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Identification of novel macrophages and BMP
signals causing ectopic calcification and
Impairing muscle regeneration

[HIGH LIGHTS]

€ CEctopic calcification occurs near F4/80(+)Csflr(— ) macrophages after muscle injury
€ BMP signaling is activated in calcified muscles after injury

€ EndoMT is a key contributor to ectopic calcification in injured muscle

€ BMP inhibitors suppress ectopic calcification and promote muscle regeneration
[SUMMARY]

Ectopic calcification is an abnormal regenerative response occurring in various tissues. However,
its underlying mechanisms remain unclear. By comparing three macrophage depletion methods

using clodronate liposome, Csflr neutralizing antibody, and macrophage-specific Csf1r gene

deletion (Csflr cKO), we found that F4/80(+)Csflr(—) macrophages were specifically increased in

calcified muscles in notexin-injected mice and BaClz-injected CsfZr cKO mice. Mechanistically,
bone morphogenetic protein (BMP) signaling was found to contribute to ectopic calcification.
Reanalysis of public single-cell sequencing data and lineage-tracing analysis using Cah5”"”

mice revealed that endothelial-to-mesenchymal transition (EndoMT) is also a key contributor to

ectopic calcification. Notably, administration of BMP inhibitors reduced calcification and

promoted muscle regeneration. Thus, F4/80(+)Csflr(-) macrophages and BMP signals represent

promising therapeutic targets for preventing ectopic calcifications (Figure 1).
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[BACKGROUND]
Ectopic calcification is an abnormal regenerative response often triggered by injury, surgery, or

genetic mutations. Ectopic calcification occurs in various soft tissues, such as the brain, kidneys,
cardiovascular system, skeletal muscle, and skin. In skeletal muscle, calcification impairs
regeneration and leads to complications. However, therapeutic modalities for the prevention of
calcification are still being developed.

Skeletal muscle possesses a remarkable regenerative ability. Myotoxins are widely used to mimic
muscle injury in humans. Furthermore, myotoxins themselves or in combination with
burns/spinal cord injury have been used as models in research on ectopic calcification in skeletal
muscle. However, the cells promoting calcium deposition during regeneration have yet to be
identified.

Therefore, we herein investigated the regeneration of skeletal muscle using two reagents that
induce muscle injury: notexin (NTX) and BaCl.. We found that necrotic muscle tissues alone were
not sufficient to induce calcification and that F4/80(+)Csflr(-) macrophages correlated with
calcification. Additionally, bone morphogenetic protein (BMP) signaling induced endothelial-to-
mesenchymal transition (EndoMT), resulting in injured muscle calcification and impaired muscle
regeneration. The targeting of F4/80(+)Csf1r(-) macrophages and BMP signaling represent

novel therapeutic strategies to prevent ectopic calcification during skeletal muscle repair.

[RESULTS]
Alizarin Red staining revealed ectopic calcification in NTX-injured muscles and BaCl.-injured
Csf1r cKO mice. Notably, a significant accumulation of F4/80(+) Csflr(—) macrophages was

observed surrounding the calcified muscle areas. Correlation analysis further demonstrated a

positive relationship between the o St s
number of F4/80(+) Csflr(-)
macrophages and the extent of ectopic L
calcification(Figure 2). S s a5 .
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gPCR analysis of calcified muscles
revealed elevated expression of the BMP signaling target gene /d1. Database analysis of NTX-
injured muscles showed high /d7 expression specifically in endothelial cells and mesenchymal
cells. Trajectory analysis demonstrated differentiation of vascular endothelial cells into
mesenchymal cells, with these mesenchymal cells exhibiting high expression of endothelial-to-

mesenchymal transition (EndoMT)-related genes
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such as Acta2 and Snail. Furthermore, the
lineage tracing experiment by inducing
ectopic calcification in Cah5™"" Tomato mice
showed that Tomato(+) cells expressed a
SMA(+) cells (Figure 3). These results suggest | 3 a
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potential link between calcification and EndoMT.

Furthermore, to explore potential clinical applications of these findings, we administered BMP
inhibitors in ectopically calcified muscles. Treatment with either rNoggin or LDN193189

effectively inhibited ectopic calcification while promoting skeletal muscle regeneration.

[DISCUSSION]
Macrophages play important roles in regeneration in several tissues, In our study, we not only
identified F4/80(+)Csflr(+) macrophages promoted muscle regeneration, but also found
F4/80(+)Csflr(-) macrophages, cooperated with activated BMP signaling to promote ectopic
calcification by driving EndoMT. This discovery provides a novel therapeutic strategy for clinical

management of ectopic calcification.

[PERSPECTIVE]
In the future, we plan to specifically delete F4/80(+)Csflr(-) macrophages and to clarify
molecular mechanisms by which F4/80(+)Csflr(—) macrophages induce ectopic calcification

following muscle injury.
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