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Human fetal dermal fibroblast-myeloid cell
diversity is characterized by dominance
of pro-healing Annexin1-FPR1 signaling

Rajneesh Srivastava,1,2 Kanhaiya Singh,1,2,* Ahmed S. Abouhashem,2,3 Manishekhar Kumar,1,2 Sedat Kacar,2

Sumit S. Verma,1,2 Sujit K. Mohanty,1,2 Mithun Sinha,2 Subhadip Ghatak,1,2 Yi Xuan,1,2 and Chandan K. Sen1,2,4,*
SUMMARY

Fetal skin achieves scarless wound repair. Dermal fibroblasts play a central role in
extracellular matrix deposition and scarring outcomes. Both fetal and gingival
wound repair share minimal scarring outcomes. We tested the hypothesis that
compared to adult skin fibroblasts, human fetal skin fibroblast diversity is unique
andpartlyoverlapswithgingival skinfibroblasts.Humanfetal skin (FS,n=3),gingiva
(HGG, n = 13), andmature skin (MS, n = 13) were compared at single-cell resolution.
Dermalfibroblasts, themostabundant cluster,wereexaminedtoestablisha connec-
tomewith other skin cells. Annexin1-FPR1 signaling pathway was dominant in both
FS as well as HGG fibroblasts and related myeloid cells while scanty in MS fibro-
blasts. Myeloid-specific FPR1-ORF delivered in murine wound edge using tissue
nanotransfection (TNT) technology significantly enhanced the quality of healing.
Pseudotime analyses identified the co-existence of an HGG fibroblast subset with
FPR1high myeloid cells of fetal origin indicating common underlying biological pro-
cesses.
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INTRODUCTION

Skin is the largest organ that defends the body against environmental exposure, injury, and infection. Any

breach in integrity of the skin triggers a repair process aimed at restoring the barrier function to safeguard

life.1,2 In mature skin (MS) of adults complicated by underlying disease processes, the efficiency of repair is

compromised resulting in slow closure and scar outcomes.3,4 In contrast, the efficiency of fetal skin (FS)

repair is high demonstrating blunted inflammatory response5,6 associated with scar-free regenerative char-

acteristics.6–9 Interestingly, in adults the gingival tissue repair is such that it shares, albeit to a lesser extent,

some of the aforementioned characteristics of fetal repair.10,11

Fibroblasts represent one of the most abundant dermal cell types in all three tissues. Recent works have drawn

attention to the emergent discipline of dermal fibroblast diversity.12–16 Novel insight into the lineage,17 pheno-

type,12,18 and plasticity19,20 of dermal fibroblasts has laid the foundation of a new paradigm addressing the func-

tional significance of fibroblast subtypes in determiningwoundoutcomes.15,16,21 Thephysiological wound repair

process recruits to the wound-site fibroblasts fromdistinctmicro-environmental niches which includebut are not

limited to resident skin fibroblasts, bone marrow-derived cells, e.g., fibrocytes, and fibroblast-like cells derived

from epithelial, endothelial, perivascular, or adipose tissue.20,22 Cell transition products such as those of adipo-

cyte-to-mesenchymal and epithelial-to-mesenchymal (EMT) and endothelial-to-mesenchymal (EndMT) are

known toexist at the siteof injury.12,23–26Distinct subpopulationsof fibroblast dynamically respond to tissue injury

by proliferating,migrating, and adaptively differentiating in response to local cues.14,27Wound-responsive fibro-

blasts includecells rich inEngrailed-1andPrrx-1. These transcription factors areotherwise known tobemarkersof

developmental lineage.21,27,28Our previouswork has demonstrated that two-thirds of all granulation tissue fibro-

blasts, otherwise known tobeofmesenchymal origin, arederived frommyeloid cellswhich are likely tobewound

macrophages.20

The objective of the current work was to study dermal fibroblast diversity in adult/fetal human skin as well as

in human gingival tissue. We sought to test the hypothesis that the diversity of human FS fibroblast is

unique compared to that of adult skin. FS fibroblast subpopulation that accounts for such uniqueness is
iScience 26, 107533, September 15, 2023 ª 2023 The Authors.
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Figure 1. Data mining and clustering analysis identified 13 distinct clusters across studied human tissue types

(A) For this study, scRNA-seq data of human fetal skin (FS, n = 3), gingiva (HGG, n = 13) and mature skin (MS, n = 13) were collected from multiple studies

(Table S1). All the processed scRNA-seq samples were quality filtered, normalized using ‘SCT-transformation’ and stored as Seurat objects in R. Further,

these Seurat objects were integrated, and executed for clustering analysis (with resolution 0.25) using Seurat (See STAR Methods).

(B) Resulting cluster of cells were illustrated in tSNE plot, showing the 13 (0–12) clusters with distinct cluster ids.

(C) The proportion of cells per tissue type was illustrated for each cluster as bar graph.

(D) Cluster-specific markers found annotated for each cell type (on top) were shown in dot plot.
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shared by the gingiva (HGG), a tissue wherein wound outcomes more closely resemble FS repair as

opposed to adult skin repair.

RESULTS

Cellular heterogeneity in FS, HGG, and MS

Single-cell RNA sequencing (scRNA-seq) data analysis of a collection of 80,401 human cells from FS (n = 3), HGG

(n=13), andMS (n=13)wasperformed (TableS1; Figure 1A). Integratedanalysis usingSeurat (version 4.0.2) iden-

tified thirteen (0–12) distinct clustersof cells present in FS, HGG, andMS (Figure 1B, seeSTARMethods). For each

group, theproportionofdifferent cellsperclusterwas computedand illustratedasstackedproportionalplot (Fig-

ure 1C; Table S2). These clusters were further characterized based on the average expression of established

marker genes (Table S3) and corresponding cell type annotations available in PanglaoDB29 web server

(Figures 1DandS1).Cluster 0, representing25.4%of all cells,was characterizedasfibroblast basedon theexpres-

sionof establishedmarkergenes29–31 (Figure 1D). Cluster 1was the secondmost abundant cell type representing

20.3% of all the cells (Figure 1D) for endothelial cells as annotated in PanglaoDB.29 Cluster 2 was the third most

abundantclusterof cells representing14.9%ofall thecells thatwerecharacterizedasnatural killer (NK)cellsbased

on the expression of established marker genes annotated in PanglaoDB29 (Figure 1D). All other clusters repre-

sented less abundant (<8%) cell types including keratinocytes, smoothmuscle cells, myeloid cells, melanocytes,

lymphatic cells, and other immune cells as depicted in Figures 1C and 1D and Table S2.

Fetal versus mature dermal fibroblast gene expression

Analysis of gene expression profile at single-cell resolution of specific cell types represents a powerful

approach to provide insight into their comparative functional characteristics.32,33 This approach was em-

ployed to study cluster 0 (fibroblasts) of fetal compared to MS cells (Figure 2A). This cluster was rich in es-

tablished markers of fibroblast cells (Figure 2B). Fibroblast for FS and MS groups included 716 (n = 3) and

10,711 (n = 13) cells, respectively (Figure 2C). Differential gene expression analysis comparing fibroblasts of
2 iScience 26, 107533, September 15, 2023



Figure 2. Differential expression analysis of fibroblast cluster

(A) tSNE plot illustrating the distribution of cells for each cluster, with the marked cluster of cells identified as fibroblast

cells.

(B) Cells expressing the top 4 signature genes of identified fibroblast cells were shown in tSNE feature plots.

(C) Distribution of fibroblast cells among the original cluster of cells (panel A) for FS andMS group were illustrated in tSNE

plot. These subclusters were used for differential expression (DE) analysis between FS andMS groups using ‘FindMarkers’

module (in Seurat package, see STAR Methods).

(D) Functional association analysis of DE genes, high in human fetal skin (FS) fibroblast (log2 fold changeR0.3 at adjusted

p value >0.01,Wilcoxon rank-sum test) was performed using STRING34 and shown as association network. Highlighted

sub-networks were identified as the major subset significantly enriched for mentioned biological processes; i)

Extracellular matrix organization, ii) TCA cycle, ETS, thermogenesis iii) Homeostasis and iv) Development and other

processes respectively (please see Table S5).
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these two samples identified 854 differentially expressed genes (DEGs), of which 206 genes were signifi-

cantly more abundant (log2 fold change >0.30, adj. p value <0.01) in FS compared to MS (Table S4). These

genes were submitted to search tool for recurring instances of neighbouring genes (STRING)35 database

for functional protein association network analysis. The interaction network, thus derived, featured 201 no-

des connected by 1,520 edges (Figure 2D). The enriched biological processes associated with these con-

nections are listed (Table S5). Association network analysis revealed four major hubs of network that were
iScience 26, 107533, September 15, 2023 3
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significantly associated with i) extracellular matrix organization and collagen organization, ii) TCA cycle,

ETS, and thermogenesis, iii) homeostasis, and iv) development processes (Figure 2D).

The dermal cell connectome

Fibroblasts interact with a variety of cells including keratinocytes,36 endothelial cells,37 and myeloid cells.38 We

investigated cell-cell communication of all the identified cell clusters in FS, HGG, and MS groups using Cell-

Chat.39 CellChat analysis identified 1,415 (for FS), 1,627 (for HGG), and 2,041 (for MS) cell-cell interactions spec-

ifying the respective interaction strengths (Figure S2A). Relative information flow, i.e., cumulative communication

probability calculated based on these interactions, was estimated across the groups. Dominant signaling path-

ways in each group were thus identified (Figure S2B). The relative information flow, estimated as before, was

further investigated in the context of incoming and outgoing network across groups (Figure S2C). A strong

communication signal pattern for the Annexin signaling pathway was thus identified uniquely for both FS and

HGG compared to MS (Figures 3A and S2C). This pathway, enriched in FS and HGG, was primarily annotated

with three genes, e.g., ANXA1 (Annexin A1), FPR1 (Formyl Peptide Receptor 1), and FPR2 (Formyl Peptide Re-

ceptor 2). ANXA1 is an important anti-inflammatory signaling ligand.40–42 FPR1 is the signaling receptor mole-

cule for ANXA1, characterized for its facilitation of mucosal wound repair via an epithelial FPR1/NADPH oxidase

(NOX)1-dependent redox signaling pathway.43 FPR-deficient mice exhibit delayed wound healing44 underscor-

ing the beneficial role of FPR in tissue repair. In this work, genes associated with the Annexin signaling pathway

were investigated for their expression levels across all cell types detected (Figure 3B). TheANXA1-FPR1pathway

is selectively present in specific cells. While ANXA1 is ubiquitous, the expression of FPR1 is limited to myeloid

cells of FS andHGGgroups. Interestingly,myeloid cells ofMS showed sparse expression of FPR1. Proximity liga-

tion assay conducted inmurine FS, adult skin, and adult HGGdirectly demonstrated the existence of Annexin1+

and FPR1+ cells in close proximity with significantly higher abundance in murine FS and gingival tissues

compared to adult skin (Figures 3C and 3D). FPR1, which plays a vital role in the function of the innate immune

system, also controls several developmental and regenerative processes. Some key examples include promot-

ingmigration and differentiation of stem cells,45 lens development,46 controlling dynamic plasticity of arteries,47

and osteogenic induction in hADSCs (human adipose-derived stem cells).48 In addition, FPR1 activation has

been demonstrated to promote wound healing/tissue regeneration, including cell proliferation.49 Exogenous

supplementation ofmyeloid FPR1 through tissuenanotransfection technology (TNT2.0)50–53 was able to improve

the quality of healing in murine dermal wound model (Figures S3A–S3F). Limited cell-cell communication

involving ANXA1-FPR1 in human MS may be viewed as a reflection of restricted regenerative potential of the

adult skin compared to FS and gingival tissue.10,54 In an effort to elucidate the transcriptomic basis of the regen-

erative properties of FS andHGG, the overall differential interactomewas investigated (Figure S2D). The study of

differential interaction between fibroblasts andmyeloid cells (cluster 0 and 5 respectively, Figure S2E) identified

comparable difference in communication of both tissues.

Shared transcriptomic profile of fibroblast and myeloid cells in FS and gingival tissue

CellChat analyses identified Annexin signaling as a major communication pathway between fibroblast and

myeloid cellular compartments (Figure 3). Emphasiswas therefore placedonanalyzing the shared transcriptomic

profile of these two cell types with MS as reference tissue (Figure 4A). Seurat-defined subset analyses identified

20,460 fibroblasts and 5,595 myeloid cells across FS, HGG, andMS tissues (Table S2). Differential expression an-

alyses of paired comparisons (FS vs.MS and HGG vs.MS) identified 66 highly abundant DEGs that were shared

between fibroblasts of FS and HGG (Figure 4B; Tables S4 and S6). Similar comparative study of the myeloid cell

compartment identified 60 elevated DEGs in FS and HGG (Figure 4C; Tables S7 and S8). The intersection anal-

ysis of the aforementioned 66 and 60 DEGs identified 35 common genes that were high in both fibroblasts and

myeloid cells of FS and HGG (Figures 4D and 4E). Function enrichment analysis of these 35 genes recognized

dominance of mitochondrial energy metabolism-related gene ontology (GO) processes (adj. p value = 2.82e-

27). Next, we sought to study upregulated DEGs that were unique to each cell compartment. In fibroblasts,

31 suchhighDEGswere functionally enriched forGOprocesses such as collagenfibril organization (adj. p value=

1.01e-09, Figure 4F). Inmyeloid cells 25 such elevatedDEGswere functionally enriched forGOprocesses such as

cell chemotaxis (adj. p value = 5.14e-4; Figure 4G).

To test the enrichment of co-expressed modules in FS and HGG groups, the hdWGCNA (high dimensional

weighted gene co-expression network analysis)55,56 tool was employed. This analysis identified 11 co-expression

modules for fibroblast and myeloid cells enriched in FS and HGG compared to MS group (Figures S4A–S4C).

Each module was compared with previously identified 35 gene set. The pink module contained 91 genes

(including 97% genes from Figure 4E) representing co-existence of fibroblast and myeloid cells (Figures S4C
4 iScience 26, 107533, September 15, 2023
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Figure 3. Annexin signaling pathway enriched in FS and HGG groups

(A) Relative information flow of Annexin signaling pathway, ranked based on difference in the cumulative communication

probability within the inferred network across FS, HGG and MS groups, were illustrated in proportional stack bar graph.

Heatmap showing the comparison of ‘outgoing’ and ‘incoming’ signaling patterns associated with each cell population to

identify the signaling pathways/ligand-receptors across FS, HGG and MS groups.

(B) Gene expression profile of the signaling molecules, involved in Annexin signaling pathway, were shown as violin plots

(split by groups) across all the clusters, where 0 and 5 refers to fibroblast and myeloid cell clusters respectively.

(C) Protein-protein interaction (PPI) between Annexin1 and FPR1 in murine (C57BL/6) skin as indicated by proximity

ligation assay. Immunofluorescence (red) is PLA signal that shows protein-protein interactions between Annexin and FPR1

in full thickness skin obtained from fetal (E15.5) skin, adult skin and adult gingiva.

(D) Quantification of Annexin-FPR1 protein-protein interaction by ImageJ. Nuclei are shown stained blue with DAPI. n =

6,5.*p-value <0.05 (one-way ANOVA, followed by Tukey HSD post hoc test). Data represented as mean G SEM.
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Figure 4. Comparison of differentially expressed gene profiles identified in fibroblast and myeloid cell clusters

(A–C) (A) Distribution of identified clusters of cells with marked fibroblast and myeloid cell clusters were shown as tSNE plot. Venn diagram showing the

intersection of differentially expressed (high and low abundant) genes identified in FS and HGG groups compared to MS group (at adj. p value <0.01) for (B)

Fibroblast and (C) Myeloid cell clusters.

(D) Venn diagram showing the comparison of differentially expressed ‘common’ gene pool of the fibroblast (Fb) and myeloid cell clusters identified in both

FS and HGG groups.

(E–G) Violin plot showing the expression profile of ‘common’ gene pool (as color coded in panel D and labeled in panel E–G) across groups in fibroblast and

myeloid cells.
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and S4D). Regulon analysis using pySCENIC (python implementation for Single-Cell rEgulatory Network Infer-

ence and Clustering pipeline)57 identified 23 transcription factors significantly enriched (hypergeometric test,

p value <6.55e-02) for targeting the 91 aforementioned genes (Figure S4E).
Relatedness of myeloid cells and fibroblasts of FS and HGG with contrasting MS sub-branch

Analysis of Annexin signaling specifically between fibroblast and myeloid cells of FS and HGG employing

the ‘‘subset’’ module followed by re-clustering in Seurat identified (0–5) six subclusters (Figures 5A and
6 iScience 26, 107533, September 15, 2023



Figure 5. Pseudotime analysis of combined fibroblast and myeloid cell cluster in association with the annexin signaling pathway

(A) Fibroblast and myeloid cell clusters isolated from the original clusters (in Figure 4A) were illustrated as tSNE plot.

(B) UMAP plots showing the distribution of identified sub-clusters in pseudotime space resulting from the trajectory analysis using monocle3.

(C) UMAP plots showing the distribution of fibroblast (red) and myeloid cells (blue) in pseudotime space.

(D) UMAP plots showing the pseudotime trajectory of cells (‘Myeloid-Fb sub-branch for FS-HGG groups’ (top) selected for branchpoint analysis, starting

from myeloid cells subcluster 4 (of FS) to fibroblast subcluster 0 of HGG (bottom).
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Figure 5. Continued

(E) Venn diagram showing the comparison of pseudotime associated significant genes (at adj. p value <0.05), identified in the branchpoint analysis, with the

significantly upregulated genes of FS and HGG fibroblast clusters (in Figure 4B).

(F) Scatterplot showing the distribution of fibroblast (red) and myeloid cells (blue) along with hybrid expression of the common genes (y axis) with respect to

selected pseudotime (x axis) as above (in panel E).
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S5A). Based on the expression profile of signature genes,58–61 the identified subclusters were assigned as

three fibroblast and three myeloid cell subsets (Figure S5B). This approach identified subcluster 4, a macro-

phage subpopulation, as uniquely abundant in FS (Figure S5C). Interestingly, this myeloid subpopulation

was LYZlow indicating abundance of non-classical myeloid cells in FS (Figures S5B and S5C). In addition, this

myeloid subcluster 4 was high on SPP1 (Secreted Phosphoprotein 1, also known as Osteopontin) (Fig-

ure S5D). SPP1 is known to be a classical signature gene of fetal macrophages along with the other four

markers shown in Figure S5D.62 Annexin signaling, re-analyzed among these subsets using CellChat,

confirmed significant enrichment in FS and HGG groups (Figures S5E and S5F). Connectome, thus derived

using CellChat, further identified Fb subcluster 0 to be significantly in communication withmyeloid cell sub-

sets 3 and 4 in both FS and HGG groups but not in MS group. Likewise, the expression profile of signaling

molecules involved in Annexin signaling showed upregulation in FS and HGG groups across these subsets

complementing the previously established connectome (Figure 3). In addition, differential expression anal-

ysis identified the annotated fibrotic genes63–78 to be significantly abundant (adj. p value <0.01) in MS,

generally high across all fibroblast subtypes compared to FS (Figure S5G). This analysis leads to the infer-

ence that cellular heterogeneity is independent of scarring property in MS.

To understand the dynamics and regulators of cell fate decisions across all six subclusters, pseudo-tempo-

ral analysis was conducted using Monocle3.79 A differentially distributed pattern of these subclusters was

thus revealed (Figures 5B, 5C, and S6A). Pseudotime projection identified a dichotomous pattern of cells

with distinct sub-branching. Cells expressing SPP1, ANXA1, or FPR1 were projected on pseudotime trajec-

tory (Figure S6B). Based on FPR1 and SPP1 expression profiles (Figure S6B), the trajectory was further par-

titioned into two distinct myeloid-fibroblast sub-branches, one from FS-HGG (Figure 5D) and the other

from MS (Figure S6C). The FS-HGG sub-branch was uniquely distinct from that of MS by the prevalence

of SPP1-specific subcluster 4 in pseudotime (Figures 5B, 5D (bottom), and S6C).

The aforementioned sub-branches shared a prominent overlapping region of myeloid cells and fibroblasts

(Figures 5C and 5D (top), Figure S6C). Branchpoint analysis of the overlapped pseudotime trajectory iden-

tified 1,654 genes significantly associated with the FS-HGG sub-branch starting from sub-cluster 4 to cluster

0 (Figures 5B–5D; Table S9). These genes demonstrated hybrid expression levels in both fibroblast and

myeloid cells of which 40 genes were significantly high in both FS and HGG fibroblast compared toMS (Fig-

ure 5E; Table S10). Among these 40 genes, the top three highly expressing genes (log2 fold change >1.0,

adj. p value<0.01) were CCL2 (C-C motif chemokine ligand 2), COL3A1 (collagen 3A1), and LUM (lumican).

Each of these three genes was situated in subcluster 0 of both FS and HGG tissues. To decipher the func-

tional significance of these genes in the context of annexing signaling, analysis of interaction network was

run using STRING (Figure S6D). To test the significance of the aforementioned 40 genes in MS, the pseu-

dotime trajectory of this sub-branch was analyzed. Only a third of the genes were significantly associated

with the marked MS pseudotime space (Figures S6C and S6E; Table S11). Thus, FS and HGG are compa-

rable among themselves and in contrast with MS.

DISCUSSION

Mammalian wound healing shows diverse characteristics depending on the tissue context. The study of such

contextual differences in wound healing processes and outcomes can provide critical insight into the conditions

necessary to achieve favorable outcomes.9 Fetal and gingival cutaneous wounds display desirable regenerative

healing outcomes.10,54 In contrast, adult skin wound healing is often complicated andpresents undesirable scar-

ring outcomes.10,54 In fetal healing, the early-gestation repair takes place rapidly with little or no inflammation,

faster re-epithelialization, and no scarring.5,9,80 This phenomenon appears to be intrinsic to FS and independent

of the intrauterine environment.80Gingival tissue shares the scar-free healingpropertywith fetal tissue, unlikely in

MS.81Hence, investigation of this contrastingproperty in tissue context requires adeepunderstandingof cellular

composition in each tissue and the mechanism involved in wound healing.

Fibroblasts, critical drivers of tissue repair, are heterogeneous and a functionally diverse population of

cells.18,36,60,82–85 In the adult skin, a subpopulation of fibroblast contributes to the scarring
8 iScience 26, 107533, September 15, 2023
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phenotype.18,36,60,86,87 In the FS, fibroblasts play an active role in tissue repair, yet there is no scarring.88

Gingival tissue repair involves fibroblasts with limited scarring.89–92 HGG fibroblasts are undifferentiated cells

and serve as the main cellular constituent of gingival tissue and are embryo-like cells with the capacity of self-

renewal and clonogenicity.10,93 In this work, fibroblasts are recognized as a prominent cell cluster which is char-

acterized by the expression of fibroblast-specific signature genes. In FS, HGG, andMS, although the fibroblast

cluster is comparable in abundance, distinct transcriptomic diversity has been noted. DEGs, high in FS and

HGG fibroblasts compared to MS, were enriched for mitochondrial metabolic pathways. Such mitochondrial

distribution and functional activity are required for tissue repair and regeneration around the injured site.94–97

In the lungs, deficient mitochondrial function has been associated with fibrotic outcomes.98,99

Wehavepreviously reported that two-thirdof all fibroblasts in thegranulation tissueof a skinwoundareofmyeloid

origin.20 Wound-site macrophages convert to fibroblast-like cells. Broadly, myeloid cells are well known for their

robust intrinsic plasticity by virtue of which theymay assume a wide array of cellular state and fate to enable phys-

iological tissue repair and development.100 Interestingly, compared toMS, abundance of themyeloid cell cluster

washigh inFSandHGG.Previous studieshave shown that themetaboliccost of tissue repair is highand that under

conditions of limited oxidativemetabolismwounds acquire chronicity.101 Comparable to theobservation in fibro-

blasts, themyeloid cell cluster in FS andHGGwere differentially enriched inmitochondrial genes. Several studies

recognize active interplay between fibroblasts and myeloid cells in the repairing tissue.12,20,102 In this work,

CellChat analysis identified annexin signaling as a dominant pathway between myeloid cells and fibroblasts in

FS and HGG tissues but not in MS tissue. Specifically, FPR1high myeloid cells were identified as distinguishing

kernel for FS and HGG relative toMS. FPR stimulation is known to bolster mitochondrial activity and related bio-

energetics.103,104 Our identification of FPR1 as a differentiating factor for myeloid cells of FS and HGG origin is

consistent with a recent report on early-stage 10–17 weeks FS.105 scRNA-seq analysis of fluorescence-

activated cell sorting (FACS)-sorted cluster of differentiation (CD)45+ human FS cells identified the dominance

ofmonocytes (LYZhigh/LYVE1low/FPR1high) andmonocyte-macrophages (LYZlow/LYVE1low/FPR1high) in early-stage

FS (Table S12).105 In this work, fetal macrophages appear as an abundant myeloid cell subcluster 4 and are char-

acterized by FPR1high. In these cells, the elevated expression levels of SPP1 and other fetal macrophage markers

were noted. Pseudotime trajectory analysis assigned critical significance to this SPP1high myeloid cell subpopula-

tionas itmarks the transition fromFS toHGGtissues. Thepseudotime trajectoryoriginates from fetalmacrophage

subcluster 4 and extends to subcluster 0 representing HGG fibroblasts. The HGG fibroblasts at this pseudotime

space were characterized by high expression level of CCL2. Also known as monocyte chemoattractant protein 1

(MCP1), CCL2 exhibits chemotactic activity for monocytes and basophils. It can also augment fetal macrophage

function andphysiological collagendeposition.106,107 A significant role of CCL2 in achievingwoundclosure is well

documented.108–110 In summary, a comprehensivebioinformatic analysis of scRNA-seqdata fromhuman fetal and

adult tissues identifies Annexin1-FPR1 signaling as a major communication pathway responsible for a functional

relationship between myeloid cells and fibroblasts during tissue repair and regeneration.
Limitations of the study

Recognition of experimental limitations helps enhance rigor. First, the sample size for human FS scRNA-

seq data was small (n = 3). This limitation was partly offset by the inclusion of related murine datasets. Sec-

ond, this work was not powered to address sub-cellular compartments involved in tissue repair. The work

relied on digital deconvolution of single-cell data and on cell subset markers. It is anticipated that this issue

could eventually be resolved by exploring the signals at higher resolution using spatial transcriptomics and

other imaging techniques. Third, the approach to characterize relevant ANXA1-FPR1 signaling in human FS

was limited because of limited availability of human fetal tissue. The study of murine FS provides relevant

data. Finally, this work will benefit from follow-up validation studies under experimental conditions that

closely model the clinical conditions addressed.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Annexin A1(ANXA1) MYBIOSOURCE Cat#MBS7612792 RRID: N/A

Rabbit polyclonal anti-FPR1 Novus biologicals Cat#NBP2-47452 RRID: N/A

Duolink In Situ PLA Probe Anti-Rabbit PLUS Sigma-Aldrich Cat# DUO92002, RRID: AB_2810940)

Duolink In Situ PLA Probe Anti-Mouse MINUS

Antibody

Sigma-Aldrich Cat# DUO92004, RRID: AB_2713942

Biological samples

C57BL6 skin and gingiva samples The Jackson Laboratory RRID: IMSR_JAX:000664

Chemicals, peptides, and recombinant proteins

Duolink� In Situ Wash Buffers, Fluorescence Sigma-Aldrich DUO82049

Duolink� In Situ Detection Reagents Red Sigma-Aldrich DUO92008

Duolink� In Situ Mounting Medium with DAPI Sigma-Aldrich DUO82040

Experimental models: Organisms/strains

C57BL6 The Jackson Laboratory RRID: IMSR_JAX:000664

Recombinant DNA

FPR1 ORF(NM_013521) NovoPro labs Cat.#: 749474-1

Data source

Reitermaier et al.’s raw and processed scRNA-

seq data

Reitermaier et al.111 GSE156972

Williams et al.’s raw and processed scRNA-seq

data

Williams et al.112 GSE164241

Rojahn et al.’s raw and processed scRNA-seq

data

Rojahn et al.113 GSE153760

Rustagi et al.’s raw and processed scRNA-seq

data

Rustagi et al.32 GSE182208

Wang et al.’s raw and processed scRNA-seq

data

Wang et al.114 GSE158924

Gaydosik et al.’s raw and processed scRNA-

seq data

Gaydosik et al.115 GSE147944

Singh et al.’s raw and processed scRNA-seq

data

Singh et al.26 GSE176415

Software and algorithms

ImageJ Schneider et al.,46 Nature Methods https://imagej.nih.gov/ij/

Zen software Zeiss microscopy https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen-lite.html

Seurat https://satijalab.org/seurat/index.html Version 4.0.2

SingleCellExperiment https://bioconductor.org/packages/

release/bioc/html/SingleCellExperiment.html

Version 3.17

dplyr https://cran.r-project.org/web/

packages/dplyr/index.html

Version 1.1.2

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Matrix https://cran.r-project.org/web/

packages/Matrix/index.html

Version 1.6–0

ggplot2 https://cran.r-project.org/web/

packages/ggplot2/index.html

Version 3.4.2

hdf5r https://cran.r-project.org/web/

packages/hdf5r/index.html

Version 1.3.8

tidyverse https://cran.r-project.org/web/

packages/tidyverse/index.html

Version 2.0

sctransform https://cran.r-project.org/web/

packages/sctransform/index.html

Version 0.3.5

CellChat https://github.com/sqjin/CellChat Version 1.1.0

Monocle3 https://cole-trapnell-lab.github.io/

monocle3/

Version 1.2.9

patchwork https://cran.r-project.org/web/

packages/patchwork/index.html

Version 1.1.2

hdWGCNA https://smorabit.github.io/hdWGCNA/

index.html

Version 0.2.19

cowplot https://cran.r-project.org/web/

packages/cowplot/index.html

Version 1.1.1

WGCNA https://cran.r-project.org/web/

packages/WGCNA/index.html

Version 1.72–1

Harmony https://cran.r-project.org/web/

packages/harmony/index.html

Version 0.1.1

SCENIC https://github.com/aertslab/SCENIC Version 1.2.4

Others

Zeiss Axio Scan fluorescence microscope Zeiss microscopy https://www.zeiss.com/microscopy/en/

products/imaging-systems/axioscan-for-

biology.html
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RESOURCE AVAILABILITY

Lead contact

Additional information and requests for resources and reagents should be directed to and will be

completed by the lead contact, Chandan K. Sen (cksen@iu.edu; c.k.sen@pitt.edu).

Materials availability

This study did not generate any new raw data or unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d Source codes for entire data analysis are accessible via github link below: https://github.com/

RajneeshSrivastava/scRNA-skin-tissue-repair.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT

Animal model

For fetal (E15.5) skin collection, two E10 timed plug C57BL6 female mice (age 8 weeks) and age matched

two male mice were purchased from the Jackson Laboratory, Bar Harbor, ME. On E15.5 the pregnant
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females were euthanized by CO2 asphyxiation and embryos were removed to collect the fetal skin. Addi-

tionally, adult dorsal skin and gingival tissues were harvested from the parent females and adult males as

mentioned above. For wounding experiments, C57BL6 mice (male, 8-week-old) were purchased from the

Jackson Laboratory. All animal experiments were conducted in accordance with the US National Institutes

of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care

and Use Committee of Indiana University School of Medicine.

METHOD DETAILS

Data collection and processing

Single-cell RNA-seq data of healthy human fetal skin (FS),111 gingiva (HGG)112 and mature skin (MS)32,113–115

were downloaded frommultiple studies as documented in Table S1. Processed data available in.h5 or in split

formats viz. barcodes.tsv.gz, matrix.mtx.gz, features.tsv.gz were used in this study. We employed

Seurat32,116,117 (package in R) for integration and analysis of collected dataset. Briefly, we created Seurat ob-

jects for all the processed scRNA-seq dataset with cutoffs for min.cells = 3 andmin.features = 200. Further, we

computed the percent mitochondrial genes to ensure the 15% limit on cells with high mitochondrial RNA.

Quality filtering and normalization of each Seurat object was done using ‘SCT-transformation’118 module in

Seurat. These normalized Seurat objects were integrated using canonical correlation analysis (CCA) method

in Seurat. Further, clustering analysis was performed with resolution 0.25. Resulting cluster of cells were shown

in tSNE plot and the proportion of cells per tissue type were calculated. Also, cluster specific markers were

identified using ‘FindAllMarkers’ module in Seurat and parsed onto PanglaoDb29 to assign the cell types.

Differential expression and function enrichment analysis of fibroblast cluster

Fibroblast cluster was isolated from all the clusters using ‘subset’ module in Seurat. Differential expression

analysis between FS and MS fibroblast was performed using ‘FindMarkers’ module in Seurat with log2 fold

change threshold = 0.3, min.pct = 0.30 cutoffs and other default parameters. Wilcoxon rank-sum test was

used for significant testing. Genes, that were significantly high in FS fibroblast compared to MS-Fibroblast

at q-value%0.01 were analyzed for gene-gene association and function enrichment using STRING34 data-

base. Obtained gene association network was customized in Cytoscape119 to show the genes enriched for

major GO processes.

Cell-cell interactome analysis

Cells communicate with each other to provide the cellular identity. To investigate the cellular communica-

tion among the obtained clusters of cells in FS HGG and MS samples, we employed CellChat39 package in

R. Briefly, the obtained cell clusters (Seurat objects) were subset for FS, HGG and MS groups. Further,

CellChat object for each group was created using ‘createCellChat’ module of CellChat package in R.

For each CellChat object, the total interactions were computed and differential interactome between

each pair of groups were visualized using ‘netVisual_diffInteraction’ module of CellChat. Relative informa-

tion flow of the connectome for each group was investigated using ‘rankNet’ module and the signaling

pathways contributed by these interactions were visualized as stacked proportional barplot. Also, the

aggregated incoming and outgoing patterns for signaling pathways identified in each group’s connec-

tome across the original clusters was visualized as heatmap.

Comparison of the fibroblast and myeloid cell clusters and re-clustering analysis

We isolated the fibroblast and myeloid clusters from the original cluster of cells using ‘subset’ module in

Seurat. Differential expression analysis for comparisons i.e., FS vs. MS and HGG vs. MS was performed

as described previously and for both, fibroblast and myeloid cells separately. Differentially expressed

genes for each tested group were compared using venn diagram. Also, the common gene pool obtained

from each test were compared across fibroblast and myeloid clusters. Expression profile of common genes

upregulated in both FS and HGG with respect to MS were illustrated in violin plots. These combined cell

types were re-clustered using ‘RunPCA’ followed by ‘FindNeighbors’, ‘RunTSNE’ and ‘FindClusters’ (at res-

olution = 0.25) modules in Seurat. Obtained subclusters were visualized in tSNE plot.

Construction of co-expression modules using single cell data of fibroblast and myeloid cells

High dimensional scRNA data of isolated fibroblast and myeloid cells were used to construct the gene

expression modules using hdWGCNA.55,56 This tool employed bootstrapped aggregation (K-nearest

neighbors (KNN algorithm) to construct metacell, representing the aggregated transcriptomic profile
iScience 26, 107533, September 15, 2023 17
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from these datasets. ‘‘TestSoftPowers’’ function was utilized to inspect a soft power threshold for appro-

priate network topology of co-expression network. Further, gene-gene correlation network was con-

structed using ‘‘ConstructNetwork’’ function in hdWGCNA. A distinct network structures and sets of

gene modules was thus established and an unsupervised hierarchically clustered dendogram was gener-

ated using ‘‘PlotDendrogram’’ function. The expression patterns of co-expression modules were identified

by computing the module eigengenes (MEs) using ‘‘ModuleEigengenes’’ function of hdWGCNA. Module

hub genes (highly connected in the co-expression network) were ranked by eigengene-based connectivity

(kME) using ‘‘PlotKMEs’’ function. Each module was inspected for maximum coverage and overall expres-

sion patterns of co-expressed genes. Using pySCENIC57 the regulons of each co-expression module was

investigated.
Pseudotime analysis of combined fibroblast and myeloid cell subclusters

Obtained subclusters for combined fibroblast and myeloid cells were investigated for their sub-branch as-

sociation analysis across FS, HGG andMS usingMonocle3.79 Briefly, combined and re-clustered Seurat ob-

ject was stored as monocle object and processed using Monocle379,120 as instructed in their user manual

(https://cole-trapnell-lab.github.io/monocle3/docs/starting/). Obtained trajectories were used to inte-

grate the cell differentiation trajectories and their cell distribution across the pseudotime space. Pseudo-

time graph was examined and continued with the ordered cells at Uniform Manifold Approximation and

Projection for Dimension Reduction (UMAP)121 with minimum distance = 0.7 for further analysis. Based

on the distribution of ANXA1, FPR1 and SPP1 expressing cells and the connected trajectories in the pseu-

dotime space, subset cells were chosen and then projected as an input for regression analysis in R. Genes

significantly associated with pseudotime (q-value<0.05) and expressed in atleast 100 combined fibroblast

and myeloid cells were considered for downstream analysis. Significant genes for selected pseudotime

were dissected with the differential expression profiles of FS and HGG groups using Venn diagram. Iden-

tified common genes were further investigated for their hybrid expression pattern in selected pseudotime

space across the Fb and myeloid cells using ‘plot_genes_in_pseudotime’ module of Monocle3.
TNT2.0 and murine wound experiments

Excisional splinted wounds (6 mm in diameter) were created on the dorsal skin of C57BL6 as previously

described by our group.24 Briefly, the dorsal side of the mice was naired and cleaned using betadine un-

der anesthesia. Two 6-mm–diameter full-thickness (skin and panniculus carnosus) excisional wounds were

made on the dorsal skin with a 6-mm disposable biopsy punch. A donut-shaped splint with an 8-mm in-

ner diameter was made from an 0.5-mm–thick silicone sheet (Grace BioLaboratories, Bend, OR) and

placed on the wound using an immediate-bonding adhesive, followed by interrupted 5-0 nylon sutures

(Ethicon, Somerville, NJ), such that the wound was centered within the splint. The wound was covered

with semiocclusive dressing (Tegaderm; 3M, St. Paul, MN). The animals were euthanized at specific times

by CO2 asphyxiation, and wound tissues were harvested for molecular and histological analysis. In vivo

TNT2.0 was performed as described previously with a modification in the chip design.50–53 The hollow

microneedle array was fabricated on a double side polished silicon wafer using a standard semicon-

ductor process in a cleanroom environment. The wafer was then transferred to another plasma etching

system to perform a deep Si etching called the Bosch process, a common semiconductor process to

achieve a vertical etching profile with a high aspect ratio until the hollow microneedles were connected

to the reservoirs so that the cargo or the plasmid DNA fluid could freely flow from the reservoir to the

hollow microchannel. When an electric pulse was applied between the TNT chip and the tissue, the

negatively charged plasma DNA would travel from the reservoir to nearby target cells by electrophoresis

and enter them by electroporation.50–53
Proximity ligation assay

The proximity of ANXA1 and FPR1 was quantified using PLA (Duolink) that allows the observation of pro-

tein-protein interactions. The signal is generated only if the proteins of interest are located within 40nm,

therefore detecting interaction.122 To estimate the PLA signals, the paraffin embedded tissue sections

(10 mm) were deparaffinized and processed for PLA analysis as per manufacturer’s instructions (Millipore

Sigma, USA). Images were collected using a Zeiss Axio Scan fluorescence microscope guided by Zen soft-

ware (Zeiss).123 The image data was analyzed for the mean fluorescence intensity of the PLA signals using

ImageJ.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were performed using the Seurat, monocle, CellChat and other pack-

ages (See method details) in R. Level of significance of adj. p value per analysis were as indicated with each

result or figure legend. Respective figures were generated in R, excel and cytoscape software wherever

applicable.
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