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CGRP sensory neurons promote tissue
healing via neutrophils and macrophages
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Theimmune system has a critical role in orchestrating tissue healing. As aresult,
regenerative strategies that controlimmune components have proved effective'?.
This is particularly relevant when immune dysregulation that results from conditions
such as diabetes or advanced age impairs tissue healing following injury?>.

Nociceptive sensory neurons have a crucial role asimmunoregulators and exert both
protective and harmful effects depending on the context* 2. However, how neuro-
immune interactions affect tissue repair and regeneration following acute injury is
unclear. Here we show that ablation of the Na,1.8 nociceptor impairs skin wound
repair and muscle regeneration after acute tissue injury. Nociceptor endings grow
intoinjured skin and muscle tissues and signal to immune cells through the
neuropeptide calcitonin gene-related peptide (CGRP) during the healing process.
CGRP acts viareceptor activity-modifying protein1(RAMPI) on neutrophils,
monocytes and macrophages to inhibit recruitment, accelerate death, enhance
efferocytosis and polarize macrophages towards a pro-repair phenotype. The effects
of CGRP on neutrophils and macrophages are mediated via thrombospondin-1release
and its subsequent autocrine and/or paracrine effects. In mice without nociceptors
and diabetic mice with peripheral neuropathies, delivery of an engineered version of
CGRP accelerated wound healing and promoted muscle regeneration. Harnessing
neuro-immune interactions has potential to treat non-healing tissues in which
dysregulated neuro-immune interactions impair tissue healing.

The design of successful regenerative medicine treatments requires lev-
eraging the key factorsthat have pivotal roles in tissue healing. Modu-
lating theimmune system to promote tissue healing has demonstrated
to be remarkably effective, since immune components coordinate a
complex series of events that are critical for proper healing". Unsur-
prisingly, the immune dysregulation that occurs as a consequence of
ageingor conditions such as diabetes has a substantial negative effect
ontissue healing andis often characterized by persistentinflammation
at the injured site?*. Another potentially important factor in tissue
repair and regeneration is the nervous system. For instance, studies
using neurotomy models have shown that peripheral nerves have an
essential rolein some animal species that are capable of regenerating
tissues™ ¢, Other studies using nerve depletion in mouse, which are
more specific to sensory neurons, have shown that nociceptive neu-
rons and non-peptidergic C-fibres that express Go-interacting protein
promote adipose tissue regeneration” and skin repair after UV-induced
damage™, respectively. Nociceptive sensory neurons (also referred
to as nociceptors) are specialized primary sensory neurons that have
nerve endings in tissues such as skin, muscles and joints. They detect
and respond to noxious stimuliincluding temperature, chemicals and
inflammatory mediators®. Nociceptors have been shown to be critical
immunoregulators with both protective and harmful effects****, For

example, nociceptors either diminish or exacerbate inflammation,
enhanceresistance to pathogens, orimpede their clearance’ 2. There-
fore, giventheimmunomodulatory properties of nociceptors and the
central role of the immune system in tissue repair and regeneration,
weinvestigated theimportance of peptidergic sensory neuronsintissue
healing following acuteinjury, and examined whether neuro-immune
interactions could be harnessed to promote tissue healing. Specifically,
we used skin and muscle as relevant tissue models that are known to
be innervated by nociceptors and in which repair and regeneration
outcomes are considerably modulated by the immune system' %22,

Tissue healing in the absence of sensory neurons

To determine the importance of sensory neurons during tissue heal-
ing after acute injury, we used the Nav1.8"¢/Rosa26°™ mouse. In this
mouse, Na,1.8" dorsal root ganglion (DRG) neurons, which mainly
represent nociceptors involved in mechanical, cold and inflamma-
tory pain, are ablated by the expression of diphtheria toxin fragment
A378101224 (DTA), Rosa26”™ littermates with intact Na,1.8-expressing
sensory neurons were used as controls. As acute injury models, we
selected full-thickness wounds in the dorsal skin®? and volumetric
muscle lossinjuries in quadriceps®. The absence of Na,1.8-expressing
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Fig.1|Na,1.8" nociceptors that express CGRP mediate tissue healing via
myeloid cells. a,b, Full-thickness skin wounds were created in denervated
(Nav1.8"¢/Rosa26°™) mice and littermate controls (Rosa26°™). a, Wound
closure evaluated by histomorphometric analysisonday 6 and day 10 post-
injury (Rosa26°™ day 6, n =14; Nav1.8¢/Rosa26"™ day 6, n=12; day 10, n = 8).
b, Representative histology at day 6 post-injury. Black arrows indicate wound
edges andred arrows indicate tips of epithelium tongue. Scale bar,1 mm.
¢,d, Volumetric muscle loss was evaluated on quadriceps of Nav1.8¢/Rosa26°™
and Rosa26°™ littermate controls. ¢, Extent of muscle regeneration was
evaluated by histomorphometric analysis on day 8 and day 12 post-injury
(day 8,n=7;day12,n=10).d, Representative histology at day 12 post-injury
(fibrotic tissueis stained blue; muscle tissue is stained red). Scale bar,
500 pm. e, Distribution of Na,1.8" sensory neurons (red) in skin and muscle of

sensory neurons resulted in a significant delay in skin wound closure,
whichwas evident through decreased epithelial migration, areduced
number of proliferative keratinocytes and wounds remaining largely
open after six days (Fig. 1a,b and Extended Data Fig. 1a-g). Similarly,
muscle regeneration was impaired in Nav1.8“¢/Rosa26°™ mice, which
were characterized by increased fibrotic tissue and reduced muscle
tissue formation (Fig. 1c,d and Extended Data Fig. 1h).

Nociceptor terminals release neuropeptides in response to danger
signals that include inflammatory cytokines commonly present in
tissues after acute injury®?®. Thus, we investigated the distribution
of Na,1.8" sensory neurons during skin and muscle healing following
acuteinjury. To visualize Na,1.8" sensory neuron distribution and the
neuropeptides that they express, we used Nav1.8*/Rosa26“" mice
where tdTomato fluorescent protein expressionis restricted to Na,1.8"
sensory neurons. Tissue sections of Nav1.8¢/Rosa26"" uninjured skin
and muscle showed Na,1.8" sensory neuron distribution across the
epidermis and dermisinskinand nearby connective tissuesin muscle
(Fig. 1e). Following skin and muscle injury, we observed that Na,1.8"
sensory neuron endings growing in clusters into the granulation tis-
sue, thus establishing innervation within the injured area during the
healing process (Fig. 1e and Extended Data Fig. 2a). Na,1.8" neurons
exhibited expression of calcitonin gene-related peptide (CGRP) and
substance P, and no detectable expression of vasoactive intestinal
peptide (VIP) or galanin (GAL) (Fig. 1f and Extended Data Fig. 2b-d).
Similarly, in the DRG following both skin and muscle injuries, these
neurons showed expression of CGRP and substance P in cell bodies
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Navl.8¢/Rosa26'" mice before and after injury. White lines indicate keratinocyte
layersand nucleiareinblue. GT, granulation tissue area. Scale bars, 500 pm.
The experiment was repeated independently four times. f, Expression of CGRP
inskinand muscle before and after injury detected by immunohistochemistry.
Scale bars: 500 pum (skin), 100 pm (muscle). The experiment was repeated
independently four times. g-j, Ramp1 deletion in myeloid cells using LysM**"/
RampP" mice. LysM“** mice were used as controls. g, Wound closure was
quantified onday 6 post-injury (n=10). h, Representative skin histology. i, Muscle
regeneration was quantified onday 12 post-injury (n =10).j, Representative
muscle histology. Boxes show median (centreline) and interquartile range
(edges), whiskers show the range of values and dots represent individual
datapoints. a,c, Two-way ANOVA with Bonferroni post hoc test for pairwise
comparisons. g,i, Two-tailed Student’s t-test. Pvalues areindicated.

(Extended Data Fig. 2e,f). Additionally, the absence of CGRP signal in
Nav1.8"¢/Rosa26°™ mice pre- and post-tissue injury underscores the
role of Na,1.8" nociceptors as primary sources of CGRP during skin
and muscle healing and suggests that nociceptor-derived CGRP has a
pivotalrolein these processes (Extended Data Fig. 2g,h).

CGRP effect oninjury immune cells

To investigate whether CGRP mediates neuro-immune interactions
thatdrive tissue healing, we generated mice in whichimmune cells or
non-immune cells were unable to respond to CGRP. Bone marrow cells
deficient for RAMP1%, a co-receptor that is essential for CGRP signal-
ling, were transplanted into y-irradiated wild-type or RampI™” mice.
Wild-type mice that received wild-type bone marrow cells or Ramp1™”~
mice thatreceived Rampl” bone marrow cells were used as controls.
Skin and muscle healing were severely impaired in wild-type mice
reconstituted with RampI ™ cells compared with those with wild-type
cells. Similarly, transfer of RampI” cellsinto Rampl” mice impaired
healing, whereas wild-type cells rescued skin repair and muscle regen-
eration (Extended Data Fig. 3a-d). Considering that myeloid cells such
as neutrophils and monocytes/macrophages constitute the majority
of immune cells in injured tissues undergoing repair or regeneration
and canrepresent up to 50% of the total wound cells**?**, we hypoth-
esized that CGRP promotes tissue healing by modulating myeloid cells.
To investigate this, we produced mice that lacked CGRP signalling in
myeloid cells by crossing LysM“¢ (LyzM is also known as Lyz2) mice with
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Rampl floxed (RampI™) mice®. The LysM“*""/Ramp ™ mice displayed
asignificant reductionin skin wound closure and muscle regeneration,
compared with LysM*"~ control mice (Fig. 1g-j). The extent of healing
impairment, characterized by asignificant delay in skin wound closure
and compromised muscle regeneration with high level of fibrotic area,
was indeed very similar to that observed in Nav1.8"¢/Rosa26™" mice.
Together, these results suggested that CGRP from Na,1.8" sensory
neurons promotes tissue healing via myeloid cells. In addition, CGRP
treatment in vitro had no significant effect on the proliferation of key
cell types involved in skin and muscle healing, including fibroblasts,
keratinocytes, myoblasts and endothelial cells (Extended DataFig. 3e).
Further supporting this observation, we found that keratinocytes and
myoblasts have low expression levels of either Ramp1 or calcitonin
receptor-like receptor (Calcrl), which together form the CGRP receptor
complex (Extended Data Fig. 3f). Finally, Na,1.8" nociceptorsin granu-
lation tissue were found to be surrounded by CD11b* myeloid cells,
which consist mainly of neutrophils and monocytes/macrophages in
the context of tissue healing after acute injury (Extended Data Fig. 3g).

Togaininsightsinto the effect of Na,1.8" sensory neurons onimmune
cellsduringtissue healing, we analysed immune cell dynamicsininjured
tissues by flow cytometry. We focused on neutrophils, monocytes/mac-
rophages, dendritic cells and T cells, because they constitute the pre-
dominantimmune populations during tissue healing***?¢ (Extended
DataFig.4a,b). Compared with control mice, Nav1.8*/Rosa26”™ mice
exhibited anincreased number of neutrophils and pro-inflammatory
Ly6C" monocytes/macrophages in skin and muscle 3 days post-injury
(Fig. 2a). Similarly, macrophages in Nav1.8¢/Rosa26”™ mice showed
adelayed polarization towards an anti-inflammatory and pro-repair
(M2-like) phenotype in both tissues, characterized by alower expres-
sionof CD206, awell-established M2-like macrophage marker, at later
stages of the healing process (Fig. 2a). Although the total number of
monocytes/macrophages observed 3 days post-injury in the skin was
higher in Nav1.8¢/Rosa26”™ mice compared with controls (Fig. 2a),
this phenomenon was not evident in muscle, a difference that may be
attributed to either the lower density of Na,1.8" nociceptorsininjured
muscle or variations in the dynamic accumulation of monocytes/mac-
rophages between the two tissues. Inboth skin and muscle tissues, no
major differences were observed in dendritic cells except for alower
number in the skin of Nav1.8"¢/Rosa26"™ at a late time point (day 10
post-injury). However, some variations were noted in the counts of
CD4 T cells, y8 T cells and cytotoxic (CD8) T cells 3 days post-injury
(Extended DataFig.4c). Nevertheless, although these cell populations
arerecognized for their rolein modulating tissue healing, their propor-
tions were considerably lower in both Rosa26°™ and Nav1.8*/Rosa26"™
tissues. They constituted 20-50 times fewer cells compared with neu-
trophilsand monocytes/macrophages in skin and muscle, respectively
(Extended Data Fig. 4d). Thus, although CGRP signalling on T cells
may affect tissue healing to some extent, the profound impairment
of tissue healing upon conditional RampI knockout in myeloid cells
suggests nociceptor-derived CGRP promotes tissue healing after acute
injury primarily by influencing myeloid cells (Fig. 1g-j). Overall, the data
demonstrated that the absence of nociceptorsresultedinanincrease
inneutrophils and inflammatory monocytes/macrophages. Thisin turn
delayed the transition towards an anti-inflammatory and pro-repair
phase'?%, leading to impaired tissue healing. Of note, these findings
align with previous reports showing that nociceptor ablationleads to
anincreased local accumulation of neutrophils after skin*® and lung’
infection, as well as neutrophils and inflammatory macrophages in
colitis'®and brain infection™.

The increased number of neutrophils and inflammatory mono-
cytes/macrophages observed in the absence of Na,1.8" sensory neu-
rons, along with the delayed transition of macrophages towards an
anti-inflammatory and pro-repair phenotype, suggested that CGRP may
regulate these cells through multiple mechanisms. Thus, we investi-
gated the effect of CGRP on neutrophils and macrophagesin vitro. First,
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we verified that these cells strongly express CGRP receptor subunits
(Extended Data Fig. 5a,b). Then, we conducted migration assays and
observed that CGRP severely inhibited neutrophil and macrophage
migration towards common chemokines foundinwounds (CXCL1for
neutrophils and CCL2 for macrophages) (Fig.2b). Notably, cell migra-
tion was also inhibited to some extent in the absence of chemokines.
However, CGRP did not inhibit cell migration in RampI™ neutrophils
and macrophages, confirming that CGRP signals via RAMP1-CALCRL
to mediate its effects on these cells (Extended Data Fig. 5c). Next, we
investigated the effect of CGRP on neutrophil and macrophage viability.
CGRPtriggeredincreased neutrophil and macrophage deathinthe pres-
ence of the inflammatory cytokines IL-18 and TNF, which are typically
found in acute injuries. Notably, CGRP did not promote macrophage
deathwhen cells were cultured without inflammatory cytokines or with
cytokines that induce an M2-like polarization, suggesting that CGRP
elicitsits effect on macrophage death during the inflammatory phase
oftissue healing (Fig. 2c and Extended Data Fig. 5d). Subsequently, we
explored whether CGRP influences neutrophil clearance by regulating
macrophage efferocytosis. Stimulation with CGRP resulted in amarked
increase of macrophage efferocytosis, bothin the absence and presence
ofinflammatory cytokines (IL-1 and TNF) (Fig. 2d). Additionally, CGRP
had no directimpact on macrophage Ly6C expressionin vitro despite
our earlier observation of an increased number of pro-inflammatory
monocytes/macrophages (Ly6C") in injured tissues of mice lacking
nociceptors (Extended Data Fig. 5e). This suggested that the high num-
ber of Ly6C" monocytes/macrophages was probably aconsequence of
delayed neutrophil clearance and/or macrophage polarization. Finally,
we tested whether CGRP accelerates macrophage polarizationtowards
an M2-like phenotype. We found that in the presence of the typical
anti-inflammatory cytokines IL-4 and IL-13 (IL-4/IL-13) or IL-10, CGRP
treatmentincreased levels of the M2-like markers CD206 and arginase-1,
respectively, indicating that CGRP accelerates polarization into an
anti-inflammatory and pro-repair phenotype (Fig. 2e).

To validate inhibitory migration effects of CGRP in vivo, we used
an adoptive transfer model in which tdTomato* bone marrow cells
were systemically administered into Rosa26°™ control and Nav1.8"¢/
Rosa26°™ mice following skin and muscle injuries. One day after the
transfer, relative accumulation of tdTomato* neutrophils and mono-
cytes/macrophagesin theinjured tissues was assessed by flow cytom-
etry. Compared with Rosa26°™ mice, Nav1.8"¢/Rosa26°™ mice showed
asignificantincrease in neutrophils and monocytes/macrophages into
injured skin and muscle, suggesting that migration of these cell types
intoinjured tissues was considerably increased (Fig. 2f). For validation
of efferocytosis in vivo, we injected dead or dying tdTomato* neutro-
philsintradermally at the border of skin wounds. The relative number
of monocytes/macrophages positive for tdTomato was then assessed
by flow cytometry and was found be significantly lower in Nav1.8"¢/
Rosa26”™ mice, demonstrating animpairment of efferocytosis (Fig. 2f).
Finally, to assess neutrophil and macrophage cell death in vivo, we
performed a TUNEL assay oninjured tissue sections 3 days post-injury.
Slightly fewer CD11b" cells were TUNEL-positive in Nav1.8“¢/Rosa26"™
mice (Fig.2g and Extended DataFig. 5f). However, as observed invitro,
the effect on cell death was relatively modest. Thus, CGRP-induced cell
deathis probably not amajor mechanisminvivo. Together, these data
support a model in which nociceptor-derived CGRP promotes tissue
healing by tightly regulating neutrophil and monocyte/macrophage
dynamics, functions and phenotypes in injured tissues, resulting in
afaster transition from a pro-inflammatory to a pro-healing phase.
CGRP inhibits neutrophil and monocyte/macrophage migration into
injured tissues and may further enhance neutrophil and inflamma-
tory macrophage death in the presence of inflammatory cytokines.
Meanwhile, CGRP increases neutrophil clearance by stimulating mac-
rophage efferocytosis, which, together with a direct effect of CGRP on
macrophage polarization, supports macrophages switching towards
an anti-inflammatory and pro-repair phenotype. This model aligns
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Fig.2| CGRPregulates myeloid cell function during tissue healing.

a, Analysis of neutrophil and monocyte/macrophage (Mo/Md) populations by
flow cytometry duringtissue healing. Geometric mean of fluorescence intensity
(MFI) of CD206 in macrophages was used to assess M2-like polarization. Dataare
plottedinkineticline plots showing mean + s.e.m. Skin: day 0, day 6 and day 10,
n=20;day3,n=22;andday14,n=12.Muscle:day 0,n=16; day 3,n =20; day 6,
day10,n=18;and day 14, n=10.b-e, Neutrophilsand macrophages were treated
with saline (PBS, 0 nM CGRP) or CGRP (1or 20 nM). Results are expressed as fold
change over the PBS (O nM CGRP) group. b, Transwell migration towards CXCL1
or CCL2withorwithout CGRP (n=6-8).c, Celldeathinresponse to CGRP

and TNF plusIL-1 (neutrophils, n = 7; macrophages, n = 6).d, Macrophage
efferocytosis of neutrophils after CGRP treatment with or without TNF/IL-1
(n=4).e,Macrophage polarization determined viaCD206 and arginase-1

well with the function of neutrophils and macrophages during tissue
healing. For instance, excessive mobilization of neutrophils and inflam-
matory monocytes/macrophagesis generally associated with impaired
wound healing"??**'*2, Enhanced clearance rate of pro-inflammatory
cells within injured tissues is also well-known to prevent excessive
inflammation and facilitate the transition towards the pro-repair
phase. Indeed, impaired tissue healing has been linked to delayed
inflammatory cell death and a decrease in macrophage efferocytosis
capability?>33,

Mediation of the CGRP effect by TSP-1

To further understand the molecular mechanisms by which CGRP
modulates neutrophils and macrophages, we analysed the transcrip-
tome of bone marrow-derived neutrophils and macrophages after
CGRP stimulation by RNA sequencing (RNA-seq). For both cell types,
gene ontology (GO) analysis of differentially expressed genes (DEGs)
between CGRP-treated and control groups identified biological pro-
cesses that were congruent with the in vitro effects of CGRP. In addi-
tion, the biological processes reflected the differences in neutrophil
and macrophage dynamics observed in tissue injuries of control and
nociceptor-depleted mice. For instance, for both neutrophils and
macrophages, pathways enriched in the upregulated DEGs included

® Rosa26P™ @ Nav1.8°¢/Rosa26P™

protein expression following CGRP and IL-4/IL-13 or IL-10 treatment (n = 6).
f,tdTomato’bone marrow cells were administered systemically on day 2
post-injury. Fold change of tdTomato* neutrophilsand monocytes/macrophages
ininjured tissues on day 3 post-injury was assessed by flow cytometry. For
efferocytosis, dead or dying tdTomato* neutrophils were injected in skinwound
borders onday 3 post-injury. Fold change of tdTomato* endogenous monocytes/
macrophages was assessed by flow cytometry 30 min post-injection (n= 6).

g, Death of CD11b" cells 3 days post-injury, assessed by TUNEL assay on injured
tissue sections (n = 6). Boxes show median (centre line) and interquartile range
(edges), whiskers show therange of values. Dots representindependent
experiments. a-e, Two-way ANOVA with Bonferroni post hoc test for pairwise
comparisons. f,g, Two-tailed Student’s -test. Pvalues areindicated. NS, not
significant.

cell death, whereas those among the downregulated DEGs included
cell migration (for example, Ccr2, Cx3crl, ltgav and Itgb3) (Fig. 3a
and Extended Data Fig. 6a). Furthermore, pathways enriched in the
upregulated DEGs were associated with tissue remodelling and dif-
ferentiation in macrophages, featuring genes typically linked to an
anti-inflammatory and pro-repair phenotype such as Argl, Cebpb,
Stat3, Sgkl1, Tgfb3, Tgm2 and Vegfa®. Finally, in response to CGRP,
macrophages upregulated genes that are strongly associated with
efferocytosis such as Cd14, Clu, S1prl, Rarg and Tgm2°¢* (Fig. 3a and
Extended Data Fig. 6a). Crucially, we found that thrombospondin-1
(Thbsi)—which encodes TSP-1, amultifunctional extracellular matrix
(ECM) protein that regulates many biological processes including tis-
sue healing®®*—was the most upregulated gene in both neutrophils and
macrophages (Fig. 3b). Further confirming that TSP-1is expressed in
response to CGRP viaRAMP1-CALCRL, RampI™ neutrophils and mac-
rophages did not upregulate ThbsI after CGRP stimulation (Extended
DataFig. 6b). Moreover, TSP-1levels after skinand muscle injuries were
lower in Nav1.8*/Rosa26°™ mice (Extended Data Fig. 6¢).

Notably, it has been reported that macrophages are the primary
source of TSP-1in wounds, and the absence of TSP-1leads to impaired
wound healing and prolonged inflammation®*°. Furthermore,
increasing evidence suggests that TSP-1is an important regulator in
immune responses*. Thus, similar to the assays performed with CGRP,
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Fig.3| CGRP upregulates TSP-1in neutrophils and macrophages to mediate
itsactivity.a,b, RNA-seqanalysis of CGRP-treated neutrophils and macrophages
(InM or saline for 4 h). Differential gene expression was performed with
limma-voom (false discovery rate (FDR) < 0.05). Fold change values returned by
limma were used for pathway analysis with FDR < 0.05to correct for multiple
comparisons. a, GO enrichment analysis of significantly upregulated (red)

and downregulated (blue) genes in CGRP-treated and saline-treated groups.

b, Volcano plots showing DEGs with fold change > [1.5| between CGRP-treated
andsaline-treated groups. Significantly upregulated (red) and downregulated
(blue) genesin CGRP-treated neutrophils and macrophages are shown (n = 3).
c-f,Neutrophils and macrophages were treated with saline (PBS, 0 nM TSP-1) or

we tested whether TSP-1affects neutrophil and macrophage migra-
tionand death, as well as efferocytosis and macrophage polarization.
Although some reports have suggested that TSP-1 promotes neutro-
philand macrophage migration*, we clearly observed aninhibition of
migration when cells were treated with TSP-1, similarly to our observa-
tions with CGRP (Fig. 3¢). Moreover, TSP-1accelerated death of neutro-
philsand macrophagesinadose-dependent mannerinthe presence
of inflammatory cytokines (Fig. 3d). Efferocytosis of neutrophils by
macrophages was also greatly enhanced following macrophage treat-
ment with TSP-1 (Fig. 3e), in line with a previous study suggesting
that TSP-1acts as abridge between neutrophils and macrophages to
facilitate efferocytosis*. Finally, TSP-1enhanced expression of CD206
and arginase-1in the presence of anti-inflammatory cytokines (IL-4/
IL-13 or IL-10), demonstrating that TSP-1 accelerates macrophage
polarization towards an anti-inflammatory and pro-repair phenotype
(Fig. 3f). To further confirm that CGRP exerted its effects primarily
via an autocrine or paracrine action of TSP-1, we tested the effect
of CGRP upon short interfering RNA (siRNA)-mediated knockdown
of ThbsI (Extended Data Fig. 6d). Only macrophages were used, as
transfection of neutrophilsis very challenging. Knockdown of Thbs1
abolished the effects of CGRP on cell migration, death, efferocyto-
sis and polarization, whereas scramble siRNA showed no effect on
all these cellular processes (Extended Data Fig. 6e-h). To validate
these effectsin vivo, we administered TSP-1in Nav1.8¢/Rosa26"™ mice
following skin and muscle injuries. TSP-1delivery resulted in reduced
numbers of neutrophils, monocytes/macrophages and inflammatory
monocytes/macrophages (Ly6C") at day 3 post-injury. Additionally,
TSP-1led to anincrease in CD206 expression at day 14 post-injury
(Extended DataFig. 6i). Together, these results provide clear support
for the role of TSP-1in mediating the immunomodulatory effect of
CGRP on neutrophils and macrophages.

eCGRP promotes diabetic tissue healing

There is evidence suggesting that CGRP has a role in wound healing.

For example, mice lacking CGRP exhibitimpaired skin wound healing*.
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TSP-1(1,10 or 100 nM). Results are expressed as fold change over the PBS (0 nM
TSP-1) control group. Boxes show median (centreline) and interquartile range
(edges), whiskers show the range of values. Dots represent independent
experiments. ¢, Transwell migration towards achemoattractant (CXCL1or CCL2)
after TSP-1treatment (n =3 for neutrophils, n = 4 for macrophages).d, Cell
deathinresponseto TSP-1with or without TNF plusIL-1(n = 4).e, Macrophage
efferocytosis of neutrophils after TSP-1treatment (n = 4).f, Macrophage
M2-like polarization determined viaCD206 and arginase-1expressionin
responseto TSP-1and IL-4/IL-13 or IL-10 treatments (CD206, n = 8; arginase-1,
n=4).c-f,One-way ANOVA with Tukey post hoc test for pairwise comparisons.
Pvaluesareindicated.

Additionally, CGRP application is likely to promote corneal repair®.
Therefore, since we found that nociceptor-derived CGRP regulates
neutrophils and macrophages to facilitate tissue healing, we inves-
tigated whether local delivery of CGRP could restore the impaired
healing observed in mice ablated of nociceptors. CGRP is asmall pep-
tide, which poses a challenge in achieving sustained effects without
immediate burst signalling when delivered locally into tissue, asit can
rapidly signalto cells, diffuse away from the delivery site and undergo
degradation. Moreover, for clinical application, a high concentration of
CGRPcirculatinginthebodyis undesirable, owing to possible off-target
effects**. Thus, we engineered CGRP to enhance retention and protec-
tion at delivery sites by fusing it to a sequence with a very high affinity
for ECM components®?**, The ECM-binding sequence was fused to
the N terminus of CGRP followed by a plasmin-sensitive sequence to
allow the release of CGRP from ECM via proteolytic activity (Extended
DataFig. 7a,b). These modifications did not impair CGRP activity, as
demonstrated by the preserved capacity of the engineered CGRP
(eCGRP) to inhibit neutrophil and macrophage migration and induce
cAMP in these cells via RAMP1-CALCRL (Extended Data Fig. 7¢c,d).
As demonstrated previously?>?**, the ECM binding enabled better
retention of CGRP after delivery into tissues (Extended DataFig. 7e,f).
We then tested whether CGRP variants (wild-type CGRP and eCGRP)
could promote closure of splinted skin wounds and the regeneration of
quadriceps after volumetric muscle loss in Nav1.8¢”"/Rosa26"™ mice.
For skin, CGRP variants were delivered topically, whereas for muscle,
they were delivered viaafibrin hydrogel. Both CGRP variants enhanced
the extent, compared with saline control, of wound closure and muscle
regeneration upon delivery of 1 pg. Moreover, at alower dose (250 ng)
eCGRP promoted greater wound closure and muscle regeneration
compared with wild-type CGRP (Extended Data Fig. 7g-j). Notably,
delivering arelatively high dose of CGRP (10 pg) into mice has been
shown to contribute to peripheral nociceptive sensitization*®. Thus
wetested whether injection of CGRP variants induced pain (Extended
DataFig. 7k,1). Administration of wild-type CGRP or eCGRP into mouse
hind paws did not elicit significant pain behaviours over the 48-h experi-
ment. However, atransient and slight increase in thermal sensitivity was
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Fig.4|Delivery of eCGRP promotestissue healing in diabetic mice.a, CGRP
expressioninskinand muscle of Nav1.8°/Rosa26°™ and diabetic (Lepr®®)
mice detected by immunostaining. CGRP, green; nuclei, blue. White lines
indicate the keratinocyte layer. Scale bars, 300 pm. The experiment was
repeatedindependently 6 times. b,c, Saline, CGRP (500 ng) or equimolar
eCGRP was delivered on Lepr® skin wounds at day 1and day 3 post-injury.

b, Wound closure was evaluated by histomorphometric analysis on day 10
post-injury (salineand eCGRP, n = 14; CGRP, n =12). Boxes show median (centre
line) and interquartile range (edges), whiskers show the range of values.
c,Representative skin histology. Black arrows indicate wound edges and red
arrows point to tips of epithelium tongue. Scale bar,1 mm. d,e, Saline, CGRP
(1pg) orequimolar eCGRP was delivered in Lepr® quadricep volumetric
muscleloss defect viaafibrin hydrogel. d, Muscle regeneration (represented

observed only for wild-type CGRP. This difference is probably owing
thebinding of eCGRP to the ECM, which prevents animmediate burst
of signalling after delivery?265,

We next searched foramodel with more clinical relevance compared
with the Nav1.8"*"/Rosa26"™ mice. Indeed, more than half of patients
with diabetes develop peripheral neuropathy, characterized by the
presence of dysfunctional peripheral nerves and adecreaseinintraepi-
dermal nerve fibres**, Consequently, the decrease in neuropeptide
levels, including CGRP, may disrupt neuro-immune interactions cru-
cial for tissue healing***°. Indeed, patients with diabetes commonly
experience chronic non-healing wounds, which represent the most
prevalent and severe complication of the condition, alongside the
development of muscle atrophy* ., The diabetic Lepr”®* mouse is
amodel for type 2 diabetes that is commonly used to study impaired
tissue healing, since it mimics some aspects of human chronic wounds,
including immune dysregulation and peripheral neuropathies®?%2,
Additionally, it has been shown that Lepr®® have impaired muscle
regeneration®. Thus, we investigated the distribution of CGRP in
Lepr™ mice skin and muscle to confirm that these mice exhib-
ited peripheral neuropathy. We observed a significant reduction in
neuron-like structures expressing CGRP in both skin and muscle of
Lepr®® mice, mirroring the pattern seen in Nav1.8*""/Rosa26°™ mice
(Fig. 4a and Extended Data Fig. 8a). This observation supported the
use of diabetic mice to assess the regenerative potential of local CGRP
delivery. Notably, wound closure and muscle regeneration was greatly

by the percentage of fibrotic tissue and muscle area) was evaluated by
histomorphometric analysis on day 8 post-injury. Boxes show median (centre
line) and interquartile range (edges), whiskers show the range of values (n =10).
e, Representative histology (fibrotic tissue is stained blue; muscle tissue is
stained red). Scale bar, 500 pum. f, Numbers of neutrophils (CD11b*Ly6G'F4/80°)
and monocytes/macrophages (CD11b*F4/80'Ly6G"), and expression of Ly6C
and CD206in macrophages (represented by MFI) in Lepr® skin wounds

and muscleinjuries treated with saline or eCGRP were quantified by flow
cytometry. Skin:n=6.Muscle: day 3, n =8 forsaline, n=7foreCGRP;day7,n=9.
Dataare plotted as kinetic line plots showing mean +s.e.m. b,d, One-way
ANOVA with Tukey post hoc test for pairwise comparisons. f, Two-way ANOVA
with Bonferroni post hoc test for pairwise comparisons. Pvalues are indicated.

improved wheninjuries were treated with eCGRP, compared with saline
control and wild-type CGRP (Fig.4b-e). We also examined TSP-1expres-
sion in granulation tissue post-eCGRP delivery, given the induction
of TSP-1expression by CGRP in neutrophils and macrophages. Immu-
nostaining revealed asignificantincrease in TSP-1deposition, colocal-
izing to some extent with myeloid (CD11b") cells in skin and muscle
granulationtissues (Extended DataFig. 8b). Next, since neutrophil and
macrophage dynamics were disrupted in Nav1.8""/Rosa26°™ mouse
injuries, we investigated whether eCGRP delivery modulated those
cellsininjuredtissues (Extended DataFig. 9). eCGRP delivery reduced
the number of neutrophils and monocytes/macrophages inboth skin
and muscle injures at early timepoints post-injury. Moreover, eCGRP
delivery led to reduced levels of the pro-inflammatory marker Ly6C
andincreased the level of the anti-inflammatory marker CD206 in skin
wounds (Fig. 4f). Indeed, high numbers of neutrophils and inflamma-
tory macrophagesin diabeticinjured tissues are known to delay heal-
ing?**2, An abnormally high number of neutrophilsin chronic wounds
leads to an over-production of pro-inflammatory cytokines, reactive
oxygen species and proteases*, and increased NETosis>. Similarly, fail-
ureto convert macrophagesto an anti-inflammatory phenotype leads
to highlevels of pro-inflammatory cytokines and proteases®. Thus, we
measured concentrations of inflammatory cytokines/chemokines and
proteasesinresponse tosaline and eCGRP treatment. eCGRP resulted
in a significant reduction of IL-1B, CCL2, CXCL2, MMP-2 and MMP-9
(Extended DataFig. 9b)—factors that are knownto impair tissue healing
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when their levels are increased®>**, Thus, the results overall support
the idea that the local delivery of eCGRP accelerates the transition of
diabetic injured tissues towards an anti-inflammatory and pro-repair
phase.

Conclusion

CGRP and nociceptors have been shown to haveimmunomodulatory
effects in various contexts” 2. For example, CGRP has a key role as an
immunosuppressive mediator during sepsis®. Additionally, during
bacterialinfection, nociceptor-derived CGRP has beenshown toinduce
an anti-inflammatory transcriptional programme in macrophages
and suppress neutrophil recruitment'>. However, the role of nocicep-
tors during tissue healing after acute injury was unclear. This study
reveals the existence of an important neuro-immune regenerative
axis following acute tissue injury and highlights the intricate interplay
between nociceptors, immune cells and tissue healing processes. We
found that Na,1.8" sensory neurons expressing CGRP, which mostly
represent nociceptors, extend into the granulation tissue formed after
skin and muscle injuries and profoundly modulate neutrophil and
macrophage dynamics during tissue healing. This neuro-immune
modulation promotes the transition towards an anti-inflammatory
and pro-repair phase, which ultimately facilitates the healing process.
Mechanistically, we demonstrate that CGRP signalling in neutrophils
and macrophages induces the expression of TSP-1, which in turn
limits their accumulation and accelerates cell death in the presence
of inflammatory cytokines. In addition, CGRP promotes neutrophil
clearance via efferocytosis and boosts macrophage polarization
into an anti-inflammatory and pro-repair phenotype via autocrine
and paracrine effects of TSP-1 (Extended Data Fig. 10). Collectively,
the mechanisms uncover important implications for advancing our
understanding of the tissue healing process after acute injury. These
findings also have significant implications for advancing regenera-
tivemedicine, particularly for patients with peripheral neuropathies,
including those associated with conditions such as diabetes. Harness-
ing the potential of this neuro-immune regenerative axis opens new
avenues for effective therapies, whether as standalone treatments
or in combination with existing therapeutic approaches. Utilizing
or mimicking neuro-immune interactions holds great promise for
addressing chronic wounds and other non-healing tissues, in which
dysregulated neuro-immuneinteractions have a pathologic role and
impair tissue healing.
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Methods

Ethical statement for animal experiments

Animal experiments were approved by the Monash Animal Research
Platform ethics committee and the Animal Research Committee of the
Research Institute for Microbial Diseases of Osaka University (approval
numbers 13294, 13335, 17075, 14013 and 23006).

Animals

Wild-type C57BL/6 ] mice were from the Monash Animal Research
Platform. Sperm from Nav1.8*** mice (B6.129-Scn10a™/"/H B6,
stock ID EM:04582, European Mouse Mutant Archive) were used for
in vitro fertilization to generate Nav1.8*" mice on a C57BL/6 ] back-
ground. Rosa26°™* mice (B6.129-Gt(ROSA)26Sor ™ ®C™Mre/[) strain
010527, Jackson Laboratory) were maintained on a C57BL/6 ) back-
ground. To delete sensory neurons expressing Na,1.8, Nav1.8""" mice
were bred with Rosa26”™* mice to generate Nav1.8*""/Rosa26°™~
mice. Nav1.8"°7"/Rosa26”™" littermates were used as controls.
For visualizing Na,1.8" neurons, Rosa26'" reporter mice (B6.Cg-
Gt(ROSA)26Sorm#(cactdlomatotize /) strain 007914, Jackson Laboratory)
were bred with Nav1.8"* mice to generate Nav1.8"*""/Rosa26“™".
Lepr®®mice (BKS.Cg-Dock7™ + /+Lepr®/), strain 000642) were obtained
fromJackson Laboratory. Mice were bred as heterozygotes to generate
Lepr® and Lepr®” littermates. B6.129S2-Ramp1-™?™%> mouse sperm
was kindly provided K. Tsujikawa and used for in vitro fertilization to
generate RampI”* mice. Rampl” mice were generated by crossing
Ramp ™ mice with CAG™® mice (C57BL/6-Tg“¢cr9i3Mba RIKEN Bio-
Resource Research Center, strain 09807). Specific deletion of Ramp1
in myeloid cells (LysM*""/Ramp " mouse) was done by crossing
Ramp ™" mice with LysM“*** mice (B6.129P2-Lyzs*™€r9°> RIKEN
BioResource Research Center, strain 02302). LysM“*"" littermates were
used as controls. To obtain mice constitutively expressing tdTomato,
Rosa26“" mice were crossed with B6.C-Tg(CMV-cre)1Cgn/J mice from
Jackson Laboratory (strain 006054).

Full-thickness skin wound model

Male 10- to 12-week-old mice were used for most experiments, except
for experiment with CGRP variant delivery in which female (10- to
12-week-old non-diabetic or 12- to 14-week-old diabetic) mice were
used. Full-thickness punch-biopsy wounds (5 mm in diameter) were
created while mice were under isoflurane anaesthesia as described™?.
Foranalgesia, mice received subcutaneous administration of 0.1 mg kg™
buprenorphine. In non-diabetic mice, wounds were covered with a
round seal spot plaster (22.5 mm, Livingstone International, Australia)
secured with 3M surgical tape. Inexperiments involving CGRP delivery,
anylonring (Zenith 5/16 inch and M8 Nylon Washer) was attached with
superglue (UHU) to prevent wound contraction. Wounds received
topical treatment with either 10 pl of saline (PBS) or a CGRP variantin
PBS. Solutions were applied in two different dosages: 250 ng of CGRP
or equimolar eCGRP on day 1 post-injury for the low dose, and 500 ng
of CGRP or equimolar eCGRP on day 1and day 4 post-injury for the
high dose. For diabetic mice, 4 wounds were created and treated with
PBS or CGRP variant in PBS (500 ng CGRP or equimolar eCGRP) on
daylandday3.

Volumetric muscle loss model

Non-diabetic (10- to 12-week-old) and diabetic (12- to 14-week-old) male
mice underwent isoflurane anaesthesia. For analgesia, mice received
subcutaneous administration of 0.1 mg kg™ buprenorphine. A1-cm
unilateralincision was made, exposing the fascia. Muscle injuries were
created either with a 3-mm biopsy punch or by excisinga3 mm x 5 mm
segment of the quadriceps, including the rectus femoris muscle. In
experiments involving CGRP delivery, muscle defects were covered
witha fibrin matrix (40 pl total, 8 mg ml fibrinogen (Enzyme Research
Laboratories), 12 U ml™ bovine thrombin (Sigma), 5 mM CaCl,, and

17 pg ml™* aprotinin (Roche, Sigma)) containing CGRP (250 ng or 1 pug
for non-diabetic mice and 1 pg for diabetic mice) or equimolar eCGRP.
The incision site was sutured with non-absorbable sutures.

Adoptive transfer of bone marrow cells

Bone marrow cells (1 x 107) from 6-week-old RampI” or wild-type
C57BL/6 ) mice were intravenously injected into lethally irradiated
6-week-old recipient wild-type or Rampl” mice that received 100 mg I
neomycin sulfate for 2 weeks post-irradiation. Skin or muscle defect
surgeries were performed 6 weeks after transplantation.

Histological analysis

Skinwounds were collected using an 8-mm biopsy punch, fixed in10%
formalin at room temperature for 24 h, cut at the edge of the wounds,
embedded in paraffin and sectioned at 4 pm until the centre of the
wound was passed. Re-epithelialization was measured by histomor-
phometric analysis. Slides were stained with haematoxylin and eosin,
andthe centre of the wound was determined by measuring the distance
between the panniculus carnosus muscle gap using Aperio ImageScope
Viewer (Leica Biosystems). Closure was calculated as the ratio of epi-
dermis closure to the length of the panniculus carnosus gap. Muscle
injury sites, including the proximal and distal quadriceps segments,
were collected, fixed in 10% formalin solution for 24 h, embedded in
paraffin, and sectioned at 4 pm thickness for 5 depths, starting from
theedge of the patella, passing the centre of the wound, up to the proxi-
mal end of the defect site. Cross-sections were stained with Masson’s
Trichrome. Muscle regeneration was determined by averaging the
percentage of blue-stained fibrotic area (normalized to the total area)
and the remaining non-fibrotic muscle area across five tissue section
depths, using Aperio ImageScope.

Immunohistochemistry for neuropeptides, TSP-1and myeloid
cells

Tissuesand DRGs (L1-L6 vertebrae) were fixed in 4% paraformaldehyde,
cryoprotected in 30% sucrose, and embedded in OCT compound for
10 pm cryosections. Sections were stored at —20 °C, thawed, permea-
bilized and blocked with 1% bovine serum albumin (BSA), 10% normal
goatserum (NGS) or normal donkey serumin PBS for 1 h. Sudan Black
B solution (0.1% in 70% ethanol) was applied for 10 min. For neuro-
peptide detection, primary antibodies were added in staining buffer
(0.5% BSA, 5% NGS or 0.5% BSA, 5% normal donkey serum in PBS)
overnight at 4 °C. The primary antibodies included rabbit anti-CGRP
(66.7 pg ml™, Sigma, C8198), rabbit anti-substance P (1:500, Thermo
Fisher Scientific, 20064), rabbit anti-VIP (1:500, Thermo Fisher Sci-
entific, 20077), and goat anti-galanin (1 pg ml™, Abcam, 99452). For
TSP-1detection, sections were incubated with AffiniPure Fab Fragment
goatanti-mouseIgG (H +L) at 100 pg ml™ (Jackson ImmunoResearch
Labs, 115-007-003) in PBS for 2 h at room temperature, followed by
mouse anti-thrombospondin-1 (5 pg ml™, Thermo Fisher Scientific,
14-9756-82). For myeloid cell detection, slides were incubated with
rat anti-mouse CD11b (5 pg ml™, Thermo Fisher Scientific, 14-0112-82).
Sections were washed and incubated with respective secondary anti-
bodiesfor1hatroomtemperature. Thesecondary antibodiesincluded
F(ab’)2-Goat anti-Rabbit IgG Alexa Fluor 488 (2.6 pg ml™, Thermo Fisher
Scientific, A-11070), donkey anti-goat IgG Alexa Fluor 488 (2.6 ng mi ™,
Thermo Fisher Scientific, A-11055), goat anti-mouse IgG Alexa Fluor
Plus 488 (2.6 pug ml™, Thermo Fisher Scientific, A48286TR), and goat
anti-ratIgG Alexa Fluor Plus 594 (2.6 ng ml™, Thermo Fisher Scientific,
A48264). Counterstaining with DAPI for 10 min and mounting with
Fluoroshield followed. Imaging was done using Leica DMi8 fluorescent
microscope and Leica SP8 inverted confocal microscope.

Evaluation of neuropeptide expression
Skin and muscle samples from male Nav1.8**"/Rosa26"™" mice
(10- to 12-week-old) were immunostained as detailed above, imaged



on a Leica DMi8 fluorescent microscope and processed using Fiji*’.
Binary images were created with an optimal threshold, and overlap-
ping areas were determined by combining region of interest binary
images. Area fraction values, indicating neuropeptide expressionin
Nay1.8" nerves, were calculated based on pixel ratios and converted
using a built-in scale bar®,

Immunofluorescence for Ki-67 and KRT14

Paraffin sections underwent 20-minute antigen retrieval in 10 mM
sodium citrate buffer (pH 6.0), followed by PBS washes and 5-minute
permeabilization (0.2% Triton X-100 in PBS). Blocking with 10% NGS
in1% BSA/PBS occurred for2 h,and endogenous IgG was blocked with
unconjugated affinity-purified F(ab) fragment anti-mouse IgG (H + L)
(10 pg mI™?, Jackson ImmunoResearch, AB_2338476) for 1 h at room
temperature. Staining overnight at 4 °C utilized rat anti-mouse Ki-67
(5 pg ml™, Thermo Fisher Scientific, 5698-82) and mouse anti-mouse
cytokeratin 14 (4 pg ml™, Thermo Fisher Scientific, MA5-11599) in 1%
NGSinPBS with 0.1% BSA. After PBS-T washes, incubation with second-
ary antibodies occurred: goat anti-mouse Alexa Fluor 647 (2 ug ml™,
Thermo Fisher Scientific, A-21235) and goat anti-rat Alexa Fluor 488
(2.67 pg ml™, Thermo Fisher Scientific, A48262TR) for 1 h at room
temperature, followed by PBS-T wash. Counterstaining with DAPI
(1 pg ml™) for 10 min at room temperature preceded mounting with
Fluoroshield.

TUNEL assay

The In Situ Cell Death Detection Kit, TMR red (Roche, 12156792910)
was used, following the manufacturer’s instructions on muscle and
skin tissue cryosections. To detect CD11b" cells, sections were incu-
bated overnight at 4 °C with rat anti-mouse CD11b (5 pg ml™, M1/70,
Thermo Fisher Scientific, 14-0112-82) in staining buffer. After PBS-T
washes, sections were incubated with Alexa Fluor 488 goat anti-rat
antibody (2.67 ug ml™?, Thermo Fisher Scientific, A48262TR), washed
with PBS-T, and counterstained with DAPI (1 ug ml™) before mounting
with Fluoroshield. Two tissue section levels were evaluated per sam-
ple to determine the percentage of TUNEL" apoptotic cells over total
CD11b" cells, examining three fields per section within the injury site.

Fibroblast, keratinocytes, myoblasts and endothelial cell
maintenance

Human umbilical vein endothelial cells (HUVECs; Sigma, 200P-05N)
cultured in EGM-2 medium (Lonza, CC-4176) up to 3 passages, and
primary mouse fibroblasts from C57BL/6 ] mouse tails®® (passages
2-3) were used. MCDB-131 medium (Thermo Fisher Scientific) with
100 mg ml™ penicillin/streptomycin and 2 mM glutamine was employed
for proliferation assays. C2C12 mouse myoblasts (CellBank Australia)
were culturedinal:1ratio of DMEM to F10 medium (2 mM glutamine,
10% FBS, 100 units ml™ penicillin/streptomycin). HaCaT keratinocytes
(agift from R. Boyd) were cultured in DMEM without Ca** and Mg*
(2 nM glutamine, 10% Chelex-treated FBS, 0.03 nM calcium chloride,
100 units ml™ penicillin/streptomycin) for at least 3 passages. Cells
obtained from vendors were authenticated and certified negative for
Mycoplasma contamination. For proliferation assays, FBS was reduced
to 2% or keptat10% for 24 h. Detached with TrypLE, cells were seeded
(2,000 cells per well for HUVECs, fibroblasts, HaCaTs; 1,000 cells per
wellfor C2C12) and treated with CGRP (1or20 nM) or10-20% FBS. Incu-
bation for 48 h (fibroblasts, C2C12) or 72 h (HUVECs, HaCaTs) at 37 °C
with5% CO, followed. Proliferation was determined using the CyQUANT
Cell Proliferation Assay (Invitrogen), presented as fold change over
basal proliferation (medium only). PerkinElmer EnVision multi-mode
plate reader with EnSpire Manager software was used.

Flow cytometry with tissue samples
Skin wounds were collected using an 8-mm biopsy punch, and mus-
cle defects were dissected to isolate the quadriceps. Samples were

minced with scissors and subjected to two serial digestions with col-
lagenase XI (1 mg ml™) at 37 °C (two times 20 min for skin, two times
15 min for muscle). After the first digestion, the supernatant was col-
lected and mixed with neutralization buffer (DMEM/F12 with10% FBS
and 5 mM EDTA). The first collection was kept on ice and fresh colla-
genase XIwas added to the undigested tissue for the second digestion.
Digestion mixtures were passed through a 70-um cell strainer and
stained with LIVE/DEAD Fixable Aqua dye (Thermo Fisher Scientific,
1:400 dilution in PBS) for 20 min on ice. Cells were incubated with
TruStain FcX anti-CD16/32 (10 pg ml™; clone 93, BioLegend) diluted
in staining buffer (5% FBS and 2 mM EDTA in PBS) for 20 min and sub-
sequently incubated with primary antibodies in staining buffer for
afurther 30 min onice. The following anti-mouse antibodies from
BioLegend were used: FITC anti-CD11b (clone M1/70, 6.6 pg ml™) or
BV711anti-CD11b (clone M1/70, 2 pg ml™); PE anti-F4/80 (clone BMS,
4 pg ml™); Bv421anti-Ly6G (clone 1A8, 2 pg ml™); BV711anti-Ly6C (clone
HK1.4,1pg ml™) or FITC anti-Ly6C (clone HK1.4, 5 pg ml™); PE-Cyanine7
anti-CD206 (clone C068C2, 2.6 pg ml™); APC anti-CD206 (clone
C068C2,2pg ml™); PE-Cyanine7 anti-CD3 (clone17A2, 4 ug ml™); BV711
anti-CD3 (clone17A2, 4 ng mi™);APC anti-CD4 (clone GK1.5,2 pg miI™);
BV421anti-CD8 (clone 53-6.7,2 pg ml™); PE anti-TCR B (clone H57-597,
2 pg ml™); APC/Fire 750 anti-TCRy/8 (clone GL3, 2 pg ml™); PE-Cyanine
anti-CD11c (clone N418,2 pg ml™); APC/Fire 750 anti-MHC Class Il (clone
M5/114.15.2, 2 ug ml™). Cells were washed once with a large volume of
staining buffer before analysis with BD LSR Fortessa X-20 and FlowJo
software (BD Biosciences).

Mouse bone marrow neutrophil and monocyte isolation

Bone marrow cells were flushed from femora and tibiae of C57BL/6 )
mice (8- to 12-week-old) with HBSS without Ca** and Mg** containing
2% FBS and 1 mM EDTA. Cell suspension was passed through a 70-pm
strainer. Next, EasySep Mouse Neutrophil Enrichment Kit or EasySep
Mouse Monocyte Isolation Kit (STEMCELL Technologies) was used
toisolate neutrophils or monocytes according to the manufacturer’s
instructions. Neutrophils were resuspended in RPMI containing 100
units ml™ penicillin/streptomycin and 10% FBS for cell migration assay
and cell death assay or 2% FBS for efferocytosis. Monocytes were cul-
tured in DMEM/F12 (Thermo Fisher Scientific) containing 10% FBS,
2-10 ng ml™*M-CSF (PeproTech) and 100 units ml™ penicillin/strepto-
mycin for subsequent experiments. RAMP1and CALCRL were detected
on neutrophils and monocytes using rabbit anti-RAMP1 (8.5 pg ml™,
Alomone Lab, ARR-021) and rabbit anti-calcitonin receptor-like recep-
tor (5 pg ml™, Biorbyt, orb526584).

Neutrophil cell death

Bone marrow-isolated neutrophils were cultured in RPMI1640 medium
(10%FBS). Cellswere incubated with CGRP (1-20 nM, Tocris Bioscience,
83651-90-5) for 10 min, followed by treatment with IL-1 (5 ng ml™) and
TNF (50 ng mI™) for 12 hat 37 °C with 5% CO, to induce cell death. After
12 h, cells were washed with PBS and incubated with LIVE/DEAD Fixable
Aqua dye (Thermo Fisher Scientific, 1:400 dilution) in PBS on ice for
20 min. Cell death was assessed using BD LSR Fortessa X-20 and FlowJo
software (BD Biosciences).

Macrophage cell death and polarization marker expression

Bone marrow cells from 8- to 12-week-old C57BL/6 J mice were flushed,
filtered and cultured in conditioned medium (DMEM/F12 with 10%
heat-inactivated FBS, 100 units mI™ penicillin/streptomycin, and 20%
L929 fibroblasts-conditioned medium) at 37 °C with 5% CO,. After 7-9
days, differentiated macrophages were collected and seeded in12-well
or 6-well plates. The next day, cells were treated with CGRP (1or 20 nM,
Tocris Bioscience, 83651-90-5) for 20 min before exposure to mouse
IL-1(5 ng mI™) and TNF (50 ng mI™), IL-4 (2 ng mI™) and IL-13 (2 ng mI ™),
orIL-10 (2 ng mI™) (PeproTech Inc) for 24 or 72 h. Macrophages were
detached with TrypLE (Gibco) containing 3 mM EDTA, stained with
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LIVE/DEAD Aqua dye for 20 min on ice, and incubated with blocking
solution (10 pg mI™ TruStain FcX anti-CD16/32 (clone 93, BioLegend))
for 20 min before staining with antibodies for 30 min onice. Antibod-
ies from BioLegend included PE anti-CD11b (clone M1/70, 1 pg miI™),
BV711anti-F4/80 (clone BMS, 2 pg ml™), APC anti-CD80 (clone 16-10A1,
0.5 pg ml™?) and PE-Cyanine7 anti-CD206 (clone C068C2, 1 ug ml™).
For intracellular staining, cells were fixed and permeabilized using
FluoroFix Buffer and Intracellular Staining Permeabilization Wash
Buffer (Permbuffer, BioLegend). APC anti-mouse arginase-1(Thermo
Fisher, Clone AlexF5,1 ug ml™) was added to the Perm buffer and incu-
bated with the cells for 30 min on ice. After washing with Perm buffer
and staining buffer, cells were analysed using BD LSR Fortessa X-20 and
FlowJo software (BD Biosciences).

Neutrophil and macrophage migration

Assays were conducted using 6.5-mm-diameter culture plate inserts
(Corning) with 5-pum and 3-pum pore sizes for macrophages and neu-
trophils, respectively. Macrophages (1 x 10°) or neutrophils (3 x 10%)
in migration media (DMEM/F12 with 0.25% BSA) were added to the
inserts. The lower chambers contained migration buffer alone or
chemoattractant (mouse CCL2 10 ng ml™ for macrophages or mouse
CXCL1/KC 150 ng ml™ for neutrophils, PeproTech) with or without
CGRP. Cells were allowed to migrate through the insert membrane for
3-4 hat37 °Cwith 5% CO,. For macrophages, theinserts were then fixed
with4% paraformaldehyde, and cells onthe upper side were removed.
DAPI (1 pg ml™) was used to stain cells on the bottom side, and they
were counted using a fluorescent microscope. For neutrophils, cells
that migrated into the lower chamber were collected and counted
using a haemocytometer. The data are presented as the fold change,
calculated by dividing the number of cells that migrated in response
to treatments by the number of cells that migrated spontaneously
(migration media only).

Efferocytosis

An efferocytosis assay kit (Cayman, 601770) was used following the
manufacturer’s instructions. Neutrophils were labelled with CFSE
and cultured in RPMI with 2% serum for 12 h to induce cell death.
Bone marrow-derived macrophages cultured for 7 days were seeded
at adensity of 4 x 10° cells per well in a 6-well plate with DMEM/F12
containing 10% FBS and 100 units ml™ penicillin/streptomycin. Prior
to the assay, macrophages were pre-treated with CGRP (1 or 20 nM)
for 24 h. Macrophages were collected, labelled with CytoTell Blue,
and then incubated with CFSE-labelled dead/dying neutrophils
at different ratios (1:1, 1:2, and 1:4) at 37 °C for 15 min. The reaction
was stopped by washing cells with ice-cold PBS containing 5% FBS
and 1 mM EDTA. Cells were analysed with BD LSR Fortessa X-20 and
FlowJo software (BD Biosciences). Macrophages were identified by
CytoTell Blue-positive staining, and the efferocytosis index was calcu-
lated as the percentage of CFSE-positive cellsin CytoTell Blue-labelled
macrophages.

Adoptive transfer of tdTomato’ cells for in vivo migration and
efferocytosis

tdTomato* bone marrow cells from CMV-cre/Rosa26"™™*° male mice
(8-to12-week-old) were adoptively transferred into Nav1.8"/Rosa26"™
and Rosa26°™ mice either directly after red blood cell lysis (migration
assay) or following neutrophil isolation (efferocytosis assay). In the
migration assay, 1 x 107 cells were intravenously delivered on day 2
after skin or muscle injury. On day 3, collected tissues were analysed
via flow cytometry to detect tdTomato® cells. For the efferocytosis
assay, neutrophils were cultured in low serum (2%) for 24 h to induce
cell death, and 2 x 10® dead or dying neutrophils were intradermally
injected at the skin wound border on day 3 post-injury. After 30 min,
collected tissues were assessed via flow cytometry to quantify effero-
cytosis as the number of monocytes or macrophages that had taken

up tdTomato* apoptotic neutrophils. Results were presented as fold
change relative to Rosa26"™ control mice.

RT-PCR, qPCR and RNA-seq

Isolated neutrophils were treated with CGRP (1 nM) in RPMIwith 10%
FBS and 100 units ml™ penicillin/streptomycin for 4 h at 37 °C with
5% CO,. Isolated monocytes cultured in DMEM/F12 with 10% FBS,
100 units ml™ penicillin/streptomycin, and M-CSF (10 ng ml™) for
3 days, had their medium replaced with CGRP (1 nM) for 4 hat 37 °C
with 5% CO,. After collection, RNA extraction used the RNeasy Plus
MicroKit (Qiagen). For PCR with reverse transcription (RT-PCR) and
quantitative PCR (QPCR), reverse transcription used ReverTra Ace
(Toyobo). RT-PCR primers were: Human_Calcrl 5-CATGCACATCC
TTATGCAC-3’ and 5’-CCATCACTGATTGTTGACAC-3’; Human_Rampl
5’-GCCAGGAGGCTAACTACG-3’and 5’-GAAGAACCTGTCCACCTCTG-3’;
Mouse_Calcrl 5-GGTACCACTACTTGGCATTG-3’ and 5’-GTCACTGA
TTGTTGACACTG-3’; Mouse_Ramp15’-GACGCTATGGTGTGACT-3’ and
5’-GAGTGCAGTCATGAGCAG-3’. Human or mouse GAPDH primers
were from Integrated DNA Technologies (51-01-07-12 and 51-01-07-13,
respectively). PCR products were analysed by gel electrophoresis.
qPCRwas performed using LightCycle96 with software LightCycle96
(Roche Diagnostics) and TagMan Assay primers from Thermo Fisher
Scientific (Thbs1, Mm00449032_g1; Gapdh, Mm99999915_gl). For
RNA-seq, RNA quantity and quality assessment, library preparation
and sequencing were performed at the Medical Genomics Facility,
Monash Health Translation Precinct (MHTP). RNA quantity was
assessed using Qubit. RNA samples (20 ng) with RNA integrity num-
ber (RIN) value = 7 were used for library preparation. First strand
synthesis was performed using a dT primer which adds the lllumina
P7 (5’-CAAGCAGAAGACGGCATACGAGAT-3’), 8-bpi7 index for each
sampleand a10-bp unique molecularidentifier. The modified reverse
transcriptase reaction also adds atemplate switching sequence at the
5’end of the RNA during the generation of indexed cDNA. These first
stand indexed cDNA were pooled and amplified using primers to P7
and the template switch sequence. lllumina P5 was added by tagmenta-
tion by Nextera transposase during amplification. Standard Illumina
R1primer was used (main cDNAread), followed by standard i7 primer
for index or unique molecular identifier. R2 primer was present but
notused as it will read into poly-A tail. Sequencing was performed on
the NextSeq2000 (Illumina), using NextSeq1000/2000 P2 Reagents
(100 cycles) v3 (Illumina) in accordance with the lllumina Protocol
1000000109376 v3 Nov2020.

Demultiplexing and mapping

Fastq files were processed using the nfCore/RNAseq (v3.2) pipeline
using the umi function®. Reads were aligned to the Mus musculus
GRCm38reference using STAR aligner®®. Reads were quantified using
featureCounts producing the raw genes count matrix and various qual-
ity control metrics which were summarized in a multiQC report®*.
Raw counts were analysed with Degust®, a web tool which performs
normalization using trimmed mean of M values (TMM)?’. Differential
gene expression analysis was performed using limma/voom® in Degust
and genes with aFDR-adjusted Pvalue < 0.05 were considered signifi-
cantly upregulated or downregulated. Volcano plots were made using
the web tool, VolcaNoseR®. Gene ontology enrichment analysis for
biological processes was performed with the web tool, ShinyGO 0.77,
by providing all upregulated or downregulated DEGs separately as the
input for each experimental group”.

siRNA-mediated knockdown

Macrophages (4 x 10° cells per well in a 6-well plate) were transfected
with 10 nM scrambled siRNA (Silencer Select Negative Control No. 1
siRNA, Thermo Fisher, 4390843) or Silencer Select Pre-Designed siRNA
against mouse TSP-1(Thermo Fisher, s124596) using Reduced-Serum
Medium (Opti-MEM, Gibco) and Lipofectamine RNAiIMAX (Invitrogen,



51985034) for 6 h. The medium was then replaced with fresh culture
medium (DMEM/F12 with 10% FBS). After 24 h, cells were collected
for the migration assay. For the efferocytosis assay, cells were cul-
tured with1nM CGRPimmediately after transfection. After 24 h, cells
were collected and co-cultured with dead or dying neutrophils. The
evaluation of cell death and polarization used the same methods
as those for assessing macrophage death and polarization marker
expression.

CGRP variants

CGRP and eCGRP were synthesized by ProteoGenix. eCGRP was
designed to contain PIGF residues 123-141 at the N terminus followed
by a plasmin-sensitive sequence from vitronectin (KGYR)”.. For both
variants, a disulfide bond was formed between the two cysteine resi-
dues and the C-terminal phenylalanine was amidated. Peptide purity,
determined by high performance liquid chromatography, was 89.63%
for CGRP and 87.33% for eCGRP.

Cleavage of eCGRP by plasmin

CGRP (4 pg) and equimolar eCGRP in 20 pl of PBS (pH 7.2) were incu-
bated with plasmin (0.0005 U pg™, Sigma) at 37 °C for 60 min. Aprotinin
(25 pg ml™, Sigma) was added for 5 minat 37 °C to stop plasmin activity.
Samples were analysed by SDS-PAGE.

Retention of CGRP and eCGRP into skin and muscle

CGRP (1 pg) or an equal molar amount of eCGRP was intradermally
administered to the shaved dorsal skin of male 10- to 12-week-old
Nav1.8""/Rosa26“™ mice, with injection sites marked using a marker.
For muscle, CGRP variants were injected into the quadriceps. After
24 h, collected injection sites underwent cryosectioning and immu-
nostaining. Fiji** was used for analysis, excluding the co-localization
area of CGRP with tdTomato fluorescence, indicating endogenous
CGRP expression.

cAMP quantification

Freshly isolated neutrophils or bone marrow-derived macrophages
(1 million cells) were treated with CGRP (1 nM) in RPMI with 10% FBS
for 30 min at 37 °C with 5% CO,. cAMP levels were quantified using
a cAMP ELISA kit from Cayman Chemical (581001) according to the
manufacturer’sinstructions.

Spontaneous pain behaviour assessment

Eight mice per group (4 males, 4 females, C57BL/6 J,10-to 12-week-old)
were acclimatized for 1 hin empty cages. The right hind paw received
anintraplantar injection 1 pg of wild-type CGRP, equimolar amount
of eCGRP, 0.05% capsaicin (Sigma, M2028), or 20 pl saline. Mice were
immediately placed in the cage, and their behaviour was recorded.
The number of episodes and the time spent licking, shaking, flinching
and lifting the paw were recorded for first 5 min and for 5 min after 1,
6,24 and 48 h.

Hot plate test

Eight mice per group (4 males, 4 females, C57BL/6 J,10-to 12-week-old)
received anintraplantarinjection of 1 pg of wild-type CGRP, equimolar
amount of eCGRP, or 20 pl saline in the right hind paw. After 30 min,
mice were individually placed on a metal hot plate set to 52 °C. The
latency, from mouse placement on the surfaceto the first behavioural
sign of nociception (for example, lifting, shaking, licking the hind paw
orjumping), was measured. Mice were immediately removed from the
hot plate after responding or after a 30 s cut-off. The test was repeated
afterl,6,24and 48 h.

ELISAs for cytokines and MMPs
Homogenized skin wound and muscle tissues were incubated for 30 min
oniceinT-PER Tissue Protein Extraction Reagent (10 ml per g of tissue,

Thermo Fisher Scientific) containing 1 tablet of protease inhibitor
for 7ml (Roche). Samples were then centrifuged at 10,000g for 5 min
and supernatants were stored at —80 °C. Total protein concentration
was measured with aBradford assay (Millipore). Cytokines and MMPs
were detected by ELISA from R&D Systems; Mouse IL-1beta/IL-1F2 Duo-
Set ELISA; Mouse CCL2/JE/MCP-1DuoSet ELISA, Mouse CXCL2/MIP-2
DuoSet ELISA; Total MMP-2 Quantikine ELISA Kit; Mouse Total MMP-9
DuoSet ELISA.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10 (Graph-
Pad). Significant differences were calculated with Student’s ¢-test,
one-sample ¢-test, and by ANOVA when performing multiple com-
parisons between groups. P < 0.05 was considered as a statistically
significant difference.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are provided within the
manuscript and its Supplementary Information. RNA-seq data gener-
ated for this study are deposited in the NCBI Gene Expression Omnibus
under accession GSE255049. Source data are provided with this paper.
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Extended DataFig.2|Na,1.8" sensory neurons mainly express CGRP during
skinand muscle healing. a, Quantification of Na,1.8" sensory neuronsin skin
and muscle before and after injury. Results are expressed as the percentage of
tissue area positive for tdTomato in healthy tissue at DO (uninjured) and in
thegranulationtissue at D3 and D6 post-injury (n =4).b-d, Expression of
neuropeptidesinskinand muscle were detected by immunohistochemistry
(neuropeptides, green; Na,1.8, red; nuclei, blue). Scale bars =500 pmin skinand
100 pmin muscle. Quantification of neuropeptide signalin Na,1.8* sensory
neurons (d) (n=4).e,Neuropeptide expressionin DRGs beforeand on D3 and
Dé6 after skin and muscleinjury (neuropeptides, green; Na,1.8, red; nuclei, blue).
Scalebar=100 um. Percentage of Na,1.8" cell bodies expressing aneuropeptide

type (f) (n=3).g, CGRPlocalisation in skinand muscle before and after tissue
injury in Nav1.8¢/Rosa26"™ and Rosa26"™ littermate control mice. White lines
indicate the separation between the granulation tissue (GT) and the top of the
wound inskinand the separation between the granulation tissue and the
muscle tissue inmuscle. Scale bars =100 um. Quantification of CGRP signal

(h) (n=4).Ina,d,h, dataare plotted in box plots showing median (centreline)
and IQR (bounds). Whiskers show min. to max. range. Dots represent
independentinjuries. Inf, dataare plotted as bar graph showing mean + SD.
Dotsrepresentindividual DRGs. One-way ANOVA with Tukey post hoctest for
pair-wise comparisonsin a,d. Two-way ANOVA with Bonferroni post hoc test for
pair-wise comparisonsin f,h. Pvalues areindicated.
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Extended DataFig. 3| CGRPsignallinginimmune cells mediates skinand
muscle healing. a-d, Wildtype (wt) or Rampl” mice were y-irradiated and
received abone marrow transplant fromwt or RampI”~ donor mice. Full-
thickness skin wounds or quadriceps volumetric muscle loss were performed.
Wound closure was evaluated by histomorphometric analysis of tissue sections
atD6 post-injury (a) (n = 8). Representative histology (b). Black arrows indicate
wound edges. Red arrows indicate tips of epithelium tongue. Scalebar=1mm.
The extent of muscleregeneration (represented by the percentage of fibrotic
tissue and muscle area) was evaluated by histomorphometric analysis of tissue
sections at D12 post-injury (c) (n=7). Representative histology D12 post-injury
(fibrotic tissue is stained blue; muscle tissue is stained red) (d). Scale bar =500
pm. e, Cell proliferationin response to CGRP treatment (2% FBS: n =5 for
keratinocytes, n=4 forall other cell types; 10% FBS: n=6 for fibroblasts and
endothelial cells, n=4 for keratinocytes and myoblasts). Foetal bovine serum
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was used as the housekeeping gene. Repeated independently 3 times.

g, Representative images showing the close proximity of CD11b* cells with
Na,1.8"sensory neuronsin granulation tissue 6D after skin and muscle injury
(CD11b, green; Na,1.8, red; nuclei, blue). Scale bar =50 pm. Repeated
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Extended DataFig. 4| Analyse wound immune cell dynamics ininjured skin
and muscle. a, Gating strategy to analyse myeloid cells in skin and muscle
post-injury. Flow cytometry dot plots representing the step by step (1-6) gating
strategy to identify neutrophil (CD11b*, Ly6G*, F4/80°) monocytes/macrophages
(Mo/Md; CD11b"*, F4/80" Ly6G"), and dendritic cells (CD11c*, MHC-II*). MFlis the
geometric-mean of fluorescenceintensity. b, Gating strategy to analyse T cells
inskinand muscle post-injury. Flow cytometry dot plots representing the step
by step (1-6) gating strategy to identify CD4 T cells (CD3", CD4"), cytotoxic

Tcells(CD3*,CD8"),and y& T cells (CD3*, TCRf", TCRy&"). ¢, Numbers of
dendriticand T cellsin skin and muscle injuries analysis measured by flow
cytometry. Dataare plotted in kinetic line plots showing mean + SEM (Skin:
n=8forD0,n=10 for the other time points. Muscle: n=8). Two-way ANOVA
with Bonferroni post hoc test for pair-wise comparisons. Pvalues are indicated;
n.s., non-significant.d, Bar graph representation of the average number of
neutrophils, Mo/M¢@, dendritic cells, and T cells ininjured tissue at D3
post-injury in Rosa26”™ and Nav1.8*/Rosa26°™ mice.
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Extended DataFig. 6 | TSP-1mediates the activity of CGRP on neutrophils
and macrophages. a, Differentially expressed genes contributing to GO
enrichmentanalysis of CGRP-treated neutrophils and macrophages. Neutrophils
and monocytes/macrophages were treated with CGRP (1nM) or saline for 4 h.
Transcriptomic profiling was performed by bulk RNA sequencing. Heatmap

of selected significantly upregulated and downregulated genes depicting
standardised gene expression values (z-scores) in CGRP-treated cells compared
to PBS-treated cells. Individual biological replicates are shown (n=3). Genes are
displayedinalphabetical order and further classified according to known
functionsindicated by the coloured circles next to the heat map. b, Thbsi
expression after CGRP (1 nM) stimulation for 4 hin neutrophils and macrophages
isolated form LysM*”- and LysM“"**"-/RampI"™ mice (n=3). Dots represent
independent experiments. Horizontal bars show mean. Whiskers show min.
tomax.range.c, TSP-1concentrationin skinand muscle before (uninjured) and
at D3 post-injury quantified by ELISA (n=4).d, Knockdown (KD) efficiency of
TSP-1by siRNA verified by qPCR analysisin macrophages. Results are expressed
asrelative expression over cells transfected with scramble siRNA (n = 6).
e-h,Macrophages derived from mouse bone marrow were transfected with

scramble siRNA or ThbsI siRNA and treated with saline (PBS, 0 nM CGRP) or
CGRP (1 nM). Results are expressed as fold change over the PBS/0 nM CGRP
control group. Transwell migration towards CCL2 in the presence of CGRP (e)
(n=9).Celldeathinresponse to CGRP with or without TNF/IL-1(f) (n=7).
Macrophage efferocytosis of neutrophils after CGRP treatment (g) (n=5).
Macrophage M2-like polarisztion determined viaCD206 expressioninresponse
to CGRPand IL-4/IL-13 (h) (n =10).i, Saline or TSP-1(total 10 pg) wasinjectedin
mouse skin wound borders at D1 and D3 post-injury or delivered in mouse
quadriceps volumetric muscle loss defect viaafibrin hydrogel right after
injury. Neutrophiland monocyte/macrophage (Mo/M@) populationsininjured
tissues were analysed by flow cytometry at D3 post-delivery. CD206 level
measurements were performed at D14 post-delivery (n = 6). MFlis the geometric-
mean of fluorescenceintensity. Alldataare plotted inbox plots showing
median (centralline) and IQR (bounds). Whiskers show min. to max. range.
Dotsrepresentindependent experiments. Two-tailed Student’s t-testinb,c,d,i.
One-way ANOVA with Tukey post hoctest for pair-wise comparisonsin e-h.
Pvaluesareindicated; n.s., non-significant.
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Extended DataFig.7|Rescue of tissue healing in Nav1.8¢/Rosa26"™ mice by
local delivery of CGRP variants. a, Design and amino acid sequences of wild-
type CGRP and eCGRP. Disulfide bonds are indicated in yellow. Amid indicates
amidation of the C-terminus phenylalanine. ECM-binding sequence from
placentagrowth factor (PIGF) isinred.Plasmin-sensitive site from vitronectinis
ingrey.b, CGRP and eCGRP were incubated with or without plasminand
analysed by SDS-PAGE. The gels show cleavage of the ECM-binding sequence in
eCGRP by plasmin. Repeated independently 3 times. For gel source data, see
Supplementary Figure 1. c,eCGRP activity was assessed using neutrophil and
macrophage migration. The graphs show migration towards achemoattractant
(CXCL-1or CCL2)inthe presence of saline (PBS) or CGRP variants (20 nM).
Results are expressed as fold change over saline control. Data are plotted in box
plots showing median (centralline) and IQR (bounds). Whiskers show min. to
max. range. Dotsrepresentindividual experiments (n=4).d, Neutrophils and
macrophages wereisolated from LysM“** and LysM“**"-/RampI"™ mice. Cells
were stimulated with CGRP or eCGRP (1 nM) for 30 min. cAMP concentrationin
celllysates was measured by competitive ELISA (n =4).e,f, CGRP (1 ug) or
equimolar eCGRP was delivered intradermally orintramuscularly in Nav1.8¢/
Rosa26'" mice. One day post-delivery, tissues were harvested and CGRP variants
were detected by immunostaining. Representative skinand muscle tissue
sections. CGRP signal coming from exogenous CGRP variants appearsingreen.
Arrowsindicate CGRP signal coming from Na,1.8" sensory neurons (inred).
Nucleiareinblue.Scale bars =50 um. Quantification of CGRP-positive area
andsignalintensity expressed asintegrated density (f) (n =5 for skin, n =4 for

muscle).g,h, Saline, low dose of CGRP (250 ng), high dose of CGRP (500 ng), or
equimolar eCGRP was delivered on Nav1.8*/Rosa26" mouse skin wounds
(D1post-injury for low dose and D1and D3 post-injury for high dose). Skin wound
closure D6 post-injury evaluated by histomorphometric analysis (g) (n =16 for
saline; n =8 forlow; n=10 for high). Representative skin histology (h). Black
arrowsindicate wound edges and red arrows indicate tips of epithelium tongue.
Scalebar=1mm.ji,j, Saline, low dose of CGRP (250 ng), high dose of CGRP (1 nug),
or equimolar eCGRP was delivered in Nav1.8°/Rosa26°™ mouse quadriceps
volumetric muscle loss defect viaafibrin hydrogel. The extent of muscle
regeneration (represented by the percentage of fibrotic tissue and muscle area)
was evaluated by histomorphometric analysis of tissue sections at D8 (low dose)
and D12 (high dose) post-injury (i) (D12:n= 6; D8: n=7for salineand high,n=6
forlow). Representative histology (fibrotic tissue is stained dark blue; muscle
tissue is stained red) (j). Scalebar =1 mm. k, Mice received one injection of
saline, CGRP (1pg), equimolar eCGRP, or capsaicin (positive control) inthe

right hind paw. Graphs show duration and frequency of nocifensive behaviours
recorded for 5min at various time points (n = 8).1, Mice received one injection
ofsaline, CGRP (1 ng), orequimolar eCGRP intheright hind paw. Graph shows
thermal withdrawal latency at various time points post-injection (n = 8). Alldata
areplotted in box plots showing median (centralline) and IQR (bounds).
Whiskers show min. tomax. range. Dots representindependent experiments or
injuries. One-way ANOVA with Tukey post hoc test for pair-wise comparisonsin
c,d,g,i. Two-tailed Student’s t-test in f. Two-way ANOVA with Bonferroni post hoc
test for pair-wise comparisonsink,l. Pvalues areindicated; n.s., non-significant.
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Extended DataFig.8|CGRPlevelsin Lepr®“* mice and TSP-1deposition inred, nucleiinblue. Scale bar =200 um. Graphs show quantification of
inresponse to eCGRP delivery. a, CGRP expressionin uninjured skinand TSP-1-positive area, TSP-1signalintensity expressed as integrated density
muscle of wildtype (Lepr”*) and diabetic (Lepr®) mice was detected by and TSP-1-positive areain CD11b" cells (n = 6). All data are plotted in box plots
immunostaining of tissue sections. The graphs show quantification of CGRP- showing median (central line) and IQR (bounds). Whiskers show min. to max.
positivearea (n = 6). b, Skin wounds and muscle defects in Lepr®® mice were range. Dots representindividual tissue sections. Two-tailed Student’s ¢-test

treated witheCGRP. Expression of TSP-lin granulation tissue was detected at ina,b.Pvaluesareindicated.
D4 viaimmunostaining of tissue sections. TSP-1in green, myeloid cells (CD11b)
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Extended DataFig. 9| Gatingstrategy to analyse woundimmune cell
dynamicsindiabetic mice as well as cytokine and protease levels after
eCGRP treatment. a, Gating strategy to analyse myeloid cells skinand muscle
post-injury. Flow cytometry dot plots representing the step by step (1-6) gating
strategy to identify neutrophil (CD11b*, Ly6G*, F4/80°) and macrophage
populations (CD11b", F4/80* Ly6G"). MFlis the geometric-mean of fluorescence
intensity. b, Saline or e CGRP was delivered on Lepr®®® skinwounds orin

quadricep volumetric muscle loss defect viaafibrin hydrogel. The levels of
CCL2,IL-1B, CXCL2, MMP-2, and MMP-9 ininjured tissues were quantified by
ELISA (n =8 for skin, n =4 for muscle). Dataare plotted in box plots showing
median (centralline) and IQR (bounds). Whiskers show min. to max. range. Dots
representindividual injuries. Two-way ANOVA with Bonferroni post hoc test for
pair-wise comparisons. Pvalues are indicated.
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Extended DataFig.10 |Summary of the neuro-immune-regenerative axis
afteracuteinjury inskinand muscle. The schematic shows the proposed
mechanisms by which nociceptors promote tissue healing via controlling
neutrophilsand monocytes/macrophages (Mo/Md¢) ininjured tissues.
Following tissue injury, CGRP-expressing nociceptor endings grow into the
granulation tissue. CGRP signalling in neutrophils and macrophagesinduces
therelease of the ECM protein TSP-1. TSP-1is deposited in the injured tissue
milieuinhibiting neutrophiland monocytes/macrophage migration and

eventually accelerating the cell death response of neutrophils and
macrophages toinflammatory cytokines. In addition, CGRP promotes
efferocytosis and macrophage polarizationinto a M2-like phenotype viaan
autocrine or paracrine effect of TSP-1. Overall, nociceptors are critical for the
transition of theinjured tissue microenvironment towards a tissue healing
phase.Bluelineindicatesinhibition, red line indicates induction. Dashed grey
linesindicate that CGRP and TSP-1may also promote tissue healing by acting on
non-immune cells. Created with BioRender.com.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Leica AF6000LX and DMi8inverted Fluorescence microscope and Leica SP8 inverted confocal microscope for scanning immunostained slides.
BD Fortessa for flow cytometery analysis.
NextSeq2000 (lllumina) for RNA sequencing.
PerkinElmer EnVision multi mode plate reader with EnSpire Manager software v2.00 for proliferation assay.
LightCycle96 with software LightCycle96 SW 1.1 (Roche Diagnostics).
C1000 Touch Thermal Cycler for complementary DNA (cDNA) preparation.

Data analysis Statistics: GraphPad Prism software (v9.3.1).
Histology and immunofluorescence analysis: Fiji open source software (v2.14.0/1.54f) and Aperio ImageScope Viewer (v12.4.6.5003).
Flow cytometery analysis: FlowJo v10.
RNA sequencing analysis: STAR aligner (v2.7.0a), VolcaNoseR web tool (v1.0.3), Degust web tool (v41.1), and ShinyGO (v0.77) web tool.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are found within the manuscript and its Supplementary Information. Source data are provided with this paper. RNA
sequencing data generated for this study are deposited in NCBI’s Gene Expression Omnibus database (GSE255049). RNA-seq reads were were mapped to the Mus
musculus GRCm38.p6 genome.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Estimates were made based on our previous experience, availability and
feasibility required to obtain statistically significant results: Martino, M. M. et al. Growth factors engineered for super-affinity to the
extracellular matrix enhance tissue healing. Science 343, 885-888 (2014); Julier, Z. et al. Enhancing the regenerative effectiveness of growth
factors by local inhibition of interleukin-1 receptor signaling. Sci Adv 6, eaba7602 (2020); Tan, J. L. et al. Restoration of the healing
microenvironment in diabetic wounds with matrix-binding IL-1 receptor antagonist. Commun Biol 4, 422 (2021).

This research comply with the 3Rs rule on reducing, replacing and refining the use of animals for scientific purpose. The simple size (n) for
each experiment is provided in the figure legends.

Data exclusions  Data were not excluded from study reporting. Animals that showed signs of suffering were not included in study reporting.

Replication Results shown are representative of at least 3 independently performed experiments. Each dot in the bar plots indicates a separate animal. All
attempts at replication were successful.

Randomization  Forallin vivo and in vitro experiments involving cells from animals, mice were preselected based on age and then randomly assigned to
treatment groups.

Blinding The experimenters were blinded to the mouse genotype or treatment conditions during surgical procedures. Histology and
immunobhistological analyses were blindly performed. Blinding was not performed for all other experiments due to availability of researchers.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used Anti-mouse antibodies used in flow Cytometry in vivo:

. FITC anti-CD11b (BioLegend, Clone M1/70, 6.6 pg/ml).

. BV711 anti-CD11b (BioLegend, Clone M1/70, 2 ug/ml).

. PE anti-F4/80 (BioLegend, Clone BMS, 4 pg/ml).

. BV421 anti-Ly6G (BioLegend, Clone 1A8, 2 ug/ml).

. BV711 anti-Ly6C (BioLegend,clone HK1.4, 1 pg/ml).

. FITC anti-Ly6C (BioLegend,clone HK1.4, 5 ug/ml).

. APC anti-CD206 (BioLegend, clone C068C2, 2 ug/ml).

. PE-Cyanine7,anti-CD206 (BioLegend, clone C068C2, 2.6ug/ml).
. BV711 anti-CD3 (BioLegend, clone 17A2, 4 ug/ml).

10. PE-Cyanine7 anti-CD3 (BioLegend, clone 17A2, 4 ug/ml).

11. APC anti-CD4 (BioLegend, clone GK1.5, 2 pg/ml).

12. BV421 anti-CD8 (BioLegend, clone 53-6.7, 2 ug/ml).

13. PE anti-TCRPB (clone H57-597, 2 pg/ml).

14. APC/Fire 750 anti-TCR y/6 (clone GL3, 2 ug/ml).

15. PE-Cyanine7 anti-CD11c (clone N418, 2 ug/ml).

16. APC/Fire 750 anti-MHC Class Il (clone M5/114.15.2, 2 ug/ml).

O 00N U WK

Anti-mouse antibodies used in flow cytometry in vitro:

1. PE anti-CD11b (BioLegend, clone M1/70, 1 ug/ml).

2. BV711 anti-F4/80 (BioLegend, cone BMS, 2 pg/ml).

3. PE-Cyanine7 anti-CD206 (BioLegend, clone C068C2, 1 pg/ml).

4. APC anti-mouse arginase 1 (ThermoFisher, Clone AlexF5, 1 ug/ml).
5. APC anti-CD80 (BioLegend, clone 16-10A1, 0.5 pg/ml).

Immunostaining antibodies:

1. Rabbit anti-CGRP (66.7 ug/ml, Sigma, #C8198).

2. Rabbit anti-substance P (1:500, Immunostar, #20064).

3. Rabbit anti-vasoactive intestinal peptide (1:500, Immunostar, #20077).

4. Goat anti-galanin (1 ug/ml, Abcam, #99452).

5. Mouse anti-thrombospodin-1 (5 ug/ml, A6.1, Thermo Fisher Scientific, #14-9756-82).

6. Rat anti-CD11b (5 pug/ml, M1/70, Thermo Fisher Scientific, #14-0112-82).

7. Unconjugated AffiniPure Fab Fragment Goat Anti-Mouse 1gG (H+L) (Jackson ImmunoResearch Labs, #115-007-003, 100 ug/ml)
8. F(ab')2-Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (2.6 pug/ml, Thermo Fisher Scientific,
#A-11070).

9. Donkey anti-goat IgG H&L conjugated with Alexa Fluor 488 (2.6 pug/ml, Thermo Fisher Scientific, #A-11055).

10. Goat anti-mouse (IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488, 2.6 ug/ml, Thermo Fisher Scientific,
#A48286TR).

11. Goat anti-Rat (IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594, 2.6 ug/ml, Thermo Fisher Scientific,
#A48264).

12. Rabbit anti-Ramp-1 (8.5 pug/ml, Alomone Lab, #ARR-021).

13. Rabbit anti-calcitonin receptor like receptor (5 pg/ml, Biorbyt, #orb526584).

14. Rat anti-mouse Ki-67 (5 pg/ml, Thermo Fisher Scientific, #14-5698-82).

15. Mouse anti-mouse cytokeratin 14 (4 pug/ml, Thermo Fisher Scientific, #MA5-11599).

16. Goat anti-mouse Alexa Fluor-647 (2 ug/ml, Thermo Fisher Scientific, #A-21235).

17. Goat anti-rat Alexa Fluor-488 (2.67 ug/ml, Thermo Fisher Scientific, # A48262TR).

18. Unconjugated affinity-purified F(ab) fragment anti-mouse IgG (H+L) (10 ug/ml, Jackson ImmunoResearch, #AB_2338476).

Validation All BioLegend primary antibodies for flow cytometry were validated by the manufacturer on C57BL/6 mouse bone marrow cells,
C57BL/6 mouse splenocytes or BALB/c mouse peritoneal macrophages.
APC anti-mouse arginase 1 was validated on normal human lysed whole blood cells by the manufacturer.
Rabbit anti-CGRP was validated by the manufacturer with immunohistochemistry of trigeminal ganglia cell cultures at a dilution of
1:200 and with immunocytochemistry of mouse lung slices at a dilution of 1:500.
Rabbit anti-substance P was validated was validated by the manufacturer using soluble pre-adsorption with substance P at a final
concentration of 10 g of peptide per ml of diluted anti-substance P.
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Rabbit anti-vasoactive intestinal peptide was validated by the manufacturer using soluble pre-adsorption with vasoactive intestinal
peptide at a final concentration of 10-5 M.

Goat anti-galanin was validated on mouse samples by Labome (ab99452).

Mouse anti-thrombospodin-1 was validated on mouse brain tissue sections by the manufacturer.

Rat anti-CD11b (M1/70, same clone as the anti-CD11b from Biolegend) was validated by the manufacturer using immunostaining of
formalin-fixed paraffin-embedded human colon adenocarcinoma tissue sections.

Rabbit anti-Ramp-1 was validated by the manufacturer using immunostaining of living rat pheochromocytoma (PC12) cells.

Rabbit anti-calcitonin receptor like receptor was validated by our lab on mouse neutrophils and macrophages.

Rat anti-mouse Ki-67 was validated by the manufacturer using immunostaining of formalin-fixed paraffin-embedded mouse thymus
tissue sections.

Mouse anti-mouse cytokeratin 14 was was validated by the manufacturer using immunostaining of 70% confluent log phase A-431
cells.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Human umbilical vein endothelial cells were purchased from Sigma-Aldrich (Catalog #200P-05N).
C2C12 mouse myoblast cell line were purchased from Cell Bank (Australia, Code 91031101).
HaCaT keratinocyte cell line was gifted by Professor Richard Boyd (Monash University, Australia).

HUVEC: cells were authenticated by the supplier using morphology and staining for VEGFR2 and CD31.
C2C12: cells were originally obtained from ATCC and authenticated by ATCC and our lab using morphology.
HaCat: cells were authenticated by Professor Ricard Boyd's lab and our lab using morphology.

Mycoplasma contamination Cells obtained from vendors were certified negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used in the study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

C57BL6/J were from from the Monash Animal Research Platform. 10-12-week-old mice were used.

Nav1.8Cre+/+ mice (B6.129-Scn10atm2(cre)Jnw/H B6, stock ID EM:04582, European Mouse Mutant Archive) were used for in vitro
fertilisation to generate Nav1.8Cre+/- mice on a C57BL/6J background in house.

Rosa26DTA+/+ (B6.129-Gt(ROSA)26Sortm1(DTA)Mrc/J, strain 010527, Jackson Laboratory) were maintained on a C57BL/6J
background in house.

Nav1.8Cre+/- mice were bred with Rosa26DTA+/+ to generate Nav1.8Cre+/-/Rosa26DTA+/- mice and Nav1.8Cre-/-/Rosa26DTA+/-.
10-12-week-old mice were used.

Rosa26tdT reporter mice (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, strain 007914, Jackson Laboratory).
Rosa26tdT mice were bred with Nav1.8Cre+/+ mice to generate Nav1.8Cre+/-/Rosa26Tdt+/-. 10-12-week-old mice were used.

BKS.Cg-Dock7 m +/+ Lepr db /J (Lepr db/db) mice were obtained from the Jackson Laboratory and bred in house. 12-14-week-old
mice were used.

B6.129S2-Rampl<tm1.2Tsuj> sperm was kindly provided by Prof. Kazutake Tsujikawa (Graduate School and School of Pharmaceutical
Sciences, Osaka University). B6.12952-Ramp1<tm1.2Tsuj> sperms were used for in vitro fertilisation to generate Ramp1fl/+ mice.
Ramp1-/- mice were generated by crossing Ramp1fl/fl mice with CAGcre mice (C57BL/6-Tg(CAG-cre)13Miya, RIKEN BioResource
Research Center, strain 09807). 10-12-week-old mice were used.

Ramp1fl/fl/LysMCre+/- mice were bred in house by crossing Ramp1fl/fl with LysMCre+/+ mice (B6.129P2-Lyzs<tm1(cre)lfo>, RIKEN
BioResource Research Center, strain 02302). LysMCre+/- littermates were used as controls. 10-12-week-old mice were used.

Mice constitutively expressing tdTomato were obtained by crossing with B6.C-Tg(CMV-cre)1Cgn/J (8-10-week-old, Jackson
Laboratory, strain 006054) with Rosa26DTA+/+ mice.

No wild animals were used.

All in vitro experiments were performed by using male mouse bone marrow cells.

C57BL6/J mice: male and female.

Nav1.8Cre+/-/Rosa26DTA+/- and Nav1.8Cre-/-/Rosa26DTA+/- mice: male.

Nav1.8Cre+/-/Rosa26DTA+/- mice when treated with CGRP variants or saline: male (muscle experiments) and female (skin
experiments).

Nav1.8Cre+/-/Rosa26Tdt+/- mice: male.

BKS.Cg-Dock7 m +/+ Lepr db /J (Lepr db/db )mice: male (muscle experiments) and female (skin experiments).

Ramp1-/- mice: male.

Ramp1fl/fl with LysMCre+/- mice: male.

LysMCre+/- mice: male.
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Field-collected samples  No field-collected samples were used.

Ethics oversight Animal experiments were approved by the Monash Animal Research Platform ethics committee and Animal Research Committee of
the Research Institute for Microbial Diseases of Osaka University (project numbers 13294, 13335, 17075, 14013, 23006).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

In vivo immune cell profiling:

Skin wounds were harvested using an 8 mm biopsy punch, and muscle defects were dissected to isolate the quadriceps.
Tissue samples were minced with scissors and subjected to two serial digestions with collagenase XI (1 mg/ml) at 37°C (30
minutes for skin, 20 minutes for muscle). After the first digestion, the supernatant was collected and mixed with
neutralization buffer (DMEM/F12 with 5 mM EDTA). The first collection was kept on ice, and fresh collagenase XI was added
to the undigested tissue for the second digestion. Digestion mixtures were passed through a 70 um cell strainer.

In vitro macrophages:

Mouse bone marrow cells derived-macrophages were treated with different cytokines with or without CGRP (1 or 20 nM) for
24-72 hours. Cells were then detached with TrypLE (Gibco) containing 3 mM EDTA and harvested in culture medium
containing 10% FBS for further analysis.

In vitro neutrophils:

Mouse neutrophils were isolated from mouse bone marrow by using EasySep Mouse Neutrophil Enrichment

Kit (STEMCELL Technologies). Isolated cells were treated with different cytokines with or without CGRP (1 or 20 nM) for
further analysis.

BD Fortessa X20.
FlowJo Software v10 for analysis.
There was no cell sorting experiments.

All the gating strategies are based on FMOs (Fluorescence Minus One).

Skin or muscle neutrophils (CD11b+ Ly6G+) were gated from live cells.

Skin or muscle monocytes/macrophages (CD11b+F4/80+ ) were gated by excluding Ly6G from the live cells.

Skin or muscle Ly6Chigh cells: Ly6Chigh population was gated from CD11b+ F4/80+ cells.

CD206 expression in skin or muscle macrophages: CD206 expression was determined in the macrophage population (F4/80+
CD11b+, Ly6G-).

Skin or muscle dendritic cells ( CD11c+ MHC-II+) were gated by excluding neutrophils and macrophages from the live cells.
Skin or muscle CD4 T cells (CD3+ CD4+) were gated by excluding CD11b+ from the live cells.

Skin or muscle CD8 T cells: (CD3+ CD8+) were gated by excluding CD11b+ from the live cells.

Skin or muscle y6 T cells (CD3+ TCRCy+ TCRB-) were gated by excluding CD11b+ from the live cells.

Skin or muscle tdTomato cells were gated using the strategy above and using FMO for tdTomato.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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