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A B S T R A C T   

Soft tissue integration is one major difficulty in the wide applications of metal materials in soft tissue-related 
areas. The inevitable inflammatory response and subsequent fibrous reaction toward the metal implant is one 
key response for metal implant-soft tissue integration. It is of great importance to modulate this inflammatory- 
fibrous response, which is mainly mediated by the multidirectional interaction between fibroblasts and mac-
rophages. In this study, macrophages are induced to generate M1 and M2 macrophage immune microenviron-
ments. Their cytokine profiles have been proven to have potentially multi-regulatory effects on fibroblasts. The 
multi-reparative effects of soft tissue cells (human gingival fibroblasts) cultured on metal material (titanium alloy 
disks) in M1 and M2 immune microenvironments are then dissected. Fibroblasts in the M1 immune microen-
vironment tend to aggravate the inflammatory response in a pro-inflammatory positive feedback loop, while M2 
immune microenvironment enhances multiple functions of fibroblasts in soft tissue integration, including soft 
tissue regeneration, cell adhesion on materials, and contraction to immobilize soft tissue. Enlighted by the close 
interaction between macrophages and fibroblasts, we propose the concept of an “inflammatory-fibrous complex” 
to disclose possible methods of precisely and effectively modulating inflammatory and fibrous responses, thus 
advancing the development of metal soft tissue materials.   

1. Introduction 

Metal materials, such as hip replacements, dental implants, and 
cardiovascular stents, have been widely applied in hard tissue re-
placements or restorations with promising results due to their superior 
mechanical properties [1,2]. However, metal materials applied in soft 
tissue-related fields are relatively limited, partially related to the diffi-
culties in establishing effective integration between metal and soft tissue 
[3,4]. Metal soft tissue materials such as perforating external fracture 
fixators require an effective soft tissue barrier between internal and 

external environments to prevent pathogen invasion, tissue inflamma-
tion, and implant motions [4–7]. For perforating metal soft tissue ma-
terials such as dental implants, a deficiency of soft tissue integration 
leads to peri-implant mucositis and peri-implantitis, which has become 
one of the main causes of metal implant failures [8]. Sub-
cutaneous/submucosal metal soft tissue materials such as titanium 
meshes are prone to complications of soft tissue perforation and mesh 
exposure, with an incidence rate of 25%~66% [9,10]. 

After soft tissue interventions, metal materials inevitably trigger in-
flammatory and subsequent fibrotic reactions [11,12]. Uncontrolled 
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inflammation can cause function defects, loosening, and failure of the 
implants [13–15]. The fibrous encapsulation damaged the proper 
functioning of the metal material, such as hindering the osseointegration 
and reducing the release efficiency of the drug delivery system [16,17]. 
Their hard metal surfaces were prone to form scar tissue via activating 
cells into fibrillar subtypes in the absence of exogenous signals, unlike 
soft materials such as hydrogels [18–20]. Therefore, numerous studies 
have attempted to inhibit or even eliminate this unsatisfactory 
inflammatory-fibrous response to guarantee the proper functioning of 
the metal material [21–23]. 

However, the situation becomes more complicated regarding metal- 
soft tissue integration. Active immune responses are essential to endow 
material with immune defense ability and regeneration potentials [24]. 
Fibroblasts are critical functional cells for metal-soft tissue integration. 
Fibroblasts synthesize, secrete, and remodel the soft tissues around im-
plants. If immune responses and fibroblasts are excessively inhibited or 
removed, metal soft tissue integration would be significantly sup-
pressed. For metal materials and soft tissue integration, the collabora-
tion of immune cells and fibroblasts under proper inflammatory-fibrous 
response is required. Therefore, instead of simple inhibition or elimi-
nation, we can put a more positive attitude toward this 
inflammatory-fibrous response and properly regulate this 
inflammatory-fibrous response, thus obtaining favorable metal-soft tis-
sue integration. 

The inflammatory-fibrous response is a complicated interaction be-
tween two major cell types: macrophages and fibroblasts. Macrophages 
have different phenotypes, arousing multifaceted regulatory effects. 
Their phenotypes are roughly divided into pro-inflammatory M1 and 
anti-inflammatory M2 phenotypes. M1 macrophages can secrete multi-
ple cytokines to regulate chemotaxis, proliferation, and differentiation 
of immune cells as well as some progenitor cells, while M2 macrophages 
promote extracellular matrix (ECM) deposition, angiogenesis, and 
osteogenesis [25–29]. Fibroblasts have demonstrated multifaceted 
reparative effects. They can firmly attach to the surface of the metal 
implant as a layer of metal soft tissue integration. They can also secrete 
ECM and generate contraction that presses the soft tissue against the 
implant, forming another layer of metal soft tissue integration. Fibro-
blasts can also act as immunomodulators, turning metal soft tissue 
integration into the immune barrier against external stimuli [30–34]. 
Therefore, we speculate that macrophages and fibroblasts interact 
closely as one complex. It is of great importance to unveil the multidi-
rectional interactions between fibroblasts and macrophages so that we 
can precisely and effectively modulate the inflammatory-fibrous 
complex. 

For this purpose, we first utilized different macrophage-derived im-
mune microenvironments to direct human gingival fibroblasts on tita-
nium surfaces. Then, we dissected the multifaceted effects of both 
macrophages and fibroblasts from the aspect of metal soft tissue 

Scheme 1. Experimental flow of this study. A) Inducing macrophages towards M1 and M2 phenotypes; B) Dissecting the multifaceted effects of M1 and M2 
macrophages from the aspect of metal soft tissue integration; C) Analyzing different regulatory effects of macrophage-derived immune microenvironments on human 
gingival fibroblasts on titanium surfaces: a) the cell adhesion behaviors alterations and their potential mechanisms were evaluated using enrichment analysis, cell 
adhesion assay, RT–qPCR, immunofluorescence, and correlation analysis; b) the fiber synthesis function of fibroblasts and their potential mechanisms were evaluated 
using enrichment analysis, Sirius red staining, RT–qPCR, immunofluorescence, and correlation analysis; c) the tissue contraction function of fibroblasts and their 
potential mechanisms were evaluated using enrichment analysis, collagen gel assay, RT–qPCR, immunofluorescence, and correlation analysis; d) the immune reg-
ulatory function of fibroblasts and their potential mechanisms were evaluated using enrichment analysis, RT–qPCR, and correlation analysis. 
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integration (Scheme 1). It is of interest to know whether macrophages 
can activate fibroblasts and whether activated fibroblasts reversely 
regulate macrophages. The understanding of their multidirectional in-
teractions and the proposal of this “inflammatory-fibrous complex” 
concept can provide a biological theory for advancing the development 
of metal soft tissue materials. 

2. Materials and methods 

2.1. M0, M1, M2 macrophages induction and conditioned media 
collection 

THP-1 cells were cultured in RPMI media. When stimulated with 
PMA (100 ng ml− 1, Sigma, USA) for 72 h followed by resting for 48 h, 
THP-1 cells turned into M0 macrophages. M0 macrophages were then 
polarized into M1 or M2 macrophages under IFN-γ (20 ng ml− 1, R&D, 
USA) plus LPS (100 ng ml− 1, InvivoGen, USA) or IL-13 (20 ng ml− 1, 
R&D, USA) plus IL-4 (20 ng ml− 1, R&D, USA) stimulation respectively 
for 48 h. Cell morphologies of THP-1 and the derived macrophage 
phenotypes were observed with a phase-contrast microscope. Subse-
quently, RT–qPCR, flow cytometry, and immunofluorescence staining 
were carried out to identify macrophage differentiation and polariza-
tion. For conditioned media collection, M0, M1, and M2 macrophages 
were cultured in fetal bovine serum (FBS) free media for another 24 h 
before collection. 

2.2. Isolation of primary human gingival fibroblasts and stimulation 

Upon written informed consent from patients and ethical approval 
by the Ethical Review Committee of Hospital of Stomatology, Guanghua 
School of Stomatology, Sun Yat-sen University, China (No. KQEC-2019- 
06-02), healthy gingiva samples were obtained from tooth extraction 
patients. Tissues were digested in Protease Dispase II (Sigma, USA) and 
were cut into small pieces. Gingiva connective tissue pieces were planted 
on a culture flask in DMEM media with 15% FBS. Fibroblasts crawled 
out from gingiva tissues were subcultured until reaching 80% conflu-
ence. Fibroblasts were cultured on titanium alloy disks with M0, M1, or 
M2 conditioned media, mimicking the metal implant-soft tissue inte-
gration process in vivo. After overnight culture for cell attachment, the 
media were replaced by M0, M1, or M2 conditioned media for further 
stimulation. 

2.3. Preparation and characterization of titanium alloy disks 

The titanium alloy disks were polished with sandpaper to make 
uniformly smooth titanium surfaces. Subsequently, the titanium alloy 
disks were ultrasonically cleaned and the surface topography of the ti-
tanium alloy disks was assessed using a 3D optical contour instrument. 
The surface roughness was then determined. 

2.4. Flow cytometry 

Cell samples were stained with antibodies (CD68 1:100, Human 
Leukocyte Antigen-DR, HLA-DR 1:1000, CD206 1:1000; Abcam, USA). 
Cells were stained with Alexa Fluor 488-conjugated (for CD68 and HLA- 
DR) or PE-conjugated (for CD206) second antibodies (1:500, Beyotime, 
China). Cytoflex cytometer (BD Biosciences, USA) was applied for 
detection. All analyses were performed using FlowJo software. The 
percentage of positive cells concerning macrophages markers expression 
in this section was calculated. 

2.5. Cytokine profiles of polarized macrophage immune 
microenvironments 

Human Cytokine Array C1000 kits (AAH-CYT-1000, Raybiotech, 
USA) were applied to detect the cytokines in conditioned media 

following the manufacturer’s protocol. ELISA kits (Boster, China) of 
TNF-α, IL-1β, and IFN-γ were conducted for macrophages to verify the 
cytokine profiles. 

2.6. RT–qPCR 

The extracted total RNA was measured by Nanodrop (Thermo Fisher, 
USA) and then converted to complementary DNA by PrimeScript™ RT 
Master Mix (Takara, Japan). Aliquots of cDNA samples were loaded for 
RT–qPCR analysis on an ABI two-step system (Applied Biosystems, USA) 
using Hieff® qPCR SYBR Green Master Mix (Yeasen, China). Primer 
sequences were shown in supplementary materials (Table S2 and S3). 
Samples were calculated based on the 2− ΔΔCt method referring to 
GAPDH. 

2.7. Transcriptome sequencing of fibroblasts 

The cDNA library construction and transcriptome sequencing were 
conducted by the BGI genomics organization (Shenzhen, China) on a 
BGISEQ-500 platform. Raw data of FASTQ format was generated, 
further being calculated into read counts and TPM data for downstream 
analysis. Bioinformatic analysis of transcriptome data was conducted 
using R studio 4.0 (The R Foundation, USA) and Cytoscape 3.8 (The 
Cytoscape Consortium, USA) software as previously described [35]. 

2.8. Immunofluorescence staining 

Macrophages were stained by DAPI simultaneously with CD68, HLA- 
DR, or CD206. Fibroblasts were stained by Actin, DAPI, Collagen I 
antibody (1:100, Abcam, USA), vinculin (VCL) antibody (1:100, Abcam, 
USA), Integrin β1 antibody (1:100, Abcam, USA), and alpha-smooth 
muscle actin (α-SMA) antibody (1:100, Abcam, USA) for different 
purposes. 

2.9. Collagen gel contraction assay 

Fibroblasts were mixed with type I collagen solution (3 mg ml− 1) and 
formed into gel later when 1 M NaOH was added and homogeneously 
mixed. After 2 days, the collagen gels were carefully separated and 
began to contract. Observed the contraction of collagen gels 2 days later 
and photographed with a camera (Canon, Japan). 

2.10. Sirius red staining 

Fibroblasts in the in vitro model for 4 weeks were fixed with Bouin’s 
fixative (Meilune, China), treated with 0.2% aqueous phosphomolybdic 
acid (Solarbio, China), and then stained with Sirius red dye (Solarbio, 
China). After dehydration and sealing, samples were observed and 
photographed using a confocal laser scanning microscope (Zeiss, Ger-
many). Afterward, fibroblasts on titanium alloy disks were incubated in 
0.1 M NaOH on a horizontal shaker (Heidolph, Germany) to dissolve the 
staining. The optical density of the solution at 550 nm was then 
measured. The well with 0.1 M NaOH solution was set as a blank control. 

2.11. Cell adhesion assay 

After culture for 3 h, the model samples were put on a horizontal 
shaker at 200 rpm for 10 min. Part of the fibroblasts detached from the 
disk surfaces, which were regarded as weak adhesion. The remaining 
cells, which were regarded as strong adhesion, were digested with 
trypsin. The quantities of detached cells and remaining cells were 
calculated using a Cytometer (Beckman, USA). 

2.12. Cell viability and proliferation assay 

Fibroblasts were seeded on titanium alloy disks. After overnight 
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attachment, the culture media were replaced with M0, M1, or M2 
conditioned media. At 1, 3, 5, and 7 d time points, cell viability and 
proliferation were detected using Cell Counting Kit-8 (CCK-8, Dojindo, 
Japan) according to the manufacturer’s protocol. 

2.13. Wound healing assay 

Wound healing assay including lentivirus transduction of GFP labels 
into fibroblasts and flow-based cell sorting was as previously described 
[4,36]. To be specific, cells were seeded in each side of the box of the 
healing insert (Ibidi, Germany). Images were taken at 0, 12, 24, 36, 48, 
60 and 72 h. 

2.14. Collagen degradation assay 

The collagen degradation assay was performed as previously 
described [37]. Rat tail collagen I solution (Corning, USA) was distrib-
uted into six-well plates followed by incubation at 37 ◦C. After dehy-
dration and wash, fibroblasts were seeded and macrophage conditioned 
media were then added. After 3 days, the cells were removed and the 
cleavage of collagen was visualized by staining the remaining gels with 
Coomassie blue (Servicebio, China). The collagen degradation ability 
was assessed using ImageJ software (NIH, USA). 

2.15. Statistical analysis 

Experiments were all performed at least in 3 replicates. All the 
experimental results were shown as mean ± standard deviation (SD). 
Levels of statistical significance were determined by unpaired two-tailed 
Student’s t-test using SPSS 22.0 software (SPSS Inc., USA) unless 
otherwise stated. The significance level was set at p < 0.05. 

3. Results and discussion 

3.1. Dissection of M1 and M2 immune microenvironments and prediction 
of their potential pleiotropic effects on metal implant-soft tissue integration 

To dissect different macrophage immune microenvironments, we 
first induced M0, M1, and M2 macrophages. Successful macrophage 
phenotype switches were confirmed (Figure S1). Different morphologies 
and surface markers of M0, M1, and M2 macrophages imply their 
discrepancy in functional status. M1 macrophages tended to express 
multiple inflammatory cytokine-related genes, showing that the cells 
were in an active inflammatory regulatory phenotype (Fig. 1A). M2 
polarized macrophages not only activated the expression of chemokine- 
related genes but also upregulated the expression of various tissue 
repair-related genes, such as interleukin 4 (IL4), transforming growth 
factor-beta 1 (TGFB1), and IL12, showing that M2 macrophages were in 
a pro-tissue repair state (Fig. 1B). 

In addition, the differentially secreted cytokines after macrophage 
phenotype conversions showed four main regulatory functions: (1) 
Regulation of tissue matrix formation; (2) Regulation of cell-substrate 
adhesion; (3) Regulation of cell contraction; and (4) Regulation of the 
inflammatory response (Fig. 1D, Table S1). These functional items are 
all closely related to the biological functions of fibroblasts, suggesting 
that modulating macrophage phenotypic conversion may possess good 
potential in regulating multiple functions of fibroblasts on metal 
implants. 

M1 macrophages could significantly upregulate inflammatory cyto-
kines, including tumor necrosis factor-α (TNF-α), IL-1β, and interferon-γ 
(IFN-γ), which play an important role in promoting angiogenesis, 
lymphocyte infiltration, macrophage polarization, etc. (Fig. 1A, C and 
D). M2 macrophages secrete IL-13, platelet-derived growth factor 
(PDGF), vascular endothelial growth factor (VEGF), and other tissue 
regenerative factors, which not only have chemotactic and proangio-
genic functions but also possess a range of regulatory effects on soft 

tissue integration, such as cell adhesion, migration, and proliferation, 
suggesting their diverse regulatory potential (Fig. 1A and D). 

Interestingly, although M1 and M2 immune microenvironments 
shared some same upregulated cytokines such as CCL2, CCL7, and TIMP- 
2, functional analysis displayed their different regulatory effects on cell 
behaviors and functions. This indicates that the immune cytokines work 
together as a complex rather than independently. The regulation of 
inflammation should have a more entire view on the secreted immune 
cytokine profile, rather than targeting each individual cytokine. 

3.2. The pleiotropic effects of macrophage immune microenvironments on 
regulating multi-reparative fibroblasts 

To achieve ideal integration between hard metal materials and soft 
tissue, sufficient soft tissue matrix deposition, connective tissue cell 
adhesion, and soft tissue contraction are important regulatory targets. 
Therefore, to verify the possible pleiotropic effects of polarized 
macrophage-mediated immune microenvironments on fibroblasts, we 
investigated the tissue-material adhesion, fiber synthesis, tissue 
contraction, and immune functional changes of fibroblasts after incu-
bation in the M0, M1, or M2 immune microenvironment on smooth 

Fig. 1. Dissection of M1 and M2 immune microenvironments and prediction of 
their potential pleiotropic effects on metal implant-soft tissue integration. A) 
Gene expression of cytokines in M1 and M2 macrophages by RT–qPCR. B) 
Differentially expressed cytokines of M1 and M2 immune microenvironments 
by cytokine array. C) Elisa results of IL-1β, TNF-α, and IFN-γ in M1 and M2 
immune microenvironments. D) GO enrichment analysis concerning the bio-
logical process of M1 and M2 upregulated cytokines. Data are presented as 
means ± SD; *p < 0.05. 
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titanium surface (Figure S2). 
Fibroblasts grew well in different immune environments (Figure S3). 

Principal component analysis (PCA) and differential analysis showed 
good quality control of RNA-seq experiments, identifying a variety of 
differentially expressed genes among fibroblasts of the M0, M1, and M2 
groups (Fig. 2A, B, and C). Comprehensive classification of Gene Set 
Enrichment Analysis (GSEA) showed that the M1 immune microenvi-
ronment tremendously elicited the inflammatory response of fibroblasts, 
given the considerable proportion of enriched pathways related to 
“response to pro-inflammatory stimulus, pro-inflammatory cytokines 
production, and inflammation-related signaling” (Fig. 2E), which may 
lead to an immunoregulatory feedback loop between the fibroblasts and 
immune cells such as macrophages. 

Unlike the M1 microenvironment, which extremely promoted 
inflammation, the M2 immune microenvironment induced a pleiotropic 
effect on fibroblasts mainly involving system and organ development, 
extracellular matrix organization, cell-cell and cell-substrate junctions, 
cell junctions, and contraction (Fig. 2D). Similar to the functional 
analysis results of macrophage cytokines, fibroblasts in the M2 immune 
microenvironment were found to show valuable potential in improving 
metal soft tissue integration due to their potential in regulating the fiber 
synthesis, adhesion, and contraction function on titanium alloy in 

parallel. These functions of fibroblasts are parts of soft tissue regenera-
tion, which shared some pathways with the cluster of systems and or-
gans development. Human gingival fibroblasts have inherent stemness, 
which is the potential to differentiate into different lineages [38,39]. In 
combination with these findings, it can be speculated that the fibroblasts 
may undergo re-development of gingival tissue and reconstruct func-
tional gingival tissue under M2 environment. These results collectively 
indicate that the multifunctional changes in fibroblasts validated the 
pleiotropic regulatory effects of M1 and M2 immune microenvironments 
on metal implant-soft tissue integration. We are interested in how fi-
broblasts behave under these immune microenvironments in the way 
the immune microenvironments work. 

3.2.1. The effects of the macrophage immune microenvironment on the pro- 
tissue material adhesion function of fibroblasts 

For metal material surfaces, it is difficult for connective tissue to 
attain mechanical retention, such as osteointegration, so cell adhesion in 
metal materials is vital [40,41]. To achieve stronger adhesion on metal 
material, cells are supposed to develop focal adhesion, which connects 
actin cytoskeleton and ECM components attached to the material surface 
via integrins [42,43]. As demonstrated above, the M2 immune micro-
environment improved fibroblast adhesion ability. We further explored 
how M2 immune microenvironments regulate fibroblasts to form focal 
adhesions on metal surfaces. 

The dissection of adhesion clusters revealed enrichment of the cell- 
substrate adhesion pathway in the second rank (Fig. 3A). Further anal-
ysis of these subterms in the pathway showed increasing assembly and 
organization of cell-material junctions (Fig. 3B). To clarify the specific 
structure at the cell-substrate interface, we profiled the core genes in the 
subterms and found that focal adhesion was significantly upregulated 
(Fig. 3C). Hub gene analysis indicated that SRC, integrins, and actinin 
(ACTN) could be critical to enhance fibroblast anchorage (Fig. 3D). PCR 
further confirmed the upregulation of both membrane integrins (integ-
rin α4, α5, α10, α11, and β3) and cytoskeleton-related genes, such as 
SRC, VCL, and filamin A (FLNA) (Fig. 3E). Immunofluorescence results 
showed rising expression of focal adhesion markers VCL and integrin β1 
(Fig. 3F). The cell adhesion assay also proved that fibroblasts in the M2 
group elevated the level of strong adhesion (Fig. 3G), while the wound 
healing assay showed reduced migration ability at 72 h (Figure S4). 
These results collectively indicated the pro-adhesion effects and poten-
tially increased formation of focal adhesion of fibroblasts under the 
stimulation of M2 immune microenvironments. 

To further investigate how macrophage environments induce pro- 
adhesion effects of fibroblasts, a correlation analysis between upregu-
lated cytokines of M2 and core genes of focal adhesion in fibroblasts was 
conducted (Fig. 3H). Cytokines IL-13, VEGF-A, and tissue metal-
loproteinase inhibitor 2 (TIMP-2) in the M2 immune microenvironment 
were positively related to the core genes in focal adhesion. IL-13 can 
signal through its receptor IL-13Rα2 to enhance focal adhesion protein 
activation [44]. VEGF-A is reported to induce the recruitment of focal 
adhesion proteins, thus favoring the assembly of focal adhesion [45,46]. 
Lack of TIMP-2 leads to selective loss of integrin and compromises focal 
adhesion [47]. It can be inferred that various cytokines in the M2 im-
mune microenvironment, such as IL-13, VEGF-A, and TIMP-2, can 
enhance fibroblast expression of integrin receptors as well as SRC and 
VCL in the cytoskeleton, thus possibly inducing assembly of focal 
adhesion. Via focal adhesion, fibroblasts can better attach to the tita-
nium surface, indicating a stable and dynamic fibroblast layer as part of 
metal soft tissue integration. 

3.2.2. The effects of the macrophage immune microenvironment on the pro- 
fiber synthesis function of fibroblasts 

To achieve ideal integration between hard metal materials and soft 
tissue, the soft tissue matrix around the metal implant is the most 
essential regulatory target. The mature tissue matrix has stronger tensile 
strength, and a more stable scaffold structure can improve metal-soft 

Fig. 2. The pleiotropic effects of macrophage immune microenvironments on 
regulating the multi-reparative fibroblasts. A) Principal Component Analysis 
(PCA) of transcriptome data of fibroblasts in different immune microenviron-
ments. B) Venn diagram shows common and differential gene expression of 
fibroblasts in different immune microenvironments. C) Heatmap shows the 
differential gene expression pattern of fibroblasts in different immune micro-
environments. D) Overview of fibroblast functions in M2 immune microenvi-
ronment by clustering enriched terms of Gene Set Enrichment Analysis (GSEA). 
E) Overview of fibroblast functions in M1 immune microenvironment by clus-
tering enriched terms of GSEA. 
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tissue integration. In this process, fibroblasts play a crucial role in syn-
thesizing, secreting, and organizing various collagen fibers, which are 
the major constituents of the tissue matrix. As mentioned above, the 
macrophage immune microenvironment elicits significant effects in 
regulating soft tissue regeneration. It is of great interest to unveil how 
the immune microenvironment regulates the pro-fiber synthesis func-
tion of fibroblasts and eventually achieves metal material-soft tissue 
integration. 

Among the multiple functional effects of fibroblasts in M2 immune 
microenvironments, we found that the activation of ECM organization 
was the most significant (Fig. 4A). The most highly interconnected 
(RANK1) module in the upregulated gene network of the M2 group 
further showed enrichment of ECM organization and ribosome biogen-
esis (Fig. 4B and C). These results indicated that the biosynthetic func-
tion of fibroblasts, especially ECM protein synthesis, was highly active in 
the M2 immune microenvironment. 

To dissect what ECM constituents were actively synthesized, Gene 
Set Variation Analysis (GSVA) showed collagen fibril organization and 
biosynthetic process, and proteoglycan biosynthetic process were 
mainly active synthetic events (Fig. 4D). Moreover, the upregulated 
genes encoding the ECM of fibroblasts in the M2 group further showed a 

remarkable percentage of collagen proteins (Fig. 4E). Among the upre-
gulated genes of collagen and related proteins shown in the heatmap, we 
found collagen I, III, Ⅳ, Ⅴ, Ⅵ, Ⅺ, and Ⅻ as well as enzymes related to 
collagen biosynthesis (Figure S5), which were further confirmed by 
RT–qPCR (Fig. 4F). Collagen I, the most important collagen in the soft 
tissue matrix, was also upregulated (Fig. 4G). Sirius red staining 
demonstrated the increased formation of collagen fibers by fibroblasts in 
the M2 immune microenvironment (Fig. 4H). These results collectively 
indicated the pro-fiber synthesis effect of fibroblasts under stimulation 
of the M2 immune microenvironment. 

To further investigate how the macrophage environment affects the 
pro-fiber synthesis function of fibroblasts, a correlation analysis 

Fig. 3. The effects of macrophage immune microenvironment on the pro-tissue 
material adhesion function of fibroblasts. A) Leading terms analysis reveals 
components of the adhesion clusters, with cell-substrate adhesion at top 2. B) 
GO terms reveals subterms in cell-substrate adhesion components. C) KEGG 
analysis of cell-substrate adhesion components reveals focal adhesion is the 
most significant pathway in cell-substrate adhesion. D) Hub gene analysis of 
focal adhesion pathway in M2 group. E) RT–qPCR results confirm the up- 
regulation of genes related to focal adhesion. F) Representative immunofluo-
rescence images and semi-quantitative statistical analysis of VCL and integrin 
β1 expression of fibroblasts in M2 group. G) Cell adhesion assay reveals an 
increasing percentage of strong adhesion cells in M2 group. H) Correlation 
analysis between up-regulated cytokines of M2 immune microenvironment and 
up-regulated focal adhesion-related genes of fibroblast. Data are presented as 
means ± SD; *p < 0.05. 

Fig. 4. The effects of macrophage immune microenvironment on the pro-fiber 
synthesis function of fibroblasts. A) Gene Set Enrichment Analysis (GSEA) re-
veals the prominent enrichment of processes related to extracellular matrix in 
the top 10 up-regulated GO terms in M2 group. B) MCODE analysis reveals the 
most highly interconnected module in the up-regulated genes network of M2 
group. C) ClueGO analysis reveals the GO enrichment of the genes from the 
RANK 1 module. D) Gene Set Variation Analysis (GSVA) reveals the enriched 
events related to ECM proteins synthesis in terms of biological process, cellular 
component, and molecular function. E) Analysis based on matrisome database 
shows the types and quantities of up-regulated ECM-related proteins of M2 
group, in which collagen proteins account for the largest proportion. F) 
RT–qPCR results verify the up-regulation of collagen and other ECM genes of 
fibroblasts in M2 group. G) Representative immunofluorescence images and 
semi-quantitative statistical analysis of collagen I expression of fibroblasts in 
M2 group. H) Sirius red staining and semi-quantitative statistical analysis of 
collagen fibers of fibroblasts in M2 group. I) Correlation analysis between up- 
regulated cytokines of M2 immune microenvironment and up-regulated 
collagen-related genes of fibroblast. Data are presented as means ± SD; *p 
< 0.05. 
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between upregulated cytokines from the M2 immune microenvironment 
and upregulated collagen-related genes of fibroblasts was carried out. 
Intercellular adhesion molecule (ICAM-1), C–C motif chemokine ligand 
22 (CCL22), CCL5, IL-13, TIMP-2, VEGF-A, CCL13, and chemokine (C-X- 
C motif) ligand 7 (CXCL7) from the M2 immune microenvironment were 
positively associated with collagen synthesis gene expression in fibro-
blasts (Fig. 4I). Among these factors, CCL22 produced by macrophages 
can increase ECM deposition to promote wound healing [48]. IL-13 is 
reported to play a role via extracellular signal-regulated kinase (ERK) to 
activate type I collagen production [49]. CCL5 can stimulate fibroblasts 
to produce striated collagen Ⅵ [50]. These results collectively indicated 
that in the M2 immune microenvironment, especially in the presence of 
multiple cytokines, such as CCL22, IL-13, and CCL5, fibroblasts tend to 
synthesize collagens and organize into collagen fibers that improve the 
tensile strength of the ECM. The newly formed mature ECM built up a 
more stable scaffold for metal materials and soft tissue integration. This 
new soft tissue integration with metal materials establishes mechanical 
and biological barriers against deleterious stimuli, allowing hard metal 
implants to easily coexist with soft tissue. 

In addition, fibroblasts expressed multiple types of collagens with 
parallel bundles appearance [51]. Similar to fetal wound healing, the 
high level of collagen III endowed the new fiber network with superi-
ority of tensility, flexibility, and softness [52]. These indicate that the 
fiber synthesis of fibroblasts was closer to normal wound healing rather 
than fibrosis. Notably, the balance between collagen synthesis and 
degradation determines the extent of collagen deposition and the 
resulting rehabilitation of tissue. Therefore, since fibroblasts in M2 im-
mune microenvironment had enhanced collagen synthesis, we took 
further exploration into the collagen degradation of fibroblasts in M2 
group. As a result, in our gene set enrichment analysis of fibroblast 
transcriptome (Figure S6A), the collagen degradation process was not 
significantly enriched in M2 group. Gene set variation analysis also 
showed the enrichment of multiple extracellular matrix biosynthetic 
processes coupled with only one degradation process, i.e., the elastin 
catabolic process (Fig. 4D). Collagen degradation assay and RT-qPCR 
further confirmed the results (Figure S6B and S6C). These implied that 
collagen synthesis and degradation balance is shifted towards the syn-
thesis extreme in M2 immune microenvironment. 

3.2.3. The effects of the macrophage immune microenvironment on the pro- 
tissue contraction function of fibroblasts 

For metal material integration, fibroblasts play an important role in 
mediating soft tissue contraction and wound closure to ensure the ideal 
integration of materials and prevent bacterial invasion and excessive 
inflammatory responses [32,53]. To achieve this aim, fibroblasts should 
differentiate into myofibroblasts, which are rich in α-smooth muscle 
actin (actin alpha 2, ACTA2 gene)-like smooth muscle cells. Differenti-
ated myofibroblasts can generate stress fibers and produce contractile 
forces [54]. As mentioned above, the macrophage immune microenvi-
ronment elicits significant effects in regulating tissue contraction. It is of 
great interest to unveil how the immune microenvironment regulates 
the tissue contraction function of fibroblasts and myofibroblast 
differentiation. 

From the enrichment results, we found large numbers of upregulated 
genes in the M2 immune microenvironment related to muscle system 
processes, contractile fiber, and actomyosin, which were further 
enriched in muscle contraction (Fig. 5A and B). To dissect how this 
immune microenvironment regulates the contraction function of fibro-
blasts, the most highly interconnected module in muscle contraction- 
related genes (Fig. 5C) showed that smooth muscle contraction was 
the most significant event (Fig. 5D). GSEA further showed that smooth 
muscle contraction was significantly upregulated, with core genes 
including ACTA2 (Fig. 5E). Smooth muscle contraction-related genes, 
including ACTA2, actin gamma 2 (ACTG2), caldesmon 1 (CALD1), 
myosin light chain 9 (MYL9), MYH11, leiomodin 1 (LMOD1), and VCL, 
were further verified by RT–qPCR, which confirmed that these genes 

were upregulated in the M2 group and that ACTA2 was the most 
significantly upregulated gene (Fig. 5F). Immunofluorescent staining of 
α-SMA further confirmed its upregulation (Fig. 5G). The collagen gel 
contraction assay demonstrated stronger collagen contractile forces in 
the M2 group (Fig. 5H). These results collectively indicated the pro- 
tissue contraction effect and the potential myofibroblast differentia-
tion of fibroblasts under stimulation of the M2 immune 
microenvironment. 

To further investigate how the macrophage environment affects the 
pro-tissue contraction function of fibroblasts, a correlation analysis be-
tween upregulated cytokines from the M2 immune microenvironment 
and upregulated contraction-related genes of fibroblasts was carried out. 
IL-13, TIMP-2, CCL22, CCL5, ICAM-1, VEGF-A, CCL13, and CXCL7 from 
the M2 immune microenvironment were positively associated with the 

Fig. 5. The effects of macrophage immune microenvironment on the pro-tissue 
contraction function of fibroblasts. A) Leading terms analysis reveals the 
contraction terms clustered. B) Reactome enrichment analysis of muscle system 
process, contractile fiber, and actomyosin. C) MCODE analysis reveals the top 3 
highly interconnected modules in the up-regulated genes network of muscle 
contraction. D) Reactome enrichment analysis of the genes from the RANK 1 
module. E) Gene Set Enrichment Analysis (GSEA) confirms upregulation of 
smooth muscle contraction event and the heatmap shows the core genes. F) 
RT–qPCR results show the up-regulation of contraction-related genes of fibro-
blasts in M2 immune microenvironment. G) Representative immunofluores-
cence images and semi-quantitative statistical analysis of α-SMA expression of 
fibroblasts in M2 group. H) Collagen gel assay and semi-quantitative statistical 
analysis verifies the enhanced contraction ability of fibroblasts in M2 group. I) 
Correlation analysis between up-regulated cytokines of M2 immune microen-
vironment and up-regulated contraction-related genes of fibroblast. Data are 
presented as means ± SD; *p < 0.05. 
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contraction gene expression of fibroblasts (Fig. 5I). Among these factors, 
IL-13 is reported to induce the expression of both α-SMA and desmin, 
two known markers for myofibroblasts, and further promote collagen 
contraction [55,56]. TIMP-2 can also activate fibroblasts into contractile 
myofibroblasts to remodel the ECM at lower concentrations [57]. A lack 
of VEGF-A is crucial for decreased neoangiogenesis and myofibroblast 
accumulation [58]. These results collectively indicate that multiple cy-
tokines from the M2 immune microenvironment, such as IL-13, TIMP-2, 
and VEGF-A, can promote ACTA2, ACTG2, MYH11, and MYL9 expres-
sion in fibroblasts to assemble the contractile apparatus of smooth 
muscle. This results in the differentiation of fibroblasts to myofibroblasts 
and further induces contractile forces. The contractile force can resist 
soft tissue mobility, fix soft tissue on metal materials and reinforce soft 
tissue seals, thus improving metal material-soft tissue integration. 

3.2.4. The effects of the macrophage immune microenvironment on the 
immune functions of fibroblasts 

In addition to its multiple functions in tissue repair, fibroblasts are 
also reported to act as both immunoregulatory cells regulating inflam-
mation and inflammatory cells that actively participate in inflammation 
[59,60]. As mentioned above, upon stimulation of the M1 immune 
microenvironment, fibroblasts demonstrate significant immune-related 
features. Therefore, we further analyzed fibroblast immune functions 
under M1 microenvironment activation. 

Leading terms of the immune-related cluster indicated that activated 
fibroblasts demonstrated multiple immunoregulatory effects, including 
chemotaxis, differentiation, proliferation, activation, and immune ef-
fects of various immune cells (Fig. 6A). Granulocyte migration appears 
to be the most significant pathway. Granulocytes are key effectors of the 
innate response that identify, ingest and destroy pathogens during early 
and acute inflammation [61,62]. Core gene analysis of the pathway 
further revealed upregulation of various CXC motif chemokine ligands 
and CC chemokines (Fig. 6B). CXC and CC chemokines are potent che-
moattractants that recruit not only granulocytes but also macrophages, 
NK cells, and dendritic cells [63]. These results collectively indicate that 
fibroblasts might take an active part in the innate response via secreting 
chemokines to recruit immune cells. 

We then reviewed the leading terms related to the immune response 
and found that the pathway named “regulation of innate immune 
response” was also enriched (Fig. 6C), which further confirms our hy-
pothesis. GSEA also confirmed the upregulation of the regulation of the 
innate immune response (Fig. 6D). Functional analysis of its core genes 
revealed that fibroblasts might actively participate in cytokine signaling 
in the immune system (Fig. 6E). Core gene analysis demonstrated 
fibroblast upregulation of multiple innate immune-related genes, such 
as interferon regulatory factor (IRF) and signal transducer and activator 
of transcription (STAT) (Fig. 6F). Interestingly, active IRF and STAT are 
hallmarks of IFN-γ/LPS-activated macrophages, and M1 macrophages 
react to pathogens [64], which suggests that fibroblasts in M1 immune 
microenvironments tend to enhance the M1-like innate immune 
response, amplifying the origin of M1 proinflammation. RT–qPCR 
further confirmed the fibroblast upregulation of CXC chemokines for 
granulocyte migration and IL18, TNF and IRF1, STAT1 for innate im-
munity (Fig. 6G). 

To determine the cytokines that change fibroblasts, leading terms 
were overviewed so that we found that pathways related to the response 
to IFN, chemokines, TNF, and IL-1 were enriched (Fig. 6H). Correlation 
analysis between M1 upregulated cytokines and fibroblast core genes 
further confirmed that IFN-γ, IL-1β, TNF-α, CXCL9, and CCL8 in the M1 
immune microenvironment were positively related to the core genes in 
both events (Fig. 6I). We can infer that the M1 immune microenviron-
ment turned fibroblasts not only into immunoregulatory-like cells that 
secrete CXCL9, CXCL10, and CXCL11 to recruit innate immune cells but 
also into immune-like cells that express IRF and STAT to amplify M1 
dominant inflammation. In addition, this possible inflammation- 
amplification effect of fibroblasts implies the existence of an 

inflammatory-fibrous complex. 

3.3. Implications for the modulation of inflammatory-fibrous complexes 
to advance metal soft tissue material development 

Metal material implantation could inevitably trigger inflammatory- 
fibrous responses, of which macrophages and fibroblasts play a key 
role, after implantation. In this study, we dissected the multidirectional 
functional response of fibroblasts in macrophage-mediated immune 
microenvironments and showed their interactive relationship as a 
complex rather than separate behavior. M1 macrophages can regulate 
the expression of a variety of immune-related transcription factors of 
fibroblasts and endow them with an inflammatory regulatory pheno-
type, and fibroblasts could, in turn, affect the function of a variety of 
innate immune cells, including macrophages, by releasing chemokines. 
M2 macrophage-fibroblast responses manifest as relatively weak 

Fig. 6. The effects of macrophage immune microenvironment on the immune 
function of fibroblasts. A) Leading terms analysis reveals the upregulation of 
granulocyte migration. B) Hub gene analysis reveals enrichment of various 
chemokines for innate immune. C) Leading terms analysis shows the most 
significant enrichment of regulation of innate immune response. D) Gene Set 
Enrichment Analysis (GSEA) analysis confirms the upregulated event of regu-
lation of innate immune response. E) KEGG analysis reveals cytokine-related 
signaling pathway in M1 group. F) Hub gene analysis of the term of innate 
immune response. G) RT–qPCR confirms the upregulation of chemokines, in-
flammatory factors, and innate immune genes in M1 group. H) Leading term 
analysis reveals IFN, chemokines, TNF and IL-1 possibly contributed to fibro-
blasts’ immune function in M1 group. I) Correlation analysis between up- 
regulated cytokines of M1 immune microenvironment and up-regulated im-
mune-related genes of fibroblast. Data are presented as means ± SD; *p < 0.05. 
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immune feedback and strong terminal effects, which significantly 
regulate the multifaceted functions of fibroblasts, including collagen 
secretion, adhesion, contraction, etc., thus affecting the fibrous response 
of materials. 

As M1 and M2 macrophages are intermingled and dynamically 
balanced in the macrophage response mediated after material implan-
tation, the interactions between macrophages and fibroblasts and their 
mixing behaviors could be more intricate and complex and may be 
beyond current comprehension. Inflammatory-fibrous responses after 
material implantation are more like a complex containing various cells, 
such as fibroblasts and M1 and M2 macrophages, as well as their delicate 
interactions. Immune microenvironment changes usually occur with the 
changes of multiple regulatory cytokines. Upon the stimulation of multi- 
signal, fibroblasts would demonstrate multi-functional changes, unlike a 
simple function change elicited by one single cytokine. Such interactions 
and the balance of multiple modes in this intertwining complex deter-
mine the reaction characteristics of the complex and mediate the 
outcome of the material reaction. How to comprehensively understand 
the characteristics and function of the inflammatory-fibrous complex 
and further regulate its behavior should be a crucial scientific question 
in metal soft tissue material biology. 

This “inflammatory-fibrous complex” concept is of great significance 
for advancing the development of metal soft tissue materials (Scheme 2). 
Our study also shows that the regulation of the inflammatory-fibrous 
complex has an important positive potential in shaping soft tissue 
integration. An inflammatory-fibrous complex modulation-based strat-
egy may significantly improve metal and soft tissue integration and 
promote the research and development of metal soft tissue materials. We 
should bear in mind that the immune cells and fibroblast closely 
interact, and the regulation should be targeted in the complex rather 
than one single cell type. We can tune the surface physical-chemical 
properties of metal soft tissue materials to manipulate the immune 
environment, thus regulating fibrous response. We can also regulate the 
immune environment to improve soft tissue integration on the same 
metal surface as we did in this study. Take dental implant abutment as 

an example. The surface properties of the abutment can be modified to 
induce a favorable immune microenvironment to improve gingival 
fibroblast-mediated soft tissue integration. The optimal aim is to 
enhance the immune response against the external stimulus and facili-
tate better soft tissue integration, contributing to wide and flexible ap-
plications prospects. 

Due to the important roles of macrophages and fibroblasts in the 
response to metal materials, we have limited research subjects on 
macrophages and fibroblasts. However, this does not mean that 
macrophage is the only cell involved. The results should be more 
complicated. Other immune cells, such as lymphocytes, neutrophils, 
mast cells, etc. should participate in this inflammatory-fibrous response, 
which needs to be investigated in the future. In addition, the cytokine 
secretion protein confirmation assay is hard to be carried out due to the 
disturbance of original M1 cytokines in the conditioned medium. 
Applying indirect Transwell co-culture to investigate their interaction 
could be a solution to thoroughly dissect the cytokine secretion from 
each cell. 

4. Conclusion 

By tuning macrophage polarization, the multi-reparative aspects of 
fibroblasts on titanium metal surfaces can be modulated. In M1 immune 
microenvironments, fibroblasts appeared to aggravate inflammation in 
a positive loop, whereas in M2 immune microenvironments, fibroblasts 
develop better soft tissue regeneration, adhesion to metal materials, and 
contraction, which can contribute to favorable metal material-soft tissue 
integration. Immune cells and fibroblasts work together as a complex. 
Educating macrophages to modulate fibroblasts is an effective approach 
to regulate the inflammatory-fibrous complex, thus improving soft tissue 
integration. 
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