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STRUCTURED ABSTRACT

Objective: Our objective was to identify macrophage subpopulations and gene signatures
associated with regenerative or fibrotic healing across different musculoskeletal injury types.

Background: Subpopulations of macrophages are hypothesized to fine tune the immune
response after damage, promoting either normal regenerative, or aberrant fibrotic healing.

Methods: Mouse single-cell RNA sequencing data before and after injury were assembled from
models of musculoskeletal injury, including regenerative and fibrotic mouse volumetric muscle
loss (VML), regenerative digit tip amputation (DTA), and fibrotic heterotopic ossification (HO).
R packages Harmony, MacSpectrum and Seurat were used for data integration, analysis and
visualizations.

Results: There was substantial overlap between macrophages from the regenerative VML (2mm
injury) and regenerative bone (DTA) models, as well as a separate overlap between the fibrotic
VML (3mm injury) and fibrotic bone (HO) models. We identified 2 fibrotic-like (FL 1 and FL
2) along with 3 regenerative-like (RL 1, RL 2, and RL 3) subpopulations of macrophages, each
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of which was transcriptionally distinct. We found that regenerative and fibrotic conditions had
similar compositions of pro-inflammatory and anti-inflammatory macrophages, suggesting that
macrophage polarization state did not correlate with healing outcomes. Receptor/ligand analysis
of macrophage-to-mesenchymal progenitor cell (MPC) crosstalk showed enhanced transforming
growth factor beta (TGF-B) in fibrotic conditions and enhanced platelet derived growth factor
(PDGF) signaling in regenerative conditions.

Conclusion: Characterization of macrophage subtypes could be used to predict fibrotic
responses following injury and provide a therapeutic target to tune the healing microenvironment
towards more regenerative conditions.

MINI ABSTRACT

Macrophages are hypothesized to serve as regulators of healing patterns following trauma. In this
study, we use single cell sequencing to characterize macrophage phenotypic states in both fibrotic
and regenerative healing in multiple models of musculoskeletal injury. These findings will inform
future studies to transform sites of fibrosis into sites of regeneration.
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INTRODUCTION

Tissue repair is a highly regulated process dependent upon immune cell signaling,
coordinated differentiation of mesenchymal progenitor cells (MPCs) and tissue-resident
stem cells, and extracellular matrix remodeling 1-3. Regeneration is characterized by

full tissue healing, which requires differentiation and proliferation of musculoskeletal
progenitor cells to replace injured tissues #°. In tissue fibrosis, aberrant differentiation of
fibroblasts in the wound site results in the deposition of pathological levels of connective
tissue, preventing tissue regeneration and causing loss of function 8. Previous research

has characterized regenerative and fibrotic repair processes through various mouse injury
models 7. The volumetric muscle loss (VML) model represents a paradigm of muscle
healing. Smaller muscle defects (<2mm VML in mice) are able to regenerate into functional
tissue, while larger defects (>3mm VML in mice) result in fibrosis development 89, In
addition to muscle, bone has also been shown to have the capacity to regenerate. Models
of digit tip amputation (DTA) can regenerate functional bone and soft tissue to replace

the lost digit tip when amputation occurs beyond the distal interphalangeal joint 10:11,

In contrast, other musculoskeletal injuries can result in aberrant cell differentiation and
tissue formation. Traumatic injuries can result in the formation of heterotopic ossification
(HO) or bone fibrosis, the aberrant differentiation of MPCs within tendon and muscle into
ectopic bone 1213, To date, it remains unclear what cellular differences are present in the
microenvironment in regenerative compared to fibrotic repair programs.

Following trauma, the immune system is a critical modulator of wound healing and provides
a regulatory mechanism for either regenerative or fibrotic healing programs 14. While the
importance of the immune system in tissue regeneration is widely accepted, a greater
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understanding of specific immune cell populations and associated signaling pathways

is necessary to identify strategies to prevent fibrosis and to promote regeneration 1516,
Macrophages are well characterized as key regulators of both tissue regeneration and fibrosis
17-20 while recent advances in single-cell technologies have enabled more extensive
identification of macrophage subsets and heterogeneity in various disease contexts, there

is a paucity of data concerning macrophage heterogeneity across regenerative and fibrotic
injuries in different tissue types. Focused analyses of macrophage phenotypic states in
regenerating or fibrotic injuries can help identify novel macrophage subsets or signaling
cascades that drive tissue regeneration and/or prevent fibrosis.

In this study, sScRNA-seq data from two mouse models of regeneration (DTA and

2mm VML) and two mouse models of fibrosis (HO and 3mm VML) were integrated

to study differences in macrophage transcriptional profiles in response to injury. We

found that macrophages from the two regenerative models of different tissue types in
different anatomic sites shared substantial transcriptional overlap and functional similarities
characterized by enhanced macrophage-to-MPC crosstalk via platelet-derived growth factor
(PDGF) signaling. Macrophages from both fibrotic models, on the other hand, exhibited
separate transcriptional overlap and enhanced TGF- signaling, supporting previous work
from our lab and others 2122, This data suggests that macrophages within regenerative
environments are distinct from fibrosis-associated macrophages, and this variation in
immune cells may represent a therapeutic target to prevent aberrant tissue healing.

METHODS

Experimental models

ScRNA-seq data of day 0, day 7, and day 14 mouse 2mm defect (regenerative) and 3mm
defect (fibrotic) VML were downloaded from GSE163376 2. Additionally, ScRNA-seq data
from day 0O, day 11, and day 14 mouse digit tip amputation (DTA; bone regeneration)

and day 0, day 3, and day 7 HO (bone fibrosis) were downloaded from GSE143888 and
GSE126060, respectively 2123, Uninjured data includes uninjured macrophages from each
dataset (Day 0 VML, Day 0 HO, and Day 0 DTA). Injured data were classified into two
groups: early, which includes day 3 HO, day 7 VML, and day 11 DTA data; and late, which
includes day 7 HO, day 14 VML, and day 14 DTA data.

Bioinformatic analysis of single cell sequencing data

Analysis of ScRNA-seq data were performed using Sewrat?*. All datasets underwent

quality control filtering (mitochondrial content and unique feature counts) according original
author specifications 92123, For each dataset, the downstream analyses of normalization,
identification of highly variable gene across cells, scaling based on UMI and batch effect,
dimensionality reduction (PCA), unsupervised clustering and the discovery of differentially
expressed cell type-specific gene markers were done separately following standard Seurat
workflow. Clustering was done using dimensions of 1:30 and resolution of 0.1 for VML
fibrotic cells and dimensions of 1:25 and resolution of 0.1 for VML regenerative cells. DTA
data were clustered using dimensions 1:25 and resolution of 0.1. HO data were clustered
using dimensions 1:25 and resolution of 0.075.
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Cell type annotation and isolation

Macrophages were identified in each model using the canonical markers Adgrel (i.e. F4/80)
and Csf1r. Once each cluster was isolated, the single cell annotation R package, SingleRv1,
was used to further confirm the identity of macrophage populations 2°. Non-macrophage cell
types annotated by Sing/eR were excluded. MPCs were identified using markers PrrxZ and
Pdgfra?827_ Additional cells were labeled using expression profiles of known markers.

Macrophage Integration Across Datasets

Macrophages extracted from the individual datasets were integrated using the Harmony v1
R package based on the top 50 PCA components identified to correct for batch effects

28, Default Harmony parameters were used. Downstream Seurat analysis of integrated
macrophages was performed as stated above. Dimensions 1:25 and resolution of 0.15 were
used to determine macrophage clusters. Furthermore, anchor-based Seurat integration and
L/GER V1.0 were used in a similar fashion to further visually validate our data and confirm
consistent integration results (Fig. S2) 2429,

Analysis & visualization

Differential gene expression was calculated using standard parameters for the FindMarkers
function in Seurat using both clusters (FL 1, FL 2, RL 1, RL 2, and RL 3) and injury

state (uninjured, fibrotic and regenerative) as grouping factors. Only positive markers were
identified. Differentially expressed genes (DEGSs) with a fold change > 0.25 and p value

< 0.05 (adjusted via Benjamini-Hochberg method) were considered significantly regulated
when comparing clusters. Cell cycle prediction was calculated using the Cel/CycleScoring
function in Seurat and regression was not performed. To assess differences in functional
phenotypes between macrophages from regenerative and fibrotic conditions, we performed
gene signature enrichment analysis (GSEA) using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways determined from significant DEGs
between clusters and conditions. GO analysis was done using Enrichr web-based tool by
submitting all significant DEGs between clusters and overlapping genes from each healing
state 30, KEGG analysis was done with DAVID v6.8 by submitting all significant DEGs
between each cluster 31. KEGG enrichment was determined significant at p < 0.1 and was
adjusted using Benjamini-Hochberg method. Module scoring of enriched pathways was
done with curated gene lists from KEGG pathways (Table S3) and added to sequencing data
by using the native AddModuleScore function in Seurat. Overlapping gene profiles were
determined by using FindAllMarkers function to find DEGs for macrophages compared to
all other cell types. This was done using uninjured sScRNA-seq data for each of the three
tissue sources (muscle, bone, and tendon) and repeated using injured sScCRNA-seq data for the
four injury outcomes (fibrotic healing — 3mm VML and HO, regenerative healing — 2mm
VML and DTA). MacSpectrum algorithm was used to calculate macrophage polarization
index (MPI) and activation induced macrophage differentiation index (AMDI) for each
macrophage 32, Similar to previous literature, we used four categories to characterize our
macrophages: MO or pre-activation state (AMDI < 0, MPI < 0), M1 pre-activated (AMDI
<0, MPI > 0), M1-like cells (AMDI > 0, MPI > 0) and M2-like cells (AMDI > 0, MPI

< 0) 3233, Cel/Chatv1.4 was used to determine cell-cell interactions between macrophages
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and MPCs and the pathways associated with these interactions 3. We followed the toolbox
workflow and loaded normalized scRNA-seq data and Seurat metadata from each model
into separate CellChat objects. CellChatDB.mouse and Secreted Signaling pathways were
selected as the databases. Then, default parameters were used to determine probabilistic
interactions between cells based on expression of putative ligand-receptor interaction pairs.
The results were displayed as chord plots.

Macrophages from regenerative and fibrotic healing models are transcriptionally distinct

To characterize macrophage transcriptional states in regenerative and fibrotic healing, we
analyzed /n vivo mouse injury models in muscle and bone previously shown to heal

by regeneration or fibrosis. DTA and HO models were used to study regenerative and
fibrotic bone healing respectively, while 2mm and 3mm VML models were used to
characterize regenerative and fibrotic muscle healing respectively (Fig. 1A). Following
unsupervised clustering of each dataset, we used the unbiased cell annotation algorithm
SingleR to identify macrophage populations 2%, which were confirmed by expression of

the canonical markers Adgrel and Csfir(Fig. 1B, Fig. S1). Since our data arise from
various tissue types and inherently have differences in sequencing methodology, laboratory
origin, and time points, we used Harmony to integrate all 11,515 macrophages into a

single dataset, permitting analysis of biological variation without confounders 28. Uniform
Manifold Approximation and Project (UMAP) plots of macrophages labeled by injury

type demonstrated appropriate correction for batch effects following Harmony integration
(Fig. 1C). Interestingly, despite different tissue types, there was substantial overlap in the
phenotypic states of macrophages between the regenerative VML (2mm injury) model and
the regenerative bone model (DTA) and separate overlap between the muscle fibrosis (3mm
injury) and bone fibrosis (HO) (Fig. 1C). To verify our findings, we also integrated our
macrophages using L/GER and Seurat, which showed similar overlapping populations 2429
(Fig. S2). Unsupervised clustering of integrated macrophages demonstrated 5 clusters, each
composed of macrophages from the four models (Fig. 1D). Macrophages from models of
fibrotic healing (VML 3mm and HO) were primarily observed in two clusters, labeled as
fibrotic-like (FL) 1 and FL 2 (Fig. 1E). Uninjured macrophages, irrespective of dataset, and
macrophages from models of regenerative healing (VML 2mm and DTA) were primarily
detected in 3 clusters, labeled regenerative-like (RL) 1, RL 2 and RL 3 (Fig. 1E). We then
characterized each of the five subpopulations of macrophages by identifying differentially
expressed gene markers to verify transcriptionally unique subpopulations (Fig. 1F-G).

The top 25 DEGs based on average log2 fold change for each cluster are included in
supplemental data (Table S1). FL 1 was enriched in macrophages expressing /rf7and Cc/8,
potentially mediating TGFB1 response and aberrant stem cell differentiation 3536, FL 2
expressed the markers Ly6c2, Chil3and Plac8, representing a previously defined population
of immature, inflammatory Ly6c-high monocytes associated with fibrotic healing in lung
and liver tissue 37:38. RL 1 expressed previously known anti-inflammatory macrophage
markers Selenop, Gdf15, Mrcl, and Egrl, which were highly enriched in environments that
promote restoration of normal tissue 3%-41,
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Cluster RL 2 was enriched in expression of proliferative genes such as Stmnl, TopZa, and
Mki67. Finally, cluster RL 3 expressed anti-inflammatory marker Retn/a, along with various
antigen presentation genes in the Ca209 family, representing a perivascular macrophage
population 42, Notably, genes in the Ca209 family are down regulated by the pro-fibrotic
ligand TGFB1 #3. In summary, our data suggest macrophages from fibrotic and regenerative
environments occupy unique transcriptional niches, potentially suggesting variation in
function.

Fibrotic-like and regenerative-like macrophages exhibit distinct functions and
inflammatory states

Next, we assessed whether the distinct transcriptional programs of the macrophage subsets
are underpinned by distinct biological functions relevant to regenerative or fibrotic tissue
healing. Using EnrichR, GO analysis was performed as stated in methods. Bubble plot
visualization of upregulated pathways identified unique functions for each macrophage
cluster (Fig. 2A). Top 100 enriched GO biological pathways are included in Table S2.
Similarly, GSEA using KEGG was done using DAVID 31, Complete list of significantly
enriched (adj. p value < 0.1) KEGG pathways is included in Table S3. To further
characterize the enrichment of signaling pathways in our clusters, we used gene lists
developed from KEGG pathways (Table S4) to create modular scores. Dot plot visualization
of modular scores demonstrated functional pathways enriched in uninjured/regenerative
clusters (RL 1, RL 2, and RL 3) were not enriched in fibrotic clusters (FL 1, FL 2)

(Fig. 2B-C). Notably, cluster RL 1 was enriched in genes related to MAPK and FoxO
signaling, pathways known for roles in cytokine regulation and stem cell maintenance (Fig.
2B) 4445 Cluster RL 2 was enriched in oxidative phosphorylation genes, demonstrating a
role in metabolic shifts known to be increased in pro-regenerative macrophages 4. Pathway
analysis of RL 3 suggested functional roles in NFxB and PI3K/Akt signaling, representing
roles in pro-regenerative inflammatory signaling (Fig. 2B) 4748, Finally, clusters FL 1

and FL 2 exhibited genes related to hypoxia-inducible factor 1 (HIF1) signaling and
mTOR, pathways previously shown drive fibrotic healing in bone and muscle (Fig. 2C)
1349 These results demonstrate an overlap in the functional programs amongst fibrotic
conditions, which are separate from the overlap in functions observed amongst regenerative
conditions. Additionally, our data suggests some functional similarities between uninjured
and regenerative macrophages, indicating key functional similarities amongst homeostatic
and regenerative tissue that are distinct from pathological fibrosis.

Next, we characterized the inflammatory (MPI) and activation (AMDI) states of our
macrophages using the MacSpectrum gene enrichment tool 32, Both M1 and M2-like
macrophages of various amounts were present in regenerative and fibrotic clusters,
suggesting healing patterns are independent of macrophage inflammatory states (Fig.

2D). Complete MacSpectrum data aggregated by cluster can be found in Table S5.
Furthermore, our data include various timepoints following injury in both regenerative

and fibrotic models. Macrophages separated by each timepoint showed expansion from
uninjured state (Fig. 2E), consistent with the inflammatory nature of injury. To assess the
timeline of macrophage transcriptional divergence between regenerative and fibrotic states,
the proportion of each macrophage cluster was calculated for each timepoint (Fig. 2F).
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The data indicate that macrophages in either fibrotic or regenerative models transition to
transcriptionally unique fibrotic or regenerative macrophage subtypes, respectively, shortly
after injury and persist in these states throughout the injury healing process. Therefore,
while macrophage phenotypes are dynamic, healing outcomes are associated with specific
transcriptional gene sets in macrophages that diverge rapidly after injury.

Direct comparison of fibrotic and regenerative macrophages reveals novel gene markers
and upregulated signaling pathways

While identifying macrophage subpopulations helps to profile their heterogeneity and roles,
it does not directly compare macrophages from various healing states. UMAP independent
of dataset demonstrated overlap between uninjured and regenerative macrophages while
fibrotic macrophages seem to occupy a distinct space (Fig. 3A). Since the analyzed
macrophages are from different tissues, we next compared the transcriptomic profiles of
uninjured macrophages from each dataset to establish commonalities. Using uninjured data,
DEGs for macrophages compared to other cells were determined for each model. These
genes represent the transcriptional profiles of uninjured macrophages from the uninjured
quadricep (VML model), distal phalangeal bone and surrounding connective tissues (DTA
model) or Achilles tendon (HO model). Analysis of DEGs found an overlap of 576 genes
across all 3 models at the uninjured timepoint (Fig. 3B, Table S6), suggesting a greater
transcriptional overlap between quadriceps muscle- and tendon-derived macrophages than
between distal phalangeal bone and tendon or bone and muscle. Macrophages from the
quadriceps and tendon models expressed the marker gene Mg/2, a known marker of skeletal
muscle macrophages, while distal phalangeal region macrophages expressed the unique
marker gene Fabp5 5. As expected, all macrophages at uninjured expressed the well-known
marker Mrc1 (Fig. 3C).

We next identified unique and overlapping DEGs of macrophages in the two fibrotic healing
models (HO and 3mm VML defect) and two regenerative healing models (DTA and 2mm
VML). We found an overlap of 832 (52%) between DTA and regenerative VML (2mm)

and an overlap of 588 (33%) genes between HO and fibrotic VML (3mm), suggesting
shared transcriptional profiles in each healing condition (Fig. 3D). Using these overlapping
macrophage genes from regenerative and fibrotic models, GSEA was performed using

GO via EnrichR 30. Bubble plot visualization of GO biological process terms identified
conserved and unique functions for macrophages in contrasting healing states (Fig. 3E).
Macrophages from fibrotic healing activated pathways related to persistent inflammation
and cell death, while macrophages from regenerative healing active pathways related to
dendritic cell migration and resolution of inflammation. Furthermore, DEG analyses found
expression of fibrotic and regenerative specific macrophage markers (Fig. 3F). Violin plots
further demonstrated specific expression of additional fibrotic (74651, Plac8, and Chil3)
and regenerative (Ophnl, Pdgfaand Mrc) macrophage markers (Fig. S3). To identify
variations in signaling pathways across the healing states, we performed pathway analysis
using KEGG derived gene lists (Table S4), as done above. The modular scoring data
demonstrated an overlap in FoxO and MAPK pathways within uninjured and regenerative
macrophages that was not present in fibrotic macrophages. Additionally, expression of HIF1
and mTOR signaling was restricted to fibrotic macrophages (Fig. 3G). Taken together, these
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data demonstrate shared features of macrophages leading to fibrotic healing and a separate
overlap of features in macrophages leading to regenerative healing.

Receptor/ligand analysis of macrophage-MPC crosstalk shows enhanced expression of
platelet derived growth factor signaling in regenerative conditions

Macrophage-MPC crosstalk is vital for driving healing patterns 51:52, To determine
differences in cell-cell signaling in contrasting healing states, we analyzed ligand-receptor
interactions between macrophages and MPCs using Ce//Chat3* (Table S7). We identified
MPCs in each model using genes Prrx1 and Pdgfra?6:27 (Fig. 4A). Fibrotic conditions
(3mm VML and HO models) exhibited MPC-macrophage signaling via the TGF-p pathway
which was not found in the regenerative conditions (Fig. 4B). This supports previous work
by our laboratory and others demonstrating that macrophage TGFB1 production regulates
fibrosis 21:22, In contrast, DTA and regenerative (VML 2 mm) models demonstrated
enhanced platelet derived growth factor (PDGF) signaling between macrophages and
MPCs (Fig. 4C). Fibrotic VML (3 mm) and HO microenvironments showed PDGF
ligand-receptor interactions from non-immune cells to MPCs, but no signaling from
macrophages. An analysis of PDGF ligand-receptor contribution in shows Pagfa-Pagfrb
as the primary interaction in both regenerative models (Fig. 4D-E). Taken together,

these results demonstrate that the distinct transcriptional programs observed in fibrotic vs
regenerative macrophages result in distinct cell-cell signaling patterns towards MPCs. This
potentially identifies a mechanism by which regenerative vs fibrotic healing occurs.

Macrophage PDGF signaling causes variation in regenerative and fibrotic MPC PDGF
signaling cascades

To interrogate signaling patterns associated with macrophage-MPC crosstalk, further
analysis on feature expression was conducted. Macrophages demonstrated enhanced
expression of 7gfb1 in both injury conditions compared to uninjured, with fibrotic
macrophages expressing more of the ligand (Fig. 5A). Ligands 7gfb2and Tgfb3 showed
limited expression in macrophages (Fig. S4). Within the MPCs, the TGF-B receptors,
Tgfbrl, Tgfbr2 and Tgfbr3, were found to be expressed greater in fibrotic conditions than
uninjured or regenerative (Fig. 5B, Fig. S4). In contrast, macrophages from regenerative
models (DTA and 2mm VML) exhibited Pdgfa expression, which was not observed in
macrophages from fibrotic models (Fig. 5C). Pdgfb was expressed in only regenerative
VML macrophages, while Padgfcand Pdgfd were expressed lowly in all macrophage
populations (Fig. S4). Pdgfrais a well-established gene marker for MPCs, and was
expectedly expressed by MPCs from all conditions 27. Interestingly, Pdgfrb exhibited
increased expression in MPCs from uninjured and regenerative models compared to MPCs
from fibrotic models (Fig. 5D). Analysis of TGF-p and PDGF ligands in regenerative-like
and fibrotic-like macrophage subsets further corroborated that fibrotic clusters (FL 1 and
FL 2) exhibit pronounced TGF-f ligand expression and regenerative clusters (RL 1 and RL
2) exhibit the strongest PDGF ligand expression (Fig. 5E). Analysis of PDGF and TGF-p
ligands by timepoint confirmed upregulation in early and late timepoints (Fig. 5F).

Next, we identified the effect of macrophage PDGF ligands on MPC activation by
analyzing MPC gene signatures. MPC PDGF signaling leads to MPC proliferation and
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differentiation 3. Furthermore, intracellular PI3K/Akt signaling has been shown to be a
positive regulator of PDGF receptor signaling °4. Using a KEGG pathway derived gene
list for PI3K/AKkt signaling (Table S4), modular score was calculated and compared across
MPCs from uninjured, fibrotic, and regenerative conditions. We found that PI3K/Akt
signaling was enriched in uninjured and regenerative MPCs, but not fibrotic MPCs (Fig.
S4). The data suggest activation of PI3K/Akt genes in regenerative conditions, potentially
reflecting greater PDGF-induced signaling. To assess MPC proliferation, we used the
CellCycleScoring function in Seurat. Dot plots demonstrated increased activation of genes
related to synthesis (S score) and G2/M (G2M score) phases in MPCs from regenerative
conditions when compared to uninjured and fibrotic, suggesting increased mitotic activity
(Fig. S4). To identify downstream effects of PDGF signaling, we evaluated expression

of previously identified PDGF target genes in MPCs 5°. We observed markedly stronger
transcript levels of PDGF target genes in regenerative MPCs compared to fibrotic MPCs
(Fig. 5G). Myc, a gene known to inhibit PDGF signaling was enriched in fibrotic MPCs
56, Next, we assessed the expression of markers relevant to tissue healing in MPCs. Bone
regeneration in DTA occurs via intramembranous ossification, while bone fibrosis (HO)
has shown to occur via endochondral ossification 10:57. The osteogenic markers Runx2,
and Msx2 exhibited increased expression in regenerative MPCs, whereas chondrogenic
markers Sox9and Acanwere increased in fibrotic MPCs (Fig. 5G). Regenerative MPCs
also expressed Sparc, Myl6, and CollaZ2, similar to previously studied transcriptomes

of pro-regenerative MPCs in muscle 8 (Fig. 5G). In contrast, fibrotic MPCs showed
enrichment in 7imp1 and Cxc/5, markers of adipogenic MPC populations in muscle,
potentially related to aberrant differentiation (Fig. 5G) 9. These results demonstrate that
macrophage-derived PDGF ligands orchestrate downstream PDGF activation and associated
target gene signatures primarily in regenerative models, not in fibrotic models.

DISCUSSION

Understanding post-traumatic regeneration is necessary to devise clinical strategies to
prevent tissue fibrosis and restore functionality. Extreme examples of regeneration occur
in amphibians, which can regenerate a fully functional limb 0. Macrophages have been
shown to be necessary for regeneration in amphibians but their specific profiles have

been incompletely characterized 17:61, In this study, we directly compared musculoskeletal
macrophages from regenerative mouse models (2mm VML and DTA) and fibrotic mouse
models (3mm VML and HO) using scRNA-seq.

The identification of five unique macrophage subpopulations supports the growing body

of literature that there is a spectrum of macrophage activation rather than the traditional

two subset model of polarized macrophages (M1 vs M2) in vivo. The five subpopulations
expressed novel gene markers, identifying potential roles for driving healing outcomes.
Fibrotic-like clusters FL 1 and FL 2 were enriched in HIF1 signaling genes. Uncontrolled
pro-inflammatory signaling causes increased metabolic demand, inhibiting proliferation, and
shifts macrophages to engage the HIF1 transcriptional program for continued insult response
62 In contrast, cluster RL 2, enriched in macrophages from regenerative conditions,
expressed genes related to macrophage proliferation. This proliferative subpopulation may
represent self-renewing tissue macrophages, functionally similar to uninjured macrophages
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as demonstrated by the overlap in pathway activation, with the ability to appropriately
mediate the inflammatory response 6364,

Our study also identified DEGs in fibrotic and regenerative macrophages. Fibrotic
macrophages in both bone and muscle expressed 7/hbs1 (encoding thrombospondin-1
[TSP1]). TSP1 is highly expressed in inflammatory macrophages and a known activator

of TGF-B signaling 8566, Work from our lab and others have shown macrophage TGF-$
ligands associated with bone fibrosis 21. Here, we demonstrate muscle fibrosis is also
associated with macrophage TGF-p expression. Immune microenvironments with high
levels of TSP1 expressing macrophages may positively regulate TGF-f signaling and
induce fibrotic changes within tissue. Previous research has characterized TSP1 role in
pathological states similar to fibrosis, such as tissue limb ischemia necrosis 7. Furthermore,
macrophage TSP1 interacts with both CD47 and CD36 to inhibit angiogenesis, potentially
driving the hypoxic phenotype observed in fibrosis 8. In regenerative macrophages, Mrcl,
known marker of anti-inflammatory macrophages, was found to be constitutively expressed
when compared to fibrotic macrophages. Research has shown a particular subset of Mrc1*
macrophages with high proliferation rates present in cardiac muscle which were protective
of age related cardiomyocyte fibrosis . Our findings support this published data that Mrc1*
are associated with regenerative, rather than fibrotic healing.

To gain a better understanding of cell-cell interactions within the various injury
environments, ligand-receptor crosstalk was investigated. Our study identified a
macrophage-to-MPC platelet derived growth factor signaling axis upregulated in
regenerative muscle (VML 2mm defect) and distal digit tip. More specifically, PDGFA

is a known mitogen for mesenchymal progenitor cells and has shown to be a component of
the macrophage secretory products /%71, Our data support recent work showing consistently
elevated levels of PDGF and lower levels of TGF-B contributed to tenocyte regeneration
without fibrosis 72. While PDGF signaling to MPCs is present from other cell types in both
fibrotic and regenerative environments, we hypothesize that macrophage dependent PDGF
plays a critical role in driving regenerative outcomes.

One limitation of our study is related to the integration of multiple scRNA-seq datasets
from different studies. Here, we used Harmony for scRNA-seq data integration however,
computational data integration does not guarantee that all effects were minimized. This risk
is mitigated through verification of a strong segregation between fibrotic and regenerative
macrophages using other available integration methods (L/GER and Seurai). In addition,
receptor/ligand interaction as identified through Ce//Chat are inferred through average gene
expression and probability of interaction. While the both 2mm and 3mm injuries within

the VML model undergo a component of muscle fibrosis and regeneration, the 3mm defect
demonstrates a lasting inflammatory response, leading to delayed regeneration °. Our work
identifies a potential cause of this variation using macrophages as the foundation. As shown,
macrophage divergence occurs early following injury and thereby has the potential drive
healing outcome through cell interactions. While the work here is limited to computational
analyses and predictions that furthers the understanding of macrophage biology, it provides
the basis for additional hypothesis testing. Further research in this field may lead to the
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development of a clinical score for macrophage phenotypes that could be used to predict
healing response patterns soon after injury.
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Figure 1. Isolation and integration of macrophages from musculoskeletal injury modelsidentifies
five macrophage subpopulations.
(A) Overview of workflow; Macrophages were identified from each of the four datasets

(2 fibrotic and 2 regenerative), extracted, and integrated. (B) Identification of macrophages
among other cells within injury microenvironment from each dataset using markers Adgrel
and Csfr1. (C) Despite different tissue types, integration of macrophages shows overlapping
macrophages from regenerative conditions and a separate overlap of macrophages from
fibrotic conditions. (D) Clustering analysis reveals five transcriptional distinct macrophage
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populations, 2 populations composed mostly of macrophages from fibrotic conditions (FL

1 and FL 2) and 3 populations composed mostly of macrophages from uninjured and
regenerative conditions (RL 1, RL 2, and RL 3). (E) Analysis of cluster composition
demonstrated a fibrotic macrophage dominance in clusters FL 1 and FL 2 and uninjured or
regenerative dominance in clusters RL 1, RL 2 and RL 2. Clusters FL 1 and FL 2 were
composed 77.0% and 81.0% of macrophages from fibrotic injuries, respectively. Cluster RL
1 was composed of an equal proportion of uninjured and macrophages from regenerative
healing (44.3% each), Cluster RL 2 was enriched in regenerative macrophages (52.2%) and
cluster RL 3 was composed of uninjured macrophages (48.8%). (F) Violin plots of select
marker genes identifying enrichment of gene expression in each macrophage subpopulation.
(G) Heatmap displaying top 10 differentially expressed genes for each cluster as determined
by average log2 fold change.
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Figure 2. Characterization of macrophage subpopulationsreveals distinct function and varied
inflammatory states.

(A) Bubble plots of select GO biological process terms demonstrate variations in function
for each macrophage cluster. (B) Dot plot visualization showing module scoring of KEGG
terms using unbiased gene lists shows overlapping function between uninjured/regenerative
clusters (RL 1, RL 2, and RL 3). (C) Module scoring showing fibrotic clusters FL 1 and

FL 2 enriched in distinct pathways compared to uninjured and regenerative conditions. (D)
Bar graph showing distribution of inflammatory states for each cluster of macrophages
using MPI and AMDI scores from MacSpectrum. (E) UMAP plot displaying macrophage
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from three different timepoints present: uninjured, early (day 3 HO, day 7 VML, day 11
DTA), and late (day 7 HO, day 14 VML, and day 14 DTA). (F) Line graph demonstrating
proportion of each cluster distributed by timepoint.
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Figure 3. Direct comparison of fibrotic and regener ative macrophages reveals novel gene
markersand upregulated signaling pathways.

(A) UMAP displaying integrated macrophages highlighted by condition (uninjured, fibrotic
and regenerative). (B) Analysis of uninjured macrophage gene expression identified 576
genes overlapping across all 3 models. (C) Violin plots showing expression of genes in
uninjured macrophages: Mg/2was highly expressed in macrophages from muscle (VML
and HO), while macrophages from DTA expressed Fabp5. Macrophages from all 3 models
expressed Mrcl. (D) Analysis of injured macrophage gene expression identified 823 (52%)
of overlapping genes in macrophages from regenerative models and 588 (33%) overlapping
genes in macrophages from fibrotic conditions. (E) Bubble plot of GO biological process
activated in macrophages from fibrotic and regenerative environments. (F) Heatmap
showing select marker genes for macrophages from fibrotic and regenerative environments,
demonstrating distinct transcriptional features. (G) Dot plot visualization showing module
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scoring of KEGG terms using gene lists shows overlapping enrichment of pathways in
uninjured and regenerative but not fibrotic macrophages.
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Figure 4. Receptor/ligand analysis shows increased macrophage PDGF signalingto MPCsin
regener ative, but not fibrotic conditions.

(A) Violin plots showing the identification of MPCs using PrrxI and Pdgfra expression

in each of the four injury conditions. (B) Receptor/ligand analysis using Cel/Chat shows
macrophage TGF-p signaling to MPCs in both fibrotic injury models (3mm VML and HO,
highlighted in blue). (C) Increased macrophage PDGF signaling to MPCs in regenerative
injuries (2mm VML and DTA, highlighted in green) which is not present in macrophages
from fibrotic models. (D) Bar graph demonstrating relative contribution of PDGF ligand-
receptor pairs in regenerative (2mm) VML model and (E) DTA.
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Figure 5. Macrophage PDGF signaling causes variation in MPC PDGF signaling cascades.
(A) Violin plots showing increased gene expression of ligand 7gfb21 in macrophages and

(B) receptors Tgfbrland Tgfbr2in MPCs from both fibrotic models. (C) Violin plots
showing increased gene expression of ligand Pdgfa in macrophages and (D) receptors
Pdgfraand Pagfrbin MPCs from both regenerative models. (E) Dot plot visualization
demonstrating localization of PDGF and TGF- ligand expression to specific subpopulations
of macrophages. (F) Dot plot visualization demonstrating PDGF and TGF-p ligand
expression by uninjured, early, and late macrophages. (G) Dot plot visualization of PDGF
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target genes and markers of regenerative and fibrotic differentiation patterns in bone and
muscle.
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