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A distinct population of Foxp3*CD4* regulatory T (Treg) cells pro-
motes repair of acutely or chronically injured skeletal muscle. The
accumulation of these cells depends critically on interleukin (IL)-33 pro-
duced by local mesenchymal stromal cells (mSCs). An intriguing phys-
ical association among muscle nerves, IL-33* mSCs, and Tregs has been
reported, and invites a deeper exploration of this cell triumvirate. Here
we evidence a striking proximity between IL-33* muscle mSCs and
both large-fiber nerve bundles and small-fiber sensory neurons; report
that muscle mSCs transcribe an array of genes encoding neuropep-
tides, neuropeptide receptors, and other nerve-related proteins; define
muscle mSC subtypes that express both IL-33 and the receptor for the
calcitonin-gene—related peptide (CGRP); and demonstrate that up- or
down-tuning of CGRP signals augments or diminishes, respectively, IL-
33 production by muscle mSCs and later accumulation of muscle Tregs.
Indeed, a single injection of CGRP induced much of the genetic pro-
gram elicited in mSCs early after acute skeletal muscle injury. These
findings highlight neural/stromal/immune-cell crosstalk in tissue re-
pair, suggesting future therapeutic approaches.
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Crosstalk between the immune system and the sensory nervous
system, both of which rapidly respond to damaging and
painful stimuli, has become increasingly apparent over the past
several years (1). For example, targeted ablation of nociceptive
sensory neurons in the respiratory tract reduces allergic airway
inflammation (2), skin nociceptors drive psoriasis via stimulation
of dendritic cells (3), nociceptors modulate immune responses
against bacterial and fungal pathogens (4, 5), and activation of
nociceptors in a mouse model of inflammatory bowel disease
exacerbates colonic inflammation via release of substance P (6).

Recent studies have uncovered a potential role for nervous:immune
system interactions, channeled through stromal cell production
of interleukin (IL)-33, in skeletal muscle regeneration (7). IL-33,
an alarmin of the IL-1 family of inflammatory cytokines, is con-
stitutively expressed in the nucleus until it is released from the cell
subsequent to necrotic death, mechanical injury, or other types of
stress in order to alert the immune system to tissue damage (8).
While this cytokine was originally investigated primarily as a
stimulator of type 2 immunity, in particular, allergic inflammation,
more recent reports have highlighted its function in driving the
accumulation of Foxp3*CD4* regulatory T (Treg) cell populations
operating in nonlymphoid tissues; notably the colon, visceral adi-
pose tissue, and skeletal muscle (7, 9-12). Muscle Tregs express
high levels of the IL-33 receptor, ST2 (encoded by 1I1711), and loss-
and gain-of-function experiments have demonstrated the impor-
tance of both muscle Tregs and their expression of ST2 for optimal
regeneration after acute injury (7, 13).

The primary IL-33-producing cells in mouse skeletal muscle
are mesenchymal stromal cells (mSCs), included within a frac-
tion displaying the markers Sca-1 and PDGFRa, but not the
hematopoietic and endothelial cell markers, CD45 and CD31,
respectively (7). This fraction of muscle mSCs (MmSCs) has
repeatedly been implicated in healthy tissue repair (14, 15).
MmSC expression of IL-33 is boosted on acute injury, and is
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reduced in aged mice characterized by poor muscle regeneration
(7). IL-33* mSCs can be found in close association with nerve
structures in skeletal muscle, including nerve fibers, nerve bun-
dles, and muscle spindles that control proprioception (7).

Given the intriguing functional and/or physical associations
among muscle nerves, mSCs, and Tregs, and in particular, their
co-ties to IL-33, we were inspired to more deeply explore this
axis. Here, we used whole-mount immunohistochemical imag-
ing as well as population-level and single-cell RNA sequencing
(scRNA-seq) to examine the neuron/mSC/Treg triumvirate in
hindlimb muscles. We identified a set of MmSC transcripts
encoding neural signaling molecules; notably, both subunits of
the receptor for the sensory neuropeptide, calcitonin gene-
related peptide (CGRP). In vivo pharmacological or genetic
manipulations of CGRP signaling modulated IL-33 expression
by mSCs and the accumulation of Tregs, pointing to functionally
relevant tricellular crosstalk.

Significance

A distinct population of Foxp3*CD4" regulatory T (Treg) cells
promotes repair of injured skeletal muscle. In mice, accumula-
tion of these cells depends on interleukin (IL)-33 produced by
local stromal cells. We demonstrate a striking proximity be-
tween IL-33" muscle mSCs and both large-fiber nerve bundles
and small-fiber sensory neurons. Muscle stromal cells tran-
scribe an array of genes encoding neuropeptides, neuropeptide
receptors, and other nerve-related proteins; in particular, one
subtype expresses both IL-33 and the receptor for the
calcitonin-gene-related peptide (CGRP). Up- or down-tuning of
CGRP signals augments or diminishes, respectively, IL-33 pro-
duction by muscle mSCs and accumulation of muscle Tregs.
These findings highlight neural/stromal/immune-cell crosstalk
in tissue repair, suggesting future therapeutic approaches.
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Results

Visualization of Skeletal Muscle Neurons and Tregs in Relation to IL-
33-Expressing Stromal Cells. The acute muscle injury provoked by
injection of cardiotoxin (CTX) is accompanied by an expan-
sion of the local Treg population, typically peaking at 3 to 4
d postinjection (13). There is also a rapid increase in the local
expression of IL-33 and an enrichment in IL-33* mSCs (7). We
examined the proximity of muscle Tregs and IL-33* mSCs via
fluorescent anti-IL-33 antibody (Ab) staining of hindlimb muscle

3 d after CTX-induced injury of B6.Foxp3-IRES-GFP reporter
mice. Low-power magnification revealed clusters of Foxp3™ cells
intermingled with conglomerates of IL-33" cells (Fig. 1 A4, Left),
while higher magnification demonstrated close association and
occasional overlap between the two cell types (Fig. 1 A, Middle
and Right).

We previously reported that IL-33* cells are often associated
with neural structures in skeletal muscle, including large-diameter
NF200* nerve bundles, nerve fibers, and muscle spindles (7). In
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Fig. 1. Association among Tregs, IL-33" cells, and peripheral nerves within mouse skeletal muscle. Immunofluorescence imaging of whole-mount tissue

from hindlimb muscle. (A) Tregs and IL-33" cells, 3 d post-CTX injury, at 10x magnification (Left), 60x (Middle), and 130x (Right). White arrows: Tregs and
IL-33" cells within contact distance. (B) Colocalization of IL-33* cells with p3-tubulin® nerve fibers in uninjured muscle (Left) and 3 d post-CTX injury (Right).
(C) Minimum distances from either the centers of IL-33" cells or random points to p3-tubulin® area in uninjured muscle. Plotted as kernel density distri-
bution from composite of four images. P value determined by Kolmogorov-Smirnov test. (D) Colocalization of IL-33" cells with Nav1.8* nerve fibers in
uninjured muscle (Left), 3 d post-CTX injury (Middle), and 12 h post-CTX injury with additional staining of S100* myelin sheath (Right). Pseudocoloring used
for better visualization.
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order to refine these initial observations, we first stained hindlimb
muscle for IL-33 and for a universal marker of neural structures,
the neuron-specific microtubule, B3-tubulin. A close association
between cells expressing the two indicators was observed in both
uninjured (Fig. 1 B, Left) and injured (Fig. 1 B, Right) muscle.
Quantitative analysis of the minimum distance between p3-tubulin™
axons and TL-33* stromal cells showed statistically greater proximity
in comparison with that between p3-tubulin®™ axons and random
points (Fig. 1C). Based on a broad assessment of all acquired
images (including staining for additional markers), IL-33—
expressing cells were almost always associated with nerves
within hindlimb muscle, with >80% of IL-33* stroma lying close
to B3-tubulin® nerves. However, 1L-33 expressers were less fre-
quently associated with unmyelinated single nerve fibers than
with larger nerves and axon bundles, with only ~20% of IL-
33" cells visualized adjacent to thin nerve fibers.

Next, we determined whether 1L-33% cells were associated
with peripheral sensory neurons in particular, using B6.Nav1.8-
TdTomato reporter mice. Neurons expressing the voltage-gated
sodium channel Nav1.8 encompass 75% of the cell bodies in the
dorsal root ganglia (which hold the sensory neuron afferents),
marking mostly unmyelinated c-fibers, of which a large subset are
nociceptors responsible for transmitting mechanical, cold, and
inflammatory pain (reviewed in ref. 16). IL-33" nuclei were
found in close proximity to Nav1.8*(TdTomato) fibers in both
uninjured and injured muscle (Fig. 1 D, Left and Middle).
Covisualizing IL-33, Nav1.8, and S100 (which marks the myelin
sheath) also revealed an intimate association between IL-33"
cells and branching sensory axons (Fig. 1 D, Right).

The Transcriptome of MmSCs Revealed a Potential for Neuronal
Interactions. In order to identify pathways and molecules that
might be involved in interactions between neural and stromal cells,
as suggested by their proximity, we performed population-level
RNA-seq analysis of mSCs, the primary IL-33 expressors in skeletal
muscle (7). Hindlimb muscles from uninjured 8-wk-old C57BL/6
(B6) males were removed, single-cell suspensions prepared, and
mSCs double-sorted as CD45"CD31 Sca-1"PDGFRa". The
analogous lymph-node population was isolated from the same mice
to serve as a comparator.

Several genes encoding neuropeptides, neuropeptide receptors,
or other nerve-related proteins were expressed by mSCs from
muscle and LN, certain of them preferentially by the former tissue

A Neuropeptides B

Neuropeptide receptors

(Fig. 2 and SI Appendix, Fig. S1). The neuropeptide gene tran-
scripts included Penk, which encodes the endogenous opioid pro-
enkephalin, the precursor of met- and leu-enkephalins; Dbi,
specifying a GABA receptor modulator; and Nucb2, which encodes
Nesfatin-1, an appetite regulator (Fig. 24 and SI Appendix, Fig.
S14). Neuropeptide receptor gene transcripts included those
encoding natriuretic peptide receptors (Nprl, Npr2), and Adiporl,
specifying the Adiponectin receptor (Fig. 2B and SI Appendix, Fig.
S1B). Other nerve-related genes expressed by mSCs encoded
neurotrophic factors that promote neuronal survival (Serpinfl,
Ntrk2, and Nenf); molecules involved in axon guidance (Sema3c,
Semaba, Ninl, Sponl, and Rgmb); the enzyme monoamine oxidase
B (Maob), which degrades neuroactive amines; and the muscle-
specific receptor tyrosine kinase that regulates formation of neu-
romuscular junctions (Musk; Fig. 2C and SI Appendix, Fig. S1C).

Our attention was drawn in particular to transcripts encoding
the calcitonin receptor-like receptor (CALCRL) and the re-
ceptor activity-modifying protein (RAMP)1, which combine to
form the CGRP receptor, which is interesting from several per-
spectives. First, CALCRL is a G protein-coupled receptor, the
ligand recognition of which depends on which RAMP subunit it
associates with: combining CALCRL with RAMP1 yields the
CGREP receptor, while its association with RAMP2 or RAMP3
produces the adrenomedullin receptor. The observation that
transcripts encoding CALCRL and RAMP1 were both highly
expressed in MmSCs suggests that the receptor complex might
have a functional role in this tissue. Second, CGRP is involved in
pain transmission and modulation throughout the central and
peripheral nervous systems. This 37-amino acid peptide is released
from peripheral sensory nerve terminals upon detection of dam-
aging or proinflammatory signals via calcium influx into nerve
terminals; for example, by triggering activation of the transient
receptor potential vanilloid (TRPV)1 channel (reviewed in ref.
16). Upon release, it exerts a potent vasodilatory response within
the microvasculature, thereby priming the inflammatory response.
Many, though not all, CGRP* somatosensory neurons also ex-
press Navl.8* (17). Last, while other cellular components of
skeletal muscle tissue (endothelial, hematopoietic, or satellite
cells) expressed detectable levels of Rampl or Calcrl transcripts,
mSCs were the only component that expressed high levels of both
(SI Appendix, Table S1).

While population-level RNA-seq revealed that the MmSC
compartment, specifically, the CD45~CD31~Sca-1"PDGFRa*
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Fig. 2. MmSCs express genes involved in neural signaling. (A-C) RNA-seq analysis of mSCs isolated from uninjured hindlimb muscle. Triplicate samples.
Average expression of select genes encoding neuropeptides (A), neuropeptide receptors (B), and other nerve-related genes involved in neurotrophic sig-

naling, neuromodulation, and axon guidance (C).
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component, expressed transcripts encoding IL-33, CALCRL,
and RAMP-1, it was imperative to determine whether any
MmSC subtype expressed all three transcripts, how frequent
such cells were, and what transcriptional programs they evinced.
Therefore, we carried out scRNA-seq analysis on mSCs sorted
from uninjured hindlimb muscles of 8- to 10-wk-old B6 males. In
total, 1,434 individual cells were measured; on average, 3,018
unique mRNA molecules transcribed from 1,408 different genes
were sequenced per cell. We first displayed the combined data as
a t-SNE (t-distributed Stochastic Neighbor Embedding) plot,
permitting dimensionality reduction (Fig. 34). Six distinct cell
subtypes were discernible: MmSCs 1 through 6. As anticipated
from the sorting strategy, all six subtypes expressed substantial
levels of Ly6a (encoding Sca-1) and Pdgfra, evident from super-
imposing their transcript levels onto the t-SNE plot (Fig. 3B).
However, 1133, Calcrl, and Rampl all had more limited patterns of
expression (Fig. 3C). Notably, MmSC1, and especially MmSC2
(which showed the highest expression of I33 transcripts), also
expressed substantial levels of RampI and Calcrl transcripts.

To determine whether the CGRP receptor was present at the
MmSC cell surface, we turned to flow cytometry, making use of a
commercially available anti-RAMP1 Ab. An anti-CALCRL Ab
was not available; however, RAMP1 would not be detectable at
the surface unless bound to CALCRL. MmSCs from uninjured
skeletal muscle did express RAMP1; hence, the CGRP receptor,
at readily detectible levels (Fig. 3D). Gating MmSCs according
to expression of CD26 permitted us to distinguish subtypes 1 and
2 (CD26M) from the other four subtypes (CD26'; Fig. 3E).
Consistent with the scRNA-seq data, RAMP1 (hence the CGRP
receptor) was displayed on MmSC subtypes 1 and 2 at elevated
levels (Fig. 3F).

These findings prompted us to examine the localization of
CGRP-expressing neurons vis-a-vis IL-33-expressing stromal
cells. In uninjured hindlimb muscle, IL-33" cells were frequently
observed adjacent to branching CGRP-immunoreactive sensory
fibers at both low- and high-power magnification, highlighting
their intimate association (Fig. 3G).

Manipulating CGRP Signals Impacted IL-33-Expressing mSCs and
Tregs in Skeletal Muscle. To explore the functional relevance of
CGRP, we performed both gain- and loss-of-function experi-
ments. First, we intraperitoneally (i.p.) injected an optimized
dose of CGRP into uninjured 7- to 9-wk-old B6 males and assessed
IL-33 production in hindlimb tissue by an ELISA. A significant in-
crease in the level of IL-33 was first evident at 4 h postinjection,
which was further augmented at 8 h (Fig. 44). At the latter time,
there was also an increase in IL-33* mSCs in hindlimb muscle,
assessed cytofluorimetrically (SI Appendix, Fig. S24 and Fig. 4B).
Importantly, neither the viability of the MmSC compartment (SI
Appendix, Fig. S2B) nor its relative contribution to the totality of
muscle 1L-33* cells (SI Appendix, Fig. S2C) changed during this
time frame.

For deeper insights into the CGRP effects, we performed
transcriptomic analyses on isolated MmSCs at the 4- and 8-h times.
Three key findings emerged. First, volcano plots comparing in-
jection of CGRP and PBS showed enrichment of G2M Checkpoint
transcripts at 8 but not 4 h postinjection (Fig. 4C), in line with the
increase in IL-33" MmSCs mentioned here. Second, KEGG
pathway analysis highlighted a decrease (<2-fold) in neuronal
crosstalk at both 4 and 8 h and an increase (>2-fold) in cytokine-
and chemokine-related transcripts (SI Appendix, Table S2). Inter-
estingly, the latter set of transcripts included those encoding the
IL-33 receptor (Il1rl1, 27-fold), suggesting an IL-33-focused feed-
back or feed-forward loop. Finally, fold-change/fold-change plot
revealed that much of the gene-expression program induced in
hindlimb MmSCs on day 1 after CTX-induced muscle injury was
also up-regulated by a single intraperitoneal injection of CGRP,
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although somewhat less so. In other words, most transcripts did
not fall along the x or y axis in Fig. 4D, but rather along a diagonal.

Analysis of Tregs after repeated CGRP injection i.p. into
uninjured 8- to 10-wk-old B6 males revealed the anticipated in-
crease in their contribution to the CD4" T cell compartment in
muscle but not spleen (Fig. 4E). This finding was solidified in a loss-
of-function experiment. We compared uninjured 8-wk-old males
deficient in TRPV1™ nociceptor neurons or not (Trpvi-Cre*'™/
Dta*'~ mice vs. TipvI-Cre™~/Dta*'~ littermates), and found that the
TRPV1"-neuron-deficient mice had a reduced muscle Treg com-
partment (Fig. 4F) vis-a-vis their control littermates.

Discussion

In murine skeletal muscle, a population of mSCs expressing IL-
33 resides adjacent to peripheral nerve structures (7). Given the
known role of IL-33 in promoting local expansion of muscle
Tregs (7), these cells are well positioned to communicate with
both the adaptive immune system and the peripheral nervous
system. We have now demonstrated a strikingly close physical
association between IL-33* MmSCs and both nerve bundles and
small-fiber sensory neurons; established that MmSCs transcribe
a number of genes encoding neuropeptides, neuropeptide re-
ceptors, and other nerve-related proteins; identified, in particu-
lar, MmSC subtypes that express both IL-33 and the CGRP
receptor; and showed that up- or down-regulation of CGRP
signaling increased or decreased, respectively, IL-33 production
by MmSCs and eventually muscle Treg accumulation. These
findings raise several points of interest.

Most studies of neural-immune cell interactions have focused
on their direct, often bidirectional, crosstalk (18-22). Here, the
finding that particular MmSC subtypes produce IL-33 points to a
potentially underrecognized role of tissue stromal cells in or-
chestrating such conversations. Just as the importance of stromal
cells in controlling the tumor microenvironment is increasingly
recognized, their place in regulating neural-immune cell inter-
actions would be consistent with a crucial role as conveyers of
signals across systems.

Among the potential nervous-immune system interactions, a
connection between peripheral sensory neurons and innate im-
mune cells makes sense, given their shared responsibility for a
rapid response to tissue damage. However, the role of neuro-
peptide signaling in coordinating the adaptive immune response
has also long been recognized (23, 24). Our observation that
systemic CGRP administration promoted local Treg expansion
in uninjured muscle, possibly priming the tissue for an eventual
anti-inflammatory response, is consistent with prior studies
demonstrating the role of CGRP in suppressing activation of the
adaptive immune system. CGRP directly inhibits T cell pro-
liferation, as well as T helper (Th)1 IL-2 production (25, 26),
inhibits dendritic cell migration (27), and promotes Th2 immu-
nity (28). Muscle damage is accompanied by pain, a sensation
driven by nociceptive neurons. It makes physiological sense that
nociceptive neurons also act on MmSCs to drive Treg function.
Within this context, signaling via IL-33-producing MmSCs may
serve to more gradually and controllably transmit and augment
early damage signals detected by the peripheral sensory nervous
system into an eventual dampening of the adaptive immune re-
sponse. In this regard, it is interesting that recent studies have
highlighted a role for CGRP-mediated inhibition of the accu-
mulation and function of type 2 innate lymphoid cells in the lung
and small intestine (29-31). This effect is the opposite of that we
observed for muscle Tregs, although the outcome, dampening of
the inflammatory response, would be the same.

Several lines of evidence argue that the effect of CGRP on
MmSCs is a direct one: they are physically associated with
CGRP-inducing neurons, they are the major muscle cell type
expressing both subunits of the CGRP receptor, and, as already
evident at 4 h after CGRP injection, their IL-33 response is quite
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Fig. 3. IL-33-producing MmSCs express the CGRP neuropeptide receptor complex. (A-G) Analysis on uninjured hindlimb muscle. (A) Distinct clusters of
MmSCs from single-cell RNA sequencing. (B and C) Heat map representation of gene expression by cluster for Ly6a (B, Left); Pdgfra (B, Right); 1133 (C, Left);
Calcrl (C, Middle); and Ramp1 (C, Right). (D) Ramp1 mean fluorescence intensity distribution compared with isotype control (IC) from flow cytometry of
MmSCs. (E) Average expression of //33, Calcrl, Ramp1, and Dpp4 (CD26) by cluster. (F) Ramp1 MFI distribution based on level of CD26 expression on MmSCs.
(G) Immunofluorescence imaging of IL-33* cells and CGRP* nerve fibers.
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Fig. 4. CGRP affects IL-33 levels within skeletal muscle and results in Treg
modulation. (A-F) Analysis on mice injected once i.p. with CGRP or PBS unless
otherwise noted. (4) Muscle IL-33 levels as determined by ELISA. (B) IL-33* mSCs
in muscle by flow cytometry. (C) Volcano plot comparisons of mSCs after CGRP
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comparing effects of CGRP injection at 8 h and muscle CTX-injury. Numbers
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Flow cytometry of Tregs after CGRP injection (i.p. every 8 h, for 2 d). (F) Flow
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Cre*~IDta™"~; Trpv1~) or littermate controls (Trpvi-Cre™"~/Dta*'~; Trpv1™*). All P
values represent the unpaired t test, with *P < 0.05; **P < 0.01; ***P < 0.001.

rapid. Muscle Tregs can also respond directly to CGRP, in ad-
dition to IL-33, but they express lower levels of CGRP receptor
transcripts and accumulate with delayed kinetics.

As demonstrated by scRNA-seq analysis, the MmSC compart-
ment was quite heterogeneous. From the sorted CD45"CD31" Sca-
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1*PDGFRa* population, only two of the six identified subtypes
expressed both IL-33 and the two CGRP receptor subunits. It would
be of interest to further investigate whether these subtypes have
distinctive physical distributions within the muscle tissue before and
after injury, and to follow their dynamics through muscle recovery
from injury.

Navl.8 is a voltage-gated ion channel that mediates action
potential firing in nociceptive neurons, and humans with muta-
tions in this ion channel show changes in pain sensitivity. Recent
work has shown that Tregs can be potent regulators of pain in
mouse models of sciatic nerve injury and experimental autoim-
mune neuritis (32, 33), as well as in experimental autoimmune
encephalitis (34). Tregs could modulate pain through several
molecular mechanisms. T cells express proenkephalin (Penk),
which encodes endogenous opioid peptides that can potently
suppress visceral pain (35). T cell-derived IL-10 also plays a
critical role for resolution of chemotherapy-induced neuropathic
pain (36), although this study indicated a role for CD8", rather
than CD4*, T cells. A connection between Nav1.8* neurons and
their regulation of Tregs has not been previously described. It
would be interesting if generation of pain after injury feeds back
to induce more Tregs within muscles and other tissues, which in
turn feeds back to silence pain. Pain might therefore be a way to
trigger the body’s inflammation-resolution mechanisms during
wound healing that in turn also silence pain, which is one of the
cardinal signs of inflammation itself.

Given that both are dispersed organ systems and both can
respond rapidly to environmental challenges, interactions be-
tween the nervous and immune systems have long been studied
(37-39). However, there has been a recent resurgence of interest
in this area, with the advent of more sensitive and discriminating
techniques in immunology, neurobiology, and genomics allowing
for increasingly finer dissection of these interdependent net-
works and their physiologic relevance. Therapeutic applications
are emerging, including evidence for vagal nerve stimulation in
controlling chronic inflammatory disorders (40) and the recent
approval of CGRP receptor antagonists and anti-CGRP anti-
bodies for prevention of migraine headaches. Defining the role
of tissue stromal cells in orchestrating the interplay between
these networks will bring further insights into understanding the
many disorders affecting peripheral nerves and tissue inflam-
mation, such as immune-mediated neuropathies, chronic pain,
and delayed wound healing.

Materials and Methods

Mice. The following mice were used: C57BL/6 (Jackson Laboratory), B6.Nav1.8-
Cre*~/TdTomato*~ mice (B6.Nav1.8/TdTomato in the manuscript), nociceptor-
ablated B6.Trpvi-Cre*’~/Dta™”~ mice and littermate controls B6.Trpvi-Cre "/
Dta*", and B6.Foxp3-IRES-GFP mice obtained from V. Kuchroo (Brigham and
Women's Hospital, Boston, MA).

Injections. Before muscle injury with Naja mossambica CTX, mice were
anesthetized with i.p. injected ~200 pL (7 pl/g mouse weight) ketamine
(10 mg/mL; Zoetis) and xylazine (2 mg/mL; Bimeda). CTX was injected into
hindlimb muscles at 30 pl/muscle (0.03 mg/mL, Sigma), as previously described
(13). CGRP (rat; R&D systems) was injected i.p. at 1.5 nmol in 200 pL PBS.

Histological Analyses. Mice were perfused with 4% PFA/PBS intracardially
before muscles were harvested. Hindlimb muscle was postfixed with 4% PFA
overnight and then permeabilized and blocked with 0.2% Triton X-100, 2%
goat serum, and 2% BSA in PBS overnight at 4 °C. Tissue was sequentially
stained with primary and secondary antibodies, placed in mounting media,
and secured between a slide and coverslip by magnets.

Cell Isolation for Flow Cytometry. Mouse hindlimb muscles were minced and
digested for 30 min at 37 °C in collagenase VIII (2 mg/mL; Invitrogen) and
dispase (0.5 mg/mL; Invitrogen) for mSC isolation or in collagenase Il (2 mg/mL;
Invitrogen) and DNase | (150 mg/mL; Sigma) for muscle Treg isolation and
then filtered through a 70 pM filter and washed twice before resuspension
in staining medium. To separate the leukocyte fraction, the cells were
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resuspended in 40% Percoll (GE Healthcare), underlaid with 80% Percoll,
and spun at 25 min at 2,200 rpm with no brake. The interphase layer was
then isolated and washed before resuspension in staining medium.

Flow Cytometry. Surface staining was performed for ~20 min on ice, and
viability was assessed using Invitrogen LIVE/DEAD Fixable Near-IR Dead Cell
Stain Kit as per manufacturer’s instructions. Intracellular staining was per-
formed using either the eBiosciences Intracellular Fixation & Permeabiliza-
tion buffer set or the Biolegend True-Nuclear Transcription Factor buffer kit
per manufacturer’s protocol.

IL-33 ELISA. After muscles were harvested, a small piece of tissue (~40 to 50 mg)
was removed from the center of the gastrocnemius and immediately frozen
on dry ice. Protein extract was prepared as indicated in the S/ Appendiix. IL-33
ELISA (BioLegend) was performed using the manufacturer’s protocol.

RNA-Sequencing. For population-level RNA-seq analysis, 1,000 double-sorted cells
from each population were collected into 5 uL Buffer TCL (Qiagen) containing 1%
beta-mercaptoethanol (Sigma) and sequenced by the Broad Technology Labs (41,
42). The single-cell dataset analysis was performed as previously described (43).
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Pathway Analysis. KEGG Pathways Analysis was performed using Enrichr
online tool (https://amp.pharm.mssm.edu/Enrichr/), using +2 fold-change
differentially expressed genes, with a P value <0.05 and an expression
value >15.
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SUPPPORTING INFORMATION

METHODS

Mice

C57BL/6 mice (B6, Jax #000664) were purchased from the Jackson Laboratory (Jax)
and used at the specified ages. Nav1.8-Cre mice were initially generated by Dr. John Wood
(University College London, United Kingdom) and were bred with B6.Cg-
Gt(ROSA)26Sor™m4CAGtdTomaoze; ) mice (ai14, Jax #007914) to generate B6.Nav1.8-Cre™
/TdTomato*” mice (B6.Navl.8/TdTomato in the manuscript). B6.129-Trpy1™creBom
heterozygous (+/-) mice (TRPV1®® Jax #017769) were crossed with B6.129P2-

Gt(ROSA)26Sor™C™W/j homozygous (+/+) mice (ROSA-DTA, Jax #009669) to generate

+/- +/-

nociceptor-ablated B6.Trpv1-Cre”/Dta”” mice and littermate controls B6.Trpvl-Cre” /Dta™".
B6.Foxp3-IRES-GFP (Foxp3° ") mice were obtained from V. Kuchroo, Brigham and Women’s
Hospital, Boston. Experiments were conducted under protocols approved by Harvard Medical

School’s Institutional Animal Care and Use Committee and housed in specific-pathogen-free

facilities at Harvard Medical School.

Injections

Before muscle injury with Naja mossambica cardiotoxin (CTX), mice were anesthetized
with an intraperitoneal (i.p.) injection of ~200 uL (7 uL/g mouse weight) of ketamine (10 mg/mL;
Zoetis) and xylazine (2 mg/mL; Bimeda). CTX was injected into hindlimb muscles (tibialis
anterior, gastrocnemius, and quadriceps) at 30 uL/muscle (0.03 mg/mL, Sigma) as previously

described (1). CGRP (rat; R&D systems) was injected i.p. at 1.5 nmol in 200 puL of PBS.

www.pnas.org/cgi/doi/10.1073/pnas.1922559117



Histological analyses

To prepare samples for whole-mount staining, mice were perfused with 4% PFA/PBS
intracardially before muscles were harvested. Hindlimb muscle was post-fixed with 4% PFA
overnight, then permeabilized and blocked with 0.2% Triton X-100, 2% goat serum, and 2%
BSA in PBS overnight at 4°C. Whole mount muscle was stained with primary antibody in 0.2%
Triton X-100/2% BSA in PBS for 1 day at 4°C and washed with PBS 3 times over the course of
the next day. The whole-mount was then stained with secondary antibody in 0.2% Triton X-
100/2% BSA in PBS overnight, and washed 3 times with PBS over the course of the next day.
The sample was soaked in mounting media and secured in place between a slide and cover slip
by magnets. The following antibodies were used for staining: goat polyclonal anti-mouse IL-33
(1:50, R&D), rabbit anti-mouse S100 (1:100, Abcam), rabbit anti-mouse B3-tubulin (1:50,
Abcam), mouse anti-CGRP (1:50, Abcam), donkey anti-goat IgG (1:100, Jackson), and donkey
anti-rabbit IgG (1:100, Jackson). Images were acquired on the Olympus Fluoview confocal

microscope.

Cell isolation for flow cytometry

For isolation of mSCs, mouse hindlimb muscles were excised, minced, and digested in
collagenase VIII (2 mg/mL, Invitrogen) and dispase (0.5 mg/mL, Invitrogen) for 30 minutes at
37°C, then filtered through a 70 uM filter and washed twice before resuspension in staining
medium.

For isolation of muscle Tregs, hindlimb muscles were excised, minced, and digested in
collagenase Il (2 mg/mL, Invitrogen) and DNase | (150 mg/mL, Sigma) for 30 minutes at 37°C,
then filtered through a 70 uM filter and washed. To separate the leukocyte fraction, the cells

were resuspended in 40% Percoll (GE Healthcare), underlaid with 80% Percoll, and spun at 25



min at 2200 rpm with no brake. The interphase layer was then isolated and washed before

resuspension in staining medium.

Flow cytometry

The following antibodies were used for flow cytometry analysis of mSCs: Biolegend anti-
CD45 (30-F11), anti-CD31 (390), anti-PDGFRa (APA5), anti-Sca-1 (D7), and anti-podoplanin
(8.1.1); R&D goat anti-mouse IL-33 (AF3626); Jackson Labs donkey anti-goat Cy3; Alomone
Labs anti-Ramp1 (ARR-021); and Invitrogen LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit.
Intracellular staining was performed using the Biolegend True-Nuclear Transcription Factor
buffer kit per manufacturer’s protocol.

The following antibodies were used for analysis of Tregs: Biolegend anti-CD45 (30-F11),
anti-TCRb (H57-597), anti-CD4 (GK1.5), anti-CD8 (53-6.7) and anti-CD25 (PC61); and
eBioscience anti-Foxp3 (FJK-16s). Intracellular staining was performed using the eBiosciences
Intracellular Fixation & Permeabilization buffer set per manufacturer’s protocol.

Data were acquired with BD Biosciences LSR Il and analyzed using FlowJo software.

IL-33 ELISA

After muscles were harvested, a small piece of tissue (~40-50 mg) was removed from
the center of the gastrocnemius and immediately frozen on dry ice. Samples were stored at -
80°C prior to performing the ELISA. To prepare samples for ELISA, tissues were thawed and
500 pL of RIPA buffer (GeneTex) mixed with cOmplete protease inhibitors (Roche) was added
to each sample. Tissue was then minced with scissors and further processed with a hand-held
homogenizer (VWR). Samples incubated at 4°C on a rotator for 2 hours and then were
centrifuged down for 20 minutes at 13,000 rpm. Supernatants were transferred to a new tube

and the Bradford assay (ThermoFisher Scientific) was used to determine total protein



concentrations. Samples were diluted to 5 mg/mL and 100 uL per sample was used for the

assay. IL-33 ELISA (BioLegend) was performed using the manufacturer’s protocol.

RNA-sequencing

For population-level RNA-seq analysis, cell suspensions were prepared and stained with
Abs against CD45, CD31, Sca-1, and PDGFRaq, utilizing DAPI to identify viable cells. Samples
were double-sorted and one thousand cells from each population were collected into 5 ul Buffer
TCL (Qiagen) containing 1% beta-mercaptoethanol (Sigma). Smart-Seqg2 libraries were
prepared by the Broad Technology Labs, and were sequenced using the Broad Genomics
Platform (2). Briefly, total RNA was captured and purified on RNAClean XP beads (Beckman
Coulter). Polyadenylated mRNA was then selected using an anchored oligo(dT) primer and
converted to cDNA via reverse transcription. First-strand cDNA was subjected to limited PCR
amplification followed by transposon-based fragmentation using the Nextera XT DNA Library
Preparation Kit (lllumina). Samples were then PCR-amplified using barcoded primers such that
each sample carried a specific combination of lllumina P5 and P7 barcodes, and were pooled
prior to sequencing. Sequencing was performed on an lllumina NextSeq500 using 2 x 25bp
reads. Transcripts were quantified by the Broad Technology Labs computational pipeline using
Cuffquant version 2.2.1 (3).

The single-cell dataset is from GSE127005 and the analysis was performed as

previously described (4).

Pathway analysis
KEGG Pathways Analysis was performed wusing Enrichr online tool

(https://amp.pharm.mssm.edu/Enrichr/), using + 2 fold-change differentially expressed genes,

with a P-value < 0.05 and an expression value = 15 (5, 6).


https://amp.pharm.mssm.edu/Enrichr/

Statistical analyses

Data is displayed as mean + SD in Figure 2 and S1 or mean +/- SEM in Figure 4 and
S2. Analysis in Figure 1 was performed in R and the P-value was determined by the
Kolmogorov-Smirnov test. Otherwise, analyses were done using GraphPad Prism version 8 and

P-values calculated by the unpaired t-test, with *<0.05; **<0.01; ***<0.001.
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S| FIGURE LEGENDS

Fig. S1. Lymph node mSCs express genes involved in neural signaling. (A-C) RNA-seq
analysis of mSCs isolated from inguinal, axillary, brachial and cervical lymph nodes. Triplicate
samples. Average expression of select genes encoding neuropeptides (A), neuropeptide
receptors (B) and other nerve-related genes involved in neurotrophic signaling, neuromodulation

and axon guidance (C).

Figure S2: Flow cytometry of MmSCs during CGRP vs PBS time course in Figure 4b. (A)
Gating scheme. (B) Percentage of viable MmSCs. (C) Contribution of different cellular
compartments to IL-33 production in the muscle. Double negative (DN) indicates CD31°CD45

Sca-1"PDGFRa’. Podoplanin (PDPN) is an additional surface marker of MmSCs.
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FIGURE S2
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S| TABLE LEGENDS

Table S1: Average expression of Calcrl and Ramp gene family members within various
cellular compartments in the muscle. RNA-seq of CD45", CD31*, mSCs, and muscle satellite

cells (MuSCs) isolated from uninjured hindlimb muscle. Triplicate samples.

Table S2: Pathway analysis on CGRP-induced transcriptomic changes. Top 8 significantly
enriched KEGG pathways corresponding to CGRP vs PBS MmSCs at 4 and 8 hours post-
CGRP injection. % Overlap represents the fraction of enriched genes out of the total genes

within each pathway.



Table S1

Gene CD31t CD45+ MmSC MuSC
Calcrl 573.5 90.8 429.6 49.2
Rampl 9.5 437.8 765.7 1.7
Ramp2 2804.5 5.0 601.5 286.3
Ramp3 129.7 4.0 14 1.0
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Table S2

CGRP vs PBS at 4 h Up Signature

Term % Overlap | P-value | Combined Score Genes
Type Il diabetes mellitus 8.3 8.7x10™ |66.0 Socs3;Socsl;CacnalC;Hk2
Amino sugar and nucleotide sugar metabolism 8.2 9.4x10™ |63.9 Ugdh;Gfpt2;Uap1;Hk2
Mineral absorption 6.8 7.0x10° |38.0 Vdr;Mt2;Mt1
Complement and coagulation cascades 4.5 7.9x10° |24.7 Thbd;Procr;Bdkrb2;Bdkrbl
Chemokine signaling pathway 3.0 8.5x10° [16.3 Cx3Cr1;Gng4;Ccl2;Racl;Cxcl13;Jak3
Pathways in cancer 2.1 8.5x10° [11.0 Txnrd3;Gng4;Pim1;Slc2A1;Bdkrb2;Bdkrb1;Racl;Ptgs2;Jak3;Runx1;Fgf10
Arginine and proline metabolism 6.0 1.0x107 [31.0 Odc1;Prodh;Srm
AGE-RAGE signaling pathway in diabetic complications  [4.0 1.2x107 [19.4 Thbd;Pim1;Ccl2;Racl
CGRP vs PBS at 4 h Down Signature
Term % Overlap | P-value | Combined Score Genes
Axon guidance 4.4 5.3x10* [32.8 Ephb6;Epha4;Unc5B;Sema3D;Wnt5A;Pak3;Myl9;Epha3
Metabolism of xenobiotics by cytochrome P450 7.6 5.6x10™ |55.5 Adh1;Gsta4;Mgst3;Gstt1;Cyp2F2
Vascular smooth muscle contraction 4.3 3.1x10° [24.2 Itpr3;Mrvil;Adm;Myl9;AdralA;Mylk
Cushing syndrome 3.8 5.8x10° [19.0 Cdk6;Wnt5A;E2F1;Itpr3;LdIr;CacnalG
Wht signaling pathway 3.8 6.0x10° |18.8 Daam2;Wif1;Wnt5A;Rspo2;Rspo3;Nkd2
Hepatocellular carcinoma 3.5 8.2x10° [16.5 Cdk6;Gsta4;Mgst3;Wnt5A;E2F1;Gsttl
cGMP-PKG signaling pathway 3.5 8.5x10° |16.3 Itpr3;Mrvil;Adrb2;Myl9;AdralA;Mylk
Neuroactive ligand-receptor interaction 2.6 9.6x10° [11.8 Gabrr2;P2Ry6;Grm8;Npy1R;Aplnr;Adm;Adrb2;Prir;AdralA
CGRP vs PBS at 8 h Up Signature
Term % Overlap | P-value | Combined Score Genes
Chemokine signaling pathway 3.6 4.9x10° |72.7 Ccl7,Gng4;Ccl2;Cxcl13;Cxcl14;Cxcl5;Pik3R5
Cytokine-cytokine receptor interaction 2.7 8.8x10° [52.7 111r11; Tnfrsf12A;Ccl7;111R2;Ccl2;Cxcl13;Cxcl14;Cxcl5
ECM-receptor interaction 4.8 7.1x10* [72.0 Sv2C;Tnc;Sdcl;Thbs1
IL-17 signaling pathway 4.4 1.0x10° |62.5 Fosl1;Ccl7;Ccl2;Cxcl5
Malaria 6.1 1.7x10° [80.3 Ccl2;Sdc1;Thbsl
Pyrimidine metabolism 5.2 2.8x10° |62.6 Dctd;Uck2;Ctps
Proteoglycans in cancer 2.5 3.1x10° [29.3 Plaur;Sdc1;Wnt2; Thbs1;Hbegf
Synaptic vesicle cycle 3.9 6.2x10" [40.8 Slc6A13;SIc6A12;SIc6A2
CGRP vs PBS at 8 h Down Signature
Term % Overlap | P-value | Combined Score Genes
Vascular smooth muscle contraction 3.6 9.7x10" |45.8 Gucy1A2;Edn1;AvprlA;Myl9;AdralA
Axon guidance 2.8 2.9x10° {30.0 Sema5A;Robo2;Camk2B;Epha4;Myl9
Drug metabolism 3.5 3.4x10° |36.9 Gsta4;Fmol;Fmo2;Cyp2E1l
Metabolism of xenobiotics by cytochrome P450 4.5 5.4x10° |43.8 Gsta4;,Cyp2E1;Cyp2F2
Adrenergic signaling in cardiomyocytes 2.7 8.5x10° [23.9 Camk2B;Cacnb4;Bcl2;AdralA
Oxytocin signaling pathway 2.6 9.7x10° |22.3 Camk2B;Gucy1A2;Cacnb4;Myl9
Neuroactive ligand-receptor interaction 1.7 1.1x107 |14.2 Gabrr2;Edn1;Grm8;Apinr;AvprlA;AdralA
cGMP-PKG signaling pathway 2.3 1.4x10” [18.3 Gucy1A2;Irs1;Myl9;AdralA
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