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This study elucidates the pivotal role of TREM2 in diabetic wound healing. This

study identified the key regulatory gene involved in diabetic wound healing
as TREM2. This study has found that IL-4 functions as an upstream lig-
and, activating TREM2. This study provides Evidence of the regulatory effects
of macrophages by IL-4/TREM2/AP-1/LIF pathway on fibroblasts. This study
validated the therapeutic potential using the STREM2.
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Abstract

Background: The immunoglobulin superfamily protein Trem2 (triggering
receptor expressed on myeloid cells 2) is primarily expressed on myeloid cells
where it functions to regulate macrophage-related immune response induc-
tion. While macrophages are essential mediators of diabetic wound healing, the
specific regulatory role that Trem2 plays in this setting remains to be established.
Objective: This study was developed to explore the potential importance of
Trem2 signalling in diabetic wound healing and to clarify the underlying
mechanisms through which it functions.

Methods and results: Following wound induction, diabetic model mice
exhibited pronounced upregulation of Trem2 expression, which was primarily
evident in macrophages. No cutaneous defects were evident in mice bearing
a macrophage-specific knockout of Trem2 (T2-cKO), but they induced more
pronounced inflammatory responses and failed to effectively repair cutaneous
wounds, with lower levels of neovascularization, slower rates of wound clo-
sure, decreased collagen deposition following wounding. Mechanistically, we
showed that interleukin (IL)-4 binds directly to Trem2, inactivating MAPK/AP-
1 signalling to suppress the expression of inflammatory and chemoattractant
factors. Co-culture of fibroblasts and macrophages showed that macrophages
from T2-cKO mice suppressed the in vitro activation and proliferation of dermal
fibroblasts through upregulation of leukaemia inhibitory factor (Lif). Injecting
soluble Trem2 in vivo was also sufficient to significantly curtail inflammatory
responses and to promote diabetic wound healing.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
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1 | INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder charac-
terized by hyperglycaemia due to abnormal insulin pro-
duction or functionality."> Patients with DM experience
pronounced reductions in their quality of life and often
exhibit poorer survival outcomes as compared to the gen-
eral population. As DM can impair wound healing, chronic
wounds are a common finding in DM patients.! Stan-
dard wound care and infection control methods in these
cases generally consist of a combination of debridement,
pressure relief through off-loading and the moistening
of the wound bed. This approach, however, generally
fails to achieve the desired efficacy in individuals with
DM, underscoring a need for more effective therapeutic
interventions.>*

The process of diabetic wound healing is a multi-
stage process that entails interplay between inflamma-
tory, re-epithelialization, vascularization and regenera-
tive processes.” Local macrophages within the tissue
microenvironment are particularly important regulators of
such wound healing,’ functioning to eliminate potentially
pathogenic microbes, terminate inflammatory responses,
and promote the induction and progression of tissue regen-
eration and remodelling.® Tissue macrophages generally
undergo a transition from a pro-inflammatory pheno-
type to an anti-inflammatory phenotype over the course
of wound healing.” The resultant anti-inflammatory
macrophages localize proximal to developing blood ves-
sels where they can secrete Vascular endothelial growth
factor (VEGF), Transforming growth factor § (TGF-f) or
other cytokines that can promote angiogenic activity and
wound closure.® A growing body of evidence suggests that
macrophages can also engage in crosstalk with fibroblasts
through inflammatory cytokine production, with these
regulatory interactions being important for wound repair
and associated fibrotic activity.” In the final phases of tis-
sue remodelling, macrophages can reduce or modulate
extracellular matrix deposition by secreting matrix metal-
loproteinases and can also induce the senescence of dermal
fibroblasts and other local stem cell populations such that
the wounded tissue is restored to its mature pre-wounding
status.'’

Conclusions: These analyses offer novel insight into the role of IL-4/Trem?2 sig-
nalling as a mediator of myeloid cell-fibroblast crosstalk that may represent a
viable therapeutic target for efforts to enhance diabetic wound healing.

diabetic wound healing, IL-4, macrophage, MAPK, Trem2

The transmembrane receptor protein Trem2 (trig-
gering receptor expressed on myeloid cells 2) is pri-
marily expressed by macrophage and microglial cell
populations.''? Prior research has clearly established a
link between Trem2 and the risk of Alzheimer’s dis-
ease (AD). And it comes out Trem2 regulates lipid
metabolism both in the central nervous system (CNS)
and the periphery. Meanwhile, these studies have indi-
cated the inseparable relationship between Trem2 and
cell metabolism, providing crucial foundational infor-
mation for our research.'"'? Within the CNS, Trem2
serves as a receptor that can detect a range of ligand
molecules including lipids, lipoproteins and oligomeric
amyloid-3, all of which become dysregulated in the con-
text of AD development.'* After binding to its cognate
ligands, Trem2 heterodimerizes with the adaptor pro-
teins DNAX activation protein 10 (DAP10) and DAP12,
after which downstream signalling activity is induced via
phosphatidylinositol-specific phospholipase Cy2, cleav-
ing the membrane phospholipid phosphatidylinositol-4,5-
bisphosphate (PIP2) to generate diacylglycerol (DAG) and
inositol-1,4,5-trisphosphate (IP5).'"!? In the CNS, Trem?2 is
able to bind the key lipid transporter apolipoprotein E.'*
Trem?2-related disruptions of lipid metabolic activity gen-
erally drive otherwise normal microglia to transition into
disease-associated microglia.""' Trem2 can also play a role
in shaping lipid metabolic activity in the periphery, partic-
ularly in diseases associated with abnormal lipid metabolic
activity resulting in the excessive biogenesis, accumulation
or lipolysis of these lipid molecules.'! Jaitin et al identify
conserved Trem™ lipid-associated macrophages, wherein
Trem2 deletion in mice inhibits macrophage association
with lipids and results in system hypercholesterolemia,
fat accumulation and glucose intolerance.'® Wang et al.
indicated Trem2 expression in macrophages is required
for efferocytosis of lipid-laden apoptotic hepatocytes, thus
regulating liver homeostasis and important to fight back
against conditions such as non-alcoholic steatohepatitis."”
Moreover, previous studies have reported that Trem2 plays
a key role in the repair of the colonic mucosa, and
the expression of interleukin (IL)-4 changes after Trem2
knockout.'® Peripheral Trem2-mediated signalling path-
ways and the importance of these signalling mechanisms
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in pathogenic states in the periphery, however, are not well
understood and have yet to be characterized in the context
of diabetic wound healing.

This study was developed to explore the effects of the
loss of macrophage Trem2 expression on the process of
skin wound healing in a diabetic model system and to clar-
ify the underlying mechanism. These experiments were
conducted using diabetic mice harbouring a macrophage-
specific deletion of Trem?2 (T2-cKO), providing a means of
directly testing the importance of Trem?2 in this myeloid
compartment over the course of diabetic skin wound
healing. Importantly, the detailed mechanistic studies in
macrophages showed that IL-4 binds directly to Trem?2 to
block both MAPK/AP-1 signalling and the production of
anti-inflammatory cytokines. These findings identify that
the IL-4/Trem?2 interaction plays a critical role in diabetic
wound healing.

2 | MATERIALS AND METHODS
2.1 | Animal model
The Animal FEthics Committee of the Shanghai

Changzheng Hospital approved all animal studies
described herein. A C57BL/6] background Trem2/1ox/flox
and Lyz2-Cre mice were obtained from the Shanghai
Model Organisms Center and crossed for 2—3 generations
to establish mice bearing the conditional macrophage-
specific deletion of Trem2 (Trem21°¥foXLy72-Cre or
T2-cKO) and wild-type (T2-flox) littermate controls.
Genotyping of Trem2-cKO and Lyz2-cre mice is shown in
Supplementary Material S1.

To establish a murine diabetic foot ulcer (DFU) model
system, diabetic mice (male, body weight: 20—24 g,
8—12 weeks old) were established by single intraperitoneal
injection of 155 mg/kg streptozotocin in 100 pL normal
saline after a 12-h fasting, with those animals exhibiting
blood glucose levels > 16.7 mM on 10 consecutive days
being considered diabetic model mice. These mice were
anesthetized and their abdominal area was shaved, after
which a sterile punch was used to generate a wound .8 cm
in diameter. Immediately after wound creation, soluble
Trem2 (sTrem2) was applied both to the wound bed and
the surrounding area. The therapeutic effects of treating
these wounds with sTrem2 were examined by injecting
12 pg of murine sTrem2 (mouse Trem2aa 12—171 His_N-
term; Lifespan BioSciences), Phosphate buffer saline (PBS)
or gel into two points on the skin surrounding the wound
site (10 uL/injection). The wound edges were delineated on
transparent film to establish the wound area, with wound
healing being evaluated via light microscopy on different
days. Briefly, photo-documentation of wound closure in all

3

groups was carried out. Using digital images and Image
J toolkit, we monitored the wound and the area around
the wound every day. From these measurements, we cal-
culated the percent total wound closure (TWC) as: [(WA,
— WAT)/ WA(] X100% where WA, = wound area at day 0
and WAt = wound area at time point T.

2.2 | Histological and immunostaining
analyses

The samples of wound tissue were harvested from these
DFU model mice, fixed with 10% paraformaldehyde,
paraffin-embedded and cut into 5—15 um-thick sections.
Haematoxylin and eosin (H&E) staining was then per-
formed by deparaffinizing and rehydrating these samples,
staining them with H&E solutions, covering them with
Permount solution, and allowing them to dry overnight.
Masson’s trichrome staining was performed by deparaf-
finizing and rehydrating these samples, after which they
were stained using Weigert’s iron haematoxylin, Biebrich
scarlet-acid fuchsin and aniline blue solutions. Sections
were dehydrated following rinsing and were mounted
using a resin-based medium.

The tissues underwent fixation in neutral formalin
for 48 h, followed by paraffin embedding and slicing
into 5-micrometer-thick sections. Dewaxing and hydration
procedures were employed to remove paraffin residues
from the tissue slices. Utilizing Sodium Citrate Anti-
gen Retrieval Solution, antigen retrieval was carried out
(C02-02002, Bioss Antibodies). By soaking the slides in
3% hydrogen peroxide (10011218, G-clone) for 10 min, the
endogenous peroxidase activity was inhibited. The sec-
tions were then blocked for 30 min at 37°C in a blocking
solution containing 5% BSA (A8020, Solarbio) and .1% Tri-
ton X-100 (Boster Biological Technology Co., Ltd.). Primary
antibodies were incubated on the section for an overnight
period at 4°C. Following that, each segment was incu-
bated with secondary antibodies at 37°C for 30 min. Slides
were washed in PBS and then developed using a 3,3’-
diaminobenzidine (DAB) substrate Kkit, then slides were
covered in haematoxylin for 3 min and counterstained in
PBS for 5~10 min. The slides were dehydrated and cover-
slipped using an aqueous mounting medium. Slides were
dried in a fume hood overnight. Pictures were taken using
a digital section scanner (Pannoramic MIDI II, 3DHIS-
TECH). The quantitative assessments were conducted
blindly using the Image J toolkit by multiple authors to
ensure accuracy and reproducibility.

For the immunofluorescence (IF) staining protocol, the
tissue was first blocked with 5% BSA to minimize non-
specific binding. Following this, the sections were stained
with a primary antibody and incubated overnight at 4°C
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to ensure thorough antigen recognition. Subsequently, a
secondary antibody was applied to the sections, allow-
ing for fluorescent signal amplification. 4',6-diamidino-2-
phenylindole (DAPI) was employed as a nuclear counter-
stain, diluted at a ratio of 1:1000, and incubated for 5 min to
enhance nuclear visualization. The immunology-positive
cells were carefully examined and captured using a fluo-
rescence microscope (Nikon) at a magnification of 200x.
Detailed information on the primary antibodies utilized for
these analyses is provided in Supplementary Material S2A.

2.3 | Bone-marrow-derived macrophage
culture

Male mice aged 6—12 weeks were euthanized and bone
marrow cells were collected, passed through a 100-um cell
strainer, and counted prior to the suspension of ~1x107 live
cells in bone marrow culture media (IMDM + 10% foetal
bovine serum + 1% penicillin-streptomycin + 10 ng/mL
macrophage colony-stimulating factor [M-CSF]). These
cells were then transferred into 12-well plates and incu-
bated in a 5% CO, tissue culture incubator at 37°C. On
day 3, media was exchanged for fresh culture media. Anti-
inflammatory phenotype was induced by stimulating these
bone-marrow-derived macrophages (BMDMs) with IL-4
(40 ng/mL) for 48 h beginning on day 7.

2.4 | Analyses of anti-inflammatory
macrophage phenotype and co-localization
of Trem2 and IL-4 in macrophages

IL-4-stimulated BMDMs using .25% EDTA-trypsin and
transferring 1-1.5x10* cells onto individual coverslips
placed in 12-well plates, with a final volume of 500 uL
of media per well. After culturing for 36 h, media
was removed, cells were rinsed three times with PBS
(500 uL/wash), fixed using 4% paraformaldehyde, perme-
abilized using .1% Triton X-100 in PBS and blocked using
1% BSA. Cells were then stained with appropriate primary
antibodies, fluorescently conjugated secondary antibodies
and DAPI. Anti-inflammatory phenotype was assessed by
staining for F4/80, CD206 and Argl. The co-localization
of Trem2 (green) and IL-4 (red) was evaluated in
BMDMs.

2.5 | Murine skin fibroblast harvesting
and culture

Dermal tissue samples were harvested from postnatal mice
and minced with a sterile scalpel prior to digestion for a

minimum of1 h in .25% collagenase at 37°C prior to passage
through a 70-um filter. The resultant single-cell suspen-
sion was then transferred into a 75 cm? tissue culture flask
containing fibroblast culture media (DMEM + 20% FBS
+ 1% penicillin-streptomycin) and incubated in a tissue
culture incubator (5% CO,, 37°C). On day 3, media was
exchanged for fresh media while leaving adherent fibrob-
lasts intact. Cells were subsequently expanded, passaged or
cryopreserved as appropriate.

Wound healing assays were performed by plating fibrob-
lasts in 12-well plates (2x10° cells/mL). When these cells
were 70—80% confluent, a straight scratch wound was gen-
erated in the monolayer with a 1 mm pipette tip, after
which the surface was rinsed to remove non-adherent
cells, and fresh medium was added to each well. Wound
closure was then imaged every 12 h with a phase-contrast
microscope until the wound had fully closed.

Transwell assays were performed by harvesting fibrob-
lasts with .25% EDTA-trypsin, rinsing them three times
with PBS and resuspending them at 1x10° cells/mL in
serum-free DMEM. A total of 100 uL of these cells (1x10°
cells) were then transferred into the upper portion of a
transwell insert (8-um pore size; 24-well transwell plate),
while the lower chamber was filled with complete culture
medium containing 10% FBS. Plates were subsequently
incubated for 48 h, after which inserts were removed
and cells on the lower membrane surface were fixed for
10 min using 4% paraformaldehyde, stained for 20 min
with 1% crystal violet, rinsed repeatedly with PBS, and
cells on the upper membrane surface were removed with
a cotton swab. When membranes had fully dried, a micro-
scope was used to count cells on the lower membrane
surface.

Alpha-smooth muscle actin («-SMA) immunostaining
was performed by seeding fibroblasts in 12-well plates con-
taining coverslips. When these cells were 60—70% conflu-
ent, coverslips were rinsed three times using chilled PBS,
after which cells were fixed with 4% paraformaldehyde and
stained with primary anti-aSMA and appropriate fluores-
cently conjugated secondary antibodies. When assessing
the proliferation of these cells, culture media was supple-
mented with EAU Cell Proliferation Kit (Sangon Biotech,
E607204) for 2 h prior to fixation.

2.6 | Macrophage and fibroblast
co-culture assays

Supernatants were harvested from pro-inflammatory or
anti-inflammatory macrophages and passed through a .45-
um membrane filter (Millipore-Sigma), after which pri-
mary dermal fibroblasts were cultured for 24-48 h in this
conditioned media.



ZHU ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE
——————————— D

5o0f24

2.7 | Reactive oxygen species analyses
Reactive oxygen species (ROS) levels were analysed in cells
via dihydroethidium (DHE) staining. Briefly, on the day
before the experiment, cells were plated in a live cell imag-
ing culture dish. The following day, culture media was
abandoned, cells were rinsed with PBS, stained for 1 h
with 1 pymol/L DHE, rinsed twice with PBS and imaged via
fluorescent microscopy. Skin tissue ROS levels were also
analysed by using DHE as a fluorescent probe, with har-
vested samples being stained for 45 min with DHE at 37°C
in a dark humidified chamber.

2.8 | Lentiviral transduction

PLKO.1-puro plasmids harbouring shRNA sequences spe-
cific for Junb and Fosl were constructed and co-transfected
into HEK-293T cells along with the psPAX2 and pMD2.G
vectors using the FuGENE 6 transfection reagent. At 48 h
post-transfection, media was collected from these cells,
passed through a .45-um membrane filter, and lentiviral
particles were collected via ultracentrifugation. Lentiviral
titres were determined using a limiting dilution approach,
and particles were diluted at a final concentration of 1x10”
TU/mL. Macrophages stably expressing Fosl or Junb-
specific shRNA constructs were established by infecting
healthy MO BMDMs with these lentiviruses for 48 h, after
which puromycin was added to select for successfully
transduced cells. The in vivo knockdown of these genes
was achieved by injecting these lentiviral particles around
the wound sites in DFU model mice.

29 | ELISAs

Sandwich ELISA kits from RayBiotech were used to anal-
yse macrophage-derived IL-10, VEGF, TGF-f1 and Platelet
derived growth factor (PDGF) concentrations. Briefly,
supernatants were harvested from anti-inflammatory
macrophage cultures and transferred into pre-coated
microplates, with detection antibodies and Horseradish
Peroxidase (HRP) being added as indicated in the provided
instructions prior to colour development, with absorbance
values being analysed at 450 nm with a microplate reader.
Protein concentrations were established using a standard
curve.

2.10 | Transcriptomic analyses

IL-4-stimulated macrophages for 24 h or skin samples
collected from DFU model mice on day 3 were lysed
with Trizol to extract RNA, after which a Nanodrop spec-

3

trophotometer was used to evaluate RNA sample purity
and concentration. NEBNext Ultra IT RNA Kits were then
used for RNA library preparation prior to sequencing with
an Illumina HiSeq X10 instrument. The resultant raw
data were analysed with DeSeq2 using the GRCh38 refer-
ence genome. Differentially expressed genes (DEGs) were
further enriched.

2.11 | Immunoprecipitation and
glutathione S-transferase pull-down

In the immunoprecipitation assay, lysates were prepared
from HEK-293T cells and RAW 264.7 cells in 1x IP lysis
buffer. Immunoprecipitation was then performed by incu-
bation with an anti-IL-4 antibody or anti-Trem2 antibody
at 4°C overnight followed by incubation with Protein A/G
Plus-Agarose at 4°C for 2 h with gentle rotation. The
beads were washed three times with 2x IP lysis buffer and
boiled for 15 min in reducing sodium dodecyl sulphate
(SDS) sample buffer. The immunoprecipitated proteins
were separated on SDS-PAGE, with 10% gels used for
further western blotting.

For the glutathione S-transferase (GST) pull-down assay,
GST-1L-4 fusion proteins were immobilized on GST beads
and incubated with His-tagged (His-Trem2, His-Trem2
[NT-aal-132], His-Trem2 [NT-aal33-227]) binding buffer.
The expression of GST fusion proteins was confirmed by
SDS-PAGE with Coomassie Brilliant Blue staining. The
interaction of GST-IL-4 and His-Trem2 was confirmed by
western blotting.

212 | qPCR

Trizol was used to extract RNA from cell samples, after
which RNA purity and concentrations were analysed with
a Nanodrop spectrophotometer. A total of 1 ug of RNA
per sample was reverse transcribed to produce cDNA,
and all qPCR analyses were performed with the SYBR
Green qPCR Master Mix kit (Thermo Fisher Scientific).
ddCt method was used for qRT-PCR data analysis and the
results were normalized to S-actin expression. The relevant
primers used in this section are detailed in Supplementary
Material S3.

2.13 | Western immunoblotting

In total, 1x10° cells per sample were harvested, rinsed with
cold PBS and lysed in 100 pL of 1xSDS loading buffer
containing 2% SDS to extract protein. These lysates were
then boiled for 10 min at 100°C and separated by 10% or
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12.5% SDS-PAGE prior to transfer to PVDF membranes.
The information of primary antibodies used to probe blots
in this study was specific for proteins and is shown in
Supplementary Material S2B.

2.14 | Flow cytometry analysis

The skin tissues were dissected from the surrounding
fascia, weighed, mechanically minced, and then isolated
using the whole skin dissociation Kit (mouse, Miltenyi
Biotech). To analyse surface markers, cells were suspended
in a cell staining buffer (420201, Biolegend). For surface
antigen staining, cells were incubated with anti-mouse
CD16/CD32 antibody (Mouse Fc Block, 1:200, 156604,
Biolegend) and then incubated with surface proteins anti-
bodies in the dark at 4°C for 30 min. Fixable Viability
DyeFixable viability dye (eFluor 450, 1:2000, eBioscience)
was used for live/dead discrimination. The antibodies
utilized for staining included: anti-CD45 (1:200, 157607,
Biolegend), anti-CDI11b (1:100, 101212, Biolegend), anti-
F4/80 (1:400, 123133, Biolegend), anti-Ly6G (1:400, 127623,
Biolegend), anti-CD86 (1:400, 105021, Biolegend), anti-
CD206 (1:400, 141719, Biolegend) and anti-Trem2 (1:200,
ab125117, abcam). Flow cytometry data were collected on
LSR Fortessa (BD Biosciences) and analysed using FlowJo
software (v10.8.1).

2.15 | LC-MS/MS analysis

To establish a Trem2 overexpression stable cell line, we
employed the Trem?2 lentivirus. Macrophage cells were
cultured in a medium enriched with a high glucose con-
centration (25 mM, Gibco, Thermo Fisher Scientific) and
then stimulated with Lipopolysaccharides (LPS) at a con-
centration of 100 ng/mL for 6 h. Subsequently, 1x10"7
cells were collected for immunoprecipitation, utilizing the
Immunoprecipitation System (Millipore, 17—500) strictly
according to protocol.

After co-immunoprecipitation, equivalent amounts of
proteins were separated on 4—12% SDS-PAGE gels and
visualized with Coomassie blue G250 staining (BioRad).
The stained bands were cut into individual fractions,
excluding the IgG chains. These fractions were further
subdivided and transferred to a 1.5-mL tube.

The proteins were enzymatically digested with trypsin
using a modified version of the filter-assisted sample
preparation protocol.' Briefly, the proteins were loaded
into 10 kDa centrifugal filter tubes (Millipore Corporation)
and rinsed twice with 200 uL of Urea (UA) buffer (con-
sisting of 8 M urea and .1 M Tris-HCI, pH 8.5). Next, they
were alkylated with 50 mM iodoacetamide in UA buffer

for 30 min in the dark at room temperature (RT). After
three washes with UA buffer, the proteins were rinsed
three times with 200 uL of 50 mM ammonium bicarbonate
(ABC). All centrifugation steps were carried out at 12 000 g
at RT.

The proteins were then digested with trypsin (Promega)
in 50 mM ABC and incubated at 37°C for 18 h. Upon
completion of digestion, the peptides were concentrated
by vacuum centrifugation and desalted using C18 solid-
phase extraction (3 M Empore). The desalted peptides were
evaporated again using vacuum centrifugation, and a por-
tion of these dried peptides were prepared for subsequent
LC-MS/MS analysis.

2.16 | Statistical analysis

The selection of statistical tests was guided by the char-
acteristics of the data, specifically its distribution and
homogeneity of variance. In cases where the data exhib-
ited normal distribution and homogeneity of variance,
an unpaired two-tailed Student’s t-test was applied for
comparing two distinct groups. For scenarios involving
multiple groups, a one-way ANOVA, followed by Dunnett’s
multiple comparison test, was employed. Additionally, to
assess the wound area in relation to both treatment and
time, a repeated measures two-way ANOVA was con-
ducted. The significance levels were represented using
asterisks, with *, ** and *** indicating p-values less
than .05, .01 and .001, respectively. NS was used to denote
the absence of a statistically significant difference. The rel-
evant statistical analysis was done using GraphPad Prism
9 software package.

3 | RESULTS
3.1 | Diabetic ulcer patients and mice
exhibit upregulated Trem2 expression

To initially explore genes that may be associated with dia-
betic wound healing, the GSE 80178 microarray dataset was
downloaded from the Gene Expression Omnibus database.
Trem2 was one of the DEGs significantly upregulated in
the DFU relative to uninjured foot skin (Figure 1A). To
extend these analyses to an in vivo experimental system,
DFU model mice were established and gene expression
profiles in diabetic wound tissues were analysed. This
RNA-seq approach revealed that skin wound generation
in these animals was associated with significant Trem2
upregulation (Figure 1B). Subsequent qPCR, immunohis-
tochemistry staining and Western immunoblotting analy-
ses demonstrated that while Trem2 expression levels in the
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FIGURE 1 Trem?2 levels were shown to be increased in diabetic ulcers and diabetic wound healing. (A) Heatmap of different gene
expression patterns in human samples from control and diabetic ulcers. (B) Heatmap of different gene expression patterns in mouse samples
of control and skin wounding. (C) Trem2 expression was examined via qPCR from skin wounding on days 1, 3, 5, 8, 11 and 14 post-injury as
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samples/group. (E) Quantified data of immunoblotting band intensity in D. (F) Trem?2 expression was analysed by immunohistochemical
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data of immunohistochemical staining intensity in F. (H) Flow cytometry gating strategy and analysis of the Trem2* subpopulations of mouse
skin immune cells at day 3 after diabetic wound injury (n = 4). (I) Flow cytometry analysis of the effects of Trem2 expression on gated
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cytometry data in I. (K, L) Representative dual-immunofluorescence staining of Trem2 and F4/80 or Trem?2 and Ly-6G in skin tissues at day 1

and day 3 after injury. Scale bar is 100 um. n = 6 samples/group. Scale bar is 100 um. (M) Quantification of dual-immunofluorescence staining
intensity in K and L. *p < .05; **p < .01.
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skin at baseline were relatively low, it was markedly upreg-
ulated in response to cutaneous wounding in diabetic
model mice, with maximum levels being evident on day 3
post-wounding after which these levels gradually declined
over the course of the healing process (Figure 1IC—G). Next,
we sought to identify the leukocytes that affect Trem?2
expression after diabetic wound injury. Flow cytometry
showed that almost all Trem2-expressing cells in the skin
tissues at day 3 after diabetic wound injury were CD11b*
myeloid cells; however, the lymphocytes did not express
Trem2 (Figure 1H). Among the CD11b*™ myeloid cells,
nearly 80% of CD11b*F4/80" Ly6G macrophages expressed
Trem2, whereas CD11b*Ly6G*F4/80 neutrophils made
up only a minor portion of Trem2-expressing leukocytes
(Figure 11,J). Dual immunofluorescent staining for Trem2
and either F4/80 or Ly6G in skin tissue samples from
the diabetic model mice on days 1 and 3 post-wounding
revealed that Trem2 expression was specifically enriched
in macrophages but not neutrophils in response to DFU
model wound generation (Figure 1K—M). These results
reveal that Trem2 may play a role in regulating the
formation or healing of diabetic ulcers.

3.2 | Macrophage-specific loss of Trem2
expression impairs in vivo diabetic wound
closure

To explore the importance of macrophage Trem2 expres-
sion in the induction of wound healing, a diabetic
wound model was established in T2-cKO mice bearing a
macrophage-specific deletion of Trem?2. Firstly, we con-
firmed the absence of Trem2* cells in T2-cKO mice by flow
cytometry (Figure S4). Relative to T2-flox control mice,
these T2-cKO animals did not exhibit any baseline skin
defects (Figure S5). However, wound healing was notably
impaired on days 2, 5 and 9 post-wounding in these T2-
cKO animals (Figure 2A,B), with representative images
and measurements of epithelial gap sizes indicating that
wounds were significantly larger in T2-cKO mice on days
2 and 5 relative to T2-flox controls (Figure 2C,D). On day
14 post-injury, Masson’s trichrome staining analyses of col-
lagen deposition revealed that T2-cKO mice exhibited a
significantly reduced collagen volume fraction compared

3

to T2-flox controls (Figure 2E,F), and immunofluorescent
staining for a-SMA and CD31 revealed poor tissue repair
and angiogenic activity on day 5 post-wounding in these
T2-cKO mice (Figure 2G—J). Western immunoblotting fur-
ther suggested that the macrophage-specific loss of Trem2
suppresses the expression of key repair-related proteins on
day 5 post-wounding including a-SMA, COL1 and COL3
(Figure 2K,L). Above all, these results reveal that the loss of
macrophage Trem2 expression impairs the diabetic wound
healing process in mice.

3.3 | The macrophage-specific deletion of
Trem?2 induces excessive inflammatory
activity and oxidative stress in a murine
model of diabetic wound healing

The appropriate healing of diabetic wounds is highly
dependent on an appropriate transition from an
inflammatory to a proliferative state.’?!' Next, we
investigated macrophage phenotype in skin tissues at
day 2 after diabetic wound injury using flow cytometry.
The gating strategy used for the identification of pro-
inflammatory macrophages (F4/80"CD11b*CD86%) and
anti-inflammatory macrophages (F4/80"CD11b*tCD206™)
is shown in Figure 3A. The results showed that
Trem2 deficiency led to enhanced recruitment of
F4/80"CD11btCD86™ pro-inflammatory macrophages
in the skin tissues and a significant reduction in the
proportion of F4/801CDI11b*tCD206" anti-inflammatory
macrophages compared with Wild type (WT) mice at
day 2 after diabetic wound injury (Figure 3B,C). Next,
using immunofluorescent staining for the phenotypic
marker CD206 to evaluate anti-inflammatory macrophage
abundance in the DFU mouse model system established
above, a clear reduction in anti-inflammatory macrophage
levels was observed in T2-cKO mice (Figure 3D,E).
The healing of skin wounds can be severely negatively
impacted by both excessive inflammation and oxidative
stress.”? Accordingly, both inflammatory and oxidative
stress responses were analysed via immunofluorescent
staining in murine skin at 6 h and 2 days post-wounding,
revealing that the knockout of Trem2 can enhance IL-158
and TNF-a expression in macrophages (Figure 3F—H),

FIGURE 2

Trem2 knockout impaired wound healing in diabetic mice. (A) Trem2 knockout increased skin wound areas on the indicated

days. n = 8 samples/group. (B) Quantification of wound area. Data are expressed as the percentage of the remaining area to the initial wound

area. (C, D) Images of histological staining and quantification on day 2 and day 5 post-injury. Scale bar is 100 um. n = 8 samples/group. (E, F)
Images of Masson staining and quantification on day 14 post-injury. n = 8 samples/group. (G, H) Images of immunofluorescence staining of
a-SMA and quantification on day 5 post-injury. Scale bar is 100 um. n = 6 samples/group. (I, J) Images of immunofluorescence staining of

CD31 and quantification on day 5 post-injury. Scale bar is 100 um. n = 6 samples/group. (K, L) The expression of a-SMA, COL1 and COL3 was

detected by WB on day 5 post-wounding. n = 5 samples/group. *p < .05; **p < .0l
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FIGURE 3 Attenuated inflammatory phenotype in wound injury macrophages with Trem?2 loss-of-function. (A) Gating strategy for

pro-inflammatory macrophages (F4/80*CD11b* CD86"), and anti-inflammatory macrophages (F4/80*CD11b*CD206"). (B, C) The numbers
of pro-inflammatory and anti-inflammatory macrophages were determined in the skin tissues of WT and T2KO mice at day 2 after diabetic

wound injury. (D, E) Images of immunofluorescence staining of CD206, F4/80 an
n = 6 samples/group. (F—H) The expression of IL-18 and TNF-a was detected by i

d quantification on day 5 post-injury. Scale bar is 100 pm.
mmunofluorescence staining. Scale bar is 100 ym. n =6

samples/group. (I, J) The expression of IL-6, IL-13, Nox2 and Txnip was detected by WB on day 2 post-wounding. n = 5 samples/group. (K, L)

Representative images and quantitative analysis showing the levels of superoxide

anions as measured by DHE staining. n = 5 samples/group.

(M, N) Images of immunofluorescence staining of GPX4 and quantification on day 2 post-injury. Scale bar is 100 um. n = 6 samples/group.

*p <.05; **p < .01
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with Western immunoblotting yielding similar results
on day 2 post-wounding (Figure 3LJ). A DHE assay was
further employed to measure ROS levels, with T2-cKO
mouse samples containing significantly higher ROS levels
relative to T2-flox controls in this experimental setting
on day 2 post-wounding (Figure 3K,L). Consistently, the
intensity of the fluorescent signal for the antioxidant
enzyme glutathione peroxidase 4 (GPX4) was notably
reduced in T2-cKO mice as compared to T2-flox controls
on day 2 post-wounding (Figure 3 M,N). These results
demonstrate that the macrophage-specific deletion of
Trem?2 significantly enhanced inflammatory responses,
oxidative stress and ferroptotic cell death in these diabetic
model mice following skin wounding.

3.4 | IL-4 binds directly to Trem2 protein

It has been reported that the phenotypic transition of
macrophages is controlled by a series of inflammatory fac-
tors. We, therefore, searched for alternative Trem?2 ligands
in macrophages using mass spectrometry. The top 30 pro-
teins identified as potential targets of Trem2 are listed in
Figure 4A, showing the unexpected inclusion of IL-4 with
a high score. To determine the nature of the IL-4/Trem2
interaction, we used AlphaFold-multimer to predict the
complex structure of IL4 and Trem2 (Figure 4B). Also,
we conducted a Ramachandran plot to explore the dis-
tribution of the dihedral angles of individual residues
from the predicted protein structures (Figure 4C). Fur-
thermore, the detailed interface interactions between IL4
and Trem?2 were displayed (Figure 4D). We further inves-
tigated the interaction between IL-4 and Trem2 using
co-precipitation. HEK 293T were also transfected with
Trem?2 or IL-4, showing that IL-4 could interact with Trem2
in HEK-293T cells (Figure 4E). Similar results were found
in RAW 264.7 and RAW 264.7 IL-4R-KO cells (Figure 4F,G),
confirming that IL-4 binds to Trem?2 is independent of
IL-4R. IF analysis showed that Trem2 co-localized with
IL-4 on the macrophage (Figure 4H). We further con-
structed plasmids expressing the full-length mouse Trem2
or IL-4 sequences, and purified the Trem2 protein with an
N-terminal His tag and GST-IL-4 (Figure S6). GST pull-
down assays showed that His-Trem2 binds to GST-IL-4
(Figure 41). To determine the region of Trem?2 responsi-
ble for the interaction with IL-4, we created His-tagged

N-terminal aal—aal32 of Trem2 (NT-aal—132), His-tagged
NT aal33—227 of Trem2 (NT-aal33—227) and His-tagged
full-length Trem2 constructs, and expressed these proteins
in HEK-293T cells. GST-tagged IL-4 was found to associate
with the full-length or NT-aal-132 fragment of Trem2 but
not with the NT-aal33-227 fragment (Figure 4J,K). These
results indicate that Trem?2 is a non-classical receptor of
IL-4 in macrophages.

3.5 | Trem?2 deletion in macrophages
impairs dermal fibroblast functions due to
the disruption of appropriate paracrine
signalling

To explore the direct role that IL-4/Trem2 plays as a
regulator of pro-inflammatory/anti-inflammatory phe-
notypic differentiation in macrophages, BMDMs were
harvested from WT or Trem2-KO mice and treated with
IL-4. Subsequent immunofluorescent staining revealed a
decrease in the expression of the anti-inflammatory phe-
notypic marker proteins Argl and CD206 on macrophages
from Trem2-KO mice relative to those from WT con-
trols (Figure 5A—C). Moreover, the loss of Trem2
expression was associated with a drop in the levels of
secreted proteins associated with tissue repair includ-
ing IL-10, TGF-G1, PDGF and VEGF, as measured by
ELISA (Figure 5D). These data findings suggest that
Trem2 is capable of directly driving the transforma-
tion of macrophages towards the anti-inflammatory
phenotype.

To examine the crosstalk between anti-inflammatory
macrophages and dermal fibroblasts, a co-culture exper-
imental system was established. This approach revealed
that the macrophage-specific knockout of Trem2 sup-
pressed the migration of these fibroblasts in wound healing
and transwell experiments (Figure 5SE—H), inhibited their
proliferation and contributed to the elevation of ROS lev-
els within these dermal fibroblasts (Figure 5I—L). This
loss of Trem2 expression was also associated with signif-
icant decreases in a-SMA, vimentin and TGF-f1 protein
levels within dermal fibroblasts, whereas Nox2 expres-
sion was increased in these cells (Figure SM—P). These
results support the ability of macrophage Trem2 expres-
sion to enhance the function of dermal fibroblasts through
a paracrine signalling effect.

coloured cyan, while residues in Trem?2 are coloured orange; red dashes represent hydrogen bond interactions; blue dashes represent salt
bridges. (E) Co-immunoprecipitation of Trem2 and IL-4 in HEK-293T cells. (F, G) Co-immunoprecipitation of endogenous Trem2 and IL-4 in
RAW 264.7 and RAW 264.7 IL-4R-KO. (H) Immunofluorescence analysis revealed that Trem2 co-localized with IL-4 on the macrophages.
Scale bar: 100 um. (I) Direct binding of GST-IL-4 to His-Trem?2 using GST pull-down assay. (J, K) GST pull-down assay examining interactions

between GST-fused IL-4 and various His-Trem2 protein fragments.
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Trem2 was identified as a functional receptor mediating the effects of IL-4 and Trem2 knockout in macrophages impaired

skin fibroblasts function and promotes ROS levels. (A—C) Images of immunofluorescence staining of CD206, Argl in macrophage and
quantification. Scale bar is 100 um. n = 7 samples/group. (D) Quantification of the expression of IL-10, TGF-81, PDGF and VEGF by Elisa
assay. n = 7 samples/group. (E, F) Wound healing assay and quantification. n = 6 samples/group. (G, H) Transwell assays and quantification.
n = 6 samples/group. (I, J) Representative images and quantitative analysis showing the levels of superoxide anions as measured by DHE
staining. n = 6 samples/group. (K, L) Representative images and quantitative of EdU staining. n = 6 samples/group. (M, N) Representative
immunofluorescence images of a-SMA expression in skin fibroblasts and quantification. Scale bar is 100 um. n = 6 samples/group. (O, P)
a-SMA, vimentin and TGFf1 and Nox2 expression levels were measured by Western blotting, and the expression levels in the different groups

were quantified. n = 5 samples/group. *p < .05; **p < .01; ***p < .001.

3.6 | Transcriptomic sequencing-based
identification of the signalling pathways
regulated by Trem?2

To explore the mechanistic processes through which
Trem?2 functions as a regulator of diabetic wound healing,
injured skin tissue samples from T2-cKO and T2-flox mice
were collected for transcriptomic analysis. This RNA-seq

approach ultimately identified 687 and 596 DEGs that were
significantly upregulated and downregulated, respectively,
in T2-cKO mice relative to T2-flox controls on day 3 after
wounding (Supplementary Material 7A). Functional clus-
tering analyses revealed that many of these DEGs were
associated with key inflammation- and oxidative stress-
related pathways including the IL-17, TNF, JAK-STAT and
MAPK signalling pathways (Figure 6A). Further analysis
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of the DEGs overlapping among these top 20 pathways
revealed that the majority (including IL-6, IL-1a, IL-11,
Fosll, Junb, Fos, Treml, Ccl2, Cxcl2, Cxcl3, Cxcll0, Ccl3
and Atgam) serve as pro-inflammatory mediators that were
upregulated in T2-cKO mice following skin wounding
(Figure 6B).

When these DEGs were subjected to a protein—protein
interaction network analysis, a close relationship was
found between diabetic wound healing and the activa-
tor protein 1 (AP-1) family members Fosll and Junb
(Figure 6C). The AP-1 transcription factor complex is
comprised of different Fos and Jun family proteins, and
serves as an important driver of inflammatory response
induction.”>** Accordingly, these AP-1 family proteins
were selected as targets of interest for further experimental
evaluation. A qPCR analysis revealed that these mem-
bers of the AP-1 transcription complex were significantly
upregulated in skin tissue samples from T2-cKO mice after
wounding (Figure 6D). A luciferase reporter assay further
demonstrated that the level of AP-1 activity in T2-cKO
mice was significantly increased as compared to T2-flox
control animals (Supplementary Material S7B), with West-
ern immunoblotting yielding similar results (Figure 6E,F).
To test the ability of exogenous Trem?2 to suppress Fosll
and Junb expression and activity, BMDMs from WT mice
were further stimulated with 10 ng/mL M-CSF, after which
the resultant MO macrophages were transduced with the
LV-Trem2 or LV-GFP vectors. Subsequent qPCR analysis
highlighted a clear drop in Fosll and Junb levels fol-
lowing the overexpression of Trem2 (Figure 6G), with
a luciferase reporter assay also demonstrating a consis-
tent decline in AP-1 activity following such overexpression
(Supplementary Material S7C), Western immunoblotting
yielding similar results in vitro (Figure 6H,I). These find-
ings thus provide clear evidence that Trem2 can target
AP-1 and function as an inhibitor of macrophage-driven
inflammatory activity in the context of diabetic wound
healing.

3.7 | Fosll and Junb knockdown reverses
the impact of the loss of Trem2 expression
on in vitro and in vivo diabetic wound
healing

To explore the importance of Trem2-mediated AP-1 regu-
lation in the wound healing process, Fosl and Junb were
next knocked down in cells of tissues using lentivirus con-
structs encoding shRNAs specific for these proteins. When
BMDMs from WT and Trem2-KO mice were infected
with these lentiviral vectors and stimulated with IL-
4, subsequent IF staining showed that the silencing of
Fosll and Junb was sufficient to alleviate the adverse

impact of Trem2 deletion of the expression of the anti-
inflammatory macrophage marker proteins Argl and
CD206 (Figure 6J—L). This silencing of Fosll and Junb
additionally weakens the observed downregulation of the
tissue repair-associated proteins IL-10, TGF-S1, PDGF and
VEGF in the context of Trem2 knockout (Figure 6M).

To expand on these findings, WT or Trem2-KO
macrophages were transfected with the shFosl1 or shJunb
vectors prior to co-culture with dermal fibroblasts.
This approach revealed that knocking down Fosll and
Junb improved the suppression of fibroblast activation
(Figure 6N,0) and migration (Figure 6P,Q) observed
when Trem2 was knocked out. The in vivo knockdown
of Fosll and Junb was further achieved in the skin tissue
of experimental mice by injecting the prepared shRNA-
encoding virus particles into the skin after injury. The
knockdown of Fosll and Junb in these mice resulted in
the enhancement of wound healing, as evidenced by a
reduction in the epithelial gap and improved collagen
alignment relative to those in control T2-cKO mice on
day 6 post-wounding (Supplementary Material SSA—E).
IF staining also indicated that the knockdown of these
two AP-1 family proteins improved the inflammation and
ROS production that were otherwise observed on day 3
post-injury in the skin of Trem2-KO mice (Supplementary
Material S8F—I). Staining for a-SMA and CD31 also
yielded similar results, demonstrating that knocking
down Fosll and Junb increased the protein expression
levels observed in Trem2-KO mice (Supplementary
Material S8J—M). Together, these findings indicate that
the loss of Trem2 expression can impair wound healing
at least in part via enhancing the expression of Fosll
and Junb.

3.8 | The knockout of Trem2 promotes
AP-1 expression via the MAPK signalling
pathway

To more fully explore how Trem2 regulates AP-1 activity,
we stimulated WT macrophages and T2-KO macrophages
with IL-4 and performed transcriptomic analysis of the cell
samples. Functional cluster analysis revealed that Trem2
is also involved in the regulation of MAPK signalling at
the cellular level (Figure 7A). This was consistent with the
tissue sequencing results in Figure 6A. The modulation
of Trem2 expression in vitro has previously been reported
to have a significant impact on MAPK signaling.'?° In
this study, Western immunoblotting revealed that the
knockout of Trem2 enhanced p-ERK and p38-expression
levels compared with the WT group in vitro and in vivo.
However, the p-JNK expression levels was no significant
difference between the WT group and the T2-KO WT
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group in diabetic mice (Figure 7B—E). Treatment with the
ERK inhibitor SB203580 or the p38 inhibitor PD98059 par-
tially reversed the negative effects of Trem2 deletion in
vitro, increased the expression of both CD206 and Argl
(Figure 7F—H) and reduced the expression of both Fosll
and Junb (Figure 71,J). SB203580 and PD98059 blocked the
effect of Trem2 knockout on the reduced secretion of IL-10,
TGF-f1, PDGF and VEGF, as measured via ELISA, relative
to the Trem2-KO*1L-4 treatment group (Figure 7K).

Cells treated with SB203580 and PD98059 were further
used in a co-culture analysis of the crosstalk between
anti-inflammatory macrophages and dermal fibroblasts.
In this experimental setting, a significant increase in the
proliferation (Figure 7L,M) and phenotypic transforma-
tion (Figure 7N,O) of dermal fibroblasts was observed
following SB203580 and PD98059 treatment, with West-
ern immunoblotting yielding similar results (Figure 7P,Q).
These findings indicate that the loss of Trem2 can pro-
mote AP-1 expression and dermal fibroblast phenotypic
changes at least in part through the regulation of the
MAPK signalling pathway.

3.9 | Trem?2 knockout impairs beneficial
crosstalk between macrophages and
dermal fibroblasts through the MAPK/AP-1
pathway-mediated upregulation of Lif

To clarify the protective mechanisms through which
macrophage-derived Trem2 supports the diabetic wound
healing process, macrophages were next used for tran-
scriptional profiling. BMDMs from WT and Trem2-KO
mice were stimulated with IL-4, and 645 and 511 DEGs
were, respectively, found to be significantly upregulated
and downregulated in Trem2-KO cells relative to WT
controls (Figure 8A). Several DEGs were found to be sig-
nificantly enriched in both our macrophage (WT*IL-4 vs.
Trem2-KO*IL-4) and tissue (T2-flox vs. T2-cKO) datasets,
including lif, Fosll, Cxcll and Cxcl2 (Figure 8B), with
changes in lif expression being successfully validated both
in vitro and in vivo (Figure 8C—F). The ability of Trem2
to regulate the expression of Lif via the MAPK/AP-1 sig-
nalling axis was then explored using ERK inhibitors, p38
inhibitors and shRNAs specific for Fosll and Junb. Western
immunoblotting revealed that the knockout of Trem?2 sig-
nificantly promoted Lif upregulation, while these changes
were reversed by inhibition of the activity of ERK and P38
and knocking down Fosll and Junb (Figure S9).

Lif functions as an important inhibitor of collagen
expression and tissue fibrosis.?>?° To test its functional role
in the context of Trem2-mediated regulation of diabetic
wound healing, the impacts of Lif on dermal fibroblast
proliferative, migratory and activation phenotypes were

3

next evaluated. Briefly, dermal fibroblasts from WT mice
were treated for 24 h with TGF-8 with or without Lif
(1000 U/mL). Western immunoblotting demonstrated that
Lif stimulation significantly inhibited the TGF-B-driven
upregulation of a-SMA and collagen I (Figure 8G,H).
In this setting, Lif treatment was sufficient to suppress
fibroblast proliferation, migration and phenotypic trans-
formation as compared to control fibroblasts only treated
with TGF-G1 (Figure 8I-N). To explore the ability of
Trem?2 deletion to suppress the activation of fibroblasts in
response to TGF- via the regulation of Lif, BMDMs were
isolated from WT and Trem2-KO mice and stimulated with
IL-4, after which the conditioned media from these cells
was used to treat dermal fibroblasts together with TGF-
B. Treatment with a Lif-neutralizing antibody reversed the
suppression of fibroblast activation, migration and prolif-
eration observed when these cells were treated with media
from the Trem2-KO*IL-4 group (Figure 8O—T). These data
thusindicate that the deletion of Trem?2 interferes with dia-
betic wound healing in part by controlling the expression
of Lif.

3.10 | Administering soluble Trem2
enhances diabetic wound healing

To test the impact of therapeutic sTrem2 administration
on the in vivo diabetic wound healing process, sTrem2
was mixed with an injectable gelatin hydrogel as in prior
reports.”’ Next, we compared the changes in the wound
closure and inflammatory activity among three groups
of mice with diabetic wound:PBS group, GelMA alone
group and sTrem?2 was mixed with GeIMA group (sTrem2-
GelMA). The administration of this sTrem2-GelMA was
associated with the significant acceleration of wound heal-
ing on days 3, 6 and 9 post-injury relative to PBS group
and GelMA alone group (Figure 9A,B), with a corre-
sponding reduction in the measured epithelial gap size
on day 6 (Figure 9C). Treatment with sTrem2-GelMA also
increased the observed collagen volume fraction during
the healing process as detected via Masson’s trichrome
staining (Figure 9D,E). Relative to vehicle-treated mice,
those treated with sTrem2-GelMA also exhibited a sig-
nificantly decreased CD86% cell proportion on day 3
after injury (Figure 9F,G). Immunohistochemistry (IHC)
staining revealed a significant decline in IL-6 and IL-
18 levels in the wounds of sTrem2-GelMA-treated mice
(Figure 9H—K), while IF staining for a-SMA and CD31
confirmed the ability of this sTrem2-GelMA preparation
to promote tissue repair and angiogenesis on day 6 post-
injury (Figure 9L—0). These results thus confirmed the
ability of sTrem?2 treatment to promote enhanced in vivo
diabetic wound healing.
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4 | DISCUSSION

Macrophages are vital mediators of tissue repair and
regeneration after wounding.® The expression of the trans-
membrane receptor protein Trem?2 is largely restricted to
the myeloid compartment wherein it acts as a key regu-
lator of macrophage-related immune activities. No studies
to date, however, have explored the role that Trem2 plays
in the context of diabetic wound healing of the underlying
molecular mechanisms responsible for such activity. This
study is the first to our knowledge to have demonstrated
that Trem?2 is upregulated in a mouse model of diabetic
wounding, with peak expression on day 3 after wound
induction followed by gradual downregulation over the
course of the healing process. The experiments conducted
herein further revealed that while the macrophage-specific
deletion of Trem2 did not induce any baseline skin defects
in these mice, they exhibited more robust inflammatory
responses and impaired wound healing as compared to
WT control animals post-injury. Moreover, the frequency
of anti-inflammatory macrophages was decreased in these
T2-cKO mice after wounding, supporting a potential role
for Trem2 as a functional regulator of the interconver-
sion between pro-inflammatory and anti-inflammatory
macrophage populations.

Several inflammatory cytokines regulate the pheno-
typic differentiation of macrophages, with IFN-y and
IL-4, respectively, promoting the differentiation of pro-
inflammatory and anti-inflammatory macrophages.’®*
The macrophage-specific loss of Trem2 in the mice in
this study was associated with a pronounced drop in
the frequency of anti-inflammatory macrophages, and
Trem2 was further found to directly promote the anti-
inflammatory differentiation of murine macrophages
in vitro. These findings are consistent with a model
wherein the specific deletion of Trem2 in macrophages
contributes to the induction of more severe inflammation
and oxidative stress during the skin wound healing
process. Trem2 may thus also serve as a key regulator of
these inflammatory responses. Thus, further studies will
be necessary to clarify the direct involvement of Trem?2
in these inflammatory signalling pathways and to test its
potential ability to interact with the IFN-y or IL-4 receptors

3

or downstream components in their signal transduction
cascades.

Several studies have indicated that interactions with dif-
ferent ligands can modulate the strength and direction
of Trem2 signalling differently.* Trem2 has been shown
to bind directly to mAp42, thus blocking AB42 polymer-
ization to inhibit the development of AD.’! Xie et al.
found that IL-34 binds directly to Trem2 to inhibit acute
myeloid leukaemia in mice.*? We further investigated the
molecular mechanisms underlying Trem2—ligand inter-
actions using mass spectrometry. Our data showed that
IL-4 induced anti-inflammatory macrophage phenotype
through binding directly to Trem2. With IL-4 stimulation,
Trem?2 deletion promoted pro-inflammatory macrophage
phenotype and impaired the functions of dermal fibrob-
lasts. The results verified that Trem2 may act as a non-
classical receptor of IL-4 to promote diabetic wound
healing.

A comparison of the transcriptomic profiles of wounded
skin tissue samples from Trem2-flox and Trem2-KO mice
herein revealed that inflammation-related gene signa-
tures were more clearly evident in Trem2-cKO mice as
compared to Trem2-flox controls, potentially contribut-
ing to the downstream induction of pro-inflammatory
signalling activity. Notably, pronounced AP-1 upregula-
tion and MAPK signalling activity were observed when
Trem2 was knocked out in macrophages. The AP-1 tran-
scription factor is formed by different members of the
Fos and Jun protein families, and serves as an essential
promoter of cytokine expression in a range of inflamma-
tory diseases including psoriatic arthritis, psoriasis and
rheumatoid arthritis.**3* AP-1 is also a target of several
different anti-inflammatory and antioxidant compounds.*
These findings thus align well with prior research results.

In this analysis, inhibiting Fosll and Junb was found
to be sufficient to improve the effects that the loss of
Trem2 had on in vitro and in vivo wound healing. This
study is thus the first to demonstrate that wound heal-
ing can be impaired by Trem2 deficiency owing to the
consequent upregulation of Fosll and Junb. MAPK sig-
nalling is also critically important to the differentiations
of macrophages,®®*” with the activation of the p38 and
ERK1/2 components of the MAPK pathway favouring pro-

FIGURE 8

Trem?2 deficiency impaired wound healing and fibroblast activation through Lif regulation.(A)Volcano plot analysis results

of differentially expressed genes in macrophage. (B) Venn diagram of RNA sequencing data of macrophage (WT*IL-4 vs. Trem2~/~*IL-4) and
tissue (T2-flox vs. T2-cKO). (C—F) The expression of Lif was detected by WB, and the expression levels in the different groups were quantified.
n = 5 samples/group. (G, H) The expression of a-SMA and Collagen I was detected by WB, and the expression levels in the different groups

were quantified. n = 5 samples/group. (I, J and O, P) Representative immunofluorescence images of a-SMA expression in skin fibroblasts and

quantification. Scale bar is 100 um. n = 6 samples/group. (K, L and Q, R) Transwell assays and quantification. Scale bar is 100 ym. n = 6

samples/group. (M, N and S, T) Representative images and quantitative of EAU staining. Scale bar is 100 um. n = 6 samples/group. *p < .05;

**p < .01.
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inflammatory differentiation. In the context of Parkinson’s
disease, Trem2 has been shown to negatively regulate
MAPK signalling and thereby alleviate neuroinflamma-
tory activity.*® Zhang et al. have further demonstrated that
neuroinflammation can be regulated by the Trem2-p38
MAPK signalling axis in the context of chronic cerebral
hypoperfusion and DM.*° In the present study, the loss
of Trem2 expression resulted in enhanced p38 and ERK-
mediated MAPK signalling in lieu of signalling mediated
by JNK, with treatment with ERK and p38 inhibitors
(SB203580 and PD98059, respectively) being sufficient to
change the effects that the loss of Trem2 had on Fosll
and Junb expression. The loss of Trem2 expression can

thus promote AP-1 expression and activity while driving
dermal fibroblast phenotypic transformation through the
targeting of MAPK signalling, consistent with a role for
Trem? as a negative regulator of MAPK signalling and AP-1
activation.

Wound healing is an inherently intricate process that
is further complicated by diabetes and relies on inter-
actions between macrophages, dermal fibroblasts and
other cell types.*>*' The present results suggest that
macrophages that lack Trem2 expression can suppress
dermal fibroblast proliferative activity and phenotypic
transformation, potentially by inducing the secretion of
the pro-inflammatory AP-1 transcriptional targets IL-6 and



CLINICAL AND TRANSLATIONAL MEDICINE
22 0f 24 5 ey

ZHU ET AL.

3

IL-18. RNA-seq data suggested that the loss of Trem2
expression resulted in the pronounced upregulation of
the IL-6 family member Lif, which reportedly alleviates
myocardial and renal fibrosis.*” Consistently, Lif stimula-
tion for 48-72 h can reportedly suppress collagen expres-
sion and fibroblast transformation.*’ In line with this prior
evidence, in this study, Lif markedly suppressed dermal
fibroblast proliferative activity, migration and phenotypic
transformation. Both in vitro and in vivo experiments con-
firmed that Trem2 blocks the MAPK/AP-1 axis to suppress
Lif expression, thus suggesting that the loss of Trem2 can
impair the healing of diabetic wounds at least in part due to
the upregulation of Lif. An overview of the mechanism is
shown in Figure 10. However, it also remains possible that
other cytokines or signalling pathways may also underlie
the role that Trem?2 plays as a regulator of diabetic wound
healing.

There are some limitations to this analysis. For one,
while Trem2 can control the production of the secondary
messengers IP; and DAG,** further work will be neces-
sary to fully elucidate the nature of the crosstalk between
Trem2 and the MAPK pathway. Moreover, while this study
focused on the role that macrophage Trem2 plays as a
regulator of Lif expression and associated skin fibroblast
activity, these findings do not exclude the possibility that
Trem2 may also regulate other cell populations including
endothelial cells, keratinocytes and dendritic cells in the
context of such wound healing. In recent studies, Mascha-
lidi et al. have revealed the significant role of dendritic
cells in the skin healing process of diabetes.*> To gain a
comprehensive understanding of the pathogenesis of dia-
betic skin ulcers and explore novel therapeutic strategies,
further investigation into the role of dendritic cell Trem2
in diabetic skin healing is imperative. Additional stud-
ies employing cell type- and disease stage-specific Trem2
knockout models will be vital to more fully clarify the
spatiotemporal dynamics and processes through which
Trem2 shapes the healing of diabetic wounds. While the
present results suggest that Trem2 upregulation is a rel-
atively specific biomarker associated with wounding in
diabetic model systems, this process is also likely to coin-
cide with monocyte differentiation into macrophages and
it thus remains to be determined as to whether Trem?2 accu-
mulates during this process of monocytic differentiation
or their infiltration into the wound microenvironment.
Accordingly, additional studies should be conducted with
a focus on the transcriptional regulatory mechanisms
and/or processes responsible for Trem?2 protein stabiliza-
tion in the context of tissue injury and wound healing.

In summary, this study provides novel evidence for
the key role that the IL-4-Trem2-MAPK-AP-1 axis plays
in the regulation of macrophage functionality, suggest-

ing that Trem2-mediated crosstalk between myeloid cells
and fibroblasts may be an essential facet of the diabetic
wound healing process. These findings further suggest
that in situ sTrem2 administration may represent an effec-
tive approach to treating non-resolving wounds in patients
with diabetes, while emphasizing the essential roles that
macrophage Trem2 plays in the regulation of dermal
fibroblast activity.
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