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Abstract: The implementation of a successful therapeutic approach that includes tissue-engineered 

grafts requires detailed analyses of graft-immune cell interactions in order to predict possible im-

mune reactions after implantation. The phenotypic plasticity of macrophages plays a central role in 

immune cell chemotaxis, inflammatory regulation and bone regeneration. The present study ad-

dresses effects emanating from JPC-seeded β-TCP constructs (3DJPCs) co-cultivated with THP-1 

derived M1/M2 macrophages within a horizontal co-culture system. After five days of co-culture, 

macrophage phenotype and chemokine secretion were analyzed by flow cytometry, quantitative 

PCR and proteome arrays. The results showed that pro-inflammatory factors in M1 macrophages 

were inhibited by 3DJPCs, while anti-inflammatory factors were activated, possibly affected by the 

multiple chemokines secreted by 3D-cultured JPCs. In addition, osteoclast markers of polarized 

macrophages were inhibited by osteogenically induced 3DJPCs. Functional assays revealed a sig-

nificantly lower percentage of proliferating CD4+ T cells in the groups treated with secretomes from 

M1/M2 macrophages previously co-cultured with 3DJPCs compared to controls without secre-

tomes. Quantifications of pit area resorption assays showed evidence that supernatants from 

3DJPCs co-cultured with M1/M2 macrophages were able to completely suppress osteoclast matu-

ration, compared to the control group without secretomes. These findings demonstrate the ability 

of 3D cultured JPCs to modulate macrophage plasticity. 

Keywords: jaw periosteal cells; mesenchymal stem cells; β-tricalcium phosphate scaffolds; THP-1; 

macrophage polarization; secretomes; CD4+ T cells; osteoclastogenesis; pit area resorption assay 

 

1. Introduction 

Bone defects in oral and maxillofacial surgery can be caused by various reasons, such 

as infection, trauma and neoplastic lesions [1]. The critical bone defects and the resulting 

impairment of oral function are challenging to mitigate [2,3]. In recent years, tissue engi-

neering has been recognized as a promising new approach for regenerating bone tissue 

defects in orthopedic and oral and maxillofacial surgery [4]. Cells, scaffolds and bioactive 

molecules constitute three basic elements of bone tissue engineering (BTE) and largely 

determine the success or failure of bone tissue engineering constructs [4]. Mesenchymal 

stem cells (MSCs) from various stromal tissues and adult organs are considered to be suit-

able cell sources for BTE [5]. Among them, jaw periosteum-derived mesenchymal stem 

cells (JPCs) represent an ideal stem cell source for BTE applications in oral and 
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maxillofacial surgery and regenerative medicine because of their high osteogenic poten-

tial, good accessibility and immunomodulatory ability [6–9]. 

Macrophages defend against microbial infections and maintain tissue homeostasis. 

They play a key role in the innate and adaptive immune response and the repair of dam-

aged tissues [10]. In general, macrophages are divided into classically activated macro-

phages (M1) and alternatively activated macrophages (M2) [11]. M1 macrophages in-

duced by lipopolysaccharide (LPS) and interferon-γ (IFN-γ) are able to promote the de-

velopment of inflammation [11]. In contrast, anti-inflammatory cytokines (such as IL-4 

and IL-13) induce the polarization of M2 macrophages which not only have tissue repair 

functions but also promote osteogenesis [11,12]. 

In our previous study, we demonstrated that two-dimensionally (2D)-cultured JPCs 

were able to regulate the polarization of THP-1-derived macrophages, shifting their phe-

notype from a pro-inflammatory to an anti-inflammatory phenotype in a horizontal co-

culture system [6]. Compared to 2D cell culture systems, three-dimensional (3D) cell cul-

ture systems more realistically simulate the microenvironment in which cells occur in 

vivo, showing biological properties more similar to those of cells in a physiological context 

[13]. In particular, 3D cell culture conditions induce cell behaviors, such as secretion pat-

terns, that more closely resemble in vivo conditions [14,15]. β-tricalcium phosphate (β-

TCP) is generally considered as an ideal material for inorganic scaffolds in BTE and shows 

beneficial properties such as osteoconductivity, osteoinductivity and resorptive proper-

ties resulting in its susceptibility to degradation [16,17]. Therefore, the use of β-TCP scaf-

folds colonized by JPCs is a suitable approach to regenerate bone defects. 

Based on the clinical background and our previous findings, the present study at-

tempts to explore the effects of 3D cultured JPCs on macrophage polarization and plastic-

ity. A horizontal co-culture system was used to co-culture the JPC-colonized β-TCP scaf-

folds (3DJPCs) and THP-1-derived macrophages in parallel chambers. M1/M2 macro-

phage polarization was determined by examining cell surface markers and gene expres-

sion patterns. Paracrine crosstalk between 3DJPCs and macrophages was analyzed by 

chemokine secretion in the co-culture system. Functional assays should clarify to what 

extent 3D JPC constructs can influence the plasticity of THP-1 derived macrophages. 

2. Results 

2.1. Phenotypic Changes of THP-1-Derived M1/M2 Macrophages Co-Cultured with  

3D-Cultured JPCs 

The abbreviations for the experimental groups, containing the cell type and media 

conditions, are provided in Table 1, in order to facilitate the understanding of the termi-

nology from the beginning. 

Table 1. Abbreviations, experimental groups, cells and media used for the co-culture experiments. 

Abbreviation Group Cells Media 

TCP β-TCP scaffold control - control medium 

OBTCP osteogenic β-TCP scaffold control - osteogenic medium 

3DJPC co-cultured untreated JPC-seeded β-TCP scaffold  JPCs control medium 

3DOBJPC 
co-cultured osteogenically induced JPC-seeded 

β-TCP scaffold  
JPCs osteogenic medium 

After five days of co-culture with JPC-seeded scaffolds, the cell surface markers of 

M1/M2 macrophages were detected by flow cytometry (Figure 1). For co-cultured M1 

macrophages, the percentage of CD80+ cells was significantly lower in the 3DJPCs/3DOB-

JPC-M1 co-culture groups compared to the TCP/OBTCP-M1 control groups (TCP-M1 

61.42 ± 1.16 vs. 3DJPC-M1 36.13 ± 8.26, p < 0.05; OBTCP-M1 71.29 ± 0.14 vs. 3DOBJPC-M1 

40.41 ± 4.85, p < 0.01). Similarly, the percentage of CD86+ cells was shown to be decreased 
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in tendency (without reaching significance) in 3DJPC/3DOBJPC-M1 co-culture groups 

compared to the TCP/3DTCP-M1 control groups. 

 

Figure 1. CD80 and CD86 surface marker expression of M1-macrophage co-cultures. Representative 

histograms (light yellow peaks: isotype control; red peaks: target markers) and graphs showing the 

CD80 (a) and CD86 (b) expression of M1 macrophages after five days of co-culture with 

3DJPCs/3DOBJPCs, as detected by flow cytometry. Data are displayed as means ± SEM and ana-

lyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01), ns = not significantly different. 

In contrast to M1-macrophages, co-cultured M2 macrophages showed significantly 

down-regulated CD86 surface marker expression in the 3DJPCs/3DOBJPCs-M2 co-culture 

groups when compared to the cell-free TCP/OBTCP-M2 control groups (TCP-M2 37.49 ± 

1.15 vs. 3DJPC-M2 16.65 ± 1.40, p < 0.0001; OBTCP-M2 51.45 ± 0.52 vs. 3DOBJPC-M2 31.34 ± 

0.61, p < 0.0001). Regarding CD209 surface marker expression, increased levels were de-

tected in the 3DOBJPC-M2 co-culture group when compared with the cell-free OBTCP-M2 

control group (OBTCP-M2 5.87 ± 0.34 vs. 3DOBJPC-M2 13.55 ± 0.86, p < 0.0001) (Figure 2). 
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Figure 2. CD86 and CD209 surface marker expression of M2-macrophage co-cultures. Representa-

tive histograms (light yellow peaks: isotype control; red peaks: target markers) and graphs showing 

the percentage of the CD86 (a) and CD209 (b) positivity of M2 macrophages after five days of co-

culture with 3DJPCs/3DOBJPCs, as detected by flow cytometry. Data are displayed as means ± SEM 

and analyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, **** = p < 0.0001), ns = not signifi-

cantly different. 

2.2. Quantitative PCR Analysis of Polarization-Related Genes in M1/M2 Macrophages Co-

Cultured with 3DJPCs/3DOBJPCs 

After five days of horizontal co-culture with 3DJPCs/3DOBJPCs, macrophage polar-

ization-related genes in M1 and M2 macrophages were analyzed using quantitative PCR 

(Figure 3). 

Co-cultured M1 macrophages showed significantly lower TNF-α, CCL3, and CXCL10 

gene expression levels in 3DJPC/3DOBJPC-M1 co-culture groups compared to the cell-

free TCP/OBTCP-M1 control groups. Further, the gene expression levels of CCL2 and 

CXCL1 were significantly down-regulated in the 3DOBJPC-M1 co-culture group com-

pared to the JPC-free OBTCP-M1 control group. CD163 gene expression was significantly 

increased in the 3DJPC-M1 group compared to the JPC-free TCP-M1 group. CD209 and 

VEGFA gene expression showed an upward trend in 3DJPC-M1 or 3DOBJPC-M1 co-cul-

ture groups without reaching significance. Obtained data are listed in Table 2. 
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Figure 3. Gene expression of TNF-α, CCL-2, CCL3, CXCL10, IL-10, CD163, CD209, VEGFA, and TGF-

β1 in M1 macrophages co-cultured for 5 days with 3DJPCs/OB3DJPCs (3DJPCs/OB3DJPCs-M1 

groups) compared to M1 macrophages co-cultured with cell-free β-TCP scaffolds (TCP/OBTCP-M1 

groups). Relative fold gene expression was calculated using the 2−(∆∆Ct) method and mRNA levels in 

the TCP-M1 group were set as 1. Data are displayed as means ± SEM and analyzed by one-way 

ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001), ns = not significantly 

different. 

Table 2. Gene expression values (means ± SEM) of M1 macrophages after five days of co-culture 

with 3DJPCs/OB3DJPCs or with cell-free β-TCP scaffolds (TCP/OBTCP) 

Gene TCP-M1 3DJPC-M1 OBTCP-M1 3DOBJPC-M1 

TNF-α 1.00 ± 0.00 0.08 ± 0.01 a 1.18 ± 0.11 0.07 ± 0.01 b 

CCL2 1.03 ± 0.05 0.90 ± 0.02 1.08 ± 0.09 0.56 ± 0.04 b 

CCL3 1.01 ± 0.00 0.27 ± 0.09 a 0.83 ± 0.12 0.14 ± 0.07 b 

CXCL10 1.01 ± 0.00 0.20 ± 0.03 a 1.10 ± 0.27 0.18 ± 0.11 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 

VEGFA 1.01 ± 0.01 1.48 ± 0.43 1.13 ± 0.34 2.17 ± 0.56 

TGF-β1 1.00 ± 0.00 0.72 ± 0.08 0.82 ± 0.11 0.89 ± 0.17 
a Significant differences were detected between the TCP-M1 and the 3DJPC-M1 groups; b significant 

differences were detected between the OBTCP-M1 and the 3DOBJPC-M1 groups. Groups were com-

pared by one-way ANOVA, followed by Tukey’s multiple comparison test. 

Figure 4 shows the gene expression patterns of M2 macrophages co-cultured with 

cell-free or JPC-seeded β-TCP constructs (obtained values are listed in Table 3). Co-cul-

tured M2 macrophages showed significantly up-regulated CCL2 and IL-10 gene expres-

sion in the 3DJPC-M2 group when compared to the cell-free TCP-M2 control. In contrast, 

CXCL10 was significantly down-regulated in the 3DOBJPC-M2 co-culture group when 

compared to the cell-free OBTCP-M2 group. CD209 gene expression in the 3DJPC/3DOB-

JPC-M2 groups was significantly elevated when compared with that in the JPC-free 

TCP/OBTCP-M2 groups. The expression level of pro-inflammatory TNF-α in co-cultured 
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M2 macrophages also showed a decreasing trend in the 3DJPC/3DOBJPC-M2 groups com-

pared to the control groups. In contrast, the expression of CCL3, CD163 and VEGFA genes 

showed an increasing trend in the 3DJPC/3DOBJPC-M2 groups when compared with the 

cell-free controls TCP/OBTCP-M2. TGF-β1 which is a marker for M2 macrophages was 

shown to be slightly induced by 3DJPCs but also by osteogenic conditions, without reach-

ing significant differences between the groups. In contrast, Figure 3 shows the tendency 

of lower levels of TGF-β1 in M1 macrophages co-cultured with 3DJPCs. 

 

Figure 4. Gene expression of TNF-α, CCL-2, CCL3, CXCL10, IL-10, CD163, CD209, VEGFA, and TGF-

β1 in M2 macrophages co-cultured for 5 days with untreated/osteogenically induced 3DJPCs 

(3DJPCs/3DOBJPCs-M2 groups) and cell-free β-TCP scaffold controls (TCP/OBTCP-M2 groups). 

Relative fold gene expression was calculated using the 2−(∆∆Ct) method and mRNA levels in TCP-M2 

were set to 1. Data are displayed as means ± SEM and analyzed by one-way ANOVA (n = 3, * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001), ns = not significantly different. 

Table 3. Gene expression values (means ± SEM) of M2 macrophages after five days of co-culture 

with 3DJPCs/OB3DJPCs or with cell-free β-TCP scaffolds (TCP/OBTCP) 

Gene TCP-M2 3DJPC-M2 OBTCP-M2 3DOBJPC-M2 

TNF-α 1.03 ± 0.00 0.66 ± 0.18 1.56 ± 0.09 1.25 ± 0.41 

CCL2 1.00 ± 0.00 3.31 ± 0.51 a 1.36 ± 0.23 2.25 ± 0.24 

CCL3 1.00 ± 0.00 2.76 ± 0.45 1.44 ± 0.06 4.17 ± 1.23 

CXCL10 1.06 ± 0.05 0.24 ± 0.03 3.24 ± 0.31 0.53 ± 0.20 b 

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 

VEGFA 1.00 ± 0.00 5.77 ± 2.47 1.71 ± 0.07 7.59 ± 2.42 

TGF-β1 1.02 ± 0.01 1.23 ± 0.17 1.45 ± 0.06 1.46 ± 0.21 
a Significant differences were detected between the TCP-M2 and the 3DJPC-M2 groups; b significant 

differences were detected between the OBTCP-M2 and the 3DOBJPC-M2 groups. Groups were com-

pared by one-way ANOVA, followed by Tukey’s multiple comparison test.  
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2.3. Quantitative PCR Analysis of Osteoclastogenesis-Related Genes in M1/M2 Macrophages 

Co-Cultured with 3DJPCs/3DOBJPCs 

After five days of co-culture, genes associated with osteoclastic differentiation (CTSK 

(cathepsin K), ACP5 (tartrate-resistant acid phosphatase 5 or TRAP) and TNFRSF11A 

(TNF receptor superfamily member 11a or RANK)) were analyzed in M1/M2 macrophages by 

quantitative PCR (Figure 5). The gene expression levels of CTSK and ACP5 were shown to 

be significantly lower in the 3DOBJPC-M1 group compared with levels detected in the 

JPC-free OBTCP-M1 group (CTSK: OBTCP-M1 2.02 ± 0.34 vs. 3DOBJPC-M1 0.54 ± 0.44, p 

< 0.05; ACP5: OBTCP-M1 3.57 ± 0.16 vs. 3DOBJPC-M1 1.62 ± 0.59, p < 0.01). Similarly, CTSK 

gene expression levels were significantly reduced in the 3DOBJPC-M2 group when com-

pared to those detected in the OBTCP-M2 control group (CTSK: OBTCP-M2 4.58 ± 0.59 vs. 

3DOBJPC-M2 0.76 ± 0.13, p < 0.0001). RANK gene expression in the 3DJPC/3DOBJPC-M1 

or 3DJPC/3DOBJPC-M2 groups showed a down-regulation trend when compared with 

JPC-free TCP/OBTCP-M1 or TCP/OBTCP-M2 control groups without reaching signifi-

cance. 

 

Figure 5. Expression of osteoclastogenesis-related genes (CTSK, ACP5 and RANK) in M1/M2 mac-

rophages co-cultured for 5 days with untreated/osteogenically induced 3DJPCs or cell-free β-TCP 



Int. J. Mol. Sci. 2024, 25, 2355 8 of 24 
 

 

scaffolds. (a): Gene expression in co-cultured M1 macrophages. (b): Gene expression in co-cultured 

M2 macrophages. Relative fold gene expression was calculated using the 2−(∆∆Ct) method and mRNA 

levels in TCP-M1 or TCP-M2 groups were set to 1. Data are displayed as means ± SEM and analyzed 

by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001), ns = not 

significantly different. 

2.4. Quantitative PCR Analysis of Osteogenesis and Immunomodulation-Related Genes in 

3DJPCs/3DOBJPCs Co-Cultured with M1/M2 Macrophages 

After five days of co-culture with M1/M2 macrophages, the expression of genes re-

lated to osteogenic differentiation and immunomodulation was analyzed in 3DJPCs 

treated with control and osteogenic medium (3DJPCs/3DOBJPCs) (Figure 6). 

RUNX2 gene expression levels were significantly up-regulated in 3DOBJPCs regardless 

of whether they were co-cultured with M1 or M2 macrophages (M1-3DOBJPC/M2-3DOBJPC 

groups) compared to the untreated groups M1-3DJPC/M2-3DJPC (M1-3DJPC 1.01 ± 0.01 vs. 

M1-3DOBJPC 1.60 ± 0.19, p < 0.05; M2-3DJPC 0.53 ± 0.04 vs. M2-3DOBJPC 1.07 ± 0.10, p < 0.05). 

Further, 3DOBJPCs showed an up-regulation trend in ALPL, OCN, RANKL and OPG genes 

expression compared to untreated 3DJPCs controls without reaching significant values. 

The gene expression levels of immunomodulatory factors G-CSF, HLA-DR and CSF-

1 in 3DJPCs/3DOBJPCs co-cultured with M1 macrophages were significantly elevated 

compared to 3DJPCs/3DOBJPCs co-cultured with M2 macrophages (G-CSF: M1-3DJPC 

1.00 ± 0.00 vs. M2-3DJPC 0.02 ± 0.01, p < 0.05, M1-3DOBJPC 1.41 ± 0.35 vs. M2-3DOBJPC 

0.09 ± 0.05, p < 0.01; HLA-DR: M1-3DJPC 1.00 ± 0.00 vs. M2-3DJPC 0.00 ± 0.00, p < 0.01, M1-

3DOBJPC 0.92 ± 0.28 vs. M2-3DOBJPC 0.00 ± 0.00, p < 0.01; CSF-1: M1-3DJPC 1.00 ± 0.00 

vs. M2-3DJPC 0.21 ± 0.01, p < 0.01, M1-3DOBJPC 1.06 ± 0.19 vs. M2-3DOBJPC 0.27 ± 0.05, 

p < 0.01). IL-6 gene expression in the M1-3DOBJPC group was shown to be significantly 

higher compared to the M1-3DJPC group (M1-3DJPC 1.00 ± 0.00 vs. M1-3DOBJPC 2.25 ± 

0.35, p < 0.01) and compared to the M2-3DOBJP group. 

 

Figure 6. RUNX2, ALPL, OCN, RANKL, OPG, G-CSF, HLA-DR, CSF-1, IL-6 and CXCL12 gene ex-

pression of 3DJPCs/3DOBJPCs co-cultured for 5 days with M1/M2 macrophages analyzed by quan-

titative PCR. Relative fold gene expression was calculated using the 2−(∆∆Ct) method and mRNA levels 

in the 3DJPC co-cultured with M1 macrophages (M1-3DJPC group) were set to 1. Data are displayed 
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as means ± SEM and analyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01), ns = not signifi-

cantly different. 

2.5. Chemokine Secretion by M1/M2 Macrophages Co-Cultured with 3DJPCs/3DOBJPCs Ana-

lyzed by Proteome Profiler Arrays 

After five days of co-culture of 3DJPC/3DOBJPC and M1/M2 macrophages, chemo-

kine secretions in supernatants collected from M1/M2 macrophage chambers were ana-

lyzed by using proteome profiler arrays. 

Figure 7a shows the representative membranes of the four groups. The levels of 

CX3CL1 and CCL7 secretion detected in the supernatants collected from the 3DJPC-

M1/3DOBJPC-M1 groups were significantly higher compared to those from TCP-M1/OB-

TCP-M1 groups. The secretion levels of CCL21, CXCL5, CXCL1 and CCL14 were signifi-

cantly higher in the 3DJPC-M1 group when compared to the JPC-free TCP-M1 control 

group. In contrast, CCL3/CCL4 levels in the 3DJPC-M1/3DOBJPC-M1 groups were signif-

icantly reduced compared with those in the TCP-M1/OBTCP-M1 groups. CCL19 secretion 

levels were significantly decreased in the 3DOBJPC-M1 group compared to those of the 

JPC-free OBTCP-M1 group. Compared to the TCP-M1/OBTCP-M1 groups, CXCL12 and 

CXCL11 showed elevated trends in the 3DJPC-M1/3DOBJPC-M1 groups without reaching 

significance (Figure 7b and Table 4). 

Table 4. Pixel density ratios (means ± SEM) of chemokines detected in supernatants from co-cultured 

M1 macrophages. 

Chemokine TCP-M1 3DJPC-M1 OBTCP-M1 3DOBJPC-M1 

CCL21 0.02 ± 0.00 0.06 ± 0.01 a 0.02 ± 0.00 0.02 ± 0.00 

CXCL5 0.02 ± 0.01 0.13 ± 0.03 a 0.02 ± 0.01 0.09 ± 0.03 

CX3CL1 0.00 ± 0.00 0.04 ± 0.00 a 0.00 ± 0.00 0.02 ± 0.01 b 

CXCL1 0.43 ± 0.03 0.85 ± 0.11 a 0.52 ± 0.08 0.57 ± 0.08 

CCL14 0.01 ± 0.00 0.06 ± 0.01 a 0.01 ± 0.00 0.02 ±0.00 

CCL7 0.07 ± 0.01 1.05 ± 0.09 a 0.03 ± 0.01 0.89 ± 0.07 b 

CCL3/CCL4 0.50 ± 0.05 0.09 ± 0.01 a 0.32 ± 0.06 0.01 ± 0.00 b 

CCL19 0.02 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.00 ± 0.00 b 

CXCL12 0.14 ± 0.02 0.47 ± 0.15 0.09 ± 0.01 0.38 ± 0.10 

CXCL11 0.19 ± 0.01 0.43 ± 0.15 0.09 ± 0.01 0.41 ± 0.03 
a Significant differences were detected between the TCP-M1 and the 3DJPC-M1 groups; b significant 

differences were detected between the OBTCP-M1 and the 3DOBJPC-M1 groups. Groups were com-

pared by one-way ANOVA, followed by Tukey’s multiple comparison test. 

In supernatants from M2 macrophages, CXCL8 and CXCL12 were shown to be sig-

nificantly higher in the 3DJPC-M2/3DOBJPC-M2 groups compared to the TCP-M2/OB-

TCP-M2 groups. The secretion of CCL2 and CCL17 was significantly higher in the 3DJPC-

M2 group compared with the JPC-free TCP-M2 group. CCL7 secretion was significantly 

up-regulated in the 3DOBJPC-M2 group when compared to the JPC-free OBTCP-M2 

group. In addition, CXCL16, CCL26, CXCL1, CXCL10 and Midkine levels showed an in-

creasing trend in the 3DJPC-M2/3DOBJPC-M2 groups compared to the TCP-M2/OBTCP-

M2 control groups without reaching significance (Figure 8 and Table 5). 
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Figure 7. Chemokine secretion in supernatants of M1 macrophages co-cultured with 3DJPCs/3DOB-

JPCs was analyzed with proteome profiler arrays. (a): X-rays of representative membranes showing 

chemokine dot blots in different groups (rectangle: detected differential spots between groups). (b): 

Quantification of pixel densities by the ImageJ software for the chemokine dot blots marked in a. 

Data are displayed as means ± SEM and analyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, **** = p < 0.0001), ns = not significantly different. 
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Figure 8. Chemokine secretion in supernatants of M2 macrophages co-cultured with 3DJPCs/3DOB-

JPCs was analyzed with proteome profiler arrays. (a): X-rays of representative membranes with chem-

okine dot blots in different groups (rectangle: detected differential spots between groups). (b): Quantifi-

cation of pixel densities by the ImageJ software for chemokine dot blots marked in a. Data are displayed 

as means ± SEM and analyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001), ns = not significantly different. 
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Table 5. Pixel density ratios (means ± SEM) of chemokines detected in supernatants from co-cul-

tured M2 macrophages 

Chemokine TCP-M2 3DJPC-M2 OBTCP-M2 3DOBJPC-M2 

CXCL8 0.10 ± 0.09 1.20 ± 0.35 a 0.00 ± 0.00 1.18 ± 0.15 b 

CCL2 0.00 ± 0.00 0.94 ± 0.29 a 0.00 ± 0.00 0.65 ± 0.11 

CCL7 0.01 ± 0.00 0.13 ± 0.02 0.00 ± 0.00 0.33 ± 0.11 b 

CXCL12 0.05 ± 0.01 0.73 ± 0.07 a 0.04 ± 0.01 0.47 ± 0.03 b 

CCL17 0.01 ± 0.00 0.03 ± 0.00 a 0.00 ± 0.00 0.01 ± 0.01 

CXCL16 0.02 ± 0.01 0.14 ± 0.05 0.01 ± 0.01 0.13 ± 0.02 

CCL26 0.02 ± 0.01 0.25 ± 0.11 0.01 ± 0.01 0.20 ± 0.05 

CXCL1 0.07 ± 0.03 0.78 ± 0.31 0.02 ± 0.01 0.74 ± 0.18 

CXCL10 0.09 ± 0.04 0.21 ± 0.05 0.05 ± 0.02 0.15 ± 0.04 

Midkine 0.24 ± 0.04 0.57 ± 0.12 0.22 ± 0.01 0.40 ± 0.08 
a Significant differences were detected between the TCP-M2 and the 3DJPC-M2 groups; b significant 

differences were detected between the OBTCP-M2 and the 3DOBJPC-M2 groups. Groups were com-

pared by one-way ANOVA, followed by Tukey’s multiple comparison test. 

2.6. Functional Assay: Effects of M1/M2 Macrophage Secretomes from Co-Cultures with 

3DJPCs/3DOBJPCs on the Proliferation Activity of CD4+ T Cells 

To investigate the effects of M1/M2 macrophages in the CD4+ T cell regulation, we 

involved the secretomes obtained from the M1/M2 macrophages chambers co-cultured 

with 3DJPCs/3DOBJPCs for 5 days in the T cell proliferation process for a duration of 3 

days. It must be kept on mind that secretomes collected from macrophage/JPC chambers 

do not contain exclusively macrophage-/JPC-secreted factors, but also those from the co-

cultured cell type, based on the fact that particle exchange is quite effective in the horizon-

tal co-culture plate, as previously published [6]. 

The experimental results demonstrated a reduction in the number of CD4+ T cells in 

the presence of M1/M2 secretomes compared to the positive control group without secre-

tomes. The number of proliferating T cells in the 3DOBJPC-M1 group was decreased com-

pared to the 3DJPC-M1 group (Figure 9b, left panel) and compared to the positive control 

but without reaching significance. Further, lower numbers of proliferating CD4+ T cells 

were detected in the 3DJPC-M2/3DOBJPC-M2 secretome groups compared to the TCP-

M2/OBTCP-M2 medium groups and the positive control, also without reaching signifi-

cance (Figure 9b, right panel). Reduced fluorescence intensities correlate with a higher cell 

proliferation because the greater the number of cell divisions, the lower will be the meas-

ured CFSE fluorescence intensities. The 3DJPC-M1/3DOBJPC-M1 groups exhibited higher 

mean fluorescence intensities compared to those detected in the medium groups (TCP-

M1/OBTCP-M1), and similar results were obtained in the 3DJPC-M2/3DOBJPC-M2 

groups compared to the respective medium controls (TCP-M2/OBTCP-M2) reaching sig-

nificances compared to the positive control (Figure 9c) and in the 3DJPC-M2 group com-

pared to the respective TCP-M2 control group. These results indicate that the lowest pro-

liferative activities of CD4+ T cells were detected in the groups incubated in the presence 

of M1/M2 secretomes obtained from 3DJPC/3DOBJPC co-cultures. 
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Figure 9. Effects of M1/M2 secretomes on the CD4+ T cell proliferation ability. (a): Purity of CD4+ T cells 

after isolation using the CD4+ T cell isolation kit (%). (b): Analysis of CD4+ T cell concentration (cells/mL). 

(c): Mean fluorescence intensity of proliferating CD4+ T cells. Data are displayed as means ± SEM and 

analyzed by one-way ANOVA (n = 3, * = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

2.7. Functional Assay: Effects of 3DJPCs/3DOBJPCs Secretomes Collected from Co-Cultures 

with M1/M2 Macrophages on the Differentiation of Osteoclasts 

In order to evaluate the effects emanating from 3DJPC secretomes collected after co-

culturing with M1/M2 macrophages on the maturation of osteoclasts, pit area resorption 

assays were performed. As mentioned in the chapter before, the collected secretomes rep-

resent a mixture of factors secreted by both co-cultured cell types, due to mutual influ-

ences through the diffusion of particles. 

For the osteoclast differentiation analyses, osteoclasts were cultured on CaP coated 

plates. In order to visualize the positive controls, cells were stained by phalloidin, so actin 

ring formation, which is essential for the osteoclastogenic resorption, could be detected. 

Cell nuclei were stained by Hoechst (blue color), calcein was used for CaP visualization 

(green color) and resorption pit areas were visible as black areas (Figure 10c). For the 

quantification of resorption pit areas, CaP coating was stained by AgNO3 and resorbed 

pits were visible as bright spots (Figure 10a). Part b of Figure 10 clearly demonstrates that 

secretomes derived from 3DJPCs/3DOBJPCs chambers co-cultured with M1 macrophages 

reduced osteoclast formation completely compared to the positive control. Further, secre-

tomes collected from 3DJPCs/3DOBJPCs chambers, previously co-cultured with M2 mac-

rophages, exhibited a pronounced suppressive effect on both osteoclast formation and re-

sorption activity. This suggested a potential regulatory role of secreted factors by 3DJPCs 

in modulating osteoclast development and function. 
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Figure 10. Effects of secretomes from JPC chambers after co-culturing with M1/M2 macrophages on 

osteoclast differentiation of PBMCs. PBMCs were seeded on CaP coated plates and incubated with 

JPC-secretomes from different M1/M2 co-culture conditions for 6 days. (a): CaP coating was stained 

by AgNO3 to visualize osteoclastic resorption pits. (b): Quantification of pit area was performed 

using the ImageJ software. Data are displayed as means ± SEM and analyzed by one-way ANOVA 

(n = 3, **** = p < 0.0001). (c): Representative image of PBMCs after 6 days of osteoclast differentiation 

(positive control). The cells were stained for actin and nuclei by phalloidin (red fluorescence) and 

Hoechst (blue fluorescence) to detect multinucleated osteoclasts with actin rings. CaP coating was stained 

by calcein (green fluorescence), and resorption pits are visible as black areas. Scale bar = 500 µm. 

3. Discussion 

In the field of regenerative medicine, strategies must be developed in order to trans-

form inert synthetic biomaterials into smart implants. The immune response caused by 

tissue engineering products is multifactorial, and recent studies highlight the importance 

of fine-tuning the balance between pro- and anti-inflammatory reactions to support en-

dogenous defect regeneration [18]. In this context, macrophages play a crucial role in or-

chestrating inflammatory reactions and healing processes. The switch between pro- and 

anti-inflammatory functions occurs through the polarization of M1 towards M2 macro-

phages, which show specific characteristics, such as different cell surface markers and the 

secretion of different cytokines and chemokines [19]. 

In our study, flow cytometry results showed that CD80 (classically activated macro-

phage marker) cell surface expression of M1 macrophages was significantly down-regu-

lated by the co-culture of 3DJPCs and 3DOBJPCs (as shown in Figure 1), while CD209 

(alternatively activated macrophage marker) expression on the cell surface of M2 macro-

phages was significantly up-regulated (as shown in Figure 2) in the 3DOBJPCs co-culture 

group and as confirmed also on gene expression level [20,21]. The gene expression 
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analyses of M1 macrophages revealed that monocyte chemotactic protein-1 (MCP-

1/CCL2), macrophage inflammatory protein-1α (MIP-1α/CCL3), CXCL1 and CXCL10, also 

known as interferon gamma-induced protein 10 (IP-10), were significantly down-regu-

lated by 3DJPCs, as illustrated in Figure 3. The gene expression levels of anti-inflamma-

tory markers such as CD163 and CD209, which are typically expressed by M2 macro-

phages, were increased in co-cultured M1 macrophages by the influence of 3DJPCs. 

After co-cultivation of M2 macrophages with 3DJPCs, the gene expression of pro-

inflammatory factors, such as TNF-α and CXCL10, was decreased in tendency in M2 mac-

rophages reaching significance only for CXCL10 (as shown in Figure 4). Interestingly, 

CCL2 and CCL3 gene expression were increased in co-cultured M2 macrophages without 

achieving significant differences except in the 3DJPC group for CCL2, indicating the slight 

recruitment of immune cells, as already described for these chemokines [22]. CD163, 

CD209, IL-10 and VEGFA gene expression levels in M2 macrophages were shown to be 

up-regulated when co-cultured with 3DJPC/3DOBJPC, reaching significant values for 

CD209 expression and for IL-10 in the group co-cultured with untreated 3DJPCs. Summa-

rizing this part of the results, a polarization towards the activation of the alternative path 

(M2 macrophages) becomes clearer and is in line with data already published in this con-

text [23–26]. The herein observed effects emanating from 3DJPCs/3DOBJPCs constructs 

on macrophage plasticity are only noticeable in co-cultured M1/M2 cell groups, but not in 

PMA-induced MΦ macrophages. The lack of significance in some M1/M2 specific markers 

is probably due to the use of primary cells (JPCs) and secondly to the use of an immortal-

ized cell line which differs in sensitivity and responsiveness to activator substances, com-

pared to primary cells. Therefore, we tested the functionality of in co-cultures generated 

THP-1 derived M1/M2 macrophages by analyzing the effects of their secretomes on T cell 

proliferation. The proven efficacy shown in Figure 9 by reaching significances for M2 mac-

rophages with exactly the same tendency for M1 macrophages, counterbalances their rel-

ative weak distinctive character. 

The gene expression analysis of osteoclastogenic markers such as CTSK (cathepsin 

K) and ACP5 (tartrate-resistant acid phosphatase type 5, TRAP) [27,28] in M1/M2 macro-

phages showed partially significantly increased levels under osteogenic conditions when 

macrophages were co-cultured with JPC-free β-TCP scaffolds. This at first glance surpris-

ing result is understandable in so far as CTSK and ACP5 are both enzymes with optimal 

activities under acidic conditions (osteogenic medium contains ascorbic acid) and as cell-

free scaffolds are directly exposed to them, triggering scaffold surface degradation. 

Seeded cells cover the construct surface resulting in no direct exposition to the culture 

medium and therefore JPCs seemed to completely abolish CTSK and partially abolish 

ACP5 levels in macrophages under osteogenic conditions. Further, the mRNA levels of 

TNFRSF11A (RANK) were down-regulated in macrophages co-cultured with JPCs with-

out reaching significance. RANK is the receptor for RANKL, which seemed to be slightly 

but not significantly induced, as shown in Figure 6 by osteogenically treated JPCs. These 

results indicate that co-cultivation with JPCs under osteogenic conditions does not effec-

tively activate the osteoclastic differentiation of M1/M2 macrophages. Therefore, while 

JPCs shift macrophage polarization into the alternative path, they do not activate the dif-

ferentiation of the osteoclastic lineage of macrophages at the same time, further contrib-

uting to bone formation. This result was clearly validated by the functional pit assay 

demonstrating the lack of pit formation in the presence of 3DJPC secretomes in compari-

son to the analyzed control group of osteoclasts without secretomes. For these analyses, 

we induced the osteoclast formation of PBMC-derived monocytes, since THP-1 capacity 

to differentiate into osteoclasts was relatively weak and not convincing. 

Since MSCs show high plasticity, different studies could demonstrate that the prim-

ing of MSCs, in particular, under pro-inflammatory conditions, induces an enhanced im-

muno-modulatory MSC phenotype [29–31]. Our previous studies have repeatedly con-

firmed that the immunogenic, anti-inflammatory, angiogenic and osteogenic potentials of 
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differentiated and undifferentiated JPCs vary and this finding explains the detected dif-

ferences between the 3DJPC and 3DOBJPC groups. 

Interestingly, analyses of osteogenesis-related genes such as RUNX2, alkaline phospha-

tase (ALPL), osteocalcin (OCN) and osteoprotegerin (OPG) by JPCs in our study revealed the 

tendency of increased levels under pro- (LPS/IFN-γ) compared to anti-inflammatory (IL-

4/IL-13) co-culture conditions, as illustrated in Figure 6. This result indicates that pro-in-

flammatory conditions seem to activate more effectively the beginning osteogenic differen-

tiation process of 3DJPCs. On the other site, 3DJPCs up-regulated significantly their gene 

expression of G-CSF, HLA-DR and CSF-1 genes under pro- compared to anti-inflammatory 

co-culture conditions. These chemokines have the ability to attract and stimulate leukocytes, 

play a central role in the homeostasis of the immune system and are involved in all protec-

tive or destructive immunoreactions to mediate both defense and tissue repair [32]. 

In our study, under pro-inflammatory conditions (IFN-γ/LPS), JPCs induced the secre-

tion of CXCL5, CX3CL1, CXCL1, CCL14, CCL7, CXCL12 and CXCL11 in co-cultured M1 mac-

rophages (Figure 7 and Table S1). Osteogenically activated JPCs completely abolished CCL3 

and CCL19 secretion and significantly increased the secretion of CX3CL1 and CCL14 in the 

same cells, as illustrated in Figure 7b. Xuan and co-authors examined the distinct chemotaxis 

of M1 and M2 macrophages by different chemokines [33]. They found that among others, 

CCL3 and CCL19 specifically induced the chemotaxis of M1 macrophages, whereas CCL7 in-

duced the chemotaxis of both M1 and M2 macrophages. Considering these findings, we hy-

pothesize that the inhibition of the M1-specific chemokines CCL3 and CCL19 could contribute 

to the M1→M2 shift induced by JPCs. In addition, in the mentioned study by Xuan et al. [33], 

CXCL12 (stromal cell-derived factor-1, SDF-1) showed a trend of activating M1 macrophages 

more effectively, without reaching significance. In our study, the detected SDF-1 secretion is 

primarily attributable to JPCs, as demonstrated by the elevated levels in the supernatants of 

JPC monocultures (Figure S1 and previous data). In a recent work by Giri and colleagues, 

evidence showed that bone marrow MSCs secreted CCL2 form heterodimers with CXCL12 

[34]. These heterodimers up-regulated IL-10 expression in CCR2+ macrophages in vitro. Fur-

ther, CCL2 expression by MSCs was shown to be required for the IL-10+ M2 polarization of 

resident macrophages in vivo. Since we could show that co-cultured JPCs significantly up-

regulated CCL2 secretion in M2 macrophages as well as CXCL12 in both M1 and M2 macro-

phages, and the receptor for the CCL2/CXCL12 heterodimers CCR2 was shown to be ex-

pressed at significantly higher levels on M1 macrophages, as published by Xuan et al. [33], we 

put forth the hypothesis that the CCL2/CXCL12 heterodimers released by JPCs are involved 

in the M1→M2 shift of THP-1 derived macrophages. CCL3 was shown to be a main stimulator 

of osteoclastogenesis. Jordan and co-authors could demonstrate that the inhibition of CCL3 

abrogated precursor cell fusion and bone erosions in human osteoclast cultures [35]. Based on 

this finding, we speculate that the abrogation of CCL3 secretion by JPCs is involved in the JPC-

mediated inhibition of osteoclastic genes in THP-1 macrophages, as shown in Figure 5. 

Lin and co-authors could show evidence that secreted CXCL8 contributes to the de-

velopment of an immunosuppressive microenvironment by inducing PD-L1 (pro-

grammed cell death 1 ligand 1) positivity of macrophages [36]. PD-L1 binds to B7.1 in cis 

on the same cell, preventing B7.1 from activating T cells via CD28 binding [37]. Lin et al. 

[36] further demonstrated that high levels of CXCL8+ macrophages was positively corre-

lated with poor prognosis in patients with gastric cancer and concluded that the admin-

istration of CXCL8 inhibitors may result in an effective antitumor response. Based on these 

discoveries, we assume that JPC-secreted high levels of CXCL8 (Figure S1) induce the PD-

L1 positivity of M1/M2 macrophages inhibiting interaction with T-cells. 

In our study, the CXCR3 ligand, CXCL10, was secreted by macrophages and, in par-

ticular, by LPS/IFN-γ-stimulated 3D-cultured JPC in monocultures, as illustrated in Fig-

ure S1. The same figure reveals CXCL1 and CXCL10 detection solely in medium without 

cells (TCP-RPMI group), probably deriving from included FCS. When 3DJPCs are culti-

vated in RPMI, CXCL1 levels are slightly induced and CXCL10 levels are up-regulated 

under M1-inducing conditions. The levels of JPC-secreted CXCL10 under M2 conditions 
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show similar levels as under RPMI conditions, CXCL1 levels are slightly induced com-

pared to the cell-free sample. By gene expression analyses, CXCL10 mRNA levels were 

significantly decreased in M1/M2 macrophages when co-cultured with osteogenically in-

duced JPCs. That indicates that in co-cultures, secreted CXCL1 and CXCL10 levels origi-

nate from the FCS included in the RPMI medium and JPCs. However, the totality of JPC 

secreted factors is able to down-regulate the expression of both factors in M1/M2 macro-

phages. 

Xuan et al. [33] reported on higher levels of CXCR3 on M1 compared to M2 macro-

phages, and a recent work by Pandey and co-authors reports on the highest CXCR3 levels 

in unpolarized macrophages with significantly reduced levels in M1 to nearly undetecta-

ble in M2 macrophages [38]. Due to this, M1 macrophages could be much more receptive 

to CXCL10 and thereby mediate pro-inflammatory responses [39–41]. 

We can assume that JPCs growing and differentiating within β-TCP constructs secrete a 

plethora of cyto- and chemokines involved in the initiation of immune responses. In a first 

step, JPC-secreted factors attract different immune cells to the site of implantation. In the fol-

lowing step, attracted cells react and also produce cyto- and chemokines by themselves. Sum-

marizing the results of our study and considering our functional assays, we can draw the fol-

lowing conclusions and hypotheses (Figure 11). JPCs growing within β-TCP constructs inhibit 

osteoclastic differentiation of macrophages and attenuate the interaction of M1 macrophages 

with CD4+ T cells. On the other site, M1 macrophages induce the beginning osteogenesis of 

JPCs growing within β-TCP constructs. Further, osteogenically induced 3D-cultured JPCs in-

duce an M1→M2 shift by the down-regulation of M1-specific cell surface markers, cyto- and 

chemokines resulting in the modulation of a rather M2-specific phenotype. 

 

Figure 11. Summary of the results obtained in the present study. An overview of activating/inhibit-

ing interactions between 3DJPCs and macrophages including the involved factors is provided. This 

illustration was created with BioRender.com, accessed on 20 October 2022. 
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4. Materials and Methods 

4.1. THP-1 and JPC Cell Culture 

THP-1 cells were obtained from the American Type Culture Collection and expanded 

in RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% 

heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, Darmstadt, Germany), 1% pen-

icillin/streptomycin (Lonza, Basel, Switzerland), 1% amphotericin B (Biochrom AG, Berlin, 

Germany) and 0.05 nM 2-mercaptoethanol (Sigma-Aldrich, Darmstadt, Germany). 

After approval by the local ethics committee (No. 618/2017BO2), JPCs from three do-

nors were included in this study. JPCs were cultured and expanded with DMEM/F12 me-

dium (Thermo Fisher Scientific, Waltham, MA, USA) containing 5% hPL (provided by the 

Institute for Clinical and Experimental Transfusion Medicine of the University Hospital 

Tübingen), 1% penicillin/streptomycin (Lonza, Basel, Switzerland) and 1% amphotericin 

B (Biochrom AG, Berlin, Germany). Cell passaging of JPCs was performed with TrypLE-

Express (Thermo Fisher Scientific, Waltham, MA, USA). Passage 4 of JPCs was used to 

culture on β-TCP scaffolds (Curasan AG, Kleinostheim, Germany). Details concerning the 

fabrication process are provided in the previous publication [42]. 

4.2. Preparation of JPC-Seeded β-TCP Scaffolds (3DJPCs) and Osteogenic Differentiation of 

3DJPCs (3DOBJPCs) 

3D cultivation of JPCs (3DJPCs) was achieved by seeding of JPCs on β-TCP scaffolds. 

First, β-TCP scaffolds were soaked in 5% hPL DMEM/F12 medium for 1 h in 96-well pol-

ypropylene plates. Next, 50 µL of cell suspension (5 × 104 JPCs) were applied to each scaf-

fold. After 2 h of incubation, an additional 150 µL of the medium was added to each scaf-

fold. The following day, the JPC-seeded scaffolds were transferred to new 96-well plates 

containing 200 µL of medium per well for further cultivation. 

After transferring 3DJPCs to new 96-well plates on day 1, the constructs were further 

cultured for 10 days either with DMEM/F12 + 10% hPL + 1% penicillin/streptomycin + 1% 

amphotericin B (untreated control) or with DMEM/F12 + 10% hPL + 1% penicillin/strep-

tomycin + 1% amphotericin B + 100 µM L-ascorbic acid + 10 mM β-glycerophosphate (os-

teogenic condition). For cell-free controls, β-TCP scaffolds were incubated with control 

medium and osteogenic medium for 10 days in parallel 96-well plates. On day 11, scaf-

folds were transferred to chamber A of the co-culture system. 

4.3. Co-Culture of 3DJPCs/3DOBJPCs and M1/M2 Macrophages 

UniWellsTM Horizontal Co-culture Plates (Ginreilab Inc., Uchinada, Japan), contain-

ing filters (0.6 µm) and adapters (96-well plate size) were used for the co-culture of 

3DJPCs/3DOBJPCs and THP-1 derived M1/M2 macrophages. This system allows separat-

ing the two chambers of the system to first culture cells individually and later join them 

together for co-culture. Figure 12 shows the experimental procedure of 3DJPC/3DOBJPC 

and M1/M2 macrophage co-cultures (a) and the experimental grouping of co-cultures (b) 

The abbreviations and groupings of the 3DJPCs/3DOBJPCs are shown in Table 1, shown 

in the Results section. 
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Figure 12. The co-culture procedure and the examined groups. (a): experimental flow chart of pre-

culture and co-culture of 3DJPCs/3DOBJPCs and M1/M2 macrophage groups. (b): experimental 

setup of co-culture and control groups. 

Macrophage differentiation of THP-1 cells started on day 9 of JPC treatment (Figure 

12a). For M0 differentiation, THP-1 cells of passage 13 (4 × 105) were re-suspended in 1.5 

mL of RPMI 1640 medium + 5% hPL + 5 nM of phorbol 12-myristate 13-acetate (PMA, 

Sigma-Aldrich, Darmstadt, Germany) and then added to chamber B. The M0 macrophage 

induction lasted 48h (until day 11 of JPC treatment). 

On day 11, co-cultures of 3DJPCs/3DOBJPCs and M1/M2 macrophages were set up 

by assembling chambers A and B. In the co-culture group, five constructs of 

3DJPCs/3DOBJPCs were transferred into chamber A containing 1.3 mL of control or oste-

ogenic medium. In chamber B, M0 macrophages were stimulated for M1 polarization with 

1.5 mL of RPMI1640 medium + 5% hPL + 15 ng/mL lipopolysaccharide (LPS, Sigma-Al-

drich, Darmstadt, Germany) + 20 ng/mL interferon-γ (IFN-γ, Sigma-Aldrich, Darmstadt, 

Germany). For the induction of M2 macrophages, 1.5 mL of RPMI1640 medium + 5% hPL 

+ 20 ng/mL interleukin 4 (IL-4, Sigma-Aldrich, Darmstadt, Germany) + 20 ng/mL interleu-

kin 13 (IL-13, Sigma-Aldrich, Darmstadt, Germany) were added to the cells (Figure 12a). 

After assembling co-culture chambers A and B, each pair of co-culture plates was 

placed in a 96-well plate size adapter and cultured for a further five days. On day 16, flow 

cytometry analyses and gene expression measurements were performed for M1 or M2 

macrophages in the 3DJPCs/3DOBJPCs + M1/M2 co-culture groups and the TCP/OBTCP 

+ M1/M2 control groups. Additionally, supernatants from macrophage chambers were 

collected and used for proteome analysis using antibody arrays. 

Monoculture experiments of 3DJPCswere conducted to assess the chemokine secre-

tion by JPCs. Therefore, 3DJPCs with control medium in chamber A and cell-free chamber 

B containing RPMI1640 medium + 5% hPL were set as the untreated 3DJPCs-RPMI group 

(Figure S1a). For 3DJPC-M1RPMI control group and 3DJPC-M2RPMI control group, cell-

free chamber B was filled with RPMI1640 medium + 5% hPL + LPS/IFN-γ and RPMI1640 
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medium + 5% hPL + IL-4/IL-13, respectively. JPC-free β-TCP scaffolds with control me-

dium in chamber A and cell-free chamber B containing RPMI1640 medium + 5% hPL were 

set as TCP-RPMI control group. After five days of culture, the chemokine levels in cham-

ber B were analyzed using the human chemokine proteome profiler arrays (Figure S1). 

4.4. Detection of Surface Markers on M1/M2 Macrophages by Flow Cytometry 

After co-culture of 3DJPCs/3DOBJPCs and M1/M2 macrophages for five days, mac-

rophages were detached by using TrypLE-Express and the expression of cell surface 

markers of M1 or M2 macrophages was analyzed by flow cytometry. After centrifugation 

(1400 rpm, 5 min) of the collected macrophage suspension and removal of the supernatant, 

cell pellets were incubated with 10% Gamunex (human immune globulin solution, 

Talecris Biotherapeutics GmbH, Frankfurt, Germany) on ice. The cells were then incu-

bated with fluorophor labeled CD80-PE, CD86-PE, and CD209-APC antibodies (Bio-

legend, San Diego, CA, USA) for 30 min in the dark. Subsequently, cells were washed 

twice with FACS buffer (PBS containing 0.1% BSA and 0.1% sodium azide), and surface 

marker expression was measured using a Guava EasyCyte 6HT-2L flow cytometer (Merck 

Millipore, Darmstadt, Germany). For data evaluation, guavaSoft 2.7 (EMD Millipore Cor-

poration, Hayward, CA, USA) was used. 

4.5. Quantitative PCR for Macrophage and 3DJPCs Gene Expression Analysis 

After five days of co-culture of 3DJPCs/3DOBJPCs and M1/M2 macrophages, quan-

titative real-time PCR was used to analyze gene expression levels in co-cultured M1/M2 

macrophages (groupings: TCP/OBTCP-M1/M2 and JPC/OBJPC-M1/M2) or JPCs/OBJPCs 

(groupings: M1/M2-JPC/OBJPC). Total RNA from macrophages was extracted using the 

NucleoSpin RNA kit (Macherey-Nagel, Hoerd, France). After quantification with 

NanoDrop One (Thermo Fisher Scientific, Waltham, MA, USA), cDNA was synthesized 

using 100 ng of RNA according to the instructions of the LunaScript® RT SuperMix Kit 

(New England Biolabs, Ipswich, MA, USA). The relative mRNA expression levels were 

subsequently detected using a QuantStudio3 Real-Time PCR instrument (Thermo Fisher 

Scientific, Waltham, MA, USA). 40 amplification cycles of the synthesized cDNA were per-

formed using DEPC-treated water, Luna® Universal Probe qPCR Master Mix (New Eng-

land Biolabs, Ipswich, MA, USA) and target gene primer/probe assays purchased from 

Integrated DNA Technologies (IDT, Coralville, IA, USA). The transcript levels of the target 

genes were normalized to the levels of the housekeeping gene GAPDH. The levels de-

tected in the M1/M2 macrophages co-cultured with cell-free β-TCP scaffolds (for analyz-

ing co-cultured macrophages) or in the 3DJPCs co-cultured with M1 (for analyzing co-

cultured JPCs) were set as the control groups, and the relative mRNA expression levels 

were calculated using the 2−(∆∆Ct) method. 

4.6. Chemokine Detection in Supernatants from Co-Cultured M1/M2 Macrophages by Proteome 

Profiler Arrays 

After co-culture of 3DJPCs/3DOBJPCs and M1/M2 macrophages for five days, super-

natants from macrophage chambers were collected and stored at −80 °C. The human 

chemokine array kit (R&D Systems, Minneapolis, MN, USA) was used to analyze semi-

quantitative secretion levels in collected supernatants. Briefly, chemokine array mem-

branes were pretreated with a blocking buffer for one hour at room temperature and then 

incubated overnight at 4 °C with the mixtures of sample supernatant and antibody cock-

tail. After washing, membranes were incubated with diluted streptavidin-HRP for 30 min 

at room temperature. After additional washing, membranes were incubated with 1 mL of 

chemiluminescent reagent mixture and exposed to radiographic film (Cytiva, Marlbor-

ough, MA, USA) for 10 min. After scanning the developed and fixed X-ray film, positive 

signals were determined semi-quantitatively using the ImageJ 1.54g Java 1.8.0_345 64-bi 



Int. J. Mol. Sci. 2024, 25, 2355 21 of 24 
 

 

software (NIH, Bethesda, Maryland, USA) and the pixel density ratio of target pro-

tein/spots to reference spots was calculated for data analysis. 

4.7. Functional Assay: Influence of M1/M2 Secretomes on CD4+ T Cell Proliferation 

Supernatants from M1/M2 macrophages chambers were collected after 5 days of co-

culture with 3DJPCs and stored at −80 °C. After thawing, supernatants were centrifuged 

at 600× g to remove cell debris and concentrated 20-fold by centrifugation using Vivaspin 

20 (Sartorius, Goettingen, Germany). 

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood of three 

independent donors which were collected by using monovettes with 1.6 mg EDTA/mL 

(SARSTEDT AG & Co. KG, Nümbrecht, Germany) by 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 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. 

CD4+ T cells were seeded at a density of 106 cells/mL in 48-well plates and cultured 

for 3 days in 990 µL TexMACS medium containing 5% hPL, supplemented with 20 IU/mL 

human IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany) and 10 µL T Cell TransACT 

(Miltenyi Biotec, Bergisch Gladbach, Germany) for CD4+ T cells stimulation. Then, acti-

vated T cells were labeled with the CFSE cell proliferation kit (Invitrogen, Waltham, MA, 

USA) following manufacturer recommendations. 1 × 105 CFSE-labeled cells were cultured 

in TexMACS medium containing 5% hPL, supplemented with 20 IU/mL human IL-2 in U-

bottom 96-well plates and treated with 2-fold concentrated macrophage secretomes ob-

tained after co-culture with 3DJPCs for 72 h. At least 5000 cells of CD4+ T cells per condi-

tion were analyzed by flow cytometry. 

4.8. Functional Assay: Effect of JPC Supernatants on Osteoclasts Differentiation 

Supernatants from 3DJPCs chambers were collected after 5 days of co-culture with 

M1/M2 macrophages and stored at −80°C. After thawing, supernatants were centrifuged 

at 600× g to remove cell debris and concentrated 20-fold by centrifugation using Vivaspin 

20 (Sartorius, Goettingen, Germany). 

Human osteoclasts were differentiated from monocyte precursors isolated from pe-

ripheral blood mononuclear cells (3 independent donors). After isolation, PBMCs were 

cultured in α-MEM (alpha minimum essential medium) containing 10% FBS, 1% penicil-

lin/streptomycin, 1% amphotericin B at 37° and 5% CO2 in 75 mm2 flask with a density of 

2.5 × 105 cells/cm2, in the presence of 20 ng/mL M-CSF (PEPROTECH, Cranbury, NJ, USA). 

Medium was changed every third day. After 6–7 days in culture until the attached cells 

reached the desired confluency, cells were adjusted to a cell density of 5 × 105 cells/mL in 

α-MEM medium supplemented with 20 ng/mL M-CSF and 20 ng/mL RANKL (PEPRO-

TECH, Cranbury, NJ, USA) and 1 × 105 cells were seeded per well of a 96-well plate coated 

with calcium phosphate (CaP). Osteoclasts precursors without osteoclastogenic stimuli 

served as negative control and those treated with both factors M-CSF and RANKL served 

as positive control. Cells were allowed to adhere overnight, and the medium was replaced 

containing 1-fold secretomes from 3DJPCs cultured chambers. Medium was changed 

every third day. Following 6 days of incubation, cells were fixed with 4% paraformalde-

hyde. Then, the control osteoclasts were stained for actin by AlexaFluor 546 labeled phal-

loidin solution (Invitrogen, Waltham, MA, USA) and for nuclei staining Hoechst 33342 

was used (Promocell, Heidelberg, Germany). CaP coating was stained with 10 µM calcein 

(Sigma-Aldrich, Darmstadt, Germany) for fluorescent images. For the quantification of 

the resorbed pits, CaP coating of the plates was stained by Von Kossa staining. Therefore, 

the plates were incubated with 50 µL of 5% AgNO3 (SERVA Electrophoresis GmbH, Hei-

delberg, Germany) per well under UV radiation for 1 h, until the coating turned brown. 
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The pit area was photographed and quantified using the ImageJ 1.54g Java 1.8.0_345 64-

bi software (NIH, Bethesda, MD, USA). 

4.9. Statistical Analysis 

The results were expressed as mean ± standard error of the mean (mean ± SEM). A 

one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison tests, 

was used for data evaluation. All statistical analyses and visualizations were performed 

and visualized using the GraphPad Prism software 9.0.0 (La Jolla, CA, USA). A value of p 

< 0.05 was considered statistically significant. 

5. Conclusions 

The findings of the present study reflect different interactions between THP-1 derived 

M1/M2 macrophages and co-cultured 3D-cultivated JPCs. M1 macrophages seem to initially 

support the osteogenic differentiation of 3DJPCs. Besides inducing a M1→M2 phenotype 

switch, 3DJPCs reduce macrophage ability to interact with CD4+ T cells and inhibit osteo-

clast formation at the same time. Altogether, 3DJPCs possess the ability to alter macrophage 

plasticity. 
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