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Abstract

While recent studies showed that macrophages are critical for bone fracture healing, and lack of 

M2 macrophages have been implicated in models of delayed union, functional roles for specific 

M2 receptors have yet to be defined. Moreover, the M2 scavenger receptor CD163 has been 

identified as a target to inhibit sepsis following implant associated osteomyelitis, but potential 

adverse effects on bone healing during blockage therapy have yet to be explored. Thus, we 

investigated fracture healing in C57BL/6 vs. CD163−/− mice using a well-established closed, 

stabilized, mid-diaphyseal femur fracture model. While gross fracture healing in CD163−/− mice 

was similar to that of C57BL/6, plain radiographs revealed persistent fracture gaps in the mutant 

mice on day 14, which resolved by day 21. Consistently, 3D vascular micro-CT demonstrated 

delayed union on day 21, with reduced bone volume (74%, 61%, and 49%) and vasculature 

(40%, 40% and 18%) compared to C57BL/6 on days 10, 14, and 21 post-fracture respectively 

(p<0.01). Histology confirmed large amounts of persistent cartilage in CD163−/− vs. C57BL/6 

fracture callus on day 7 and 10 that resolves over time, and immunohistochemistry demonstrated 

deficiencies in CD206+ M2 macrophages. Torsion testing of the fractures confirmed the delayed 

early union in CD163−/− femurs, which display decreased yield torque on day 21, and a decrease 

rigidity with a commensurate increase in rotation at yield on day 28 (p<0.01). Collectively, these 

results demonstrate that CD163 is required for normal angiogenesis, callus formation, and bone 

remodeling during fracture healing, and raise potential concerns about CD163 blockade therapy.

*To whom correspondence should be addressed. chao_xie@urmc.rochester.edu.
Authors’ contribution statement: All authors participated in the discussion, contributed to the writing, and have read and approved 
the final submitted manuscript.

HHS Public Access
Author manuscript
J Orthop Res. Author manuscript; available in PMC 2024 November 01.

Published in final edited form as:
J Orthop Res. 2023 November ; 41(11): 2384–2393. doi:10.1002/jor.25564.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Fracture Healing; Angiogenesis; M2 Macrophages; CD163; Knockout Mice

Introduction

Although there have been major advances to treat fractures, 5 to 10% of patients fail to 

achieve satisfactory healing, which highlights the need for additional research to improve 

our understanding and clinical outcomes 1. At the cellular and molecular level, fracture 

healing is a highly orchestrated biological process that can be characterized in three phases 
2; 3. While an extensive literature exists on the initial inflammatory and osteogenic phases 

of fracture healing, the osteoimmunology of cartilage and bone remodeling in the last 

phase has only been interrogated recently. This research confirmed that a wide array 

of inflammatory cells collaborate in fracture healing3, including macrophages that are 

required for initiation and progression of early endochondral ossification4, and osteoblastic 

differentiation5.

It also confirmed that cellular heterogeneity exists, most notably “M1” pro-inflammatory 

macrophages that initiate angiogenesis and the osteogenic phase, and “M2” anti-

inflammatory/reparative macrophages 6.

Preclinical functional studies have shown that depletion of macrophages negatively affects 

bone fracture healing 7; 8. More specifically, M2 macrophages have been implicated in 

murine models of osteoporotic fracture healing 9–11, and high fluoride ingestion was 

shown to impair fracture healing by attenuating M2 macrophage differentiation 12. Thus, 

modulating macrophage polarization for the enhancement of fracture healing has been 

recognized to be a therapeutic target, and the subject has been systemically reviewed13. 

Some of these M2 macrophage polarizing treatments, including: interleukin 4 and 13 

(IL-4 & IL-13), vibration,14 trehalose,15 and nanoparticles magnetically delivered to the 

fracture site 16. There have also been clinical studies that demonstrated M2 macrophages 

are closely associated with accelerated clavicle fracture healing in patients with traumatic 

brain injury 17. Collectively, these studies demonstrate the critical role of M2 macrophages 

in endochondral ossification, and the importance of M1/M2 macrophage functional balance 

for efficient fracture healing. Thus, studies to identify specific M2 macrophage receptors for 

the regulation of the fracture healing are warranted.

In addition to elucidating the role of M2 macrophages in fracture healing, we are also 

interested in the specific function of the scavenger receptor CD163, which is expressed on 

monocytes and macrophages lineage cells exclusively18. CD163 knockout mouse studies 

demonstrated its functional role in the regulation of inflammatory cytokine expression in 

septic/endotoxin shock and collagen antibody-induced arthritis 19. Although CD163−/− mice 

do not display any gross skeletal or immunological abnormalities, we found that CD163 is 

required for the generation of “Trojan horse” leukocytes and bacterial dissemination during 

the establishment of Staphylococcus aureus (S. aureus) implant-associated osteomyelitis 

in mice 20. Specifically, we demonstrated that a multimolecular complex containing S. 
aureus protein A, antibodies against the iron surface determinant protein B (IsdB), IsdB 
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antigen, and the hemoglobin-haptoglobin (Hb-Hp) complex, mediates CD163-dependent 

bacterial internalization of macrophages in vitro. Additionally, CD163−/− mice are resistant 

to sepsis following S. aureus infection, as are wild-type (C57 BL/6) mice given anti-CD163-

neutralizing antibodies 20. While these genetic and biologic CD163 deficiencies did not 

exacerbate local infection, suggesting that CD163 blockade may be an effective therapy to 

prevent and treat sepsis, effects on bone healing were not investigated. Thus, we aimed to 

test the hypothesis that CD163 is not required for normal fracture healing in mice.

Materials and Methods

In vivo studies.

All in vivo experiments were performed according to IACUC approved protocols and 

utilized the murine closed, stabilized, mid-diaphyseal femur fracture model with 10-12 

week-old female C57 BL/6 and CD163−/− (Cd163tm1.1(KOMP)Vlcg) mice in a C57BL/6 

background obtained from the Jackson Laboratory (Bar Harbor, ME, USA), as we have 

previously described 21. Briefly, a stainless steel 25G spinal needle (BD, Franklin Lakes, 

NJ) was inserted into the intramedullary space of the femur, followed by three-point bending 

with an Einhorn device using a standardized force 22. Longitudinal X-rays were obtained on 

days 0, 3. 5. 7. 10, 14, and 21 with a Faxitron cabinet x-ray system (Faxitron, Wheeling, 

IL, USA), and fractured femurs (n ≥ 10) were harvested and processed for micro-CT, 

histological, and biomechanical analyses on days 14, 21, and 28 as previously described 
23; 24.

MicroCT Imaging analyses:

Femurs were harvested at indicated times and scanned using a Viva microCT system 

(Scanco Medical, Bassersdorf, Switzerland) at a voxel size of 10.5 μm to image bone 

or vasculature. New bone formation and vascular volume were measured as previously 

described 25 26. Briefly, a lead chromate-based contrast agent, Microfil, was used to perfuse 

the mice via the heart along with 4% paraformaldehyde. Samples were scanned before 

and after decalcification. Using proprietary software provided by Scanco, the periosteal 

external calluses were contoured and examined for bone volume and vascularization. To 

measure the vasculature, contour lines were drawn in the 2D slice images to exclude the 

cortical bone and the vessels in the surrounding tissues 27. Histomorphometric analysis 

based on direct distance transform methods 28; 29 was subsequently performed on the 

3D images to quantify parameters of vascular network morphology, including vasculature 

volume (Vasc.Vol.), vessel thickness (Vess.Th.), and vessel spacing (Vess.Sp).

Histology and Multicolor immunofluorescence:

All femurs were harvested at above indicated time points and processed for Alcian Blue 

Hematoxylin/ Orange G Stain and tartrate-resistant acid phosphatase (TRAP) staining in 

osteoclasts. At the mid-point of the femur on the sagittal cuts, five 5 μm tissue sections were 

obtained from three levels and mounted onto slides. Slides were deparaffinized, sequentially 

hydrated and placed in Acid-alcohol for 30 seconds. Slides were briefly drained on a paper 

towel and placed in Alcian Blue Hematoxylin for 25 minutes. Slides were then gently 

washed in distilled water (4 changes), differentiated in Acid-alcohol for 3 seconds and 
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gently rinsed gently in distilled water (3 changes). Slides were kept in 0.5% Ammonium 

water for 15 seconds, rinsed in distilled water (2 changes), placed in 95% EtOH for 1 minute 

and incubated in Eosin/ Orange G for 1 min 30 sec. Tissues were sequentially dehydrated 

with 95% EtOH (3 changes) and 100% EtOH (2 changes, 1 minute per change). Before 

mounting, slides were cleared with 3 changes of xylene and coverslipped. To perform TRAP 

staining, we took deparaffinized slides and placed them in a pre-warmed mix of TRAP 

staining solution. The slides were then incubated at 37°C for 30 minutes, followed by a 

counterstain with 0.08% Fast Green for 1.5 minutes. Finally, the slides were processed for 

mounting.

Immunofluorescent stain with CD206, iNOS, and F4/80 to detect M1 and M2 macrophages 

in bone fracture. Primary antibodies: Goat anti-CD206 (Cat# AF2535, RRID:AB_2063012, 

R&D Systems, Minneapolis, MN) at 1:100 dilution, Rabbit anti-iNOS at 1:100 dilution 

(Cat # NB300-605, RRID:AB_10002794, Novus Biologicals, Littleton, CO), and rat 

anti-mouse F4/80 at 1:50 dilution (clone Cl:A3-1, RRID:AB_323279, BioRad, Hercules, 

CA). Secondary antibodies: Alexa Fluor 568 donkey anti-goat IgG (A11057, RRID:AB 

142581, Thermo Fisher Scientific, Waltham, MA), Alexa fluor 488 donkey anti-rabbit IgG 

(711-546-152, RRID:AB 2340619, Jackson ImmunoResearch Laboratories, Bar Harbor, 

ME) and Alexa fluor 647 donkey anti-rat IgG (712-606-153, RRID:AB_2340696, Jackson 

ImmunoResearch Laboratories). All secondary antibodies were used at 1: 200 dilution. 

Briefly, 5 μm formalin-fixed paraffin sections were incubated at 60°C overnight for 

deparaffinization. Tissue sections were quickly transferred to xylenes and gradually hydrated 

by transferring slides to absolute alcohol, 96% alcohol, 70% alcohol and water. Slides were 

immersed in 1X Dako antigen retrieval solution (S1699, Agilent, Santa Clara, CA), boiled 

for 30 minutes and cooled down for 10 minutes at room temperature (RT). Slides were 

rinsed several times in water and transferred to PBS. Non-specific binding was blocked with 

5% normal donkey serum in PBS containing 0.1% Tween 20 and 0.1% Triton-X-100 for 30 

minutes, at RT in a humid chamber. Primary antibodies were added to slides and incubated 

in a humid chamber at RT, overnight. Slides were quickly washed in PBS and fluorescently 

labeled secondary antibodies were incubated for 2 hours at RT in a humid chamber. Finally, 

slides were rinsed for 1 hour in PBS and mounted with Vectashield antifade mounting media 

with DAPI (H-1200, Vector Laboratories, Burlingame, CA). Pictures were taken with a 

Zeiss Axioplan 2 microscope and recorded with a Hamamatsu camera.

Biomechanical torsion testing.

Following removal of all soft tissues the unfixed fractured femurs were potted in 

polymethylmethacrylate, and the torsional biomechanical properties were determined using 

an EnduraTec TestBench system (200 N.mm torque cell; Bose Corporation, Minnetonka, 

MN) at a rate of 1°/s as previously described 24. Ultimate torque, yield torque, torsional 

rigidity, and energy to failure at ultimate torque were determined for each specimen.

Statistical analysis:

Data are expressed as the mean ± standard error of the mean (SEM). Statistical significance 

between experimental groups was determined using one-way ANOVA and a Tukey’s post-
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hoc test (GraphPad Prism, San Diego, CA). A p value <0.05 was considered statistically 

significant.

Results

Radiographic evidence of delayed fracture healing in CD163−/− mice.

C57 BL/6 and CD163−/− mice underwent closed, stabilized, mid-diaphyseal femur 

fractures, and longitudinal X-rays were obtained on days 0, 3, 5, 7, 10, 14, and 21 

post-fracture to assess 2D radiographic healing (Figure 1). The results showed evidence 

of a persistent fracture gap in the mutant mice on day 14, which resolved by day 21. To 

confirm this observation and investigate potential defects in angiogenesis, we performed 

vascular micro-CT analyses on femurs harvested on day 10, 14 or 21 post-fracture (Figure 

2). Consistent with the plain radiographs, 3D renderings of femurs from the CD163−/− 

mice displayed an apparent delayed union on day 21, with gross decreases in fracture 

callus and vasculature (Fig. 2A). Quantitative analyses revealed that compared with C57 

BL/6 fractures, the bone volume in CD163−/− fractures was reduced 74%, 61% (p<0.01), 
and 49% (p<0.01); and the vasculature was reduced to 40%, 40% (**p<0.01), and 18% 

(***p<0.001), on days 10, 14, and 21 post-fracture respectively.

Histologic evidence of delayed fracture healing and impaired accumulation of M2 
macrophages in CD163−/− mice.

Demineralized histology to elucidate the vascular defects and delayed union and 

immunofluorescence for detecting INOS+F4/80+ M1 and CD206+F4/80+ M2 macrophages 

was performed on femurs on days 5, 7, 10, 14 and 21 post-fracture in CD163−/− and 

C57BL/6 mice (Figure 3). Visual assessment of the OG/AB-stained histology revealed 

large amounts of persistent Alcian blue stained cartilage in fracture callus of CD163−/− 

vs. C57BL/6, on days 7 and 10 (Fig. 3A). Visiopharm histomorphometry confirmed that 

fracture callus in CD163−/− mice had decreased bone with a commensurate increase in 

cartilage and undifferentiated mesenchymal tissue on day 10 and resolved over time (Fig. 

3B). Interestingly, while CD206+F4/80+ M2 macrophages were numerous in the fracture 

callus of C57BL/6 throughout the healing time course, CD206+F4/80+ M2 macrophages 

were almost absent in the fracture callus from CD163−/− mice (Fig. 3A), suggesting CD163 

deficiency altered the accumulation of M2 macrophages. Further TRAP-stained histology 

was performed using adjacent slides from ABH/OG and IF on day 14 and day 21 fractures 

and the results indicated that there were no differences in the osteoclasts surrounding the 

fracture callus between WT and CD163−/− fractures (Fig. 4).

Defective biomechanical fracture healing in CD163−/− mice.

To assess the functional significance of the radiographic and histological defects observed 

in CD163−/− fractured femurs, torsion testing was performed on C57 BL/6 and CD163−/− 

fractured femurs harvested on day 14, 21 or 28 post-fracture (Figure 5). Consistent with the 

delayed early union (Figs 1 and 2A), we found that CD163−/− femurs display decreased 

yield torque on day 21. Consistent with the persistent cartilage phenotype (Fig. 3A & B), we 

found that CD163−/− femurs displayed a decrease in torsional rigidity with a commensurate 

increase in rotation at yield at day 28.
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Discussion

Given the unmet clinical need for 5-10% of fracture patients that experience delayed or 

non-unions 30, which often require extensive surgical interventions that are associated with a 

poor quality of life at great cost to our healthcare system 31, research efforts are warranted 

to improve our understanding of this complex biological process towards better interventions 
32. While opportunities exist to improve treatment options for the inflammatory 33 and 

osteogenic 34 phases of fracture healing, there are no standard of care treatments to enhance 

the remodeling phase of fracture healing largely due to our lack of knowledge. Thus, 

focused studies on cells whose primary function are tissue repair have been increasing, 

and have shed light on the important roles of M2 macrophages as both anti-inflammatory 

effector and anabolic cells 35.

Aging is among the dominant co-morbidities associated with fracture healing insufficiencies 
36. Although age-related defects in fracture healing are strongly associated with decreases 

in stem and progenitor cells 37, it is also known that aging shifts the M1:M2 ratio towards 

M1 in the elderly 38. As this transition promotes a chronic pro-inflammatory scenario 

that interferes with effective healing 39, investigators proposed shifting the macrophage 

response towards M2 to enhance healing outcomes and minimize recuperation times 7. The 

importance of macrophage subtypes in musculoskeletal disease and repair is also highlighted 

by recent article’s focus on M1 40; 41 and M2 42–44 macrophages and their polarization is 

various connective tissues including tendon 45 and intervertebral disk 46.

While experimental methods to bias myelopoiesis towards M2 exist 47, our understanding 

of the functional receptors within this subset of regenerative macrophages remains limited. 

Currently, the receptors selectively expressed on M2 macrophages are largely considered 

to be phenotypic markers 48, rather than functional molecules that are actively involved in 

the reparative process. One exception is CD163, which is a scavenger receptor 18, and is 

known to be function on anti-inflammatory macrophages 49. It’s functions include clearance 

of cell-free hemoglobin and haptoglobin and anti-inflammatory cytokine-like activities 18. 

Interestingly, it is known that brain tissue from multiple sclerosis patients contains an 

accumulation of CD163+ macrophage/microglia cells in acute active lesions and at the rim 

of chronic active lesions. This suggests that CD163 might contribute to the resolution of 

inflammation 50. Thus, we hypothesized that CD163 might function at the transition of 

the inflammatory to osteogenic phase of fracture healing. Although our histomorphometry 

studies identified a significant increase in the amount of undifferentiated mesenchyme tissue 

on day 7 in CD163−/− vs. C57 BL/6 fractures (Fig. 3B), this was the only difference we 

found between groups at this timepoint. In contrast, we observed several defects at the 

transition of the osteogenic to remodeling phase of fracture healing, which we conclude is 

where CD163 functions in this process.

Here we report that CD163−/− fracture callus has deficiencies in bone and vascular volume 

during remodeling on days 14 and 21 (Figure 2). Of particular note is that the vascular 

deficiencies are specific to angiogenesis as evidenced by the lack of small blood vessels 

(<0.15mm), while differences in larger vessels were not apparent on day 21 post-fracture 

(Fig. 2F). As we previously reported that teriparatide-induced bone formation is specifically 
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associated with small vessel angiogenesis 24; 51, and large vessel arteriogenesis leads to 

mast cell accumulation and fibrosis within bone defects 52; 53, this is consistent with 

CD163+ M2 macrophages playing a role in vascularizing the soft fracture callus during 

the osteogenic phase. This conclusion is also supported by the persistent cartilage and 

undifferentiated mesenchyme on day 10 in CD163−/− fracture callus (Fig. 3), which 

manifests as radiographic non-union on day 14 (Fig. 1). It is also consistent with the 

biomechanical deficiencies of delayed early union, in which CD163−/− fracture femurs 

display decreased yield torque on day 21, and a decreased rigidity with a commensurate 

increase in rotation at yield at day 28 (Fig. 5).

Perhaps our most interesting and hypothesis generating finding is the lack of macrophages 

in CD163−/− fracture callus throughout healing (Fig. 3). While the loss of CD206+ cells 

was predicted by the absence of a functional M2 receptor, the absence of F4/80+ cells, 

which includes all tissue macrophages, remains unexplained and an important topic for 

future research. As the first assessment of the role of CD163 in fracture healing, this 

study also contains several notable limitations that should be addressed in subsequent 

work. These include a comprehensive assessment of the macrophage populations via flow 

cytometry and single-cell RNAseq. Additionally, since global knockout mice were used, 

our findings cannot differentiate phenotypes from loss of CD163 during fracture healing 

versus developmental cell defects. Thus, studies with a conditional-inducible CD163 gene 

deletion model, or immunodepletion with anti-CD163 antibodies could be helpful in sorting 

this out. Additionally, we only evaluated adult female mice. Thus, future studies focused 

on addressing a potential role of CD163 and M2 macrophages in aged, osteoporotic, and 

diabetic fracture healing are warranted. Nevertheless, here we demonstrate a functional role 

for this important M2 marker in bone repair, which warrants further research to better 

understand macrophages in fracture healing and assess its drug targetability.
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Figure 1. Radiographic evidence of delayed fracture healing in CD163−/− mice.
C57BL/6 and CD163−/− mice (n = 10, or >10) underwent mid-diaphyseal femur fracture 

surgery with intramedullary pin fixation. Longitudinal X-rays were obtained to assess 

radiographic healing. Longitudinal X-rays of fracture healing in representative C57BL/6 

and CD163−/− mice are shown to illustrate the persistent fracture gap (yellow arrow) in the 

mutant mice on day 14 post-surgery.
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Figure 2. Vascular micro-CT evidence of delayed fracture healing in CD163−/− mice.
C57BL/6 and CD163−/− mice (n≥3) received femur fracture as described in Figure 1, they 

were euthanized via Microfil perfusion on day 14 or 21, post-surgery and the fractured 

femurs were processed for vascular micro-CT. (A) 3D renderings of representative femurs 

(left), with saggital view (middle) and perfused vasculature (right) are shown to illustrate 

the apparent delayed union (arrow), decreased fracture callus and poor vascularization in 

CD163−/− mice. (B) Quantitative analyses revealed that compared with C57BL/6 control, 

bone volume in CD163−/− fractures was reduced 74%, 61% (p<0.01), and 49% (p<0.01) (t 
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test) ; and (C) the vasculature was reduced to 40%(**p<0.01 ) and 18% (***p<0.001 ), on 

days 10, 14, and 21 post-fracture, respectively. (D) On day 14, the vessel diameter, which 

around the fracture site was not significantly different between C57BL/6 and CD163−/− 

mice, m ranged from Φ 0.0105 to Φ 0.1995 mm. On day 21(E), there was formation of 

much thicker vessels (Φ > 0.1995 mm). Besides, the f vessels with a diameter range from Φ 
0.0105 to Φ 0.1995 mm were more abundant in C57BL/6 than CD163−/− mice.
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Figure 3. Histologic evidence of delayed fracture healing and impaired macrophage infiltration 
in CD163−/− mice.
C57BL/6 and CD163−/− mice (n≥3) received femur fracture as described in Figure 1. 

Fractured femurs were harvested on the indicated day and processed for OG/AB-stained 

histology and immunofluorescence (IF). (A) Representative OG/AB-stained histology is 

shown at 10x, highlighting the large amount of persistent Alcian blue stained cartilage 

in CD163−/− vs. C57BL/6 fracture callus on day 7 & 10 post-fracture. Representative 

IF images are shown at 20x. Note the presence of F4/80+ macrophages (green) in 

C57BL/6 fractures throughout healing, and their scarcity in CD163−/− fractures. (B) 
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Visiopharm histomorphometry was performed to quantify the amount of bone, cartilage 

and undifferentiated mesenchyme tissue in the fractured femurs. Data from each mouse is 

graphed as the mean for the group +/− SD (t test, *p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Normal osteoclastogenesis in CD163−/− fracture callus.
Bone sections from C57BL/6 and CD163−/− mice (day 14 and day 21 fractures) described 

in Figure 3 were stained with tartrate-resistant acid phosphatase (TRAP). Representative 

20x images with magnified region of interest (box, 5x magnification) are shown. The 

TRAP+ area and percentage of the fracture callus were quantified using Visiopharm 

Histomorphometry software. No remarkable differences were found in the osteoclasts 

surrounding the C57BL/6 and CD163−/− fractures at these time points.
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Figure 5. Defective biomechanical fracture healing in CD163−/− mice.
C57BL/6 and CD163−/− mice (n≥5) received femur fracture as described in Figure 1, and the 

fractured femurs were harvested on 14, 21 or 28 and processed for torsion testing to failure. 

Primary data from representative femurs are shown with the data for each mouse +/− SD for 

the group (2-way ANOVA,*p<0.05).
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