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Myeloid Wls expression is
dispensable for skin wound
healing and blood
vessel regeneration

Seen Ling Sim1, Antje Blumenthal1, Simranpreet Kaur1,2†

and Kiarash Khosrotehrani1*†

1The University of Queensland Diamantina Institute, Translational Research Institute, Brisbane,
QLD, Australia, 2Mater Research Institute – The University of Queensland, Translational Research
Institute, Brisbane, QLD, Australia
Wnt signaling controls blood vessel growth, regression and patterning during

embryonic and postnatal life. Macrophages are major producers of Wnt ligands

and angiogenic growth factors. It regulates vascular development and

specification during embryogenesis and wound healing. Macrophage

dysregulation in wound healing impairs vessel regeneration and delay wound

closure. During cutaneous wound healing, the endovascular progenitors (EVPs)

proliferate and differentiate into mature endothelial (D) cells in response to

signals produced by perivascular cells, including macrophages, governing

blood vessels regeneration. However, the role of macrophage’s Wnt

production on endothelial cells, especially the EVPs during wound healing is

currently unknown. Here we used a cutaneous excisional wound model in

mice with conditional deletion of Wnt secretion by myeloid cells (Wlsfl/flLysM-

Cre+) to assess the kinetics of endothelial subpopulations (including EVP),

myeloid infiltration, collagen deposition and wound closure. Deletion of Wls

expression by myeloid cells did not affect wound closure and collagen

deposition, indicating that myeloid Wls expression does not promote wound

healing and regeneration. Myeloid-specific Wls deletion elevated the EVP

population during the peak of angiogenesis, yet without affecting blood

vessel density. Wounds in Wlsfl/flLysM-Cre+ animals showed unperturbed

myeloid infiltration and differentiation. Overall, our data indicate that

macrophage Wnt production shapes EVP kinetics without major relevance to

wound healing. These findings extend the knowledge of macrophage and

endothelial molecular crosstalk and position myeloid-derived Wnt production

as a regulator of endovascular progenitor.

KEYWORDS
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Introduction

The vascular network is an essential ingredient of

regenerative responses and undergoes significant changes

during development and adult life. With the advancement in

single-cell sequencing technologies combined with lineage

tracing models, subpopulations of endothelial cells with

distinct transcriptomic profiles have emerged (1). This

includes a population of tissue-resident endovascular

progenitor (EVP) that can self-renew and differentiate into

mature/differentiated endothelial cells (D), forming an

endothelial hierarchy (2). EVPs remain quiescence during

tissue homeostasis but retain the capacity to regenerate

damaged blood vessels in physiological and pathological

conditions such as skin wound healing (2–4). Under the

influence of pro-angiogenic factors, quiescence EVPs can

proliferate and give rise to de novo blood vessels (2–4).

However, the key signaling pathways that help regulate EVP

quiescence and its re-activation during blood vessel regeneration

remain incompletely understood. Recently, sequencing data of

the homeostatic aorta has identified Wnt signaling as a

prominent pathway in the EVPs compared to D cells (2).

Upregulation of Wnt signaling in the EVP population during

tissue homeostasis may reflect the important regulatory function

of Wnt in maintaining EVP quiescence.

The Wnt signaling is key regulatory pathway of embryonic

development and tissue homeostasis. It controls crucial aspects

of stem cell function such as its quiescence, self-renewal,

proliferation, differentiation, cell fate determination, and

apoptosis in various cell types (5, 6), including endothelial

cells (7, 8). Both b-catenin-dependent and -independent Wnt

signaling promotes endothelial cell proliferation, vessel stability

and integrity during embryonic development but also later in

pathophysiological conditions (7, 9–11). Conversely, loss-of-

function mutations in Wnt receptor (eg, Frizzled 4; Fzd4 and

Fzd5), the Wnt chaperone Wntless (Wls) and the transcriptional

co-activator b-catenin in endothelial cells reduce blood vessel

density and loss of barrier function in the murine central

nervous system and retina (7, 8, 10–13). These results clearly

indicate that Wnt signaling is essential in endothelial cells by

positively modulating endothelial cell growth and function.

Nonetheless, with the identification of EVPs having

upregulated Wnt component, the regulatory role of Wnt

signaling in EVP stemness remains undefined.

Endothelial cell growth is regulated by pro-angiogenic and

anti-angiogenic factors in the microenvironment termed the

perivascular niche. Apart from pericytes and smooth muscle

cells, recent studies have also identified a subset of macrophages

(Mf) lining the abluminal site of blood vessels during tissue

homeostasis at adult age in several organs (14–16). These

perivascular macrophages (PVMf) are involved in immune

surveillance, tissue regeneration, and maintenance of blood
Frontiers in Endocrinology 02
vessel integrity (14–16). Depleting PVMf increased bacterial

invasion and compromised tissue regeneration after injury with

reduced blood vessel density (14–16), highlighting that PVMf
play a critical role in modulating endothelial function. Notably,

macrophages are a major source of Wnt ligands (17).

Macrophage-derived Wnt5a and Wnt7b help regulate

endothelial cell apoptosis and blood vessel patterning and

regression during postnatal retinal development (7, 18, 19).

Given that PVM f are found in proximity of endothelial cells

and a major producer of Wnt ligands, we postulated that

macrophage paracrine Wnt signaling contributes to the EVP

functions during vessel homeostasis and regeneration. To

address this hypothesis, we utilized a well-established myeloid-

specific Wntless (Wls) knockout mouse model – Wlsfl/flLysM-

Cre (20, 21) to study the role of macrophage-derived Wnt

production on the endothelial hierarchy from progenitor to

differentiated cells in skin homeostasis and cutaneous wounds.
Materials and methods

Animal ethics and murine models

All procedures in this study complied with the Australian

Code of Practice for the Care and Use of Animals for Scientific

Purposes and were approved by The University of Queensland

(UQ) Health Sciences Ethics Committee (UQCCR/472/18/

NHMRC). Male and female conditional Wls knockout mice

(Wlsfl/fl LysM-Cre+) and their littermate control (Wlsfl/fl LysM-

Creneg) mice between 8 to 18 weeks of age were used (20, 21).

Mice were age and gender matched in all experiments. Genotype

of the Wlsfl/fl LysM-Cre+ mice were confirmed by polymerase

chain reaction (PCR) of the Cre-recombinase and Wls-floxed

gene as previously described (20, 21). The primer sequences used

for mouse genotyping were: Cre-Bro-F “CTTGGGCTGCCAGA

ATTTCTC” and Cre-Bro-R “CCCAGAAATGCCAGATTACG”.
Cutaneous wound healing model

Mice were anesthetized by 2% isoflurane gas inhalation in

100% oxygen. Hair was removed using hair removing cream and

hair clipper prior to wounding. Two 6 mm full thickness

excisional wounds were created using a punch biopsy on the

dorsal back skin on day 0 as previously described (3, 22). The

wounds were then left open, and a macroscopic image of each

wound was taken to measure the wound size on day 0, 1 and every

other day until day 7. Wound closure and total surface were

manually defined, with the surface area recorded at individual

timepoints. Measurements for the surface area were calculated

using ImageJ software, version 1.53 (National Institute of Health

(NIH), Wisconsin, USA, RRID: SCR_003070). Mice were
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euthanized by CO2 asphyxiation. The 6mm wounds with 2mm

surrounding skin were collected at day 1, 3, 5 and 7 for flow

cytometry and immunofluorescence analysis.
Tissue processing and digestion

Normal skin was collected from uninjured mice and minced

mechanically before digested in 0.15mg/ml of Liberase™

(Roche, Basel, Switzerland, Cat# 05401020001) in Hanks’

Balanced Salt Solution (HBSS) for 2 hours at 37°C in a shaker.

The wound granulation tissue was separated from the outer

wound skin and minced mechanically. The granulation tissue

was then digested in 1mg/ml of type I collagenase (Life

Technologies - Gibco, California, USA, Cat# 17100017) and 1

mg/ml of DNaseI (Sigma, Missouri, USA, Cat# D5025-375KU)

in HBSS for 30 minutes at 37°C in a shaking incubator (3). After

digestion, single cell suspensions were filtered using a 70µm cell

strainer and collected for flow cytometry.
Flow cytometry

Flow cytometry was performed on granulation and skin cell

suspensions as described previously (3). For endothelial cells

phenotyping, 2.5 x 106 cells were resuspended in CD16/CD32

hybridoma 2.4G2 supernatant and then stained with the

following antibody cocktail: rat anti-VE-Cadherin-AF488

(clone BV13) (eBioscience, Massachusetts, USA, Cat# 5016730,

RRID: AB_1210528), rat anti-mouse CD34-AF647 (clone

RAM34) (BD Bioscience, New Jersey, USA, Cat# 560230,

RRID: AB_1645200), rat anti-mouse CD31-PE-Cy7 (clone

390) (BD Bioscience, Cat# 561410, RRID: AB_10612003), rat

anti-mouse Lineage cocktail-PerCP.Cy5.5 (BD Bioscience, Cat#

561317, RRID: AB_10612020), and rat anti-mouse CD45-

BUV395 (clone 30-F11) (BD Bioscience, Cat# 564279, RRID:

AB_2651134) for 30 minutes at 4°C. Myeloid cells phenotyping

was performed as above by staining 1 x 106 cells with rat anti-

mouse F4/80-BV421 (clone T45-2342) (BD Bioscience, Cat#

565411, RRID: AB_2734779), rat anti-mouse CD11b-BV785

(clone M1/70) (BioLegend, California, USA, Cat# 101243,

RRID: AB_2561373), rat anti-mouse Ly6G-PE (clone 1A8)

(BD Bioscience, Cat# 551461, RRID: AB_394208), rat anti-

mouse Ly6C-APC.Cy7 (clone AL-21) (BD Bioscience, Cat#

560596, RRID: AB_1727555), rat anti-mouse MHCII-FITC

(cloneM5/114.15.2) (BioLegend, Cat# 107606, RRID:

AB_313321), and rat anti-mouse CD45-BUV395 (clone 30-

F11) (BD Bioscience, Cat# 564279, RRID: AB_2651134).

Fluorescence minus one controls were used to determine the

cut-off point between background fluorescence and positive

populations. 7-amino actinomycin D (BioLegend, Cat#

420404) was added to all samples before cell acquisition on a

BD LSRFortessa X20 (BD Biosciences). Data analysis was
Frontiers in Endocrinology 03
performed on singlet events and with dead cells excluded

using FlowJo™ version 10 (BD Life Sciences, New Jersey,

USA, RRID: SCR_008520).
Immunofluorescence staining

Wounds were collected and immediately fixed in 4%

paraformaldehyde at 4°C for 2 hours and embedded in

Optimal Cutting Temperature (OCT) (Sakura Finetek, Tokyo,

Japan). Frozen sections (10µm) were permeabilized in 0.1%

Triton-X in 1xPBS for 10 minutes and blocked with blocking

buffer (3% bovine serum albumin and 20% goat serum in 0.1%

Tween/1xPBS) for 1 hour at room temperature. Primary

antibodies were diluted in blocking buffer and sections

incubated with primary antibodies: rat anti-CD31 (1:100) (BD

Bioscience, Cat# 557355, RRID: AB_396660), rat anti-CD144

(1:100) (BD Bioscience, Cat# 555289, RRID: AB_395707), rabbit

anti-keratin14 (1:400) (Abcam, Cambridge, UK, Cat# ab181595,

RRID: AB_2811031), rabbit anti-b-catenin (1:100) (Abcam,

Cat# ab6302, RRID: AB_305407), and rabbit anti-cleaved

caspase-3 (1:100) (Cell Signalling, Massachusetts, USA, Cat#

9661S, RRID: AB_2341188) for 1 hour at room temperature or

4°C overnight. Primary antibodies were detected using goat anti-

rabbit AlexaFluor 647 (1:500) (Life Technologies, Cat# A32733,

RRID: AB_2633282) and goat anti-rat AlexaFluor 568 (1:500)

(Life Technologies, Cat# A11077, RRID: AB_2534121). Slides

were counterstained with DAPI and mounted with DAKO

fluorescence mounting medium (DAKO, Denmark Cat#

S302380-2). All images were acquired using the Nikon

Spinning Disc confocal microscope (Nikon, Tokyo, Japan) or

Olympus FV3000 confocal microscope (Olympus, Tokyo,

Japan), and images were analyzed using the FV31S-SW

software, version 2.3.1.163 (Olympus) and ImageJ, version

1.53 (NIH, RRID: SCR_003070).
Histological analysis

Frozen sections (5µm) were rehydrated and stained with

Hematoxylin and eosin (H&E) and picrosirius red. Brightfield

and polarized images were scanned on the Olympus VS120 slide

scanner Microscope (Olympus). Area of the granulation was

measured on the H&E sections using the OlyVIA, version 3.1

(Olympus), and wound collagen deposition was quantified using

the Visiopharm software, version 2017.2 (Visiopharm, Denmark).
Bone marrow-derived macrophages

Bone marrow (BM) cells from femurs or tibias of the Wlsfl/fl

LysM-Cre+and Wlsfl/fl LysM-Creneg mice were collected and

cultured in DMEM (Life Technologies - Gibco, Cat#
frontiersin.org
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11960044) containing 10% FBS, 2 mM L-glutamine (Life

Technologies - Gibco, Cat# 25030081), 1 mM sodium

pyruvate (Life Technologies - Gibco, Cat# 11360070), 10 mM

HEPES (Life Technologies - Gibco, Cat# 15630080), and 20 ng/

ml M-CSF (ImmunoTools, Cloppenburg, Germany, Cat#

12344115) as described previously (21, 23). Fresh media was

added every second day. After 6 days, adherent cells were

detached using TrypLE express enzyme (Life Technologies -

Gibco, Cat# 12604021) and cells were collected for

RNA isolation.
RNA isolation and quantitative
real-time PCR

Total RNA from BM-derived macrophages were isolated

using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany,

Cat# 74106) according to the manufacturer’s protocol. First

strand cDNA was synthesized using SuperScript™ III First-

Strand Synthesis System (Invitrogen, Massachusetts, USA, Cat#

18080051). Quantitative real-time PCR was performed using

SYBR Green PCR master mix (Applied Biosystem,

Massachusetts, USA, Cat# 4309155) on the QuantStudio 7

real-time PCR system (Applied Biosystem) and analyzed by

QuantStudio Real-Time PCR software, version 1.3 (Applied

Biosystem). Wls mRNA expression was quantified using the

DDCT method, normalized to the housekeeping gene Rpl5. The

primer sequences used for qPCR were: Rpl5-F “GGCGGCGA

GAGGGTAAAAC”, Rpl5-R “GCACAGACGATCATATC

CCCTTC”, Wls-F “CAAATCGTTGCCTTTCTGGTG”, and

Wls-R “TTGTCACACTTGTTAGGTCCC” (20, 21).
Statistical analysis

All data were analyzed using unpaired Student t-tests or two-

way ANOVA on GraphPad Prism 8 (GraphPad, California,

USA, RRID: SCR_002798) software. Graphs are presented as

mean ± standard deviation (SD).
Results

Myeloid subsets of Wlsfl/fl LysM-Cre+ skin
was unaltered during homeostasis

The Wntless (Wls) gene encodes a chaperone protein that

facilitates secretion of Wnt ligands (Wnts). To assess the role of

macrophage-derivedWnt ligands on the endothelial hierarchy, we

utilized theWlsfl/flLysM-Cre+mousemodel inwhich theWls gene is

deleted in the myeloid lineage, including macrophages.

Downregulation of Wls mRNA expression in macrophages from

the Wlsfl/fl LysM-Cre+ mice compared to the Wlsfl/flLysM-Creneg
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control littermates was confirmed (Supplementary Figures 1A, B)

(20, 21). Given the importance of Wnt signaling in macrophage

differentiation, polarization, andphagocytic activity (20, 21, 24, 25),

we first investigated if the Wlsfl/flLysM-Cre+ mice displayed any

change in myeloid subsets of homeostatic skin. No significant

difference was observed in the granulocytes [Figures 1A(i), B(i)]

and total CD11b+Ly6Gneg cells consisting of monocytes and

macrophages (Mf) [Figures 1A(ii) , B(i)] . Similarly,

CD11b+Ly6GnegLy6C+MHCIIneg monocytes [Figures 1A(iii), B

(ii)], CD11b+Ly6GnegLy6C+MHCII+ monocytes/Mf [Figures 1A

(iv), B(ii)], CD11b+Ly6GnegLy6CnegMHCII+ macrophages

[Figures 1A(v), B(ii)] and CD11b+Ly6GnegLy6CnegMHCIIneg cells

[Figures 1A(vi), B(ii)], did not show significant changes between

the Wlsfl/fl LysM-Cre+ and control mice. These data indicate that

attenuating autocrine Wnt signaling does not negatively affect

myeloid populations in the skin during homeostasis.
Skin’s endothelial hierarchy remains
unchanged after Wls deletion in myeloid
cells during homeostasis

To investigate if myeloid-targeted Wls deletion affect blood

vessel development and maintenance, we compared endothelial

hierarchy in the skin between Wlsfl/fl LysM-Cre+ and control mice

during homeostasis. Flow cytometry analysis showed no difference

in the total percentage of CD144+Linneg endothelial cells between

the Wlsfl/fl LysM-Cre+ and control littermates [Figures 1C(i), D(i)].

The endothelial hierarchy consisting of EVPs (endovascular

progenitors), D (differentiated endothelial cells), and M

(endothelial cells with mesenchymal properties) cells were

identified based on CD31 and CD34 expression (3). Percentages

of the CD144+LinnegCD34+/negCD31+ D [Figures 1C(ii), D(ii)],

CD144+LinnegCD34+CD31neg EVP [(Figures 1C(iii), D(ii)] and

CD144+LinnegCD34negCD31neg M [(Figures 1C(iv), D(ii)] in the

skin were comparable between the Wlsfl/flLysM-Cre+ and control

animals. The above results showed that macrophage Wls activity

does not alter blood vessel homeostasis and development in

the skin.
Inflammatory response after wounding
was not perturbed in Wlsfl/flLysM-
Cre+ mice

While macrophage Wls expression is not required for

myeloid and endothelial cells during homeostasis, several

evidence has shown that macrophage Wnt signaling has

played pivotal role in orchestrating host immune responses

and tissue regeneration (24–26). Therefore, to assess the

importance of myeloid-derived Wls during inflammation and

tissue regeneration, we study the effect of myeloid Wls deletion

in a cutaneous wound healing model where the inflammation
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A B
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FIGURE 1

Myeloid Wntless (Wls) deletion does not have significant impact on the endothelial hierarchy and the myeloid populations during skin
homeostasis. (A) Representative flow cytometry plots and gating strategy used to identify myeloid subpopulations in the skin of Wlsfl/fl LysM-
Cre+ and Wlsfl/fl LysM-Creneg mice. Granulocytes were gated as CD11b+Ly6G+ cells (gate i). CD11b+Ly6Gneg cells (gate ii) were subsequently
gated into Ly6C+MHCIIneg monocytes (gate iii), Ly6C+MHCII+ monocytes/Mf (gate iv), Ly6CnegMHCII+ Mf (gate v) and Ly6CnegMHCIIneg cells
(gate vi). (B) Percentage of live CD45+ (i) granulocytes and CD11b+Ly6Gneg myeloid cells consisting of (ii) monocytes, monocytes/Mf, Mf and
Ly6CnegMHCIIneg cells of Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg (Control) mice. (C) Representative flow cytometry analysis of the endothelial
hierarchy in the skin of Wlsfl/fl LysM-Cre+ and Wlsfl/fl LysM-Creneg mice during homeostasis. (C) CD144+Linneg cells (gate i) consists of
CD31+CD34+ D (gate ii), CD31negCD34+ EVP (gate iii) and CD31negCD34neg M (gate iv) cells. (D) Percentage of live (i) CD144+Linneg cells and (ii)
EVPs, D and M cells in the skin of Wlsfl/flLysM-Cre+ and the Wlsfl/flLysM-Creneg control littermates. No difference was observed in the total
percentage of CD144+LINneg endothelial cells, as well as the EVP, D and M between the two groups. Data are represented as mean ± SD.
Statistical analysis was performed using unpaired Student t-tests. ns= not significant. Data are representative of 4 individual animal samples.
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and tissue regeneration process is widely characterized and well

defined (27, 28). We generated two 6 mm wounds on the dorsal

skin of eachWlsfl/flLysM-Cre+ and control mouse and collect the

wounds at day 1, 3, 5 and 7 (Figure 2A). First, we assessed the

kinetics of granulocytes and monocytes/Mf infiltration within

the granulation tissue across various phase of the wound healing
Frontiers in Endocrinology 06
process. In concordance with previous studies (29), the Wlsfl/fl

LysM-Cre+ and control littermates displayed immune cell

recruitment after wounding with monocytes peaking at day 1,

followed by a gradual decline between day 3 and day 7

[Supplementary Figure 2A (iii)]. Concurrently, the percentage

of Mf and Ly6CnegMHCIIneg cells were highest at day 3 and
A B

C

FIGURE 2

Inflammatory response in Wlsfl/fl LysM-Cre+ mice remain unperturbed after wounding. (A) Schematic of the experimental timeline
demonstrating the Wlsfl/flLysM-Cre wound healing time course. Two 6mm wounds were created on the murine dorsal skin using punch biopsy
at day 0. Granulation tissues were collected at day 1, 3, 5, and 7 for flow cytometry and immunofluorescence analysis. (B) Representative flow
plots showing the gating strategy used to identified granulocytes (gate i), CD11b+Ly6Gneg (gate ii) cells which are further subdivided into
monocytes (gate iii), monocyte/Mf (gate iv), Mf (gate v) and Ly6CnegMHCIIneg cells (gate vi). (C) Flow cytometry analysis comparing granulation
of Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg mice enriched in (i) granulocytes and (ii) CD11b+Ly6Gneg myeloid cells, (iii) monocytes, (iv)
monocytes/Mf, (v) Mf, and (vi) Ly6CnegMHCIIneg cells at all time points post wounding. Highest number of monocytes were recorded at day 1
and its percentage reduces progressively between day 3 and day 7. Monocytes/Mf peaked at day 3. Wlsfl/flLysM-Cre+ has slightly higher
percentage of Mf at day 5 (p = 0.08). Ly6CnegMHCIIneg peaked at day 3 during the inflammatory stage of the wound healing with no difference
seen between the Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg mice. Data are represented as mean ± SD. Statistical analysis was performed using
unpaired Student t-tests. ns, not significant. Data are representative of 3-4 individual animal samples per time point.
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decreased at day 5 [Supplementary Figure 2A (v) and 2A (vi)].

There were no differences between the wounds collected from

Wlsfl/fl LysM-Cre+ and control mice in the percentages of

granulocytes [Figures 2B(i), C(i)] and total CD11b+Ly6Gneg

cells [Figures 2B(ii), C(ii)] across all the time points. Similarly,

the percentage of monocytes [Figures 2B(iii), C(iii)], monocytes/

Mf [Figures 2B(iv), C(iv)] and Ly6CnegMHCIIneg cells

[Figures 2B(vi), C(vi)] remained similar between the Wlsfl/fl

LysM-Cre+ and the control mice. The Wlsfl/fl LysM-Cre+ mice

showed a trend toward increased Mf compared to the control

mice at day 5 (p=0.08) [Figures 2B(v), C(v)]. These results

showed that myeloid-derived Wnt ligands neither impede

myeloid cells infiltration nor the proportions of myeloid

subpopulations after injury.
Wls deficiency in myeloid cells does not
impact wound healing rate

To determine if abrogating myeloid-derived Wnt

production alters wound healing rate, we assessed the wound

closure kinetics as the primary functional outcome of the wound

healing process. The wounds were monitored and imaged every

second day for seven days to measure the level of closure.

Macroscopic image analysis of the wound area showed no

differences in wound contractions at all time points between

the Wlsfl/flLysM-Cre+ and control mice [Figures 3A(i), (ii)]. The

wound size was reduced by 20% and 80% at day 1 and day 7,

respectively, in both Wlsfl/fl LysM-Cre+ and control groups

[Figure 3A(ii)] Likewise, size of the granulation tissue and

length of the neo-epidermis that was generated from the

wound edge showed no histological differences between

sections of the Wlsfl/flLysM-Cre+ and control mice wounds at

all time-points during the healing process [Figures 3B(i), (ii) and

(iii)]. These data suggest that the abrogation of Wnt release from

myeloid cell has no direct influence on the kinetics of cutaneous

wound healing.
Myeloid-targeted Wls deletion did
not change collagen deposition and
blood vessel regeneration in
cutaneous wounds

Aberrant Wnt activation has been implicated in several

human fibrotic diseases, including keloid lesions and

hypertrophic scars as a result of abnormal wound healing (30).

To investigate if myeloid-derived Wnt ligands contributed to

dermal fibrosis, we compared the collagen composition between

the Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg mice using

picrosirius red staining. At the early stages of wound healing,

the granulation tissue was mainly filled with collagen type III as

expected [Figures 3C, D(i)]. As wound healing progressed from
Frontiers in Endocrinology 07
day 1 to day 7, the overall percentage of collagen type I increased

with a concomitant reduction of type III collagen [Figures 3C, D

(ii) and (i)]. Further histological quantification of the wounds

across time showed equivalent ratios of collagen type III to type I

between the Wlsfl/fl LysM-Cre+ and Wlsfl/fl LysM-Creneg mice

[Figures 3C, D(iii)]. Thus, myeloid-targeted Wls deletion does

not change the collagen composition and wound extracellular

matrix maturation during the cutaneous wound healing.

We next performed flow cytometry analyses to assess the

endothelial hierarchy throughout the wound healing process

(Figure 4A). Percentages of the CD144+CD45neg population were

comparable between theWlsfl/flLysM-Cre+ andWlsfl/flLysM-Creneg

mice with a trend towards increased numbers in theWlsfl/flLysM-

Cre+ mice at day 7 [Figures 4A(i), B(i) and Supplementary

Figure 2B(i)]. Looking further into the different endothelial

subpopulations, the percentage of EVPs remained consistent

between day 1 and day 7 in the control mice [Supplementary

Figure2B(ii)].Ahigher variabilitywas observed inEVPnumbers in

the Wlsfl/fl LysM-Cre+ wounds with a notable increase at day 5

[Supplementary Figure 2B(ii)]. Percentage of EVP was elevated

two-fold in the Wlsfl/fl LysM-Cre+ mice compared to the control

mice at day 5 [Figures 4A, B(ii)], and similar trends were observed

on day 1 [Figures 4A, B(ii)]. Double staining of the apoptosis

marker, cleaved Caspase-3 with CD31 on day 5 wounds showed

similar number of Caspase-3+ endothelial cells between the control

and Wlsfl/fl LysM-Cre+ mice [Supplementary Figures 3A, B]. This

result indicates that Wls deletion in myeloid cells does not affect

endothelial cells and particularly EVP apoptosis. As expected, there

was a significant increase inD population between day 3 and day 5,

commonly considered as the peak of angiogenesis [Figure 4B(iii)

and Supplementary Figure 2B (iii)]. A similar trend of increased D

cells was observed in the Wlsfl/flLysM-Cre+ and control groups

[Supplementary Figure 2B(iii)].We observed a reduction ofD cells

in the control wound at day 7 [Figures 4A, B(iii)], which is

consistent with previous results (3). In contrast, the percentage of

D cells remained high in theWlsfl/flLysM-Cre+wound [Figures 4A,

B(iii)]. This result indicates that myeloid Wls activity might be

involved in vessels regression.

The M population reflects the endothelial to mesenchymal

transition phenomenon in the wound. There was a gradual

decreased in the M population across the 7 days of healing

process with no significant difference identified between Wlsfl/fl

LysM-Cre+ and Wlsfl/flLysM-Creneg mice [Figures 4A, B(iv) and

Supplementary Figure 2B (iv)]. Immunofluorescence staining of

the endothelial marker, CD31, did not show any differences

between Wlsfl/flLysM-Cre+ and Wlsfl/flLysM-Creneg mice in

CD31+ blood vessel coverage within the granulation site at all

time points during the healing process [Figures 4C(i), (ii)].

Overall, the above results demonstrated that myeloid-derived

Wnt ligands may impact the proportion of vascular

subpopulations by modulating EVPs response to cues in the

wound microenvironment, but the resulting number of blood

vessels remains unchanged.
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FIGURE 3

Wls deficiency in myeloid cells does not affect wound healing rate. (A)(i) Representative digital photography images showing wound closure of
the Wlsfl/flLysM-Cre+ and control mice during the seven days wound healing time course. White dotted line depicts area measured for wound
closure. (ii) No significant difference was observed in wound closure rate between the Wlsfl/flLysM-Cre+ and control animals at all time points
(n = 4 – 23 biologically independent animals). (B)(i) Representative Hematoxylin and Eosin staining of skin wounds (scale bar = 500µm)
demonstrating no histological difference for (ii) area of the granulation tissue (Gt) (n = 5-6 biologically independent animals) and (iii) length of
the neo-epidermis (Ne) (n = 2-6 biologically independent animals) between the Wlsfl/flLysM-Cre+ and control groups after wounding. (C)
Representative picrosirius red staining images of day 7 wounds between control and Wlsfl/flLysM-Cre+ animals (scale bar = 200µm). White
dotted line highlights area used to measure for collagen deposition. (D) Collagen deposition analysis showed progressive reduction of (i)
collagen type III to (ii) type I between day 1 and day 7. (iii) No change of collagen type III to type I ratio was observed between Wlsfl/flLysM-Cre+

and control wound at all times (n = 2-6 biologically independent animals). Data are represented as mean ± SD. Statistical analysis was
performed using unpaired Student t-tests. ns, not significant.
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FIGURE 4

Wls knockout in myeloid cells does not alter blood vessel regenerations in wound healing. (A) Representative flow cytometry analysis of the
granulation at day 1, day 3, day 5 and day 7 showing progressive changes in the endothelial hierarchy as the wound heals. Total endothelial cells
were gated as CD144+CD45neg cells (gate i). These were further fractioned as CD31negCD34+ EVP, CD31+CD34+ D and CD31negCD34neg M
cells. (B) Flow cytometry analysis showing percentage of live (i) CD144+CD45neg cells and (ii) EVPs, (iii) D and (iv) M cells in the granulation of
Wlsfl/flLysM-Cre+ and control mice across the wound healing time course. No major alteration was observed in the percentage of the
endothelial cells except EVPs which were elevated at day 5 in the Wlsfl/flLysM-Cre+ mice. (C)(i) Representative immunofluorescence staining of
the endothelial marker CD31 (red) and DAPI (blue) in the granulation of Wlsfl/flLysM-Cre+ and Wlsfl/flLysM-Creneg mice at day 5 post wounding.
(Scale bar = 100µm) (ii) Quantification of CD31+ staining in granulation at day 3, day 5 and day 7 showing no significant difference in the blood
vessels of Wlsfl/flLysM-Cre+ and Wlsfl/flLysM-Creneg wounds. Data are represented as mean ± SD. Statistical analysis was performed using
unpaired Student t-tests. ns = not significant, * = p<0.05. Data are representative of 3-5 individual animal samples.
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Nuclear b-catenin remains unaltered in
the endothelial cells after Wls knockout
in macrophages

Onemajor axis ofWnt-mediated cellular activation is driven by

b-catenin dependent Wnt signaling, which results in the nuclear

translocation of the transcriptional co-activator b-catenin (31). We

therefore assessed nuclear b-catenin in endothelial cells in wounds

from Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg mice. On day 5, at

the peak of angiogenesis, b-catenin was activated in endothelial cells
in wounds of both Wlsfl/flLysM-Cre+ and Wlsfl/flLysM-Creneg mice

(Figure 5A). Quantification of the number of nuclear b-catenin+
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cells in endothelial and non-endothelial cells showed no significant

differences between Wlsfl/flLysM-Cre+and Wlsfl/flLysM-Creneg mice

[Figures 5B(i), (ii)]. This result suggests that Wnt ligands from

sources other than macrophages, such as perivascular or

endothelial cells, may drive Wnt/b-catenin signaling in

endothelial cells.
Discussion

In the present study, we aimed to assess the roles of myeloid-

derived Wnt ligands on endothelial hierarchy during skin
A

B

FIGURE 5

Nuclear b-catenin number in the Wlsfl/fl LysM-Cre+ mice remain unchanged in the wound endothelial cells. (A) Representative
immunofluorescence staining of the b-catenin (red), CD144 (green) and DAPI (blue) in the day 5 Wlsfl/flLysM-Cre+ and Wlsfl/flLysM-Creneg

wounds (scale bar = 100µm). White boxes highlighted CD144+ endothelial cells co-localized with nuclear b-catenin+ imaged at higher
magnification (scale bar = 100µm). (B) Quantification of the b-catenin in the (i) ECs and (ii) non-ECs showed no difference in the number of
nuclear b-catenin between the Wlsfl/flLysM-Cre+ and control mice. Data are represented as mean ± SD. Statistical analysis was performed using
unpaired Student t-tests. ns = not significant, ECs = endothelial cells. Data are representative of 3 individual animal samples.
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homeostasis and wound healing. Our results indicate that Wls

deletion in macrophages does not alter development of

endothelial cells or the composition of myeloid cells in the

normal skin at adult age. Moreover, during wound healing,

despite an increase in EVP proportion, the loss of Wls activity by

macrophages did not alter wound vascularization or myeloid

infiltrate composition. The persistence of nuclear b-catenin in

endothelial cells suggested alternative sources of Wnt ligands

that drive Wnt signaling in endothelial cells.

Our results demonstrated that constitutive myeloidWls deletion

did not affect blood vessel development in the adult skin.Wlsfl/flLysM-

Cre+ mice had normal endothelial cell numbers in unwounded skin

(Figures 1C, D). This observation is consistent with previous reports

in which whole-mount CD31 immunofluorescence analysis of

another myeloid specific Wls knockout model - the Wlsfl/fl Csfr1-

icre embryonic skin showed no phenotypic changes in blood vessel

structure and density during prenatal development (19). Extending to

the existing finding, our study indicates that myeloid-derived Wnts

play a negligible role in maintaining EVPs during skin homeostasis

[Figures 1C, D(ii)]. These results suggest that myeloid-derived

paracrine Wnt activity does not directly regulate CD31+ endothelial

cell growth in the skin during development. However, we cannot

exclude that other cell types or non-Wnt related ligands (e.g. Norrin)

and co-receptor (TSPAN12 and Gpr124) might be involved in skin

blood vessel development (10, 11, 32).

In wound healing, Wnt1, 3, 4, 5a, 10b transcripts were

identified early in the full thickness wound up to day 7 (33).

In our study, attenuating Wnt production from myeloid cells

increased EVPs during the peak of vessel growth without

affecting blood vessel density (Figures 4A–C). These results

suggest that macrophage paracrine Wnt signal might maintain

EVPs quiescence or increase EVPs apoptosis. However, the lack

of difference in cleaved Caspase-3 in endothelial cells does not

support an important role for apoptosis in this context

(Supplementary Figures 3A, B). Therefore, we have shown that

increased EVPs in day 5 wounds is not due to reduce endothelial

cells apoptosis, and myeloid-derived Wnts is not involved in

regulating endothelial cells survival. Macrophages produce

localized Wnts that control blood vessel patterning and

regression in specific region of the retina (18, 34). Moreover,

Wnt ligands were established as key molecules of stem cell

niches (eg. skin interfollicular epidermis, intestine and liver),

permitting precise control of stem/progenitor cells’ self-renewal

and differentiation during homeostasis and after injury (35–39).

It is plausible that macrophage-derived Wnts also constitute the

endothelial progenitors’ perivascular niche during wound

healing and are required to control EVPs quiescence and self-

renewal. Attenuation of the macrophage Wnts in the Wlsfl/

flLysM-Cre+ mice may disrupt perivascular local cues and

hence, change EVPs growth kinetics as showed in our study.

Despite the increase of EVP population after myeloid Wls

deletion, the overall blood vessel density was not affected

(Figures 4C(i), (ii)). This may not be surprising as other cell
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types also express Wnt ligands after cutaneous wounding. Okuse

et al. described Wnt expression in the migrating epithelial cells

and dermal fibroblasts (33). Our study shows that level of

nuclear b-catenin remained unaffected in the Wlsfl/flLysM-Cre+

wound endothelial cells [Figures 5A, B(i)]. It is noteworthy that

based on our previous RNA sequencing data, EVP and D cells

also express various Wnt ligand with a more prominent

expression in the EVPs. Based on this observation, we argue

that Wnt ligands produced by keratinocytes, fibroblasts or

endothelial cells might compensate for the loss of myeloid-

derived Wnt ligands either via paracrine or autocrine

signaling. Wnt signaling is highly complex and played vital

roles in tissue regeneration and b-catenin independent or

other non-Wnt related compensatory mechanisms exist to

counterbalance the myeloid signaling defect. For example,

apart from the macrophage Wnt7b induced ECs apoptosis

(18), the endothelial RSPO3 (a Wnt signaling enhancer) was

also shown to regulate vessel stability and regression in the

developing retina via the Wnt/Ca2+ pathway (40). These

findings have highlighted the complexity and functional

redundancy of the Wnt signaling pathway exert by different

cell types. Therefore, further analyses are required to elucidate

the underlying molecular mechanism involved in this study.

Abrogation of Wnt signaling during wound healing delayed

wound closure due to reduced epithelial proliferation, fibroblasts

contraction and collagen deposition (41). In our study, myeloid

Wls loss did not affect wound closure rate [Figures 3A(i), (ii)]. It

is known that human cutaneous wound healed by re-

epithelisation and murine wound mainly healed via

contraction and re-epithelisation. Recent wound healing

studies have suggested the use of splint in cutaneous wound

healing model to prevent the panniculus carnosus contraction

and can better recapitulate human wound healing. To note, our

study has not adopted the splinted cutaneous wound model and

the resulting effect on wound closure might involved wound

contraction and re-epitheliastion. Despite the fact, length of the

newly regenerated epidermis were similar between the control

and Wlsfl/fl LysM-Cre+ animals [Figures 3B(i), (iii)] suggesting

myeloid Wls activity is dispensable for neo-epidermis

regeneration. While re-epithelization of the wound is governed

by proliferation and differentiation of epidermal cells, including

progenitors that reside within the hair follicle and basal layer

(42–45), Wang et al. demonstrated that b-catenin in the Lgr5+

hair follicle progenitors can be activated independent of Wnt

ligands but via TNF produced by macrophages (42–46).

Similarly, Lim et al. have shown that the interfollicular

epidermal progenitors can self-renewal via autocrine Wnt

signaling (39).

Sustained Wnt signaling in dermal fibroblasts may cause

wound fibrosis whereases restraining Wnt activity using b-
catenin inhibitors can reduce scarring (47–49). Wnt signaling

also enhanced myofibroblast proliferation and expression of

profibrotic genes, including TGF-b1 and extracellular protein
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coding gene (47, 48). However, our data show that collagen

composition in the Wlsfl/flLysM-Cre+ wound was not altered

(Figures 3C, D), suggesting that myeloid-derived Wnt ligands

contributed minimally to scar formation or fibrosis after small

wound excision.

Wnt signaling controls monocyte cell fate determination and

macrophage differentiation (50, 51). Flow cytometry analysis of

the unwounded skin and wound granulation in our study did

not show any difference in the overall percentage of different

myeloid cell populations after Wls knockout, indicating that

myeloid-derived Wnt production is not required for myeloid cell

recruitment and maintenance (Figures 2B, C). Similar to our

findings, several studies using either the Wlsfl/fl Csfr1-icre+

or Wlsfl /fl LysM-Cre+ mice have demonstrated that

macrophage Wls abrogation did not change the spatial

distribution of macrophages in homeostasis or after injury (19,

20, 24, 51, 52). Overall, our data indicates that myeloid-derived

Wnt ligands are dispensable for blood vessel formation during

adult skin homeostasis and cutaneous wound healing.

Nevertheless, myeloid-derived Wnts may be involved in

regulating endovascular progenitors’ self-renewal during acute

wound healing. Notwithstanding, the kinetics of EVPs and

implication of Wnt signaling in chronic wound remains

largely unexplored. As such, our research findings might not

be applicable in a chronic wound scenario and the regulatory

function of myeloid-derived Wnts in chronic wound will require

further investigation. Overall, these findings highlight the

possible challenges in targeting Wnt signaling during wound

healing given the multiplicity of cell types producing or reacting

to Wnt ligands.
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