteum-derived MSCs show stronger osteogenic/chondrogenic 

potential and are considered an excellent cell source for bone regeneration 

applications [35-38]. The periosteal cells derived from the jaw tissue (jaw 

periosteal cells, JPCs) show under high mechanical loading, superior osteogenic 

properties and immunosuppressive effects on dendritic cells, which have been 

demonstrated in the previous studies of our group [37, 39-42].  

Undoubtedly, the success of BTE constructs is closely related to the 

immunomodulatory properties of osteogenically differentiated JPCs. 

Macrophages are the most critical myeloid cells that play multifunctional roles 

during the innate and adaptive immune reactions [43, 44]. Osteal macrophages 

are closely related to osteoblasts and can synergistically support bone formation, 

as well as being regulators of osseous wound healing [45]. These cells are 

abundantly present when BTE constructs are implanted into the defect site, and 

they represent the primary immune cell population to respond to foreign 

pathogens and materials [46, 47]. Therefore, understanding macrophage 

regulation/modulation by JPCs is essential to ensure the success of JPC-

colonialized BTE constructs. 

1.2. Macrophages 

1.2.1. Macrophage origin and function  

Macrophages can be recruited into organ tissues from the mononuclear 

phagocytic system or independently originate from embryonic progenitors [48] 

(Figure 3). The haematopoietic stem cells (HSCs) within the bone marrow 

develop into immature monocytes, which are strategically stored in the specific 

reservoir spleen or migrate along with the circulation [49]. Monocytes extravasate 

through the endothelium to differentiate into macrophages located in the infected 
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or injured tissue after subsequent activation to heterogeneous macrophage 

subtypes in response to stimulation [49, 50]. Additionally, tissue-resident 

macrophages from the yolk sac or fetal liver precursors during fetal development 

also function as sentinel cells against the microbes and maintain tissue 

homeostasis [51]. 

 

 

Figure 3. The origins, recruitment into infected or injured tissues and functions of 

macrophages [48, 52-54]. Macrophages derive from phagocytic mononuclear 

cells or from embryonic progenitors. The functions of macrophages involve 

phagocytosis, antigen-presenting, secretion and homeostasis. 

 

As a type of "professional" phagocytic cells, the macrophages are characterized 

by phagocytosis and initiation of an immune response [52] (Figure 3). They have 

the ability to engulf and digest cellular waste, foreign substances, bacteria, and 

cancer cells, as well as anything else that lacks the proteins found on the surface 

of healthy body cells [52]. Whether it is ingesting pathogens or efferocytosis to 

apoptotic cells, the primary role of this phagocytosis process is to protect the host 

from different types of infection or injury [55, 56].  

Another essential role of macrophages is their antigen-presenting functions in 
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adaptive immunity [53] (Figure 3). The phagocytosis and antigen presentation of 

macrophages are not independent but closely interwoven [52-54]. After digesting 

pathogens, a macrophage can present the pathogen's antigen to the 

corresponding T helper cell, and multiple receptor-ligand interactions carefully 

orchestrate this process [54]. When pattern recognition receptors (PRRs), 

including Toll-like receptors (TLRs), C-type lectin receptors, scavenger receptors, 

retinoic acid-inducible gene 1-like helicase receptors and NOD-like receptors, on 

macrophages were activated by pathogen-associated molecular patterns 

(PAMPS) from microbes or damage-associated molecular patterns (DAMPs) 

from cell damage or death, macrophages can internalize substances and form 

phagosomes [49, 57]. After the phagosome fuses with cytoplasmic lysosomes 

forming phagolysosomes, the microbes or cell debris in the phagolysosome are 

killed or digested [58]. Under the influence of hydrolases, pathogen-derived 

peptides can be generated and presented to T helper cells via MHC class II 

molecules [58]. Then the antigen-specific T cells may be further activated by the 

assistance of co-stimulation signals (CD80/CD86 on macrophages) [59]. 

Macrophages can also recruit monocytes/leukocytes from the blood to migrate 

into injured sites to initiate or enhance the protective response to infections [54]. 

This process is mediated by its cytokines/chemokines secretion or the factors 

released from its pyroptosis [54] (Figure 3).  

Besides, macrophages can stimulate new blood vessel growth and synthesize 

collagen-rich extracellular matrix to improve the repair of injured tissues [54]. 

1.2.2. Macrophage polarization 

Macrophages are extremely heterogeneous cells that exhibit fast phenotypic 

change in response to microenvironmental inputs [60]. Although distinct 

subpopulations of macrophages have been reported, it is widely accepted that 
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macrophages constitute a spectrum of functional phenotypes/characteristics 

rather than discrete fixed subtypes [49]. Nowadays, diverse macrophage 

subpopulations with different immunological functions have been identified. In 

general, M1 macrophages (classically activated macrophages) mediate host 

defence against various microorganisms and also mediate anti-tumour immune 

responses whilst promoting Th1 responses [60, 61]. Another phenotype of M2 

macrophages (alternatively activated macrophages) elicits anti-inflammatory 

functions and regulates wound healing while supporting Th2-associated effector 

functions [61]. Based on distinct gene expression profiles caused by different 

microenvironment exposure, M2 macrophages can be further divided into M2a, 

M2b, M2c and M2d subsets [62, 63]. This variety of phenotypes in vivo needs to 

be considered for in vitro research. THP-1, a monocytic cell line generated from 

human leukemia, is the most frequently utilized cell line for in vitro research of 

primary human macrophage activity [64, 65]. This is because suspension THP-1 

cells exhibit the morphological and functional properties of human M0 

macrophages upon stimulation with phorbol 12-myristate 13-acetate (PMA) [65] 

(Figure 4). By using lipopolysaccharide (LPS) and interferon-γ (IFN-γ), M0 

macrophages polarize into classically activated M1 macrophages; In contrast, M2 

macrophage activation can be induced by interleukin-4 and interleukin-13 [66] 

(Figure 4). 
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Figure 4. THP-1 derived macrophage polarization in in vitro studies. THP-1 

monocytic cells acquire human M0 macrophage phenotypes under PMA 

stimulation. With lipopolysaccharide (LPS) and interferon-γ (IFN-γ), M0 

macrophages polarize into classically activated M1 macrophages. By contrast, 

interleukin-4 (IL-4) and interleukin-13 (IL-13) may activate M2 macrophages. 

 

1.3. Coculture systems 

Cell coculture is an effective method to investigate the dynamic crosstalk between 

different types of cells [67, 68]. Cellular contacts can be directly involved in 

intercellular stimulation to affect cellular metabolism. However, the direct contact 

coculture model cannot identify whether the effects comes from secreted factors 

or not [69]. In contrast, non-contact interactions between cells (such as the 

secretion of hormones, cytokines, chemokines, exosomes) can not only mutually 

regulate cellular metabolism but also play a vital role in the regulation of cell 

motility (such as immune cell migration and stem cell homing), which is the 

effective way to investigate the paracrine cell interaction [68, 70].  

The indirect coculture method of transferring conditioned 

medium/supernatant/secretome from the donor cells to the target cells has some 

limitations. For example, the continuous interaction between cells and the 

feedback of target cells to donor cells cannot be monitored. The traditional 

"transwell coculture" or "vertical type" culture system effectively addresses this 

limitation. However, the filter is clogged by cells, the different medium volume in 

the two chambers and the difficult cell observation in the upper chamber are 

challenges in this coculture system. The innovative horizontal coculture system 

provides a good solution for the above-mentioned disadvantages by connecting 

two identical chambers laterally [69]. The horizontal coculture system (UniWellsTM) 

has the following advantages (Figure 5): 1) microscopy can visualise the cells in 

both chambers simultaneously. 2) The filter does not get clogged with cells. 3) 
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Cells are cultured on the same bottom material and using the same volume of 

culture medium. 4) The two chambers can be combined or used separately. 

Therefore, the horizontal coculture system may provide effective signal 

communications for the coculture between two cell types as described in the 

following works between JPCs and macrophages. 

 

 

Figure 5. Comparison of different coculture systems (image refer to 

ICCP/UniWellsTM). The different coculture models, such as the contact coculture, 

the transfer secretome method, the transwell system and the horizontal coculture 

plate, have unique characteristics. 

 

1.4. Aims of the present dissertation 

JPCs show MSCs characteristics and may possess similar immunoregulative 

abilities, representing a promising cell source for BTE [41, 42, 71-74]. 
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Macrophages play a central role in innate immunity, and their alternative 

activation can facilitate wound healing and tissue repair, which may contribute to 

the application of BTE constructs [75]. Our previous studies demonstrated that 

2D-cultured JPCs and JPCs colonialized β-TCP scaffolds (3D cultured JPCs) 

could suppress DC maturation in an indirect transwell coculture system [41, 76]. 

In this study, we try to investigate the effects of JPCs on THP-1 macrophage 

phenotypic polarization under a direct contact or indirect coculture model [71, 72]. 

Furthermore, to investigate the paracrine secretion effects of JPCs on M1/M2 

macrophage polarization, an innovative horizontal coculture system was applied 

to coculture JPCs and THP-1-derived M1/M2 macrophages [72]. The soluble 

factors secreted from JPCs or macrophages in the coculture system were also 

analyzed. These factors may explain the potential paracrine mechanism of JPCs 

acting on macrophages polarization. 

In addition, the three-dimensional (3D) cultures can mimic the biochemical and 

biophysical properties of the native 3D microenvironment by incorporating 

specific biomaterials [77]. β-tricalcium phosphate (β-TCP), one of the promising 

bone graft substitutes used for BTE [8], was utilized to develop 3D-cultured JPC-

based constructs in the present study. The effects of both 2D-cultured JPCs and 

JPCs colonialized β-TCP scaffolds on macrophages polarization were 

investigated and included in this thesis. 

Furthermore, since JPCs possess multipotency, their osteogenically induced 

differentiation should be pre-defined before transplantation into the bone defect 

sites for BTE approaches [72]. So, the interactions between osteogenically 

generated JPCs and macrophages were examined concurrently. 

Based on the findings of this work, elucidating the paracrine secretion effects of 

2D- and 3D-cultured JPCs to THP-1 macrophages polarization may contribute to 

the future use of JPCs in BTE approaches.
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2. Materials and Methods 

2.1. The main materials used in the experiment 

 

Table 2. The mediums, reagents and kits used in the experiment. 

Medium/Reagent/Kit Company 

RPMI 1640 medium Thermo Fisher Scientific 

DMEM/F12 medium Thermo Fisher Scientific 

FBS Sigma-Aldrich 

Penicillin/streptomycin Lonza 

Amphotericin B Biochrom AG 

2-mercaptoethanol Sigma-Aldrich 

TrypLE-Express Thermo Fisher Scientific 

PMA Sigma-Aldrich 

Vitronectin Gibco 

LPS Sigma-Aldrich 

IFN-γ Sigma-Aldrich 

IL-4 Sigma-Aldrich 

IL-13 Sigma-Aldrich 

β-TCP scaffolds Curasan AG 

L-ascorbic acid Sigma-Aldrich 

β-glycerophosphate PanReac AppliChem 

NucleoSpin RNA kit Macherey-Nagel 

SuperScript VILO Kit Thermo Fisher Scientific 

DNA master SYBR Green I kit Roche 

LunaScript® RT SuperMix Kit  New England Biolabs 

Luna® Universal Probe qPCR Master 

Mix 

New England Biolabs 

Human cytokine proteome profiler 

array kits 

R&D Systems 

 

Table 3. The main laboratory equipment/instruments used in the experiment. 

Main laboratory 

equipment/instrument 
Company 
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Guava EasyCyte 6HT-2L flow 

cytometer 
Merck Millipore 

NanoDrop One instrument Thermo Fisher Scientific 

Real-time LightCycler System Roche 

QuantStudio 3 Real-Time PCR 

Instrument 
Thermo Fisher Scientific 

 

2.2. In vitro cell culturing of THP-1 cells and JPCs 

“THP-1 cells (from the ATCC) were grown in RPMI 1640 medium. As a 

supplement for THP-1 cell expansion, we used 10% heat-inactivated FBS, 1% 

penicillin/streptomycin, 1% amphotericin B and 0.05 nM 2-mercaptoethanol.” [72] 

“After receiving clearance from the local ethics committee (No. 618/2017BO2), 

JPCs from three donors were included in the research. We cultivated and 

expanded JPCs in DMEM/F12 medium containing 5% hPL (provided by the 

Institute for Clinical and Experimental Transfusion Medicine of the University 

Hospital Tübingen), 1% penicillin/streptomycin and 1% amphotericin B. TrypLE-

Express was used for JPCs passaging.” [72] 

“JPCs or THP-1 cells were cultured and expanded in flasks of 25 or 75 cm2 at 

37 °C in a 5% CO2 incubator. Every two days, the culture medium was replaced.” 

[72] 

2.3. Contact coculture of JPCs and THP-1 macrophages (This section 

published in “He et al., International journal of molecular sciences, 2021, 

22(9): 4310”) 

The directly mixed coculture of JPCs and macrophages was conducted for cell 

contact coculture.  

“Prior to coculture, JPCs (2×104/well) were grown under 5 % hPL DMEM/F12 in 

24-well plates for 48 hours. Meanwhile, THP-1 cells (4×105/well) were induced to 
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differentiate into M0 macrophages in separate 24-well plates. A 5% hPL 

RPMI1640 medium containing 5 nM PMA was used for M0 macrophage 

differentiation for 48 hours.” [71] 

“For the direct contact coculture, JPCs were removed from the 24-well plate using 

TrypLE-Express and resuspended in 5% hPL RPMI 1640 medium with 15 ng/mL 

LPS and 20 ng/mL IFN-γ (for M1 coculture) or with 20 ng/mL IL-13 and 20 ng/mL 

IL-4 (for M2 coculture). Following that, seeding of the JPC suspension into M0 

macrophages was performed (M1/M2-JPC groups). The M1/M2 macrophages 

monoculture control group (M1/M2-Control groups) received cell-free 5% hPL 

RPMI 1640 medium supplemented with LPS/IFN-γ or IL-4/IL-13.” [71] 

“Following 5 days of mixed contact coculture with JPCs and M1 or M2 

macrophages, macrophages were phenotypically examined using flow cytometry 

to evaluate their polarization state. The macrophage-specific marker CD68 was 

utilized to identify THP-1 macrophages in the above direct coculture systems. 

The M1 or M2 polarization was determined using CD80 (M1 macrophage surface 

marker) or CD206/CD163 (M2 macrophage surface markers). Figure 6 shows the 

procedure of the direct coculture experiment.” [71] 
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Figure 6. The experimental approach for the contact coculture of JPCs and 

macrophages [71]. 

 

2.4. Horizontal coculture of 2D- and 3D-cultured JPCs and THP-1 

macrophages 

2.4.1. Horizontal coculture system 

“Ginreilab Inc. (Uchinada, Japan) provided the horizontal coculture plates (also 

named UniWellsTM) with 0.6 µm filters and the 96-well plate-size adaptor. A 

coculture plate comprises the components listed below: chamber A, chamber B, 

a cover, a common cover, an O-ring, and an adapter. Figure 7 illustrates the 

construction of the horizontal coculture plate.” [72] 
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Figure 7. Images of the horizontal coculture system. (a): The structure of an 

assembled coculture plate. (b): The horizontal coculture plates were set into a 

96-well plate-size adapter. 

 

2.4.2. Horizontal coculture of 2D-cultured JPCs and macrophages (This 

section published in “He et al., Biomedicines 2021, 9(12), 1753”) 

“Prior to initiating the horizontal coculture, a single culture of JPCs or THP-1 

macrophages was conducted by assembling the chamber A/chamber B, the 

cover, and the common cover.” [72] 
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“In preparation for the JPCs preculture on day 0, passage 3 of JPCs (2 × 104 

cells/chamber) were resuspended in a 1.5 ml volume of 10% hPL DMEM/F12 

medium. And the cell suspension was seeded into a vitronectin-precoated 

chamber A. After 48 hours of growth, JPCs were cultivated for five days in the 

separate chambers under untreated conditions (DMEM: 10% hPL DMEM/F12) or 

osteogenic conditions (OBDMEM: 10% hPL DMEM/F12 + 100 mM L-ascorbic 

acid + 10 mM β-glycerophosphate). Every other day, the medium was changed. 

For the medium control groups, 1.5 mL of JPCs-free medium (10% hPL 

DMEM/F12 with or without osteogenic stimuli) was introduced to a parallel 

vitronectin-precoated chamber following the identical medium change protocols. 

In Table 4, we define the abbreviations used.” [72] 

 

Table 4. Used abbreviations for 2D-cultured JPCs/OBJPCs in the coculture 

groups [72]. (Table published in “He et al., Biomedicines 2021, 9(12), 1753”) 

Abbreviation Group Cells Added reagents 

DMEM medium control - - 

OBDMEM 
osteogenic 

medium control 
- 

L-ascorbic acid (100 μM) 

+ β-glycerophosphate 

(10 mM) 

JPC 

cocultured 

untreated 2D-

cultured JPCs 

JPCs - 

OBJPC 

cocultured 

osteogenically 

induced 2D-

cultured JPCs 

osteogenically 

induced JPCs 

L-ascorbic acid (100 μM) 

+ β-glycerophosphate 

(10 mM) 

Note: 10% hPL DMEM/F12 was used to cultivate 2D-cultured JPCs/OBJPCs and 
their control groups. 
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“In order to pre-culture THP-1 macrophages, passage 10 of THP-1 cells (4 × 105 

cells per chamber) were resuspended in 1.5 mL of 5% hPL RPMI 1640 medium 

containing 5 nM PMA and seeded into a chamber B on day 5. THP-1 cells were 

cultured in chamber B for 48 hours to induce M0 macrophage differentiation.” [72] 

“On day 7, chamber A and chamber B were assembled to initiate the coculture of 

2D-cultured JPCs/OBJPCs and M1/M2 macrophages. After assembling the 

coculture chamber A and chamber B, they were placed in an adaptor and 

cocultured for a further five days. For the M1 differentiation, the THP-1-derived 

M0 macrophages were cultured in a 5% hPL RPMI1640 medium containing 15 

ng/mL LPS and 20 ng/mL IFN-γ. Induction of M2 differentiation was achieved in 

a 5% hPL RPMI1640 medium containing 20 ng/mL IL-4 and 20 ng/mL IL-13. 

Figure 8 shows the procedure of coculturing of 2D-cultured JPCs/OBJPCs and 

M1/M2 macrophages.” [72] 

 

 

Figure 8. Flow chart of the pre- and co-culturing of 2D-cultured JPCs/OBJPCs 

and M1/M2 macrophages [72]. (Image published in “He et al., Biomedicines 2021, 

9(12), 1753”) 

 

“Cocultures of 2D-JPCs/OBJPCs and M1/M2 macrophages, and their control 

groups, were cultivated for an additional five days. On day 12, flow cytometry, 

gene expression, and protein secretion studies for macrophages were performed. 
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The experimental grouping of cocultured 2D-cultured JPCs/OBJPCs and THP-1-

derived M1/M2 macrophages was shown in Figure 9.” [72] 

 

 

Figure 9. Experimental grouping of the coculture of 2D-cultured JPCs/OBJPCs 

and M1/M2 macrophages [72]. (Image published in “He et al., Biomedicines 2021, 

9(12), 1753”) 

 

2.4.3. Horizontal coculture of 3D-cultured JPCs and macrophages 

For pre-culturing of 3D-cultured JPCs, the colonialization of β-TCP scaffolds with 

JPCs was performed in 96-well polypropylene culture plates. Firstly, the β-TCP 

scaffolds were submerged under 5% hPL DMEM/F12 medium and pre-incubated 

for 1 hour. Then, passage 4 of 5×104 JPCs in 50 µL medium was seeded into the 

top of each β-TCP scaffold. After 2 hours of incubation, an additional 150 µL 

DMEM/F12 medium was added into the JPCs-colonized β-TCP scaffold. 

After 24 hours of incubation, JPCs-colonialized β-TCP constructs were 

transferred into new 96-well plates and further grown under untreated conditions 

(10% hPL DMEM/F12) or osteogenic conditions (10% hPL DMEM/F12 + 100 μM 

L-ascorbic acid + 10 mM β-glycerophosphate) for ten days (200 µL medium per 
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construct). Every two days, the medium was changed. In parallel 96-well plates, 

200 µL of JPCs-free medium (10% hPL DMEM/F12 with/without osteogenic 

stimuli) was introduced to the β-TCP scaffold control groups using the identical 

medium change procedure. In Table 5, we list the abbreviations used for 3D-

cultured JPCs/OBJPCs. 

 

Table 5. Used abbreviations for 3D-cultured JPCs/OBJPCs in the coculture 

groups. 

Abbreviation Group Cells Added reagents 

TCP β-TCP scaffold control - - 

OBTCP 
osteogenic β-TCP 

scaffold control 
- 

L-ascorbic acid (100 

μM) + β-

glycerophosphate (10 

mM) 

3DJPC 

cocultured untreated 

JPCs-colonized β-TCP 

scaffold 

JPCs - 

3DOBJPC 

cocultured 

osteogenically induced 

JPCs-colonized β-TCP 

scaffold 

osteogenically 

induced JPCs 

L-ascorbic acid (100 

μM) + β-

glycerophosphate (10 

mM) 

Note: 10% hPL DMEM/F12 was used to cultivate 3D-cultured JPCs/OBJPCs and 

their control groups. 

 

To pre-culture THP-1 macrophages, passage 13 of THP-1 cells (4 × 105 cells per 

chamber) resuspended in 1.5 mL of 5% hPL RPMI 1640 medium were introduced 

into chamber B on day 9. PMA in a concentration of 5 nM was used to induce 
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THP-1 cells to differentiate into M0 macrophages from day 9 to day 11. 

On day 11, the assembly of the coculture of 3DJPCs/3DOBJPCs and M1/M2 

macrophages was performed. For the coculture groups, untreated or 

osteogenically induced JPCs/OBJPCs-colonialized scaffolds (five blocks of 

constructs per chamber) were transferred into chamber A containing 1.3 mL of 

10% hPL DMEM/F12 medium. For the scaffold controls, five blocks of cell-free 

TCP/OBTCP scaffolds were transferred into the corresponding control chamber 

A. In chamber B, for the differentiation of M1, THP-1 differentiated M0 

macrophages were cultured in 1.5 mL of 5% hPL RPMI1640 medium containing 

15 ng/mL LPS and 20 ng/mL IFN-γ. In order to induce M2 macrophages, 20 

ng/mL IL-4 and 20 ng/mL IL-13 were used as stimuli. Figure 10 shows the 

procedure of coculturing of 3DJPCs/3DOBJPCs and M1/M2 macrophages. 

 

 

Figure 10. Flow chart of the pre- and co-culturing of 3D-cultured JPCs/OBJPCs 

and M1/M2 macrophages. 

 

The assembled coculture chambers were subsequently set into a 96-well plate-

size adapter and further incubation was performed. The 3DJPCs/3DOBJPCs + 

M1/M2 coculture groups and the TCP/OBTCP + M1/M2 scaffold control groups 

were cultured for an additional five days. Gene expression measurements of 
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M1/M2 macrophages in the coculture system were performed on day 16. The 

experimental grouping of cocultures of 3DJPCs/3DOBJPCs and M1/M2 

macrophages is illustrated in Figure 11. 

 

 

Figure 11. Experimental grouping of cocultures of 3D-cultured JPCs/OBJPCs 

and M1/M2 macrophages. 

 

2.5. Flow cytometric analyses of resulting THP-1-derived macrophages 

“After five days of coculture with 2D-cultured JPCs/OBJPCs and M1/M2 in the 

horizontal coculture system, the cocultured THP-1-derived macrophages were 

removed from the horizontal plate using TrypLE-Express, and cell surface 

markers specific for M1 or M2 were discovered using flow cytometry. In 

subsequent sample preparation steps, cells were centrifuged (1400 rpm for 5 

minutes) and the supernatants were removed. Cell pellets were then 

resuspended in 10 % Gamunex and kept on ice for 15 minutes. The cells were 

then treated in the dark for 30 minutes with flow cytometric antibodies. After two 

washes with FACs buffer (PBS + 0.1 % BSA + 0.1 % sodium azide), cells were 

measured using the Guava EasyCyte 6HT-2L flow cytometer. The FlowJo 
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program was utilized for data visualization. Table 6 shows the antibodies used in 

the flow cytometry measurement.” [72] 

 

Table 6. List of antibodies used in the flow cytometry [72]. (Table published in “He 

et al., Biomedicines 2021, 9(12), 1753”) 

Human Antigen (Clone) Conjugate/Isotype control 

CD80 (2D10) PE/IgG1 

CD86 (BU63) PE/IgG1 

CD11b (ICRF44) PE/IgG1 

HLA-DR (L243) APC/IgG2a 

CD209 (9E9A8) APC/IgG2a 

CD197 (G043H7) APC/IgG2a 

CD36 (5–271) APC/IgG2a 

CD14 (M5E2) APC/IgG2a 

 

2.6. Quantitative gene expression analysis of THP-1-derived macrophages 

The quantitative PCR method was used to investigate the gene expressions of 

M1 and M2 macrophages cocultured with 2D- and 3D-cultured JPCs/OBJPCs in 

the horizontal coculture system. 

“In the coculture of 2D-cultured JPCs/OBJPCs and M1/M2, total RNA was 

isolated from M1 or M2 macrophages using the NucleoSpin RNA kit following the 

manufacturer's recommendations. NanoDrop One instrument was used to figure 

out the concentration and purity of RNA. A total of 100 ng of RNA were used for 

the purpose of synthesizing cDNA and the SuperScript VILO Kit instructions were 

followed. The real-time LightCycler System was used to measure mRNA 

expression levels in the samples of different groups. The primer kits from Search 

LC company and a DNA master SYBR Green I kit were used for 40 amplification 
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cycles of the CD163, CD209, TNF-α, CCL5, IL-6, IL-10 or CXCR4 DNA. The 

housekeeping gene GAPDH was used as a standard to normalize transcript 

levels of target genes. To evaluate and report the findings, we set the gene ratio 

in the M1/M2 monoculture group to 1 (control) and calculated x-fold induction 

indices compared to this control.” [72] 

For coculture of 3DJPCs/3DOBJPCs and M1/M2 macrophages, the NucleoSpin 

RNA kit was also used for the total RNA isolation of macrophages. After 

quantification by the NanoDrop One, cDNA was synthesized using 100 ng of RNA 

according to the LunaScript® RT SuperMix Kit instructions. The mRNA 

expression levels were measured by the QuantStudio 3 Real-Time PCR 

Instrument. DEPC-treated water, Luna® Universal Probe qPCR Master Mix, and 

primers of the targeted gene (CD163, CD209, TNF-α, CD36 or IL-10) from 

Integrated DNA Technologies were used for 40 amplification cycles of the 

synthesized cDNA. Transcript levels of the target genes were normalized to the 

housekeeping gene GAPDH. The M1/M2 monoculture TCP group was set to 

control, and the delta-delta Ct (∆∆Ct) method was used to calculate the relative 

mRNA levels. 

2.7. Analysis of cytokine and chemokine release of macrophages/JPCs in 

the horizontal coculture system 

“Human cytokine proteome profiler array kits were utilized to quantify 

cytokine/chemokine secretion in the supernatants of M1 or M2 macrophages 

following five days of horizontal coculture with 2D-cultured JPCs/OBJPCs. The 

membranes of the proteome profiler were blocked in array buffer for 1 hour at 

room temperature and then treated overnight at 4 °C with sample supernatants 

and antibody combinations. Following three washes, the membranes were 

treated with diluted streptavidin–HRP at room temperature for thirty minutes. After 

three washes again, the membranes were treated with a 1 mL chemiluminescent 

reagent combination and subjected to radiographic images for ten minutes. 

Positive signals or dots were analysed after scanning the generated x-ray films.” 

[72] 
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2.8. Statistical analysis 

The measured data were expressed as mean ± standard error of the mean (mean 

± SEM), and statistical analyses were performed and visualized by GraphPad 

Prism software. Student’s t-test or one-way analysis of variance (ANOVA) 

followed by Tukey's multiple comparison test was used. The values of p < 0.05 

were considered statistically significant.



Results 

27 

3. Results 

3.1. Cell surface markers expression of macrophages in the direct 

coculture model (This section published in “He et al., International journal 

of molecular sciences, 2021, 22(9): 4310”) 

“In the JPCs and macrophages contact coculture system, for the flow cytometric 

investigation of CD marker expression on M1 macrophages, CD68 positive cells 

were gated to distinguish THP-1 macrophages in the detached cell suspension. 

The expression of CD80 was applied to measure the polarization of M0 to M1 

macrophages. In comparison to monoculture M1-Control group, the M1-JPC 

coculture group had considerably lower percentages of CD68+CD80+ positive 

cells (M1-Control 47.34 ± 0.92 versus M1-JPC 2.64 ± 0.32, p < 0.05) (Figure 12).” 

[71] 
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Figure 12. CD80 expression in CD68+ macrophages in monoculture (M1-Control) 

and coculture (M1-JPC) groups is shown by the representative flow cytometry dot 

plots and the histogram [71]. Means ± standard error of the mean were 

determined and the results were compared using Student’s t-test (n = 3, # p < 

0.05). (Image published in “He et al., International journal of molecular sciences, 

2021, 22(9): 4310”) 

 

“To investigate the cell surface CD markers expression on cocultured M2 

macrophages in the contact coculture system, CD68+ cells were gated to identify 

macrophages, and CD206+ and CD163+ cells were utilized to assess the 

polarization of M2 macrophages. The M2-JPC coculture group had a higher 

proportion of CD68+CD163+ cells than the monoculture M2-Control group (M2-

Control 0.08 ± 0.02 versus M2-JPC 1.22 ± 0.10, p < 0.05). The coculture group 

had an increasing tendency of CD68+CD206+ than the monoculture control group 

(Figure 13).” [71] 
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Figure 13. CD206 (a) and CD163 (b) expression in CD68+ macrophages in 

monoculture (M2-Control) and coculture (M2-JPC) groups, as shown by the 

representative flow cytometry dot plots and the histogram [71]. Means ± standard 

error of the mean were determined and the results were compared using 

Student’s t-test (n = 3, # p < 0.05). (Image published in “He et al., International 

journal of molecular sciences, 2021, 22(9): 4310”) 

 

3.2. Cell surface markers expression of macrophages cocultured with 2D-

cultured JPCs/OBJPCs in the horizontal coculture system (This section 

published in “He et al., Biomedicines 2021, 9(12), 1753”) 

3.2.1. Surface marker expression on M1 macrophages cocultured with 2D-

cultured JPCs/OBJPCs in the horizontal coculture system 

“After five days of horizontal coculture, flow cytometry was used to examine the 

cell surface markers of M1 or M2 macrophages to determine the influence of 2D-

cultured JPCs/OBJPCs on macrophage polarization.” [72] 
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“The flow cytometry results of cell surface marker expression on M1 

macrophages are presented in Figure 14. The percentages of CD80+, CD86+, 

HLA-DR+ and CD197+ cells in JPCs/OBJPCs-M1 coculture groups were 

obviously downregulated compared with those in the DMEM/OBDMEM-M1 

control groups. On the contrary, compared with the DMEM/OBDMEM-M1 groups, 

the percentages of CD14+ cells were obviously higher in JPCs/OBJPCs-M1 groups. 

The data of measurements are displayed in Table 7.” [72] 
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Results 

32 

 

 



Results 

33 

 

Figure 14. Representative single parameter histograms and quantitative analysis 

of CD80 (a), CD86 (b), HLA-DR (c), CD197 (d), CD14 (e) and CD36 (f) expression 

on M1 macrophages cocultured with 2D-cultured JPCs/OBJPCs in the horizontal 

coculture system as detected by flow cytometry [72]. Means ± standard error of 

the mean were calculated and analyzed using one-way analysis of variance (n = 

3, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (Images published in “He 

et al., Biomedicines 2021, 9(12), 1753”)  

 

Table 7. Percentage of M1 macrophages that are positive for CD markers when 

cocultured with 2D-cultured JPCs/OBJPCs [72]. (Table published in “He et al., 

Biomedicines 2021, 9(12), 1753”) 

Markers DMEM-M1 JPC-M1 OBDMEM-M1 OBJPC-M1 

CD80 66.12 ± 2.24 28.87 ± 5.84 a 79.46 ± 0.29 45.91 ± 4.18 b 

CD86 65.68 ± 1.40 42.05 ± 2.14 a 87.26 ± 0.22 79.45 ± 1.22 b 

HLA-DR 98.33 ± 0.25 94.98 ± 0.48 a 98.57 ± 0.08 96.18 ± 0.70 b 

CD197 33.87 ± 1.47 6.15 ± 0.31 a 39.61 ± 0.97 9.56 ± 2.35 b 

CD14 69.45 ± 1.63 87.22 ± 0.54 a 64.01 ± 0.48 93.20 ± 1.16 b 

CD36 71.53 ± 1.80 64.59 ± 2.86 80.42 ± 0.77 78.21 ± 0.84 
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a The DMEM-M1 and the JPC-M1 groups showed significant differences (p < 
0.05); b The OBDMEM-M1 and the OBJPC-M1 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

3.2.2. Surface marker expression on M2 macrophages cocultured with 2D-

cultured JPCs/OBJPCs in the horizontal coculture system 

“The flow cytometry results of surface marker expression on M2 macrophages 

are presented in Figure 15. Compared with the OBDMEM-M2 group, the 

percentages of CD209+, CD11b+ and CD14+ cells were significantly higher in the 

OBJPC-M2 group. Similarly, in comparison to the DMEM-M2 control group, a 

tendency to increase the expression of the above-mentioned CD markers was 

observed in the JPC-M2 coculture group. Additionally, compared with the 

DMEM/OBDMEM-M2 groups, the percentages of CD86+ cells were significantly 

downregulated in the JPC/OBJPC-M2 groups. The data of measurements are 

displayed in Table 8.” [72] 
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Figure 15. Representative single parameter histograms and quantitative analysis 

of CD86 (a), CD209 (b), CD11b (c), CD14 (d), HLA-DR (e) and CD36 (f) 

expression on M2 macrophages co-cultivated with JPCs/OBJPCs in the 

horizontal coculture system as detected by flow cytometry [72]. Means ± standard 

error of the mean were determined and analyzed using one-way analysis of 

variance (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (Images 

published in “He et al., Biomedicines 2021, 9(12), 1753”)  

 

Table 8. Percentage of M2 macrophages that are positive for CD markers when 

cocultured with 2D-cultured JPCs/OBJPCs [72]. (Table published in “He et al., 

Biomedicines 2021, 9(12), 1753”) 

Markers DMEM-M2 JPC-M2 OBDMEM-M2 OBJPC-M2 

CD86 17.33 ± 0.43 4.29 ± 0.93 a 31.54 ± 0.53 22.51 ± 1.50 b 

CD209 3.29 ± 0.10 5.06 ± 0.83 4.81 ± 0.51 8.68 ± 1.19 b 

CD11b 26.37 ± 1.15 38.39 ± 3.53 44.23 ± 0.73 61.39 ± 5.43 b 

CD14 3.37 ± 0.34 22.30 ± 6.88 4.16 ± 0.26 39.01 ± 7.20 b 

HLA-DR 37.95 ± 0.51 29.97 ± 0.79 54.74 ± 0.49 55.88 ± 4.02 

CD36 49.51 ± 0.33 28.78 ± 0.97 a 70.05 ± 0.43 53.63 ± 4.11 b 
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a The DMEM-M2 and the JPC-M2 groups showed significant differences (p < 
0.05); b The OBDMEM-M2 and the OBJPC-M2 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

3.3. Gene expression analysis of macrophages in the horizontal coculture 

system 

3.3.1. Gene expression of macrophages cocultured with 2D-cultured 

JPCs/OBJPCs (This section published in “He et al., Biomedicines 2021, 

9(12), 1753”) 

“A quantitative PCR analysis of the CD163, CD209, TNF-α, CCL5, IL-6, IL-10, 

CXCR4 and IL-6 gene expression in the horizontally cocultured M1 or M2 

macrophages was performed to investigate the influence of 2D-cultured 

JPCs/OBJPCs on macrophage polarization.” [72]  

“Gene expression results of the cocultured M1 macrophages are presented in 

Figure 16. CD163 and CD209 gene expressions were considerably elevated in 

the JPC-M1 group when compared with the DMEM-M1 group. Additionally, the 

expression level of the CD163 gene in the OBJPC-M1 group was obviously 

increased compared with that in the OBDMEM-M1 group. Contrary to this, the 

expression of CCL5 gene in JPC/OBJPC-M1 groups was obviously decreased 

compared with the detected level in the DMEM/OBDMEM-M1 control groups. 

Furthermore, when compared to the DMEM-M1 and OBDMEM-M1 groups, TNF-

α gene expression in the JPCs-M1 and OBJPCs-M1 groups tended to be 

downregulated, whereas IL-10 gene expression tended to be upregulated. The 

data of measurements are displayed in Table 9.” [72] 
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Figure 16. CD163, CD209, IL-10, CCL5 and TNF-α gene expression of M1 

macrophages cocultured with 2D-cultured JPCs/OBJPCs [72]. Means ± standard 

error of the mean were calculated and analyzed using one-way analysis of 

variance (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). (Images published in “He 

et al., Biomedicines 2021, 9(12), 1753”)  

 

Table 9. Gene expression of the M1 macrophages cocultured with 2D-cultured 

JPCs/OBJPCs [72]. (Table published in “He et al., Biomedicines 2021, 9(12), 

1753”) 

Genes DMEM-M1 JPC-M1 OBDMEM-M1 OBJPC-M1 
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CD163 1.00 ± 0.03 15.62 ± 0.42 a 1.03 ± 0.04 9.12 ± 2.48 b 

CD209 1.00 ± 0.18 4.02 ± 0.57 a 1.81 ± 0.20 3.95 ± 1.11 

IL-10 1.00 ± 0.25 11.70 ± 1.71 2.48 ± 0.20 22.88 ± 11.20 

CCL5 1.00 ± 0.05 0.50 ± 0.05 a 1.27 ± 0.14 0.53 ± 0.02 b 

TNF-α 1.00 ± 0.19 0.27 ± 0.06 1.69 ± 0.33 1.14 ± 0.39 

a The DMEM-M1 and the JPC-M1 groups showed significant differences (p < 
0.05); b The OBDMEM-M1 and the OBJPC-M1 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

“Gene expression results of cocultured M2 macrophages are presented in Figure 

17. Coculture group JPC-M2 showed an upregulated tendency in IL-6 gene 

expression compared with the control group DMEM-M2. Compared with the 

OBMEM-M2 control group, the IL-6 gene expression level was significantly higher 

in the OBJPC-M2 group. In the OBJPC-M2 coculture group, CD163, IL-10 and 

CD209 gene expressions were found to have an upregulated tendency when 

compared with those in the OBDMEM-M2 control group. The data of 

measurements are displayed in Table 10.” [72] 
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Figure 17. CD163, CD209, IL-6, IL-10 and CXCR4 gene expression of M2 

macrophages cocultured with 2D-cultured JPCs/OBJPCs [72]. Means ± standard 

error of the mean were calculated and analyzed using one-way analysis of 

variance (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001). (Images published in “He 

et al., Biomedicines 2021, 9(12), 1753”)  

 

Table 10. Gene expression of the M2 macrophages cocultured with 2D-cultured 

JPCs/OBJPCs [72]. (Table published in “He et al., Biomedicines 2021, 9(12), 

1753”) 
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Genes DMEM-M2 JPC-M2 OBDMEM-M2 OBJPC-M2 

CD163 1.00 ± 0.21 2.27 ± 0.38 3.60 ± 0.37 15.13 ± 5.60 

CD209 1.00 ± 0.05 1.45 ± 0.35 2.23 ± 0.38 3.39 ± 0.80 

IL-6 1.00 ± 0.08 6.82 ± 2.09 1.22 ± 0.56 12.93 ± 2.34 b 

IL-10 1.00 ± 0.03 3.96 ± 1.70 1.67 ± 0.46 7.01 ± 1.60 

CXCR4 1.00 ± 0.13 0.56 ± 0.10 1.20 ± 0.09 0.64 ± 0.16 b 

a The DMEM-M2 and the JPC-M2 groups showed significant differences (p < 
0.05); b The OBDMEM-M2 and the OBJPC-M2 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

3.3.2. Gene expression of macrophages cocultured with 3D-cultured 

JPCs/OBJPCs 

To assess the effects of 3D-cultured JPCs/OBJPCs (3DJPCs/3DOBJPCs) on 

M1/M2 macrophage polarization, the gene expression analysis of TNF-α, CD163, 

IL-10, CD209 and CD36 in the horizontally cocultured M1 or M2 macrophages 

was evaluated by PCR. 

The qPCR results of cocultured M1 macrophages with the JPC-seeded 3D 

constructs (3DOBJPC) are presented in Figure 18. The TNF-α gene expression 

of M1 macrophages in the 3DJPC/3DOBJPC-M1 groups was obviously 

downregulated compared with that in the TCP-M1/OBTCP-M1 groups. CD163 

gene expression in the 3DJPC-M1 group was significantly increased compared 

to that detected in the TCP-M1 group. Besides, compared to the TCP-M1 control 

group, CD209 tended to be increased in the 3DJPC-M1 group. The data of 

measurements are displayed in Table 11. 
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Figure 18. TNF-α, CD163, IL-10, CD209 and CD36 gene expression of M1 

macrophages cocultured with 3DJPCs/3DOBJPCs. Means ± standard error of 

the mean were calculated and analyzed using one-way analysis of variance (n = 

3, * p < 0.05, **** p < 0.0001). 

 

Table 11. Gene expression of M1 macrophages cocultured with 3D-cultured 

JPCs/OBJPCs. 

Genes TCP-M1 3DJPC-M1 OBTCP-M1 3DOBJPC-M1 
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TNF-α 1.00 ± 0.00 0.08 ± 0.01 a 1.18 ± 0.11 0.07 ± 0.01 b 

IL-10 1.00 ± 0.00 1.16 ± 0.04 1.98 ± 0.09 1.65 ± 0.54 

CD163 1.01 ± 0.00 2.21 ± 0.48 a 0.57 ± 0.06 0.86 ± 0.03 

CD209 1.01 ± 0.00 1.67 ± 0.46 0.66 ± 0.07 0.99 ± 0.23 

CD36 1.01 ± 0.00 1.17 ± 0.04 0.99 ± 0.11 1.18 ± 0.17 

a The TCP-M1 and the 3DJPC-M1 groups showed significant differences (p 
< 0.05); b The OBTCP-M1 and the 3DOBJPC-M1 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

In M2 macrophages cocultured with 3D-cultured JPCs/OBJPCs, compared with 

the TCP/OBTCP-M2 scaffold control groups, the gene expression of TNF-α and 

CD163 were in the tendency downregulated and upregulated, respectively. The 

gene expression of IL-10 in the 3DJPC-M2 group was obviously increased 

compared with that in the TCP-M2 group. The CD209 gene expression of M2 was 

shown to be significantly increased in 3DJPC/3DOBJPC-M2 groups when 

compared with the TCP-M2/OBTCP-M2 groups. Furthermore, compared to the 

OBTCP-M2 scaffold control group, CD36 was downregulated in the 3DOBJPC-

M2 group. Gene expression results of cocultured M2 macrophages with the 

3DJPC-groups are presented in Figure 19. The data of measurements are 

displayed in Table 12. 
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Figure 19. TNF-α, CD163, IL-10, CD209 and CD36 gene expressions of M2 

macrophages cocultured with 3DJPCs/3DOBJPCs. Means ± standard error of 

the mean were calculated and analyzed using one-way analysis of variance (n = 

3, * p < 0.05, ** p < 0.01). 

 

Table 12. Gene expression of M2 macrophages cocultured with 3D-cultured 

JPCs/OBJPCs. 

Genes TCP-M2 3DJPC-M2 OBTCP-M2 3DOBJPC-M2 
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TNF-α 1.03 ± 0.00 0.66 ± 0.18 1.56 ± 0.09 1.25 ± 0.41 

IL-10 1.01 ± 0.01 1.99 ± 0.17 a 0.84 ± 0.20 1.52 ± 0.17 

CD163 1.00 ± 0.00 8.26 ± 0.98 2.74 ± 0.12 16.96 ± 6.49 

CD209 1.00 ± 0.00 2.54 ± 0.22 a 1.66 ± 0.12 3.84 ± 0.46 b 

CD36 1.00 ± 0.00 0.76 ± 0.08 2.18 ± 0.16 1.37 ± 0.29 b 

a The TCP-M2 and the 3DJPC-M2 groups showed significant differences (p 
< 0.05); b The OBTCP-M2 and the 3DOBJPC-M2 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

3.4. Analysis of cytokine/chemokine secretion in the horizontal coculture 

system by proteome profiler arrays (This section published in “He et al., 

Biomedicines 2021, 9(12), 1753”) 

3.4.1. Secretion of M1 macrophages cocultured with 2D-cultured 

JPCs/OBJPCs 

“After five days of horizontal coculture of M1/M2 macrophages and 2D-cultured 

JPCs/OBJPCs, the chemokine or cytokine production of M1/M2 macrophages 

was evaluated using proteome profiler arrays. Figure 20 illustrates representative 

sections of the membranes utilized to demonstrate the distinct dot blot intensities 

following incubation with the M1 macrophage supernatants. The quantitative 

analysis of pixel densities indicated significant differences in the 

chemokine/cytokine secretion of IL-6, CCL2/MCP-1, CXCL1/GRO-α, G-CSF and 

CCL5/RANTES were found between control groups and coculture groups. 

Compared with the OBDMEM-M1 group, OBJPC-M1 showed significantly higher 

expression of IL-6, CCL2/MCP-1, CXCL1/GRO-α and G-CSF. CCL5 showed an 

obviously decreased expression in the JPC-M1 group when compared with the 

DMEM-M1 control group. Table 13 provides details about the data.” [72] 
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Figure 20. Detection of protein expression of supernatants from M1 

macrophages cocultured with 2D-cultured JPCs/OBJPCs using proteome profiler 

arrays. (a): After membrane incubation with M1 macrophages supernatants, 

representative dots of varying intensities were detected (spots in a rectangle: 

significant differences between the groups). (b): Expression of IL-6, CCL2, CXCL1, 

G-CSF and CCL5 proteins quantified by pixel intensity. Means ± standard error of 

the mean were calculated and analyzed using one-way analysis of variance (n = 

3, * p < 0.05, ** p < 0.01) [72]. (Images published in “He et al., Biomedicines 2021, 

9(12), 1753”) 

 

Table 13. The pixel density ratio of proteins in the supernatant from M1 

macrophages cocultured with 2D-cultured JPCs/OBJPCs in the horizontal 

coculture system [72]. (Table published in “He et al., Biomedicines 2021, 9(12), 

1753”) 

Cytokine/Chemokine DMEM-M1 JPC-M1 OBDMEM-M1 OBJPC-M1 

IL-6 0.00 ± 0.00 1.39 ± 0.30 a 0.00 ± 0.00 1.12 ± 0.07 b 

CCL2 0.00 ± 0.00 0.53 ± 0.10 a 0.00 ± 0.00 0.60 ± 0.17 b 

CXCL1 0.09 ± 0.08 0.48 ± 0.06 a 0.20 ± 0.03 0.59 ± 0.04 b 

G-CSF 0.00 ± 0.00 0.29 ± 0.14 0.00 ± 0.00 0.41 ± 0.02 b 

CCL5 0.74 ± 0.17 0.22 ± 0.04 a 0.65 ± 0.05 0.30 ± 0.11 

a The DMEM-M1 and the JPC-M1 groups showed significant differences (p < 
0.05); b The OBDMEM-M1 and the OBJPC-M1 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean). 

 

3.4.2. Secretion of M2 macrophages cocultured with 2D-cultured 

JPCs/OBJPCs 

“Figure 21 illustrates representative array membranes with dot blots representing 

the expression of cytokines or chemokines in M2 macrophage supernatants. 

According to quantitative analysis, IL-6, CCL2 and CXCL12 secretion in the JPC-

M2 group were significantly higher compared with those in the DMEM-M2 group. 

Also, the levels of IL-6, CCL2, CXCL1 and CXCL12 in OBJPC-M2 group were 
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found to be increased compared with those in the OBDMEM-M2 group. The data 

are displayed in Table 14.” [72] 
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Figure 21. Detection of protein expression of supernatants from M2 

macrophages cocultured with 2D-cultured JPCs/OBJPCs using proteome profiler 

arrays. (a): Representative dot blots of varying intensity were measured following 

membrane treatment with M2 macrophage supernatants (spots in a rectangle: 

significant differences between the groups). (b): Quantification of the pixel 

intensities associated with the expression of the proteins IL-6, CCL2, CXCL1, and 

CXCL12. Means ± standard error of the mean were calculated and analyzed 

using one-way analysis of variance (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001) [72]. (Images published in “He et al., Biomedicines 2021, 9(12), 

1753”)  

 

Table 14. The pixel density ratio of proteins detected in the supernatant from M2 

macrophages cocultured with 2D-cultured JPCs/OBJPCs in the horizontal 

coculture system [72]. (Table published in “He et al., Biomedicines 2021, 9(12), 
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1753”) 

Cytokine/Chemokine DMEM-M2 JPC-M2 OBDMEM-M2 OBJPC-M2 

IL-6 0.00 ± 0.00 0.91 ± 0.08 a 0.00 ± 0.00 0.86 ± 0.02 b 

CCL2 0.00 ± 0.00 0.26 ± 0.05 a 0.00 ± 0.00 0.28 ± 0.02 b 

CXCL1 0.00 ± 0.00 0.31 ± 0.05 0.00 ± 0.00 0.48 ± 0.17 b 

CXCL12 0.01 ± 0.00 0.17 ± 0.04 a 0.00 ± 0.00 0.25 ± 0.00 b 

a The DMEM-M2 and the JPC-M2 groups showed significant differences (p < 
0.05); b The OBDMEM-M2 and the OBJPC-M2 groups showed significant 
differences (p < 0.05) (means ± standard error of the mean).
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4. Discussion 

4.1. JPCs modulate the macrophage phenotype 

In the horizontal coculture system, 2D-cultured JPCs effectively inhibited B7-1 

(CD80)/B7-2 (CD86) and CD197 expression of M1 macrophages, suggesting an 

inhibition of the classical phenotype in M1 macrophages or reduced interactions 

between M1 macrophages and T lymphocytes [59, 72, 78-80]. On the other side, 

JPCs under 2D and 3D coculture conditions increased the expression of CD209 

and CD163, indicating a transformation of macrophages into the alternative 

phenotype [72, 81-84]. Besides flow cytometric and gene expression analyses, 

immunofluorescence staining showed that JPCs were able to decrease CD80 

expression on M1 and increase CD209 expression on M2 cells [72]. Therefore, 

untreated and osteogenically induced 2D- and 3D-cultured JPCs have the 

capacity to prevent M1 and induce M2 macrophage phenotype polarization in the 

used horizontal coculture system [72]. 

A further function of macrophages is the phagocytosis of cell debris and 

pathogens to maintain inflammatory homeostasis or transformation of osteoclasts 

through the RANK/RANKL/OPG signalling pathway to perform bone resorption 

required for bone healing and remodelling [85, 86]. PRRs on the surface of 

macrophages binding to PAMPs or DAMPs can trigger the activation of 

phagocytosis [49, 87]. CD36 and CD14, which represent sub-classes of PRRs, 

expressed on macrophages, can form a complex with Toll-like receptors (TLR) to 

respond to LPS or lipoteichoic acid (LTA) on gram-negative and gram-positive 

bacterial cells for further elimination of pathogens [88-90]. 2D-cultured JPCs 

decreased and increased the expression of scavenger receptors CD36 and PRR 

CD14 on macrophages, suggesting the modification of pathogens or debris for 

clearance. Moreover, osteogenically induced 3D-JPCs-constructs decreased the 
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CD36 gene expression of M2 macrophages, which is coincident with the results 

from the 2D coculture. 

Considering their functional complexity, we summarized the characteristics and 

essential functions of macrophages markers, which were shown to be regulated 

by JPCs in our studies, and listed them in Table 15. 

 

Table 15. Characteristics and essential functions of macrophages markers with 

citations from the literature and detected influence of JPCs in our studies. 

Markers Essential functions 
Macrophage 

phenotype 
References 

JPCs 

action 

CD80/CD86 

binding to T-cell and 

regulate T cell activation 

or inhibition 

M1 [91] ↓ 

CD197 

binding with CCL19 and 

CCL21 can trigger an 

inflammatory reaction 

M1 [79, 92] ↓ 

CD14 
detection of bacterial 

lipopolysaccharide 
M1 or M2 [89] ↑ 

CD36 

sensor of microbial 

diacylated lipoproteins 

and lipoteichoic acid 

(through TLR2–TLR6); 

promoting sterile 

inflammation (through 

TLR4–TLR6) 

M1 or M2 [88, 93] [94] 
↓ in 

M2 

CD209 
function of C-type lectin 

receptor 
M2 [81] ↑ 
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CD163 

endocytic receptor for 

haptoglobin–haemoglobin 

complexes 

M2 [95] ↑ 

 

4.2. Secretome interactions between JPCs and macrophages 

4.2.1. Macrophage secretion 

Macrophages orchestrate bone regeneration and play a dynamic regulatory role 

in bone remodelling. In BTE approaches, the engineered cell-laden scaffold is 

supposed to be surgically implanted into the bone defect site, accompanied by a 

cascade of immunological responses in the early stages [96]. The implants and 

the damaged tissue trigger the release of inflammatory mediators, which 

effectively recruit inflammatory monocytes to the injury site [97]. Neutrophils, 

natural killer cells, tissue-resident macrophages and T cells from the damaged 

tissue release cytokines, such as IFN-γ, to activate the differentiation of the 

recruited monocytes into an M1-like phenotype of macrophages [49].  

In our study, CXCL1, CXCL10, CXCL11 and IL-8 were secreted mainly by M1 

macrophages (Table 16) [72]. IL-8 and CXCL1 usually bind to their receptors 

CXCR1/2 in order to recruit neutrophils [62, 98-100], while the chemokines 

CXCL9, CXCL10 and CXCL11 play a critical immune chemotactic/recruiting role 

in the IFN-induced inflammatory response after binding to their receptors CXCR3 

(preferentially expressed on immune cells) [62, 101, 102]. These findings suggest 

that M1 macrophages can release inflammatory chemotactic mediators and are 

able to recruit different types of immune cells during the onset of inflammation. In 

addition, IL-8 secretion is also suggested to elicit a proangiogenic effect in the M1 

macrophage-mediated inflammatory phase. 
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M1 macrophages drive inflammation during the initiation phase, while the 

secreted secretome of M2-type macrophages seems to promote bone 

remodelling during the later fracture healing stage [85, 103]. It is conceivable that 

in cell-scaffold-based tissue engineering repair, recruited inflammatory 

macrophages and bone resident osteal-macrophages promote in early stages 

inflammation through antigen presentation or paracrine secretion, induce 

angiogenesis, regulating bone progenitor cell maturation and promoting matrix 

mineralization [75]. Interleukin-1 receptor antagonist (IL-1RA, an anti-

inflammatory cytokine) was abundantly secreted by M2 macrophages in our 

study [72], which may participate in the anti-inflammatory function of M2 

macrophages, usually dominate in the tissue remodelling phase.  

Gene expression analyses showed in our study that 3D-cultured untreated and 

osteogenically induced JPCs could powerfully inhibit the TNF-α gene expression 

of M1 macrophages. Further, 2D-cultured JPCs/OBJPCs downregulated the 

gene expression and protein secretion of CCL5 (a factor that can promote M1 

macrophages polarization [78]). These results demonstrated effective inhibiting 

effects of 2D- and 3D-cultured JPCs on the release of inflammatory factors by M1 

macrophages. Gene expression of the anti-inflammatory factor IL-10 in M2 

macrophage was either in the tendency or obviously upregulated by 2D- or 3D-

cultured JPCs, suggesting that JPC-constructs have the potency to mediate the 

activation of the alternative phenotype of macrophages.  

 

Table 16. The biological functions of detected cytokines/chemokines (ligands) 

released by JPCs/macrophages [72]. 

Ligand Receptor Secretion 
Function to MSCs/immune 

cells 
References 
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CCL2 CCR2 JPCs 

Emigration of monocytes 

from the bone marrow; 

Regulating the expression 

of PDL1 on T cell; 

Inhibiting TH17 function 

[104, 105] 

CXCL1 CXCR2 JPCs/M1 Neutrophil recruitment [62, 106] 

CXCL8 
CXCR1; 

CXCR2 
JPCs/M1 

Neovascularization; 

Neutrophil recruitment 
[107, 108] 

CXCL10 

CXCL11 
CXCR3 JPCs*/M1 Chemoattractants for T cells [102, 109] 

CXCL12 CXCR4 JPCs MSCs mobilization [110, 111] 

G-CSF CD114 JPCs* Neutrophils mobilization [112] 

IL-6 CD126 JPCs 
Polarizing monocytes 

toward IL-10-producing M2 
[20, 113] 

CCL5 

CCR1; 

CCR3; 

CCR5 

M1 Macrophages recruitment [114, 115] 

*Secretion was activated by LPS/IFN-γ stimulation. 

 

4.2.2. JPCs secretion 

MSCs are characterized as self-renewal, show high proliferative capacity, 

differentiation potential and immunoregulative plasticity, while JPCs show 

minimum standards of MSCs and possess high osteogenic potential [71-74]. The 

use of JPCs as a candidate mesenchymal stem cell source for BTE has been 

investigated in the previous works of our group. These studies demonstrated that 

JPCs colonialized β-TCP scaffolds could inhibit DC maturation and show good 
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hemocompatibility [116, 117]. However, the multiple immunosuppressive 

properties of JPCs/MSCs often depend on the dynamic changes of the 

inflammatory environment, which may further affect the restoration of 

immunological homeostasis. TLRs expressed on the surface of MSCs can sense 

TNF-α/IFN-γ stimulation and polarize into an anti- or- pro-inflammatory 

phenotype and release distinct immunomodulatory factors [118]. In the work of 

the present thesis, JPCs were shown to constitutively secrete the chemo- and 

cytokines CCL2, CXCL1, IL-6 and IL-8 [72]. These factors can regulate monocytic, 

endothelial and neutrophil functions (Table 16). Furthermore, G-CSF as a 

neutrophil mobilizer [112] and the chemokines IL8/CXCL10/CXCL11 (CXCR3 

ligands) were increasingly released by LPS/IFN-γ stimulated JPCs [72]. These 

factors may contribute to the recruitment of immune cells as well as to 

angiogenesis, both functions required in different stages during BTE approaches 

(Table 16).  

In addition, similar to endogenous MSCs, transplanted or infused exogenous 

MSCs, can migrate to inflamed or injured tissues, mediated by the SDF-1/CXCR4 

signalling axis [119, 120]. CXCL12 (SDF-1) is constitutively released by JPCs 

[72], suggesting that endogenous MSCs might be recruited by JPCs and 

contribute to further tissue repair during BTE approaches. 

In contrast to JPCs, MSCs effects on macrophages are examined in depth. MSC-

produced inducible NO synthase (iNOS, in mouse) or indoleamine 2,3-

dioxygenase (IDO, in human) induces monocytes to differentiate into IL-10-

producing M2 macrophages [121]. M2 macrophages, in turn, inhibit T-cell 

proliferation in an IL-10-independent manner [121], thereby amplifying the 

immunosuppressive effects emanated by MSCs [109, 122]. In parallel to the 

iNOS/IDO axis, MSCs secrete prostaglandin E2 (PGE2) and tumour necrosis 

factor-inducible gene 6 protein (TSG-6) as further immunosuppressive actors [21]. 
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PGE2 production by MSCs is associated with the induction of the alternative 

macrophage phenotype [123]. TSG6 produced by MSCs can inhibit immune cells 

migration to inflamed tissue and induce M2 polarization of macrophages [124-

126]. The above-mentioned mode of action of MSCs may provide new ideas for 

studying the mechanisms of macrophage modification/transition by JPCs. 

4.3. Limitations and perspective 

In this study, we demonstrated that 2D- and 3D-cultured JPCs could inhibit M1 

and promote M2 macrophage polarization within the different coculture systems.  

One limitation of the study is the use of the cell line THP-1 and the fact that THP-

1-derived macrophages may slightly differ in terms of their expression profile from 

that of the human peripheral blood-derived macrophages. Whereas Shiratori and 

co-authors concluded that THP-1 cells are useful for studies analyzing M1 rather 

than M2 polarization, Tedesco and co-authors concluded in their study that THP-

1 cells can be regarded as a simplified model of human macrophages when 

investigating the polarization mechanism [127, 128].  

There are still many challenges in regenerating bone defects with BTE-

engineered scaffolds constructed using JPCs. Considering the present study of 

macrophage regulation by JPCs, the primary limitations are as follows. 

Firstly, more functions of lineage differentiation and phagocytosis of 

macrophages can be further investigated. For example, RANK and RANKL are 

crucial macro-molecules in the skeleton physiology and regulate macrophages 

and other immune cells [129, 130]. The elucidation of the RANK/RANKL/OPG 

signaling pathway regulated by JPCs to induce macrophage differentiation into 

osteoclasts could be valuable in the context of BTE using JPCs-loaded scaffolds. 

Furthermore, although some phagocytosis-related cell surface markers, such as 

scavenger receptor (CD163/CD36) and PRR (CD14), were significantly up- or 
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down-regulated by JPCs, a deeper analysis of the phagocytic functions to specific 

pathogens, cell debris, foreign materials or even abnormal cells of cocultured 

macrophages can be performed in further studies. 

In the present study, many chemokines were shown to be secreted by JPCs and 

macrophages. The chemotactic ability of JPCs for recruiting macrophages, 

endothelial cells, neutrophils and endogenous MSCs (mediated by the SDF-

1/CXCR4 axis) can be further validated with suitable in vitro devices (such as 

microfluidic systems). These findings can help optimize in vitro generated JPC 

constructs and predict their biocompatibility for future BTE approaches.



Summary 

60 

5. Summary 

Mesenchymal stem cells (MSCs) can regulate several immune cells and function 

as sensors or switchers in innate and adaptive immunity. Jaw periosteum-derived 

mesenchymal stem cells (JPCs) are a promising cell source for bone tissue 

engineering (BTE) due to their strong osteogenic potential and excellent 

accessibility. The present study used a direct coculture model and an innovative 

horizontal coculture system to investigate the phenotypic and underlying 

paracrine effects of 2D- and 3D-cultured JPCs on macrophage polarization.  

In the contact coculture model, JPCs and THP-1 macrophages were directly 

mixed and cocultured using 24 well plates. For horizontal indirect coculture, the 

2D-cultured JPCs were cultivated on conventional plastic material of the 

coculture plates. The 3D-cultured JPCs were constructed by the cell colonization 

of β-tricalcium phosphate (β-TCP) scaffolds. Untreated or osteogenically induced 

2D/3D-JPCs and THP-1 derived M1/M2 macrophages were cocultured in parallel. 

After five days of horizontal coculture, M1/M2 macrophages related markers were 

assessed by flow cytometry or quantitative PCR analysis. In addition, human 

proteome profiler arrays were used to analyze the cytokines/chemokines 

secretion in the supernatants of cocultured macrophages. 

The cocultured JPCs decreased the CD80 expression of M1 macrophages in the 

contact coculture model. In the horizontal coculture system, flow cytometry 

results showed that untreated and osteogenically induced 2D-JPCs reduced 

CD80, CD86, HLA-DR and CD197 markers expression, while CD14 expression 

was increased on the surface of M1 macrophages. Osteogenically induced 2D-

JPCs decreased CD86 and CD36 expression whereas increased levels of CD209, 

CD11b and CD14 on the surface of M2 macrophages. PCR results showed a 

decrease in human RANTES and an increase in CD163 and CD209 mRNA levels 

in M1 macrophages after the coculture with untreated or osteogenically induced 
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2D-JPCs. Gene expression levels of TNF-α and CD163 were shown to be 

respectively decreased and increased by 3D-JPCs in M1 macrophages. M2 

macrophages showed a tendency to increase their CD163 gene levels after 

coculturing with both osteogenically induced 2D- and 3D-JPCs. CD209 mRNA 

levels in M2 macrophages were obviously increased under the influence of 

untreated or osteogenically induced 3D-JPCs. In addition, proteome array 

analyses showed that both JPCs and macrophages secrete various soluble 

factors under the different coculture conditions, which might be involved in the 

process of JPC-mediated macrophage polarization.  

Therefore, we concluded that 2D- and 3D-cultured JPCs are able to secrete a 

wide range of factors to convert THP-1 macrophages from the classical M1 

towards the alternative M2 phenotype.
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6. Zusammenfassung 

Mesenchymale Stammzellen (MSC) sind in der Lage, verschiedene Arten von 

Immunzellen zu regulieren und fungieren als Sensoren oder Schalter in der 

angeborenen und adaptiven Immunität. Aus dem Kieferperiost gewonnene 

mesenchymale Stammzellen (JPCs) stellen aufgrund ihres hohen osteogenen 

Potenzials und ihrer hervorragenden Zugänglichkeit eine vielversprechende 

Zellquelle für Knochen Tissue Engineering dar. In der vorliegenden Studie 

wurden ein direktes Ko-Kulturmodell und ein innovatives horizontales Ko-Kultur-

System verwendet, um die phänotypischen und die zugrundeliegenden 

parakrinen Effekte von 2D- und 3D-kultivierten JPCs auf die 

Makrophagenpolarisierung zu untersuchen.  

Im Kontakt-Kokulturmodell wurden JPC und THP-1-Makrophagen direkt 

gemischt und in 24-Well-Platten kokultiviert. Bei der horizontalen indirekten 

Kokultur wurden die in 2D kultivierten JPCs auf herkömmlichem 

Kunststoffmaterial der Kokulturplatten kultiviert. Die 3D-kultivierten JPCs wurden 

durch die Zellbesiedlung von β-Tricalciumphosphat (β-TCP)-Gerüsten hergestellt. 

Unbehandelte oder osteogen induzierte 2D/3D-JPCs und THP-1 abgeleitete 

M1/M2-Makrophagen wurden parallel ko-kultiviert. Nach fünf Tagen horizontaler 

Ko-Kultur für 2D/3D-gezüchtete JPCs wurden M1/M2-Makrophagen-spezifische 

Marker mittels Durchflusszytometrie oder quantitativer PCR untersucht. Darüber 

hinaus wurden die humanen Protein-Profiler-Arrays verwendet, um die Zytokin-

/Chemokin-Sekretion aus dem Überstand der Makrophagen in der 2D-Kultur zu 

analysieren. 

Die ko-kultivierten JPCs verringerten die CD80-Expression von M1 Makrophagen 

im Kontakt-Kokulturmodell. Im horizontalen Kokultursystem zeigten die 

Ergebnisse der Durchflusszytometrie zeigten, dass unbehandelte und osteogen 

induzierte 2D-JPCs die Expression der Marker CD80, CD86, HLA-DR und CD197 
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reduzierten, während die Expression von CD14 auf der Oberfläche von M1-

Makrophagen erhöht war. Osteogen induzierte 2D-JPCs verringerten die 

Expression von CD86 und CD36, während auf der Oberfläche von M2-

Makrophagen eine erhöhte Expression von CD209, CD11b und CD14 festgestellt 

wurden. Die PCR-Ergebnisse zeigten einen Rückgang von humanem RANTES 

und einen Anstieg der mRNA-Spiegel von CD163 und CD209 in M1-

Makrophagen nach der Co-Kultur mit unbehandelten oder osteogen induzierten 

2D-JPCs. Der mRNA-Spiegel von TNF-α und CD163 in M1-Makrophagen wurde 

durch 3D-JPCs ebenfalls verringert bzw. erhöht. M2-Makrophagen zeigten eine 

Tendenz zu erhöhten CD163-Genspiegeln nach der Ko-Kultur mit osteogen 

induzierten 2D- und 3D-JPCs. Gleichzeitig wurde der CD209 mRNA-Spiegel in 

M2-Makrophagen durch unbehandelte oder osteogen induzierte 3D-JPCs 

deutlich erhöht. Darüber hinaus zeigten Proteom-Array-Analysen, dass sowohl 

JPCs als auch Makrophagen unter verschiedenen Ko-Kulturbedingungen eine 

Vielzahl löslicher Faktoren ausschütten, die an der Makrophagenpolarisierung 

beteiligt sein könnten.  

Daraus schlussfolgerten wir, dass 2D- und 3D-kultivierte JPCs in der Lage sind, 

eine breite Palette von Faktoren zu sezernieren, um THP-1-Makrophagen vom 

klassischen M1- in den alternativen M2-Phänotyp zu überführen.
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