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Abstract

Background: Chronic wounds, such as diabetes-related foot ulcers, arise from delayed wound healing and create significant health and
economic burdens. Macrophages regulate healing by shifting between pro- and anti-inflammatory phenotypes, known as macrophage
polarization. Sex and diabetes can impair wound healing, but their influence on macrophage phenotype in skin tissue during wound
healing remains unclear, which was investigated in this study using a novel two-sex diabetic mouse model. Methods: Diabetes was
induced in male and female C57BL/6J mice using low-dose streptozotocin injections and high-fat diet feeding, with chow-fed mice as
controls. After 18 weeks, each mouse received four circular full-thickness dorsal skin wounds. The macrophage phenotypes in wounded
skin tissues at Day 0 and Day 10 post-wounding were analyzed using mass cytometry with manual gating and automated computational
clustering. Results: Male diabetic mice exhibited more severe hyperglycemia and insulin resistance compared to females. Although
diabetic mice did not display delayed wound healing, male mice had a greater proportion of total macrophages than females, especially a
higher proportion of pro-inflammatory matrix metalloproteinase-9 (MMP-9)+ macrophages and a lower proportion of anti-inflammatory
adiponectin receptor 1 (AdipoR1)+ macrophages in male diabetic mice compared to females, indicating an imbalanced polarization
towards a pro-inflammatory phenotype that could result in poorer wound healing. Interestingly, computational clustering identified a
new pro-inflammatory, pro-healing phenotype (Ly6C+AdipoR1+CD163—CD206—) more abundant in females than males, suggesting
this phenotype may play a role in the transition from the inflammatory to the proliferative stage of wound healing. Conclusions: This
study demonstrated a significant sex-based difference in macrophage populations, with male diabetic mice showing a pro-inflammatory
bias that may impair wound healing, while a unique pro-inflammatory, pro-healing macrophage population more abundant in females
could facilitate recovery. Further research is needed to investigate the role of these newly identified phenotypes in regulating impaired
wound healing.
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1. Introduction tissue injury and inhibits wound healing [5]. Macrophages
are key mediators of wound healing as they can polarize to

o AT express different cellular markers and adopt different func-
from delayed wound healing in people with diabetes and {1 a¢ various stages of wound healing [6]. Macrophages

present a significant health and economic burden [1]. Peo- present in skin are a mixture of tissue-resident macrophages

ple with diabetes have a 15-25% lifetime risk of developing such as epidermal Langerhans cells (CD207+) [7] and in-
DFUs, which can require hospitalization and amputation in

severe cases [2,3]. This can negatively impact quality of
life and mental health, as well as affect morbidity and mor-
tality [4]. Thus, understanding the pathophysiology of im-
paired wound healing in diabetes is imperative to develop
treatments and preventative measures for DFUs, to ease the
burden on individuals with diabetes and the healthcare sys-
tem.

Diabetes-related foot ulcers (DFUs) frequently arise

filtrating macrophages from the bloodstream. Generally,
macrophages can be classified as M1 (pro-inflammatory)
or M2 (anti-inflammatory/pro-healing) [8], but they can
switch between phenotypes [6] or exhibit a spectrum of both
[9]. Disrupting the M1/M2 balance is known to prolong in-
flammation and delay wound healing, while interventions
that regulate this balance or promote M2 polarization may
improve wound healing [10].

In chronic wounds such as DFUs, there is excessive Ly6C, a common phenotypic marker, is expressed by
and prolonged inflammation, which subsequently promotes murine monocytes and macrophages. Ly6C+ and Ly6C—
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monocytes are analogous to classical (CD14+CD16-)
and non-classical (CD14+CD16+) monocytes in humans,
which have pro-inflammatory and regenerative functions
respectively [11]. A diabetic mouse model [12] demon-
strated the increased recruitment and predominance of
Ly6C+ macrophages during later stages of healing, which
could indicate how the pro- to anti-inflammatory phenotype
switch is disrupted in type 2 diabetes (T2D), potentially
leading to unresolved inflammation and disrupted wound
repair.

The functional heterogeneity of macrophages has also
been studied using the different functional markers they
express. Matrix metalloproteinase-9 (MMP-9), a pro-
inflammatory marker, degrades extracellular matrix (ECM)
proteins and is essential for normal wound repair, but its
increased expression is common in chronic wounds [13],
especially in people with diabetes [14]. Our previous
study found that high levels of MMP-9 in wound fluids
were correlated with delayed wound healing in DFUs [15].
Adiponectin, a hormone secreted by adipose cells, can in-
crease insulin sensitivity and decrease inflammation [16].
Lower levels of adiponectin and its receptors (AdipoR)
have been found in people with obesity or T2D and in DFUs
[16,17].

Although many of the studies mentioned above have
highlighted the contributions of macrophage phenotypes
and their functions to wound healing, it remains unclear
how these phenotypes are represented in wounded skin tis-
sues and how T2D dysregulate their function. Thus, it
is necessary to study skin wound tissues in a preclinical
model to understand the mechanisms and pathophysiology
of wound healing.

A major limitation of current mouse models is that
they often study only one sex in isolation, despite ob-
served sex differences in immune responses, particularly in
macrophage polarization [18]. Male sex is a well-reported
prognostic factor for delayed wound healing, especially in
venous leg ulcers and DFUs [19]. There is much evidence
that sex may influence skin wound healing due to the effects
of sex hormones and inherent differences in skin structure
[20]. For example, estrogen deficiency in postmenopausal
women contributes to delayed wound healing [21], whereas
topical estrogen treatment accelerates healing in estrogen-
deficient female mice with T2D [22]. Additionally, men
with diabetes are 1.5 times more likely to develop DFUs
than women [23], and the severity of DFUs is greater in
men, who are more likely to experience deeper and infected
ulcers, critical limb ischemia, systemic infections and am-
putations [24,25]. However, even if sex-based physiologi-
cal differences in wound healing exist, they could be influ-
enced by behavioral and social differences. For example,
women could be more likely to follow pressure-offloading
medical advice and seek medical treatment more frequently
[26,27].

Despite evidence of sex differences in skin wound
healing, whether these differences exist in the phenotype
and behavior of macrophages, in the presence or absence
of T2D, has not yet been examined. This study aimed
to investigate macrophage profiles in wounded skin tis-
sues using a novel two-sex T2D mouse model. It was
hypothesized that an imbalance between pro- and anti-
inflammatory macrophage phenotypes in skin tissue would
influence wound healing in T2D, to which sex differences
also contribute.

2. Materials and Methods
2.1 Animal Model

Male (n = 14) and female (n = 14) C57BL/6J mice
at 6 weeks old (Animal Resources Centre, Western Aus-
tralia, Australia) were used in this study and randomly allo-
cated into either the diabetes or control group. Diabetes was
induced using a modified method from our previous study
[28]. Briefly, the diabetes group (FaD: male n = 8; female
n = 8) was fed an in-house high-fat diet containing 45%
of calories from fat throughout the study period. After 8
weeks, the mice received intraperitoneal injections of strep-
tozotocin (STZ; Calbiochem, San Diego, CA, USA) at 65
mg/kg of body weight. Male (n = 6) and female (n = 6) mice
fed a chow diet containing 12% of calories from fat (Spe-
cialty Feeds, Glen Forrest, Western Australia, Australia)
were included as controls (Chow). The mice were weighted
weekly, and their random blood glucose level (BGL) was
measured consistently in the morning.

After 18 weeks, each mouse received four circular
full-thickness dorsal skin wounds, each 4mm in diameter,
created using a punch biopsy. Surgery was performed under
inhalational anesthesia with 5% isoflurane in 100% oxygen
(flow rate: 1 L/min), maintained at 1-3% isoflurane. Each
animal received opioid analgesia with buprenorphine (Tem-
gesic, Sigma-Aldrich, St. Louis, MO, USA) at a dosage of
0.1 mg/kg body weight subcutaneously, administered prior
to surgery and post-surgery for pain management.

At the time of wounding (Day 0), three wounded skin
tissues from each mouse were collected for cytometry by
time of flight (CyTOF) analysis [29]. At 10 days post-
wounding (Day 10), the male (Chow n=5; FaD n = 8) and
female (Chow n = 6; FaD n = 8) mice were euthanized un-
der inhalational anesthesia with isoflurane in 100% oxygen
(flow rate: 1 L/min), initially at 5% (v/v) for induction and
maintained at 1-3% (v/v) to ensure deep anesthesia, fol-
lowed by exsanguination via cardiac puncture. Two 8x8
mm square patches of skin surrounding their wounds were
obtained per mouse for CyTOF analysis. One male Chow
mouse was euthanized early at 4 days post-wounding due
to wound infection.

The wound area was independently assessed by a
blinded and an unblinded assessor, who digitally analyzed
the photos taken at Day 0 and Day 10 post-wounding us-
ing ImageJ (v.2.1.0/1.53c, National Institutes of Health,
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Bethesda, MD, USA). Two distinct methods were used to
trace the open wound area: based on the wound outline, and
the area that had not yet re-epithelialized [30]. The wound
closure rate (WCR) was calculated and expressed as a per-
centage of the initial wound area that had closed by Day 10
post-wounding, recorded as WCR-O and WCR-E respec-
tively [30]. Representative wound images are included in
Supplementary Fig. 1A.

This study was approved by the University of Sydney
Animal Ethics Committee (Project No.: 2020/1799) and
carried out in accordance with the Australian Code for the
Care and Use of Animals for Scientific Purposes 8th Edition
2013.

2.2 Preparation of Cell Suspension from Skin Tissues

Macrophage profiles of the collected skin tissues were
analyzed by CyTOF, where antibodies were conjugated
to Lanthanide heavy metals to detect intracellular and ex-
tracellular markers [31]. The freshly collected skin tis-
sues at Day 0 and Day 10 were manually cut into smaller
pieces, then incubated with Dispase II and Collagenase D
(Sigma-Aldrich, St. Louis, MO, USA) [32,33]. To ob-
tain a sufficient total cell count of 500,000 for CyTOF,
samples were counted with Trypan Blue Solution (0.4%,
Sigma-Aldrich, St. Louis, MO, USA) and pooled or diluted
in fluorescence-activated cell sorting (FACS) buffer (0.5%
BSA, 0.1% NaN3, 2 mM EDTA, in PBS; Sigma-Aldrich,
St. Louis, MO, USA). The three skin wound samples from
each mouse at Day 0 were pooled with those from mice of
the same sex and diabetic status. The two square skin sam-
ples collected at Day 10 were pooled for each mouse.

2.3 Preparation for CyTOF

After washing in PBS, each sample was incubated
with cisplatin (Cell-ID™ Cisplatin, Standard BioTools,
South San Francisco, CA, USA), to exclude the dead cells,
then with the antibody cocktail against cell surface anti-
gens for 30 min on wet ice. Subsequently, the samples
were washed in FACS buffer then incubated with Intra-
cellular Fixation Buffer, permeabilized with Permeabiliza-
tion Buffer (eBioscience™ Intracellular Fixation & Perme-
abilization Buffer Set, Thermo Fisher Scientific, Waltham,
MA, USA), and incubated with the intracellular antibody
for MMP-9 (Mouse MMP-9 Affinity Purified Polyclonal
Antibody, R&D Systems, Minneapolis, MN, USA). The
antibodies were prepared by the Ramaciotti Facility for Hu-
man Systems Biology (The University of Sydney, Sydney,
NSW, Australia) and are described in Supplementary Ta-
ble 1. After washing with Permeabilization Buffer, DNA
intercalator in paraformaldehyde was added. The samples
were stored at 4 °C until the day of data acquisition.

On the day of acquisition, the cells were resuspended
in Maxpar® Cell Acquisition Solution (CAS) (Standard
BioTools, South San Francisco, CA, USA) for cell count-
ing, then in a solution of EqQ™ Four Element Calibration
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Beads (Standard BioTools, South San Francisco, CA, USA)
and diluted 1:10 in CAS. Samples were processed in a
Helios™ Mass Cytometer (Standard BioTools, South San
Francisco, CA, USA), where 150,000-500,000 events were

captured per sample and converted to flow cytometry stan-
dard (FCS) files.

2.4 Manual Gating of Macrophage Phenotypes

Using canonical cell surface markers for major cell
subsets, a manual gating strategy was designed and imple-
mented on the FCS files using FlowJo software (v.10.8.0,
FlowJo LLC, Ashland, OR, USA). Calibration beads, non-
singlet cells, dead cells, granulocytes, eosinophils, B and
T cells, natural killer cells, dendritic cells and monocytes
were excluded. Total macrophages (F4/80+) and their main
subsets were examined, including resident Langerhans cells
(CD207+), infiltrating M1 and M2 macrophages and their
subsets, and Ly6C+ and Ly6C— macrophages. The ex-
pression of functional markers AdipoR1 and MMP-9 by
the macrophages and their subsets was also investigated.
An example of the manual gating strategy used for Ly6C+
macrophages is displayed in Supplementary Fig. 2. To en-
sure accurate identification of cell populations, antibodies
were titrated, and smoothing was applied to distinguish be-
tween positive and negative populations, with gates drawn
on plots displaying individual cells.

Cell counts were recorded, and cell frequencies of the
macrophage subsets were expressed as a proportion of the
parent’s population and analyzed for significant differences
between mice of different sex and diabetic status. Within
AdipoR 1+ and MMP-9+ subsets, median signal intensity
(MSI) of these functional markers was also measured and
compared between groups.

2.5 Computational Analysis of Macrophage Phenotypes

To capture unique and unexpected macrophage pop-
ulations missed by manual gating, computation analysis
was performed using an R package, Spectre (v.0.4.7) [34].
Spectre utilizes mathematical modelling to identify clusters
of cells expressing the same markers across all samples and
allows the quantification of these clusters.

All samples were manually gated to macrophages
(F4/80+), and the total frequencies of F4/80+ macrophages
and their expression of subset markers were exported as
comma-separated channel values for clustering. Using
Spectre’s FlowSOM algorithm, six metaclusters were gen-
erated around the six phenotypic clustering markers used in
the manual gating strategy to gate for F4/80+ macrophage
subsets: CD207, CD80, CD86, CD206, CD163 and Ly6C.

To visualize the data in two dimensions, dimension-
ality reduction was performed with the Uniform Manifold
Approximation and Projection (UMAP) algorithm. The
metaclusters were then annotated based on their high or low
expression of certain markers. The proportions of these
metaclusters were statistically analyzed to identify novel
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macrophage subsets, their differential expression of phe-
notypic and functional markers, and any significant differ-
ences between groups.

To confirm and quantify the presence of metaclus-
ters with significantly different proportions across groups,
the manual gating strategy was further developed accord-
ing to the metaclusters’ profiles and applied to the F4/80+
macrophages in each manually gated sample using FlowJo.
The proportions of these metaclusters were statistically an-
alyzed and compared with Spectre’s findings, to verify if
novel macrophage subsets differed in proportion by sex or
diabetic status.

2.6 Measurement of C-Peptide

C-peptide levels were measured in duplicate from
plasma collected at Day 10 post-wounding using the Mouse
C-Peptide ELISA kit (Crystal Chem, Chicago, IL, USA),
following the manufacturer’s protocol.

2.7 Statistical Analysis

All statistical tests were conducted using GraphPad
Prism 9 software (v.9.0.2, Dotmatics, Boston, MA, USA).
After assessing normality, two-tailed ¢-tests were per-
formed for parametric data when comparing two groups
(e.g., male vs female or FaD vs Chow), while two-way anal-
ysis of variance (ANOVA) was used for comparisons in-
volving four groups (male FaD, male Chow, female FaD,
and female Chow). The Tukey multiple comparisons test
was used, with adjustment for multiple comparisons and an
alpha level of 0.05. Non-parametric tests were employed
for non-parametric data. Statistical significance was ac-
cepted at p < 0.05, with data presented as mean + stan-
dard error (SEM) for parametric data or as median with in-
terquartile range for non-parametric data.

3. Results
3.1 Animal Characteristics

Although the mice were randomly allocated into four
groups at the beginning of the experiment, the BGL of male
FaD mice was slightly higher but still within the normal
range at Week 0 compared to female FaD (p < 0.01). How-
ever, this difference was not significant at Week 4 (Fig. 1A).
After 8 weeks of high-fat diet feeding (Week 8) and post-
STZ injections (Week 9 onwards), male FaD mice had sig-
nificantly higher BGL than female FaD (p < 0.05). The
BGL of male and female Chow mice did not significantly
differ except at Week 8, where male Chow had slightly
higher BGL than female Chow (10.4 £ 0.3 mmol/L vs 7.7
£ 0.5 mmol/L, p < 0.05). Post-STZ injections, male FaD
exhibited significantly higher BGL than male Chow (p <
0.01). This trend was also observed in female FaD com-
pared to Chow, but it only met statistical significance post-
STZ at Week 13 (15.1 & 1.1 mmol/L vs 8.9 + 0.4 mmol/L)
and pre-wounding at Week 18 (13.4 4+ 0.6 mmol/L vs 8.4
=+ 0.4 mmol/L) (both p < 0.05).

Throughout the study, male FaD and Chow mice were
significantly heavier than female FaD and Chow mice re-
spectively (p < 0.05) (Fig. 1B). After high-fat diet feeding
and before STZ injections at Weeks 6-8, FaD mice were
generally heavier than Chow mice, but this was only statis-
tically significant for male FaD mice compared to Chow (p
< 0.05).

At Day 10 post-wounding, male FaD mice had sig-
nificantly higher C-peptide levels compared to both male
Chow and female FaD mice (both p < 0.05) (Fig. 1C).
Male Chow mice exhibited lower WCR-O than male FaD
(61.5 +9.8% vs 91.7 £ 1.4%) and female Chow (61.5 +
9.8% vs 89.7 £ 6.9%) (both p < 0.05) (Supplementary
Fig. 1B). However, WCR-E was similar across all four
groups, exceeding 96%, with no significant differences ob-
served (Supplementary Fig. 1C).

3.2 Macrophage Profiles in Skin Tissue by Manual Gating

After excluding other types of immune cells such as
granulocytes, eosinophils, B and T cells, natural killer cells,
dendritic cells, and monocytes (Supplementary Fig. 2),
total macrophages (F4/80+) were identified and expressed
as a proportion of white blood cells (CD45+). Resident
Langerhans cells, Ly6C+ and Ly6C— macrophages were
gated under the F4/80+ macrophage population and ex-
pressed as a proportion of total macrophages. M1 and M2
macrophages and M2 subsets were further investigated un-
der macrophages in the dermis (CD207-) and expressed as
a proportion of these macrophages.

3.2.1 Total Macrophages (F4/80+)

Male mice had a greater proportion of total
macrophages than females, significant only at Day 10
[male: 2.5% (1.8-3.1) vs female: 1.3% (1.2-1.8), p
< 0.01] (Fig. 2A). However, the proportion of total
macrophages did not differ significantly between the four
groups at either Day 0 or Day 10.

As shown in Fig. 2A, at Day 0, there was a greater pro-
portion of AdipoR1+ cells in F4/80+ macrophages in male
FaD mice (60.8 + 16.5%) than in females (24.2 + 2.7%)
(p < 0.05). This trend was reversed by Day 10, as the pro-
portion of AdipoR 1+ macrophages increased in female FaD
mice and decreased in male FaD from Day 0, becoming sig-
nificantly higher in female FaD mice (50.1 & 3.3%) than in
males (40.8 £ 2.1%) (p < 0.05). Additionally, at Day 10,
the AdipoR1+ population in female FaD had a greater MSI
(10.4 +£ 1.6) than in male FaD (6.0 £ 0.8), a trend also seen
in female Chow (11.24 + 1.1) compared to males (5.8 +
0.6) (p < 0.05).

At both Day 0 and Day 10, the majority of F4/80+
macrophages expressed MMP-9 (>70%) (Fig. 2A). At Day
0, the proportion of MMP-9+ F4/80+ macrophages did not
show any differences between groups. However, at Day 10,
there was a greater proportion of MMP-9+F4/80+ cells in
male FaD (87.3 £ 1.5%) than in females (73.1 £ 2.1%)
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Fig. 1. Animal characteristics. FaD mice (diabetic mouse model induced by high-fat diet) received low-dose (65 mg/kg of body weight)
STZ injections at Week 9. Wounding occurred at Week 19 and termination at Week 20. (A) Random blood glucose level (BGL). (B)
Weekly body weight. (C) C-peptide levels at termination. Two-way analysis of variance (ANOVA) was performed to compare male FaD
(n=8), male Chow (control chow-fed mice) (n = 6 at all time points, except at termination, n = 5), female FaD (n = 8), and female Chow
(n = 6). Significance was indicated as follows: no significance (ns), p < 0.05 (* or #), p < 0.01 (** or ##), p < 0.001 (*** or ###), p
< 0.0001 (**** or ####). Significant differences between groups were indicated as follows: male vs female FaD (orange *), male vs

female Chow (green *), male FaD vs Chow (blue #), female FaD vs Chow (pink #).
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Fig. 2. Proportion of major macrophage subsets at Day 0 and Day 10 post-wounding. (A) Total (F4/80+) macrophages, (B) resident
Langerhans cells (CD207+), (C) M1 (CD80+CD86+) and (D) total M2 (non-CD80+CD86+) macrophages were compared between male
and female mice, or male FaD, male Chow, female FaD and female Chow mice. The proportion of macrophages expressing adiponectin
receptor 1 (AdipoR1) or matrix metalloproteinase-9 (MMP-9) was also compared across the latter four groups. FaD groups are shown
in orange, Chow in green. Day 0: male FaD (n = 2 samples), male Chow (n = 1 sample), female FaD (n = 4 samples), female Chow (n =
3 samples). Day 10: male FaD (n = 8 samples), male Chow (n = 5 samples), female FaD (n = 8 samples), female Chow (n = 6 samples).
Significance was indicated as follows: p < 0.05 (*), p < 0.01 (**).
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(»p < 0.01). Additionally, although the lower proportion
of MMP-9+F4/80+ macrophages in female FaD mice com-
pared to Chow was not significant at Day 10, the MSI of
MMP-9 in F4/80+ cells was significantly lower in female
FaD mice (6.3 £ 0.6) than in Chow (12.9 £ 3.6) (p < 0.05).

3.2.2 Resident Langerhans Cells (CD207+)

As shown in Fig. 2B, at Day 0, male mice had a greater
proportion of Langerhans cells (74.4 & 5.7%) than females
(54.6 £ 3.2%) (p < 0.05), but not Day 10. At both Day
0 and Day 10, the proportion of Langerhans cells did not
differ significantly between the four groups.

The proportion of AdipoR1+ Langerhans cells was
higher in male FaD (70.0 £ 14.6%) than in females (30.9
+ 2.7%) (p < 0.05), but only at Day 0.

The proportion of MMP-9+ Langerhans cells in all
groups was generally high, especially at Day 0 (>80%).
However, the only significant difference in this proportion
was found at Day 10 between male FaD (90.2 £ 1.4%) and
female FaD mice (78.2 & 2.2%) (p < 0.05). Furthermore,
the MSI of MMP-9 in MMP-9+ Langerhans cells was lower
in female FaD (6.4 + 0.6) than in Chow (13.2 + 3.6) at Day
10 (p < 0.05).

3.2.3 M1 Macrophages (CD80+CD86+)

As shown in Fig. 2C, at Day 0 and Day 10, M1
macrophage proportion did not differ significantly between
groups. At Day 0, all M1 macrophages in male mice had
a greater proportion of AdipoR1+, and a significant differ-
ence was observed in male FaD mice (100.0 £ 0.0%) com-
pared to females (12.5 £ 12.5%) (p < 0.05). However, by
Day 10, the proportion of these macrophages decreased to
below 50% in male FaD and Chow mice, without any sig-
nificant differences.

The proportion of MMP-9+ M1 macrophages did not
differ significantly between groups at Day 0 and Day 10.
However, MMP-9 expression increased in male and female
FaD groups at Day 10 (>60%) compared to Day 0 (<30%).

3.2.4 M2 Macrophages

3.2.4.1 Total M2 Macrophages (non-CD80+CD86+).
Most of the macrophages present in the dermis (CD207-)
were M2 macrophages at both Day 0 and Day 10 (>90%),
although their proportion did not significantly differ be-
tween groups (Fig. 2D).

In addition, AdipoR1 expression by all groups was
generally low, especially at Day 0 (<40%), and did not dif-
fer significantly between groups.

At Day 0, the proportion of MMP-9+ M2
macrophages was higher in female FaD mice (81.0 £+
3.7%) than in males (62.7 + 1.2%) (p < 0.05), and in
female Chow (82.6 & 1.6%) than in males (52.6%) (p <
0.05) (Fig. 2D). However, the opposite trend was present
at Day 10; there was a greater proportion of MMP-9+ M2
macrophages in male FaD (82.9 £ 2.1%) than in females
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(67.0 £ 2.5%) (p < 0.01). This proportion also increased
in both male FaD and Chow groups from Day 0 (<65%)
to Day 10 (>80%). The MSI of MMP-9 in MMP-9+ M2
macrophages was higher in female Chow (8.1 £ 0.7) than
in male Chow (2.4) at Day 0.

3.2.4.2 M2a Macrophages (CD206+CD163-). As shown
in Fig. 3A, at Day 0, male mice had a greater proportion
of M2a macrophages (21.7 + 3.4%) than females (9.1 +
2.6%) (p < 0.05), but not at Day 10.

AdipoR1 expression by M2a macrophages in all
groups was generally low, especially at Day 0 (<40%), and
did not differ significantly between groups at Day 0 and Day
10.

At Day 0, the proportion of MMP-9+ M?2a
macrophages was not significantly different between
groups. However, at Day 10, this proportion was higher
in male FaD mice (85.9 + 4.1%) than in females (68.1 +
3.8%) (p < 0.05).

3.2.4.3 M2b Macrophages (CD80-CD86+). As shown in
Fig. 3B, most of the macrophages present in the dermis
(CD207-) were specifically M2b macrophages (>60%) at
both Day 0 and Day 10, and their proportion did not differ
significantly between groups.

AdipoR1 expression by M2b macrophages in all
groups was generally low (<45%) and did not significantly
differ between groups.

At Day 0, the proportion of MMP-9+ M2b
macrophages was higher in female FaD (84.3 £ 2.6%)
than in males (60.6 &= 4.6%), and in female Chow (89.7 £
1.7%) than in males (50%, n=1) (all p < 0.01). At Day 10,
this trend was reversed; male FaD had a greater proportion
of MMP-9+ M2b macrophages (84.8 & 2.2%) than females
(67.3 =+ 2.1%) (p < 0.01). Additionally, this proportion
was lower in female FaD mice (67.3 £ 2.1%) compared to
Chow (80.2 &+ 5.3%) (p < 0.05). The proportion of these
macrophages in male FaD and Chow mice increased from
Day 0 (<60%) to Day 10 (>80%).

3.2.4.4 M2c Macrophages (CD206+CD163+). As shown
in Fig. 3C, the proportion of M2¢ macrophages did not dif-
fer significantly between groups at Day 0 and 10. However,
their proportion in both male and female mice increased
from Day 0 (<15%) to Day 10 (>30%).

AdipoR1 expression by M2c macrophages did not dif-
fer between groups. However, male FaD mice had a greater
proportion of MMP-9+ M2¢ macrophages (84.6 + 1.6%)
than females (67.6 = 2.9%) (p < 0.01), but only at Day
10. Additionally, this proportion was lower in female FaD
(67.6 £ 2.9%) than in Chow (83.4 £ 6.3%) (p < 0.05) at
Day 10.
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Fig. 3. Proportion of M2 macrophage subsets at Day 0 and Day 10 post-wounding. (A) M2a (CD206+CD163-), (B) M2b (CD80—
CD86+) and (C) M2c¢ (CD206+CD163+) macrophages were compared between male and female mice, or male FaD, male Chow, female
FaD and female Chow mice. The proportion of macrophages expressing AdipoR1 or MMP-9 was also compared across the latter four
groups. FaD groups are shown in orange, Chow in green. Day 0: male FaD (n = 2 samples), male Chow (n = 1 sample), female FaD (n =
4 samples), female Chow (n = 3 samples). Day 10: male FaD (n = 8 samples), male Chow (n =5 samples), female FaD (n = § samples),
female Chow (n = 6 samples). Significance was indicated as follows: p < 0.05 (*), p < 0.01 (**).
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3.2.5 Ly6C+ Macrophages

Ly6C, a marker expressed by murine monocytes and
macrophages, was found in significantly lower proportions
in male mice (17.1 & 1.8%) compared to females (24.8 +
2.0%) at Day 10 (p < 0.01, Supplementary Fig. 3A). No-
tably, there was no significant difference between males
and females at Day 0, nor between the four groups.

At both Day 0 and Day 10, the proportion of Adi-
poR 1+ cells within the Ly6C+ macrophage population was
high across all four groups (>90%) but did not differ be-
tween groups.

MMP-9 expression by Ly6C+ macrophages was gen-
erally high across all groups, especially at Day 0 (>80%).
However, the only significant difference in the proportion
of MMP-9+ Ly6C+ cells was found in male FaD (89.9 +
2.1%) compared to female FaD (74.5 £ 2.3%) (p < 0.05)
at Day 10.

3.2.6 Ly6C— Macrophages

As shown in Supplementary Fig. 3B, Ly6C-
macrophages accounted for 50-85% of all F4/80+
macrophages at Day 0, but there were no significant
differences between male and female mice or all four
groups. Similarly, the majority of F4/80+ macrophages
were Ly6C— macrophages at Day 10, and male mice had
a greater proportion of these macrophages (82.9 £+ 1.8%)
than females (75.2 + 2.0%) (p < 0.01), but their proportion
did not significantly differ between the four groups.

At Day 0 and Day 10, the proportion of AdipoR1+
Ly6C—macrophages was generally low (<40%) and did not
significantly differ between groups.

MMP-9 expression by Ly6C— macrophages was gen-
erally high across all groups at Day 0 and Day 10 (>70%),
but the proportion of MMP-9+ Ly6C— macrophages was
significantly in male FaD (86.4 £ 1.7%) than in females
(72.0 £ 2.3%) at Day 10 (p < 0.01). Within MMP-9+
Ly6C— macrophages, the MSI of their MMP-9 expression
was lower in female FaD (6.4 + 0.6) than in Chow mice
(13.8 £ 4.0) at Day 10 (p < 0.05).

For all macrophage phenotypes analyzed above,
there were no significant differences in the proportion of
macrophages, their subsets, or AdipoR1 and MMP-9 ex-
pression between FaD and Chow overall (data not shown).

3.3 Computational Metacluster Analysis

Fig. 4A shows an annotated two-dimensional repre-
sentation of the six Spectre-generated metaclusters. Their
expression of phenotypic and functional (AdipoR1 and
MMP-9) markers was examined using the multi-plot in
Supplementary Fig. 4 and summarized in Supplementary
Table 2.

Statistical tests were performed to determine whether
the proportion of each macrophage metacluster (expressed
as a proportion of F4/80+ macrophages) differed signifi-
cantly across male FaD, male Chow, female FaD, and fe-

&¥ IMR Press

male Chow groups. There were no statistically significant
differences in the proportion of metaclusters 1 and 2 across
the groups (data not shown). Additionally, the proportion of
metaclusters 3, 5 and 6 did not significantly differ between
combined-sex FaD and Chow groups (data not shown). Al-
though significant differences in metacluster 6 proportion
were observed at Day 0 (data not shown), they were not
considered as significant due to the small sample sizes of
the groups.

3.3.1 Metacluster 3 (CD163—CD16+CD64+CD206+)

At Day 0 and Day 10, the proportion of metacluster
3 macrophages did not differ significantly between groups.
However, at Day 10, there was a greater proportion of these
macrophages in male mice (20.0 £ 1.5%) than in females
(15.7 £ 1.2%) (p < 0.05) (Fig. 4B).

3.3.2 Metacluster 4 (CD163+CD16+CD64+CD206+)

At Day 0, there was a greater proportion of metaclus-
ter 4 macrophages in female mice (13.9 + 2.4%) than in
males (3.9 + 1.6%) (p < 0.01), but not at Day 10. At Day 0
and Day 10, this proportion did not differ between the four
groups (Fig. 4C).

3.3.3 Metacluster 5 (Ly6C+AdipoR1+CD163—-CD206—)

At Day 0, the proportion of metacluster 5
macrophages did not differ significantly between groups
(Fig. 4D). However, at Day 10, there was a smaller
proportion of these macrophages in male mice (14.8 £
1.8%) than females (24.2 £ 2.1%) (p < 0.01). There was
also a greater proportion of these macrophages in female
FaD (26.0 £ 3.0%) than in males (14.5 £ 2.4%) (p < 0.05)
at Day 10.

3.4 Manual Gating Strategy for Novel Metaclusters

Due to significant inter-group differences found in
the proportion of metacluster 3, 4 and 5 macrophages, a
new manual gating strategy was developed to identify these
populations from F4/80+ manually gated macrophages.
Fig. 5A shows the manual gating method used for these
metaclusters. CD206 and CD64 were not included in this
gating strategy because of the variable expression of these
markers within the metaclusters. After applying the manual
gating strategy for these novel metaclusters to all F4/80+
manually gated samples, statistical tests were conducted to
determine whether the proportion of these metaclusters dif-
fered significantly across the four groups.

There were no statistically significant differences in
the proportion of manually gated metaclusters 3 and 4
across the groups (data not shown). For metacluster 5, there
was a greater proportion in female mice (14.7 &= 1.5%) com-
pared to males (9.3 £ 1.3%) at Day 10 (p < 0.05) (Fig. 5B).
Otherwise, the proportions did not differ significantly be-
tween groups.
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(n = 4 samples), female Chow (n = 3 samples). Day 10: male FaD (n = 8 samples), male Chow (n = 5 samples), female FaD (n =8

samples), female Chow (n = 6 samples). Significance was indicated as p < 0.05 (*).

4. Discussion

Delayed wound healing is a common complication ex-
perienced by individuals with diabetes, particularly in the
form of diabetic foot ulcers. These ulcers not only impose
a significant health burden, but also create substantial eco-
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nomic challenges [1]. Chronic wounds typically arise from
a complex interplay of factors, including excessive and pro-
longed inflammation [5], which is believed to be mediated
by the accumulation of macrophages. How macrophage
profiles are influenced by diabetes and sex during wound
healing is unclear, which was investigated using CyTOF in
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a diabetic mouse model in this study. We discovered dis-
tinct sex-based differences in pro- and anti-inflammatory
macrophages and their expression of functional markers
AdipoR1 and MMP-9 in skin wound tissue, suggesting that
sex impacted skin macrophage phenotype and function dur-
ing wound healing in diabetes.

In this study, male diabetic mice exhibited more se-
vere hyperglycemia and insulin resistance than their female
counterparts, which may be due to the regulatory effect of
estrogen on glucose metabolism [35] and greater resistance
to STZ in female mice [36]. The observed trend of male
FaD mice having higher WCR-O than male Chow at Day
10, but no difference in WCR-E between groups, could be
attributed to data loss. Several wounds could not be pre-
cisely digitally measured due to the regrowth of hair, which
obscured accurate assessments. Nonetheless, further histo-
logical studies should be conducted to investigate patholog-
ical changes in wounded tissue and whether sex or diabetic
status contributes to these.

Although there was no clear delayed wound healing
observed in diabetic mice, we discovered several sex-based
trends. Female Chow mice had significantly higher WCR-
O than males at 10 days post-wounding, suggesting that
sex had an influence on wound healing even in the ab-
sence of diabetes. This supports existing literature suggest-
ing poorer wound healing in males than females [37-39].
One study of gonadectomized mice found that control non-
gonadectomized female mice had smaller wound areas than
control males at 7 and 14 days post-wounding [37]. Indeed,
androgenic hormones such as testosterone can inhibit skin
wound healing in mice by encouraging inflammation [38],
and androgen receptor knockout mice display accelerated
wound healing [39], which could explain the poorer wound
healing observed in the male Chow group in this study.

In addition, male mice had a significantly larger pro-
portion of F4/80+ macrophages in the skin wound tis-
sue than females at 10 days post-wounding. A recent
study found a persistent accumulation of macrophages in
wounded skin tissue of diabetic mice, which can enhance
inflammation and prevent healing [16]. Similarly, in the
gonadectomized mouse study, while male and female con-
trol mice exhibited impaired wound contraction and re-
epithelialization after exposure to chronic stress, there was
an increase in F4/80+ macrophage numbers in male mice
only [4]. Thus, our finding is consistent with the literature
and suggests that an accumulation of macrophages in male
mice could impair skin wound healing.

Furthermore, Ly6C— macrophages were the most
abundant macrophage subset identified in skin wound
tissue for both sexes at the time of wounding and 10
days post-wounding. A significantly higher proportion of
this pro-resolutory subset and lower proportion of Ly6C+
macrophages was observed in male mice than female at
10 days post-wounding, suggesting that the wounds may
still be in the proliferative phase of healing [17]. Thus,
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in male mice, more macrophages are polarized towards
an anti-inflammatory phenotype to promote healing at 10
days post-wounding, whereas this phase could have already
passed in females, which could explain the higher WCR-O
in female Chow compared to males at this timepoint.

MMP-9, a key player in regulating ECM degrada-
tion during wound healing [7], was also investigated in
macrophages from skin wound tissue in this study. MMP-9
expression by total macrophages, Langerhans cells, Ly6C
macrophages and M2 subsets was significantly higher in
male FaD mice than females at Day 10 post-wounding, and
this trend was observed in M1 macrophages without statisti-
cal significance. A recent study found upregulated MMP-9
expression in diabetic rat skin tissue and high glucose con-
ditions in vitro [8]. Thus, the higher expression of MMP-
9 in male FaD mice in our study may be partly attributed
to more severe hyperglycemia. Although we did not find
a direct association between MMP-9 expression and de-
layed wound healing in this study, our previous study and
others have indicated that increased MMP-9 is associated
with poor ulcer healing in people with diabetes [14,15], and
inhibiting MMP-9 can accelerate diabetic wound healing
while reducing inflammation [40].

Interestingly, at Day 0, there was a greater proportion
of M2 macrophages expressing MMP-9 with a higher MSI
in females than males, suggesting this phenotype may be
in a more activated state. This relatively higher expres-
sion of MMP-9 mainly by M2b macrophages, which nor-
mally produce several other types of MMPs to aid their
immunoregulatory functions [41], could enhance the reg-
ulation of wound healing in females. Further research is
needed to fully understand the implications of these find-
ings and their potential role in the wound healing process.

At 10 days post-wounding, MMP-9 was also highly
expressed by M2b and M2c macrophages in Chow mice
compared to FaD, but this pattern was observed only in
female mice. Despite this, both female FaD and Chow
mice achieved over 80% wound closure by Day 10 post-
wounding. While M2b and M2c macrophages typically
produce anti-inflammatory cytokines [42] and high levels
of MMP-9 are associated with impaired wound healing
[43], this suggests that the elevated MMP-9 in female Chow
mice may have negatively affected their healing process, re-
sulting in a wound closure rate similar to that of female FaD
mice at 10 days post-wounding.

Adiponectin, an anti-inflammatory hormone, primar-
ily acts on the AdipoR1 and AdipoR2 receptors, which are
predominantly found in muscle tissue and the liver, respec-
tively [16]. Additionally, adiponectin plays an important
role in cutaneous wound healing [44,45]. Our study found
that differences in AdipoR1 expression in macrophages are
sex dependent. The proportion and expression of AdipoR1
in total macrophages were significantly lower in male FaD
compared to females at 10 days post-wounding. How-
ever, this trend was reversed at the time of wounding, with

&% IMR Press


https://www.imrpress.com

male FaD exhibiting a greater proportion of total and M1
macrophages as well as Langerhans cells expressing Adi-
poR1 than females. The decrease in AdipoR1 expression
in these macrophage subsets from the time of wounding
to 10 days post-wounding may contribute to poorer wound
healing outcomes in males. A previous study showed that
adiponectin deficiency is associated with impaired wound
closure in mice, and topical adiponectin administration can
improve wound healing in both adiponectin-deficient mice
and diabetic mice [45].

To identify and quantify macrophage subsets and their
expression of functional markers, this study used computa-
tional analysis techniques to complement traditional man-
ual gating strategies. This blended approach allowed the
identification and validation of novel macrophage subsets
with unexpected marker combinations [46] that could be
missed by a user-designed gating strategy [47], while en-
suring they were still biologically relevant [30]. Meta-
cluster 3 (CD163-CD16/32+CD64+CD206+) was a novel
metacluster that was present in a higher proportion in male
mice than females at 10 days post-wounding. It is likely an
anti-inflammatory M2a-like subset (CD206+CD163-) with
some pro-inflammatory functions, as CD64 and CD16/32
are markers for activated macrophages at sites of inflam-
mation [48,49]. We also identified novel Metacluster 4
(CD163+CD16/32+CD64+CD206+), likely a similar M2c-
like subset with bacteria-induced local inflammatory func-
tions (CD163+) [50]. There was a higher proportion of this
metacluster in females than males at Day 0, which may be
primarily beneficial to wound healing during the earlier in-
flammation phase and its transition into the proliferative
phase [51].

Metacluster 5 (Ly6C+AdipoR1+CD163-CD206-) is
likely a pro-inflammatory macrophage subset with pro-
healing functions, as AdipoR1 is also involved in driving
keratinocyte proliferation and migration for wound closure
[52]. As Spectre and manual gating identified a signifi-
cantly larger proportion of this metacluster in females than
males at 10 days post-wounding, which was consistent with
the higher AdipoR1 expression observed in female FaD
than males at this timepoint, it could be a key driver of the
observed delayed wound healing in male Chow mice and
play an important role in the inflammatory to the prolifera-
tive stages of wound healing. Future studies could explore
the cytokine expression and function of this macrophage
phenotype in wound healing.

However, there are some limitations to our study de-
sign. Our novel two-sex diabetic mouse model requires fur-
ther refinement to ensure that FaD mice display impaired
wound healing. Alternative methods for diabetes induc-
tion in female mice should be considered, as female mice
could be more resistant to high-fat diet-induced metabolic
conditions [53]. For example, increasing the dosage of
STZ to 75 mg/kg and administering it over five consec-
utive days could produce a more distinct diabetic pheno-
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type in female mice [38]. Challenges with digitally as-
sessing wound closure, such as capturing clear, valid im-
ages and judging re-epithelialization, must also be over-
come. Also, future studies should include additional tis-
sue collections at earlier endpoints to capture the full spec-
trum of macrophage phenotypic changes in different stages
of wound healing [54,55]. It should be noted that sample
sizes at Day 0 were relatively small, as some samples were
pooled with others in the same group to achieve sufficient
cell counts for CyTOF due to the small area of wounded
skin. Moreover, future studies should incorporate cell count
beads to standardize samples and report the absolute cell
counts. Furthermore, the CyTOF panel should be modified
to include markers for M2d macrophages, such as VEGF,
IL-10, TGF-S and iNOS [56], and other markers to clearly
separate resident dermal and infiltrating macrophages such
as CX3CRI1 [57]. Nonetheless, this study was still able to
identify significant differences in macrophage polarization
between male and female mice during wound healing in di-
abetes.

5. Conclusions

In conclusion, this study has uncovered previously un-
known sex-related differences in skin macrophage pheno-
types and their expression of functional markers. Male
mice exhibited a greater proportion of total macrophages,
particularly pro-inflammatory macrophages, as indicated
by higher levels of MMP-9 and lower levels of Adi-
poR1 in male diabetic mice compared to females, sug-
gesting a skewed polarization toward a pro-inflammatory
phenotype in male diabetic mice that may contribute to
poorer wound healing. Additionally, this study employed
computational analysis and manual gating to identify a
unique macrophage population (Ly6C+AdipoR1+CD163—
CD206-) with a pro-inflammatory, pro-healing phenotype
which was more abundant in females than males, suggest-
ing its significant role in the transition from the inflamma-
tory to the proliferative stages of wound healing. Over-
all, the combination of traditional and computational ap-
proaches in this study provides a more comprehensive un-
derstanding of the complexities of macrophage polarization
during wound healing in diabetes. These insights can in-
form future explorations of leukocyte phenotypes and ulti-
mately lead to the development of new therapeutic strate-
gies to address impaired wound healing in diabetes.
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