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ABSTRACT

Objective. Systemic Sclerosis (SSc) is a rare, chronic disease characterized by fibrosis,
vascular alterations and digital ulcerations. Few drugs have shown efficacy to enhance wound
healing of existing SSc-related ulcers. Local delivery of treprostinil, a prostacyclin analogue,
may improve wound healing. The present work aimed, in a first part, at developing a mouse
model of SSc-related ulcerations and, in a second part, at assessing the effect of iontophoresis

of treprostinil on wound healing.

Methods. We used two murine models of SSc: chemically-induced with HOCI, and Urokinase-
type plasminogen activator receptor (uPAR)-deficient. Excisional wounding was performed on
the dorsal midline with a biopsy punch. Animals were randomized into three groups: treated
with electrostimulation alone, with treprostinil iontophoresis, or untreated. We assessed wound
healing over time, as well as skin microvascular reactivity, inflammation, microvessel density,

and collagen distribution, before wounding and after re-epithelialization.

Results. uPAR” mice, but not HOCI-treated mice, showed impaired wound healing and
decreased microvascular reactivity compared with their controls. Treprostinil iontophoresis
improved wound healing and microvascular density and decreased inflammation in uPAR"
mice, while electro-stimulation did not. However, treprostinil had not effect on microvascular

reactivity and collagen distribution.

Conclusion. This study suggests that excisional wounds in uPAR- mice are a relevant model of
SSc-related ulcers. In addition, treprostinil iontophoresis enhances wound healing in this model.

Further work in now needed to show whether this effect translates in humans.
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INTRODUCTION

Systemic Sclerosis (SSc) is a rare, chronic disease characterized by fibrosis,
autoimmune abnormalities and vascular alterations, the latter leading to Raynaud's phenomenon
and digital ulcerations (DUs). DUs affect about 30% of SSc patients each year, and
complications include pain, functional impairment, gangrene and amputations, with a major
negative impact on the quality of life [1].

To date, intravenous iloprost, a prostacyclin (PGI,) analogue, is the only recommended
treatment for active SSc-related DUs [2]. However, its benefit is counterbalanced by dose-
limiting, vasodilatation-induced side effects. These safety issues require hospitalization and
close monitoring, which increase costs. The paradox is that impaired digital microvasculature
in SSc prevents the drug, when administered intravenously, from diffusing properly to the
wounded area.

Local treatment may be proposed to get around this issue. We previously demonstrated
that digital iontophoresis, a noninvasive, current-driven drug delivery method, could be used to
administer treprostinil, another PGI, analogue, into the skin of rodents, healthy subjects and
SSc patients, leading to a significant increase in skin perfusion [3,4]. This original approach
takes advantage of a synergic effect between the pharmacological response to the PGI, analogue
and the healing properties of electric current. Indeed, electrical current within the wound is
known to play a role in healing, by increasing the directed migration of keratinocytes,
fibroblasts and neutrophils[5], and has a positive impact on wound healing [6]. Recently, we
have further shown that this approach was safe when applied on DUs of patients with SSc [7].

However, whether iontophoresis of treprostinil enhances healing of SSc-related ulcers
has never been demonstrated. Experimental data are required to establish the proof-of-concept
before moving on to phase 2, clinical studies. The present study aimed at developing a mouse
model of SSc-related ulcerations, and at assessing the efficacy of iontophoresis of treprostinil

on wound healing.

METHODS

Animals and study design

The study followed a pre-specified protocol and all procedures were approved by our
local institutional review committee (APAFIS#6666-2016031415341059v7) and conducted in
accordance with the National Institutes of Health (NIH) Guide for the Care and Use of

Laboratory Animals.
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We used two murine models of SSc and their respective control: a chemically-induced
model (HOCI), and a genetic model (uPAR")-Animals in the HOCI group received intradermal
injections of of hypochlorous acid (HOCI) to generate oxidative stress during 6 weeks, as
previously described[8]. The control group received injections of sterilized phosphate buffered

saline (PBS) solution following the same protocol. The Urokinase-type Plasminogen Activator
Receptor gene (uPAR'/ -) mouse model mimics the vascular and fibrotic features of SSc[9].
uPAR~/- mice were crossed with wild-type (uPAR+/+) mice on a C57BL/6J background to
generate heterozygous uPAR™/- mice. The latter were subsequently crossed to generate uPAR-

/- and their uPAR™/™ littermates as controls. Details about animal models are available as online

supplementary methods.

Mice were acclimated to the photoperiod (12-hour light/12-hour dark) and temperature

conditions (22+1°C) for one week prior to the start of the study, with food and water ad libitum.

Wounding procedure

Mice were anesthetized with isoflurane and analgesia was induced with buprenorphin.
Full-thickness skin excision wound extending through the panniculus carnosus was performed

on the dorsal midline. Detailed procedure are available as online supplementary methods.

Treprostinil iontophoresis

Treprostinil solution was prepared from a commercial solution at 2.5 mg /mL (6.4 mM)
(Remodulin®, Bioprojet Pharma, Paris, France), 10 times diluted with isotonic sodium chloride
(NaCl 0.9%) (Aguettant, Lyon, France) to obtain a 250 pg/mL (0.64 mM) solution. Mice in

control groups received a solution of NaCl 0.9% (vehicle).

To assess a possible impact of sex in our model, the experiment was applied on both
male and female animals. Thus, each sex-group was randomized into three sub-groups,
according to the treatment to be administered: untreated wound, electrostimulation (ES) alone
(current + vehicle), treprostinil iontophoresis (current + treprostinil). From the first day of
ulceration (D0) to complete re-epithelialization, treatments were applied daily, five days a
week, during 20 minutes using a 100 pA cathodal continuous current, as previously

described[3,10].

Assessment of wound healing
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Wound healing was quantified daily from photographs taken with a digital camera and
an internal standard for size calibration. Blinded analyses of wound surface were realized with
Image] software (National Institutes of Health, Bethesda, Maryland, USA). Wound healing was
estimated by measuring the wound area (mm?). Then, wound area was expressed in percent
change from the initial wound area measured on DO (%BL). Areas under the curve (AUC) of

wound healing rate over time were subsequently calculated.

Assessment of microvascular reactivity

Endothelial and non-endothelial skin microvascular reactivity were explored at baseline
(to validate the models) and after re-epithelialization (to assess the effect of treprostinil
iontophoresis) using iontophoresis of acetylcholine (Ach) and sodium nitroprusside (SNP),
respectively. Details about iontophoresis protocols are available in online supplementary

methods.

Tissue histology

Skin tissue samples, obtained at wound induction and after complete re-
epithelialization, were fixed and paraffin-embedded. Samples were stained and examined by a
dermatopathologist blinded to the group. Inflammatory infiltrate (macrophages), microvessel
density, and collagen deposition and distribution were rated semi-quantitatively. More details
regarding the histology protocol and the analysis are provided as online supplementary

methods.

RESULTS
Validation of a mouse model of SSc-related delayed wound healing

We observed no significant difference in wound healing between HOCI mice and their
controls (AUC were 345454 vs 418+85 %DO0.day, respectively; p=0.112) (Figure S1).
Secondary analyses focused on the first five days of wound healing as a post hoc exploration,
to see whether the observed overall changes were retrieved during the early phase (week 1).
Again, HOCI mice did not exhibit reduced wound healing in comparison with controls (AUC
were -18+20, vs 4427 %DO0.day, respectively; p=0.14) (Figure S1). There were significant
differences in cutaneous microvascular reactivity at baseline between HOCI mice and their
controls in response to SNP (47 [40—65] vs 102 [70—-141], respectively; p=0.011) and to Ach
(25 [22-46] vs 50 [39-53], respectively; p=0.043) (Figure S2). However, macroscopic

evaluation of the skin showed only limited fibrosis, associated with necrosis.
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On the other hand, uPAR~/~ mice exhibited reduced wound healing over time compared
with controls (AUC were 468+£97 vs 57359 %D0.day, respectively; p=0.001) (Figure 1; Figure
S3). We observed no significant difference in wound healing between female and male
(541+£106 vs 495+80 %D0.day, respectively; p=0.124). The sex*genotype interaction was not

significant (p=0.68), suggesting comparable impairment in wound healing between male and
female uPAR- mice. Results over the first five days of treatment were comparable, with

impaired wound healing in uPAR-- vs controls (-1£33, vs 25£32, %D0.day, respectively;
p=0.045), with no significant difference between female and male (19 + 36 vs 3 + 32 %DO0,
respectively; p=0.223) (Figure 1), and no sex*genotype interaction (p=0.971). There was a

significant difference in cutaneous microvascular reactivity at baseline between uPAR-/- mice
and their controls, in response to ACh (17 [14 —34] vs 49 [26 — 72] %BL, respectively; p=0.02)
but not to SNP (48 [34-79] vs 63 [27-86] %BL, respectively; p=0.844) (Figure S4). We

observed no significant difference in microvessel, macrophage or collagen density on

histological analyses, although the latter tended to be decreased in uPAR-/- mice (p=0.06)
(Table S1).

We thus retained the uPAR™/~ model, and combined males and females to assess the

effect of the treatment on wound healing in the following experiments.

Treprostinil iontophoresis enhances wound healing in uPAR-"- mice
S

In uPAR~- mice, iontophoresis of treprostinil significantly improved wound healing
(AUC were 591453 %D0.day for treprostinil, 487+99 %D0.day for ES, and 468+97 %D0.day
for the untreated group; p=0.002) (Figure 2; Figure S5). Adjusted paired comparisons showed
that treprostinil was significantly superior to both ES and untreated groups (p=0.002 and
p=0.030, respectively), while these two did not differ in a significant way (p=1.0) (Figure 2).

During the first five days, post hoc exploration yielded similar results (AUC were 52420
%D0.day for treprostinil, 12+41 %D0.day for ES, and -1 + 33 %D0.day for the untreated group;
p<0.001) with significant differences between treprostinil and ES or untreated groups

(p=0.002), while these two did not differ (p=1.0) (Figure 2).

Effect of treprostinil iontophoresis on inflammation, microvascular density and
collagen
Inflammatory infiltrate in re-epithelialized skin was decreased in the treprostinil group

in comparison with both ES and untreated groups (Table S2). Iontophoresis of treprostinil

increased microvessel density when compared to the untreated site (p<<0.05), but the difference
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was no longer significant when compared with ES (Table S2). Finally, we did not observe any

difference between groups regarding collagen deposition and distribution (Table S2).

Effect of treprostinil iontophoresis on cutaneous vascular reactivity

After complete re-epithelialization, we observed no significant difference between
treprostinil iontophoresis, ES, or untreated skin, neither for Ach (33 [21-51], n=4; 37 [17-51],
n=4; 26 [18-74], n=5; p=0.98) nor for SNP reactivity tests (62 [54—68], n=4; 53 [40—-67], n=4;
66 [62-91], n=5; p=0.29)).

DISCUSSION

In this study, we investigated the effect of an original pharmacological approach to
enhance cutaneous wound healing in a mouse model of scleroderma-related ulcers. We first
developed a model of SSc-related ulcers, using two mouse models known to have impaired
vascular function. Since we did not succeed to reproduce the fibrosis phenotype of HOCI
chemically-induced SSc [8], and because of a lack of significant delay in wound healing and a
frequent occurrence of tissue necrosis, we did not retain this model. On the other hand, uPAR-
'~ mice presented impaired wound healing, associated with decreased response to acetylcholine
iontophoresis, which suggests an impairment of endothelium-dependent vasodilation. This
finding is consistent with previous work showing that microvascular endothelial cells from
systemic sclerosis patients actually expressed a truncated uPAR protein, which appeared to be
involved in the vascular pathophysiological mechanism of SSc[11].

Our main results suggest that iontophoresis of treprostinil can accelerate re-
epithelialization of excisional ulcers in uPAR- mice. Of note, this effect does not seem to be
associated with improved endothelium-dependent microvascular reactivity, although we only
had a small number of animals and may have lacked of power. In contrast, we observed
decreased inflammation in re-epithelialized skin after treprostinil iontophoresis. Since
inflammation has a major impact on the early phase of wound healing, we conducted post hoc
analyses on the effect of treprostinil on wound healing over the first five days of treatments,
and confirmed that treatment effect was higher during this early phase.

Beyond the role of the prostacyclin pathway in vasodilation and inflammation, other
pharmacological properties of treprostinil could be involved[12]. A study conducted in
prostacyclin receptor (IP)-deficient mice showed decreased VEGF and angiogenesis during
wound healing[13] while another prostacyclin analogue, iloprost showed vascular-protective
effects on human SSc endothelial cells[14]. Thus, the positive effect of treprostinil could be

associated with improved angiogenesis. This is consistent with the increased cutaneous

7
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microvessel density we observed after treatment. Yet, this effect may at least partly be attributed
to the current itself, which has pro-angiogenic properties[10].

Although ES has been shown to enhance healing of chronic wounds in humans under
certain conditions of intensity, polarity, and signal[6], the effect of ES on angiogenesis did not
translate into accelerated wound healing in the present study. This suggests a potentiation
between electrical and pharmacological responses on wound closure, since cathodal current is
known to induce a PGI2—dependent vasodilation[15]. However, a limitation of this preliminary
study is that it did not deeply explore the mechanisms underlying the effect of the intervention,
and further work is needed explore the respective roles of prostacyclin endogenous synthesis
induced by cathodal current and the exogenous IP activation by treprostinil.

In conclusion, excisional wounds in uPAR”- mice appear to be a relevant model of SSc-
related ulcers. Using this model, we show that iontophoresis of treprostinil, but not
elctrostimulation alone, improves wound healing. This effect is observed early, within the first
five days of treatment, and is associated with enhanced angiogenesis and decreased
inflammation. These results support the relevance of trials assessing the effect of iontophoresis

of treprostinil on wound healing in patients with SSc-related digital ulcers.

RHEUMATOLOGY KEY MESSAGES

e Excisional wounds in uPAR- mice appear to be a relevant model of systemic
sclerosis related ulcers.

e Treprostinil iontophoresis enhances wound healing in uPAR-/- mice.
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FIGURE LEGENDS

Figure 1. Wound healing after an excisional ulcer in uPAR”- mice (n=8 males and 8 females) and their
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wild type littermates (UPAR**) (n=7 males and 8 females), over 5 days (panel A) and over 11 days

10 (panel B).

15 Figure 2. Effect of treprostinil iontophoresis (n=15) vs electro-stimulation (n=15) and untreated

control (n=16) on wound healing, over 5 days (panel A) and over 11 days (panel B).
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Supplementary data

Supplementary data S1 : Animal models

Chemically-induced model (HOCI)

Seven-week-old female BALB/c mice (CERJ, Le Genest-Saint-Isle, France) were
randomly distributed into HOCI and control groups (n=7 per group). Animals in the HOCI
group received two dorsal intradermal injections of 250 pul of hypochlorous acid (HOCI) daily
during the first five days to generate oxidative stress. Then animals received one daily
intradermal injection of 200 ul of the same solution, five days a week during the next 5 weeks,
as previously described[8]. The control group received injections of sterilized phosphate

buffered saline (PBS) solution following the same protocol.

Genetic model (uPAR‘/ )

The Urokinase-type Plasminogen Activator Receptor gene (uPAR'/ -) mouse model
mimics the vascular and fibrotic features of SSc[9]. uPAR~/~ mice were crossed with wild-type
(uPAR'/") mice on a C57BL/6J background to generate heterozygous uPAR'/- mice. The

latter were subsequently crossed to generate uPAR~- and their uPAR*/* littermates as controls.

PCR of tail-tip genomic DNA was performed to determine the absence or presence of a
functional uPAR gene. Sixty-three male and female 12-week old mice (46 uPAR~- and 17

uPAR1/*) were used from our breeding.

Supplementary data S2 : uPAR DNA sequence
PCR of tail-tip genomic DNA was performed to determine the absence or presence of

a functional uPAR gene using 3 primers sequences:

uPAR commun AGAGCTCCGGGTTCTCTCTC
uPAR KO TATTACCAGTGAATCTTTGTCAGCAGTTCCC
uPAR WT GGGAGGAAGGAACTCCACTC
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Supplementary data S3 : Excisional wound model

Mice were anesthetized with isoflurane with a 3-min induction phase at 3% and a
maintenance phase at 1.5%. Before wounding, analgesia was induced with buprenorphin at
0.1 mg/kg (intraperitoneal injection). The dorsal part of each mouse was shaved and a full-
thickness skin excision wound extending through the panniculus carnosus was performed on
the dorsal midline, with a sterile 6-mm biopsy punch.

A rubber ring (20/27 mm) was centered and fixed around the wound with a bi-component
epoxy glue, and secured with interrupted 3/0 nylon sutures as previously described (1).
Rubber ring splinting was used to minimize wound contraction (2). Synthetic epoxy resin was
applied to the perimeter of the rubber ring to improve adhesion to the skin and to protect it

from mice bites, as shown on the picture below.

Excisional wound model

Supplementary data S4 : Assessment of microvascular reactivity

Endothelial and non-endothelial skin microvascular reactivity were explored at baseline (to validate
the models) and after re-epithelialization (to assess the effect of treprostinil iontophoresis) Skin
blood flow was continuously recorded using laser Doppler Imaging (PIM3, Perimed, Jarfélla, Sweden)
before and during iontophoresis of vasodilators on the hairless back, using a 1.2 cm? electrode.
Endothelium-dependent function was assessed using iontophoresis of acetylcholine (ACh) at 20
mg/mL (Sigma, Saint Quentin Fallavier, France) with a 100 pA anodal current during 10 min.
Endothelium-independent function was assessed using iontophoresis sodium nitroprusside (SNP) at
20 mg/mL (Nitriate; SERB, Paris, France) with a 100 pA cathodal current during 10 min. Data were

digitized, stored on a computer, and analysed offline with signal processing software (PimSoft
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v1.5.4.8078, Perimed, Jarfalla, Sweden). Baselines were expressed as arbitrary perfusion units (APUs)
and vasodilatory responses as a percent change from baseline (%BL). The iontophoretic dose is
defined as current multiplied by time of application Dose (uA.second)=current (LA) x time (seconds),

and the amount of drug delivered is directly proportional to the iontophoretic dose applied.

Supplementary data S5 : Histological analysis

Biopsy were harvested and fixed in 4% formalin during 24 hours. After imbedding in a paraffin block,
five-micrometer thickness sections were cut and hematoxylin, eosin and safran staining (Leica
Autostainer XL, LeicaBiosystems, Wetzlar, Germany) was performed to evaluate morphological

characteristics of the epidermis, dermis and hypodermis regions.

B4 1 mm

All samples were examined by a dermatopathologist blinded to the group, using an optical microscope
(Olympus BX51, Tokyo, Japan). Microvessel density, collagen deposition and distribution, as well as
inflammatory infiltrates (macrophages) were evaluated before wounding (baseline) and after
complete re-epithelialization.

Microvascular density was quantified by counting the number of microvessels per high power field
(400x magnification, diameter of field of view=0.62 mm), by differentiating new blood vessels, which
are tufted and have turgescent endothelial lining, from pre-existing vessels.

The density of the inflammatory infiltrate was graded semi-quantitatively, as follows: 1, no

inflammation; 2, discreet inflammation; 3, moderate inflammation; and 4, intense inflammation.
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Collagen deposition and its distribution were evaluated using a microscope with polarised light
(Olympus U-POT, Tokyo, Japan). Four groups were identified: 0, well organized collagen bundles; 1,

disorganized and organized bundles; 2, disorganized fine fibres; and 3, no refringence.

Supplementary data S6 : Statistical analysis

Data were expressed as mean + standard deviation, or as median [15'[-3rd quartiles] when
not normally distributed. Wound healing was analysed using general linear models. To validate
the mouse-model and assess whether sex has an influence, genotype and sex were used as fixed
factors, and the genotype*sex interaction was included in the model. The effect of treprostinil
iontophoresis was assessed by including the treatment effect as a fixed factor. To take into
consideration wound area at baseline, the latter was introduced as a covariate in all models.
Non-normally distributed data were transformed. The Bonferroni method was used to account
for multiple comparisons. Histological and vascular reactivity data were evaluated using non-
parametric tests. A p-value of 0.05 or less was considered statistically significant. Statistical

analyses were performed using SPSS 21.0 for Windows (IBM, SPSS, Chicago, IL).
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Supplementary tables

Supplementary Table S1. Histological data of unwounded skin (baseline) and re-
epithelialized skin according to mice genotype.

uPAR/- uPAR*/*
p-value
Median (1Q) n Median (1Q) n
Microvessels 5 5 15 5.4.0] 15  [1.0-2.0] 0.147

density*

Inflammatory

Baseline (DO) 1.0 [1.0-1.0] 5 1.0 [1.0-1.0] 8 1.000

inflitrate®*
Collagen®* 0.0  [0.0-0.0] 0.0 [0.0-0.0] 1.000
Mlcrovgssels 1.0 [1.0-1.5] 1.0 [1.0-1.0] 11 0.324
Re- density 8
epithelialized Inflammatory , 5 15 ¢ 4 5) 1.0 [0.02.0] 15  0.946
skin inflitrate
(D11)

Collagen 0.0 [0.0-0.0] 9 0.0 [0.0-0.0] 14 1.000

Data are expressed as median [1-3 quartiles] scores. *number of microvessels per high power field,
## semi-quantitative analysis ##0, well organized collagen bundles; 1, disorganized and organized

bundles; 2, disorganized fine fibres; and 3, no refringence

Supplementary Table S2. Histological analysis of the cutaneous inflammatory infiltrate,
microvascular density and collagen deposition after re-epithelialization.

untreated NacCl treprostinil
p-value
Median (1Q) n Median (1Q) n Median (1Q) n

Microvessels 5 [1.0-1.0] 7 10 [1020] 6 20* [1.0-30] 10  0.039
density
Inflammatory 3 515 7 1.0 [0.0-2.000 6 00* [0.0-1.0] 10  0.029
inflitrate®
Collagen®* 0.0  [0.0-0.0] 7 00 [00000 6 00 [0000 10 1.000

Data are expressed as median [15-3" quartiles] scores. Significance: "p<0.05 vs untreated, * p<0.05 vs
NaCl. #fnumber of microvessels per high power field, # semi-quantitative analysis ##0, well organized
collagen bundles; 1, disorganized and organized bundles; 2, disorganized fine fibres; and 3, no

refringence
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Supplementary figures

Supplementary Figure S1. Wound healing after an excisional ulcer in HOCI mice (n=7) and
their controls (n=7), over 5 days (panel A) and over 11 days (panel B)
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Supplementary Figure S2. Skin microvascular response to iontophoresis of Ach and SNP in
HOCI mice (Ach n=8, SNP n=7) in comparison with their controls (Ach n=9, SNP n=10). Data

are expressed as median [1st_3rd quartiles] of the percent change from baseline of skin
microvascular blood flux.
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Supplementary Figure S3. Kinetics of wound healing after an excisional ulcer in uPAR"-
mice (n=16) and their wil- type littermates (UPAR*/*) (n=15), over 11 days, expressed as the
daily percent change in wound area from baseline (DO).
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Supplementary Figure S4. Skin microvascular response to iontophoresis of Ach and SNP in
38 uPAR-/- mice (Ach n=10, SNP n=8) in comparison with uPAR+/+mice (n=5 per group). Data
39 are expressed as median [1st-3rd quartiles] of the percent change from baseline of skin

41 microvascular blood flux.
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Supplementary Figure S5. Effect of treprostinil iontophoresis (n=15) vs NaCl iontophoresis

(n=15) and untreated (n=16) on wound healing in uPAR-mice, over 11 days, expressed as

the daily percent change in wound area from baseline (D0).
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