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PRECLINICAL STUDY

Ablative fractional CQO; laser treatment promotes wound healing
phenotype in skin macrophages

Martin Wiinberg MSc' | Thomas L. Andresen PhD' | Merete Haedersdal DMSc?
Uffe H. Olesen PhD?

"Department of Health Technology, Technical Abstract
University of Denmark, Kongens Lyngby,

Denmark Objectives: Ablative fractional laser (AFL) treatment is a well-established method

, for reducing signs of skin photoaging. However, the biological mechanisms
Department of Dermatology, Copenhagen . . . . . . .
University Hospital—Bispebjerg, Copenhagen, | Underlying AFL-induced healing responses and skin rejuvenation remain largely

Denmark unknown. It is known that macrophages play an important role in orchestrating
healing, normalization, and remodeling processes in skin. Macrophage pheno-
Correspondence types are characterized by inflammatory markers, including arginase-1 (Argl),

Martin Wiinberg, MSc, Department of Health | maior histocompatibility class 1T molecules (MHC II), and CD206. This study
Technology, Technical University of Denmark,

2800 Kongens Lyngby, Denmark. aims to explore AFL's effect on macrophage phenotype by evaluating changes in
Email: marwii@dtu.dk inflammatory markers and the potential concurrent accumulation of Argl in
the skin.

Methods: Mice (7 = 9) received a single AFL treatment on the left side of the back
skin (100 mJ/microbeam, 5% density) while the right side of the back remained
untreated as control. Treated and untreated skin from each mouse were collected
Day 5 posttreatment for flow cytometry and histology analysis. Flow cytometry
evaluated the immune infiltration of macrophages and the expression of
macrophage inflammatory markers (Argl, MHC II, and CD206). In addition,
Argl presence in the skin was evaluated through antibody staining of histology
samples and quantification was performed using QuPath image analysis software.
Results: Following AFL, the number of macrophages increased 11-fold
(p = 0.0053). Phenotype analysis of AFL-treated skin revealed an increase in the
percentage of macrophages positive for Argl (p <0.0001) and a decrease in the
percentage of macrophages positive for MHC II (p <0.0001) compared to
untreated skin. No significant differences were observed in percentage of CD206-
positive macrophages (p =0.8952). Visualization of AFL-treated skin demon-
strated a distinct pattern of Argl accumulation that correlated with the
microscopic treatment zones (MTZ). Quantification of the percentage of Argl-
positive area in epidermis and dermis showed a significant increase from
3.5%%1.2% to 52%=* 1.7 (p=0.0232) and an increase from 2.2% * 1.2% to
9.6% 3.3 (p<0.0001) in whole skin samples.

Conclusion: AFL treatment polarizes macrophages toward a wound healing
phenotype and induces Argl accumulation in the MTZ. We propose that the
polarized wound healing macrophages are a major source for the increased Argl
levels observed in the skin following treatment.
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INTRODUCTION

Ablative fractional laser (AFL) is a commonly used
noninvasive cosmetic procedure to reduce signs of
photoaging." * The rationale behind using AFL to
improve skin appearance is that the controlled thermal
microinjury ablates the skin tissue and creates micro-
scopic treatment zones (MTZ), which initiates a healing
process that results in improved skin texture and skin
tightening, termed skin rejuvenation.”>® AFL has also
been reported to be an effective treatment for reducing
scar tissue due to AFL's favorable esthetic outcomes and
acceptable adverse effects.” ”

Studies of the underlying biological dynamics after
AFL treatment of skin have suggested that AFL
reinvigorates tissue homeostasis by inducing a wound
healing response involving remodeling the extracellular
matrix.*!® Temporal changes in collagen biosynthesis
pathways, matrix metalloproteases, and pro-inflammatory
and anti-inflammatory cells and cytokines occur after
AFL treatment of skin in a strictly coordinated manner
that eventually leads to dermal remodeling.*'''* Macro-
phages are key players in coordinating this healing process
due to their plethora of functions. Every phase in the
healing is dominated by different macrophage pheno-
types.'” The early healing phase is dominated by pro-
inflammatory macrophages that phagocytose cellular
debris and apoptotic neutrophils, while later phases are
dominated by anti-inflammatory wound healing macro-
phages that promote fibroblast migration, angiogenesis,
and other processes related to matrix remodeling.'> !’
Previous studies of wound healing responses after skin
injury have reported the importance of macrophages in
cutaneous wound healing—partly by their secretion of the
wound healing promoting enzyme arginase-1 (Argl).'®
Argl is a metabolic enzyme that is involved in the
synthesis pathway of L-Proline: one of the components in
collagen proteins.'”” Moreover, Argl is considered a
primary marker of wound healing macrophages that has
been shown to inhibit an inflammatory response during
wound healing and promote collagen deposition.'>#2%2!

While previous studies have indicated that AFL
induces infiltration of myeloid immune cells, e.g.,
macrophages and neutrophil granulocytes in skin,'*?*%
no studies have investigated AFL's influence on macro-
phages’ phenotype.'>*>?* In this study, we hypothesize
that AFL treatment polarizes skin macrophages toward
a wound healing phenotype characterized by an
increased level of anti-inflammatory markers (Argl and
CD206) and decreased major histocompatibility complex
class II molecules (MHC II)."° Thus, this study aims to
investigate AFL's impact on the inflammatory phenotype
of macrophages in skin characterized by expression of
these inflammatory markers. As Argl has been shown
to be crucial in wound healing, this study examines
whether AFL induces concurrent Argl accumulation
in skin.

MATERIALS AND METHODS
Study design

AFL-treated versus untreated (control) skin was investi-
gated by flow cytometry analysis and immuno-
histochemical (IHC) analysis. A total of nine mice were
included in the study. The back skin of each mouse was
divided into a 2 x 2 grid of skin zones measuring 1 cm*—
two zones on the left side of the spine were assigned as
the intervention group and two on the right side were
assigned as untreated controls. AFL treatment was
performed on Day 0. On Day 5, mice were euthanized,
and the two upper zones were excised for flow cytometry
analysis, and the two lower zones for IHC analysis
(Figure 1). The outcome measures were the population of
immune cells in skin, including macrophages and
neutrophils, macrophage inflammatory markers (MHC
II, CD206, and Argl) analyzed by flow cytometry, and
Argl protein level in THC samples of skin.

Animals

Skin samples were collected from immunocompetent
transgenic female mice (genotype: Prchl™) with ages
between 16 and 19 weeks.”® Mice were bred at the
University of Copenhagen and housed at Bispebjerg
Hospital under controlled conditions (23-24°C tempera-
ture at a 12-h daylight cycle with feed and water ad
libitum ). The study was approved by the Danish Animal
Experiments Inspectorate (protocol code 019-15-0201-
01666) and conducted in accordance with Directive 2010/
63/EU and ARRIVE guidelines. Health monitor screen-
ing was performed annually at the facility, according to
the Federation of Laboratory Animal Science Associa-
tion (FELASA), and no pathogens were found in the
tests (Idexx BioAnalytics).

Laser intervention

The back hair was trimmed on the day of treatment. Mice
were sedated with isoflurane before anesthetized by
subcutaneous administration of fentanyl, fluanisone, and
midazolam before treatment. Treatment was performed
with a single exposure of ablative fractional 10,600 nm CO,-
laser (100 mJ/microbeam, 5% density) from an Ultrapulse®
instrument with DeepFx handpiece (Lumenis, Inc.). The
laser settings were chosen to induce full-thickness penetra-
tion and thereby, ensure a robust biological response in all
skin layers. A study in pigs have shown that 80 ml/
microbeam results in a 1328 yum penetration depth.”> From
histology samples, the skin thickness of our model
(epidermis, dermis, and hypodermis) is estimated to be
approximately 800-1100 um (Supporting Information:
Figure S3). Histological evaluation of skin samples verified
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Treatment
(Day 0)

Termination
(Day 5)

Flow Cytometry

FIGURE 1 Study design: Two 1 cm? skin zones on left side of the spine were treated with AFL (100 mJ/microbeam, 5% density) on Day 0, and
the right side was left untreated. At termination on Day 5, the upper pair of zones were excised for flow cytometry and the lower pair for histology.

full-thickness penetration of the AFL treatment (Supporting
Information: Figure S3).

Flow cytometry

The skin samples were fragmented and digested in Mouse
Tumor Dissociation Kit (Miltenyi Biotec, cat#130-096-730)
at 37°C for 1h in Precision SWB 27 Shaking Water
Bath (Thermo Fisher Scientific, cat# TSSWB27, RRID:
SCR_020738). Cell suspensions were passed through 70 um
cell strainers. Total cell numbers were measured using
Guava Muse Cell Analyzer (Luminex, RRID:SCR_020252)
according to the manufacturer's guidelines. Samples were
stained in a 96-well and washed in FACS buffer (0.5%
bovine serum albumin [BSA] and 0.1% sodium azide in
phosphate-buffered saline [PBS]). Fc receptors were blocked
by resuspending samples in 50 pg/ml purified anti-mouse
CDI16/CD32 (BD Biosciences, cat#553142, RRI-
D:AB_394657) and incubated on ice for 5min. Cells were
then incubated with antibodies and viability dye (Support-
ing Information: Table S1) for 30 min on ice protected from
light. Following surface staining, a total of three washed in
FACS buffer and resuspended in fixation buffer for 60 min.
(eBioscience, cat#00-5523-00). To intracellular stain cells for
Argl, cells were washed in permeabilization buffer
(eBioscience, cat#00-5523-00) then Fc blocked before
subsequently intracellular staining. Samples were washed
three times in permeabilization buffer and filtered through a
70 um cell strainer before acquisition the following day on
LSRFortessa X-20 Fortessa Flow Cytometer (BD Bios-
ciences, RRID:SCR_019600). Single-color stained Ultra-
Comp eBeads™ Plus Compensation Beads (Invitrogen,
cat# 01-3333) were used to compensate for spectral
spillover. All flow cytometry data were analyzed using
FlowJo v10.7 (FlowJo LCC, https://www.flowjo.com/,
RRID:SCR_008520). Immune cells were gated as viability

dye’, CD45" cells. Neutrophils were defined as immune cells
that were CD11b" and Ly6G™, F4/80". Macrophages were
defined as immune cells that were CD11b" and Ly6G~, F4/
80". The gating strategy is provided in Supporting
Information: Figure S1. Fluorescence intensities from flow
cytometry were reported as geometric mean fluorescence
intensity, henceforth named signal intensity. Total cells of
cell type per milligram tissue was determined as: (“Cell type
frequency of scatter” X “Total cell numbers”)/Total weight
of sample. Cell type frequency is provided in Supporting
Information: Figure S2.

Immunohistochemistry

Skin samples were fixated in 4% formalin buffer and
processed using Shandon™ Excelsior ES® (Thermo Fisher
Scientific), in which tissue was embedded in paraffin.
Samples were sectioned at 3 um using Shandon Finesse
Series Microtome (Thermo Fisher Scientific). Sections were
deparaffinized, rehydrated, and antigen-retrieval was per-
formed with citrate buffer at pH 6.0 and 600 W effect
3 X 5min in Miele Supratonic M 705 microwave. Sections
were blocked with 10% goat serum in TBS buffer for 20 min
and stained with 0.4 ug/mL primary rabbit anti-mouse Argl
antibody (Thermo Fisher Scientific, cat#PA5-29645, RRI-
D:AB_2547120) in incubation buffer (1% BSA in TBS
buffer) for 1 h at room temperature. Sections incubated with
2.0pg/mL goat anti-rabbit IgG HRP secondary antibody
(Abcam, cat#ab205718, RRID:AB_2819160) for 1h at
room temperature before incubation with DAB substrate
(Abcam, cat#ab64238) for 7min. Sections were counter-
stained with hematoxylin and mounted on a microscope
slide with Pertex® Mounting Medium (Histolab,
cat#00811). Stained slides were scanned with MoticEasyS-
can Pro (Motic, RRID:SCR_022814) at a x40 magnitude.
QuPath Software 2° v0.3.2 (https:/qupath.github.io/) was
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used to quantify the relative Argl protein level (measured as
positive DAB stain) in skin samples. Samples were manually
segmented to select the area of interest (either epidermis and
dermis or whole skin sample) before further segmenting by
thresholding. The percentage of Argl-positive area within
the area of interest was measured by thresholding. See
Supporting Information: Table S2 parameters for segmen-
tation and Argl measurement.

Visualization and statistics

Statistical testing was performed using a two-tailed
paired Student-z-test. Prism 9 (GraphPad Software,
https://www.graphpad.com/) was used for data visualiza-
tion and statistical analysis. The significance level was set
to a =0.05 for all statistical testing. Flow cytometry and
IHC outcome assessment and data analysis were
performed blinded, and unblinding happened after data
analysis. Numbers in text are reported as mean * stan-
dard deviation.

RESULTS

AFL leads to increased number of macrophages
in skin

The number of immune cells per milligram skin tissue was
significantly increased after AFL treatment from 57 £21.0
in control group to 1027 = 628.3 in AFL group (p = 0.0016,
Figure 2A). Further analysis of the immune cells revealed an
approximately 11-fold increase in the number of macro-
phages per milligram tissue from 5 £ 2.6 in control group to
56+40.6 in the AFL group (p=0.0053, Figure 2B).
Additionally, AFL treated skin had a pronounced neutro-
phil infiltration with an increase in neutrophils per milligram
tissue from 2 £ 1.0 in control group to 272 +230.4 in AFL
group (p = 0.0078, Figure 2C). Various degrees of ulceration
were observed in 8 out of 18 AFL-treated skin samples;

(A) )
. 25007  b_00016 . 150 -
(0] 1 [0)
P é 2,000~ 2 §
-4 1,500 8o 1007
o g §E
S 8
£ 8 1,000 g o 50
Es =3
e 500 L%
0- 0-
Control AFL

however, no significant differences were observed between
ulcerated and non-ulcerated skin with regard to immune
infiltration or other measured outcomes (Supporting
Information: Table S3).

Increased Argl and lower MHC II levels in
macrophages

The percentage of Argl-positive macrophages was signifi-
cantly increased in AFL group (p <0.0001, Figure 3A) and
the signal intensity of Argl in macrophages was higher in
AFL group compared to in control group (p =0.0004),
meaning that each macrophage had more Argl expressed
on average in AFL group than in control group
(Figure 3B). The percentage of macrophages expressing
MHC 1II was significantly lower in the AFL group
compared to control group (p <0.0001, Figure 3C) and
the signal intensity of MHC II was lower on macrophages
in AFL-treated skin than control skin (p<0.0001,
Figure 3D). No significant difference was observed in the
percentage of macrophages expressing the anti-
inflammatory marker, CD206 (p = 0.8952), or in the signal
intensity of CD206 (p =0.7267, Figure 3E,F). On neutro-
phils, both the percentage and the signal intensity of
MHC II molecules were reduced in AFL group compared
to control group (p=0.0004, p<0.0001) (Figure 3G,H).
However, the signal intensity values indicate that the
expression of MHC II on neutrophils is minimal compared
with macrophages. Both CD206 and Argl levels in
neutrophils were too low to be detected.

Accumulation of Argl protein in microscopic
treatment zones in the skin

Examination of THC slides showed elevated Argl protein
levels concentrated in distinct columnar pattern across the
AFL-treated skin samples (Figure 4A,B). The locations of
the Argl positive columns approximately correlated with

P =0.0053 (C)
— __ 10004 P=0.0078
) 1
7 800
®» .9
S o 600-
g€
- S
8 400+
‘3
e 200+
o_
Control AFL Control AFL

FIGURE 2 Flow cytometry analysis of immune cells in skin shows increased immune infiltration of neutrophils and macrophages after ablative
fractional laser (AFL) treatment. Number of immune cells per milligram tissue (A). Similar for macrophages (B) and neutrophils (C). The lines on
the plots connect the control and AFL sample pair from each mouse. Red circles indicate ulceration of the skin on the day of termination. Immune
cells were gated as CD45", neutrophils as CD45"CD11b"Ly6G*F4/80~ and macrophages as CD45"CD11b*Ly6G F4/80*. Sample size n =9 per

group. Two-tailed paired 7-test was used for statistical testing.
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FIGURE 3 Phenotype analysis shows elevated arginase-1 levels and lower major histocompatibility complex class 11 molecules (MHC II) on
macrophages. Percentage of macrophages positive for Argl (A) and signal intensity (gMFI) of Argl in macrophages (B). Similar parameters for MHC II
surface marker expression (C-D) and CD206 expression on macrophages (E-F). MHC II on neutrophils, both percentage positive neutrophils (G) and
signal intensity of MHC II (H). The lines on the plots connect the control and ablative fractional laser (AFL) sample pair from each mouse. Red circles
indicate ulceration of the skin on the day of termination. Sample size of n =19 per group. Two-tailed paired #test was used for statistical testing.

the location of the microscopic treatment zones (MTZ)
(Supporting Information: Figure S4). Argl was both
present in the epidermal layer and through dermis, though
Argl was even more prominent deeper into the hypodermis
and the underlying connective tissue layer (Figure 4A,B).
Quantification of Argl-positive area in the epidermis and
dermis showed a higher Argl protein level in AFL-treated
skin (5.2% % 1.7%) than in control skin (3.5% % 1.2%)
(p =0.0232, Figure 4C). Further, the Argl-positive area in
the whole sample was increased in AFL-treated skin
(9.6% % 3.3%) compared with the control skin (2.2% %
1.2%, p <0.0001, Figure 4D).

DISCUSSION

The cellular and molecular factors involved in the skin
healing response after AFL are highly complex and are
yet to be fully understood. Previous studies of AFL have

reported to stimulate numerous cell types and factors
that are involved in the cutaneous remodeling and
healing process.''"'**? However, to our knowledge, this
study is the first to show that AFL induces a significant
increase in Argl production by macrophages and that
AFL results in an accumulation of Argl in the MTZ.
These findings suggest that AFL polarizes the phenotype
of the skin macrophage toward a wound healing
phenotype which is supported by the observed decrease
in the expression of the pro-inflammatory marker, MHC
II. Previous studies have shown that AFL increases
TGF-f mRNA expression.'? TGF-p is a potent stimula-
tor of wound healing as it stimulates collagen I and III
production in fibroblasts,”” >’ and interestingly, TGF-
has also been shown to polarize macrophages toward a
wound healing phenotype®® and induce expression of
Argl in macrophages in vitro.*!

Three primary markers of macrophage inflammatory
phenotype were evaluated in the study: Argl, MHC II
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FIGURE 4

Immunohistochemical analysis reveals arginase-1 protein accumulation in microscopic treatment zones caused by ablative fractional

laser (AFL) treatment: Digitalized microscopy images of arginase-1 stained immunohistochemical slides of control skin (A) and AFL skin (B).
Percentage of Argl™ area out of all tissue area in epidermis and dermis layer (C) and in the whole skin sample (D). Arrows specify microscopic
treatment zones. The lines on the plots connect the control and AFL sample pair from each mouse. Red circles indicate ulceration of the skin on the
day of termination. Sample size of n =9 per group. Two-tailed paired r-test was used for statistical testing.

and CD206. Argl is considered an anti-inflammatory
protein as it suppresses cytotoxic T-cell responses.?’3%
CD206 is also an anti-inflammatory marker observed in
certain populations of wound healing macrophages.'>*°
Conversely, MHC II is considered pro-inflammatory due
to its involvement in antigen-presentation®* and MHC 1I
would be expected to be decreased in macrophages with a
wound healing phenotype. In response to AFL, results
showed that Argl was increased, and MHC II decreased
in macrophages, but no differences were observed in the
percentage of CD206-positive macrophages after treat-
ment in our study. This observation is unexpected as
CD?206 has previously been reported to be upregulated in
murine skin at day 7 after thermal induced injury.*
Overall, the increase in Argl-positive macrophages
and downregulation of MHC II positive macrophages
implies that AFL provokes a shift in macrophage
populations toward an anti-inflammatory, wound heal-
ing phenotype, particularly due to the notable upregula-
tion of Argl.

In the current study, macrophages in AFL-treated
skin showed a high level of Argl protein expression. In
addition, Argl was found to accumulate in MTZs. Even
though this study does not demonstrate a direct causal
relationship between Argl-producing macrophages and
the accumulation of Argl in skin tissue, we hypothesize
that the macrophages are a major cellular source of
observed Argl accumulation in the skin. This result is
consistent with a previous finding in a study by Campbell
et al.'"® They report that Argl is dynamically regulated
during acute cutaneous wound healing with a peak Argl
concentration in the skin at day 5 after injury. Campbell
et al. proposes that Argl production by macrophages is
crucial for optimal healing after injury and is involved in
the re-epithelization of the wounded area. They demon-
strate that the lack of Argl during cutaneous healing
reduced collagen deposition and delayed wound healing.
However, macrophages are not necessarily the only cell
type involved in Argl production in response to injury.
A recent study by the same group of researchers showed
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that keratinocytes also express Argl upon cutaneous
injury, and depletion of Argl genes in epidermal
keratinocytes results in delayed cutanecous wound heal-
ing.*® Nevertheless, our findings suggest AFL induces
Argl-expressing wound healing macrophages in the skin.
This can contribute to the healing response and
potentially facilitate skin rejuvenation, as Argl expres-
sion correlates to collagen deposition.'”?’ Whether
macrophages are the main source of the accumulated
Argl and whether Argl results in collagen deposition in
MTZs and the surrounding skin tissue and thereby,
facilitates dermal remodeling of photoaged skin is yet to
be investigated.

Neutrophils are the first immune cell responders to
tissue injury. Here, neutrophils phagocytose cellular debris
and support tissue repair through the secretion of wound
healing factors, for example, growth factors and matrix-
degrading enzymes. We found that AFL treatment induced
a pronounced neutrophil infiltration in the skin which may
have a negative impact on the healing response, as a
previous study found that excessive neutrophil infiltration
and inflammation of the skin resulted in an impaired wound
healing response in mice.'? In the current study, histology
samples showed a full skin microbeam penetration, and we
observed various degrees of ulceration in § out of 18 treated
zones. In a clinical setting, we would advocate for a
considerably lower energy level of the AFL to substantially
decrease the risk of ulceration.

While this study demonstrates that AFL treatment
promotes wound healing phenotype in macrophages and
induces Argl accumulation in skin, it is important to
recognize that these findings are limited to a single time
point. Additional time points, both earlier than Day 5 and
during later phases of wound healing, are required to
further elucidate temporal dynamics of macrophage pheno-
type and kinetics of Argl. The next step involves exploring
whether Argl is a prerequisite for the clinically observed
AFL-induced dermal remodeling effects. In relation to this,
it would be interesting to quantify AFL effects on
extracellular matrix proteins such as collagen type I and
matrix metalloproteases if Argl activity was inhibited.
Lastly, it is relevant to examine how laser energy exposure
correlates with Argl protein and wound healing macro-
phage phenotype in a clinical study as the optimal energy
levels in a clinical context would typically be lower than
those applied in this study. We hypothesize that reducing
AFL energy would result in similar macrophage polariza-
tion and Argl induction, although the impact may be less
pronounced than in the present study.

CONCLUSION

In summary, AFL treatment resulted in an increased
population of skin macrophages that were of anti-
inflammatory wound healing phenotype with high Argl
protein expression indicating a healing response. The

AFL intervention group had significant cutaneous
accumulation in Argl in a pattern resembling the MTZs
following AFL treatment. Collectively, the results show
that AFL induces Argl accumulation in skin and the
results imply that the AFL-promoted wound healing
macrophages are possibly a major source of the increased
Argl levels observed in the skin after treatment. Overall,
this study provides novel insights into the cutaneous
biological response to AFL therapy that can help
uncover the underlying mechanisms of AFL-induced
skin rejuvenation.
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