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A B S T R A C T   

Osteoimmune studies have identified complement signaling as an important regulator of the skeleton. Specif-
ically, complement anaphylatoxin receptors (i.e., C3aR, C5aR) are expressed on osteoblasts and osteoclasts, 
implying that C3a and/or C5a may be candidate mediators of skeletal homeostasis. The study aimed to determine 
how complement signaling influences bone modeling/remodeling in the young skeleton. Female C57BL/6J 
C3aR− /-C5aR− /− vs. wildtype and C3aR− /− vs. wildtype mice were examined at age 10 weeks. Trabecular and 
cortical bone parameters were analyzed by micro-CT. In situ osteoblast and osteoclast outcomes were determined 
by histomorphometry. Osteoblast and osteoclast precursors were assessed in vitro. C3aR− /-C5aR− /− mice dis-
played an increased trabecular bone phenotype at age 10 weeks. In vitro studies revealed C3aR− /-C5aR− /− vs. 
wildtype cultures had less bone-resorbing osteoclasts and increased bone-forming osteoblasts, which were 
validated in vivo. To determine whether C3aR alone was critical for the enhanced skeletal outcomes, wildtype vs. 
C3aR− /− mice were evaluated for osseous tissue outcomes. Paralleling skeletal findings in C3aR− /-C5aR− /− mice, 
C3aR− /− vs. wildtype mice had an enhanced trabecular bone volume fraction, which was attributed to increased 
trabecular number. There was elevated osteoblast activity and suppressed osteoclastic cells in C3aR− /− vs. 
wildtype mice. Furthermore, primary osteoblasts derived from wildtype mice were stimulated with exogenous 
C3a, which more profoundly upregulated C3ar1 and the pro-osteoclastic chemokine Cxcl1. This study introduces 
the C3a/C3aR signaling axis as a novel regulator of the young skeleton.   

1. Introduction 

The field of osteoimmunology has demonstrated that innate and 
adaptive immune interactions with bone cells modulate skeletal devel-
opment and maturation (Li et al., 2007a; Lorenzo et al., 2008; Takaya-
nagi, 2009; Walsh et al., 2018). Proinflammatory immune signaling 
augments osteoclastogenesis while suppressing osteoblastic bone for-
mation. Thus, this proinflammatory milieu can have unfavorable effects 
on maintaining skeletal homeostasis (Redlich and Smolen, 2012; Zaidi, 
2007; Weitzmann and Ofotokun, 2016). The human skeleton accumu-
lates peak bone mass during the pubertal/post-pubertal growth window 
up until around 30 years of age, and thereafter begins a process of slow 
continuous bone loss throughout life (Baxter-Jones et al., 2011; Weaver 

et al., 2016). Appreciating that approximately 40 % of peak bone accrual 
occurs during the pubertal/post-pubertal phase (Bonjour et al., 1991; 
Cheung et al., 2011; McCormack et al., 2017), there is a critical need to 
improve our understanding of osteoimmunological processes regulating 
the attainment of bone mass during this period. 

Previous osteoimmunology studies revealed that innate immune 
complement signaling may be critical in bone cell actions (Sato et al., 
1993; Tu et al., 2010; Ignatius et al., 2011; Pobanz et al., 2000; Mat-
suoka et al., 2014; Kovtun et al., 2017; Modinger et al., 2018). The 
complement cascade comprises a network of interacting molecules that 
initiate, promote, and modulate immune and inflammatory responses 
(Ricklin et al., 2010). The components of the complement cascade work 
together to direct a host response to tissue injury or infection (Ricklin 

* Corresponding author at: 30 Courtenay Drive, Research Services, Ralph H. Johnson VAHCS, Charleston, SC 29425, USA. 
E-mail address: hathawa@musc.edu (J.D. Hathaway-Schrader).  

Contents lists available at ScienceDirect 

Bone Reports 

journal homepage: www.elsevier.com/locate/bonr 

https://doi.org/10.1016/j.bonr.2023.101662 
Received 10 September 2022; Received in revised form 13 February 2023; Accepted 15 February 2023   

mailto:hathawa@musc.edu
www.sciencedirect.com/science/journal/23521872
https://www.elsevier.com/locate/bonr
https://doi.org/10.1016/j.bonr.2023.101662
https://doi.org/10.1016/j.bonr.2023.101662
https://doi.org/10.1016/j.bonr.2023.101662
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bone Reports 18 (2023) 101662

2

et al., 2010). Complement signaling is also responsible for inflammatory 
interactions with toll-like receptors (TLRs) and regulating the activation, 
differentiation, and maintenance of B-cells and T-cell subsets (Hajish-
engallis and Lambris, 2016). While complement can be initiated by 
either the classical, lectin or alternative pathways, all pathways 
converge at C3 cleavage for downstream molecules to modulate several 
functions. C3 and C5 are cleaved by convertases and generate the ana-
phylatoxins C3a and C5a, which regulate crosstalk with TLRs and in-
flammatory cell recruitment and activation (Hajishengallis and Lambris, 
2016; Reis et al., 2019). C3a and C5a induce inflammatory actions 
through signaling at their cognate receptors C3aR and C5aR. These re-
ceptors are expressed on cells of both hematopoietic and mesenchymal 
stem cell origins (Reis et al., 2019). 

Complement signaling may play a critical role in osteoblast and 
osteoclast differentiation and function (Sato et al., 1993; Tu et al., 2010; 
Ignatius et al., 2011; Pobanz et al., 2000; Matsuoka et al., 2014; Kovtun 
et al., 2017; Modinger et al., 2018). It has been demonstrated that C3 
expression can induce bone marrow stromal cell (BMSC) secretion of 
proinflammatory cytokines while exogenous C3aR agonists can stimu-
late in vitro osteoclast differentiation (Sato et al., 1993; Tu et al., 2010) 
and mediate osteoblast-osteoclast coupling (Matsuoka et al., 2014). 
Reports have shown that C3aR and C5aR can be expressed on osteoblasts 
and osteoclasts (Sato et al., 1993; Tu et al., 2010; Ignatius et al., 2011). 
While global C3− /− and C5− /− mice displayed no differences in bone 
volume fraction at age 12 weeks (Ehrnthaller et al., 2013), C5aR1 null 
mice have increased bone mass accrual (Kovtun et al., 2017). Thus, prior 
osteoimmunology studies have focused on C5aR in fracture healing of 
the adult skeleton (Kovtun et al., 2017; Ehrnthaller et al., 2013; Reck-
nagel et al., 2012; Ehrnthaller et al., 2016; Bergdolt et al., 2017). 
However, the role of C3a/C3aR signaling in the growing skeleton is 
currently unknown. 

In C57BL/6J mice, the pubertal/post pubertal developmental phase 
has been estimated to begin around age 6 weeks, bone modeling 
(growth) is considered principally complete at age 12 weeks, and bone 
mineral density peaks around age 18 weeks (Landreth, 2002; Ferguson 
et al., 2003; Glatt et al., 2007). The current report investigates C3aR/ 
C5aR and C3aR signaling in C57BL/6J mice during post pubertal skel-
etal growth. Outcomes from this study reveal that C3a/C3aR signaling 
has pro-osteoclastic/anti-osteoblastic actions on the skeleton, providing 
initial evidence that complement signaling factors influence osteoim-
mune crosstalk to regulate skeletal growth. 

2. Materials and methods 

2.1. Mice 

Female wildtype C57BL/6 mice were purchased from Jackson Lab-
oratories and housed in ventilated cages in a specific-pathogen-free vi-
varium. Female C3aR− /-C5aR− /− and C3aR− /− mice were gifted by Dr. 
Carl Atkinson (University of Florida). Mice were euthanized at 10 weeks 
of age. Room temperature and humidity were carried out within rec-
ommended ranges of the Guide for the Care and Use of Laboratory An-
imals (8th Ed.). All work with mice was approved by the MUSC Animal 
Protocols Review Board, performed in accordance with the National 
Institute of Health Guide for Care and Use of Laboratory Animals, and 
reported by the ARRIVE guidelines. 

2.2. Micro-CT 

Femurs were harvested and fixed in 10 % neutral-buffered-formalin. 
Specimens were scanned with Scanco micro-CT 40 Scanner (Scanco 
Medical): X-ray tube potential = 70 kVp; Integration time = 200 ms; 
voxel size = 10 μm3. Calibrated three-dimensional images were recon-
structed. The software Analyze 12.0 Bone Microarchitecture Analysis 
(AnalyzeDirect) was utilized for trabecular bone at the distal femur and 
cortical bone at the femoral mid-diaphysis. Trabecular bone was 

evaluated in axial CT sections starting at 300 μm proximal to the distal 
growth plate and extending 1000 μm proximally. Cortical bone was 
assessed in transverse CT slices in a 1000um segment of the mid- 
diaphysis. A fixed threshold of 1750 Hounsfield units discerned miner-
alized tissue. Data are reported following standardized nomenclature 
(Bouxsein et al., 2010). 

2.3. In situ immunofluorescence 

Tibiae were fixed in 10 % phosphate-buffered-formalin for 24 h at 
room temperature. Long bones were decalcified in 14 % EDTA for 21 
days at room temperature, paraffin-embedded, and samples were cut 
into 5 μm serial frontal sections. Specimens were deparaffinized, rehy-
drated, and incubated in 0.2 M boric acid at 60 ◦C overnight for antigen 
retrieval. Specimens were then incubated with a 1:100 dilution of anti- 
osterix (OSX) monoclonal antibody (Santa Cruz Biotechnology) for 2 h 
at room temperature. Sections were washed in 1× PBS and then incu-
bated with a 1:2000 FITC-goat anti-rabbit (Santa Cruz Biotechnology) 
for 1 h at room temperature (protected from light). Samples were 
washed with 1× PBS and mounted via ProLong Diamond Antifade 
Mountant with DAPI (Life Technologies). OSX+ osteoblastic cells lining 
bone were evaluated in the proximal tibia. The region of interest for 
analysis was the secondary spongiosa, initiated 250 μm distal to the 
proximal growth plate and extending 1000 μm distally; 50 μm from 
endocortical surfaces. Images were acquired at 100× utilizing the Key-
ence BZ-19 X810 microscope (Keyence) and scored via ImageJ software. 

2.4. Histomorphometry 

Tibiae were collected and fixed in 10 % neutral-buffered formalin, 
decalcified in 14 % EDTA, and processed for paraffin histology. Five-μm 
serial frontal sections were acquired of the proximal tibia. Tibia sections 
were stained with tartrate-resistant acid phosphatase (TRAP) and 
counterstained with hematoxylin for histomorphometric analyses of 
osteoclasts. TRAP+ multinucleated (≥3 nuclei) cells lining trabecular 
bone were scored as osteoclasts. The region of interest for analysis in 
proximal tibiae sections was carried out as previously described 
(Hathaway-Schrader et al., 2019; Hathaway-Schrader et al., 2020). 
Images were acquired at 200× using a Keyence BZ-X810 microscope and 
analyzed using ImageJ software. Data are reported following standard-
ized nomenclature (Dempster et al., 2013), as previously described 
(Hathaway-Schrader et al., 2019, 2020). 

2.5. Bone marrow cultures 

For each animal, femurs and tibiae were flushed for bone marrow 
using α-MEM media (Gibco, Fisher Scientific) supplemented with 20 % 
FBS (Hyclone) and 1 % PSG (2 mM glutamine, 100 U/mL penicillin, 100 
mg/mL streptomycin). Cells were disassociated and plated in a 60 mm 
dish. Twenty-four hours after plating, hematopoietic progenitor cell 
fraction was isolated for osteoclast-precursor (OCP) assays by decanting 
off the non-adherent cells. Fresh α-MEM media supplemented with 20 % 
FBS (Hyclone) and 1 % PSG was added back to the bone marrow cul-
tures; 48 h later, adherent cells were isolated for bone marrow stromal 
cell (BMSC) assays. Cultures were not combined from animals for initial 
bone marrow cultures or subsequent OCP/BMSC assays; n-values re-
ported for in vitro assays represent biological replicates. 

2.6. In vitro bone marrow stromal cell (BMSC) assays 

Adherent BMSCs were isolated from bone marrow cultures. BMSCs 
were washed, counted, and plated for assays in α-MEM media, 10 % FBS 
(Hyclone), and 1 % PSG. Cell expansion assay: BMSCs were plated at 2.0 
× 104 cells/cm2 in 48-well plates in α-MEM media, 10 % FBS (Hyclone), 
and 1 % PSG. Cells were collected on day 2, day 4, day 6, day 8, and day 
10 for cell counts (Novince et al., 2017). Von Kossa osteogenesis assay: 
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BMSCs were plated at 1.0 × 105 cells/cm2 in 48-well plates with α-MEM 
media supplemented with 10 % FBS (Hyclone) and 1 % PSG for 3 days. 
Confluent cultures were then treated with osteogenic media (α-MEM 
media, 10 % FBS (Hyclone), 1 % PSG, 50 mg/mL ascorbic acid, and 10 
mM β-glycerophosphate) for 11 days. Cultures were stained by the von 
Kossa method to detect mineralization, as previously reported (Hath-
away-Schrader et al., 2020, 2022). Differentiation potential quantitative 
real-time PCR (qRT-PCR) assay: BMSCs were plated at 2.0 × 104 cells/ 
cm2 in 12-well plates and cultured in α-MEM media, 10 % FBS, 1 % PSG, 
to assess alterations in multipotent differentiation potential in unsti-
mulated cultures. Day-4 pre-confluent cultures were collected for qRT- 
PCR gene expression analysis to evaluate alterations in BMSC commit-
ment towards the osteoblastogenic, adipogenic, and chondrogenic lin-
eages (Hathaway-Schrader et al., 2019, 2020; Novince et al., 2017). 
Unstimulated BMSC RNA was isolated by the TRIzol Reagent (Invi-
trogen) method. Total RNA was quantified via NanoDrop 1000 (Thermo 
Fisher Scientific). cDNA was generated using TaqMan Random Hex-
amers and Reverse Transcription Reagents (Applied Biosystems) and 
amplified by TaqMan primers and Universal PCR Master Mix by the 
StepOnePlus System (Applied Biosystems). Gapdh was used as an in-
ternal control gene; relative quantification of data was carried out by the 
comparative CT method (2-ΔΔCT) (Schmittgen and Livak, 2008), as pre-
viously described (Hathaway-Schrader et al., 2019; Novince et al., 
2017). Osteogenic potential qRT-PCR assay: BMSCs were plated at 2.0 ×
104 cells/cm2 in 12-well plates and cultured in α-MEM media, 10 % FBS, 
1 % PSG until reaching confluency. Confluent cultures were then treated 
with α-MEM media supplemented with 10 % FBS, 1 % PSG, and 50 mg/ 
mL ascorbic acid for 5 days, as previously described (Hathaway- 
Schrader et al., 2020; Novince et al., 2017). Cultures were then collected 
for qRT-PCR analysis of Bglap (Ocn) mRNA, as stated previously. 

2.7. In vitro osteoclast-precursor assays 

Non-adherent hematopoietic progenitor cells separated from bone 
marrow cultures were washed and incubated with CD11b microbeads 
(Miltenyi Biotec, Bergisch Gladbach, Germany). AutoMACS Sorter 
(Miltenyi Biotec) was employed to separate CD11b− hematopoietic 
progenitor cells, as previously described (Hathaway-Schrader et al., 
2019; Novince et al., 2017). TRAP stain assay: The CD11b− cellular 
fraction was plated at 1.5 × 105 cells/cm2 in 96-well plates in α-MEM 
media, 10 % FBS (Hyclone), 1 % PSG. Cells were primed for 36 h with 
10 ng/mL CSF1 (R&D Systems, Minneapolis, MN, USA) to enhance 
CD11b− OCP cells, which have high osteoclastic potential (Jacquin 
et al., 2006). CD11b− OCP cultures were then stimulated with either 
fresh control (25 ng/mL CSF1) or treatment (25 ng/mL CSF1 + 50 ng/ 
mL RANKL; R&D Systems) media for 5 days; media was refreshed every 
other day. Control and treatment cultures were stained by the TRAP 
method, as previously reported (Hathaway-Schrader et al., 2020; Nov-
ince et al., 2017). TRAP-stained cultures were carried out in triplicate 
wells for each animal (biological replicate). Entire culture wells were 
imaged at 200× using the Keyence BZ-X810 microscope (Keyence, 
Osaka, Japan). TRAP+ cells with three or greater nuclei were scored as 
osteoclasts for cytomorphometric analyses. Osteoclast cellular outcomes 
included number of osteoclasts per well (N.Oc/Well), average osteoclast 
area (Oc.Ar/Oc), and nuclei number per osteoclast (N.Nc/Oc). Analysis 
was performed using NIH ImageJ software, version 1.51j8, https://i 
magej.nih.gov/ij/ (NIH, Bethesda, MD). Gene expression assay: 
CD11b− cellular fraction was plated in 12-well plates in α-MEM media, 
10 % FBS (Hyclone), 1 % PSG and primed for 36 h with 10 ng/mL CSF1. 
CD11b− OCP cultures were then stimulated with either fresh control (25 
ng/mL CSF1) or treatment (25 ng/mL CSF1 and 50 ng/mL RANKL) 
media for 4 days. Media was changed every 2 days. Day-4 control cul-
tures (25 ng/mL CSF1) and treatment cultures (25 ng/mL CSF1 and 50 
ng/mL RANKL) were isolated for quantitative real-time PCR (qRT-PCR) 
mRNA analysis. Gene expression assay was carried out in duplicate 
(technical replicate) cultures. 

2.8. In vitro C3a-osteoblast stimulation assay 

BMSCs were plated in culture media (α-MEM media + 10 % Hyclone 
FBS + 1 % PSG) at 2.0 × 104 cells/cm2 in 12-well plates. Upon reaching 
confluency, cultures were stimulated with osteogenic media (α-MEM 
media + 10 % Hyclone FBS + 1 % PSG + 50μg/mL ascorbic acid) for 5 
days, media changed every other day. Cells were then cultured over-
night in serum-deprived osteogenic media (α-MEM media +0.3 % 
Hyclone FBS + 1 % PSG + 50μg/mL ascorbic acid). On Day-6, cultures 
were stimulated for 2 h with serum-deprived osteogenic media supple-
mented with either vehicle-control or recombinant C3a (5, 10, or 20 ng/ 
mL, R&D Systems). After the 2-h stimulation, supernatants were aspi-
rated, and cells were washed to remove recombinant proteins. Fresh 
serum-deprived osteogenic media was added back to cultures for 5 h. 
Cell culture supernatants were then collected for ELISA protein assays, 
and cells were isolated for qRT-PCR gene expression analysis to assess 
pro-osteoclastic genes. In vitro osteoblast stimulation assay was per-
formed in triplicate (technical replicate) cultures. Data are representa-
tive of two separate experiments. 

2.9. Serum biochemical assay 

Whole blood was collected via cardiac puncture at euthanasia, serum 
was isolated, and stored at -80 ◦C. P1NP (Immunodiagnostic Systems, 
East Boldon, UK) was tested by ELISA, per the manufacturer's proced-
ures. Supernatants were collected from vehicle-control and C3a- 
stimulated osteoblast cultures and stored at -80 ◦C. C3 (Abcam, Cam-
bridge, UK) was assessed by ELISA, following the manufacturer's 
protocols. 

2.10. Statistics 

Unpaired two-tailed t-tests compared wildtype vs. C3aR− /-C5aR− /−

and wildtype vs. C3aR− /− ; GraphPad Prism 8.7 (GraphPad Software 
Inc.). For in vitro osteoblast C3a stimulation assays, one-way ANOVA 
was carried out in C3a dose response cultures. Data are reported as mean 
± SEM. 

3. Results 

3.1. Knockdown of complement C3aR and C5aR enhances bone 
morphology 

Micro-CT analysis was executed in the femur of C3aR− /-C5aR− /− vs. 
wildtype mice to investigate tissue level alterations in cancellous 
(Fig. 1A-G) and cortical (Fig. 1H-K) bone. C3aR− /-C5aR− /− vs. wildtype 
mice had elevated trabecular bone mineral density (Fig. 1B) and a 20.8 
% increase in bone volume fraction (Fig. 1C). Trabecular micro-
architecture outcomes in C3aR− /-C5aR− /− mice showed higher con-
nectivity density (Fig. 1D), increased trabecular number (Fig. 1E), and 
reduced trabecular separation (Fig. 1G). Cortical bone mineral density 
(Fig. 1I) was increased while cortical thickness (Fig. 1K) was similar in 
the femoral mid-diaphysis of C3aR− /-C5aR− /− vs. wildtype mice. These 
outcomes support that C3aR/C5aR signaling adversely affects bone mass 
accrual and microarchitecture during post-pubertal skeletal maturation. 

3.2. Elevated osteoblastogenesis in C3aR− /-C5aR− /− vs. wildtype mice 

C3aR and C5aR are expressed on osteoblasts (Sato et al., 1993; Tu 
et al., 2010; Ignatius et al., 2011). In vitro experiments were carried out 
in BMSCs derived from C3aR− /-C5aR− /− vs. wildtype mice to determine 
the role of C3aR and C5aR in osteoblastogenesis (Fig. 2). Unstimulated 
BMSC expansion was enhanced in C3aR− /-C5aR− /− vs. wildtype cultures 
over time (Fig. 2A). Gene expression was evaluated in pre-confluent 
untreated day-4 BMSC cultures for alterations in mesenchymal-stromal 
cell differentiation potential (Fig. 2B). Untreated day-4 BMSC cultures 
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showed no difference in the commitment to the adipogenic (Pparg) or 
chondrogenic (Col2a1) lineages and increased commitment to the 
osteogenic (Sp7) lineage (Fig. 2B). Because of the elevated osteogenic 
potential in unstimulated BMSCs, C3aR− /-C5aR− /− vs. wildtype cultures 
were treated with ascorbic acid for 5 days and collected for qRT-PCR 
analysis. Bglap (Ocn) was upregulated in C3aR− /-C5aR− /− vs. wildtype 
cultures (Fig. 2C). Supporting the gene expression results from stimu-
lated cells, von Kossa assays demonstrated increased mineralization 
potential in BMSC cultures from C3aR− /-C5aR− /− vs. wildtype mice 
(Fig. 2D). These data suggest that C3aR/C5aR signaling in osteoblastic 
cells suppresses osteogenesis. 

To validate in vitro osteoblastogenesis findings, in situ immunoflu-
orescent staining and histomorphometric analysis of proximal tibia 
sections was carried out to evaluate OSX+ bone-lining osteoblasts in 
wild-type vs. C3aR− /-C5aR− /− mice (Fig. 2E-F). The frequency of OSX+
osteoblasts was increased (Fig. 2F), while serum P1NP levels were 
enhanced in C3aR− /-C5aR− /− vs. wildtype mice (Fig. 2G). This data 
supports the notion that complement receptors C3aR and C5aR alter 
osteoblastogenesis in growing mice. 

3.3. Suppressed osteoclastogenesis in C3aR− /-C5aR− /− vs. wildtype mice 

Cytomorphometric analysis of day-5 osteoclast-precursor (OCP) cell 
cultures from C3aR− /-C5aR− /− vs. wildtype mice (Fig. 3A-D) revealed 
blunted osteoclastogenic differentiation potential in C3aR− /-C5aR− /−

OCPs. The number of osteoclasts (N.Oc/Well; Fig. 3B) and numbers of 
nuclei per osteoclast (N.Nc/Oc; Fig. 3D) were decreased in OCP cultures 
from C3aR− /-C5aR− /− vs. wildtype mice. These data demonstrate that 
C3aR/C5aR signaling in OCP cells promotes osteoclastogenesis. To 

confirm cytomorphometric findings, Dcstamp, a RANKL-induced trans-
membrane protein critical for osteoclast fusion, was examined in Day-4 
CD11b− OCP treatment vs. control cultures (Fig. 3E). RANKL treatment 
more profoundly upregulated Dcstamp in CD11b− OCP cultures from 
wild-type vs. C3aR− /-C5aR− /− mice (Fig. 3E). This suggests that the 
C3aR/C5aR immunostimulation promotes RANKL-induced osteoclast 
fusion. 

Histomorphometric analysis of TRAP-stained proximal tibia sections 
was performed to determine if osteoclastogenesis was decreased in the 
absence of C3aR/C5aR in vivo (Fig. 3F-I). There was no change in the 
number of osteoclasts lining the trabecular bone perimeter (N.Oc/B.Pm) 
in C3aR− /-C5aR− /− vs. wildtype mice (Fig. 3G). Osteoclast size (Oc.Ar/ 
Oc; Fig. 3H) was smaller and the osteoclast perimeter per bone perim-
eter (Oc.Pm/B.Pm; Fig. 3I) was reduced in C3aR− /-C5aR− /− vs. wildtype 
mice, which suggests that C3aR/C5aR signaling supports osteoclast 
maturation. The decreased Oc.Ar/Oc (Fig. 3H) and Oc.Pm/B.Pm 
(Fig. 3I) findings in the proximal tibia of C3aR− /-C5aR− /− vs. wildtype 
mice were consistent with the enhanced osteoclast numbers (Fig. 3B) 
and maturation potential (Fig. 3D) found in the Day-5 OCP culture 
system. The suppressed osteoclastic phenotype and superior trabecular 
bone phenotype (Fig. 1) observed in C3aR− /-C5aR− /− vs. wildtype mice 
supports that C3aR/C5aR signaling has catabolic effects on trabecular 
bone. 

3.4. C3aR− /− vs. wildtype mice have a superior trabecular bone 
phenotype 

Our studies in C3aR− /-C5aR− /− vs. wildtype mice demonstrated that 
C3aR/C5aR signaling impairs bone quantity and quality in the post 

Fig. 1. Knockdown of complement C3aR and C5aR enhances bone morphology. Wildtype (WT) and C3aR− /-C5aR− /− mice were euthanized, and femurs were 
analyzed. (A-G) WT vs. C3aR− /-C5aR− /− micro-CT trabecular analysis, (n = 4–5 mice/group). A. Representative micro-CT images of trabecular bone at the distal 
femur. B. Trabecular (Tb) bone mineral density (BMD). C. Trabecular bone volume fraction (BV/TV). D. Connectivity density (Conn.D). E. Trabecular number (Tb.N). 
F. Trabecular thickness (Tb.Th). G. Trabecular Separation (Tb.Sp). (H-K) WT vs. C3aR− /-C5aR− /− micro-CT cortical analysis, (n = 4–5 mice/group). H. Represen-
tative micro-CT images of femur mid-diaphysis. I. Cortical BMD. J. Cortical bone area fraction (Ct.Ar/T.Ar). K. Cortical thickness (Ct.Th). Data are expressed as mean 
± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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pubertal growing skeleton. Prior research in C5aR1− /− mice supports 
that C5aR1 signaling negatively affects skeletal bone mass (Kovtun 
et al., 2017). However, the role that C3aR signaling plays in skeletal 
modeling and bone mass is currently unclear. Therefore, to discern C3aR 
signaling effects on post pubertal skeletal growth, micro-CT analysis was 
conducted in the femur of C3aR− /− vs. wildtype mice to evaluate dif-
ferences in trabecular (Fig. 4A-G) and cortical (Fig. 4H-K) bone 
morphology and mineral density. Paralleling the enhanced skeletal 
phenotype found in C3aR− /-C5aR− /− vs. wildtype mice, there was a 
22.6 % increase in trabecular bone volume fraction in C3aR− /− vs. 

wildtype mice (Fig. 4C). The increased bone volume fraction in C3aR− /−

mice was accredited to higher connectivity density (Fig. 4D) and 
increased trabecular number (Fig. 4E), while there were no alterations 
in trabecular thickness (Fig. 4F) or trabecular separation (Fig. 4G). 
Cortical bone mineral density (Fig. 4I), cortical area fraction (Fig. 4J), 
and cortical thickness (Fig. 4K) were similar in the femoral mid- 
diaphysis of C3aR− /− vs. wildtype mice. These findings support that 
C3aR signaling has effects on trabecular, but not cortical bone, in the 
young female skeleton. 

Fig. 2. Elevated osteoblast differentiation 
and function in C3aR− /-C5aR− /− vs. wild-
type cultures. (A–D) Wildtype (WT) and 
C3aR− /-C5aR− /− mice were euthanized, 
bone marrow harvested, and BMSCs were 
isolated for in vitro assays. A. BMSC expan-
sion over time in culture. B. BMSC differen-
tiation potential assay; BMSCs were cultured 
for 4 days and harvested pre-confluent for 
qRT-PCR analysis. mRNA markers for oste-
oblastic (Runx2, Sp7), chondrogenic 
(Col2a1), and adipogenic (Pparg) potential 
were evaluated, and relative quantification 
of mRNA was performed via the compara-
tive CT method (2-ΔΔCT). C. BMSC osteo-
genic potential assay: BMSCs stimulated 
with osteogenic media for 5 days were iso-
lated for qRT-PCR analysis of Bglap (Ocn) 
mRNA. D. Representative images of day 11 
mineralization cultures stained by the von 
Kossa method. Cultures (n = 3–4 mice/ 
group) were carried out in duplicate. (E-F) 
WT and C3aR− /-C5aR− /− mice were eutha-
nized, and tibiae were processed for 
paraffin-embedded in situ immunofluores-
cent staining for osterix (OSX+) bone-lining 
osteoblasts (n = 4 mice/group). E. Repre-
sentative images of OSX-stained proximal 
tibia immunofluorescence. F. Number of 
osteoblasts per bone perimeter (N.Ob/B. 
Pm). G. Serum was isolated from whole 
blood (n = 4 mice/group); ELISA analysis of 
P1NP levels. Data are expressed as mean ±
SEM, *p < 0.05, **p < 0.01, ***p < 0.001.   
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3.5. Enhanced osteoblastogenesis in C3aR− /− vs. wildtype mice 

Like the C3aR− /-C5aR− /− cultures (Fig. 2), in vitro experiments were 

executed in cells derived from C3aR− /− vs. wildtype mice to elucidate 
the role of C3aR on osteoblastogenesis (Fig. 5). BMSCs derived from 
C3aR− /− vs. wildtype cultures expanded at a greater rate over time 

Fig. 3. Suppressed osteoclastogenesis in C3aR− /-C5aR− /− vs. wildtype mice. (A-E) Wildtype (WT) and C3aR− /-C5aR− /− mice were euthanized, and whole marrow 
cells were isolated and sorted for CD11b− cells. CD11b− cells were treated with CSF1 alone or CSF1 + RANKL for 5 days (n = 5–7 mice/group). A. Representative 
images of TRAP-stained cultures. B. Number of osteoclasts (N.Oc/Well) in day 5 cultures. C. Osteoclast size (Oc.Ar/Oc). D. Number of nuclei per osteoclast (N.Nc/ 
Oc). E. qRT-PCR gene expression studies were conducted in CD11bneg OCP cultures on day 4 to detect Dcstamp mRNA transcription level alterations in RANKL- 
stimulated osteoclast differentiation. Relative quantification of mRNA was performed via 2-ΔΔCT; data expressed as treatment (CSF1 and RANKL) fold change 
relative to control (CSF1). (F-I) WT and C3aR− /-C5aR− /− mice were euthanized, and tibiae were processed for paraffin-embedded TRAP+ staining for osteoclasts in 
vivo (n = 4 mice/group). F. Representative images of TRAP-stained proximal tibia histology. G. Number of osteoclasts per bone perimeter (N.Oc/B.Pm). H. Osteoclast 
size (Oc.Ar/Oc). I. Osteoclast perimeter per bone perimeter (Oc.Pm/B.Pm). Data are expressed as mean ± SEM, *p < 0.05, **p < 0.01. 

Fig. 4. C3aR− /− vs. wildtype mice have a superior trabecular bone phenotype. Wildtype (WT) and C3aR− /− mice were euthanized, and femurs were analyzed. (A-G) 
WT vs. C3aR− /− micro-CT trabecular analysis, (n = 4–5 mice/group). A. Representative micro-CT images of trabecular bone at the distal femur. B. Trabecular (Tb) 
bone mineral density (BMD). C. Trabecular bone volume fraction (BV/TV). D. Connectivity density (Conn.D). E. Trabecular number (Tb.N). F. Trabecular thickness 
(Tb.Th). G. Trabecular Separation (Tb.Sp). (H-K) WT vs. C3aR− /− micro-CT cortical analysis, (n = 4–5 mice/group). H. Representative micro-CT images of femur mid- 
diaphysis. I. Cortical BMD. J. Cortical bone area fraction (Ct.Ar/T.Ar). K. Cortical thickness (Ct.Th). Data are expressed as mean ± SEM, *p < 0.05, **p < 0.01. 
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(Fig. 5A). Pre-confluent untreated day-4 BMSC cultures displayed min-
imal changes in the commitment to the adipogenic (Pparg) or chon-
drogenic (Col2a1) lineages (Fig. 5B). However, C3aR− /− vs. wildtype 
cultures demonstrated a 2.5× increase in Sp7 expression (Fig. 5B), while 
only a 1.5× increase was observed in C3aR− /-C5aR− /− vs. wildtype 
cultures (Fig. 5B). Importantly, BMSCs stimulated with ascorbic acid for 
5 days displayed an upregulation of Bglap (Ocn) in C3aR− /− vs. wildtype 
cultures (Fig. 5C). Von Kossa assays showed elevated mineralization in 

BMSC cultures from C3aR− /− vs. WT mice (Fig. 5D). 
To support in vitro findings from wildtype vs. C3aR− /− cultures, in 

situ immunofluorescent staining and histomorphometric analysis of 
proximal tibia sections examined OSX+ bone-lining osteoblasts (Fig. 5E- 
F). The frequency of OSX+ osteoblasts was elevated in C3aR− /− vs. 
wildtype mice (Fig. 5F), and serum P1NP levels were enhanced in 
C3aR− /− vs. wildtype mice (Fig. 5G). These data further validate that 
C3aR signaling suppresses osteoblast differentiation and function. 

Fig. 5. Enhanced osteoblastogenesis in 
C3aR− /− vs. wildtype animals. (A–D) 
Wildtype (WT) and C3aR− /− mice were 
euthanized, bone marrow harvested, 
and BMSCs were isolated for in vitro 
assays. A. BMSC expansion over time in 
culture. B. BMSC differentiation poten-
tial assay; BMSCs were cultured for 4 
days and harvested pre-confluent for 
qRT-PCR analysis. mRNA markers for 
osteoblastic (Runx2, Sp7), chondrogenic 
(Col2a1), and adipogenic (Pparg) po-
tential were evaluated, and relative 
quantification of mRNA was performed 
via the comparative CT method (2- 

ΔΔCT). C. BMSC osteogenic potential 
assay: BMSCs stimulated with osteo-
genic media for 5 days were isolated for 
qRT-PCR analysis of Bglap (Ocn) mRNA. 
D. Representative images of day 11 
mineralization cultures stained by the 
von Kossa method. Cultures (n = 5 
mice/group) were carried out in dupli-
cate. (E-F) WT and C3aR− /− mice were 
euthanized, and tibiae were processed 
for paraffin-embedded in situ immuno-
fluorescent staining for osterix (OSX+) 
bone-lining osteoblasts (n = 5 mice/ 
group). E. Representative images of 
OSX-stained proximal tibia immunoflu-
orescence. F. Number of osteoblasts per 
bone perimeter (N.Ob/B.Pm). G. Serum 
was isolated from whole blood (n = 5 
mice/group); ELISA analysis of P1NP 
levels. Data are expressed as mean ±
SEM, *p < 0.05, **p < 0.01, ***p <
0.001.   
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3.6. C3aR− /− vs. wildtype mice have decreased osteoclast maturation 

Paralleling the C3aR− /-C5aR− /− vs. wildtype CD11b− OCP culture 
outcomes at day-5, cytomorphometric analysis of TRAP-stained day-5 
CD11b− OCP cultures from C3aR− /− vs. wildtype mice (Fig. 6A-D) dis-
played decreased number of osteoclasts (Fig. 6B) and osteoclast area 
(Fig. 6C) in cultures from C3aR− /-C5aR− /− vs. wildtype mice. These data 
support that C3aR expression promotes osteoclastogenesis. Treatment 
vs. control analysis was achieved in RANKL+CSF1 treatment cultures 
relative to CSF1 control cultures to evaluate Dcstamp. RANKL treatment 
enhanced Dcstamp in CD11b− OCP cultures from wild-type vs. C3aR− /−

mice (Fig. 6E). This data supports the notion that the C3aR immunos-
timulation stimulates RANKL-induced osteoclast fusion. 

To determine if osteoclastogenesis is suppressed with the deletion of 
C3aR in vivo, histomorphometric analysis of TRAP-stained proximal 
tibia sections was performed in animals (Fig. 6F-I). There was a lower 
number of osteoclasts lining the trabecular bone perimeter (N.Oc/B.Pm) 
in C3aR− /− vs. wildtype mice (Fig. 6G), which suggests that C3aR limits 
the commitment of monocyte/myeloid cells to the osteoclast lineage. 
Osteoclast size (Oc.Ar/Oc) was not different (Fig. 6H), but osteoclast 
perimeter per bone perimeter (Oc.Pm/B.Pm) was reduced in C3aR− /−

vs. wildtype mice (Fig. 6I), which indicates that C3aR promotes osteo-
clast maturation. The lower N.Oc/B.Pm (Fig. 6G) and Oc.Pm/B.Pm 
(Fig. 6I) findings in the proximal tibia align with the superior trabecular 
bone phenotype found in C3aR− /− vs. wildtype mice (Fig. 4). 

3.7. Exogenous C3a induces C3ar1 and osteoclastic genes Cxcl1 and Ccl2 
in osteoblasts in vitro 

To elucidate the molecular underpinnings of C3a/C3aR signaling 
actions on osteoblasts, qRT-PCR gene expression studies were performed 
in osteoblast cell lysates (Fig. 7A-B), and ELISA protein analysis was 
carried out with osteoblast culture supernatants (Fig. 7C). Gene 
expression studies were performed in wildtype osteoblasts with varying 
concentrations of C3a to evaluate alterations in C3ar1 mRNA. C3ar1 was 
significantly increased in osteoblasts treated with C3a at a concentration 
of 20 ng/mL (Fig. 7A). Interestingly, there was a trending increase in 
Ccl2 and a significant upregulation in Cxcl1 observed in osteoblasts 

stimulated with exogenous C3a (Fig. 7B). CCL2 and CXCL1 were 
examined as osteoblast-derived CCL2 paracrine signaling has been 
shown to support osteoclast fusion/maturation (Hathaway-Schrader 
et al., 2022; Li et al., 2007b; Khan et al., 2016). ELISA C3a analysis of 
cell supernatants from stimulated osteoblasts revealed no differences in 
C3a protein (Fig. 7C), suggesting that circulating C3a protein is not 
osteoblast-derived. These data suggest that C3a signaling induces 
osteoblast-derived signaling factors to support osteoclastogenesis. 

4. Discussion 

The complement system, a critical component of innate immunity, 
has been evaluated in various aspects of the musculoskeletal field. 
Complement involvement in bone has included homeostasis (Ignatius 
et al., 2011; Ehrnthaller et al., 2011; Andrades et al., 1996), regenera-
tion (Ehrnthaller et al., 2016), inflammation (Ignatius et al., 2011; 
Banda et al., 2012; Murayama et al., 2015), alveolar bone (Hajishen-
gallis et al., 2011; Liang et al., 2011), and more. Though the anaphy-
latoxin receptor C5aR has been primarily described in bone fracture and 
repair (Ignatius et al., 2011; Kovtun et al., 2017; Ehrnthaller et al., 2016; 
Bergdolt et al., 2017), C3a/C3aR signaling and expression have not been 
as well-characterized in health and pathological skeletal conditions. 

The present study describes the loss of C3aR leads to a higher 
trabecular bone phenotype in young, growing mice. Interestingly, bone 
volume fraction was increased by 22.6 % in C3aR− /− vs. wildtype. 
Additionally, C3aR− /− vs. wildtype cultures demonstrated a 2.5× in-
crease in Sp7 expression. Corroborating the Sp7 expression in unstimu-
lated BMSCs, there was a 4-fold difference in Bglap (Ocn) expression in 
C3aR− /− vs. wildtype stimulated cultures. Interestingly, C3aR− /− vs. 
wildtype mice had profound differences in osteoblast numbers and 
serum P1NP in vivo. This implies that C3aR alone may regulate skeletal 
homeostasis and osteoblast differentiation. On the other hand, the 
knockdown of C3aR/C5aR and C3aR alone similarly suppressed osteo-
clastic genes and numbers in vitro, validating findings from Tu et al. (Tu 
et al., 2010) While the current studies were performed in global 
knockout murine models, future investigations are crucial to determine 
whether bone cell-specific knockouts of C3aR may alter skeletal growth 
in health and disease. 

Fig. 6. C3aR− /− vs. wildtype mice show a decreased osteoclast phenotype. (A-E) Wildtype (WT) and C3aR− /− mice were euthanized, and whole marrow cells were 
isolated and sorted for CD11b− cells. CD11b− cells were treated with CSF1 alone or CSF1 + RANKL for 5 days (n = 5 mice/group). A. Representative images of TRAP- 
stained cultures. B. Number of osteoclasts per well (N.Oc/Well) in day 5 cultures. C. Osteoclast size in day 5 cultures (Oc.Ar/Oc). D. Number of nuclei per osteoclast 
(N.Nc/Oc) in day 5 cultures. E. qRT-PCR gene expression studies were conducted in CD11bneg OCP cultures on day 4 to detect Dcstamp mRNA transcription level 
alterations in RANKL-stimulated osteoclast differentiation. Relative quantification of mRNA was performed via 2-ΔΔCT; data expressed as treatment (CSF1 and 
RANKL) fold change relative to control (CSF1). (F-I) WT and C3aR− /− mice were euthanized, and tibiae were processed for paraffin-embedded TRAP+ staining for 
osteoclasts in vivo (n = 4 mice/group). F. Representative images of TRAP-stained proximal tibia histology. G. Number of osteoclasts per bone perimeter (N.Oc/B.Pm). 
H. Osteoclast size (Oc.Ar/Oc). I. Osteoclast perimeter per bone perimeter (Oc.Pm/B.Pm). Data are expressed as mean ± SEM. *p < 0.05, ***p < 0.001. 
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The current report highlights the role of C3a/C3aR signaling in the 
growing skeleton; yet it is important to note skeletal alterations 
observed in C3aR− /-C5aR− /− vs. wildtype mice. Although peak trabec-
ular and cortical bone mass is not achieved simultaneously, there was a 
significant elevation of both trabecular and cortical bone mineral den-
sities in C3aR− /-C5aR− /− vs. wildtype mice. Knockouts of other com-
plement subunits (i.e., C3, C5, CD59) have been shown to alter skeletal 
structure and architecture, such as blunted endochondral ossification, 
thicker epiphyseal growth plates, and increased cortical bone area 

(Ehrnthaller et al., 2013; Bloom et al., 2016). Considering there were no 
differences in cortical bone outcomes or bone mineral density in C3aR− / 

− vs. wildtype mice, our findings suggest a distinct role of C5aR, with or 
without C3aR synergistic effects, promoting peak bone mineral density. 
Further experimentation is needed to define the specific functions of 
C3aR and C5aR in cortical bone development and bone mineral density 
achievement. 

C3 can be secreted by various cell types deriving from the mesen-
chymal and hematopoietic stem cell lineages (Ricklin et al., 2010; Reis 
et al., 2019). Osteoblasts can secrete C3 and C5, while osteoclasts can 
only secrete C3 (Ignatius et al., 2011). Therefore, the source of C3a 
signaling to C3aR on bone cells remains unclear. Previous reports have 
shown that C3 produced by osteoblasts can impact osteoclasts (Ignatius 
et al., 2011), but osteoclast-derived C3a can also promote osteoblast 
differentiation (Matsuoka et al., 2014). However, the bone marrow 
microenvironment includes numerous cells expressing and secreting C3. 
Defining the source of C3a to signal at C3aR on various bone cells would 
advance knowledge about osteoimmunological mechanisms between 
osteoblasts, osteoclasts, and their precursors. 

Limitations of the current study involve evaluating skeletal outcomes 
at one time point. While trabecular and cortical bone modeling/ 
remodeling are vastly different and are achieved at various times, it is 
important to elucidate the role of C3aR in the adult/aging skeleton. 
Another limitation of the present report includes possible sex differ-
ences, where alterations in skeletal outcomes with CD59 may be gender 
specific (Bloom et al., 2016). However, Kovtun et al. (2017) reported 
that both C5aR1− /− and C5aR2− /− male mice displayed elevated bone 
mass, with increases in osteoblast numbers and decreases in osteoclast 
formation (Kovtun et al., 2017). Although C3aR was not evaluated in 
Kovtun et al. (2017), future experimentation would be needed to 
determine whether C3aR and C5aR are sex-dependent for skeletal out-
comes. Further drawbacks include elucidating the contribution of oste-
oblasts vs. osteoclasts towards the observed skeletal phenotype, where 
co-culture experimentation of osteoblasts and osteoclasts would be 
ideal. However, by the time primary BMSC/osteoblast cultures are 
properly differentiated, OCPs derived from the same animals are short- 
lived, having reached full osteoclastic potential, and cannot be 
expanded. While studies are trying to improve co-culture models in 3D 
(Remmers et al., 2023), previous reports have utilized cell lines, such as 
RAW267.4 cells treated with RANKL, to examine osteoblast-derived 
factors on osteoclastogenesis (Hathaway-Schrader et al., 2022). The 
RAW264.7 cell line can be employed as a control, as opposed to pre-
existing changes in OCPs derived from wildtype and knockout mice. 
Further experimentation is necessary to clarify the role of C3aR on 
osteoblast and osteoclast activities during skeletal growth. 

The late pubertal/young adult phase accounts for approximately 40 
% of peak bone accrual (Weaver et al., 2016; Bonjour et al., 1991; 
Cheung et al., 2011; McCormack et al., 2017). Understanding osteoim-
munological processes, such as C3a/C3aR signaling, during this critical 
growth period will afford opportunities to optimize bone mass accrual. 
Notably, knowledge about interventions, such as targeted bone-derived 
C3aR or C3aR/C5aR inhibitors, optimizing skeletal growth may have 
life-long implications for skeletal health and fracture risk. Future studies 
are needed for targeting C3a/C3aR both in the growing skeleton and 
preventing skeletal deterioration in pathophysiological states. 

5. Conclusions 

This study suggests that the C3aR signaling axis may critically 
regulate osteoblast-osteoclast-mediated bone modeling/remodeling 
processes in skeletal homeostasis. 
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