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Abstract
Background: The crucial role of macrophages in the healing of chronic diabetic wounds is widely known,
but previous in vitro classi�cation and marker genes of macrophages may not be fully applicable to cells
in the microenvironment of chronic wounds. The heterogeneity of macrophages was studied and
classi�ed at the single-cell level in a chronic wound model.

Results: We performed single-cell sequencing of CD45+ immune cells within the wound edge and
obtained 17 clusters of cells, including 4 clusters of macrophages. One of these clusters is a previously
undescribed population of macrophages possessing osteoclast gene expression, for which analysis of
differential genes revealed possible functions. We also analysed the differences in gene expression
between groups of macrophages in the control and diabetic wound groups at different sampling times.

Conclusions: we described the differentiation pro�le of mononuclear macrophages, which has provided
an important reference for the study of immune-related mechanisms in diabetic chronic wounds.

Background
The clinical treatments for chronic wound remain ineffective, and the dramatic increase in healthcare
costs has created a heavy �nancial strain, with total US Medicare treatment costs for trauma-related care
ranging from $28.1 to $96.8 billion in 2018 statistics, in which diabetic ulcers and surgical trauma were
the most costly[1]. From the 2017–2020 US reported statistics, the 5-year survival rate for diabetic foot
was 30.5%, which was similar to the 5-year survival rate for cancer combined of 31%, while in terms of
care, diabetes care was more expensive, and a signi�cant amount of funding was consumed for lower
extremity care[2]. The ageing population has a high prevalence of chronic wound, and ageing is
becoming an important worldwide healthcare and demographic issue[3]. Projections indicate that in
2050, there will be more older people aged 60 years or older than adolescents aged 10–24 years (2.1
billion versus 2 billion)[4]. The global market for advanced wound care is expected to reach US$18.7
billion by 2027, growing at a compound annual growth rate (CAGR) of 6.6% during the analysis period
2020–2027[5]. Diabetic patients and obese individuals are at high risk of chronic wounds. Chronic
in�ammation is also an important cause of chronic wound in diabetes due to the long-term effects of
high sugar and free fatty acids, which lead to a chronic in�ammatory state in a variety of tissues. Chronic
in�ammation in diabetes can be manifested by the recruitment of immune cells such as macrophages
and neutrophils to tissues and the release of proin�ammatory cytokines[6]. The current classi�cation of
macrophages as an important part of immune cells has revealed some differences in vitro and in vivo,
and the previous markers for typing these cells are not well suited for the current study[7]. Single-cell
sequencing, a new technology that has emerged in recent years[8], provides a way to classify and
functionally study cell populations in speci�c microenvironments independent of prior experience[9, 10].
Using the 10X genomics single-cell platform[11, 12], we performed unbiased analysis of CD45+ immune
cells from the skin of STZ-induced C57BL/6J mice and wild-type mice in a whole skin wound model to
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discover the distribution of the different populations of immune cells, as well as the genetic pro�le of
trauma-associated macrophages and analysed their temporal genetic differences.

Materials And Methods
Animals

In this study, male C57BL/6J mice (n = 60) weighing 20–25 g were used. All experimental protocols were
approved by the ethics committee of Shandong Qianfoshan Hospital, Shandong University, and all
experiments were performed according to the approved protocols. Mice were housed under controlled
temperature (26 ± 1.5°C) and humidity (60% ± 5) with a 12-h light/dark schedule.

Development of the diabetic mouse model

Streptozotocin (120 mg/kg, Sigma-Aldrich, USA, S0130) was administered to 4-week-old C57BL6J mice
after 12 h of fasting. Blood glucose was measured after 7 days of stabilization, and mice with glucose
levels ≥16.5 mmol/L (300 mg/dL) were considered diabetic and were used for the operation.

Wound sampling

Diabetic mice (n=20) and control mice (n=20) were anaesthetized with iso�urane inhalation, and then the
hair on the back was removed to create a full skin wound 5 mm in diameter, which was observed daily.
The mice were sacri�ced on day 1, day 3, day 5 and day 7, and wound tissue was obtained.

Preparation of single-cell suspensions

The digestion solution was composed of collagenase II (3.5 mg/mL, Solarbio, China), DNase I (0.02
mg/mL, Solarbio, China), hyaluronidase (30 U/mL, Solarbio, China), 5% FBS-1640 (Gibco, USA), and
DPBS (Gibco, USA). Samples were washed, the digestion solution was added to the tissue, and the tissue
was cut and incubated at 37°C for 1 h. The digestion solution was passed through a 40-µm cell strainer
and then centrifuged at 500 x g for 5 min. The reaction was terminated by adding erythrocyte lysate for 5
min and centrifuging twice at 300 x g for 5 min.

Flow sorting

A portion of the cell suspension was centrifuged at 300 x g for 5 min. One hundred microlitres of wash
solution was used to resuspend the cell precipitate, 2 µL of APC anti-mouse CD45 antibody (BioLegend,
USA) was added for every 1E6 cells according to the total number of cells, and the mixture was incubated
at 4°C and protected from light for a total incubation time of 30 min. At 15 min of incubation time, 1 µL of
calcein AM (BD, USA) was added for every 100 µL of cell suspension. After incubation, the cells were
washed twice by centrifugation at 300 x g for 5 min; the supernatant was discarded, and the cells were
resuspended and mixed with the appropriate amount of washing solution. A small amount of the
suspension was stained with AO/PI, and the number of cells sorted, the cell viability and the clumping
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rate were recorded; the cells were centrifuged at 300 x g for 5 min and resuspended in sample buffer for
BD quality control.

Single-cell RNA-sequencing (scRNA-seq)

The scRNA-seq libraries were prepared according to the protocol of the Chromium Single-cell 3′ Reagent
V3 Kit manufacturer (10× Genomics). Single-cell suspensions were then added to the Chromium Single-
Cell Controller Instrument (10× Genomics) to generate single-cell gel bead emulsions (GEMs). Finally,
these libraries were sequenced on an Illumina sequencing platform (HiSeq X Ten), and 150-bp paired-end
reads were obtained. In the above process, each mRNA is randomly ligated with a unique molecular
identi�er (UMI) after reverse transcription, by which the number of mRNAs can be counted.

Data analysis

The main tools and R packages used or bioinformatic analysis are Cell Ranger (Version 3.0.0), Seurat
(Version 4.0.3), Monocle (Version 2.20.0), clusterPro�ler (Version 4.0.2), and ggplot2 (Version 3.3.5).

Results
We performed scRNA-seq on CD45+ cells gathered from wound tissue obtained from wild-type and STZ-
induced diabetic C57BL/6J mice (Fig. 1a). Four time points were selected for sampling (1, 3, 5, and 7
days). The single-cell data of the obtained samples were normalized by excluding low-quality cells to
eliminate batch effects, and data from a total of 9240 cells were obtained. Principal component analysis
(PCA) was performed, and the results were plotted with t-stochastic neighbour embedding (t-SNE)
downscaled to show the distribution of cells from different sample sources in the overall data (Fig. 1b),
along with the gene expression level of all single cells and the number of their UMI expressed (Fig. 1c).

QC cell data were unbiased using the Seraut package, and gene expression data from cells extracted
from both conditions were aligned and projected in a 2D space through t-SNE to allow identi�cation of
overlapping and diabetic wound-associated immune cell populations. A total of 17 cell clusters were
obtained, except for low-quality cells, which have a high preponderance of mitochondrial genes (Fig. 2a).
We mapped the heat map of major marker genes in all populations. (Fig. 2b) The cell populations
obtained were 4 clusters of neutrophils (cluster 0, cluster 1, cluster 3 and cluster 12, with marker genes
Ptprc, S100a8, s100a9, Csf3r, Cxcr2, and Lrg1); 2 clusters of monocytes (cluster 6 and cluster 8, with
marker genes Ly6c2, Vcan, and Fn1); 3 clusters of macrophages (cluster 2, cluster 4, and cluster 9, with
marker genes C1qa and Mrc1); 2 clusters of DC cells (cluster 5 and cluster 13, with marker genes Ccr7,
Mgl2, Ccl22 Cd209a, and Fscn1), 1 cluster of NK cells (cluster 14, with marker genes Cd3d-, Xcl1, and
Ncr1); 1 cluster of T cells (cluster 7, with the main marker genes Cd3d, Cd3e, Cd3g, and Trac); 1 cluster of
mast cells (cluster 16, with the main marker genes Ms4a2, Cpa3, Gata2, and Tpsb2); 1 cluster of
�broblasts (cluster 17, with the main marker genes Col1a1 and Dcn); and 1 cluster of cells not previously
described (cluster 11), with the main marker genes Acp5, Ctsk, Mmp9, Top2a, and Mki67, which are noted
in the literature as marker genes for osteoclasts (Fig. 2c).
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To characterize cluster 11 as a speci�c group of immune cells, we mapped the top 20 marker genes on a
violin plot (Fig. 3a) and performed GO functional enrichment analysis of the marker genes. The genes
that were highly expressed were the osteoclast-associated genes Ctsk and Acp5; the adipose tissue-
associated genes Hmgn1, Ranbp1 and Lpl; and the macrophage-associated genes Tsc22d1 and Banf1.
The cycling basal cell-related genes Stmn1, Top2a, Ube2c, Pclaf, and Birc5 suggest that this group of
cells may be a previously undescribed type of skin-resident macrophage. The GO functional enrichment
analysis results showed that the gene functions were mainly related to translation, RNA splicing, mRNA
processing, rRNA processing, oxidation-reduction process, translational initiation tricarboxylic acid cycle,
cell cycle, protein folding, transport, etc. (Fig. 3b)

We further compared the gene expression differences between cluster 11 and all other macrophages
(cluster 2, cluster 4, and cluster 9). A total of 230 genes were upregulated and 205 genes were
downregulated in cluster 11 compared to the other macrophage populations (Fig. 3c). GO enrichment of
the differential genes showed that upregulated genes were enriched in tissue remodeling, skeletal system
development, multicellular organismal homeostasis, cation transmembrane transport, cation transport,
collagen metabolic process, bone resorption, bone remodeling, porton transmembrane transport, and
tissue homeostasis (Fig. 3d). Biological functions of the downregulated genes are enriched in defense
response, immune response, in�ammatory response, response to bacterium, leukocyte migration, myeloid
leukocyte migration, cell chemotaxis, granulocyte migration, neutrophil migration, and granulocyte
chemotaxis (Fig. 3e).

We observed that the differentially expressed genes in cluster 11 were enriched in multiple metabolic
pathways, and we generated a metabolism heatmap for all cell populations. The gene metabolism
patterns of cluster 11 were high enriched in one-carbon pool by folate, vitamin B6 metabolism, lipoic acid
metabolism, synthesis and degradation of ketone bodies, citrate cycle, oxidative phosphorylation, 2-
oxocarboxylic acid metabolism, carbon metabolism, pyruvate metabolism, fatty acid biosynthesis, and
cysteine and methionine metabolism. Among the remaining macrophage populations, cluster 4 and
cluster 9 showed some similarity in gene metabolism patterns and differed signi�cantly from cluster 2.
The similarities between cluster 4 and cluster 9 were mainly enriched in caffeine metabolism,
glycosphingolipid biosynthesis – globo and isoglobo series, sphingolipid metabolism, other glycan
degradation, glycosaminoglycan degradation, ascorbate and aldarate metabolism, and glycosphingolipid
biosynthesis – ganglio series (Fig. 4a).

The violin plots for the marker genes expressed in cluster 2, cluster 4, and cluster 9 showed that cluster 4
expressed genes that were similar to those previously de�ned as “M2 macrophages” (Mrc1 and cd163).
Cluster 2 had more proin�ammatory genes, and the genes cd74, tnsf9, tnsf12, and tnsf12a were highly
expressed.Gene expression of Gpnmb,Pf4,Lpl,Cd36,Apoe were found more signi�cant in cluster9. Fig.
4b,4c,4d

The phenotypic changes and overall proportional changes in macrophages in the two different
subgroups are also an important part of our understanding of their mechanisms. Thus, we counted the



Page 7/25

proportional changes in the macrophage populations in the two experimental groups at different
sampling times, and the proportion of the cluster 11 cell population increased in the early stage (day 1–
day 3) in both the diabetic wound group and the control group, but unlike the diabetic wound group, the
proportion of this cell population in the control group increased consistently (1.26%) on day 5 and was
much higher than that in the diabetic wound group (0.08%) and decreased (0.28%) on day 7, but the
proportion was still higher than that of the diabetic group (0.08%) (Fig. 5A). The proportion of Cluster 2
cells was higher in diabetic groups on day 1(0.85% verses 0.41%), with similar trends in cell proportions
within both groups. After day 3 the proportion of cluster2 cells was higher in the control wound group
than in the diabetic wound group (1.42% verses 0.73%). Cluster 4 showed a gradual increase in the
proportion of cells in the diabetic wound group, except on day 5. In the control group, however, a much
higher increase was observed on day 5 (3.14%) and day 7 (8.09%) than that in the diabetic group. A peak
in the proportion of cluster 9 was observed in the diabetic group (1.07%) at an earlier time point (on day
3) than in the control group (1.22% on day 5) (Fig. 5B).

It is well known that the immune environment of the diabetic group differs from that of the normal group,
so the speci�c differences in the macrophage population at different time points are of interest to us. In
the next step, we performed GO enrichment analysis of the differential genes and found that the
differences in the biological functions between the two groups with respect to cluster 11 on day 3 were
mainly enriched in immune system process, response to external stimulus, regulation of immune system
process, regulation of neuron death, defence response to bacterium, and cellular response to oxidative
stress (Fig. 5C). The biological functions of the downregulated genes in cluster 11 on day 5 in the
diabetes group were enriched in positive regulation of protein modi�cation process, positive regulation of
cell communication, positive regulation of protein phosphorylation, positive regulation of phosphorus
metabolic process, negative regulation of cell death, and blood vessel morphogenesis (Fig. 5D).

KEGG analysis of the day 3 differentially expressed genes corresponded to rheumatoid arthritis, lipid and
atherosclerosis, and the Toll-like receptor signalling pathway (Fig. 5E). The day 7 upregulated genes in the
diabetes group corresponded to type I diabetes and Th17 cell differentiation (Fig. 5F).

GO analysis of the differential genes in cluster 2 at day 3 in two wound groups showed enrichment of
biological functions in response to stress, defence response, response to external stimulus, response to
external biotic stimulus, response to other organism, response to biotic stimulus, interspecies interaction
between organisms, response to bacterium, immune response, in�ammatory response, and defence
response to other organism. Downregulated gene functions in the diabetic group were enriched in
cytokine production and regulation of cytokine production (Supplementary 1).

KEGG analysis showed differential gene enrichment in the cholesterol metabolism pathway, which was
downregulated by day 5 in the diabetes group (Supplementary 1).

The biological functions of the cluster 4 differentially expressed genes on day 1 were enriched in positive
regulation of developmental process, regulation of apoptotic signalling pathway, negative regulation of
apoptotic signalling pathway, interleukin-1 beta production, and interleukin-1 production. The day 3
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differential genes were enriched in response to external stimulus, defence response, interspecies
interaction between organisms, response to external biotic stimulus, response to other organism, and
in�ammatory response (Supplementary 2). The biological functions of the upregulated genes at day 5 in
the diabetic group were enriched in response to external biotic stimulus, response to other organism,
response to biotic stimulus, interspecies interaction between organisms, innate immune response,
defence response to other organism, and response to lipopolysaccharide (Fig. 5G).

The KEGG enriched differential gene pathways on day 5 were autoimmune thyroid disease, allograft
rejection, graft-versus-host disease, type 1 diabetes mellitus, antigen processing and presentation,
systemic lupus erythematosus, Staphylococcus aureus infection, and viral myocarditis (Fig. 5H).

The downregulated genes in cluster 9 in the diabetes group on day 1 were enriched in response to
external biotic stimulus, response to other organism, response to biotic stimulus, defence response
(Supplementary 3). The downregulated genes at day 3 were functionally enriched in tissue development,
leukocyte differentiation, blood vessel development, vasculature development, cellular response to growth
factor stimulus, and response to growth factor positive regulation of endothelial cell proliferation. The
upregulated gene functions on day 5 were enriched in positive regulation of response to external
stimulus, regulation of hydrolase activity, granulocyte chemotaxis, granulocyte migration, regulation of
peptidase activity, myeloid leukocyte migration, and leukocyte chemotaxis (Supplementary 3). The
downregulated genes at day 7 were enriched in biological functions including response to abiotic
stimulus, cellular response to stress, positive regulation of pri-miRNA transcription by RNA polymerase II,
and positive regulation of neuron death (Supplementary 3).

The KEGG analysis showed that the downregulated genes at day 3 were involved in the MAPK signalling
pathway, relaxin signalling pathway, chemical carcinogenesis-receptor activation, and rheumatoid
arthritis. The downregulated genes at day 7 were enriched in the oestrogen signalling pathway, measles,
MAPK signalling pathway, lipid and atherosclerosis, prion disease, human T-cell leukaemia virus 1
infection, endocrine resistance, and antigen processing and presentation (Supplementary 3).

Monocytes can differentiate into macrophages during the immune process, and macrophages have rich
phenotypic diversity and perform different functions at different times during wound healing. We
performed a chronological analysis of the observed mononuclear macrophage population and the cells in
the diabetic and normal trauma groups could be classi�ed into 11 states (Fig. 6A, 6B). According to the
pseudotime analysis (Fig. 6C, 6D), cluster 6 and cluster 8 were predominantly found in the early states,
followed by cluster 2, and cluster 4 and cluster 9 were found in large numbers at later time points. In the
diabetic wound group, a large number of cluster 4 cells were observed in only one state, whereas in the
control group, cluster 4 cell aggregates were observed in several states. In contrast, in the diabetic group,
cluster 2 was observed within multiple stages of differentiation (Fig. 6E, 6F). This �nding suggests that
within the diabetic group, cell differentiation was more towards cluster 2, whereas in the control group,
more branches were differentiated into cluster 4, and the greatest number of cluster 4 aggregates could
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be seen in the diabetic group with a branch point of 3 compared to 1 in the control group, leading us to
more closely analyse the differential gene expression patterns of the two trajectory branches.

In branch 1 of the control group and branch 3 of the diabetic group, a pattern of differential expression
consisting of the grouping of genes with a reduction in the differentiation pathway towards cluster 4 and
an elevation of the differentiation pathway towards cluster 2 can be observed, with such a pattern seen in
branch3 of the diabetic group for Acod1, Slc7a11, il1a, spp1, Ccdc71l, Tnbs1, F10, Ptgs2, Chil3, Met, and
Cxcl3 (Fig.6G).  In the control group, there were Tgfbi, cd52, plac8, I�2712a, plbd1, lmnb1, gpr132, lsp1,
ly6a, ccr2, and cytip in branch1 (Fig.6H). No crossover genes were found, suggesting that the polarization
patterns of macrophages in the control and diabetic group may be quite different.

Discussion
Using single-cell sequencing unbiased analysis, we described immune cell populations within the wound-
associated cells of STZ-induced diabetic and normal mice and de�ned a population of macrophages
expressing osteoclast cell marker genes. The proportion of cd45+ immune cells within the skin was also
found to vary between populations at different time points. We proximally analysed the differences in
gene expression in macrophage populations at different sampling points and found evidence of temporal
variation in the effects of immune dysfunction on wound healing in diabetic mice. The differences in the
developmental differentiation trajectory of mononuclear macrophages were also analysed to describe
speci�c differential genes at the macrophage differentiation and polarization branching points.

Our wound-associated macrophage pro�le yielded three classes of macrophages, with cluster 2
macrophages expressing the cd74, tnfsf9, tnfsf12, and tnfrsf12a genes, suggesting their potential for
proin�ammatory function. Cd74 is a high a�nity receptor on the cell membrane that binds macrophage
migration inhibitory factor (MIF)[13] The interaction of MIF with CD74 can occur at an early stage as a
manifestation of the cellular response to injury. CD74 is involved in numerous in�ammatory-related
disease processes, and recent studies in in�ammatory bowel disease (IBD) have shown a strong
association between CD74 polymorphisms and the failure of anti-TNF therapy in patients with ulcerative
colitis[14]. In a mouse model of experimental ischaemia-reperfusion injury, renal tubular injury was more
severe in MIF, MIF-2 and CD74 knockout mice than in wild-type control mice[15], and the autoimmune
disease systemic lupus erythematosus (SLE) can cause renal in�ammation known as lupus nephritis[16].
In mouse models of SLE, researchers have observed elevated levels of CD74 expression in B
lymphocytes, and elevated MIF has been demonstrated in lupus-prone strains of mice. Inhibition of MIF
and knockdown of CD74 protect against glomerulonephritis in lupus-susceptible mice[17, 18]. CD74 has
been less well reported in skin tissue injury, but there is previous evidence in early animal skin injury
models that MIF-CD74 promotes the proliferation and migration of keratinocytes at the trabecular
margin[19]. In our experiments, KEGG pathway enrichment analysis suggested that the difference in the
LPL gene expression between the wound groups at day 5 was related to the cholesterol metabolic
pathway, perhaps leading to a greater response to in�ammation in the diabetic wound group than in the
control group. Tests of macrophage depletion in wounds at different time points have also shown that
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early depletion of macrophage populations signi�cantly contributed to delayed wound healing but could
attenuate late scar formation[20]. This �nding suggests that CD74+ immune cells may have different
roles within different tissues and in different immune settings. In our present results, CD74high
macrophages were observed in the early stages in both groups of samples, with the normal group having
a lower responsiveness than the diabetic group on the �rst day and a higher overall proportion in the
normal group at the later stages. This group of macrophages was also observed to express Tgfbi. As
CD74high macrophages appear at an early stage as a high proportion of the macrophages, it remains to
be investigated whether modulation of CD74 expression can in�uence scar formation.

Cluster 4 cells expressed the mrc1-cd206, il-10, cd163 and cbr2 genes, with gene expression patterns
similar to those traditionally described for M2 macrophages, while cluster 4 cells also expressed the
F13a1, lyve1, and gas6 resident-like macrophage genes[21, 22]. Notably, when comparing the differences
in gene expression between cluster 4 cells from the diabetic and normal wounds, the diabetic group was
found to express higher levels of Lyve1, while the normal group expressed higher levels of ccr2,
suggesting that this group of cells with the M2 cell gene signature may have origins in both monocyte
recruitment and resident macrophages[23]. In our experiments, the distribution of M2-like macrophages in
both groups was much higher in the control group than in the diabetic group, suggesting that the normal
group included resident macrophages and more differentiated monocytes recruited from the blood,
whereas the M2-like macrophages in the diabetic group were more dependent on their own resident
macrophages. A comparative analysis of the gene differences between the two groups at different time
points showed that the expression of il-1 was promoted at an early stage in the diabetic group, and later,
the diabetic group had a higher level of in�ammatory response and defence function than the normal
group. In contrast, in the normal group, the differential gene expression in the early phase was mainly
enriched in the functions of proliferation and apoptosis regulation. Higher cd163 expression was
observed in the diabetic group than in the normal group at both day 3 and day 7. It has also been
suggested that sCD163 is higher in type 2 diabetes patients than in healthy individuals[24]. These results
may suggest that the elevated feedback appearance of cd163 as an anti-in�ammatory gene in
macrophages is one of the protective mechanisms promoting wound repair in the diabetic group. The
KEGG pathway analysis of the day 5 differential genes showed enrichment in type 1 diabetes and several
pathways associated with autoimmune diseases in both groups, suggesting that immune disorders in
diabetic patients are more prevalent in this group of macrophages.

Cluster 9 cells are highly similar to cluster 4 in their M2-like macrophage gene expression pro�le, with the
difference being that cluster 9 is highly Gpnmb-expressing, and in tumour-related studies, the tumour-
promoting role of myeloid cells is associated with Gpnmb, which can promote cancer cell survival, cancer
stem cell expansion and metastatic phenotype acquisition via IL-33[25]. This ability to promote stemness
was transduced in skin injury to promote stem cell proliferation and repair capacity in the skin, and
transplantation of GPNMB-expressing macrophages improved skin healing in GPNMB-mutant mice.
Furthermore, topical treatment with recombinant GPNMB restored mesenchymal stem cell recruitment,
prompted polarization of wound macrophages towards anti-in�ammatory M2 macrophages, and
accelerated wound closure in diabetic skin[26]. It remains to be determined whether this group of cells
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appearing in a higher abundance at the peak of the proportion of diabetic wounds (day 3) but at a lower
level than that in the control group afterwards is the result of some in�ammatory in�uence that hinders
the proliferation and expression of this group of cells in the mid-term. Our results show that among the
enriched GO biological functions of the differentially expressed genes in cluster 9 on day 3, the functions
of the downregulated genes are associated with tissue repair, angiogenesis and development and cellular
response to growth factors. It has been demonstrated that Junb knockout mice can develop normally, but
a lack of Junb under wound conditions results in excessive epidermal skin proliferation and a delayed
in�ammatory disorder remodelling phase[27]. Nr4a1, a monocyte transition gene, has been shown to
have an important role in genetic models and in the differentiation of monocytes/macrophages in the
mouse intestine[28]. KEGG enrichment analysis suggests that the MAPK pathway may play a regulatory
role in the proliferation and differentiation of this group of cells. According to the differential analysis, the
elevated Gpnmb-high macrophage Tgfbi, IL10, and CD163 expression in the diabetic wound group on day
5 and day 7 may be a result of a delayed repair phase compared to the control group.

Osteoclast macrophages (cluster 11) are an interesting group of cells with high expression of the
osteoclast-associated genes Ctsk and Acp5; the adipose tissue-associated genes Hmgn1, Ranbp1, and
Lpl; the macrophage-associated genes Tsc22d1 and Banf1; and the cycling basal cell-associated genes
Stmn1, Top2a, Ube2c, Pclaf, and Birc5. Under physiological conditions, macrophages and osteoclasts are
part of the outcome of monocyte differentiation, and the main determinants of osteoclast production are
the relative concentrations of CSF-1, RANKL and osteoprotegerin (OPG; TNF receptor superfamily member
11B)[29, 30]. In vitro stimulation of RAW264.7 macrophages with RANKL can result in osteoclasts[31][32].
Advanced glycation end products (AGEs) in the diabetic state can affect the expression of bone
metabolism proteins[33]. Increased reactive oxygen species in diabetes can also affect the balance
between osteoclasts and osteoblasts, leading to osteoporosis[34]. Chronic in�ammatory skin diseases
such as atopic dermatitis (AD) and psoriasis vulgaris (Pso) are associated with osteoporosis[35, 36].
Secondary osteoporosis occurs in a transgenic model of spontaneous dermatitis[37]. All of this evidence
suggests that an increase in osteoclasts occurs in response to a strong in�ammatory response and
stimulation by proin�ammatory factors. However, in our study, the proportion of macrophages with
osteoclast markers was lower in diabetic mouse wounds with enhanced in�ammatory responses,
suggesting that, unlike the mechanism of cutaneous in�ammation leading to arthritis and osteoporosis,
this may be a localized form of cell differentiation speci�c to the skin.

Human bone, epidermis and hair are all lifelong renewable tissues, and perhaps due to this similarity,
except for the role of NF-κB receptor activator (RANK) in osteogenesis and resorption, mice lacking RANK
ligand (RANKL) are unable to initiate a new growth phase of the hair cycle and display stalled epidermal
homeostasis. RANKL can be expressed in the skin by activated interfollicular epidermis[38], and RANK-
RANKL regulates hair renewal and epidermal homeostasis and provides a communication channel
between these two activities[39]. This regulatory ligand for long-term self-renewal may be responsible for
the generation of our group of osteoclast-like macrophages. The metabolic pathways and differential
gene enrichment results of this group of cells also suggest that they have a strong biosynthetic and
metabolic capacity and that the response of this group is stronger in normal wounds, suggesting that
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perhaps this class of skin-speci�c macrophages contributes to normal skin homeostasis and repair after
damage.

There are still some limitations to this study. The time points chosen for this study are based on previous
studies and animal studies and are still somewhat intermittent, as there may be speci�c peaks in immune
cell changes and microenvironmental regulation that do not necessarily occur at the times we chose. The
study was conducted at the transcriptional level only and did not include other factors that may affect
macrophage function.

These macrophages vary in type and temporal characteristics, and the classical de�nitions describing the
markers and classi�cations of classically activated macrophages and alternative activated
macrophages, or M1 and M2 cells, do not seem to match the descriptions exactly. These results suggest
that in vitro studies of immune cells with a single factor and a small number of markers may not
accurately model the in vivo environment, especially when analysing the differences in their temporal
patterns. More precise gene pro�ling of cells in vivo and improvements in the way in which they are
tracked in vivo may better enable us to identify new immune regulatory mechanisms and therapeutic
targets.

Conclusion
In summary, we characterized the genetic pro�le of macrophage populations in wounds of diabetic and
normal mice by single-cell sequencing and identi�ed a population of macrophages with osteoclast-like
gene expression, presumably associated with skin renewal and repair responses. We described the
genetic differences between the different cell populations in the wounds of the two groups according to
chronological order, providing a closer look into speci�c processes. Some targets are important as
reference makers for macrophages in the �eld of wound repair.
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Figure 1

F1 scRNA-seq analysis reveals a dynamic immune landscape in STZ-induced diabetic mouse wounds.
(A) Experimental design. Single cell were collected from day1,day3,day5,day7,along wound healing. (B) A
t-distributed stochastic neighbour embedding (t-SNE) visualization of all cells displayed with different
colours for samples. (C) t-SNE visualization of the gene expression of each cell. (D) t-SNE visualization of
the UMI expression of each cell.
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Figure 2

scRNA-seq based identi�cation of STZ-induced diabetic mouse wounds immune cell populations. (A) t-
SNE visualization of 9240 single cells, colour-coded by assigned cell type (B) Heat map of all clusters top
20 upregulated marker gene . Shades of colour indicate high or low gene expression, with yellow being
high expression and dark red being low expression. (C) Distribution of the top 20 genes in cluster 11 in all
cells. Red color indicate high gene expression.
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Figure 3

Gene expression characteristics and biological function analysis of cluster 11 and the gene expression
differences compared with other macrophages. (A) Violin plot view cluster11 top 20 marker gene
demonstrating overall gene expression. The number of identity is the same of clusters. (B) GO histogram
analysis results of cluster11 marker gene: Biological Process(BP),Molecular (MF), Cellular
Component(CC). Coordinate axis Y: Go-Term entry name,Coordinate axis X: -log10 (P-Value). Red for
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signi�cant entries, blue for non-signi�cant entries. (C) Volcano plot view for the gene expression
difference between cluster11 and other macrophages(cluster2,4,9).Coordinate axis Y: -log10(P-Value),
axis X:avg_log2FC.X<-1 use pink color as down expression, X>1 use blue color as up expression. (D) GO
analysis up regulated and down regulated gene(E) of cluster11: Biological Process, Coordinate axis Y: Go-
Term entry name,Coordinate axis X: Gene Ratio. Colors of the bubble represents P.adjust<0.05 for
signi�cant entries. The size of the bubble indicates the number of genes enriched in this item.

Figure 4
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Macrophage gene metabolism pattern analysis (A) Heatmap of Qusage Analysis, shows the signi�cance
of enrichment between cluster in metabolism gene set.Axis Y: Gene set information,aixs X:clusters. The
colour represents the signi�cance of each cluster in each gene set, the closer the colour to red, the more
signi�cant it is; the closer the colour to blue, the less signi�cant it is. (B) Violin plot view cluster2 top 20
marker gene demonstrating overall gene expression. (C) Violin plot view cluster4 top 20 marker gene
demonstrating overall gene expression. (D) Violin plot view cluster9 top 20 marker gene demonstrating
overall gene expression.
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Figure 5

Differences in the proportion of macrophages over time and the differences in gene expression between
the diabetic wound group and the control group (A) The proportion of cluster 11 cells in the control group
on day 5 and day 7 was much higher than diabetic group. Coordinate axis Y: Proportion of speci�c
cluster of cells in all single cells, Coordinate axis X: cell clusters, group and sampling time. Ex: D-
1(Diabetic group -day 1), W-1(Wild type control group-day 1). (B) The proportion of cluster 2, cluster 4, and
cluster 9 cells in the control group and diabetic group. (C) GO enrichment analysis of the differential
genes and found that the differences in the biological functions between the two groups with respect to
cluster 11 on day 3 (D) GO enrichment analysis of the downregulated genes in cluster 11 on day 5 in the
diabetes group and the biological functions of the differences. (E) KEGG terms of control and diabetes
two groups of cluster 11 cells on day 3 differentially expressed genes. (F) KEGG terms of the cluster 11
cells on day 7 upregulated genes in the diabetes group. (G) GO enrichment analysis of the upregulated
genes in cluster 4 on day 5 in the diabetic group and the biological functions of the differences. (H) KEGG
enriched differential gene pathways on day 5 of cluster 4.
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Figure 6

Pseudotime analysis of macrophage populations and analysis of the differential gene expression
patterns in the developmental branches. (A, B) Reconstruction of the monocyte/macrophage trajectory as
11 state. Control group(A), Diabetes group(B). (C, D) Reconstruction of the monocyte/macrophage
trajectory in a pseudotime manner.
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