Regenerative Therapy 22 (2023) 79—89

Regenerative

Contents lists available at ScienceDirect Therapy=s

Regenerative Therapy

JSRM journal homepage: http://www.elsevier.com/locate/reth

Original Article

Xenogeneic mesenchymal stem cell biocurative improves skin wounds
healing in diabetic mice by increasing mast cells and the regenerative
profile

Check for
updates

Gabriel Martins da Costa Manso °, Jefferson Elias-Oliveira ¢,

Jhefferson Barbosa Guimaraes *, [talo Sousa Pereira ¢, Vanessa Fernandes Rodrigues °,
Beatriz Burger ”, Daianne Maciely Carvalho Fantacini ¢,

Lucas Eduardo Botelho de Souza ¢, Hosana Gomes Rodrigues b

Vania Luiza Deperon Bonato ?, Jodo Santana Silva * ¢, Simone Gusmao Ramos ,

Rita Cassia Tostes 2, Adriana Oliveira Manfiolli ¢, Carolina Caliari-Oliveira ",

Daniela Carlos "

2 Department of Biochemistry and Immunology, Ribeirao Preto Medical School, University of Sao Paulo, Ribeirao Preto, Brazil

b Laboratory of Nutrients and Tissue Repair, School of Applied Sciences, University of Campinas, Limeira, Brazil

¢ Biotechnology Nucleus of Ribeirao Preto/Butantan Institute, Ribeirao Preto, Sao Paulo, Brazil

d Center for Cell-Based Therapy, Hemotherapy Center of Ribeirdo Preto, University of Sdo Paulo, Sao Paulo, Brazil

€ Fiocruz-Bi-Institutional Translational Medicine Platform, Ribeirao Preto Medical School, University of Sao Paulo, Ribeirao Preto, Sao Paulo, Brazil
f Department de Pathology and Legal Medicine, Ribeirdo Preto Medical School, University of Sao Paulo, Ribeirdo Preto, Brazil

& Department of Pharmacology, Ribeirao Preto Medical School, University of Sao Paulo, Ribeirao Preto, Brazil

" In Situ Cell Therapy, Supera Innovation Technology Park, Ribeirdo Preto, Sio Paulo, 14056-680, Brazil

ARTICLE INFO ABSTRACT

Artic{e history: Introduction: Diabetes mellitus (DM) is a chronic disease and a major cause of mortality and morbidity
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Received in revised form worldwide. The hyperglycemia caused by DM induces micro and macrovascular complications that lead,
19 December 2022 among other consequences, to chronic wounds and amputations. Cell therapy and tissue engineering
Accepted 22 December 2022 constitute recent therapeutic alternatives to improve wound healing in diabetic patients. The current
study aimed to analyze the effectiveness of biocuratives containing human mesenchymal stem cells
(MSCs) associated with a hydrogel matrix in the wound healing process and related inflammatory cell

Keywords:

Diabetes mellitus profile in diabetic mice.

Wound healing Methods: Biocuratives containing MSCs were constructed by 3D bioprinting, and applied to skin wounds
Cell therapy on the back of streptozotocin (STZ)-induced type 1 diabetic (T1D) mice. The healing process, after the
Mesenchymal stem cells application of biocuratives with or without MSCs was histologically analyzed. In parallel, genes related to
3D bioprinting growth factors, mast cells (MC), M1 and M2 macrophage profiles were evaluated by RT-PCR. Macro-

phages were characterized by flow cytometry, and MC by toluidine blue staining and flow cytometry.
Results: Mice with T1D exhibited fewer skin MC and delayed wound healing when compared to the non-
diabetic group. Treatment with the biocuratives containing MSCs accelerated wound healing and
improved skin collagen deposition in diabetic mice. Increased TGF-f gene expression and M2
macrophage-related markers were also detected in skin of diabetic mice that received MSCs-containing
biocuratives. Finally, MSCs upregulated IL-33 gene expression and augmented the number of MC in the
skin of diabetic mice.
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List of abbreviations

ALT Alanine transaminase

Arg-1 Arginase- 1

AST Aspartate transaminase
CD117 Cluster of differentiation 117
CD11c Cluster of differentiation 11 ¢
CD206 Cluster of differentiation 206
CD45 Cluster of differentiation 45
DM Diabetes mellitus

ELISA Enzyme-linked immunosorbent assay
FcERI High affinity IgE receptor
H/E Hematoxylin/eosin

i.p. Intraperitoneally

IFN-y Interferon y

IGF-1 Insulin-like growth factor 1
IL-10 Interleukin-10

IL-1B Interleukin-1 beta

IL-33 Interleukin-33

IL-4 Interleukin —4

IL-6 Interleukin-6

iNOS Inducible nitric oxide synthase
MC Mast cell

mMCPT4 Mouse mast cell protease 4

MRC-1 Mannose receptor C-type 1

MSCs Mesenchymal stem cells

PDGF Platelet-derived growth factor
RT-PCR  Real time-polymerase chain reaction
STZ Streptozotocin

T1D Type 1 diabetes

TGF-B Transforming growth factor beta
TNF-a Tumor necrosis factor alpha

VEGF Vascular endothelial growth factor

Conclusion: These results reveal the therapeutic potential of biocuratives containing MSCs in the healing
of skin wounds in diabetic mice, providing a scientific base for future treatments in diabetic patients.

© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
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1. Introduction

Type 1 diabetes (T1D) is a metabolic and autoimmune disease
characterized by chronic hyperglycemia, which changes blood
vessel homeostasis, leading to cardiac and ophthalmic complica-
tions, renal failure, neuropathy, and loss of wound healing ability
[1,2]. Hemostatic changes resulting from hyperglycemia lead to
dysfunction of the healing mechanisms [3]. As a result, wounds on
the feet of diabetic people cause about 85% of lower-limb ampu-
tations in these patients [4—6]. The normal healing process consists
of three main phases: inflammation, proliferation, and remodeling.
Several cell types and signaling pathways define the sequence of
events [7]. The chronicity of diabetic wounds is mainly due to the
lack of resolution of the inflammatory stage and the inability to
progress to the proliferative and remodeling stages. Diabetic pa-
tients exhibit increased production of interleukins (IL), such IL-18,
IL-6, and tumor necrosis factor-¢. (TNF-0.) in the inflammatory
phase of wound healing. On the other hand, they show decreased
expression of cytokines associated with inflammation resolution,
such as IL-10 and transforming growth factor-beta (TGF-B). The
predominance of the pro-inflammatory phenotype and the
increased number of neutrophils, which secrete high levels of pro-
inflammatory cytokines, cause tissue damage in these patients
[8—12]. Dysregulation in the expression of collagen matrix metal-
loproteinases, dysfunction of the vascular endothelium, deficiency
in the capacity of angiogenesis, and failure in the migration and
proliferation of fibroblasts and keratinocytes, also contribute to
chronic inflammation and defective wound healing [3,13—15].

Mast cells (MC) are naturally resident in the skin and secrete
cytokines and growth factors in the healing process. During the in-
flammatory phase, MC degranulate and secrete pro-inflammatory
cytokines that drive the migration of neutrophils and monocytes
from the circulation to the inflamed tissues. During the proliferative
phase, MC secrete anti-inflammatory cytokines that induce prolif-
eration and differentiation of other immune cells. MC secrete IL-33,
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an “alarmine” that signals cell damage and has an important role
in wound healing [16,17]. MC also express the IL-33 receptor, which
is formed by the ST2 protein and the IL-1 receptor accessory protein
(IL-1RACP). The IL-33 receptor triggers signs of survival, maturation,
activation, and release of vascular endothelial growth factor (VEGF)
by MC [18,19]. Despite many studies, the role of MC and IL-33 in
wound healing is still not fully elucidated [20,21].

Cell therapy has become more relevant in the healing process
with great potential in the treatment of chronic wounds [22,23]. The
administration of mesenchymal stem cells (MSCs) from adipose
tissue, umbilical cord, and bone marrow at the edges of wounds
significantly improves healing in murine models of diabetes and in
preclinical studies [22—28]. MSCs are important in the progression of
the healing stages, as they migrate to the injury sites, differentiate
into different cell types, and secrete immunoregulatory and angio-
genic mediators. In diabetic patients, MSCs resolve the inflammation
phase of the healing, recognize pro-inflammatory factors such as
TNF-o and interferon-y (IFN-y), and secrete anti-inflammatory cy-
tokines such as IL-10 and TGF-, which contribute to the differenti-
ation of M2 macrophages and favor the healing process. MSCs also
act in the initiation of the proliferative phase, through the secretion
of growth factors, such as VEGF and platelet-derived growth factor
(PDGF) that stimulate proliferation of endothelial cells and fibro-
blasts [25,29—34]. New studies aimed to create biocuratives
composed of hydrogel matrices associated with mesenchymal cells
have been launched. They seek to maintain MSCs in the lesion's
microenvironment to improve their therapeutic functions
[22,25,29,35—37]. Considering that a 3D bioprinting interface allows
great reproducibility, standardization, and scalability in the manu-
facture of biocuratives with mesenchymal cells, in the present study
we determined the effectiveness of bioprinted hydrogel biocuratives
containing mesenchymal cells in the healing of wounds in diabetic
mice. The MSCs' immunological mechanisms on skin mast cells and
M2 macrophages was also investigated and the role of IL-33 in this
process was determined.
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2. Methods
2.1. Diabetes model

Male, 8 weeks-old, C57BL/6 mice were intraperitoneally (i.p.)
injected with STZ (40 mg/kg, Sigma Aldrich) for five consecutive
days. STZ was diluted in a 0.1 M citrate buffer (pH = 4.5) and in-
jections were performed in mice under 6 h (h) of fasting. Citrate
buffer was administered to the non-diabetic groups. During a 30-day
period, mice were monitored for weight body and blood glucose
levels to confirm the induction of T1D. Only mice with blood glucose
above 200 mg/dL, measured twice after a 6 h-fasting, were included
in the diabetic group and used for the experimental protocols [38].

2.2. Experimental wound model and application of biocuratives

Fifteen days after the T1D induction (Fig. 1A), mice were anes-
thetized with xylazine (0.6 mg/kg) and ketamine (0.3 mg/kg), tri-
chotomized on the back, and subjected to a wound of 1 cm?
performed with sterile surgical scissors [39]. Mice were kept in
individual boxes housed under specific pathogen-free conditions,
with ad libitum access to food and water. The housing room was set
to a 12 h light/dark cycle with temperature of about 22 °C. The
removed skin was used for histology, characterization of leukocyte
populations by flow cytometry, gene expression by RT-PCR, and
cytokine quantification by ELISA assay. Immediately after the lesion
induction, biocuratives with or without MSCs (derived from the
human umbilical cord) were applied. The biocuratives were made
available by the startup In Situ Cell Therapy, located in Supera Par-
que de Inovacao e Tecnologia de Ribeirao Preto, Ribeirao Preto,
Brazil. They were made using an alginate hydrogel matrix [40] and
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bioprinted with 1 x 10° MSCs, which were administered per square
centimeter of the lesion. Mice were divided into four groups: 1)
non-diabetic mice with biocurative without MSCs (ND + b), 2) non-
diabetic mice with biocurative containing MSCs (ND + bMSC), 3)
diabetic mice with biocurative without MSCs (T1D + b), and 4)
diabetic mice with biocurative containing MSCs (T1D + bMSC).
After 15 days of the wound's induction, the mice were euthanized
by an overdose of anesthetics, and a 4 cm? sample of the healed
skin, with the wound at the center, was collected, divided into
parts, and properly stored for the different experimental assays.

2.3. Assessment of the toxicity and MSCs permanence in the wound

The biocuratives were applied immediately after the wounds
were performed. After the 15-day healing period, potential hepatic
toxicity due to the application of MSCs was determined through
serum quantification of aspartate transaminase (AST) and alanine
transaminase (ALT) enzymes, using the AST/GOT and ALT/GPT
Liquiform kits (Labtest, Brazil). To evaluate the permanence of the
cells in the biocurative, a bioluminescence assay was carried out.
The HEK293T/17 mesenchymal cell line was transfected with the
plasmid pMSCV_Luc2_T2A_Pure that contains the luciferase
enzyme 2 gene and the Puromycin N-acetyltransferase gene, which
confers resistance to the antibiotic puromycin. The cells were added
to the biocuratives, which in turn were applied to the wounds in
diabetic and non-diabetic mice. On days 1, 2, 4, 7, and 15 after
application of the biocuratives, with or without MSCs, 40 ul of D-
luciferin (30 mg/mL) were applied (initially i. p. and then topically)
to the wound. Bioluminescence readings were performed in an
IVIS® equipment from PerkinElmer.
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Fig. 1. Clinical parameters and reduction of mast cells in T1D. (A) Incidence of T1D after 30 days of administration of STZ (T1D group) or vehicle [VH (ND group)]. (B) Blood
glucose kinetics throughout the experimental period. (C) Glucose levels 30 days after initiation of STZ administration. (D) Body weight variation in diabetic and non-diabetic mice
during 30 days. (E) Representative photomicrographs of skin stained with toluidine blue for mast cell labeling. Magnification 100x (scale bar: 200 pm) and in insert box 200x (scale
bar: 100 pm). (F) Mmcpt4 gene expression by RT-PCR. Results are shown as mean + SEM and are representative of two independent experiments (n=18). Statistical significance was
determined by two-way analysis of variance (ANOVA) and Sidak's multiple comparison test (B, D) or unpaired t-test (C, F). *T1D vs ND; p < 0,05. STZ: streptozotocin, T1D: type 1

diabetes, ND: non-diabetic.
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2.4. Evaluation of the healing process

After the wound induction and application of biocuratives, the
wounds were photographed on days 0, 3, 5, 7, 10 to evaluate the
closure. The percentage of healing, calculated by the area of the
lesions in the different periods in relation to the time 0, was
determined using the Image] software.

2.5. Histological analysis of the scarred skin

Histopathological analyzes of the wound region were performed
in a quarter of each collected sample. After collection, the skin
samples were fixed in paraformaldehyde for 24 h for later inclusion
in paraffin. Then, the tissue was sectioned (5 pm), deparaffinized,
and stained with Hematoxylin/Eosin (H/E) to analyze the
morphology of the recovered tissue. Picrosirius stain, to identify
collagen fibers, and Toluidine Blue stain, for the identification of
MC, which are stained in violet color, were also performed.

2.6. Analysis of gene expression by real-time PCR (RT-PCR)

Total RNA was extracted from the wound samples using Trizol
and the SV Total RNA extraction kit (Promega). The quantitative
expression of the genes was analyzed through RT-PCR reactions,
using the SYBR Green systems in a Step One Plus equipment
(Applied Biosystems — USA). The genes encoding the inducible
nitric oxide synthase (iNOS) enzyme and the pro-inflammatory
cytokine TNF-q¢, related to the M1 macrophage phenotype, were
analyzed. In relation to the M2 macrophage phenotype, the gene
expression of the arginase-1 (Arg-1) enzyme and the mannose
receptor C-type 1 (MRC-1) (also known as CD206) was analyzed. In
addition, we evaluated the gene expression of the IL-4, and IL-33
cytokines. To determine the presence of MC in the skin, gene
expression of mouse mast cell protease 4 (mMCPT4), a marker for
connective tissue MC, was quantified. Finally, to evaluate the
expression of growth factors, gene expression of TGF-8, VEGF, PDGF,
and insulin-like growth factor 1 (IGF-1) was determined. The
expression of these genes was normalized by the 18S endogenous
gene expression. The results were analyzed based on the value of CT
(cycle threshold). The primers used for each gene are listed in
Table 1.

Table 1
List of primers used in the RT-PCR.

Target Primer Sequence

TNF-a. Forward 5-TGTGCTCAGAGCTTTCAACAA-3'
Reverse 3’- AGAGTACGTGGTGGTAGTTC- 5

iNOS Forward 5'-CGAAACGCTTCACTTCCAA-3'
Reverse 3’-TGAGCCTATATTGCTGTGGCT-5

Arginase-1 Forward 5’- GTTCCCAGATGTACCAGGATTC-3’
Reverse 3'CGATGTCTTTGGCAGATATGC-5'

MCR-1 Forward 5' - CTCTGTTCAGCTATTGGACGC - 3’
Reverse 3" - AGTTTAATACAAACCCTCAGGT- 5

IL-33 Forward 5" - TGAGACTCCGTTCTGGCCTC - 3’
Reverse 3" - TAGCCCATGGTTCGTACTTCTC - 5

mMCPT4 Forward 5' - TGACCGACACTGGCAAGATG - 3’
Reverse 3" - GACTGGACGCACGTAGTCTC - 5/

TGF-B Forward 5'- GAGTTTGTTATCTTTGCTGTCACA-3'
Reverse 5'-TGAACCAAGGAGACGGAATACA-3’

VEGF Forward 5' - CATCTTCAAGCCGTCCTGTGTG - 3/
Reverse 3" - ACGACATTGCTACTTCGGGAC - 5/

PDGF Forward 5' - GGTCAAACCTCTGAGGAAAGG - 3’
Reverse 3" - AGTCTTTACTCGGGTCCCATGA - 5

IGF-1 Forward 5" - ATGTACTGTGCCCCACTGAAG - 3'
Reverse 3" - TGGACGTTTTGTAGCTTTGTG - 5
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TNF-a.: Tumor necrosis factor-alpha, iNOS: Inducible nitric oxide
synthase, Arg-1: Arginase- 1, MRC-1: Mannose receptor C-type-1,
IL-33: Interleukin-33, mMCPT4: Mouse mast cell protease 4, TGF-f:
Transforming growth factor-beta, VEGF: Vascular endothelial
growth factor, PDGF: Platelet-derived growth factor, IGF-1: Insulin-
like growth factor-1.

2.7. Flow cytometry analysis of leukocytes

After 15 days of the biocurative application, the samples were
immediately cut using surgical scissors and submitted to an enzy-
matic digestion solution containing collagenase IV (40 U/mL) and
DNAse (Sigma, 40 pg/mL) for 30 min at 37 °C, 200 rpm. Then, the
samples were filtered through cell strainers of 70 pm and 40 pm.
The resulting cell suspension was counted in an automatic cell
counter (BioRad) and 0.5 x 10° cells from each mouse were incu-
bated with anti-mouse antibodies (BD Biosciences) conjugated to
fluorochromes for surface molecules. The conjugated antibodies
used were CD45 (PE-Cy7), FceRI (FITC), CD117 (APC), F4/80 (PerCP),
CD11c (FITC) and CD206 (APC). The labeled cells were acquired on
the FACSCanto II Cell Analyzer (BD Biosciences). The dispersions
were analyzed using the Flow]Jo software (BD Biosciences).

2.8. Statistical analysis

For the analysis of the glycemic parameters of T1D, two-way
ANOVA with Tukey post-test in time kinetics and unpaired t-test
in the final glycemia were used. Two-way ANOVA was also used for
comparative analysis of the areas of the lesions between the groups
in the different periods evaluated. In the RT-PCR and flow cytom-
etry analyzes, one-way ANOVA was used, followed by the Tukey
post-test. The differences were considered statistically significant
when the P-value was less than 5% (P < 0.05). These tests were
performed using the statistical program Prism Graphpad 8.0.

3. Results

3.1. Clinical and metabolic parameters in STZ-induced T1D diabetic
mice

Considering that the main characteristic of T1D is hyperglyce-
mia, blood glucose was measured at 0, 5, 10, 15, and 30 days after
STZ administration. Mice that exhibited blood glucose levels above
200 mg/dL in two consecutive measurements were considered
diabetic. After 30 days of STZ administration, the incidence of T1D
was 94.4% (n = 18, Fig. 1A). Glucose levels in mice submitted to T1D
induction significantly increased from 10 days onwards, reaching a
peak after 30 days (Fig. 1B). The hyperglycemic phenotype persisted
throughout the 30-day period after T1D induction (Fig. 1C). Body
weight remained steady in the first 15 days and then increased in
the normoglycemic group (Fig. 1D). In the STZ-treated group, mice
lost weight during the 5 initial days of induction, and body weight
remained lower during the 30 day-period.

3.2. Decreased number of mast cells in the skin of diabetic mice

Wound induction consisted of removing 1 cm? of skin from the
mice's dorsal surface. To determine differences in the number of
skin MC between ND and T1D mice, the excised tissue was stained
with toluidine blue. In addition, total RNA was extracted and
mMCP4 gene expression, a connective tissue MC marker, was
determined. A reduced number of MC was found in the skin of T1D
mice compared to ND mice (Fig. 1E), which was corroborated by the
lower mMCP4 gene expression (Fig. 1F).
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3.3. Biodistribution kinetics and safety of MSCs after application of
biocuratives into skin

Since we used a xenogeneic graft, i.e. a graft transplanted be-
tween members of two different species, before evaluating
whether MSCs improve wound healing in diabetic mice, we
analyzed the kinetics of biodistribution of these cells in the wound
region and their potential to cause liver damage. No bioluminescent
signals were detected in the groups that received intraperitoneal
luciferin but did not receive MSCs. In the groups that received
MSCs, the cells remained in the wound region, with a strong signal
in the first day, which decreased thereafter (Fig. 2A and B). More-
over, there were no differences in serum AST (Fig. 2C) or ALT
(Fig. 2D) between the ND groups that received biocuratives without
or with MSCs, indicating that these cells do not induce hepatic
damage.

3.4. Application of biocuratives with mesenchymal cells accelerated
the healing process in diabetic mice

The graphs in Fig. 3 depict the wound closure process, repre-
sented by the wound area. Time 0, no wound closure, is represented
as 100%, while total wound closure is represented by 0%. A slight
improvement, with no statistically significant difference, was
observed in healing in the ND + bMSC group when compared to the
ND + b group (Fig. 3A and B). The detrimental effect of T1D on the
healing processes is illustrated in Fig. 3C. ND mice healed faster than
T1D mice, with significant differences from days 3—10. The appli-
cation of biocuratives with MSCs improved healing in T1D mice,
compared to T1D + b mice. Better healing in the T1D + bMSC group
was observed from day 7, and accentuated 10 days after the begin-
ning of the process, and are probably due to reparative effects of

A ND T1D

b bMSC b

bMSC
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MSCs (Fig. 3D). In Fig. 3A, the representative images in the first row
represent time O in mice from each experimental group. At this time,
it is possible to visualize the biocuratives. The other images are
representations of different times in the same mice. The represen-
tative images clearly indicate that the healing processes are similar,
but the wound closure is different in specific time points. Notably,
the wound of the T1D + b mouse had a delay to heal compared to the
ND groups. However, there was greater wound closure in the
T1D + bMSC mouse from days 7—10, when compared to that in
T1D + b mice. On the fifteenth day, most mice, with exception of
diabetic mice, had the wound completely closed (0% opening).

3.5. Biocuratives with mesenchymal cells reduced inflammation in
diabetic mice

Fig. 4A (left panels) illustrates the morphology and the inflam-
matory infiltrate in the mice skin, after staining by H/E and at 15
days of healing. In the histological sections, the lesion area was
identified by the reduced number of hair follicles and the presence
of inflammatory cells (white double arrows) remaining in the
granulation tissue. The ND + bMSC group showed better structural
parameters, with a high number of hair follicles, greater organi-
zation of the fibrotic area, and reduced number of inflammatory
cells, when compared with the ND + b group, suggesting that MSCs
positively interfere with healing even in the absence of diabetes. In
the T1D + bMSC group, the healing process was improved, evi-
denced by a higher number of hair follicles, apparent reduction in
epidermal thickening, and reduced infiltration of inflammatory
cells, when compared with T1D + b mice that presented impaired
skin structure. Picrosirius staining (Fig. 4A, right panels) depicts the
structure of collagen fibers, with type I collagen shown in red. In
samples from ND groups and T1D + bMSC group, collagen fibers are
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Fig. 2. MSCs in the biocuratives are restricted to the skin and do not induce liver toxicity. (A) Representative images of the bioluminescence of biocuratives with (bMSC) or
without (b) MSCs transfected with the luciferase gene, obtained by an IVIS® equipment from PerkinElmer. (B) Bioluminescence readings, in photons/s, after application of bio-
curatives and luciferin at different time points. Quantification of AST (C) and ALT (D) enzymatic activity in the serum of mice that received biocuratives with or without MSC. Results
are shown as mean + SEM and are representative of one experiment (n = 5—6). Statistical significance was determined by unpaired t-test (C, D). b: biocurative, bMSC: biocurative
with MSC, ND: non-diabetic, T1D: type 1 diabetes, AST: aspartate transaminase, ALT: alanine transaminase.
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Fig. 3. Application of biocuratives with MSC accelerated the healing process in diabetic mice. (A) Representative photos depicting wound healing during 15 days. (B, C and D)
Wound area percentages during the experimental period. Values are expressed as mean + SEM and representative of two independent experiments (n = 3—6). Statistical sig-
nificance was determined by two-way analysis of variance (ANOVA) and Sidak's multiple comparison test (B, C, D). *p < 0.05. b: biocurative, bMSC: biocurative with MSC, ND: non-

diabetic, T1D: type 1 diabetes.

more organized, forming a reticular structure. On the other hand, in
skin samples from T1D + b diabetic mice, the fibers are more scarce
and thinner, forming parallel and inconsistent structures, which
characterize the beginning of tissue remodeling. These results
indicate that extracellular matrix deposition is impaired in the
wound healing of diabetic mice, and suggest that biocuratives with
mesenchymal cells reverses the diabetes-associated dysfunctional
tissue repair.

3.6. Application of MSC biocuratives modulated gene expression of
growth factors in the skin of diabetic mice

To evaluate whether MSCs modulate growth factors and thus
contribute to improved wound healing, gene and protein expres-
sion of TGF-B, VEGF, PDGF and IGF1 was quantified. Gene expres-
sion of TGF-B, which is also an anti-inflammatory cytokine, was
significantly higher in the T1D + bMSC group when compared to
the T1D + b group (Fig. 4B). However, no differences were observed
in the protein expression of this anti-inflammatory cytokine in the
skin tissue (Fig. 4C). VEGF expression was significantly increase in
TID + b mice, when compared to ND + b, but significantly
decreased in the T1D + bMSC group (Fig. 4D). No differences in
VEGF protein expression were observed between the experimental
groups (Fig. 4E). Furthermore, gene expression of PDGF (Fig. 4F) and
IGF1 (Fig. 4G) was increased in the T1D + b group when compared
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to the ND + b group. Treatment of diabetic mice with the bio-
curative containing MSCs reduced the expression of PDGF and IGF1
when compared to the T1D + b group. These results indicate that
T1D per se decreases TGF-B gene expression and increases VEGF,
PDGF and IGF-1 gene expression in the skin, and that treatment
with MSCs reverted gene expression of these growth factors.

3.7. Application of MSC biocuratives favored gene expression of M2
macrophages markers in diabetic mice

Gene expression of pro-inflammatory markers and repair/anti-
inflammatory macrophages was determined at 15 days after
wound. The expression of M1 macrophage markers, analyzed by
TNF-c. and iNOS gene expression [11], was significantly increased in
the T1D + b group in comparison to the ND + b group (Fig. 5A and
B). However, in the T1D + bMSC group, while the expression of
TNF-o. was potentiated (Fig. 5A), there was a significant reduction of
iNOS gene expression in the skin, in comparison to the T1D + b
group (Fig. 5B). To analyze the anti-inflammatory and regenerative
M2 macrophage phenotype, the expression of the markers Arg-1,
MRC-1, and IL-4 was determined [11]. Interestingly, increased
ARG1 e MRC1 gene expression was observed in the T1D + bMSC
group in comparison with the T1D + b group, suggesting that
diabetic mice treated with MSCs have a higher proportion of M2
macrophages (Fig. 5C and D). In addition, the expression of IL-4,
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which also contributes to healing through the induction of M2
macrophages, was extremely high in the diabetic mice, and the
bMSC decreased IL-4 expression (Fig. 5E). The gene expression heat
map of these markers is represented in Fig. 5F. Although treatment
with MSCs modulated the expression of genes related to the M1
macrophage profile (CD45" F4/80" CD11c™ cells) in diabetic mice,
no statistical differences in the percentage or absolute number of
M1 macrophages were observed (Fig. 5G). On the other hand, a
trend to increased absolute number of M2 macrophages (CD45™ F4/
80" CD206™" cells) was found in the T1D + bMSC group (Fig. 5H).

3.8. Application of biocuratives with mesenchymal cells restored
the number of mast cells in the skin of diabetic mice

The role of MC in the healing process in diabetes is not yet fully
elucidated [41]. Mast cells express ST2, a component of the IL-33
receptor, which is also involved in wound healing [17]. Therefore,
gene expression of IL-33 and the MC marker mMCP4 in the skin of
mice after wound and application of MSCs were evaluated. Gene
expression of IL-33 (Fig. 6A) and mMCP4 (Fig. 6B) was increased in
the diabetic mice treated with MSC when compared with the
T1D + b group. In addition, when evaluating the MC population
(CD45" FcERIT CD1171) by flow cytometry, while the treatment with
MSC did not change the percentage, the absolute number of MC
increased slightly in the skin of diabetic mice at the evaluated time
point (Fig. 6C). To confirm these data, toluidine blue staining was
used and the skin MC number was quantified. MSC treatment
restored the number of MC in the skin of diabetic mice when
compared with T1D + b mice (Fig. 6D and E), suggesting that the MC
— IL-33 axis, with potential effects of IL-33 on the migration/
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activation of skin MC, may be important in driving MSCs-induced
wound healing in diabetic mice.

4. Discussion

In the present study, mice submitted to STZ-induced T1D
exhibited a 94.4% incidence of disease, high blood glucose levels
from days 10—30 after the start of the STZ protocol, weight loss,
defective wound healing, and skin phenotype alterations [12].

Wound healing in people affected by T1D is often extremely
dysregulated, suggesting important abnormalities in the skin of
these individuals, compared to healthy individuals. Diabetic mice
exhibit alterations in pro and anti-inflammatory cytokines
expression and proliferative capacity in skin cells, such as kerati-
nocytes [42] and fibroblasts [14]. An increased number and
degranulation of mast cells was reported in skin biopsies of the
forearms of diabetic patients compared to normal individuals.
However, only mast cell degranulation was increased in the skin
biopsies of the feet, the main site of occurrence of wounds in dia-
betic patients [43]. There is no consensus in the literature on po-
tential changes in the number and function of skin-resident mast
cells in T1D individuals and experimental animals.

The present study shows that an intrinsic defect in the number
of mast cells in the skin may be a contributing factor in the deficient
healing in T1D mice. The number of mast cells is reduced in the skin
of T1D mice, when compared to ND mice, and this phenotype is
corroborated by the lower skin gene expression of the connective
tissue mast cell marker mcpt4. Under homeostasis, the cytokine IL-
33 is constitutively expressed in the cytosol, stored in the nucleus,
and secreted by different skin cells, such as keratinocytes and mast



G.M.C. Manso, J. Elias-Oliveira, ].B. Guimaraes et al.

A tnfa B nos2 C
8 10+ 51
*
= # = =
o o 8- o 4+
2 6 2 2
H H # H
© G * N s 6 5,‘6.3‘
“e x4 x & x
Eo g @ B
® & o 4 o 2-
2 2 2
8 2 K k)
g g Ay
0- 0- 0-
D mre1 E il4
8- 400+
5 - 5
% 6 ‘@ 300+ >
Ll U4
- B 2
o a [N
g X 4 X X 200
@ @
2 Z
5 2 & 5 100+
4 ° #
0- 0-
G M1 macrophages
_ 154 — 10+
S e
P = g
H ]
3104 o s
‘0 00 G_ °
5 Tad ¢ 2
= 44
i ° =)
c - : o
8 g 7
hrid =
0_ w 0_

Regenerative Therapy 22 (2023) 79—89

arg1
# Tnfa=
*
Nos2-
&
Arg1-
Mrec1-
mm ND+b ay
3 ND +bMSC . :
= T1D+b ND+b ND+bMSC TID+b TID+bMSC
| T1D + bMSC _ - -
2.5 -1.5 -0.5 0.5 1.5 2.5
H M2 macrophages
_ 10+ 10
g 2
& 84 > & [ TID+b
@ =
° 6 ° 3 6 o B T1D +bMSC
© ° ° +
8 ° 8 .
8 44 S 4+
3 2 o 2 °
2 8
w -
0- w -

Fig. 5. MSC increase the gene expression of markers associated with M2 macrophages in skin of diabetic mice. The relative expression of Tnfo. (A), Nos2 (B), Arg1 (C), Mrc1 (D)
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cells [16,44], and its administration proved to have an important
role in skin healing in a murine model [45]. Additionally, IL-33 is
released as an alarmin by infected or necrotic cells. As IL-33 par-
ticipates in the survival, maturation, and activation of skin mast
cells [18], a defect in the number of mast cells in the skin of diabetic
mice may be attributed to lower IL-33 availability, which in turn
would be detrimental to healing. Activated MC secrete several cy-
tokines, including TGF-, whose gene expression is increased in the
group with T1D that received biodressing containing MSC in our
model. TGF-f coordinates the induction of MC-induced regulatory
Tcells (T reg) in an allergy model [46], for example, and these cells
are important in the repair of skin wound injuries [47]. However, it
was not possible to associate the decreased number of mast cells to
the reduced IL-33 gene expression in the skin of STZ mice [48].

Our findings confirm that STZ-induced T1D impairs wound
closure and that the application of MSC biocuratives restores the
ability of these wounds to heal at an earlier time. The improved skin
wound healing after MSC administration has been reported in
other models and different mechanisms were suggested [49—51].
When comparing the ND and T1D groups that were not treated
with MSCs, the deleterious effect of T1D on regenerative healing
processes was very clear. Of importance, the MSC biocuratives
significantly improved the kinetics of wound closure in the diabetic
animals.
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MSCs administered by biocuratives stimulate the immune sys-
tem, which in turn has a direct impact on healing [31]. Inflamma-
tion is necessary in the first phase of the healing process. However,
when it persists for a long time, it compromises the progression of
other regenerative phases. One of the reasons for healing failure in
diabetic individuals is the persistent inflammation, which occurs
due to the reduced ability of these individuals to produce anti-
inflammatory cytokines, growth factors, and differentiation of M2
macrophages, all responsible for controlling inflammation
[8,10,21]. The cellular profile of macrophages is very important in
the balance of inflammation, and after the inflammatory phase of
healing, macrophages differentiate to the M2 phenotype that
secrete growth factors and anti-inflammatory cytokines [52]. Dia-
betic individuals undergo several metabolic and inflammatory
changes, which impair macrophage differentiation, favoring the M1
phenotype in detriment of M2 macrophages, delaying the resolu-
tion of inflammation and wound healing [11,53].

Here, we confirmed that diabetes and wound healing is also
related to imbalanced M1 and M2 macrophages markers. T1D mice
exhibited increased expression of the classic markers of M1 and M2
macrophage phenotypes, compared to other experimental groups.
This is probably due to the unsuccessful attempt of the diabetic
wound microenvironment to restore homeostasis of healing pro-
cesses, increasing signals related to both cellular phenotypes.



G.M.C. Manso, J. Elias-Oliveira, ].B. Guimaraes et al.

A 1133 B Mcptd

»
J
3
IS
J

mm ND+b
[ ND +bMSC
mm T1ID+b
B T1D + bMSC

@
1
[z
1

-
1

1133

(relative expression)

N

1

Mcptd

(Relative expression)

- n

1 1

o
I
o
I

Regenerative Therapy 22 (2023) 79—89

Mast cells

A I TID+b
@ T1D +bMSC

FceRI"CD117" cells (%)
s
FceRI*CD117* cells (x10%)
N
L

150
c
]
S #
®
@ 100 °
c
£
] )
=
S 50+
>
<
=

0-l

Fig. 6. MSC application restores the amount of MC in the skin of diabetic mice. (A) 1133 and (B) Mmcpt4 gene relative expression evaluated in the skin after 15 days of wound by
RT-PCR. (C) Percentage and absolute number of mast cells quantified by flow cytometry in scar tissue harvested 15 days after wound induction. (D) Representative photomicro-
graphs of skin sections stained with toluidine blue for mast cell labeling. Magnification 200x (scale bar: 100 um). (E) Mast cell counts per skin section stained with toluidine blue.
Results are shown as mean + SEM and are representative of two independent experiments (n = 3—6). Statistical significance was determined by one-way analysis of variance
(ANOVA) and Tukey's multiple comparison test (A, B) or unpaired t-test (C, E). * ND + bMSC vs ND + b; *T1D vs ND; *T1D + bMSC vs T1D + b; p < 0,05. b: biocurative, bMSC:

biocurative with MSC, ND: non-diabetic, T1D: type 1 diabetes.

Comparing the ND + b and ND + bMSC groups, MSCs, by direct or
indirect manners, altered the presence of all analyzed macrophage
markers, except IL-4, independently of previous disease or in-
flammatory condition. The MSCs increased the expression of M1
markers, probably due to their xenogeneic effect. Surprisingly,
bMSC administration increased TNF-o gene expression and reduced
iNOS expression, M1 macrophage markers, in diabetic mice. On the
other hand, M2 markers, Arg 1 and Mrcl, were upregulated in
diabetic mice that received bMSC. In agreement, pretreatment of
mesenchymal cells with IFN-y and TNF-o improves their healing
potential by promoting polarization of M2 macrophages [54].
Similarly, it has already been shown that peritoneal macrophages
stimulated with LPS and then stimulated with MSCs acquire the M2
profile, in a TGF-$ dependent manner. Furthermore, the treatment
of these cells with TGF-f activated the phospho-Akt/FoxO 1
pathway, an important signal for the regulatory effects of TGF-b
[55]. Thus, MSCs upregulate the expression of repair and anti-
inflammatory M2 macrophage markers, in agreement with the
prevalence of this cell subtype in the repaired tissue. The role of
MCs in skin healing in controversial [56]. We observed less mast
cells in the skin of diabetic mice versus non-diabetic mice, and
bMSC administration increased the number of mast cells,
confirmed by toluidine blue staining, and il-33 and Mmcpt4 gene
expression. These data suggest that the mast cell-IL-33 axis is
important to improve healing in T1D. In agreement with our re-
sults, diabetic mice deficient in mast cells show impaired wound
healing, and topical administration of substance P, which together
with IL-33 induces VEGF, accelerates healing in a mast cell-
dependent manner [57]. In addition, the topical use of mast cell
stabilizers also accelerates the healing of skin wounds in diabetic
mice [58]. The healing activity of mast cells is also observed in
models of skin infection, in which mast cells are essential for con-
trolling bacterial load and wound closure [59]. Also, we detected
that [1-33 gene expression is significantly higher in the T1D + bMSC
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group, indicating a possible synergy between this cytokine and
mast cells.

The actions of MSCs on the immune system, in addition to ac-
tions on other cells in the wound environment, improved collagen
deposition in diabetic mice [60]. We showed that T1D + b group
has a great loss in the amount of type I collagen deposition and its
fibers are not reticular, in comparison to the non-diabetic group.
Collagen deposition defects in diabetic mice can be explained by
the increased tissue damage caused by inflammation, reducing the
ability of granulation tissue cells to produce collagen molecules and
increasing the expression of metalloproteinases that degrade these
proteins [8,61]. Here, we observed that T1D + bMSC exhibited
improved collagen deposition, suggesting that this treatment re-
duces tissue damage by modulating the secretion of matrix pro-
teins and contributing to skin healing.

The secretion of collagen and other components of the cellular
matrix is mediated by growth factors, such as TGF-f, important in
the maintenance of proliferation and differentiation of cells in the
wound environment [62,63]. We observed a positive regulation of
TGF-f gene expression in the T1D + bMSCs. TGF-f stimulates the
proliferation of fibroblasts and has an anti-inflammatory action
[64], being one of the potential factors responsible for the
improvement of the healing in the T1D + bMSC group. The
expression of VEGF, PDGF, and IGF-1 is essential for the prolifera-
tion of endothelial cells, fibroblasts, and keratinocytes [21]. In our
model, bMSC administration reduced the expression of these fac-
tors when compared to the T1D + b group. Contrary to our data,
systemic or topical administration of MSC increased the production
of VEGF, and concomitantly improved wound healing in mice with
type 2 diabetes [65].

Taken together, our findings suggest that xenogeneic MSCs
applied by hydrogel biocuratives reverse the impaired healing in
diabetic animals, by stimulating mast cells and M2 macrophages in
the skin and by increasing the secretion of pro-fibrotic and pro-
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healing factors. Therefore, our data support that MSCs biocuratives
provide a promising strategy in the treatment of skin wounds
associated with T1D.
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