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Tissue-resident macrophages can originate from embryonic or adult
hematopoiesis. They play important roles in a wide range of biolog-
ical processes including tissue remodeling during organogenesis, or-
gan homeostasis, repair following injury, and immune response to
pathogens. Although the origins and tissue-specific functions of res-
ident macrophages have been extensively studied in many other
tissues, they are not well characterized in skeletal muscle. In the
present study, we have characterized the ontogeny of skeletal
muscle-resident macrophages by lineage tracing and bone marrow
transplant experiments. We demonstrate that skeletal muscle-
resident macrophages originate from both embryonic hematopoi-
etic progenitors located within the yolk sac and fetal liver as well as
definitive hematopoietic stem cells located within the bone marrow
of adult mice. Single-cell-based transcriptome analyses revealed that
skeletal muscle-resident macrophages are distinctive from resident
macrophages in other tissues as they express a distinct complement
of transcription factors and are composed of functionally diverse
subsets correlating to their origins. Functionally, skeletal muscle-
resident macrophages appear to maintain tissue homeostasis and
promote muscle growth and regeneration.
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M acrophages (MPs) are heterogeneous and multifunctional
cells that are critical regulators of tissue homeostasis, re-
pair, immunity, and disease pathogenesis. Tissue MPs consist of
two classes: resident MPs and infiltrating monocyte (MO)-de-
rived MPs. In adult mammals, while resident MPs are present in
all tissues, infiltrating inflammatory MPs derived from blood
Ly6C™ inflammatory MOs are found in a disease state such as
tissue injury. Although MPs are classically identified as innate
immune cells functioning in the activation and resolution of
tissue inflammation, it is now clear that they play roles in a much
wider range of biological processes, such as tissue remodeling
during organogenesis, tissue homeostasis in the steady state,
tissue repair, and immune response to pathogens (1-5). They are
critically involved in a variety of disease processes, such as
chronic inflammatory diseases, tumor growth and metastasis,
and tissue fibrosis (4-7). As MPs represent an attractive thera-
peutic target, understanding their respective origins, tissue-
specific characteristics, and disease-related functions is abso-
lutely essential to harness their therapeutic potential.

In the steady state, most tissue-resident MP populations are
established prenatally from two embryonic progenitors: primitive
yolk sac MPs and fetal liver MOs (i.e., fetal MOs) (3, 8-15).
Primitive yolk sac MPs originate from early erythro-myeloid pro-
genitors (EMPs) which emerge in yolk sac at embryonic day 7 (E7)
in mice. The early EMPs express colony stimulating factor 1 re-
ceptor (CSF1R) but not the transcription factor (TF) c-Myb. They
differentiate into primitive MPs and migrate to embryonic tissues
beginning at E9.5. The c-myb* late EMPs emerge in yolk sac at
ES8.5. They migrate into fetal liver and differentiate into fetal MOs
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at E12.5 independently of CSFIR. Recent studies also reported
the existence of embryonic hematopoietic progenitors other than
EMPs, which made a relatively minor contribution to the fetal
MOs (8, 9), such as the FIt3* lympho-myeloid progenitors (LMPs)
(16). Fetal liver MOs seed numerous embryonic tissues except for
brain (14). Within individual tissues, primitive MPs and fetal MOs
differentiate into tissue-specific resident MPs. They persist into
adulthood through proliferative self-renewal. Prehematopoietic
stem cells (HSCs) first appear at the aorta-gonad-mesonephros at
E9.5 and then seed fetal liver around E10.5, where they differ-
entiate into mature HSCs (9). Whether HSCs contribute to fetal
MOs is still in debate (8, 17). Mature HSCs migrate into nascent
bone marrow (BM) at a late embryonic stage and give rise to
blood MOs (adult MOs) after birth. Adult MOs contribute to
resident MPs after birth in several tissues, such as intestine (18),
heart (19), peritoneum (20), skin (21), and liver (22), but not brain
(14). Although the origins of resident MPs have been character-
ized in most of the tissues, they have not been well studied in
skeletal muscle.

Resident MPs express tissue-specific transcription factors (TFs)
and exert tissue-specific functions in the steady state in many tis-
sues (12, 20, 23-27). The tissue-specific TFs that are expressed by
resident MPs include GATA-6 by large peritoneal MPs and
C/EBPp by lung alveolar MPs, among others. Resident MPs ac-
quire tissue-specific functionalities via differential activation of TFs
in response to specific cues within the tissue microenvironment
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(24, 26, 28). The tissue-specific gene expression and function of
skeletal muscle-resident MPs (SMRMPs) in the steady state re-
mains to be explored.

Previous studies by our laboratory and others have demonstrated
that intramuscular MPs are important effectors and regulators of
muscle inflammation, fibrosis, and regeneration associated with
acute skeletal muscle injury repair and muscular dystrophy (29-32).
Therapeutic manipulations of MPs hold promise for promoting
muscle injury repair and improving outcomes for individuals with
muscular dystrophy. In order to develop MP-targeted therapies, it
is necessary to dissect the diversity, origins, and functions of in-
tramuscular MPs. In the present study, we identified the origins,
tissue-specific transcriptome, and diverse functional subsets of
resident MPs in mouse skeletal muscle in the steady state.

Results

CD45*CD11b*F4/80"CD64* MPs Are Detected in Skeletal Muscle in the
Steady State. Steady-state SMRMPs were detected by flow
cytometry analysis (FACS) and immunostaining in both limb
muscle (quadriceps) and respiratory muscle (diaphragm) at 4 to
6 wk of age (Fig. 1). To exclude the potential contamination by
immune cells within intramuscular blood vessels, we injected
mice (intravenously) with a fluorescence-labeled anti-CD45 an-
tibody. We included a separate anit-CD45 antibody conjugated
to a different fluorophore in our staining panel to differentiate
MPs located within the intravascular and tissue compartments.
Resident MPs, gated as ivCD45-CD45"CD11b*F4/80*CD64*
cells (19, 33), were detected in both quadriceps (Fig. 14) and
diaphragm (Fig. 1B). They were MerTK*CD11c¢™ (Fig. 1C and
SI Appendix, Fig. S14) and expressed Ly6C (Fig. 1C and SI
Appendix, Fig. S14). However, Ly6C expression level was sig-
nificantly lower than that of the Ly6C™ infiltrating inflammatory
MPs in injured muscle 1 d after intramuscular BaCl, injection
(Fig. 1D). We also noted an ivCD45 CD45"CD11b*F4/
80*CD64~ population (Fig. 1 A and B). These cells did not express
Ly6G, indicating that they are not neutrophils (SI Appendix, Fig.
S1B), and only a small percentage (~30% in quadriceps and 13% in
diaphragm) expressed the eosinophil marker Siglec F (SI Appendix,
Fig. S1C). Giemsa staining (Fig. 1E) of sorted ivCD45-CD45*
CD11b*F4/80*CD64* and ivCD45 CD45*CD11b*F4/80* CD64~
cells revealed that the CD64"% cells displayed typical MP mor-
phology with irregular cytoplasmic border and cytoplasmic vacuoles.
The CD64~ population consisted of cells displaying mixed mor-
phologies, mostly with MO-like morphology with an eccentrically
placed nucleus occupying over half of the cell area. Consistent with
a resident MP phenotype, ivCD45 CD45"CD11b*F4/80*CD64*
MPs expressed CD163 and CD206 (Fig. 1C and SI Appendix, Fig.
S1A4). They also expressed major histocompatibility complex class II
(MHCII) and, based on the expression level, could be divided in to
MHCII" and MHCII' subpopulations (Fig. 1C and SI Appendix,
Fig. S14). CD68 immunostaining showed that the CD68™ resident
MPs were scattered in the muscle interstitial tissues, including
epimysium, perimysium, and endomysium (Fig. 1F).

SMRMPs Have Both HSC and Non-HSC Origins. We next determined
the origins of resident MPs in skeletal muscle. Since definitive
HSC:s transiently up-regulate growth factor fms-like tyrosine kinase
3 (Flt3) as they differentiate (17), we used Flt3“"-Rosa26™5-*"
mice to identify resident MPs originated from definitive HSCs
(express yellow fluorescent protein, YFP) (Fig. 24). At 4 wk of age,
over 90% of blood MOs (CD45*CD115") (34) were YFP*
(Fig. 2B). Since adult blood MOs completely originate from HSCs,
incomplete Cre-lox recombination efficiency likely accounts for
10% of YFP~ blood MOs (35). The percentage of the YFP* cells in
the quadriceps- or diaphragm-resident MPs was significantly lower
than that in blood MOs (Fig. 2B). This finding demonstrates the
existence of both HSC (YFP*) and non-HSC (YFP") origins for
SMRMPs. The percentage of the YFP* population in both blood
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MOs and SMRMPs changed with age (Fig. 2C). While the YFP*
cells accounted for over 40% of the total blood MOs in embryos at
E17.5, the percentage increased rapidly after birth and reached a
plateau of over 90% at 4 wk. The findings suggest that definitive
HSCs contribute to blood MOs, partially at the late embryonic stage
but completely or nearly completely at the adult stage. In com-
parison, the YFP™ cells accounted for less than 30% of the total
resident MPs in limb muscle at E17.5. After birth, the percentage
continuously increased with age but was still significantly lower than
that in blood MOs even at 26 wk of age (Fig. 2C). Similar findings
were seen with the resident MPs in diaphragm from 4 to 26 wk of
age (Fig. 2C). The findings demonstrate that while muscle-resident
MPs of non-HSC origin persist into late adulthood, there is a
continuous expansion of HSC-derived muscle-resident MPs
over time.

HSCs Contribute to Prenatal Limb Muscle-Resident MPs. A significant
percentage of YFP* cells were present in both blood MOs and limb
muscle MPs at E17.5 (Fig. 2C). These findings suggest that HSCs
may contribute to fetal liver hematopoiesis, since BM hematopoi-
esis does not occur before birth. Consistent with this possibility, we
observed a marked increase in the [percentage of YFP* cells in fetal
liver MOs (CD45*CD11b*F4/80°CD115 Ly6C") (14, 34) from
<7% at E13.5 to >40% at E17.5 (Fig. 2D). The percentages of the
YFP* MOs in fetal liver and peripheral blood were similar at E17.5
(Fig. 2 C and D). The findings suggest that HSCs contribute, in part,
to the fetal liver hematopoiesis and fetal MOs at late embryonic
stages, which subsequently contribute to resident MPs in prenatal
limb muscle.

BM HSC-Derived Blood MOs Contribute to Postnatal SMRMPs. The
postnatal continuous increase in the percentage of HSC-
originated SMRMPs suggests that skeletal muscle in the steady
state may recruit BM-derived blood MOs to replenish SMRMPs.
Alternatively, the proliferation of the YFP™ MPs may be faster
than that of the YFP~™ MPs. To address these possibilities, we first
performed Ki67 staining to label intramuscular proliferative
SMRMPs and found no difference in either the percentage of the
Ki67* cells or the expression level of Ki67 between YFP* and
YFP~ MP subpopulations (SI Appendix, Fig. S2). We then per-
formed BM transplant (BMT) experiments to address the re-
cruitment of BM-derived blood MOs by postnatal skeletal muscle.
BM cells from CD45.2 wild-type (WT) donor mice were trans-
ferred into sublethally irradiated CD45.1 WT recipients. A nearly
complete replacement of the recipient blood MOs by the donor
BM-derived MOs was achieved 4 wk after the transplantation.
Donor-derived (CD45.2") SMRMPs were detected in both
quadriceps and diaphragm of the recipient mice with the per-
centage continuously increased until 12 wk posttransplantation
(Fig. 34). The findings indicate active recruitment of the donor
BM-derived MOs to replenish SMRMPs in the recipients. The
recruitment of adult HSC-derived MOs appeared faster in irra-
diated mice (Fig. 34) than in nonirradiated mice (Fig. 2C). This is
most likely due to the damage and/or impairment of self-renewal
ability of resident MPs by irradiation, as a previous study showed
that irradiation depleted resident MPs in lung and spleen, and the
recovery after BMT mainly depended on the recruitment of
donor-derived circulating progenitors rather than the proliferation
of local MPs (3). A

There are two subsets of blood MOs: CCR2*CX3CR1"°Ly6C"
and CCR2CX3CR1™Ly6C" subsets (36). C-C chemokine recep-
tor 2 (CCR2) and CX3C chemokine receptor 1 (CX3CR1) mediate
the tissue recruitment of CCR2* and CX3CR1" cells, respectively.
To address which subset of the blood MOs is recruited to replenish
SMRMPs, we performed BMT experiments using BM cells from
Cer2”~ and Cx3crl ™~ donor mice. The replenishment of SMRMPs
by the donor BM-derived MOs was severely impaired by CCR2
deficiency but only marginally affected by the CX3CR1 deficiency.
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Resident MPs are present in adult mouse skeletal muscle in the steady state. Quadriceps and diaphragm were collected from WT C57 BL/6J mice at 4 to

6 wk of age. (A and B) FACS analysis of single-cell suspension of the quadriceps (A) and diaphragm (B) identified the existence of ivCD45-CD45*CD11b*F4/
807CD64™ resident MPs. (C) FACS analysis of the expression of MerTK, CD11¢, Ly6C, CD163, CD206, and MHCII by the ivCD45-CD45*CD11b*F4/80*CD64* MPs of
the quadriceps (Upper) and diaphragm (Lower); gray area: immunoglobulin G isotype control. (D) FACS analysis comparing Ly6C expression by
ivCD45-CD45*CD11b*F4/80"CD64" resident MPs in normal muscle and infiltrating inflammatory MPs in acutely injured muscle 1 d after intramuscular in-
jection of BaCl,. (E) Giemsa staining of sorted ivCD45-CD45*CD11b*F4/80*CD64" cells and ivCD45-CD45*CD11b*F4/80*CD64 cells. (F) CD68 immunostaining

of cryosections of quadriceps. n = 10 mice per experiment.

Notably, both Ccr2™'~ and Cx3crl ™~ mice had partial reductions in
blood MOs at baseline (Fig. 3B and SI Appendix, Fig. S34). These
findings indicate that skeletal muscle preferentially recruits
CCR2*CX3CR1°Ly6C"™ blood MOs via CCR2 to replenish
resident MPs.

To further address whether skeletal muscle recruits blood
MOs in a true steady state without irradiation, we generated
Flt3“°-Rosa26™5* " and  Flt3“*-Rosa26™5*Y**/Ccr27/~ mice
and analyzed YFP expression in SMRMPs. CCR2 deficiency did
not significantly impact the number of SMRMPs in either
quadriceps or diaphragm (SI Appendix, Fig. S3B). CCR2 defi-
ciency also did not change the percentage of YFP™ blood MOs
at postnatal day 1 (P1) or 4 wk of age (Fig. 3C), but it did cause a
significant reduction in the percentage of YFP* SMRMPs
(Fig.3 C and D). In the Flt3“"*-Rosa26™5“"Y" control mice, the
percentage of the intramuscular CCR2* MPs, which was very
small in limb muscle at P1, increased and accounted for over

Wang et al.

30% of the YFP* MPs. YFP~ MPs were largely CCR2™ in both
quadriceps and diaphragm at 4 wk of age (SI Appendix, Fig.
S3C). Taken together, these findings support a significant con-
tribution of the BM HSC-derived CCR2*CX3CR1' Ly6CM
blood MOs to the postnatal SMRMPs in the steady state.

MHCII"Lyve1'® and MHCII'Lyve1" Subsets of SMRMPs Derive from
Different Origins Postnatally. Chakarov et al. (37) reported the
coexistence of two distinct interstitial MP subsets across tissues,
MHCII"Lyvel' and MHCII®Lyvel1™ MPs. In lung, both subsets
were progressively replenished by blood MOs after birth (37).
Using Flt3“-Rosa26"5*""" mice, we addressed whether these
two subsets were also present in skeletal muscle, and whether the
HSC hematopoiesis contributed to them. FACS analysis revealed
the presence of both MHCIIMLyve1'® and MHCII®Lyvel® subsets
in quadriceps and diaphragm at 4 wk of age (Fig. 44), and the two
subsets differed significantly in YFP expression (Fig. 4B). In
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Fig. 2. SMRMPs arise from both HSC and non-HSC origins. FIt3-Rosa26"5"Y"" mice were used for lineage tracing of HSC-derived blood MOs
(ivCD45*CD115*) and SMRMPs (ivCD45-CD45*CD11b*F4/80*CD64). (A) Scheme of FIt3"®-Rosa26"-Y"* lineage tracing. (B and C) Blood MOs and SMRMPs
were analyzed for YFP expression by FACS at indicated ages. (B) Dot blot showing YFP expression at 4 wk of age. (C) Comparisons of the percentage of YFP*

cells in blood MOs and SMRMPs at indicated ages. (D) FACS analysis and comp
mice per group per time point. *P < 0.05; ***P < 0.001; ns: no significance.

quadriceps, 89% of the MHCII™Lyve1'® MPs were YFP* (Fig. 4 B,
Upper Left), comparable to the percentage of the YFP™ cells in
blood MOs. These data suggest that MHCII"'Lyve1'® MPs may be
derived from blood MOs of HSC origin. In contrast, only about a
half of the MHCITLyve1™ MPs were YFP™* (Fig. 4 B, Upper Right),
suggesting that HSC and non-HSC origins both contributed to the
MHCIILyvel1™ MP subset. In the diaphragm, 63.9% of MHCII-
ML yvel1'® MPs were YFP™ (Fig. 4 B, Lower Left), suggesting that this
subset derived from both HSC and non-HSC origins. The
MHCII°Lyvel™ MP subset in diaphragm contained 34.8% of
YFP* cells (Fig. 4 B, Lower Right), which was also lower than that
in quadriceps (48.6%), suggesting that this subset also derived from
both HSC and non-HSC origins with a preferential contribution
from non-HSC progenitors.

The expression of MHCII and Lyvel by SMRMPs was also
analyzed in neonatal limb muscle at P1. Surprisingly, the
MHCII expression was minimally detectable (Fig. 4C). The
Lyvel expression by SMRMPs at P1 was also significantly lower
than that by the quadriceps MHCII'Lyvel™ MPs at 4 wk
(Fig. 4D). Therefore, the differentiation of the MHCIT™Lyve1'
and MHCIT'®Lyve1" MP subsets in limb muscle appears to start
postnatally.
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arison of YFP* cells in fetal liver MOs at indicated embryonic stages. n =8 to 10

Yolk Sac Primitive MPs and Fetal MOs of Non-HSC Origin Contribute
to Adult SMRMPs. Since the YFP~ SMRMPs identified in Fig. 2
could derive from yolk sac primitive MPs, non-HSC-derived fetal
MOs, or both (17), we next determined the origins of these cells.
We used a 4-h£ydroxytamoxifen (4-OH)-induced lineage tracing
system (CsfI“"“*®*_Rosa26™5"" Y mice) (Fig. 54) to specifically
label yolk sac primitive MPs and their progeny (see SI Appendix,
Supplementary Materials and Methods for details) based on the fact
that CSF1R is expressed by yolk sac early EMP and primitive MPs
(11). SMRMPs were analyzed for YFP expression at 4 wk of age.
Brain microglia, which completely originate from yolk sac primitive
MPs (11, 15), were used as a positive control. Adult blood MOs
which arise from HSCs were used as a negative control. Heart-
resident MPs, known to contain yolk sac-derived resident MPs,
were also included as a control (8, 9, 19). As shown in Fig. 5B,
while almost no YFP™* cells were detected in blood MOs, 43.7% of
microglia were YFP*. Since microglia completely arise from yolk
sac primitive MPs, the observed number of YFP* cells reflects the
incomplete efficiency of 4-OH-induced Cre-lox recombination. A
small percentage of quadriceps-, diaphragm-, and cardiac-resident
MPs were YFP™ cells. No YFP™ cells were observed in CsfIr<ER-
Rosa26™5="" littermate controls (Fig. 5B). After normalizing to
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YFP™

BM HSC-derived blood MOs contribute to postnatal SMRMPs. (A and B) BMT from indicated donors (CD45.2 background) into sublethally irradiated
recipients (CD45.1 background). Blood MOs and SMRMPs were then analyzed for the expression of CD45.1 and CD45.2. (A) FACS analysis of CD45.2 expression
by blood MOs and SMRMPs in recipients receiving WT CD45.2 BM cells at 4 (Upper) and 12 wk (Lower) posttransplantation. (B) Comparisons of the percentage
of CD45.2" cells in blood MOs and SMRMPs in recipients receiving BM cells from indicated donors at 4 and 12 wk posttransplantation. (C and D) FACS analysis
of YFP expression by blood MOs and SMRMPs in FIt3<"®-Rosa26--"YFP-Ccr2~"~ mice (CCR277) and FIt3<"®-Rosa26"°-" Y controls (WT) at indicated ages. (C) Dot
blot showing YFP expression at P1 and 4 wk of age. (D) Comparisons of the percentage of YFP* cells in blood MOs and SMRMPs at indicated ages. n = 8 to 10

1M

-+-¢dDD

IMMUNOLOGY AND
INFLAMMATION



CD45* F4/80+CD64+*

A B MHCIIM Lyve1'e MHCII* Lyve1hi
A N
— Q
(&)
=8 g “ :
9
S oy
7] o
1] ]
@ @
Q o
5 &
o =]
= -
o o
w (=]
3 3
Lyvel YFP~ 800-
C cp4s' Fa180-cD64*  2500- Ak D cpas- Faiso coea: = kil
2000 = _ “
Ig Ctrl  p1q & 400 l;:
1500 S L
1 / 4W Lyvelhi| 50
1000 " /
500 / H °'_*_T
- ol - - - \&,@ ¢ \;\'PN
MHCII~ IgCtrl P1  4W Lyvel” &

Fig. 4. MHCIMLyve1'® and MHCII'Lyve 1" subsets of SMRMPs arise from different origins postnatally. (4) FACS analysis of MHCII and Lyve1 expression by
SMRMPs in quadriceps (Upper) and diaphragm (Lower) of the FIt3®-Rosa26""" mice at 4 wk of age. (B) Expression of YFP by gated MHCII"Lyve1'® and
MHCII'*Lyve 1" subpopulations from A. (C) Histogram comparing the MHCII expression by limb muscle resident MPs at P1 and 4 wk (4W). Scatter plot shows
quantification based on mean fluorescence intensity (MFI). (D) Histogram comparing the Lyvel expression by limb muscle-resident MPs at P1 and by the
MHCII'°Lyve 1" MP subpopulation in limb muscle at 4 wk. Immunoglobulin G (IgG) isotype control was done with MPs from 4W limb muscle, which was similar
to P1. Scatter plot shows quantification based on MFI. n = 10 mice per time point per experiment. ***P < 0.001.

the percentage of YFP* brain microglia, the estimated ratio of yolk
sac-derived MPs to total resident MPs was about 5.0%, 12.8%, and
6.6% in the quadriceps, diaphragm, and heart, respectively
(Fig. 5C). Since more than 50% of SMRMPs at 4 wk of age are
derived from non-HSC origin (Fig. 2C), these findings may suggest
that fetal MOs of non-HSC origin predominately contribute to
SMRMPs at 4 wk of age. Alternatively, microglia and yolk sac-
derived MPs in the skeletal muscle and heart may be specified at
different time points or display preferentially labeling efficiency.

SMRMPs Display a Tissue-Specific Gene Signature. As resident MPs
in various nonskeletal muscle tissues express tissue-specific TFs
and exert tissue-specific functions in the steady state (12, 20,
23-27), we next determine whether SMRMPs have similar fea-
tures. To this end, we sorted SMRMPs from both quadriceps and
diaphragm and analyzed their transcriptomes by single-cell
messenger RNA (mRNA) sequencing (scRNAseq). Peritoneal
MPs (CD45*F4/80*MHCII") (24) and lung alveolar MPs
(CD45*CD11c*Siglec F*) (24), two well-characterized tissue-
resident MPs, were analyzed simultaneously for comparison.
We first pooled the sequencing data from all four tissues and
performed t-distributed stochastic neighbor embedding (t-SNE)
dimensional reduction analysis. As shown in Fig. 64, MPs from
quadriceps (purple dots) and diaphragm (red dots) were largely
grouped together. In striking contrast, MPs from peritoneum
(green dots) and lung alveoli (blue dots) were each in signifi-
cantly separated clusters. The results suggest that the resident
MPs of different skeletal muscles are functionally similar to each
other but are distinct from the resident MPs of other tissues. A
heat map of top differentially expressed genes showed that the
peritoneal MPs and lung alveolar MPs each expressed a higher
level of a distinct set of genes (Fig. 6B), many of which were also
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identified by another transcriptome study comparing resident
MPs in nonmuscle tissues (24). Compared to nonmuscle resident
MP populations, resident MPs from quadriceps and diaphragm
shared a common set of differentially expressed genes (Fig. 6B).
A total of 215 genes were identified showing a significantly higher
expression level (log,FC > 0.5; FC: fold change) in SMRMPs
(Dataset S1). Transcripts enriched by greater than or equal to
twofold (log,FC >1) are shown as a heat map in Fig. 6C. Inter-
estingly, many of these genes are involved in antigen processing/
presentation, tissue homeostasis and muscle growth, and chemo-
kine signaling. These findings suggest that SMRMPs have the
potential to function in antigen presentation, maintenance of tissue
homeostasis, and promotion of muscle growth and regeneration.

We next performed an analysis focusing on transcriptional
regulation. Several genes encoding TFs, maf, mef2c, and tcf4,
were expressed at a significantly higher level (log,FC > 0.5) by
the muscle MPs than by the peritoneal and lung alveolar MPs
(Fig. 6D). In contrast, the expression level of gata6, a signature
TF of peritoneal MPs, and cebpb, a signature TF of lung alveolar
MPs, was very low in muscle MPs (Fig. 6D). Therefore, like
resident MPs in other tissues, SMRMPs express a combination
of TFs unique to their environment. The specific roles of these
TFs in the development and specification of SMRMPs will un-
doubtedly be a topic of future study.

SMRMPs Contain Diverse Functional Subsets. It has been reported
that resident MPs in nonskeletal muscle tissues, including lung,
peritoneum, and heart, contain functionally diverse subsets cor-
relating to their ontogenies (38-40). Since SMRMPs also showed
multiple origins (Fig. 2), we hypothesized that they might also
contain functionally diverse subsets. To test this hypothesis, we
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normalized to brain microglia cells (C). n = 8 mice per experiment.

performed more detailed analysis of the scRNAseq data derived
from the skeletal muscle tissue.

t-SNE dimensional reduction analysis of quadriceps MPs (Fig. 74)
and diaphragm MPs (Fig. 7B) identified four main clusters per
population. All clusters expressed adgrel (F4/80) and fegrl (CD64),
confirming their MP identity (SI Appendix, Fig. S4 A and B). The top
15 genes with the highest differential expression in each individual
cluster are shown as heat maps and tables in SI Appendix, Fig. S4 C
and D. The four clusters within quadriceps MPs included a “prolif-
erating cluster” (purple dots in Fig. 74) that featured enriched ex-
pression of cell-cycle genes (Fig. 7C and SI Appendix, Fig. S4C), a
“Cer2 cluster” (green dots in Fig. 74) with enriched expression of
Ccr2 and MHCII genes, a “Cd209 cluster” (orange dots in Fig. 74)
with enriched expression of cd209 genes, and “cluster 0” (yellow dots
in Fig. 7A4) with no genes showing a significantly high expression level
as compared with the other clusters (log,FC > 0.5), including the 15
genes listed in SI Appendix, Fig. S4C.

The diaphragm MPs also contained a “proliferating cluster”
(purple dots in Fig. 7B) and “Ccr2 cluster” (green dots in Fig. 7B)
that were almost identical to the corresponding clusters in the
quadriceps MPs (Fig. 7D and SI Appendix, Fig. S4D). However, the
diaphragm MPs did not contain a cluster equivalent to the “Cd209
cluster” found in the quadriceps MPs. Instead, a cluster featuring
enriched expression of the genes involved in the stress response,
such as klf2, Egrl, fos, and jun (Fig. 7D and SI Appendix, Fig. S4D),
was identified and named the “KIf2 cluster” (gray dots in Fig. 7B).
The diaphragm MPs also contained a cluster with few differentially
expressed genes (SI Appendix, Fig. S4D), equivalent to the “cluster
0” in the quadriceps MPs.

To further compare each MP cluster, we generated violin plots
to visualize the distribution and probability density of individual
gene expression (Fig. 8). Cell-cycle genes were only significantly
expressed by the proliferating cluster in both muscle types
(Fig. 84), indicating that only the resident MPs in this cluster were
undergoing active cell proliferation. The existence of the active
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proliferating cells in both quadriceps and diaphragm is consistent
with self-renewal of SMRMPs and explains why embryonic-
derived MPs are not completely replaced by blood MO-derived
MPs in late adulthood. Since active cell proliferation changes the
transcriptome profoundly, we excluded this cluster from the “non-
Cc2 clusters” for the following comparison studies.

The Ccr2 Cluster and Non-Ccr2 Clusters Correspond to the MHC II"iLyve1"
and MHCII®Lyve1™ Subsets of SMRMPs, Respectively. In both quadri-
ceps and diaphragm, the Ccr2 cluster showed enriched expression of
Ccr2 and high expression of MHCII genes involved in antigen
presentation (Fig. 8B and SI Appendix, Fig. S54). This cluster also
showed relatively low expression of “M2-like” genes when com-
pared with the other two non-Ccr2 clusters, such as mrcl, cd36, and
fegrt (Fig. 8C and SI Appendix, Fig. S5B). Functional enrichment
analysis (FEA) confirmed that, in both quadriceps and diaphragm,
the genes that were differentially expressed by the Cer2 cluster were
enriched in antigen processing and presentation pathways, while the
genes that were differentially expressed by the non-Ccr2 clusters
were enriched in pathways related to phagocytosis and metabolism
(SI Appendix, Table S1). The higher endocytic activities of the
CCR2™ MPs was also suggested by their morphological features, as
they were larger and contained more vesicles than the CCR2" MPs
(SI Appendix, Fig. S6). In particular, the Ccr2 cluster showed a low
expression level of Lyvel (Fig. 8C) and a high expression level of the
MHCII genes (Fig. 8B), strongly suggesting that this cluster corre-
sponds to the MHCII"Lyve1'® subset of MPs identified by FACS
(Fig. 4). In contrast, the nonCcr2 clusters in both muscle types
showed higher expression of Lyvel (Fig. 8C) and a significantly
lower expression of MHCII genes (Fig. 8B) compared to the Ccr2
cluster. These populations appear to correspond to the MHCIT"
Lyvel™ subset of MPs. Based on the results Bresented in Fig. 4, the
Ccr2 cluster that corresponds to the MHCIT"'Lyve1' subset mainly
originates from HSC-derived blood MOs, while the non-Ccr2
clusters that correspond to the MHCIT®Lyvel™ subset are derived
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t-SNE dimensional reduction analysis identified four clusters in the quadriceps MPs (A) and four in the diaphragm MPs (B). (C and D) Feature plots showing
single-cell expression of signature genes of each cluster: cdk? for the proliferating cluster, Ccr2 for the Ccr2 cluster, and cd209f for the Cd209 cluster in the
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from both HSC and non-HSC origins. We further analyzed the
origins of the individual clusters within the non-Ccr2 clusters cor-
responding to the MHCIILyvel™ subset in quadriceps using
Flt3“"-Rosa26"5*"™ mice. We found that both CD209* and
CD209~ MPs contained YFP* and YFP~ subsets at similar ratios
(SI Appendix, Fig. S7). The finding suggests that both Cd209 cluster
and cluster 0 have mixed HSC and non-HSC origins.

Diaphragm SMRMPs in the KIf2 Cluster Express a High Level of Stress
-Response Genes. The KIf2 cluster was identified only in the dia-
phragm, and this cluster expressed a group of stress-response genes
at a significantly higher level than any other clusters (Fig. 8D and ST
Appendix, Fig. S5C). FEA confirmed that the genes differentially
expressed by this cluster were enriched in pathways related to stress
responses (SI Appendix, Table S2). The diaphragm-resident MPs
also expressed a significantly higher level of stress-response genes as
compared to the quadriceps-resident MPs (Fig. 8D and SI Appendix,
Fig. S5C). These findings may explain why the Ccr2 cluster dem-
onstrated enrichment for the mRNA translation pathway in quad-
riceps but not in diaphragm (SI Appendix, Table S1), as the stress
response could inhibit mRNA synthesis (41).

Quadriceps SMRMPs in the Cd209 Cluster Express a High Level of
M2-Like Genes. The Cd209 cluster was identified only in the
quadriceps and featured a high expression of a group of genes
known to be up-regulated in alternatively activated MPs (M2),
such as mrcl, fegrt, folr2, cd163, fcna, timd4, and tslp (Fig. 8C and
SI Appendix, Fig. S5B) and the C-type lectin receptor (CLR) genes

Wang et al.

(Fig. 8E and SI Appendix, Fig. S5D). FEA also showed that the
genes differentially expressed by this cluster were enriched in the
CLR-activated pathways regulating immune responses (SI Ap-
pendix, Table S2). CLRs are pathogen recognition receptors that
recognize both endogenous antigens and exogenous pathogens
(42-44). They mediate the functions of myeloid cells to maintain
tissue homeostasis in the steady state by detecting and clearing
damaged cells and tissues for tissue repair (42, 43, 45). Therefore,
the MPs in the Cd209 cluster may be more active in clearing tissue
damage in quadriceps.

Discussion

We have characterized the cell surface markers, origins, and tran-
scriptomes of SMRMPs in the steady state. SMRMPs are
CD45*CD11b*F4/80*CD64* Ly6C'°MerTK*CD11¢~CD163*
CD206™. They are located in the interstitial tissues, including
epimysium, perimysium, and endomysium. Adult SMRMPs arise
from both embryonic and adult hematopoiesis. The tran-
scriptomes of resident MPs in different muscle types are highly
similar to each other but are distinctively different from those in
other tissues. SMRMPs express a distinct set of TFs. Functionally
diverse clusters are present within resident MPs in limb and re-
spiratory muscles, some of which are muscle type-specific.

Our lineage tracing and BMT experiments provide strong
evidence that SMRMPs arise from four origins: 1) yolk sac he-
matopoiesis involving primitive MPs, 2) fetal liver hematopoiesis
involving fetal MOs of non-HSC origin, 3) fetal liver hemato-
poiesis involving fetal MOs of HSC origin, and 4) postnatal BM
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Fig. 8. Clusters within SMRMPs are functionally diverse. Violin plots showing expression of (A) cell-cycle genes, (B) genes preferentially expressed by the Ccr2
cluster, (C) genes preferentially expressed by the non-Ccr2 clusters excluding the proliferating cluster, (D) genes preferentially expressed by the K/f2 cluster,

and (E) genes preferentially expressed by the Cd209 cluster.

hematopoiesis involving BM HSC-derived adult MOs. Among
them, yolk sac MPs appear to have the least contribution to adult
SMRMPs. Non-HSC fetal liver hematopoiesis appears to make
larger contributions to adult SMRMPs. More than 50% of the
SMRMPs at 4 wk of age are of non-HSC origins (YFP™). Al-
though the Flt3“-Rosa26™5""" fate-mapping system cannot
directly distinguish cells derived from fetal liver HSC origin and
adult BM HSC origin, our BMT and lineage tracing studies
demonstrate that BM hematopoiesis also contributes signifi-
cantly to the adult SMRMPs. The percentage of the HSC-
originated SMRMPs increases with age, from 30% at P1 to
over 60% at 26 wk, as a result of CCR2*CX3CR1'"°Ly6C™ adult
MO recruitment rather than proliferation of local HSC-
originated MPs. These findings suggest that the recruitment of
BM HSC-derived MOs contributes to SMRMPs under steady-

20738 | www.pnas.org/cgi/doi/10.1073/pnas.1915950117

state conditions. Embryonic-derived SMRMPs have excellent
self-renewal capacity and persist into adulthood. Collectively,
our data suggest that adult MO-derived and embryonic-derived
SMRMPs each participate in maintaining skeletal muscle
homeostasis.

It is interesting that the FIt3<°-Rosa26"SEY'" fate-mapping
system labels a significant percentage of both fetal liver MOs
and skeletal muscle MPs at a late embryonic stage, which sug-
gests that HSCs participate in fetal liver hematopoiesis and give
rise to fetal liver MOs, and, subsequently, tissue-resident MPs.
This is a debated area (8, 17) as LMPs are also labeled by the
Flt3°™ fate-mapping system (14). By exploiting the Ragl-cre
system, one study showed that the contribution of LMPs to the
fetal Macl™ cells was reduced from around 36% at E11.5 to
around 16% at E14.5 (16). However, our results showed a robust
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increase in the contribution of Flt3* progenitors to fetal liver
MOs from E13.5 (6.7%) to E17.5 (44.8%). 1t is therefore un-
likely that the FIt3"- driven labeling is completely due to the
contribution from LMPs. Gomez Perdiguero et al. (11) also
reported the replacement of fetal liver myeloid cells of the yolk
sac origin by cells of the HSC origin from E14.5 to E18.5. Thus,
although a potential LMP contribution cannot be excluded, our
findings support a significant contribution of HSCs to fetal liver
MOs and prenatal SMRMPs.

SMRMPs display specific gene expression profile when com-
paring the transcriptomes of resident MPs from limb muscle
(quadriceps), respiratory muscle (diaphragm), peritoneum, and
lung alveoli. Resident MPs in different types of skeletal muscle are
highly similar to each other but are distinguished from MPs in
other tissues. Compared to the MPs in peritoneum and lung
alveoli, SMRMPs express a relatively higher level of the genes that
are involved in the regulation of immune response and skeletal
muscle growth and regeneration. This may be because skeletal
muscle endures constant mechanical force and therefore suffers a
higher frequency of tissue microdamage than other tissues. On-
going tissue injury may generate a microenvironment that drives
resident MPs to become more active in clearing microdamage,
maintaining tissue homeostasis, and promoting muscle growth and
regeneration. The differential transcriptome of SMRMPs suggests
the expression of tissue-specific TFs by SMRMPs. Indeed, three
TF genes, maf, mef2c, and tcf4, are differentially expressed by
skeletal muscle MPs, regardless of the muscle type. Whether they
are responsible for the tissue-specific transcriptome of SMRMPs
requires further determination by cell type-specific deletion of
these genes.

Like in many other tissues, resident MPs in skeletal muscle
contain functionally diverse clusters as identified by scRNAseq.
The diverse subsets have been reported to correlate to their on-
togenies in lung, peritoneum, and heart (38-40). We have also
identified correlations of functional clusters with their ontogenies
in SMRMPs. Quadriceps and diaphragm each contain four clus-
ters, including the common proliferating cluster, Ccr2-cluster, and
cluster 0, and the unique Cd209 cluster in quadriceps and Kif2
cluster in diaphragm. Based on the expression of MHCII genes and
lyvel gene, the Ccr2 cluster and non-Ccr2 clusters (including the
Cd209 cluster and cluster 0 in quadriceps and the KIf2 cluster and
cluster 0 in diaphragm) are correlated to the MHCII™Lyvel' and
MHCIILyvel™ SMRMP subsets, respectively. The Cer2 cluster
arises mainly from adult BM HSC origin, while the non-Ccr2
clusters arise from both HSC and non-HSC origins. Within the
MHCII"°Lyve1™ MP subset in quadriceps of the Flt3<"*-Rosa26-5
PP mice, both CD209% and CD209~ MPs contain YFP* and
YFP~ subpopulations, indicating that both Cd209 cluster and
cluster 0 have mixed HSC and non-HSC origins. We therefore
speculate that the functional differences between these two clusters
may reflect the differences in the activation status rather than the
origins. Whether the HSCs that contribute to the non-Ccr2 clusters
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antibodies that are suitable for flow cytometry.
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