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Abstract

Background: Excessive scarring and fibrosis are the most severe and common complications of
burn injury. Prolonged exposure to high levels of glucocorticoids detrimentally impacts on skin,
leading to skin thinning and impaired wound healing. Skin can generate active glucocorticoids
locally through expression and activity of the 118-hydroxysteroid dehydrogenase type 1 enzyme
(118-HSD1). We hypothesised that burn injury would induce 118-HSD1 expression and local
glucocorticoid metabolism, which would have important impacts on wound healing, fibrosis
and scarring. We additionally proposed that pharmacological manipulation of this system could
improve aspects of post-burn scarring.

Methods: Skin 118-HSD1 expression in burns patients and mice was examined. The impacts of 18-
HSD1 mediating glucocorticoid metabolism on burn wound healing, scar formation and scar elas-
ticity and quality were additionally examined using a murine 118-HSD1 genetic knockout model.
Slow-release scaffolds containing therapeutic agents, including active and inactive glucocorticoids,
were developed and pre-clinically tested in mice with burn injury.

Results: We demonstrate that 118-HSD1 expression levels increased substantially in both human
and mouse skin after burn injury. 118-HSD1 knockout mice experienced faster wound healing than
wild type mice but the healed wounds manifested significantly more collagen deposition, tensile
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strength and stiffness, features characteristic of excessive scarring. Application of slow-release
prednisone, an inactive glucocorticoid, slowed the initial rate of wound closure but significantly
reduced post-burn scarring via reductions in inflammation, myofibroblast generation, collagen

production and scar stiffness.

Conclusions: Skin 1138-HSD1 expression is a key regulator of wound healing and scarring after
burn injury. Application of an inactive glucocorticoid capable of activation by local 118-HSD1 in
skin slows the initial rate of wound closure but significantlyimproves scar characteristics post burn

injury.

Key words: Wound healing, Burn injury, Scarring, Skin 118-HSD1, 118-HSD1 knockout, Glucocorticoid metabolism, Polycaprolac-

tone scaffold, Drug delivery

Highlights

* Knocking out 118-HSD1 activity in skin was found to accelerate wound healing while the healed wounds demonstrated more

collagen deposition and myofibroblast formation, which caused excessive scarring.

Application of inactive glucocorticoid reactivated by 118-HSD1 activity in burn injury significantly reduced post-burn

scarring via reductions in inflammation, myofibroblast generation, collagen production and scar stiffness.

Controlled delivery of an inactive glucocorticoid that could only be reactivated within skin cells expressing 118-HSD1 is a

novel therapeutic approach to improve wound healing and scar qualities.

Utilizing the 118-HSD1 system, direct adverse effects associated with overuse of topically applied active glucocorticoids are

expected to be minimized. This information provides the logical basis for clinical trials of treatments designed to reduce the

adverse features of burn injury wound healing.

Background

Burn injuries are complex and under-appreciated traumatic
injuries that lead to various local and systemic effects associ-
ated with immune and inflammatory response and metabolic
reactions [1, 2]. Additionally, post-burn scarring is the most
common and severe functional consequence affecting burn
injury survivors [3, 4]. Individuals with severe scarring expe-
rience significant problems in eating, breathing and mobility.
Moreover, the aesthetic issues associated with post-burn scar-
ring cause a considerable long-term psychological impact [5].
Abnormal scar formation is caused by an excessive inflamma-
tory response, exaggerated fibroblast activity and the disorga-
nized over-production of collagen [6, 7]. Current treatments
for scarring include surgical approaches, pressure garments,
radiotherapy, cryotherapy and laser therapy. However, in
controlled studies these treatments have minimal or no effects
on post-burn scarring [8, 9].

Glucocorticoids are used to treat a variety of skin dis-
eases, including alopecia areata, pruritus, atopic dermatitis
and burn injury, on the basis of their anti-inflammatory
and immune-modulating activities [10, 11]. Intralesional glu-
cocorticoid injections have also been used to prevent and
manage scarring since the mid-1960s [8, 12]. However, long-
term use of glucocorticoids results in adverse effects, such
as adrenal suppression, glucose intolerance, increased protein
catabolism and breakdown, increased susceptibility to infec-
tion and classic features of Cushing’s syndrome [12].

Glucocorticoid excess in skin leads to skin thinning/at-
rophy, decreased collagen deposition, violaceous striae, easy
bruising and poor wound-healing post injury [13, 14]. Local
activation of glucocorticoids in skin tissue can occur via

the 118-hydroxysteroid dehydrogenase type 1 enzyme (118-
HSD1) [15].118-HSD1 is an NADP(H)-dependent enzyme
that catalyses the bidirectional conversion of cortisol (active)
and cortisone (inactive) but predominantly activates glu-
cocorticoids from their inactive forms [16]. 118-HSD1 is
expressed in a variety of tissues, such as liver, adipose tissue,
nervous system, bone and skin as well as inflamed tissue
[17]. In skin, 118-HSD1 expression has been reported in
keratinocytes and dermal fibroblasts [18, 19]. 118-HSD1
primarily activates cortisone to cortisol, while increased 118-
HSD1 activity is associated with greater production of active
glucocorticoids in skin [20]. 118-HSD2 by contrast inac-
tivates cortisol to cortisone. Although 118-HSD2 is also
expressed in skin it is largely found in sweat glands [21].
Mice with genetic knockout (KO) of 118-HSD1 in skin have
been demonstrated to have accelerated cutaneous (non-burn)
wound healing, with healed wounds having greater produc-
tion of collagen [22-25]. Although more collagen generation
is generally considered beneficial for simple wound healing,
e.g. in chornic wound healing with diabetics [26], excessive
collagen production would be detrimental to scar formation
after burn injury [27].

Previous studies found that the tissue level of cortisol,
the predominant glucocorticoid in humans, was elevated in
subcutaneous tissue in burn injury patients compared to
healthy volunteers [28]. However, the role of glucocorticoid
metabolism via 118-HSD1 in burn injury has not previously
been examined. In the present study, we therefore examined
changes in local expression and activity of 118-HSD1 in skin
after burn injury in both humans and mice. We aimed to inves-
tigate the local impact of 118-HSD1 on burn wound healing,
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scar formation and scar mechanical features using a mouse
model with 118-HSD1 global KO. Furthermore, we also
developed and pre-clinically tested the effect of slow-release
scaffolds encapsulating active or inactive glucocorticoids on
the healing of burn injury in mice. We hypothesised that
11B8-HSD1 would be an important suppressor of collagen
production and scar tissue formation, and that modulation
of local glucocorticoid activation via 118-HSD1 within skin
could be utilized to improve the qualities of scars formed post
burn injury.

Methods

Human tissue

All human skin samples were collected from the Burns &
Reconstructive Surgery Unit, Concord Hospital, Australia.
The protocol was approved by Sydney Local Health
District (Concord) Human Research Ethics Committee
(CH62/6/2014-139). Burn injury affected skin tissues were
collected from burn injury patients [aged 16-72 years;
0.5-90% total body surface area (TBSA); 1-42 days post
burn injury]. The patients information, including their gender,
age, %TBSA and time of postburn are shown in Table S1
(see online supplementary material). Each skin sample was
divided into two. One part was kept in 10% neutral buffered
formalin solution (Sigma-Aldrich) for histological analysis
and the part was temporarily kept in RNAlater Stabilization
Solution (Life Technologies) immediately after the proce-
dure and then stored at —80°C for mRNA expression
analysis.

Global 118-HSD1 KO mouse model

Global 118-HSD1 KO mice were generated on a C57/BL6
background by breeding 118-HSD1 floxed mice with Sox2-
Cre mice as previously described [29, 30]. In the present
study, global 118-HSD1 floxed mice were generated at the
Institute of Metabolism and Systems Research, University
of Birmingham, UK and introduced to the Translational
Research Facility at the ANZAC Research Institute, Australia.
Sox2-Cre transgenic mice were purchased from Australian
BioResources, Australia. In this model, Cre recombinase is
expressed under the control of the mouse Sox2 promoter
in Sox2-Cre mice. The activated Sox2 promoter produces
Cre recombinase to cleave loxP-flanked exon 5 of the 118-
HSD1 gene (HSD11B1) (Figure S1, see online supplementary
material). The transgenic mice used in this study were all
toe-clipped and genotyped at the age of 2-3 weeks using
the primers listed in Table 1. The breeding protocols and
strategies have been approved by Sydney Local Health Dis-
trict Animal Welfare Committee (Protocol No 2013/074 and
2019/035).

Burn injury mouse model

The burn injury mouse model was established as previously
described [31]. Male wild type (WT) mice (aged 10-12 weeks,

n = 6-8/group/timepoint) and male mice with global KO
of 118-HSD1 (generated in house; aged 10-12 weeks,
n = 6/group/timepoint) were used for the burn injury study.
Each animal was subjected to a hot brass rod at around
230°C for 10 s to create a full-thickness small burn injury
with 1 cm? wound size (~5% TBSA). Each burned mouse was
housed in a single standard cage with free access to food and
water in the Translational Research Facility of the ANZAC
Research Institute, where the environment was controlled at
24-26°C and 44-46% humidity under a 12:12 h light-dark
cycle. Mice were given 1 ml of warm resuscitative intraperi-
toneal saline and analgesia (buprenorphine 0.05 mg/kg)
via intraperitoneal injection for 2 days after burn injury.
All protocols were approved by the Sydney Local Health
District Welfare Committee (Protocol No. 2018/020) under
Australian National Health and Medical Research Council
Guidelines for animal experimentation. The damaged skin
on mice underwent debridement 2 days after burn and was
covered with a wound dressing for 7 days, aiming to reduce
the risk of wound infection. Wound size was measured at
different timepoints until the wound was completely closed.
Groups of mice were anaesthetized with ketamine/xylazine
(100 mg/100 mg/kg) and euthanised by cervical dislocation
at different timepoints and their skin and wound tissues were
harvested and bisected for histology and gene expression
analysis, respectively.

Histology

Tissues were embedded in paraffin and sectioned at a thick-
ness of 5 um. Paired sections at different timepoints were cut
per slide and stained with hematoxylin and eosin (H&E) for
analysis of wound structure and area. Multiple sections of
day 49 scar tissues were stained with Masson’s Trichrome to
measure the percentage of positively stained collagen fibres
using Fiji—Image] [32].

Immunohistochemistry

118-HSD1, proliferating cell nuclear antigen (PCNA) and
a-smooth muscle actin (¢-SMA) protein expression in
skin and wound sections were analysed using primary
antibodies (Abcam), an ABC Kit (Vector Laboratories) and
DAB Substrate (Vector Laboratories). Antigen retrieval was
undertaken using a commercial antigen retrieval buffer, Diva
decloaker (Biocare Medical) and a heat-induced epitome
retrieval machine, Decloaking chamber (Biocare Medical)
with a temperature setting of 110°C for 15 min. The
tissues were then incubated with each primary antibody
overnight in the fridge. The next day, tissue sections were
incubated with a secondary goat anti-rabbit IgG antibody
followed by the ABC kit and DAB kit techniques (Vector
Laboratories), based on the manufacture’s instruction. The
slides were then counterstained and mounted. The assessment
of immunohistochemistry (IHC) staining was conducted
by three independent researchers who were blind to the
identity of samples. PCNA-positive cells were counted when
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Table 1. Primer sequences for Cre and 118-HSD1 KO genotyping

Primer Sequence (forward, 5’ to 3’) Sequence (reverse, 5’ to 3')
Cre GCGGTCTGGCAGTAAAAACTATC GTGAAACAGCATTGCTGTCACTT
IPC CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC

HSD1 Primer 1
HSD1 Primer 2
HSD1 Primer 3

CTGGGAGCTTGCTTACAGCATCA
CATTCTCAAGGTAGATTGAACTCTG
AGTCCATGCAATCAACTTCTCGTC

IPC internal positive control, HSD1 hydroxysteroid dehydrogenase type 1 enzyme

Table 2. Primer sequences for real-time PCR gene expression analysis

Primer Sequence (forward, 5’ to 3')

Sequence (reverse, 5’ to 3')

Human B2M
Human 118-HSD1
Mouse RPL19

AGCAGCATCATGGAGGTTTG
TGGCTTATCCAATGGTTGC

Mouse 118-HSD1 GGAGCCGCACTTATCTGAA
Mouse TNF-o TAGCCCACGTCGTAGCAAAC
Mouse IL-18 TGCCACCTTTTGACAGTGATG
Mouse TGF-g1 CTTTAGGAAGGACCTGGGTT
Mouse PCNA TGTGCCCCTTGTTGTAGAGT
Mouse «-SMA AGCCATCTTTCATTGGGATGG
Mouse COL1a1 CCAGTGGCGGTTATGACTT
Mouse COL3a1 CCCAACCCAGAGATCCCATT

GATCATCCGCAAGCCTGTGACT

CAAACATGGAGACAGCACTCA
CTATCCCAGAAACTGCCTTCA
GTGCTTCCTTGGTCTTAGAC
GACCTGGCAGTCAATACCA
GCAGCCTTGTCCCTTGAAGA
TGATGTGCTGCTGCGAGATT
CAGGAGCGCACAATCATGTT
AAAGACCTCAGGACACGCTG
CCCCTGACAGGACGTTGTTA
GCGGATGTTCTCAATCTGC
GAAGCACAGGAGCAGGTGTAGA

B2M beta-2 microglobulin, RPL19 ribosomal protein L19, 118-HSD1 11B-hydroxysteroid dehydrogenase type 1 enzyme, IL-18 interleukin 1 beta,
TNF-a tumour necrosis factor-a, TGF-B1 transforming growth factor beta 1, PCNA proliferating cell nuclear antigen, @-SMA «-smooth muscle actin,

COL1a1 type I collagen, COL3a1 type III collagen

the nuclei of cells lying on the basement membrane in the
extending epidermal tongue were stained dark brown. «-SMA
expression was quantified by Fiji—Image] and is presented
as the percentage of positively DAB-stained area [33].

RNA extraction and real-time-PCR gene expression
analysis

The wound tissues collected from different timepoints post
burn were stored at —80°C prior to RNA extraction. mRNA
from skin and wound tissues was extracted using TRI-
Reagent (Sigma Aldrich) according to the manufacturer’s
instructions. Total mRNA (1 pg) was reverse transcribed
to complementary DNA using a SensiFAST ¢cDNA synthesis
kit (Bioline). Real-time PCR analysis was conducted using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).
Primer sequences designed by Primer-BLAST Software are
shown in Table 2. The efficiency of DNA amplification was
evaluated using the mean cycle threshold (Ct) method. ACt
value was calculated from Ct values of different interest genes
by subtracting the Ct value of the housekeeping gene beta-2
microglobulin for human samples and ribosomal protein L19
for mouse samples. The resulting relative mRNA expression

2—AACt)

is shown as fold-change ( relative to the expression in

baseline samples.

Mechanical property testing

Mechanical property testing using a Bioplus mechanical tester
was optimized and performed in the School of Chemical
and Biomolecular Engineering, University of Sydney. Fresh

scar tissues collected from WT and 118-HSD1 KO mice on
day 49 after burn injury were cut into 20 x 50 mm strips
and mounted between the grips of the machine. Testing was
performed at a speed of 10 mm/min. Stress—strain curves were
created by calculating the force applied on a sample (tensile
strength) and the displacement of a sample. The data are
expressed as Young’s modulus and tensile strength.

Fabrication of drug-loaded polycaprolactone/collagen
scaffolds by electrospinning

Polycaprolactone (PCL)/collagen electrospun scaffolds are
well validated in the Burns Research Group as previously
described [34-36]. For preparing scaffolds, 25 mg of dry rat
type I collagen (COL1a1;2.5% w/v) and 75 mg of PCL (7.5%
w/v) were dissolved in 1 ml of hexafluoro-2-propanol (HFP)
as the placebo scaffold. The therapeutic agents including
prednisolone and prednisone were encapsulated in PCL/-
collagen scaffolds. The concentration of prednisolone and
prednisone was determined on the basis of previous literature
[37-39]. Prednisolone (5 mg; 0.5% w/v) and prednisone (5
mg; 0.5% w/v) were added in 1 ml of HFP with 7.5%
PCL and 2.5% collagen, respectively. The electrospinning
parameters were optimized with the following conditions:
flow rate of 1 ml/h; 20 cm air gap; applied electric poten-
tial (8 kV and 10 kV). During electrospinning, 0.5 ml of
mixed solution was loaded into a 1 ml syringe with a blunt,
18-gauge needle attached. A positive charge was connected to
the needle and a negative charge to the bronze collector. When
an electric potential is applied, charge accumulates to form
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Figure 1. 118-HSD1 mRNA and protein expression in skin and wound tissues after burn injury. (a) RT-PCR analysis of 118-HSD1 in mouse burn wound tissues
grouped by days post burn injury. n=3 in the baseline groups. n=6 per group per timepoint. Bars represent means + SEM; *p < 0.05, **p <0.01 relative to
baselines. Data was analysed by one-way analysis of variance (ANOVA). (b) Immunohistochemical images of 118-HSD1 in mouse normal skin tissues and burn
wound tissues. Arrowheads indicate the wound site (Scale bar: 500 m). (¢) RT-PCR analysis of 118-HSD1 in human burn wound tissues grouped by days post
burn injury. n=3 in group days 1-3 and 4-9 and n=4 in group day 10-. Bars represent means + SEM; *p < 0.05 relative to baselines. Data was analysed by
one-way ANOVA. (d) Immunohistochemical images of 118-HSD1 in human normal skin tissues and burn wound tissues. Arrowheads indicate the wound site

(Scale bar: 500 um). 7118-HSD1 118-hydroxysteroid dehydrogenase type 1 enzyme

the electric field between the needle and the collector. When
the force of the electric field exceeded the cohesive force of
the solution, an electrically charged jet of scaffold solution
erupted and moved towards the collector plate. The HFP
solvent evaporated and the elongated jet solidified into fibres
and formed a non-woven porous structure on the collector
[40]. After 5 min of air drying, the scaffolds were removed
from the collector using fine-tipped forceps.

Statistics

Experimental data were analysed by GraphPad Prism soft-
ware (Graph-Pad). One-way analysis of variance (ANOVA)
and the Holm-Sidék post hoc test was used for single-factor
analysis. Studies comparing more than three groups of two
factors were analysed using two-way ANOVA. Data are
expressed as mean = SEM. The null hypothesis was rejected
at a significance level of p <0.05 (*p <0.05; **p < 0.01; and
wp <0.001).

Results

118-HSD1 expression in burn-affected and donor-site
(non-burn) skin collected from burn injury mice and
patients

11B8-HSD1 mRNA expression was first analysed in the burn
wounds collected from burn injury mice. When mouse burn
wound samples were grouped by days postburn (Figure 1a),

the relative mRNA levels of 118-HSD1 were substantially
increased after burn injury on days 3, 7 and 14 (15.2 £35.5,
101.0 £ 31.6 and 13.1 +4.2-fold significant increase, respec-
tively: p <0.05 baseline vs days 3 and day 14 ; p <0.01
baseline vs day 7). IHC analysis of 118-HSD1 demonstrated
that higher protein expression of 118-HSD1 was present in
mouse wound area after burn injury compared to normal
skin (Figure 1b). Keratinocytes in the epidermis were the
most common cell type that expressed 118-HSD1 in normal
skin. After burn injury, a variety of cell types including ker-
atinocytes, leukocytes and fibroblasts (Figure S2, see online
supplementary material) highly expressed 118-HSD1 at the
wound site. These observations were similar in human tissue
post burn injury. Compared to the tissue from healed burn
wounds (designated basal/baseline), human wounds immedi-
ately after burn injury demonstrated significantly higher 118-
HSD1 mRNA levels (4.0 & 1.3-fold increase on days 1-3 and
7.3 +3.1-fold increase on days 4-9 compared to baselines;
p <0.01) (Figure 1c). After 10 days postburn, the expression
declined to the baseline level. IHC analysis of 118-HSD1
in human burn wounds demonstrated changes consistent
with IHC analysis in mouse burn wounds (Figure 1d). A
considerable increase in 118-HSD1 expression was observed
in mouse wound areas at the early phase of wound healing,
especially in the dermal layer. These findings suggest that both
mRNA level and protein expression of 118-HSD1 in skin
could be stimulated and induced by burn injury in mice and
humans.
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Impact of 118-HSD1 KO on burn injury wound healing
We investigated the role of 118-HSD1 in burn wound
healing using global 118-HSD1 KO mice compared to WT
(Figure 2a). Both groups of mice were sacrificed at defined
time points after burn injury and tissues were harvested for
further analysis. An 118-HSD1 activity assay and serum
corticosterone assays were performed to confirm that 118-
HSD1 activity was completely abolished in skin in the
118-HSD1 KO mice (Figure S3a, see online supplementary
material) and that both WT and 118-HSD1 KO mice had
comparable serum corticosterone levels after burn injury
(Figure S3b, see online supplementary material), suggesting
that global KO of 118-HSD1 had no effect on systemic levels
of glucocorticoids following burn injury. As such, 118-HSD1
KO will only be expected to have local impacts on wound
healing with no impact on systemic glucocorticoid levels.

After the mice were subjected to burn injury, a significant
reduction in wound area was observed in 118-HSD1 KO mice
on days 7 and 14 based on macroscopic photographic analy-
sis when compared to WT mice (Figure 2b). Using a quanti-
tative analysis of wound area (Figure 2¢), mice of 118-HSD1
KO background demonstrated significantly accelerated
wound healing on days 3 and 7 after burn compared to WT
mice (—9.2 +2.7% baseline area healed in WT vs 4.0 + 5.2%
KO on day 3, and 28.3£4.2% WT vs 45.3+2.6% KO on
day 7). Both WT and 118-HSD1 KO mice achieved ~80%
wound closure on day 14 and both completed wound closure
on day 21. H&E staining showed a larger wound area
in WT mice compared to 118-HSD1 KO mice on day 14
(Figure 2d).

The post-burn inflammatory response in wounds of WT
and 118-HSD1 KO mice was assessed by examining mRNA
expression of pro-inflammatory cytokines, tumour necrosis
factor alpha (TNF-a), interleukin 1 beta (IL-18) and trans-
forming growth factor beta 1 (TGF-81) on days 3 and 7
(Figure 2e). Significantly higher mRNA levels of IL-18 and
TNF-a were found in 118-HSD1 KO mice compared to WT
mice on day 3 post burn (12.1 £2.6-fold WT vs 33.1+7.0-
fold KO mice for IL-18, and 3.6 £ 0.8-fold WT vs 10.5 £ 1.7-
fold KO for TNF-«). TGF-81 mRNA levels were increased
by ~2-fold in both WT mice and 118-HSD1 KO mice on day
3 and 1.5-fold on day 7. However, no significant difference
in TGF- B1 levels was found between WT mice and 118-
HSD1 KO mice at each timepoint. In the proliferation phase
of wound healing, wound tissues in WT mice and 118-HSD1
KO mice showed increased PCNA mRNA expression relative
to baselines on days 3 and 7 post burn injury (1.5+0.1-
fold increase WT and 1.8 +0.1-fold increase KO on day 3;
1.6 £0.1-fold increase WT and 2.1+ 0.2-fold increase KO
on day 7) (Figure 2f). Significant differences between WT
and KO were found on days 3 and 7. mRNA levels of
ACTA (a-SMA) were also found to be enhanced after burn
injury. Compared to WT mice, 118-HSD1 KO mice showed
significantly higher levels of ACTA mRNA in wounds on
day 7 postburn (1.7 £ 0.2-fold increase WT vs 4.2 +0.7-fold
increase KO; p <0.01).

IHC staining of PCNA and «-SMA was performed to
confirm cell proliferation of keratinocytes (Figure 2g) and
myofibroblast differentiation in wound tissues on days 7
and 14 post burn injury. WT mice and 118-HSD1 KO mice
had 32+ 5 and 37+4% of positive stained keratinocytes,
respectively, on days 7 and 32+ 5 and 38+6% on day 14
(Figure 2h). Although protein expression analysis did not
show significant differences between WT and KO, the trend
was consistent in mRNA expression and protein expression
by IHC that KO mice had higher expression of PCNA in
wounds compared to WT mice. «-SMA THC images demon-
strated that 118-HSD1 KO wounds had a greater intensity
of positive «-SMA expression than WT wounds on days 3
and day 7 (Figure 2i). By quantifying the «-SMA protein
expression (Figure 2j), 118-HSD1 KO mice had ~20% on
day 3 and 19% on day 7 greater a-SMA protein expression
at the wound site compared to WT mice. These findings indi-
cate that 118-HSD1 KO promotes increased myofibroblast
differentiation after burn injury.

118-HSD1 knockout exacerbates post-burn scarring
and fibrosis with excessive collagen production and
increased stiffness

Compared to WT mice, 118-HSD1 KO mice were shown to
have significantly higher type III collagen (COL3a1) mRNA
levels on day 3 (0.7+0.1-fold WT vs 1.5+0.1-fold KO)
and COLlal on days 14 and 28 in wounds (3.2+1.0-
fold WT vs 19.6 £2.7-fold KO on day 14 and 5.8 £1.0-
fold WT wvs 14.442.0-fold KO on day 28) (Figure 3a).
Histological analysis of Masson’s Trichrome staining further
demonstrated significantly denser collagen fibres in a healed
wound area of 118-HSD1 KO mice compared to WT mice
on day 49 (Figure 3b). Scar tissues collected from 118-
HSD1 KO mice were found to have an average 15% more
connective tissues than WT mouse scars (Figure 3c). The
mechanical properties of mature scars on day 49 in WT
and 118-HSD1 KO mice were measured using an Instron
Bioplus Mechanical Tester (Figure 3d). Stress—strain curves
were plotted based on the stress needed to break a sample
(tensile strength) and the strain on a sample when it breaks
(% elongation to breaking point). Scar tissues in 118-HSD1
KO mice had 2-fold higher Young’s modulus compared to
WT mice (Figure 3e), indicating scar tissues in 118-HSD1
KO mice were significantly stiffer than those in WT mice. A
higher tensile strength was also detected in fresh scar tissues
from 118-HSD1 KO mice, indicating a greater ability to
absorb more energy before breaking.

Impact of prednisolone and prednisone on wound
healing

The surface morphology of prednisolone and prednisone
electrospun scaffolds was analysed via scanning electron
microscopy (Figure S4a,b, see online supplementary mate-
rial). No drug particles were detected on the external surface
of each scaffold. There was no difference noted in pore
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for wound healing and scarring post burn injury. Created with BioRender.com. (b) Digital photos of wounds in the WT and 118-HSD1 KO mice. (¢) Wound size
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KO groups per time point. (f) RT-PCR analysis of PCNA and ACTA («-SMA) in WT and 118-HSD1 KO mouse wounds on days 3 and 7. n=8 in WT and 118-HSD1
KO groups. (g) IHC images of PCNA in the extending epidermal tongues of WT and 118-HSD1 KO wounds on day 14 (Sale bar: 200 um). (h) Assessment of
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118-HSD1 KO groups. Data are presented as means = SEM and analysed by ANOVA with multiple comparisons; *p < 0.05. **p <0.01 ***p <0.001 WT vs KO.
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diameter or fibre width of scaffolds between each group,
indicating that each drug can be effectively embedded inside
the polymer structure. In vitro drug delivery analysis showed

that after an initial phase of higher release, there was reliably
sustained delivery of prednisolone and prednisone in PBS
at ~15 pmol/day (Figure S4c, see online supplementary
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material). This level of release would be predicted to be
effective over 21 days. Thereafter, WT mice were subjected
to burn injury and different scaffolds were applied to the
wounds, including placebo scaffolds, prednisolone scaffolds
(active glucocorticoid) or prednisone scaffolds (inactive
glucocorticoid) (Figure 4a).

Mice in which prednisone and prednisolone scaffolds were
applied post burn had larger wound size on days 14, 21
and 28 compared to the mice receiving placebo scaffolds
(Figure 4b). Both prednisolone and prednisone significantly
delayed wound repair (Figure 4c). Mice treated with placebos
reached 50% wound size reduction at day 11 post burn
injury, whereas mice treated with either prednisolone-loaded
scaffolds or prednisone-loaded scaffolds needed 18 days to
heal 50% of wound area. The impact of prednisone on mouse
wound healing was found to be slightly greater (but not
significantly) compared to prednisolone, the active glucocor-
ticoid, suggesting that the inactive glucocorticoid had been
successfully reactivated by burn injury-induced activity of
118-HSD1 in skin.

The mRNA levels of pro-inflammatory cytokines, IL-18,
TNF-a and TGF-81 in wound tissues were examined on day 3
(Figure 4d). Compared to prednisolone, prednisone treatment
suppressed TNF-« and IL-18 expression more significantly in

wound tissues (0.9 & 0.3-fold prednisolone vs 0.5 £ 0.1-fold
prednisone for TNF-«, and 0.8 £ 0.3-fold prednisolone vs
0.3 +0.1-fold prednisone for IL-18). mRNA levels of TGF-
B1 in wounds were also found to be significantly decreased by
treatment with both prednisolone and prednisone (0.6 + 0.3-
fold decrease prednisolone and 0.6+0.1-fold decrease
prednisone relative to placebo). These findings demonstrate
that the early inflammatory response in burn injury was more
effectively suppressed via local application of prednisone,
effects not seen in the group receiving prednisolone scaffolds.

In the cell proliferation phase of wound healing, pred-
nisolone scaffolds had minor effects on PCNA and ACTA («-
SMA) mRNA expression (Figure 4¢e), while wounds treated
with prednisone manifested significantly lower PCNA mRNA
levels compared to placebo wounds on day 3 (0.740.03-
fold decrease in prednisone compared to placebo) as well
as significantly decreased ACTA mRNA expression on day
7 (0.6 £0.05-fold decrease on day 7 post burn compared to
placebo).

Protein expression of PCNA was detected in epidermal
keratinocytes of mice treated with placebo, prednisolone
and prednisone in IHC images (Figure 4f). Mice having
different treatments showed no significant difference in cell
proliferation of keratinocytes (Figure 4g). IHC analysis of
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@-SMA on day 7 showed that mice in the group receiving
prednisone treatment had the lowest protein expression of
a-SMA detected compared to placebo and prednisolone
treatments (Figure 4h) (42 +7% of a-SMA-positive area in
prednisone-treated wounds compared to 62 £ 4% in placebo
wounds and 63+8% in prednisolone-treated wounds)
(Figure 4i). This finding together with the results of «-
SMA mRNA expression studies indicates that prednisone
treatment suppressed myofibroblast differentiation during
the remodelling phase of wound healing.

Prednisone scaffolds significantly reduced collagen
production, connective tissue density and stiffness in
post-burn scars

Although there was a trend towards prednisolone inhibiting
COL3w1 gene expression, only prednisone demonstrated a
strong and significant inhibition of COL3a1 when exam-
ined on day 7 (Figure 5a). On day 49 post burn, signifi-
cantly smaller scar areas were observed in mice treated with
prednisone (Figure 5b). Compared to placebo mice that had

0.5+0.02 cm? scar size, mice treated with prednisone had a
significantly smaller size of mature scars with 0.3 +0.03 cm?
in size (p <0.05). A trend towards reduction in scar area
with prednisolone was not statistically significant. Masson’s
Trichrome staining revealed that after prednisone-scaffold
treatment, scars had a lower collagen fibre density compared
to placebo- and prednisolone-treated wounds (Figure 5c¢),
a finding further confirmed by quantitative analysis, with
66 +2% connective tissue area in prednisone-treated scars
vs 79+ 2% in placebo scars and 73 £3% in prednisolone-
treated scars (Figure 5d).

Mechanical property testing, in terms of scar stiff-
ness and tensile strength, demonstrated that only scars
treated with prednisone produced significantly reduced skin
stiffness compared to placebo-treated scars (27+3 kPa
prednisolone and 16 +£3 kPa prednisone vs 43+12 kPa
placebo) (Figure Se). Interestingly, scars treated with placebo,
prednisolone or prednisone scaffolds demonstrated similar
tensile strength (172419 kPa for placebo, 158+10 kPa
prednisolone and 171+ 18 kPa prednisone). This indicated
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that prednisone scaffold treatment of burn injury reduced
scar stiffness (most likely through reduced collagen density)
whilst maintaining scar strength.

These findings elucidate the important role of the 118-
HSD1 in burned skin. The administration of prednisone
that could be reactivated by the increased activity of 118-
HSD1 within the skin effectively reduced postburn scarring
by downregulating the expression of inflammatory cytokine
and scarring-related markers, decreasing connective tissue
deposition and reducing adverse mechanical properties
(Figure 6).

Discussion

In the present study, we demonstrate that 118-HSD1 has
an important role in wound healing after burn injury.
11B8-HSD1 expression restrains post-burn inflammatory
responses but also slows down the rate of early phase wound
healing assessed by wound area. At a later stage of wound
healing 118-HSD1 expression reduces collagen formation,
an effect that was associated with reduced myofibroblast
production/differentiation. This information allowed us to
use the application of synthetic glucocorticoids to modify
the wound healing process and ultimate scar properties
in a positive manner. Furthermore, use of an inactive

glucocorticoid (prednisone), that was only activated by cells
expressing 118-HSD1, during wound healing resulted in
significantly improved final scar qualities.

A role for 118-HSD1 in cutaneous wound healing has
previously been demonstrated but has not before been exam-
ined in the context of burn injury [22, 23, 26, 41, 42].
Our results broadly mirror findings from non-burn wound
healing studies in the early phase of burn wound healing, with
greater rates of wound closure in 118-HSD1 knockout mice.
We however went further to demonstrate an exaggerated
local inflammatory response in 118-HSD1 KO mice with
increased levels of TNF-o and IL-18. Importantly, greater
inflammatory responses are implicated in the development of
excessive and abnormal scarring [43, 44].

11B8-HSD1 deletion was associated with greater colla-
gen deposition and greater tissue myofibroblast numbers in
the later phase of burn injury healing. This appeared to
be due to greater differentiation of myofibroblasts but was
associated with greater collagen deposition and increased
tensile strength in healed wound tissues relative to WT mice.
Barrier function of skin after wound healing is not a major
clinical issue in contrast to scarring. Therefore, excessive
scar tissue post burn is considered a critical problem from a
patient perspective [45, 46]. These findings led us to explore
whether selective targeting of synthetic glucocorticoids to
cells expressing 118-HSD1 could improve post-burn scar-
ring. We demonstrated that application of custom-generated
scaffolds containing either active or inactive glucocorticoids
could reduce post-burn wound inflammation. This effect
was however greater with the glucocorticoid that required
activation by 118-HSD1 than with its active counterpart
[47]. Treatment with either glucocorticoid had significant
effects to reduce the wound healing rate compared to the
empty scaffold control; however, all wounds fully healed. At
a later phase of wound healing, treatment with the inactive
glucocorticoid, but not the active glucocorticoid, resulted
in significantly reduced wound stiffness with no change in
ultimate wound strength. These tissue properties indicated
that application of 118-HSD1-targeted glucocorticoid in its
inactive form resulted in substantially better final scar prop-
erties than no glucocorticoid.

A greater in vivo effect of inactive substrates for 118-
HSD1 than their active counterparts has now been demon-
strated in several situations. The effects of oral prednisolone
on markers of bone formation were demonstrated to correlate
most strongly with 118-HSD1 activity rather than circulating
levels of prednisolone, indicating that the effects on bone
were more likely due to local 118-HSD1-mediated reactiva-
tion of prednisolone from prednisone (which is generated in
vivo from prednisolone predominantly in the kidney) [48].
More recently, mice with 118-HSD1 KO were found to
be resistant to many of the metabolic effects of treatment
with corticosterone, the main active glucocorticoid in mice
[49]. 118-HSD1 knockout mice treated with glucocorticoids
were also protected against bone loss and reduction in bone
formation markers when treated with glucocorticoids, and an
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additional study demonstrated a similar protection in terms of
muscle wasting with glucocorticoids [50, 51]. These findings
again indicate that tissue conversion of inactive to active
glucocorticoids is a major contributor to the effect of these
glucocorticoids rather than a direct effect of circulating active
glucocorticoid [47, 52]. In the context of the current study it
remains unclear why the inactive glucocorticoid treatments
were superior to treatment with active glucocorticoid. It is
possible that this could relate to subtle differences in the
exposure to the two glucocorticoids. Although not significant
statistically, there was a trend to a faster release of predisone
in the early timepoints compared to that of prednisolone. This
could alternatively be related to the apparent greater biolog-
ical activity of inactive substrates of 118-HSD1 compared
to active substrates in cells expressing the enzyme described
above. Additionally, it is possible that the multiple effects of
active glucocorticoids on cell types not expressing 118-HSD1
in the wound could lead to different outcomes. Given the
dynamic and tissue-specific changes in 118-HSD1 in response
to burn injury, inactive glucocorticoids will only have effects
in cells that express the enzyme, and these effects are likely to
be greater in cells that express higher levels of activity. Active
glucocorticoids cannot be targeted to just cells expressing
118-HSD1 and will thus give similar exposure to all cells and
tissues, regardless of 118-HSD1 expression and the phase of
wound healing.

This study has a number of limitations. The number of
samples from burn patients is limited. The nature of burns
in patients is inherently variable and difficult to standardize.
The limited number of samples currently makes it difficult
to determine whether additional factors influence 118-HSD1
activity, e.g. patient age, gender, ethnicity and burn severity
as assessed by TBSA affected by burn injury. A limitation of
the murine studies is that some aspects of burn wound healing
differ between humans and mice. Despite this, our burn injury
model has been validated in several studies and replicates the
same distinct but overlapping phases of burn injury healing
seen in humans [31, 53, 54]. Whilst prednisone treatment
has shown superior effects on reducing scar formation, other
effects such as a delaying rate of wound healing could be
considered detrimental to burn wounds. We were also unable
to do functional testing of wound tissue on humans due to the
destructive nature of these procedures. Future studies might
examine coaxial electrospun scaffolds that encapsulate both
an 118-HSD1 inhibitor and prednisone, dynamically releas-
ing an 118-HSD1 inhibitor in the early phase of wound heal-
ing and inactive glucocorticoid in the later phase, potentially
achieving both a faster wound healing rate and a reduction
in scarring. In addition, future studies might also utilize non-
invasive surrogate markers of mechanical properties, but it is
unlikely that the comprehensive mechanical tests possible in
rodents will be achievable in humans.

Conclusions

Overall these findings demonstrate an important role of 118-
HSD1 in both burn injury and scarring, and that controlled

delivery of therapeutic agents, including an inactive glucocor-
ticoid that could only be reactivated within skin cells express-
ing 118-HSD1, is a novel approach to improve final scar
characteristics. Moreover, through utilizing the 118-HSD1
system, direct side-effects associated with overuse of topically
applied active glucocorticoids is expected to be minimized.
This information provides the logical basis for clinical trials of
treatments designed to reduce the adverse features of healing
in people with burn injury.
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