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Abstract

Clinical evidences have shown good results using dermal/epidermal substitutes (DESs) to treat diabetic foot ulcers.
Recent studies suggest that, in addition to their scaffold action, DESs may favor wound healing by influencing wound bed
inflammatory cells. This study aims to investigate whether DES may influence the inflammatory infiltrate and macrophages
polarization toward a reparative phenotype. Fifteen diabetic patients with chronic foot ulcers have been randomly enrolled:
5 treated only by standard of care, served as control group (CG), and 10 treated with DES composed of type | bovin
collagen (Nevelia, SYMATESE) considered as test group (TG). A biopsy was taken at baseline (T0) and after 30 days (T30).
From bioptic paraffin specimen histological, immunohistochemical, and immunofluorescence analysis was performed.
Immunohistochemistry reactions evaluated the number of M| macrophage (CD68%) and M2 macrophage (CDI163%).
TG patients displayed general macrophage activation and their greater polarization toward M2 subpopulation 30 days
after DES implant, compared with CG. From TO to T| there was a significant decrease of CD68" (674 = 40 and 455 =
38 mm?, respectively; P < .001) and significant increase of CD 163" (102 = 21 positive cells/mm? and 366 = 42 positive
cells/mm?, respectively; P < .001). Confocal microscopy confirmed an increase of M2 cells as expressed by the reduced
CDé68"/CD163" ratio. After 6 months of observation 6 patients (60%) of the TG completely healed, while only | patient
(20%) healed in the CG (P < .01). The tested DES makes possible to treat diabetic foot ulcers inducing tissue reparative
processes through macrophage activation and M2 reparative polarization.
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Background the use of dermal and epidermal substitutes (DESs) may
improve wound management and recovery.’ '

In our previous study we have demonstrated the ability
of a bilayer DES, constituted by a layer of collagen plus a
layer of silicon, to promote healing of diabetic foot lesions.'?
It has been hypothesized that its regenerative ability might

Diabetic foot ulcers (DFUs) are one of the most severe
complications of diabetic patients, and they occur in the nat-
ural evolution of the disease as a long-term complication.!**
It is caused by diabetes combined with different degrees of
lower extremity vascular disease and neuropathy, and the
wound may not heal for long time, leading to amputation.>”’ o
DFUs are characterized by a chronic inflammation, which University of Rome “Tor Vergata,” Rome, ltaly
. . . 2Ludwig Institute for Cancer Research, University of Oxford, Oxford,

consists of a low and persistent macrophagic and lym- UK
phocytic inflammatory infiltrate, without any progression 3IDI-IRCCS, Rome, ltaly
toward recovery and healing.® .
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be related to its composition and structure made by 2 layers:
collagen and silicon. The natural component is a 3-dimen-
sional porous matrix of type 1, purified, stabilized, bovine-
origin collagen, the main protein component of the human
body and major component of the extracellular matrix. It
acts as a scaffold to allow cell migration, adhesion, multi-
plication, differentiation, and the complete integration of
the dermal sheet with the wound bed, to support the neo
tissue 3-dimensional formation, with customized properties
to shape tissue reconstruction.'® Silicon layer is a synthetic
structure composed of polyester-reinforced silicon sheet-
ing. It can act as an epidermal layer capable of protecting
the wound from infection and it may guarantee the best
environment for healing. Due to these specific characteris-
tics, the simplest hypothesis is that the tissue repair occurs
because the DES 3-dimensional scaffold gives the struc-
tural support to the wound cells even if a collagen effect on
modulating other reparative factors cannot be excluded,
since in vitro evidences support the hypothesis that collagen
contained in DESs is able to influence the macrophage phe-
notype in the ulcer bed.'*1¢

Therefore, the aim of this study is to evaluate whether if
this specific DES composed of type 1 bovine collagen is
able to activate the plasticity of wound macrophages, by
inducing their polarization from M1 inflammatory to M2
reparative phenotype.

Materials and Methods

This case-control study included 15 consecutive patients
with chronic DFUs with a size >5 cm?, nonischemic, non-
infected, belonging to stage A and grade 1 or 2 according to
the Texas wound classification.'”

Patients were randomly assigned into 2 groups: 10
patients in test group (TG) were treated by a specific DES
composed of type 1 bovine-origin collagen in addition to
standard of care (SOC), while 5 patients considered as con-
trol group (CG) were treated exclusively by SOC including
a saline gauze. Offloading was provided to all patients. An
ankle-high removable walker was prescribed to all patients
included.

Chronic DFUs were defined in the case of size ulcer
reduction less than 50% after 4 weeks of SOC.'®

Absence of infection was defined according to the Infec-
tious Diseases Society of America classification.'” Absence
of significant ischemia was defined by TcPO, (transcutane-
ous partial oxygen pressure) values >25 mm Hg.?’

Exclusion criteria were presence of infection, ischemia,
ulcer size <5 cm?, wound area reduction >50% in the last
4 weeks, and treatment plan interfering with the immuno-
logic response (systemic steroid therapy, presence of con-
comitant chronic inflammatory diseases, cancer, etc).

The study protocol was approved by the Independent
Ethical Committee. All experimental procedures were carried

out according to the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Informed consent
was obtained from all patients prior to surgery. The speci-
mens were handled and carried out in accordance with
approved guidelines. Each patient provided informed writ-
ten consent for every surgical procedure.

Dermal-Epidermal Substitute

The bilayer DES used is a 3-dimensional porous matrix,
purified, stabilized, bovine-origin type-1 collagen (Nevelia,
SYMATESE, Chaponost, France). The collagen matrix is
supported by a strong silicon sheet enabling firm coverage
of the wound bed. After surgical debridment the DES was
firmly placed over the lesion trough suture. The silicon
sheet was covered by sterile gauzes and bandage. After the
DES application all patients were followed monthly, as out-
patients, for 6 months or until healing was achieved. During
the follow-up, sharp debridement was performed in the CG
while only clinical observation was performed in the TG
until the silicon sheet was not removed.

In all patients, bioptic samples were collected by the
wound edge at basal (time 0) and 30 days after (time 30).
Biopsy was performed through punch biopsy. It was per-
formed in the edge because it was the wound site more eas-
ily accessible in patients treated with DES. For the TG,
“time 0” was considered at the timing of DES application
and “time 30” at 30 days after DES application. For the CG
2 samples were collected, respectively, at inclusion time
and 30 days after.

According to our previous study we removed the DES
silicon sheet only after 8 to 12 weeks,'? therefore we were
not able to evaluate and compare ulcer size between TG and
CG at “time 30.”

After fixation in 10% buffered formalin for 24 hours, tis-
sues were paraffin embedded. For each sample 3-um-thick
serial sections were obtained in order to perform histologi-
cal and immunohistochemical analyses.

Immunohistochemistry and Immunofluorescence

In detail, immunohistochemistry reactions were used to
study the monocyte-macrophage cells (Table 1). In order to
evaluate the different state of macrophage activation and
polarization in treated and untreated groups, a semiquanti-
tative evaluation of CD68 (KP1 mouse monoclonal anti-
body, general macrophage marker, 1: 200; Abcam), CD38
(Rabbit monoclonal, typically M1 macrophage marker,
1:100; Abcam), and CD163 (Rabbit monoclonal, typically
M2 macrophage marker, 1:500; Abcam) expressions were
performed.

To carry out immunohistochemistry reactions, antigen
retrieval was performed on 3-pm thick paraffin sections by
using Tris-EDTA (ethylenediaminetetraacetic acid) citrate
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Table |. Baseline Data of Patients.

All cases (N = 15) TG (N = 10) CG (N =15) P (TG vs CG)
Age (years) 70 =99 69.8 = 9.4 70.6 = 9.9 ns
Sex (% male) 60% 60% 60% ns
Type 2 diabetes (%) 100% 100% 100%
Diabetes duration (years) 204 = 129 207 = 1.3 20.3 = 0.5 ns
Alc, % (mmol/mol) 7.9 £0.2% (63 £ 2) 7.3 £2% (56 £ 15) 7.9 = 55% (63 = 44) ns
Ischemic heart disease (%) 46% 50% 40% ns
Carotid artery disease (%) 20% 20% 20% ns
Systolic blood pressure (mm Hg) 135 =15 133 £ 17 135 =15 ns
Diastolic blood pressure (mm Hg) 80 + 2 77 =9 80*+9 ns
Total cholesterol (mg/dL) 156 + 29 157 = 23 153 £ 45 ns
HDL cholesterol (mg/dL) 46 = 13 48 £ |6 43 £ 11 ns
Triglycerides (mg/dL) 148 = 88 I51 = 38 145 = 33 ns
LDL (mg/dL) 96 + 32 99 + 4 92 +2 ns
TcPO, (mm Hg) 39.6 £ 35 40.9 = 3.38 39.6 + 4.16 ns
Ulcer size (cm?) 21.8 = 4.1 21.7 =43 222 + 42 ns
Ulcer duration (days) 874+ 174 88.7 = 183 848 + 173 ns
TUC grade | [N (%)] 3/15 (20%) 2/10 (20%) 1/5 (20%) ns

TUC grade 2 [N (%)]

12/15 (80%)

8/10 (80%)

4/5 (20%)

ns

Abbreviations: TG, test group; CG, control group; ns, not significant; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TUC, Texas

University Classification.

buffer, pH 7.8, for 30 minutes at 95 °C. Sections were then
incubated for 1 hour at room temperature with primary
antibodies (listed in Tablel). Washings were performed
with PBS (phosphate-buffered saline)/Tween20, pH 7.6.
Reactions were revealed by HRP-DAB Novolink Detection
Kit (Leica Biosystem). All markers were evaluated with the
support of a digital software (ImageViewer, Ventana,
Roche) by 2 blind observers by counting the number of
positive cells; results were reported as number of positive
cells/mm?.

To confirm immunohistochemical results and analyze
co-localization of CD68 and CD163 markers, a confocal
microscopy analysis has been carried out. Briefly, 3- to
4-um-thick paraffin sections were dewaxed and dehydrated,
then antigen retrieval was performed using Tris-EDTA
citrate pH 7.8 buffer for 10 minutes in a microwave stove.
Auto-fluorescence was reduced by tetrahydroborate solu-
tion for 40 minutes. Sections were then incubated overnight
at 4 °C with CD68 antibody (1:200) diluted in 5% goat
serum. Washings were performed with PBS/Tween (0.1%)
and the sections were incubated for 1 hour at room tempera-
ture with the CD163 antibody (1:1000) diluted in 5% goat
serum. After the washes, the slides were incubated for
1 hour with the appropriate secondary antibodies conju-
gated with Alexa Fluor 488 or 568 (Thermo Fisher) and
DAPI (1 pg/mL).

The slides were then mounted using ProLong Antifade
(Thermo Fisher). Images were acquired with a Nikon Al
confocal laser microscope (Nikon).

Outcomes

The major end point considered was the macrophage char-
acterization at “time 30.” The only clinical end point con-
sidered was healing after 6 months of follow-up. Healing
was considered in case of complete epithelization target
wound. Data of TG and CG were reported and compared.

Statistical Analysis

Data were analyzed using SPSS version 16.0 (SPSS Inc)
software. The sample size was calculated by power analy-
sis by adopting the 2-tailed test of the null hypothesis with
o = 0.05 and a value of B = 0.10 as the second type error
and, therefore, a test power equal to 90%.

Continuous variables were expressed as the mean =
standard error of mean. The Shapiro-Wilk test was used to
statistically assess the normal distribution of the data.
Comparisons between continuous variables were performed
using the independent Student ¢ test or the Wilcoxon rank
sum test. Categorical data were analyzed using y? test or
Fisher’s exact test.

Results

Clinical Findings

Baseline data of whole population and test/control groups
are summarized in Table 1. There were no differences between
TG and CG for age, sex, duration and type of diabetes,
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diabetic long-term complications, comorbidities, as well as
cardiovascular risk factors. Furthermore, there were no sig-
nificant differences in terms of ulcer’s characteristics,
including size and duration. All wounds were localized in
the plantar surface for both groups.

Clinical DFU Outcomes

After 6 months of observation, 6 patients (60%) of the TG
completely healed, while only 1 patient (20%) healed in the
CG (P < .01). No amputations or deaths were recorded.

Histological Findings

Analysis of all biopsies collected at “time 0” showed the
presence of skin ulcerations associated with fibrin-necrotic
material and several neutrophils (Figure 1A and B). In addi-
tion, we observed a small inflammatory area consisting of
granulocytes and a loose connective tissue characterized by
the presence of thin-walled neo-formed vessels close to the
lesion; moreover, many inflammatory cells, like lympho-
cytes, plasma cells, monocytes-macrophages, and rare neu-
trophil granulocytes, were present in these neo-vascularized
areas. Furthermore, these numerous small vessels presented
hyaline wall, compatible with diabetic hyaline arterioloscle-
rosis scenario.

In TG, at “time 30,” an extensive dense connective tissue,
consisting of thick collagen-repair tissue associated with
neo-formed thin-walled vessels and numerous elongated
cells (probably fibroblasts), was found, associated in the
subcutaneous tissue to a decrease of vessels with diabetic
hyaline arteriolosclerosis wall (Figure 1C). Nevertheless, at
“time 30,” biopsies of CG showed a morphologic and histo-
logic scenario similar to the one observed at “time 0.”

As described in Table 2, the immunohistochemical eval-
uation of monocyte-macrophagic population allowed to
demonstrate, at “time 0,” the presence of macrophage infil-
trate, consisting largely of CD38" (M1) and a smaller quan-
tity of CD163* (M2) macrophages. In TG the density of
macrophage cells was found to be 230 = 42 cells/area
CD38* and 102 = 21 cells/area CD163" (Figure 1G and
H), while in CG 262 * 32 cells/area CD38" and 82 * 24
cells/area CD163" were estimated (Figurel D and E). No
significant differences were observed between the 2 groups
(Figure 1D, E, G, and H).

In TG, at “time 30,” a significant increase in M2 macro-
phages CD163* was observed (366 * 42 cells/area; P < .01;
Figure 11), compared with CG which resulted to be unchanged
with 60 = 22 cells/area CD163" (Figure 1F).

Confocal Microscopy

Confocal microscopy (Figure 1L-Q) was utilized to study
the percentage of CD163* macrophages, evaluating the
co-localization of CD68 and CD163 markers. Double

immunofluorescence confirms the significant increase of
CD1637 cells in TG after 30 days. In TG group, “time 0”
bioptic samples showed that CD163% was 27.3% of the
whole CD68" macrophage population. At “time 307
CD163" macrophages significantly increased, becoming
63.9% of the whole macrophage population (P < .01 vs
baseline).

Discussion

A normal wound healing proceeds in a timely sequence of
repair, whose phases overlap one another, and the whole pro-
cess is able to restore anatomic and functional results.?’ In
contrast to this, in pathological conditions, the timely sequence
of repair is lost and the ulcers do not heal as a result of chronic
inflammatory conditions. For this reason, reparative processes
in chronic nonhealing wounds, including DFUs, are delayed
and become arrested in the inflammatory phase.?!

Recently DESs have been used to speed wound healing
in neuropathic ulcers or large postsurgical wounds.’"2

In our previous experience, a type 1 purified bovine col-
lagen DES has been used to promote healing of postisch-
emic noninfected foot ulcers with convincing clinical
evidences about its ability to support dermal/epidermal
repair processes.'>? However, the following issues have
arisen: does the collagen act as a passive tridimensional
template or it also has other biological activities able to
stimulate reepithelization? May have a role in the activation
and polarization of M2 macrophages? These questions are
directly related to improve the knowledge of biomaterial-
macrophage interaction, since a positive interaction could
help in overcoming the long-standing inflammatory phase
present in chronic wounds.'®

This study, even in a small group of patients, confirms
the ability of this type 1 bovine collagen DES in stimulating
healing processes also in nonhealing ulcers and gives addi-
tional knowledge on its mechanism of action in stimulating
wound healing.

This study has shown that the tested DES, used to treat
chronic nonhealing ulcers in diabetic patients, is able to
induce a significant increase in M2 macrophages.

TG shows reparative processes related to macrophage
activation (increase in density) and polarization (increase
in M2 macrophages). This phenomenon is also associ-
ated with a reduction of vessels with diabetic hyaline
arteriolosclerosis.

This effect was not evident in the histological pattern of
CG. It could be related to the persistent inflammatory phase
and poor effectiveness of dressing used in this specific group.

The study reported a very low rate of healing (1/5) in
the CG. Even though the SOC was applied and the foot
perfusion was adequate, the authors stated that slow healing
rate/process could be related to the large ulcers size and per-
sistent inflammatory process as suggested by histological
patterns.
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Time 0 TG HRE

Time 0 TG CD3S Time o—l-(;llmc 11G CD3s Time 1 TG CD163
CDh68 CD163 CD68 CDh163

DAPI CD68 CD163 DAPI CD68 CD163

Figure |. (A-l) Morphological aspects and immunohistochemical analysis. In biopsies taken at “Time 0” of control group (CG; A,

4X) and test group (TG; C, 4X), hematoxylin and eosin (H&E) stain shows a large ulceration. After 30 days from the beginning of
treatment (“Time 30”), in TG, the H&E image displays an important area of repaired tissue, with a small necrotic superficial region

(D, 4X), compared with CG (B, 4X). At “Time 0,” in CG group CD38 immunostaining highlights a large M| macrophage inflammatory
infiltration (E, 20X) with few M2 macrophages positive for CD 163 antibody (G, 20X). In this group the amount of CD38" M| and
CD163* M2 macrophages remains similar after 30 days (respectively, F and H, 20X). In TG group, at “Time 0,” the inflammatory
infiltrate is similar to the one observed in CG group (I, CD38 Ab, 20X, and K, CD163 Ab, 20X). On the contrary, after 30 days

of treatment, the quantity of CD163% M2 macrophages in regenerative tissue significantly increases (L, 20X), while the amount

of CD38" M| is reduced. (M-R) Double immunofluorescence staining, using anti-CD68 (green) and anti-CD1637CD163* double-
positive cells at (red) antibodies, shows the increase of the number of CD68 “Time 30” in TG group, as compared with “Time 0.”
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Table 2. Density of Different Macrophage Cells Evaluate by
Immunohistochemistry.

TO TI P (TG vs CG)
TG
CD38 230 + 42 135 + 48 04
CDl63 102 = 21 366 + 42 0l
CG
CD38 262 +32 241 * 36 73
CDI63 82 + 24 60 + 22 69

Abbreviations: TG, test group; CG, control group.

Our study confirms that pro-inflammatory M1 macro-
phages characterize DFUs in chronic stages,’* and as a mat-
ter of fact that CG did not show any spontaneous evolution
toward healing.

In vitro studies report that in the early inflammatory
stages of an acute wound, macrophages phagocytize spent
neutrophils, while in the later stages, having performed this
role, macrophages switch phenotype and are predominantly
reparative M2. In chronic wounds M1 to M2 switch is dys-
regulated, and unlike in acute wounds, macrophages are
unable to phagocytize neutrophils.?225

In this study we have shown that the tested DES is able
to induce an important macrophage activation, with a very
strong switch toward the M2 phenotype. The use of immu-
nofluorescence and confocal microscopy allowed us to
observe the co-localization of the 2 macrophage markers
(CD68 for both phenotypes and CD163 for the M2 pheno-
type),2*?’ confirming that macrophage population observed
at “time 30” was constituted mainly by M2 phenotype.?®%

This study shows how this specific kind of DES induces
a general macrophage activation useful for the reparative
processes and that the strong anti-inflammatory action in
tissue regeneration may be due to the switch from M1 phe-
notype to M2 phenotype, necessary to stimulate healing.

Therefore, we hypothesize that the use of the tested DES
to treat chronic DFUs could stimulate wound healing,
inducing selective modulation of macrophage population.

Limitations

This study, although performed in a tertiary-level diabetic
foot clinic, is a single-center study. The study group is com-
posed of a very small number of patients and future researches
with larger numbers are useful to confirm or reinforce the
potential effect of the DES tested by the authors.

There is no comparison with other dermal substitutes to
evaluate if macrophage activation and polarization could
be related to the specific use of this type 1 bovine collagen
DES or it could be stimulated by other DESs. However
Witherel et al,'* in vitro, have shown differences in the
responses of monocyte-derived macrophage, isolated
from donor blood, to 4 currently applied wound dressing

biomaterials. A recent article by Zomer et al demonstrates
that mesenchymal stromal cells from dermal and adipose
tissues induce macrophage polarization to a pro-repair phe-
notype and improve skin wound healing. However, they
show that their CG treated exclusively by DES (integra)
has a greater percentage of iINOS (an M1 phenotype
marker) and reduced rate of MMR (an M2 phenotype
marker) in comparison with cell-treated groups both at day
3 and at day 21.3° In addition, some clinical differences
were described between different DESs.?! Therefore, a spe-
cific effect of the tested DES in inducing M2 polarization
is likely.

Conclusions

According to our results, it is possible to summarize that the
tested DES is able to stimulate healing in nonhealing
chronic wounds and induce polarization toward repairing
M2 macrophages. Therefore, it may represent an effective
therapeutic strategy to activate tissue regeneration in patho-
logical healing conditions. Perspective future studies might
involve other DESs to verify if the effect is specifically
related to this specific DES we have used in our study or if
it is a class effect that is present in other DESs.
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