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Abstract

Aims/hypothesis Chronic foot ulceration is a severe compli-
cation of diabetes, driving morbidity and mortality. The mech-
anisms underlying delaying wound healing in diabetes are
incompletely understood and tools to identify such pathways
are eagerly awaited.

Methods Wound biopsies were obtained from 75 patients with
diabetic foot ulcers. Matched subgroups of rapidly healing
(RH, n=17) and non-healing (NH, n=11) patients were se-
lected. Proteomic analysis was performed by labelling with
isobaric tag for relative and absolute quantification and mass
spectrometry. Differentially expressed proteins were analysed
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in NH vs RH for identification of pathogenic pathways.
Individual sample gene/protein validation and in vivo valida-
tion of candidate pathways in mouse models were carried out.
Results Pathway analyses were conducted on 92/286 proteins
that were differentially expressed in NH vs RH. The following
pathways were enriched in NH vs RH patients: apoptosis,
protease inhibitors, epithelial differentiation, serine endopep-
tidase activity, coagulation and regulation of defence re-
sponse. SerpinB3 was strongly upregulated in RH vs NH
wounds, validated as protein and mRNA in individual sam-
ples. To test the relevance of serpinB3 in vivo, we used a
transgenic mouse model with o1-antitrypsin promoter-driven
overexpression of human SERPINB3. In this model, wound
healing was unaffected by SERPINB3 overexpression in non-
diabetic or diabetic mice with or without hindlimb ischaemia.
In an independent validation cohort of 47 patients, high
serpinB3 protein content was confirmed as a biomarker of
healing improvement.

Conclusions/interpretation We provide a benchmark for the
unbiased discovery of novel molecular targets and biomarkers
of impaired diabetic wound healing. High serpinB3 protein
content was found to be a biomarker of successful healing in
diabetic patients.

Keywords Animal models - Biomarkers - Chronic ulcers -
Pathogenesis - Proteomics

Abbreviations

CAD Coronary artery disease

iTRAQ Isobaric tag for relative and absolute quantification
NH Non-healing

RH Rapidly healing

STZ Streptozotocin

WT Wild-type
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Introduction

Diabetes is burdened by severe multi-organ complications that
collectively reduce life expectancy [1]. Foot ulcers are among
the most disabling complications, often leading to amputation
and excess mortality. Diabetes is indeed the most common
cause of non-traumatic limb amputation in western countries
[2, 3]. The molecular mechanisms leading to impaired wound
healing in diabetes are incompletely understood [4]. Wound
healing is a complex process involving several tissues, cell
types and biological pathways in a multi-step and highly
coordinated series of events [5]. Coagulation, epithelial gap
closure, formation and regression of the granulation tissue,
angiogenesis and inflammation and its resolution are all prom-
inently involved in wound healing [6]. Alterations in each of
the aforementioned events can delay healing and promote
complications of the wound. In diabetic patients, foot ulcers
result from a combination of neuropathy and ischaemia, are
often triggered by traumatic events and are complicated by
infection [7]. So far, studies on the mechanisms of impaired
wound healing in diabetes have failed to transfer pre-clinical
findings into clinical-grade therapeutic strategies. In addition,
there is a paucity of translational studies aimed at replicating
in humans findings obtained in animal models and vice-versa.

Omics techniques (genomics, proteomics and metabolo-
mics) provide an unbiased opportunity to discover new po-
tential pathogenic mechanisms and therapeutic targets, as well
as biomarkers of disease [8]. Such approaches are used to
generate hypotheses that need to be verified in animal models
and in humans [9]. So far, proteomics has been rarely used to
discover new aspects of the delayed diabetic wound healing
process, and the resulting pathways have never been validated
[10—12]. Furthermore, cross-sectional comparisons of diabetic
vs non-diabetic wound tissues have been biased by patients’
differences and underlying conditions [10, 11]. Rather, com-
paring diabetic patients in whom healing has been followed-
up over time will likely provide more reliable data on the
molecular mechanisms underlying the healing process.

In this reverse translational study, we first used a gold-
standard proteomic approach [13] to characterise the molecu-
lar pathways enriched in a discovery cohort of patients with
rapidly healing compared with NH wounds. We then selected
serpinB3 as a candidate target to be further evaluated in a
mouse model and in a clinical validation cohort. We describe a
process whereby candidate molecular targets can be identi-
fied, validated and distinguished from bystander biomarkers.

Methods

Patients The study was approved by local Ethical committee
and conducted in accordance with the principles of the
Declaration of Helsinki as revised in 2000. Patients were
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recruited at the Diabetic Foot and Ankle Clinic of the Abano
Terme Hospital during a 6 month accrual period (from
November 2009 to May 2010). All consecutive patients with
type 1 or type 2 diabetes aged 18-90 years admitted to the
Clinic were considered eligible pending satisfaction of
inclusion/exclusion criteria and provision of informed con-
sent. Exclusion criteria were as follows: systemic infection or
sepsis; immunosuppression or immunological disorders; in-
ability to provide informed consent; pregnancy or lactation.
Patients with neuropathic, ischaemic or neuroischaemic
wounds could be enrolled. We collected data on age, sex,
BMI, waist circumference, HbA ., diabetes duration, preva-
lence of hypertension (blood pressure >140/90 mmHg [sys-
tolic/diastolic] on at least two occasions or use of antihyper-
tensive medications), dyslipidaemia (total cholesterol
>5.17 mmol/l [200 mg/dl] or LDL-cholesterol >3.36 mmol/l
[130 mg/dl] or triacylglycerol >1.69 mmol/l [150 mg/dl]),
cigarette smoking (one or more cigarette per day), coronary
artery disease (CAD; history of myocardial infarction or an-
gina or evidence of >50% coronary stenosis at a coronary
angiography), cerebrovascular disease (history of stroke or
transient ischaemic attack or evidence of >50% stenosis of
carotid arteries), peripheral vascular disease (instrumental ev-
idence of significant stenosis or leg arteries), retinopathy
(defined by ophthalmological examination), neuropathy
(based on history, clinical examination and eventually con-
firmed by electromyography), chronic renal failure (estimated
glomerular filtration rate <60 ml min~' [1.73 m] ). We also
recorded antihyperglycaemic and other medications. Foot ul-
cers were classified as neuropathic based on the following
criteria: typical ulcer site, absence of ischaemia and normal
transcutaneous O, pressure; ischaemia in the presence of
necrosis/gangrene without clinical and instrumental signs of
neuropathy; neuroischaemia in the presence of clinical/
instrumental evidence of both ischaemia and neuropathy.
Wound size was estimated by digital photography and edge
reconstruction using ImagelJ ver. 1.45 (NIH, Bethesda, MD,
USA). A skin biopsy of 5 mm in transversal diameter was
taken from the wound margin using a surgical scalpel with
care taken to avoid collection of debris, necrotic and fibrin-
rich areas. Cases in which the physician felt that a skin biopsy
could adversely affect wound healing were excluded. Biopsies
were snap frozen until biochemical analyses.

Patients were followed up for 6 months to evaluate wound
healing and the following endpoints: surgical or endovascular
revascularisation; need for surgical debridement; development
of new ulcers; minor and major amputations and death.

For definition of the discovery cohort, out of the initial
sample of 75 patients undergoing skin biopsy, we selected
patients who could be distinguished as rapidly healing (RH; if
the healing process was successfully completed within
6 months) or non-healing (NH; if the ulcer persisted or was
even enlarged at the end of observation). Each NH patient was
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matched with one or two RH patients of the same sex and
within a £ 5 year difference in age.

The remaining 47 patients were included in the validation
cohort and were divided into those showing improvement in
wound healing at 6 months (reduction in wound size; healing)
and those showing no improvement or worsening of the
healing process at 6 months (no change; enlargement of the
wound size).

Tissue processing Biopsies of the wound area were frozen and
stored at —80°C. Full-thickness radial slices of the tissue were
stored for subsequent independent analysis of protein content
and RNA quantification by real-time PCR. Details on prote-
omic analysis can be found in the electronic supplementary
material (ESM) Methods.

Pathway analysis Bioinformatic analysis was carried out
using DAVID Bioinformatics Resources 6.7 (database for
annotation, visualization, and integrated discovery; http:/
david.abcc.nciferf.gov/, accessed on 10 October 2013) [14],
which relies on a modified Fisher’s exact p value to cluster
proteins in functional annotation groups, establishing whether
a group is over-represented in a given proteomic data set.

ELISA Frozen tissue was minced and manually ground with
liquid nitrogen. RIPA buffer (Sigma-Aldrich, St Louis, MO,
USA) was added and the tissue solution was further disrupted
using TissueLyser LT (Qiagen, Venlo, the Netherlands). The
solution was centrifuged at 20,000 g for 20 min at 4°C to pellet
insoluble proteins and organelles. The supernatant fraction,
containing soluble proteins, was collected and centrifuged at
12,000 g for 15 min at 15°C to avoid salt crystallisation.
Protein content was quantified using the BCA assay
(Thermo Fisher Scientific, Rockford, IL USA). A custom
ELISA was used to measure serpinB3 content in tissue
extracts. Briefly, 100 pl/well of mouse anti-human
serpinB3 monoclonal antibody 8HI11 (Santa Cruz
Biotechnology, Dallas, TX, USA) diluted in PBS (pH 7.4)
at a concentration of 5 pg/ml, was coated on microtitre
plates and incubated overnight at 4°C. The wells were
blocked with 5% milk powder and incubated at room
temperature for 2 h. After washing with PBS-0.05%
Tween, 100 pl of each sample was added to plate wells
and incubated for 1 h at room temperature. A standard
curve was obtained using 16-0.25 ng/ml recombinant
serpinB3 [15]. Samples and standards were tested in dupli-
cate. SerpinB3 was revealed by incubating with 100 pl of
horseradish peroxidase-conjugated streptavidin secondary
anti-serpinB3 antibody. The plate was developed with a
ready-to-use TMB substrate solution (Thermo Fisher
Scientific). The reaction was stopped with 1 mol/l HCIl
(100 pl) and absorbance at 450 nm, was measured on a
microplate reader (Tecan, San Jose, CA, USA).

Gene expression analysis Total RNA was extracted using the
RNeasy kit (Qiagen) and RNA was reverse transcribed to
generate cDNA using the First-Strand cDNA Synthesis Kit
from Invitrogen (Carlsbad, CA, USA). Real-time PCR with
Fast SYBR Green detection was performed using an 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) and the following primers: {3-actin forward
5'-AGAGCTACGAGCTGCCTGAC-3' reverse 5'-GGATGC
CACAGGACTCCA-3"; SERPINB3 forward 5'-AGCTATGA
CCTCAAGGACAC-3' reverse 5'-ACTCCAGATAGCAC
GAGAC-3'". Expression data were normalised to the mean of
the housekeeping gene f3-actin to control the variability in
expression levels and were analysed using the 272 method.

Animal models Experiments involving animals were ap-
proved by the local Ethical committee and conducted in
accordance with the ‘Principles of laboratory animal care’
(NIH publication no. 85-23, revised 1985; http://grants1.nih.
gov/grants/olaw/references/phspol.htm, accessed 5 February
2012). C57B1/6 mice aged 8—12 weeks were used (either wild-
type [WT] or transgenic for human SERPINB3, under the
ol -antitripsin promoter [Alat-SerpinB3"]). Alat-SerpinB3™4
mice were generated as previously described [16]. Diabetes was
induced by a single intraperitoneal injection of 150 mg/kg
streptozotocin (STZ) (Sigma Aldrich) in citrate buffer
50 mmol/l, pH 4.5. Blood glucose was measured with a
Glucocard G-meter (Menarini, Florence, Italy); mice with
blood glucose >16.7 mmol/l (300 mg/dl) in at least two mea-
surements within the first week were classified as diabetic and
housed for 4 weeks with free access to food and water before
performing experiments. The hindlimb wound model was
used as previously described [17]. For induction of hindlimb
ischaemia, mice were sedated with 10 mg/kg zolazepam/
thylamine (Zoletil, Laboratories Virbac, Nice, France) and
7 mg/kg xylazine (Xilor; Bio98, Milan, Italy). The femoral
artery and vein were surgically dissected from the femoral
nerve, then cauterised with low-temperature cautery and ex-
cised between the inguinal ligament and ankle. To create skin
wounds, mice were sedated with inhaled sodium isoflurane
and the skin of the dorsal surface of the hindlimb was shaved
with Veet cream and disinfected with alcohol/ether. Then, a
4 mm diameter wound was performed with a biopsy punch
(H-S Medical, Colton, CA, USA). Daily photographs were
taken to evaluate wound closure time and the wound area was
quantified with ImageJ. Wounds on ischaemic mice were
performed 2 days after surgery.

Statistical analysis Data are presented as mean + SE for con-
tinuous variables, or as percentage for categorical variables.
Normality of the variables of interest was assessed using the
Kolmogorov—Smirnov test. Comparison between two groups
was performed using Student’s ¢ test for normal variables and
the Mann—Whitney test for non-normal variables. Categorical
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variables were compared using the y* test. A multivariable
analysis was run to adjust for potential confounders in the
association between candidate biomarker(s) and clinical vari-
ables or outcomes. A receiver operating characteristic (ROC)
curve was constructed to detect the ability of serpinB3 levels to
discriminate between patients based on follow-up evaluation of
the wound. The optimal cut-off was chosen as that maximising
the sum of sensitivity and specificity. Statistical significance
was accepted at p<<0.05. SPSS ver. 20.0 (IBM, Armonk, NY,
USA) was used.

Results

Proteomic analysis in the discovery cohort The discovery
cohort was composed of age- and sex-matched patients, who
could be distinguished clearly into one of two groups: RH
patients whose wounds had healed at 6 months and NH
patients whose wounds had worsened at 6 months or who
had undergone amputation. This clear-cut separation was
designed to optimise the chance of finding biomarkers or
pathogenic factors of the wound healing process. Clinical
characteristics of the discovery cohort are reported in
Table 1. Besides expected differences in the outcome, there
were no other significant differences between the RH and NH
group in concomitant risk factors, diabetes duration and con-
trol, complications and therapy. The prevalence of wound
infection was also comparable between the two groups. A
quantitative proteomic analysis of pools of wound biopsy
extracts from the RH and NH groups using isobaric tag for
relative and absolute quantification (iTRAQ) identified 286
proteins present in both pools. Using the standard 1.5-fold
threshold for upregulation and the 0.6-fold threshold for
downregulation, along with the «=0.05 significance
based on the technical replicates, 92 proteins (32.1%
of total) were found to be differentially expressed in
RH vs NH (ESM Table 1).

A pathway analysis was performed using the DAVID plat-
form. Biological pathways significantly enriched in the group
of differentially expressed proteins over the background of all
identified proteins were as follows: apoptosis, protease inhib-
itor activity, serine-type endopeptidase activity, epithelial cell
differentiation, coagulation and negative regulation of defence
response (Fig. 1). This analysis shows a net separation of
pathways in relation to the wound outcome, with NH wounds
having a higher content of proteins related to inhibition of
apoptosis, serine endopeptidase activity, coagulation and neg-
ative regulation of defence response, concomitantly with a
reduction in proteins related to apoptosis induction and epi-
thelial cell differentiation.

Validation of serpinB3 in the discovery cohort Among the
proteins that were found to be differentially expressed in
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wound extracts of the RH vs NH group, we focused on
serpinB3, which was 0.55-fold lower in NH vs RH pools (or
1.83-fold higher in RH vs NH pools), based on iTRAQ
analysis. We used a custom ELISA to validate serpinB3
concentrations in individual samples of the RH and NH
groups. SerpinB3 concentrations were normalised to the total
protein concentration to account for potential differences in
the composition of each wound biopsy. The serpinB3/protein
ratio was twofold higher in RH compared with NH wound
extracts, although this difference did not achieve statistical
significance, owing to large variability (Fig. 2a). SERPINB3
expression was, however, significantly higher in RH than in
NH individual samples (Fig. 2b). As the serpinB3 proteomic
probes might not unequivocally distinguish between serpinB3
and serpinB4, we also measured SERPINB4 mRNA expres-
sion, which was found to not significantly differ between RH
and NH patients (Fig. 2¢).

Wound healing in Serpinb3 transgenic mice As SERPINB3
expression was found to be higher in RH human diabetic
wounds, we wondered whether Serpinb3 overexpression in
diabetic mice with or without hindlimb ischaemia would
affect the wound healing process. To this end, we used
C57B1/6 mice, either WT or Alat-SerpinB3TG. First, we
found that the human transgene was expressed in the skin of
Alat-SerpinB3™¢ while, as expected, it was undetectable in
WT mice (Fig. 3a). Alat-SerpinB3™° mice also showed a
mild and non-significant increase in murine Serpinb3 gene
expression (Fig. 3b). These data indicate that the Alat-
SerpinB3" mouse is a good model with which to study the
effects of serpinB3 on wound healing. Diabetes was induced
in mice by STZ injection and hindlimb ischaemia was induced
by ligation and excision of the femoral artery. Healing of a
hindlimb 4 mm wound was monitored digitally until closure.
Although diabetes and hindlimb ischaemia delayed wound
healing as expected, in diabetic and non-diabetic mice with
or without hindlimb ischaemia, the time course of wound
healing was identical in WT and Alat-SerpinB3"“ mice
(Fig. 3c—f).

Validation of serpinB3 as a biomarker Although the mouse
model suggests that high serpinB3 expression is insufficient to
improve diabetic and/or ischaemic wound healing per se, we
hypothesised that serpinB3 might nonetheless represent a
non-pathogenic biomarker of successful wound healing.
Therefore, we measured serpinb3 gene expression and protein
content (as the ratio to the total protein concentration) in
wound extracts from the validation cohort. Clinical character-
istics of this cohort of patients are reported in Table 1. Out of
47 patients, 16 showed wound healing improvement, while 31
showed no improvement or worsened at 6 months. Among all
clinical variables, only the prevalence of CAD was signifi-
cantly different (higher) in patients showing no improvement
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Table 1 Clinical characteristics of the patients under investigation

Characteristic All patients Discovery cohort Validation cohort
RH NH p value Improved Not improved p value
n 75 17 11 16 31
Age, years 64.2+0.9 63.8+2.1 61.9+2.6 0.575 62.5+2.0 66.0+1.4 0.155
Sex, % male 90.7 100.0 100.0 1.000 87.5 80.6 0.277
BMI, kg/m? 30.1+£0.7 29.6+1.0 31.1£1.5 0.381 31.6+1.7 27.3+1.6 0.101
Waist circumference, cm 112.9+2.4 111.6£2.0 112.0+2.0 0.924 116.4+4.9 111.4£3.9 0.421
HbA .
% 7.9+0.2 8.3+04 7.7+0.7 0.384 8.0£0.5 7.5+0.4 0.403
mmol/mol 62.8+1.6 67.2+3.2 60.7+£5.5 63.9+4.0 58.5+3.1
Diabetes duration, years 16.5+1.3 15.8+2.7 11.7+1.5 0.275 14.0£2.6 18.7£2.0 0.188
Concomitant risk factors
Hypertension, % 72.0 76.5 72.7 0.831 75.0 67.7 0.398
Dyslipidaemia, % 453 412 455 0.831 375 51.6 0.470
Smoking, % 76.0 76.5 90.9 0.615 62.5 77.4 0.663
Wound type
Neuropathic, % 29.3 352 273 0.421 26.6 22.6 0.766
Ischaemic, % 12.0 59 18.0 0.184 20.0 6.5 0.173
Neuroischaemic, % 58.7 58.8 455 0.658 53.3 70.9 0.248
Complications
CAD, % 26.7 235 273 0.831 6.25 38.7 0.023
Cerebrovascular disease, % 18.7 11.8 18.2 0.650 6.25 29.0 0.088
Peripheral vascular disease, % 64.0 529 455 0.712 62.5 774 0.447
Retinopathy, % 48.0 529 36.4 0.409 375 54.8 0.356
Neuropathy, % 77.3 824 72.7 0.562 62.5 83.9 0.192
Chronic renal failure, % 14.7 59 9.1 0.758 6.25 25.8 0.130
Local wound infection, % 30.7 29.4 273 0.907 25.0 355 0.560
Hypoglycaemic therapy
Insulin, % 72.0 58.8 90.9 0.071 56.3 80.6 0.141
Secretagogue, % 20.0 294 9.1 0.215 12.5 22.6 0.469
Metformin, % 29.3 235 18.2 0.748 43.8 29.0 0.248
Diet alone, % 6.7 11.8 0.0 0.254 12.5 32 0.201
Other therapy
Aspirin, % 65.3 58.8 72.7 0.472 50.0 74.2 0.262
Statins, % 44.0 412 45.5 0.831 25.0 54.8 0.074
Beta blocker, % 28.0 17.6 18.2 0.973 37.5 323 0.617
ACE inhibitor, % 46.7 529 45.5 0.712 25.0 543 0.074
Angiotensin receptor blocker, % 253 17.6 18.2 0.973 25.0 323 0.706
Ca*"-antagonist 18.7 11.8 18.2 0.650 313 16.2 0.192
‘Wound outcomes
Percutaneous transluminal 333 235 273 0.831 25.0 452 0.337
angioplasty / stenting, %
Surgical bypass, % 2.7 0.0 9.1 0.220 0.0 3.22 0.494
Amputations, % 12.0 0.0 81.8 <0.001 0.0 0.0 -
Relapse, % 2.7 0.0 18.2 0.072 0.0 0.0 -
Death, % 2.7 0.0 0.0 - 0.0 6.45 0.325

Data are presented as mean = SE for continuous variables or as percentage for categorical variables
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Fig. 1 Pathways enriched in proteins differentially expressed in RH and
NH wound patients. Molecular pathways are indicated on the left, while
each column indicates a protein of a pathway found to be differentially

at follow-up. Importantly, the prevalence of infection was
comparable between the two groups. The serpinB3/total
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Fig.2 Validation of serpinB3 in the discovery cohort. Individual samples
of wound extracts from the discovery cohort were tested for serpinB3
protein content (a) and gene expression (b); SERPINB4 expression was
tested as control (¢). *p<0.05, RH vs NH
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expressed in RH vs NH wound patients. Bars indicate error of the internal
technical replicates. Circles, pro-apoptotic protein; crosses, anti-apoptotic
proteins; Isof., isoform

protein ratio was 2.12-fold higher in patients who improved
than in those who did not (Fig. 4a), while the levels of
SERPINB3 and SERPINB4 expression were not significantly
different (Fig. 4b, c). There were no differences in serpinB3/
total protein ratio between the two groups in relation to the
prevalence of CAD, suggesting that CAD was not a confound-
er in the comparison (not shown). Indeed, in a multivariable
analysis adjusted for CAD, which was the only significantly
different variable between groups, the serpinB3/total protein
ratio remained significantly directly correlated to wound
healing improvement (B=1.26+0.62; $=0.307; p=0.049).
There was no significant association between serpinB3/total
protein ratio or gene expression in relation to the prevalence of
infection and other breakdown outcomes, such as amputa-
tions, relapse, need for further surgical debridement or death.
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Fig. 3 Wound healing in
Ala‘(-SerpinB3TG mice. (a) The
human SERPINB3 transgene was
expressed in the skin of
Alat-SerpinB3 ™S mice, while it
was undetectable in WT mice.
The real-time PCR amplification
plot is also shown. (b) Mouse
Serpinb3 gene expression was
slightly and not significantly
increased in Alat-SerpinB3'C vs
WT mice. (¢) Wound healing was
analysed in WT mice, comparing
non-diabetic (circles, solid line),
STZ diabetic (squares, dashed
line) and STZ diabetic ischaemic
(triangles, dotted line). *p<0.05
comparing STZ diabetic and
diabetic ischemic with controls.
(d—f) Wound healing was
compared in Alat-SerpinB3™¢
(squares, solid line) vs WT
(circles, dashed line) non-diabetic
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According to the ROC curve for the serpinB3 protein bio-
marker of improved wound healing, AUC was 0.665 (95% CI
0.500, 0.831), with sensitivity 75.0% and specificity 62.5%
for the optimal cut-off of 1.13 ng ml™" pg ™' pul™! (Fig. 4d).

Discussion

We describe a benchmark for the identification and validation
of pathogenic and non-pathogenic biomarkers of impaired
diabetic wound healing, based on proteomic analysis of the
wound tissue, followed by gene and protein expression con-
firmation. The use of appropriate animal models is essential to
validate candidate pathogenic molecular targets, whereas the
association of healing or non-healing with candidate non-
pathogenic biomarkers needs to be validated in an indepen-
dent replication cohort. Using this comprehensive approach,
we show that high tissue serpinB3 content is a biomarker of
successful wound healing in diabetic patients.

Proteomic analysis of human diabetic wounds has been
previously shown to yield reliable and biologically sound
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2 4 6 8 10

Time after wounding (days)

12 14

information on the molecular mechanisms that might be in-
volved in delayed healing [10, 11]. However, though proteo-
mics is considered to be the way forward in diabetic foot
research [12], none of the studies have developed a rigorous
validation strategy. In fact, hypothesis-generating omics ap-
proaches have been criticised for being burdened by excess
rates of false-positive results [18, 19], thus limiting the
chances of finding true biomarkers or pathogenic factors. We
herein used a gold-standard technique for the simultaneous
identification and quantification of proteins in wound biopsies
obtained from well-characterised diabetic patients, who could
be unequivocally categorised as ‘rapidly healing’ or ‘non-
healing’, based on follow-up visits. This clinical approach is
critical to define the optimal discovery cohort and maximises
the chance of identifying proteins associated with healing
efficiency. A bioinformatic analysis selected pathways
enriched in proteins that were differentially expressed be-
tween the RH and NH groups. Interestingly, all such pathways
are plausibly associated with the healing process, being related
to coagulation, epithelial integrity, cell survival and extracel-
lular matrix remodelling.
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Fig. 4 Validation of serpinB3 as a biomarker of wound healing. (a—c)
Expression of serpinB3 protein (a) and SERPINB3 (b) and SERPINB4
genes (¢) was determined in samples of the validation cohort (see Table 1).
*p<0.05, improved vs not improved patients. (d) A ROC curve was

We have focused on serpinB3, as one of the candidate
molecular targets. SerpinB3 belongs to the family of evolu-
tionary conserved serine protease inhibitors, the members of
which exert a wide range of biological activity. Although the
physiological functions of serpinB3 remain elusive, they tra-
ditionally include links to cell death and immunity. SerpinB3
is produced by epithelial cells, endothelium and blood cells
and its expression is induced by TNF-«. [20]. It has been
previously shown to be involved in wound healing processes,
including epithelial-to-mesenchymal transition [21], inflam-
mation [22] and apoptosis [23]. Proteomic data, as well as
gene and protein analysis, showed higher levels of serpinB3 in

Fig. 5 Summary of the study
design. The figure depicts the
benchmark for the identification
and validation of candidate
pathogenic factors and how they
can be distinguished from
bystander biomarkers in the
present study
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constructed to quantify the capacity of serpinB3 protein concentration
above 1.13 ngml™" ug ™' ul™" (optimal cut-off) to distinguish patients in
whom the wound healing process improved from those did not improve at
follow-up

RH compared with NH wounds. To evaluate whether
serpinB3 can itself promote wound healing, we studied
healing kinetics of hindlimb wounds in WT mice and in mice
overexpressing human SERPINB3 (Alat-SerpinB3"%). The
transgene was expressed in the skin at a level similar to that
ofthe mouse Serpinb3 gene, making this model suitable to test
the effects of serpinB3 in wound healing. The hindlimb
wound model has the advantage of resembling human disease,
because healing is significantly impaired by diabetes and
hindlimb ischaemia. We have previously validated this model
by showing that quenching oxidative stress by p66Shc dele-
tion promotes healing of diabetic and ischaemic wounds [17].
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Despite Alat-SerpinB3™® mice having several pathological

and non-pathological features comparable with those of WT
mice [21-23], including an increased lifespan [24], we did not
find any difference in the wound healing process. This indi-
cates that, at least in this experimental model, a high serpinB3
level is in itself insufficient to improve wound healing and
seems to argue against a direct role for serpinB3 in the healing
process. SerpinB3 normally inhibits the activity of proteases
(such as papain and cathepsins), many of which are associated
with the healing process and may themselves represent patho-
genic mechanisms (Fig. 1). In fact, an imbalance between
metalloproteases and their inhibitors appears be associated
with features of diabetic wounds [25, 26]. However, the
transgenic expression of the human serpinB3 protein may be
insufficient to detect differences in the healing process com-
pared with the control condition, because control mice have
physiological serpinB3 levels and activity. Further data on the
role played by serpinB3 in experimental wound healing may
arise from the analysis of Serpinb3 ™~ mice.

Notwithstanding such limitations, serpinB3 levels may
serve as a biomarker of wound healing in diabetic patients.
To test this hypothesis, we determined serpinB3 protein and
gene expression in wound biopsies from patients in the vali-
dation cohort, who were followed-up for 6 months to collect
data on wound outcomes and death. Interestingly, serpinB3
protein levels were on average higher in patients who showed
an improvement in wound healing at follow-up compared
with those who showed no improvement, while gene expres-
sion did not differ. This discrepancy may be explained by
differences in protein vs mRNA stability [27], or it may
suggest that the high level of serpinB3 protein in healing
patients is produced systemically and not locally by wound
cells. The latter hypothesis may be verified by measuring
plasma/serum serpinB3 concentrations in patients with foot
ulcers. For instance, patients with psoriasis have elevated
serum serpinB3 levels in relation to disease activity [28]. It
should be noted that while the discovery cohort in the current
study was artificially created by matching patients clearly
corresponding to healing and NH phenotypes, the validation
cohort was composed of unselected patients and is more
similar to diabetic patients with foot ulcers seen in routine
clinical practice. Based on the ROC curve, the relative
serpinB3 protein content showed the ability to discriminate
between patients who showed signs of wound improvement
and those who did not improve at follow-up. Accuracy, mea-
sured as AUC, was relatively low, likely due to the dispersion
of wound protein content of serpinB3. As serpinB3 can reflect
features of the ongoing systemic inflammatory process, mea-
surement of serum serpinB3 concentrations may provide a
more accurate discrimination between healing and non-
healing patients. In addition to standard clinical assessment,
this biomarker could be used to drive therapeutic decisions
needed to improve wound and patient outcomes.

In conclusion, we have designed and applied for the first
time a benchmark to identify and validate pathogenic and non-
pathogenic biomarkers of wound healing in diabetic patients
(Fig. 5). We show how this process led us to identify serpinB3
as a biomarker of successful healing, which could be
employed clinically to stratify the probability of good vs bad
wound outcome. The same pre-clinical and clinical validation
should be used for other candidate molecular targets arising
from the unbiased proteomic signature of wound healing we
describe: regulators of apoptosis and extracellular matrix re-
modelling are emerging targets to be explored.
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