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Abstract

Macrophages are among the first cells to interact with biomaterials and ultimately determine their 

integrative fate. Biomaterial surface characteristics like roughness and hydrophilicity can activate 

macrophages to an anti-inflammatory phenotype. Wnt signaling, a key cell proliferation and 

differentiation pathway, has been associated with dysregulated macrophage activity in disease. 

However, the role Wnt signaling plays in macrophage activation and response to biomaterials is 

unknown. The aim of this study was to characterize the regulation of Wnt signaling in 

macrophages during classical pro-and anti-inflammatory polarization and in their response to 

smooth, rough, and rough-hydrophilic titanium (Ti) surfaces. Peri-implant Wnt signaling in 

macrophage-ablated (MaFIA) mice instrumented with intramedullary Ti rods was significantly 

attenuated compared to untreated controls. Wnt ligand mRNA were upregulated in a surface 

modification-dependent manner in macrophages isolated from the surface of Ti implanted in 

C57Bl/6 mice. In vitro, Wnt mRNAs were regulated in primary murine bone-marrow-derived 

macrophages cultured on Ti in a surface modification-dependent manner. When macrophageal 

Wnt secretion was inhibited, macrophage sensitivity to both physical and biological stimuli was 

abrogated. Loss of macrophage-derived Wnts also impaired recruitment of mesenchymal stem 

cells and T-cells to Ti implants in vivo. Finally, inhibition of integrin signaling decreased surface-

dependent upregulation of Wnt genes. These results suggest that Wnt signaling regulates 

macrophage response to biomaterials and that macrophages are an important source of Wnt 

ligands during inflammation and healing.
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1. Introduction

Successful integration of implanted biomaterials with the surrounding tissue is dependent on 

prompt resolution of inflammation and recruitment of stem cells that generate new tissue at 

the biomaterial-tissue interface. Important steps in this process include debridement, 

angiogenesis, differentiation of progenitor cells, generation of new tissue, and remodeling 

[1]. Macrophages, highly plastic members of the innate immune system, play a longitudinal 

role in the injury and healing response of many tissues, including bone [2,3]. Local tissue 

injury at the biomaterial implantation site spurs the recruitment of neutrophils and 

macrophages via damage-associated molecular patterns, cytokines, and chemokines. Once at 

the site, these cells clear cellular debris by phagocytosis [4]. Following removal of these pro-

inflammatory signals, the immunological response can either subside as healing and 

regeneration begin or intensify as chronic inflammation [5]. Macrophages orchestrate this 

process by controlling cytokines in the injury microenvironment [3,5,6], recruiting 

progenitor cells and adaptive immune cells [7–10], acting as antigen-presenting cells in the 

presence of danger stimuli [11], and by remodeling extracellular matrix [12–14].

We and others have shown that biomaterial surface characteristics affect cellular response. 

We have demonstrated that roughened titanium (Ti) induces osteogenic differentiation of 

mesenchymal stem cells (MSCs) in vitro and leads to more rapid osseointegration in vivo 
than smooth implants [15–18]. Our group has also found that macrophages play a key role in 

enhancing osseointegration of roughened Ti implants. Roughened Ti causes anti-

inflammatory macrophage polarization and increased production of transforming growth 

factor beta 1 (TGF-β1), interleukin (IL) 10, and arginase; this phenotypic change may be 

further enhanced by increasing the hydrophilicity of these roughened surfaces [19,20]. 

However, the majority of the work investigating macrophage response to biomaterials in 
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bone-dwelling implants has focused exclusively on M1/M2 polarization and the release of 

pro-and anti-inflammatory cytokines [4,21–24]; other classes of secreted factors have not 

been well-explored.

Wnt ligands are a novel class of secreted signaling molecules that are essential to 

osseointegration [25–27], but whose source during bone healing is unclear. Wnt ligands are 

lipid-modified glycoproteins traditionally associated with differentiation and proliferation 

processes during morphogenesis and cancer [28–34]. Recently, Wnts have also been shown 

to be present in the microenvironment at early stages after injury and wound healing [35–

38]. These molecules are first palmitoleate modified by Porcupine (Porcn) in the 

endoplasmic reticulum (ER), allowing them to be bound to Wntless (Wls, GPR177) and 

subsequently trafficked to the Golgi apparatus [39]. Wnt signaling has been traditionally 

classified as canonical or non-canonical signaling. Canonical, β-catenin-dependent signaling 

leads to activation of T-cell factor/lymphoid enhancer factor (TCF/LEF), while non-

canonical signaling is β-catenin-independent and can result in cytoskeletal rearrangement 

(planar cell polarity pathway) or release of calcium as a second messenger (Wnt-Ca2+ 

pathway). Early study of Wnts in macrophages suggested that macrophages possess the 

molecular machinery for Wnt signaling and that Wnt signaling alters macrophage activity, 

including cytokine production and phagocytosis [40]. In addition, canonical Wnt signaling 

can limit excessive pro-inflammatory activation due to pathogen-associated molecular 

patterns [41]. In the biomaterial context, the likely mechanism of response to physical cues 

is through integrin signaling, and a number of studies have linked integrin activation to Wnt 

signaling. For example, Du et al demonstrated that ECM stiffness enhanced integrin/focal 

adhesion kinase activation, which induced Wnt1 expression in MSCs [42]. Similarly, 

integrin α5β1 binding to high affinity ECM ligands induced MSC osteoblastic 

differentiation [43]. Conversely, in T cells, activation of canonical Wnt signaling was found 

to induce integrin α4β1 and a more pro-inflammatory cellular phenotype [44]. These 

findings suggest that crosstalk between integrin/focal adhesion kinase and Wnt signaling 

occurs in various cell types and activation of these pathways regulates phenotypic change.

Studies of Wnt signaling in macrophages suggest that ligands from innate immune cells are 

critical regulators of normal tissue development [31,32], and also appear to play a role in 

regulating healing and regeneration in a variety of tissues. Inhibition of Wnt signaling can 

improve cardiac remodeling in infarct models [45–48]. Conversely, in a mouse hepatic 

fibrosis model, loss of macrophage Wnt signaling exacerbated the fibrotic response by 

consequent loss of matrix metalloproteinase activity [36]. These studies underscore the 

importance of macrophage Wnt signaling in tissue healing. While the characterization of the 

immunological response to implanted biomaterials has expanded in recent years, a paucity 

of useful measurements has hampered the field’s ability to determine or predict the efficacy 

of new materials, especially during the transition from in vitro to in vivo studies. Newly 

discovered cues in physiologic healing, such as measuring Wnt secretion by macrophages, 

may serve as novel and more predictive markers of the inflammatory response to 

biomaterials. Furthermore, exploration the role of macrophage Wnt signaling in healing may 

reveal this signaling pathway to be a novel target for implants.
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In this study, we sought to characterize Wnt signaling in macrophages in the response to 

biomaterial surface properties during osseointegration. We explored the contribution of 

macrophages to Wnt signaling in peri-implant tissue, how secretion of Wnt ligands is 

regulated in response to Ti surface cues in vitro and in vivo, how macrophages may serve as 

an autocrine target of Wnt signaling, and the importance of Wnt ligands to macrophages in 

their recruitment of other cell types.

2. Materials and Methods

2.1 Mouse Femoral Implant

Animal experiments were carried out in accordance with a protocol approved the Virginia 

Commonwealth University Institutional Animal Care and Use Committee (AD10001108). 

For in vivo studies, 10–12-week-old male mice C57BL/6 (Jackson Strain #000664) were 

anesthetized using isoflurane/O2 gas and monitored for unconsciousness by pedal reflex. 

The skin overlaying the knee was opened and the patellar tendon was bisected longitudinally 

using a scalpel and retracted to reveal the femoral condyles. A dental drill was used to access 

the medullary canal and a cylindrical Ti implant (Ø= 1mm) with a rough or rough-

hydrophilic (rough-hydro) surface was then press fit, with placement confirmed by x-ray 

(n=6 mice per sham, rough implant, or rough-hydro implant condition). Mice were 

administered 1mg/kg buprenorphine SR LAB prior to recovery from anesthesia to relieve 

post-operative pain for 72 hours. Animals were monitored until initial ambulation and every 

24 hours afterwards. All animals had access to food and water ad libitum for the duration of 

the study. No signs of infection were present in this study.

Mice were euthanized by CO2 asphyxiation at 1, 3, or 7 days post-operatively, and femoral 

bones were harvested. To isolate peri-implant tissue, femurs were cut mid shaft, and the 

implant and surrounding marrow were flushed using Accutase (Innovative Cell 

Technologies, San Diego, CA). Following 20-minute incubation in Accutase at 37°C, cells 

were pelleted and resuspended either in TRIzol™ Reagent (Thermo Fisher Scientific, 

Waltham, MA, USA) for quantitative real-time polymerase chain reaction (qPCR), in 

MojoSort Buffer (BioLegend, San Diego, CA) for magnetic sorting, or in 1% bovine serum 

albumin in PBS (staining buffer) for flow cytometry analysis as described below.

2.2 Macrophage Ablation

Macrophages were ablated in male C57BL/6-Tg(Csf1r-EGFP-NGFR/FKBP1A/

TNFRSF6)2Bck/J mice, also known as macrophage Fas Ligand-induced apoptosis (MaFIA) 

mice (Jackson Strain #005070). MaFIA mice (10–12 weeks old) were treated with 5mg/kg 

AP20187 (Takara Bio USA) in 1% DMSO + 10% PEG-400 + 2% Tween-80 in sterile water 

daily for 3 days, then every other day through the end of the study to induce dimerization of 

Fas and subsequent apoptosis in colony stimulating factor 1 receptor promoter (Csf1r)-
expressing cells [49]. Untreated age-and sex-matched MaFIA mice were used as controls.

2.3 Csf1r-iCre; Wls−/− Mouse

FVB-Tg(Csf1r-cre/Esr1*)1Jwp/J (Jackson Strain # 019098) mice containing a tamoxifen-

inducible Csf1r-iCre allele were crossed with 129S-Wlstm1.1Lan/J (Jackson Strain # 
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012888) mice to produce Csf1r-iCre+; Wlsfl/fl mice. Prior to experimental use, animals were 

injected for five consecutive days with 100 μL of 20 mg/mL tamoxifen in corn oil to induce 

Cre-mediated knockout of Wls. For in vitro experiments, macrophages were grown from 

harvested marrow as described in section 2.6 after five days of tamoxifen exposure; 

macrophages for control groups were isolated from Csf1r-iCre+; Wlsfl/fl mice that were not 

injected with tamoxifen. For in vivo experiments, mice underwent instrumentation as 

described in 2.1 after five days of tamoxifen exposure; Csf1r-iCre-; Wlsfl/fl littermates 

injected concommitantly with tamoxifen were used as controls.

2.4 Gene Expression

mRNA was extracted from tissue or cells using TriZol, and 1ug RNA was converted to 

cDNA using iScript cDNA synthesis kit (BioRad, Hercules, CA). qPCR using pre-designed 

PrimePCR™ primers and SsoAdvanced Universal SYBR green supermix (BioRad) was 

performed to assess gene expression (Supplemental Table 1). Differences were determined 

by 2-ΔΔCT analysis calculated using endogenous housekeeping gene (Gapdh) and respective 

controls.

2.5 Magnetic Cell Separation

Macrophages were isolated using MojoSort mouse anti-allophycocyanin (APC) magnetic 

nanobeads (BioLegend). Single-cell suspensions from peri-implant tissue were incubated 

with rat anti-mouse CD11b-APC (BioLegend) for 15 minutes on ice. Following washing, 

CD11b-APC-stained macrophages were incubated with anti-APC magnetic nanobeads for 

15 minutes on ice and washed again. Magnetic bead-conjugated cells were isolated by 

positive selection using the provided MojoSort magnet. Finally, cells were suspended in 

TRIzol for mRNA extraction and subsequent qPCR.

2.6 Cell Isolation

For in vitro studies, primary murine macrophages were differentiated from bone marrow 

harvested from 10–12-week-old male C57Bl/6 or Csf1r-iCre+; Wlsfl/fl mice (Jackson). Mice 

were euthanized by CO2 asphyxiation, and femoral and tibial bones were then opened with 

scissors and flushed with PBS. The resultant marrow was treated with ACK lysis buffer 

(Thermo Fisher Scientific) and plated in tissue culture flasks. Naïve macrophages were 

generated by culturing cells in DMEM (Thermo Fisher Scientific) supplemented with 10% 

fetal bovine serum (Thermo Fisher Scientific), 50 U/mL penicillin-50 μg/mL streptomycin 

(Thermo Fisher Scientific), and 30 ng/mL murine recombinant macrophage colony 

stimulating factor (M-CSF, PeproTech, Rocky Hill, NJ) for seven days. Cells were then 

detached with Accutase and plated onto modified Ti surfaces or tissue culture polystyrene 

(TCPS) in 24-well plates for subsequent experiments.

2.7 In Vitro Surface Studies

Naïve macrophages were seeded at a density of 50,000 cells/cm2 on TCPS or 15mm-

diameter smooth, rough, or rough-hydro grade 2 unalloyed Ti disks (Institut Straumann AG, 

Basel, Switzerland) in 24-well plates as previously described [20,50] (n=6 per surface 
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condition). Cells were cultured for 12 hours, and then mRNA levels of canonical and non-

canonical Wnt ligands, receptors, and related proteins measured by qPCR.

2.8 Recombinant Wnt Treatment

Naïve macrophages were plated on tissue culture polystyrene (TCPS) and treated with 100 

ng/mL of recombinant Wnt3a, −5a, −5b, −7a, −9b, and −11 (R & D Systems, Minneapolis, 

MN) for 24 hours. Cells were harvested using TriZOL for subesquent qPCR as described 

above. Conditioned media was collected and secretion of Il-1b, Il-4, Il-6, Il-10, Il-12, Tnf-α, 

and CXCL10 was measured by enzyme-linked immunosorbent assay (ELISA) (PeproTech, 

Rocky Hill, NJ). Protein secretion was normalized to DNA content measured in cell lysate 

(Quant-IT™ PicoGreen dsDNA Assay, Thermo Fisher Scientific).

2.9 Inhibition of Macrophage Wnt Signaling

Wnt signaling was inhibited pharmacologically using Wnt-C59 (Cayman Chemical, Ann 

Arbor, MI), a small molecule inhibitor of Porcn activity that blocks the palmitoleation of 

Wnt proteins and their transport from the endoplasmic reticulum. Following 7 days of 

culture with MCSF, macrophages were treated with 500 μM Wnt-C59 or vehicle (dimethyl 

sulfoxide, DMSO) while being plated on surfaces. This concentration was chosen based on 

inhibition of Wnt3a and −5a secretion by macrophages as measured by direct ELISA 

(Supplemental figure 1). In a second experiment, Wnt ligand secretion was inhibited 

genetically in macrophages by knockout of Wls using Csf1r-iCre+; Wlsfl/fl mice (described 

in section 2.3). Following treatment with tamoxifen, marrow from Csf1r-iCre+; Wlsfl/fl mice 

was cultured with M-CSF for seven days before being sub-passaged onto surfaces. Wnt-

inhibited macrophages were exposed to M1polarizing stimulus (100 ng/mL Escherichia coli 
lipopolysaccharide, Sigma-Aldrich, St Louis, MO) [51–53], M2-polarizing stimulus 

(20ng/mL IL-4 and IL-13, PeproTech) [53,54], or modified surface stimuli (smooth, rough, 

rough-hydro) for 24 hours and subsequently harvested for qPCR or ELISA.

2.10 Rescue of Surface Polarization by recombinant Wnt Ligands

To assess the capability of Wnt ligands to rescue surface-mediated macrophage polarization, 

macrophages were first treated with 500uM Wnt-C59 and subsequently cultured on TCPS, 

smooth, rough-hydrophilic surfaces for 2 hours. Next, macrophages on smooth surfaces 

were treated with 100ng/mL recombinant Wnt3a, −5a, −7a, or −9b while macrophages on 

rough-hydrophilic surfaces were treated with 100ng/mL recombinant Wnt5b, −7a, −9b, or 

−11. After 24 hours, conditioned media were collected, and IL-1β, IL-6, IL-12(p40), 

CXCL-10, TNF-α, IL-4, and IL-10 were measured by ELISA.

2.11 Loss of Macrophage Wnt Signaling In Vivo

To inhibit global Wnt secretion, mice were injected intraperitoneally with 50 mg/kg Wnt-

C59 dissolved in a 5% DMSO, 30% PEG300, 1% Tween80, 64% PBS solution for 3 

consecutive days prior to implantation, and every other day following surgery. To inhibit 

macrophageal Wnt secretion, Csf1r-iCre+; Wlsfl/fl mice were injected with tamoxifen for 5 

consecutive days prior to implantation. Seven days after surgery, mice were euthanized. 
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Cells were detached from the implant surface into single cell suspension using Accutase and 

washed with staining buffer for staining and flow cytometric analysis.

Prior to fluorescent staining, Fc receptors were blocked by incubation with anti-CD16/32 

(BioLegend) to prevent non-specific binding of subsequent fluorescent antibodies 

(BioLegend). After incubation and washing, cell suspensions were incubated with 

fluorescent antibodies to identify macrophages (CD45+/CD68+/CD11b+), pro-inflammatory 

macrophages (CD45+/CD68+/CD80+), anti-inflammatory macrophages (CD45+/CD68+/

CD206+), MSCs (CD11b-/Sca-1+/CD105+), CD4 T-cells (CD3+/CD4+), and CD8 T-cells 

(CD3+/CD8a+). Stained cell suspensions were analyzed using a Guava® easyCyte 6–2L 

Benchtop Flow Cytometer (MilliporeSigma, Burlington, MA) using a total of 5000 events 

per sample (n=6/group). Results were analyzed using FlowJo software.

2.12 Regulation of Wnt Genes by Focal Adhesion Kinase

To identify the mechanism by which surface cues induce Wnt-dependent differentiation, 

macrophages were pre-treated with PF-573228 (Cayman Chemical), a small molecule ATP-

competitive FAK inhibitor, at a dose of 5uM [44]. They were then cultured on surfaces with 

fresh media and inhibitor for 24 hours prior to harvest and RNA extraction for qPCR.

2.13 Statistical Analysis

Data for in vivo studies are presented as mean ± SD of n=6 mice per surface, while in vitro 
studies are presented as the mean ± SD of n=6 culture samples per exposure. Gene 

expression is presented as “fold-change” (2-ΔΔCt) compared to Gapdh housekeeping gene 

(Δ1) and to untreated TCPS controls (Δ2), while protein production is normalized to DNA 

quantity in each sample. Statistical analysis was performed in Prism Graphpad V7 software. 

Single-factor, equal variance ANOVA was used to ensure samples within groups were not 

significantly different (α=0.05). Once the resulting p-value within sample groups was found 

to be insignificant, multiple comparisons were made between groups using Tukey’s HSD 

test.

3. Results

3.1 Ablation of macrophages in vivo attenuates Wnt ligand expression in peri-implant 
tissue

To measure the contribution of macrophages to Wnt signaling in peri-implant tissues, 

MaFIA mice underwent macrophage ablation by treatment with AP20187 and received 

rough or rough-hydro femoral Ti implants. In vivo, Wnt ligand mRNA was higher in peri-

implant tissues in mice instrumented with rough-hydro implants than rough-hydrophobic Ti 

implants at 1d and 3d (Figure 1). Ablation of macrophages in MaFIA mice yielded 

dramatically lower levels of Wnt ligand mRNA in peri-implant tissue compared at 1d, 3d, 

and 7d compared to control mice. These results demonstrate that macrophages contribute 

significantly to the milieu of Wnt ligands at the implant site, and loss of macrophage Wnt 

ligands affects Wnt signaling within peri-implant tissue during both immune cell-

predominant (1–3d) and early osteogenic (7d) time points, which were determined by peri-

implant tissue gene expression of hematopoietic markers and MSC markers (Supplemental 
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figure 2). These findings suggest that the loss of macrophages alters microenvironmental 

Wnt signaling during the transition from inflammation to osteogenesis.

3.2 Surface properties induce differential Wnt signaling in macrophages in vivo

To understand how surface properties alter macrophage Wnt expression in vivo, C57Bl/6 

mice were instrumented with rough or rough-hydro Ti intramedullary femoral implants, and 

macrophages were isolated from harvested implants 1d or 3d post-operatively. 

Quantification of mRNA for several Wnt genes revealed surface modification-dependent 

upregulation (Figure 2). Nearly all Wnt genes were upregulated from rough to rough-hydro 

surfaces, but the highest were Wnt3a. −4, −5a, −5b, −9a, −11, −16. These findings suggest 

that Wnt genes and their products serve an early inflammatory purpose in the context of 

bone-dwelling implants and are regulated by physical cues.

3.3 Surface modifications alter macrophage Wnt signaling-related gene expression

To characterize the effect of smooth, rough, and rough-hydro surface modification on 

macrophage Wnt signaling in vitro, mRNA for Wnt ligands, production of ligands, 

receptors, antagonists, and downstream mediators of Wnt signaling in macrophages was 

quantified. The presence of surface modifications significantly altered several genes related 

to Wnt signaling: 16 genes were upregulated on smooth, 26 on rough, and 29 on rough-

hydro surfaces (Figure 3A). Wnt1, −3a, −5a, −5b, −11, and −16 were upregulated in a 

surface-dependent manner like that found in vivo (Figure 3B). Wnt signaling-related genes 

Fzd2, −6, −7, −8, −9, Ror2, Axin2, Prickle, Vangl2, Dvl1, −2, −3, and Dkk1 were regulated 

in a similar fashion. Conversely, expression of Fzd4, −5, Lrp5, Lrp6, Ctnnb1, Dkk2, and 
Notum decreased in a surface modification-dependent fashion from smooth to rough to 

rough-hydro. Ti surface modifications significantly altered Wnt-related gene expression in 

macrophages, suggesting a role for both canonical and noncanonical Wnt signaling during 

macrophage polarization on modified Ti surfaces.

3.4 Treatment with recombinant Wnt ligands alters macrophage phenotype

To understand the significance of Wnts to the macrophageal polarization response to surface 

modifications, macrophages were treated with recombinant ligands found to be upregulated 

on modified Ti surfaces: Wnt3a, Wnt5a, Wnt5b, Wnt7a, Wnt9b, and Wnt11. First, secretion 

of IL-1β, IL-12, TNF-α, CXCL-10, IL-4, and IL-12 were measured by ELISA (Figure 4).

Treatment with Wnt3a and −5a primarily enhanced production of pro-inflammatory IL-1β, 

IL-12, TNF-α, CXCL-10, while treatment with Wnt5b and −11 predominantly enhanced 

anti-inflammatory IL-4 and IL-10 secretion. Despite their upregulation in surfaces in 

previous experiments, recombinant Wnt7a and Wnt9b weakly increased macrophage 

polarization, suggesting a role in regulation of other surface-dependent behaviors. Next, 

gene expression of anti-inflammatory or M2-associated markers Il13, Arg1, Chil3, Mrc1, 
Retnla, and Tgfb1 were measured in Wnt3a, −5a, −5b, or −11-treated cells, the Wnt ligands 

with the highest polarizing effect on macrophages, to confirm the effects on polarization 

(Supplemental figure 3). These findings suggest that some Wnt ligands are capable of 

driving macrophage polarization in the absence of other stimuli, suggesting a role for this 

ligand class as an intermediate step in regulation of macrophage phenotype. Additionally, 
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these data suggest that Wnt3a and −5a preferentially induce pro-inflammatory polarization, 

while Wnt5b and Wnt11 predominantly induce an anti-inflammatory phenotype.

3.5 Inhibition of Wnt signaling disrupts classical and surface-mediated macrophage 
polarization

We next explored the effects of Wnt inhibition on macrophage response to both classical 

M1/M2 and surface-mediated polarization stimuli using Wnt-C59 or by knockout of Wls in 

Csf1-rexpresing cells. Classical M1 or M2 polarization was achieved by adding LPS or IL-4/

IL-13, respectively, to the media of cells cultured on TCPS. Inhibition of macrophage 

secretion attenuated both M1 and M2 polarization, as evidenced by decreased expression of 

Il1b, Tnf, Nos2, and Il10 in LPS-exposed macrophages, and decreased expression of Il10 
and Arg1 in IL-4/13-exposed macrophages (Figure 5). This attenuation of classical 

polarization was further evidenced by decreased IL-1β, IL-6, and TNF-α protein secretion in 

M1-polarized macrophages, as well as decreased IL-4 and IL-10 production in Wnt-

inhibited M2-polarized macrophages (Figure 6).

Next, surface-mediated polarization was achieved by culturing cells on smooth, rough, or 

rough-hydro Ti surfaces. Inhibition of macrophage Wnt secretion prior to exposure to 

surface stimuli attenuated the resultant polarization response compared to untreated cells, as 

demonstrated by attenuated upregulation of pro-inflammatory (Il1b, Tnf, Nos2) genes on 

smooth and rough Ti as well as anti-inflammatory (Il10, Arg1) genes on rough and rough-

hydro (Figure 7). This attenuation of surface-mediated polarization was further evidenced by 

decreased IL-1β, IL-6, and TNF-α protein secretion by macrophages on smooth and rough 

surfaces and decreased IL-4 and IL-10 production on rough and rough-hydro surfaces 

(Figure 8). These results suggest that autocrine Wnt signaling serves as a common regulator 

of macrophage polarization to both chemical and physical stimuli and that loss of Wnt 

signaling impairs macrophages’ responsiveness to cytokine and surface cues.

3.6 Recombinant Wnts rescue impaired polarization of Wnt-inhibited macrophages

To determine if impaired macrophage polarization by inhibited Wnt secretion was rescuable, 

Wnt-C59-treated macrophages were cultured on modified Ti surfaces in media 

supplemented with recombinant Wnt ligands. First, culture on smooth Ti enhanced 

macrophage pro-inflammatory activation, as evidenced by increased IL-1β, IL-6, 

IL-12(p40), CXCL-10, and TNF-α, while culture on rough-hydro Ti enhanced IL-4 and 

IL-10 production (Figure 9A). Next, based on findings presented in Figure 4, macrophages 

on smooth Ti were treated with either Wnt3a or Wnt5a, while macrophages on rough-hydro 

surfaces were treated with Wnt5b or Wnt11. Treatment of Wnt-inhibited macrophages with 

Wnt3a while on smooth Ti nearly entirely rescued pro-inflammatory activation; Wnt5a also 

rescued pro-inflammatory polarization, albeit to a lesser extent (Figure 9B). Similarly, Wnt-

inhibited macrophages recovered their anti-inflammatory phenotype when treated with 

recombinant Wnt5b or Wnt11. In contrast, treatment with Wnt7a or −9b did little to rescue 

polarization to either phenotype on their respective surface. These data support that certain 

Wnts serve a mediatory role in Ti surface-stimulated macrophage polarization. However, 

rescue was not fully achieved by any single Wnt ligand treatment, suggesting a tandem of 

Wnts controls the phenotypic response of macrophages to these physical cues.
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3.7 Loss of macrophage Wnts impairs polarization and cell recruitment in vivo

To characterize the functional consequences of loss of Wnt ligands on the response to 

implants in vivo, global Wnt signaling was blocked pharmacologically by intraperitoneal 

injection with Wnt-C59 or specifically from macrophages in tamoxifen-treated Csf1r-iCre+; 

Wlsfl/fl mice instrumented with rough Ti implants. Rough implants were elected as they are 

the most common class of modified Ti used clinically. Flow cytometric analysis of cells 

isolated from the implant surface 7d post-operatively revealed an increased proportion of 

total macrophages, but decreased proportions of both pro-and anti-inflammatory polarized 

macrophages when Wnt signaling was inhibited by both methods (Figure 10A). 

Furthermore, flow cytometry revealed decreased proportions of mesenchymal stem cells and 

CD4 T-cells in Wnt-inhibited groups (Figure 10B). We have shown previously that 

macrophages are necessary for the proper recruitment of these cell types to the implant site 

regardless of the surface modification, and together with previous data, these findings 

suggest that Wnt ligands are responsible for modifying implant-associated macrophage 

phenotypes to ensure the proper recruitment of cells and progression of the integrative 

process. Specifically, the decrease in peri-implant Wnt signaling at 7d in macrophage-

ablated animals in Figure 1 is likely due to decreased recruitment of MSCs, which use Wnt 

signaling to differentiate into bone-forming osteoblasts.

3.8 Inhibition of Focal Adhesion Kinase Decreases Surface-Dependent Wnt Regulation

Finally, to identify a mechanism by which macrophage upregulate Wnt production in 

response to biomaterial surface characteristics, macrophages were treated with PF-573228, a 

small molecule FAK inhibitor, and plated on Ti surfaces. Compared to untreated cells on all 

surfaces, treatment with FAK inhibitor decreased expression of several Wnt genes (Figure 

11); interestingly, genes for all the previously explored Wnt ligands, Wnt3a, −5a, −5b, −7a, 
−9b, and 11 were less upregulated with FAK inhibitor treatment (Figure 11B). However, 

other Wnt ligands such as Wnt2a, Wnt2b, Wnt, and Wnt10b were barely affected by FAK 

inhibition, indicating that these Wnt ligands do not contribute to the macrophage 

polarization observed in response to biomaterial surface properties. These results reveal that 

integrin/FAK signaling plays a role in the surface-dependent induction of Wnt expression in 

macrophages.

4. Discussion

While macrophages and Wnt ligands have long been known to play separate, critical roles in 

osseointegration, no studies have yet explored how macrophages might contribute Wnts to 

bone healing. Although the loss of macrophage Wnt signaling has been tied to phenotypic 

changes in macrophages in other disease models, the importance of altered macrophage 

polarization on modified Ti surfaces in the context of Wnt signaling during osseointegration 

is also unknown. Here, we demonstrate that macrophages significantly contribute to Wnt 

signaling in the peri-implant microenvironment in vivo, that biomaterial surface properties 

modulate Wnt signaling gene expression in macrophages, and that Wnt ligands can induce 

the production of pro-and anti-inflammatory cytokines characteristic of polarized 

macrophages. We also show that Wnt signaling plays a vital role in both classical and 

surface-mediated macrophage activation, and that the loss of polarization by Wnt inhibition 
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may be partially rescued by recombinant Wnt ligands. We then show in vivo that the loss of 

macrophage-derived Wnt ligands impairs the recruitment of MSCs and CD4 T-cells. Finally, 

we demonstrate that integrin signaling, a mediating factor in other cell responses to 

topographical cues, also regulates surface-dependent Wnt expression in macrophages. Our 

data suggest that Wnt signaling is used by macrophages to modulate pro-or anti-

inflammatory activation on Ti biomaterials and that Wnt ligands are key signaling molecules 

used by macrophages to regulate inflammatory, wound healing, and regenerative 

microenvironments.

We previously demonstrated that macrophages alter their secretory contributions to the 

implant microenvironment in response to varied biomaterial surface characteristics [19,20]. 

Macrophages grown on smooth Ti surfaces produced a pro-inflammatory microenvironment 

and that rough surfaces resulted in an increase in anti-inflammatory cytokine production. We 

also showed that surface wettability had the greatest effect on macrophage activation, with 

hydrophobic Ti surfaces yielding a predominantly pro-inflammatory environment and 

hydrophilic Ti surfaces activating macrophages into an anti-inflammatory phenotype. In the 

present study, we found that biomaterial surface characteristics like roughness and 

hydrophilicity modulate the expression of Wnt ligands, receptors, and associated molecules. 

Interestingly, the expression of Wnt signaling molecules was affected by material 

composition (TCPS vs. Ti), suggesting that changes in Wnt expression may be associated 

with protein adsorption onto the biomaterial. In addition, macrophages grown on rough-

hydro surfaces upregulate many non-canonical Wnt ligands, suggesting that their 

mechanistic sensitivity may be Wnt-dependent, as non-canonical ligands are more related to 

mechanotransduction via Rock and Jnk1. This finding appears to agree with other studies 

demonstrating that mechanical cues modulate the phenotype of various other cell types 

through non-canonical Wnt signaling [55–57]. Indeed, pro-and anti-inflammatory 

macrophage phenotypes have been shown to have morphologies as characteristically distinct 

as their cytokine secretions and surface markers [58–60], suggesting a similar role here.

In this study, we sought to characterize the effects of Wnt ligands on macrophages. This is 

particularly important in osseous healing and regeneration because anti-inflammatory 

macrophage phenotypes have been shown to promote MSC-to-osteoblast differentiation 

[61]. We see that Wnt ligands activating both canonical and non-canonical pathways alter 

the phenotype of bone marrow-derived macrophages and that surface modifications alter 

macrophage Wnt signaling, suggesting that differential regulation of Wnt signaling drives 

aspects of macrophage activation on Ti surfaces. While we have characterized the 

importance of Wnt ligands to autocrine regulation of macrophage phenotype here, future 

studies should explore the importance of macrophage-derived Wnts on other cell types. 

While Figure 1 reveals that loss of macrophages is associated with significantly attenuated 

Wnt signaling during the inflammatory response to implants on days 1 and 3, the sustained 

decrease in Wnt expression through day 7 certainly suggests that macrophages serve to 

enhance Wnt signaling during osteogenesis; this remains to be explored. Additionally, recent 

literature has suggested the possibility of TLR4-agonizing contaminants in commercially 

available recombinant Wnts affecting studies of immune cell polarization in response to this 

family of ligands [62]. However, our data reveal that some—but not all—induce pro-

inflammatory activation, while recombinant Wnt5b and Wnt11 elicit a strong anti-
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inflammatory polarization, suggesting the polarizing effect is ligand-dependent and not via 

endotoxin.

The role of Wnt signaling on macrophages in inflammatory diseases or homeostasis is 

unclear and the few reports available have seemingly contradictory results [36–38,45–

47,63]. Studies using mice with phagocytic cell-specific genetic knockouts for Wls and 

Porcn have yielded conflicting results regarding the effect of loss of Wnt ligands on 

macrophage activation. During the response to myocardial infarct, macrophages isolated 

from macrophage-Wls−/− mice exhibited a more anti-inflammatory phenotype, although they 

also secreted higher levels of IL-6 [38]. Cardiac remodeling was enhanced in these mice, 

with tissue from the previously injured area exhibiting enhanced vascularity compared to 

control mice. However, in a murine liver injury model, hepatic tissue from macrophage-Wls
−/− mice did not exhibit differential pro-inflammatory cytokine gene expression from 

control, and the resultant tissue was predominantly ductular instead of hepatocyte-laden, 

indicating a loss of regenerative capability without macrophage Wnts [36]. These conflicting 

results may be due to variation in Wnt signaling by tissue resident macrophages, whose 

phenotypes are uniquely adapted to the tissue they inhabit and differ from those of similarly-

polarized monocyte-derived macrophages [64–66]. Conflicting results in these studies and 

others may also be due to both the experimental mechanism of Wnt ablation and the cell in 

which secretion is ablated; dysfunction of Wls has been shown to lead to ER stress in 

embryonic Drosophila cells [39], but not pharmacologic inhibition of Porcn in carcinoma 

cells [67]. These discrepancies underscore the oversimplification of the role of Wnt-

secreting proteins and the need for further characterization of these models. Nevertheless, 

our data support that macrophage-derived Wnt signaling contributes to tissue healing and 

regeneration by the autocrine and paracrine effects of these ligands, demonstrated through 

both genetic and pharmacologic knockdown of Wnt secretion.

Our results reveal that loss of Wnt signaling by Porcn inhibition alters macrophage behavior 

in response to various stimuli in vitro and impaired behavior in vivo. Ablation of Wnt 

secretion by Porcn inhibition and macrophage Wls knockout attenuated indicators of 

classical M1/M2 macrophage activation as well our paradigm of surface-dependent anti-

inflammatory polarization. These results suggest that Wnt ligands play a fundamental role in 

macrophage activation and production of an anti-inflammatory microenvironment in 

response to the chemical and physical characteristics of implanted biomaterials. 

Furthermore, our in vivo results showed that systemic ablation of macrophages resulted in 

decreased Wnt molecule expression in the injury and implantation site, indicating that Wnt 

signaling in the initial stages after implantation is heavily modulated by macrophages. We 

also found that cells isolated from biomaterials with rough-hydrophilic modifications exhibit 

a very similar pattern of Wnt expression compared to cells isolated from the injury site in 

sham animals, suggesting that macrophage-derived Wnt ligands are important to bone 

healing generally. The biomimetic nature of rough-hydrophilic biomaterials appears to 

preserve appropriate macrophage Wnt ligand production, producing a phenotype amenable 

to osseointegration.

Mechanistically, we hypothesize that integrin-based interactions with modified Ti surfaces 

drives Wnt-mediated macrophage polarization, as inhibition of FAK decreases expression of 
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a number of Wnt genes. Our findings presented here appear to agree with the role of Wnt in 

phenotypic changes by MSCs in response to surface cues [43]; Wnt ligands, while not 

necessarily needed to initiate physical cue-dependent responses, serve to amplify existing 

signals and produce a mature cellular phenotype. This intermediary role for Wnts may also 

explain why Wnt3a and Wnt5a are upregulated greatly by macrophages on rough-hydro Ti, 

but in isolation appear to promote pro-inflammatory macrophage phenotypes, as we have 

shown here. Our results suggest that Wnt ligands serve to fine-tune polarization in response 

to physical cues—not drive it exclusively. Future studies will attempt to better elucidate the 

mechanistic role of macrophage Wnt to surface-mediated polarization by selectively 

knocking out canonical and non-canonical Frizzled, LRP, or tyrosine kinase receptors 

associated with various Wnt ligands.

In the context of bone-dwelling materials, our data demonstrate that macrophage Wnt 

secretion serves as a useful metric for evaluating the inflammatory response to implants in a 

more mechanistic nature than measuring anti-inflammatory cytokines, as Wnts directly serve 

to modulate macrophage polarity. Additionally, considering its established role in regulating 

stem and progenitor cells in various tissues, studying the role of macrophage Wnt signaling 

in healing may elucidate a novel means by which macrophages orchestrate biomaterial 

integrative fate. Macrophage Wnt ligands have been shown to regulate wound healing, 

chronic inflammation, and fibrosis by activating fibroblasts, modulating angiogenesis, and 

inducing stem cell differentiation [35,68,69], all relevant topics to the field of biomaterials 

and tissue engineering.

5. Conclusion

Our data demonstrate that macrophages serve as a major driver of Wnt signaling during the 

osteoimmunological response to Ti implants in vivo and upregulate Wnt gene expression in 

response to modified Ti both in vitro and in vivo. Furthermore, we show here that loss of 

Wnt signaling attenuates macrophage polarization, and that Wnt ligands can modify 

macrophage phenotype in response to both biochemical and physical cues. We additionally 

demonstrate that loss of macrophageal Wnt secretion not only attenuates the polarization of 

macrophages on the implant surface but decreased recruitment of other cell types critical to 

osseous healing. These findings suggest a role for autocrine Wnt signaling in macrophages 

during the immune response to implanted biomaterials.
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Figure 1. 
Macrophage ablation reduces peri-implant Wnt signaling in bone. Macrophages were 

ablated in MaFIA mice by treatment with AP20187 daily for 3d prior to surgery and every 

other day post-operatively. Control groups only underwent the 3d ablation process, while 

sham, rough, and rough-hydro groups underwent treatment until sacrifice at 1, 3 or 7d post-

surgery (n=6 per group). Expression of Wnt ligand genes in peri-implant tissue was 

measured using qPCR. Results are normalized to expression of the housekeeping gene 

Gapdh and presented as fold-change (2-ΔΔCt). A) Heat map demonstrating the change in Wnt 
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gene expression for with macrophage ablation in Sham, Rough, and Rough-Hydro peri-

implant tissue. B) Comparison of Wnt gene expression on Rough-Hydro surfaces in Control 

(green) and Ablated (orange) animals. p<0.05: A vs. respective Control.
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Figure 2. 
Macrophages upregulate Wnt ligand expression in response to modified Ti surfaces in vivo. 

C57Bl/6 mice were instrumented with rough or rough-hydro Ti implants, and peri-implant 

tissue was collected at 1, 3, or 7d (n=6 per group). Macrophages were isolated by cell 

sorting using CD11b-APC antibody and subsequent anti-APC magnetic nanobeads. 

Expression of Wnt ligand genes in peri-implant tissue was measured using qPCR. Results 

are normalized to expression of the housekeeping gene Gapdh and presented as fold-change 

(2-ΔΔCt). p<0.05: # vs. respective Control, $ vs. respective Sham, % vs. respective Rough.
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Figure 3. 
Macrophages modulate Wnt-related gene expression in response to modified Ti surfaces in 
vitro. Primary macrophages were grown from whole marrow isolated from C57Bl/6 mice 

using macrophage colony stimulating factor. Following 7d of culture, macrophages were 

plated on smooth, rough, or rough-hydro Ti disks, with tissue culture polystyrene (TCPS) 

serving as control (n=6 per group). Expression of Wnt-related genes was measured using 

qPCR. Results are normalized to expression of the housekeeping gene Gapdh and presented 

as fold-change (2-ΔΔCt). (A) Heat map and volcano plot summarizing changes in 
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macrophage gene expression on smooth, rough, or roughhydro surfaces. (B) Changes in 

gene expression of Wnt ligands, Wnt receptors, Wnt signaling downstream mediators, and 

Wnt signaling inhibitors. p<0.05: # vs. respective Control, $ vs. respective Smooth, % vs. 

respective Rough.
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Figure 4. 
Treatment with recombinant Wnt ligands alters expression of polarization gene markers. 

Primary macrophages cultured on TCPS were treated with recombinant Wnt3a, −5a, −5b, 

−7a, −9b, or −11 for 1d prior to harvest. ELISA was performed to measure pro-(IL-1β, 

IL-12, TNF-α, CXCL-10) and anti-inflammatory (IL-4, IL-10) protein secretion. Results are 

normalized to DNA quantity in each sample. p<0.05: # vs. Control, $ vs. Wnt3a, % vs. 

Wnt5a, & vs. Wnt5b, ^ vs. Wnt7a, and @ vs. Wnt9b.
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Figure 5. 
Loss of Wnt signaling attenuates inflammatory gene expression in response to classical 

polarizing stimuli. Macrophageal Wnt secretion was inhibited A) pharmacologically using 

Wnt-C59 or B) genetically by treating Csf1riCre+; Wlsfl/fl mice with tamoxifen prior to 

culture of macrophages. Wls expression was used to verify pharmacological inhibition of 

Wnt secretion, as evidenced by its upregulation upon treatment with Wnt-C59, as well as 

genetic knockout of Wls, as evidenced by nearly absent expression. Pro-(Il1b, Tnf, Nos2) or 

anti-inflammatory (Il10, Arg1) genes in response to M1 (lipopolysaccharide) or M2 

(Interleukin-4 and −13) stimuli. p<0.05: # vs. M0, $ vs. M1, % vs. M2, A vs. Control of 

corresponding group.
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Figure 6. 
Loss of Wnt signaling attenuates inflammatory cytokine production in response to classical 

polarizing stimuli. Macrophageal Wnt secretion was inhibited A) pharmacologically using 

Wnt-C59 or B) genetically by treating Csf1r-iCre+; Wlsfl/fl mice with tamoxifen prior to 

culture of macrophages. Pro-(IL-1β, IL-6, TNF-α) and anti-inflammatory (IL-4, IL-10) 

cytokines were measured by ELISA and normalized to DNA quantity in each sample (n=6 

per group). p<0.05: # vs. M0, $ vs. M1, % vs. M2, A vs. Control of corresponding group.
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Figure 7. 
Loss of Wnt signaling attenuates inflammatory gene expression in response to Ti surface 

cues. Macrophageal Wnt secretion was inhibited A) pharmacologically using Wnt-C59 or B) 

genetically by treating Csf1riCre+; Wlsfl/fl mice with tamoxifen prior to culture of 

macrophages. Wls expression was used to verify pharmacological inhibition of Wnt 

secretion, as evidenced by its upregulation upon treatment with Wnt-C59, as well as genetic 

knockout of Wls, as evidenced by nearly absent expression. Pro-(Il1b, Tnf, Nos2) or anti-

inflammatory (Il10, Arg1) genes in response to smooth, rough, or rough-hydro Ti surface 
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modifications. p<0.05: # vs. TCPS, $ vs. Smooth, % vs. Rough, A vs. Control of 

corresponding group.
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Figure 8. 
Loss of Wnt signaling attenuates inflammatory cytokine production in response to Ti surface 

cues. Macrophageal Wnt secretion was inhibited A) pharmacologically using Wnt-C59 or B) 

genetically by treating Csf1riCre+; Wlsfl/fl mice with tamoxifen prior to culture of 

macrophages. Pro-(IL-1β, IL-6, TNF-α) and anti-inflammatory (IL4, IL-10) cytokines were 

measured by ELISA and normalized to DNA quantity in each sample (n=6 per group). 

p<0.05: # vs. TCPS, $ vs. Smooth, % vs. Rough, A vs. Control of corresponding group.
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Figure 9. 
Recombinant Wnt ligands rescue impaired Wnt-inhibited macrophage polarization. 

Macrophages were treated with 500nM Wnt-C59 or equivalent volume of DMSO vehicle 

and plated on smooth or rough-hydro surfaces. After 2 hours, macrophages were (A) left 

untreated to observe only surface effects, treated with (B) Wnt3a, −5a, −7a, or −9b on 

smooth surfaces, or (C) Wnt5b, −7a, −9b, or −11 on rough-hydro surfaces for 24 hours. Pro-

(IL-1β, IL-6, IL12(p40), CXCL-10, TNF-α) and anti-inflammatory (IL-4, IL-10) 

chemokines and cytokines were measured by ELISA and normalized to DNA quantity in 

Overlin et al. Page 29

Biomaterials. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



each sample (n=6 per group). p<0.05: # vs. TCPS-Vehicle, A vs. vehicle of corresponding 

vehicle group, B vs. control corresponding Wnt-C59-treated group, C vs. Wnt-C59 + Wnt3a 

group, D vs. Wnt-C59 + Wnt5a group, E vs. Wnt-C59 + Wnt7a group, F vs. Wnt-C59 + 

Wnt5b group, G vs. Wnt-C59 + Wnt11 group.
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Figure 10. 
Wnt signaling regulates macrophage polarization and cell recruitment to rough Ti implants. 

C57Bl/6 mice were treated with Wnt-C59 or DMSO vehicle for 3d prior to and every other 

day following implantation. Csf1r-iCre+; Wlsfl/fl experimental mice and Csf1r-iCre-; Wlsfl/fl 

littermate control mice were injected with tamoxifen for 5d prior to implantation (n=6 per 

group). Cells were isolated from implant surfaces 7d post-operatively and subjected to flow 

cytometry. A) Total Macrophages were identified as CD68+, Pro-Inflammatory as CD68+/

CD80+, and AntiInflammatory as CD68+/CD206+. B) MSCs were identified as CD11b-/
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Sca-1+/CD105+, CD4 T-cells as CD3+/CD4+, and CD8 T-cells as CD3+/CD8a+. p<0.05: # 

vs. Control, $ vs. Vehicle, A vs. Wlsfl/fl.
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Figure 11. 
Focal adhesion kinase inhibition impairs surface-dependent Wnt upregulation. Macrophages 

were treated with 5uM PF-573228 and plated on surfaces for 24 hours prior to harvest and 

qPCR (n=6 per group). A) Heat map summarizing changes in expression of 19 Wnt-

encoding genes in control and FAK-inhibited macrophages. B) Comparison of 6 Wnt ligands 

previously shown to be involved in macrophage surface-mediated polarization. p<0.05: # vs. 

TCPS, $ vs. Smooth, % vs. Rough, A vs. Control of corresponding group.
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