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ABSTRACT

This preclinical proof-of-concept study aimed to evaluate the effectiveness of secretome therapy in
diabetic mice with pressure ulcers. We utilized a custom-made hyaluronic acid (HA)-based porous
sponge, which was rehydrated either with normal culture medium or secretome derived from human
mesenchymal stromal cells (MSCs) to achieve a hydrogel consistency. Following application onto skin
ulcers, both the hydrogel-only and the hydrogel + secretome combination accelerated wound closure
compared to the vehicle group. Notably, the presence of secretome significantly enhanced the healing
effect of the hydrogel, as evidenced by a thicker epidermis and increased revascularization of the healed
area compared to the vehicle group. Notably, molecular analysis of healed skin revealed significant
downregulation of genes involved in delayed wound healing and abnormal inflammatory response in
ulcers treated with the hydrogel + secretome combination, compared to those treated with the hydrogel
only. Additionally, we found no significant differences in therapeutic outcomes when comparing the use
of secretome from fetal dermal MSCs to that from umbilical cord MSCs. This observation is supported by
the proteomic profile of the two secretomes, which suggests a shared molecular signature responsible of

the observed therapeutic effects.
© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

aging of global population and the increasing prevalence of dia-
betes, the incidence of chronic skin wounds is expected to rise soon

Chronic skin wounds, often associated with systemic conditions
such as diabetes and vasculitis, or complications of surgical pro-
cedures and aging [ 1], pose a significant clinical challenge. With the
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[2]. Despite various experimental treatments, only three have
received approval from the Food and Drugs Administration (FDA):
two skin substitutes, Apligraf and Dermagraft, and one based on
recombinant human platelet-derived growth factor (PDGF) known
as REGRANEX [3]. Nevertheless, approximately 50% of chronic skin
wounds remain unresponsive to these treatments [4], highlighting
the urgent need for innovative therapeutic approaches covering
this clinic area. The primary goal of wound healing is to achieve
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rapid wound closure, minimizing the risks of further damage or
infection, which could otherwise delay the healing process. Addi-
tionally, the newly repaired tissue should ideally exhibit both
functional capabilities and a visual appearance closely resembling
that of healthy skin [5]. Delayed wound healing can result from
various factors, including impaired angiogenesis, altered the local
cytokine milieu, reduced fibroblasts migration and altered extra-
cellular matrix (ECM) deposition. Disruption in any wound healing
phase can lead to delayed wound healing, ultimately leading to the
development of chronic wounds [6]. Initially thought as distinct
steps, recent insights have suggested that the four phases of wound
healing (homeostasis, inflammation, proliferation and remodeling)
largely overlap and influence each other. Consequently, therapeutic
approaches that simultaneously target all four phases hold promise
for promoting wound healing.

Mesenchymal stromal cell (MSC) secretome holds therapeutic
potential across a range of clinical applications [7,8] The MSC
secretome is recognized as a novel booster for regenerative medi-
cine [9], harnessing the body's innate regenerative capacity. As a
cell-free approach, secretome-based therapy offers distinct ad-
vantages over conventional cell therapy, particularly in terms of
safety, as it can avoid the need for cell transplantation. The clinical
development of secretome-based therapy for skin wound healing is
in its early stages, with its evaluation limited to two registered
clinical trials of safety and efficacy [10,11]. In this study, we assessed
feasibility and efficacy of secretome therapy in a diabetic foot ulcer
model, using genetically diabetic mice (C57BL/KsJ-m+/-+Leprdb,
db/db) with pressure ulcers [12—14]. This model, widely used in
experimental ulcers research, is characterized by impaired
expression of hypoxia-related and ECM genes, reduced vasculari-
zation, and a prolonged inflammatory phase delaying the pro-
gression toward subsequent wound healing phases [2,14].
Furthermore, to ensure secretome delivery, we utilized a custom-
made hydrogel of hyaluronic acid (HA) [15,16]. HA, a predominant
ECM constituent, plays a crucial role in tissue repair by regulating
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cell apoptosis, proliferation, migration, and vascularization [17,18].
This remarkable potential led to the development of a spectrum of
clinically relevant HA-based biomaterials, particularly in the
context of cosmetic applications for skincare and wound healing
[19—24]. However, while the effects of HA on skin wound healing
are largely documented, there are only two animal studies
demonstrating the healing effect of HA hydrogels combined with
MSC secretome on diabetic wounds [25,26].

Batches of freeze-dried HA sponges and secretome from fetal
dermal (FD) and umbilical cord (UC)-MSCs were prepared in
advance as read-to-use formulations. Following integration with
the appropriate volume of secretome, the resulting hydrogels were
directly applied to the ulcer site. Healing parameters, including re-
epithelialization time, epidermal thickness, the presence of dermal
annexes, and angiogenesis, were evaluated through visual inspec-
tion, histology, and immunofluorescence analysis in ulcers treated
with a vehicle, hydrogel-only or the hydrogel + secretome combi-
nation. Finally, to gain insights into molecular signatures associated
with secretome-based therapy, proteomic profiling of the two MSC
secretome types, as well as gene expression analysis of the healed
ulcers were conducted.

2. Methods

2.1. Production of HA-based hydrogel patches for secretome
delivery

A porous sponge-like material made of HA was synthesized by
freeze-drying as previously described [27] (supplementary mate-
rial S1). Integration of the sponge with secretome resulted in the
immediate formation of a hydrogel, sustaining secretome release
(Fig. 1A and B). Release kinetics of secretome is detailed elsewhere
[28]. Batches of freeze-dried sponges were stored at —80 °C and
shipped frozen for in vivo experiments.
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Fig. 1. (A) HA freeze-dried sponge. (B) Secretome-rehydrated sponge acquiring hydrogel consistency. (C) Eperimental timeline, including the treatments administered during the

study along with its corresponding timing.
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2.2. Secretome collection and Luminex-based characterization

Human MSCs were isolated from fetal dermis and umbilical cord
following a protocol approved by IRCCS ISMETT's Institutional Re-
view Research Board, as previously described [29,30]. Secretome
was collected as previously described [30]. Briefly, serum-free
alpha-Minimum Essential Medium (MEM) (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) was added to 80% confluent cells into
175 cm? sterile tissue culture flasks (Costar Corning Inc., Costar, NY,
USA), collected 24 h later, and centrifuged to remove debris.
Quantification of secretome was performed using a Luminex
immunoassay (Luminex 200; Luminex Corp. Austin, TX, USA), while
its biological activity was assessed through xCELLigence real-time
cell migration, as previously described [30]. Secretome from six
independent FD-MSC and UC-MSC donors, which exhibited sig-
nificant amounts of bioactive factors (Table 1) and a consistent
biological activity (cell index of approximately 2.0; data not shown)
was pooled and concentrated 10-fold using Amicon Ultra-15 Cen-
trifugal filters with a 3 kDa cut-off (Millipore, Billerica, MA, USA).
Batches of secretome were stored at —80 °C and shipped frozen for
the in vivo experiments.

2.3. Proteomic profiling of secretome

Secretomes from both cell types were processed by filter-aided
sample preparation (FASP) [31] and STAGE-tips (Accession Num-
ber: 12585499), and then analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) and label-free quantifica-
tion (LFQ), as previously described [32,33]. Briefly, 2 ml of secre-
tome were applied to Vivacon spin columns with a 10 kDa filter
cut-off (Sartorius, Gottinga, Germany). After concentration, the
proteins were reduced and alkylated before a sequential digestion
with 0.2 ug LysC and 0.1 pg trypsin (Promega, Madison, Wisconsin,
USA). Tryptic peptides were collected from filter columns after
centrifugation, acidified and applied for desalting to stop-and-go
extraction (STAGE) tips packed in-house with Empore C18 disks
(Merck, Sigma—Aldrich, St Louis, Missouri, USA), as previously
described [34]. After elution, tryptic peptides were quantified with
a Nanodrop 2000 (Thermo Fisher Scientific) and 1.5 pg peptides
were loaded onto a Dionex Ultimate 3000 RSLC nano LC system
coupled online to a Q-Exactive + mass spectrometer (Thermo
Fisher Scientific). Peptides were separated on Acclaim PEPMap C18
column (50 cm x 75 pum ID, Thermo Scientific) with 250 nL/min
flow using a binary gradient of water (A) and acetonitrile (B) sup-
plemented with 0.1% formic acid for 350 min. Data-dependent
acquisition (DDA) was used for LFQ. Raw data were analyzed with
Maxquant software, version 2.0.1.0 (maxquant.org, Max-Planck
Institute Munich) [35], and searched against a reviewed canonical
fasta database of Homo sapiens from UniProt (download: 5th
November 2020). Proteins differentially abundant in secretome of
UC-MSCs versus FD-MSCs were analyzed for their association with
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
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Ontology (GO) pathways and biological processes (GOBP) using the
Enrichr webserver [36] and plotted according to their q-value and
Odds ratio. To analyze differences between the secretomes of UC-
MSCs and FD-MSCs LFQ intensities were log, transformed and
plotted against the -Logg p-value of their change. A false discovery
rate (FDR)-adjusted p-value of 0.05 was set as the threshold for
statistical significance.

2.4. Animals, lesions and monitoring

Animal protocols adhered to the European Community Council
Directives (2010/63/EU), followed the ARRIVE guidelines, and
complied with the NIH Guide for the Care and Use of Laboratory
Animals, and approved by the Italian Ministry of Health (authori-
zation no. 155/2021-PR). We used 11-week-old genetically diabetic
C57BL/Ks]J-m+/+Leprdb (db/db) male mice (Calco-Lecco; Charles
River Laboratories). The animals were housed with access to food
pellets and water ad libitum and maintained on a 12-h dark—light
cycle, as previously described [14]. Blood glucose levels were
measured prior to treatments using Contour XT (Bayer, Basel,
Switzerland). For lesion induction, mice were deeply anesthetized
(isoflurane 3% plus 2 1/min O,), shaved on the back, and the area was
thoroughly cleansed. Pressure ulcers were induced using two
magnetic disks, each of a diameter of 12 mm (anisotropic ferrite)
and a thickness of 5.0 mm, with an average weight of 2.4 g and
1000 G magnetic force (Algamagnetic, Italy), as previously
described [14]. A skin fold was gently raised and placed between
the two magnets, ensuring a 1.0 cm skin bridge between the
magnets to generate a compressive pressure of 50 mm Hg between
the two plates, which is necessary to cause local tissue ischemia [2].
Three ischemia-reperfusion (I/R) cycles were used, with each single
I/R cycle consisting of a 12-h period of magnet placement followed
by a 12-h rest period. On day 3 following the final I/R cycle, a sur-
gical wound curettage was performed to remove the ischemic skin
and eschar.

2.5. Experimental groups and treatments

The study included the following experimental groups, each
consisting of 8 animals, and each mouse had two dorsal ulcers
(n = 16 ulcers) in accordance with the power analysis for sample
size calculation:

e control, intact animals

e db/db mice + vehicle

e db/db mice + hydrogel

e db/db mice + hydrogel + FD-MSC secretome
e db/db mice + hydrogel + UC-MSC secretome

Mice were randomly assigned to the experimental groups after
lesion induction. The topical application of the hydrogel began on
day 3 after the last I/R cycle and was repeated every 9 days for a

Izlr)riienlex-based quantification of secretomes of UC-MSCs and FD-MSCs with a focus on VEGF-A and SDF-1 alpha.
UC-MSC SEC #1 #2 #3 #4 #5% #6* #7 #8 #9 #10*
SDF-1 alpha 9874 5555 7592 4544 1697 1563 8863 2599 4088 1406
FD-MSC SEC #1* #2 #3 #4* #5% #6 #7* #8 #9 #10*
VEGF-A 3446 5663 6634 2434 1138 6323 4874 5394 3245 1034
SDF-1 alpha 2167 4454 5110 1547 1364 5638 2168 3120 2345 1232

Ten MSC samples for each secretome type are shown. Samples excluded from the study are indicated by the asterisk * (VEGF-A and SDF-1 alpha amounts below 2000 pg/ml).
Selected secretome batches also undergo in vitro cell based assays to assess their biological activity (e.g., real-time cell migration) (data not shown). Concentrations of soluble
factors are expressed in pg/ml. Abbreviations: UC, umbilical cord; FD, fetal dermis; sec, secretome.
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total of three total applications (Fig. 1C). The study included the
following treatments:

o sterile hydrogel, 1 cm? in size the first dressing, with a thickness
of 0.3—0.5 cm, loaded with sterile culture medium;

o sterile hydrogel, 1 cm? in size for the first dressing, with a
thickness of 0.3—0.5 cm, loaded with sterile FD-MSC secretome;

o sterile hydrogel, 1 cm? in size for the first dressing, with a
thickness 0.3—0.5 cm, loaded with sterile UC-MSC secretome.

Sponge sizes for subsequent applications were produced to
match the ulcer size (1 x 1 cm for the first application, and
0.5 x 0.5 cm for the second and the third application). The sponges
were loaded with 300 pl of secretome for the first application (1 x 1
cm sponge), and 200 pl of secretome for the second and third
application (0.5 x 0.5 cm sponge). After curettage, treatments were
applied, and the wound area was covered with Tegaderm (3M
Health Care; Tegaderm Roll, St Paul, MN, USA), which was changed
weekly until wound healing was complete. Wounds were visually
inspected daily until the end of the experiments (day 28). Photo-
graphs were taken on days 3, 12, 2, and 28 using a Nikon C-Leds
camera and X-Entry Alexasoft software. Wound areas were
measured using Nis-Elements AR 3.2 software (Nikon Corporation,
Tokyo).

2.6. Histology, immunofluorescence and image analysis

At the end of treatments on day 28, mice were sacrificed. Tissue
samples were quickly dissected, with left ulcers collected for mo-
lecular biology analysis and right ulcers collected for morphological
evaluation. For histological examination, samples were fixed in a 4%
(w/v) paraformaldehyde solution and picric acid—saturated
aqueous solution in 0.1 M Sorensen's phosphate buffer (pH 7.4).
Samples were subsequently embedded in paraffin, sectioned at
4 pm thickness, and stained with hematoxylin and eosin (H&E). For
immunofluorescence, samples were fixed as described above for
24 h and washed for 48 h in 0.1 M phosphate buffer 5.0% sucrose
[14]. After freezing in CO;, 14 pm thick sections were obtained using
a cryostat (HM550 Microm; Bio-Optica, Milan, Italy). These sections
were collected on gelatin-coated slides and incubated overnight at
4 °C in a humid chamber with primary antibody anti-laminin
(rabbit, 1:150 dilution; R&D Systems). Following 20 min rinsing
in PBS, sections were incubated at 37 °C for 30 min in a humid
chamber with a secondary antiserum Cy2 Donkey anti-Rabbit IgG
(Jackson Immunoresearch) 1:100 diluted in 0.3% Triton/PBS. Sub-
sequently, sections were rinsed in PBS and mounted in glycerol
containing 1,4-phenylendiamine (0.1 g/L).

For morphological analysis, five images and two levels per ani-
mal, sampled at the center of the repaired ulcer were considered in
each animal. All analyses were performed in a blind manner.
Epidermal thickness was determined at the equator of the
wounded area using H&E staining on histologic sections in the
same region. The mean value of five measurements per section and
three sections per animal was used for statistical analysis. Immu-
nofluorescence images were captured using a Nikon Eclipse E600
microscope equipped with the Q Imaging Retiga-2000RV digital
CCD camera (Q Imaging, Surrey, BC, Canada) and a motorized z-axis
stage. Image analysis was performed using the Nis-Elements AR 3.2
software, with the same procedure applied to all images under
comparison. The laminin-immunoreactive area was calculated as
the area fraction over 400 x 300 um area and expressed percentage
value.
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2.7. Gene expression analysis (real-time PCR)

Total RNA was extracted from frozen biopsies, representing half
of the ulcer, at the end of the experiment (day 28), using the Tis-
sueLyser LT (Qiagen, Hilden, Germany). The extracted total RNA was
subsequently purified using the RNAeasy mini kit (Qiagen), quan-
tified and pooled. The expression profile of 168 pathway-related
genes in each group was analyzed using the RT2 Profiler PCR
mouse arrays specific to angiogenesis (PAMM-024Z), and ECM and
adhesion proteins (PAMM-013Z) (Qiagen). The CFX96 real-time PCR
system (Bio-Rad Laboratories, Richmond, CA, USA) was employed
for this purpose. Relative gene expression was determined using
the GeneGlobe online software. The RT2 PCR array plates contain
84 genes associated with the specific pathway and 5 proposed
housekeeping genes (Actb, B2m, Gapdh, Gusb, Hsp90ab1) (supple-
mentary materials S2). Depending on intergroup variability, the
Hsp90ab1 gene was automatically selected by the software for
normalization. The plates also included internal controls for
genomic DNA contamination, reverse transcription controls, and
positive PCR controls. All analyzed plates successfully passed the
quality check based on the internal controls.

To further investigate the gene expression profile in healed ul-
cers treated with the two secretomes, we conducted a separate
analysis. This analysis compared the hydrogel + FD-MSC secretome
and hydrogel + UC-MSC secretome treated groups with the
hydrogel-only group as the control. First, we used GeneGlobe
software to perform the comparison, and then we used the differ-
entially regulated genes as input data for pathway enrichment
analysis in GeneCodis software (v. 4), employing the mouse
genomic informatics (MGI) and KEGG databases.

2.8. Statistical analysis

Data are expressed as mean + SEM. Data analysis was conducted
using Student's t-test or one-way ANOVA, performed with Graph-
Pad Software (San Diego, CA, USA). Results were considered sta-
tistically significant when the probability of their occurrence due to
chance alone was less than 5% (p < 0.05).

3. Results
3.1. Animal monitoring and pain threshold

The animals were monitored daily for dressing integrity, local
infection, and general health conditions. During the entire experi-
ment, there were no differences in body weight gain among the
groups (Fig. 2A). In addition, all diabetic mice consistently exhibited
blood glucose levels above 350 mg/dL and (Fig. 2B).

3.2. Healing of pressure ulcers

Images of representative wounds at various time-points (day 3,
12, 21, and 28) displayed a reduction in skin erythema as early as
day 12 in ulcers treated with hydrogel + secretome from both types
of MSCs, in comparison to ulcers treated with hydrogel only or the
vehicle (Fig. 3A). At the final time point, all the treatments led to a
significant reduction in the open wound area when compared to
the vehicle group (Fig. 3B). Overall, the residual ulcer areas in the
treated groups were smaller than those in the vehicle group.
Notably, ulcers treated with hydrogel + secretome from FD-MSCs
exhibited a smaller residual de-epithelialized area (Fig. 3C). Eval-
uation of open ulcers on sacrifice day revealed 5 out of 16 open
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Fig. 2. Animal monitoring. (A) Body weight measurements recorded at regular intervals throughout the experimental timeline. (B) Blood glucose levels measured using Contour XT

over the course of study period.

ulcers in the hydrogel + secretome groups, 7 out of 16 open ulcers
in the hydrogel-only group, and 15 out of 16 open ulcers in the
vehicle group (Fig. 3D).

3.3. Histological analysis: dermal annexes and epidermal thickness

Histological examination of the healed ulcers on day 28 (Fig. 4A
and B) revealed a persistent granulation phase in the central area
(arrows) in both the vehicle and hydrogel-only treated groups,
while skin tissue was largely restored at the periphery of the lesion
(Fig. 4A). Notably, the granulation area was smaller in ulcers treated
with hydrogel + FD-MSC secretome compared to the other groups.
Dermal annexes (asterisks in Fig. 4A) were primarily observed in
ulcers treated with hydrogel-only and hydrogel + FD-MSC secre-
tome (Fig. 4A). Histological analysis of the dorsal skin indicated a
significantly greater epidermal thickness in ulcers treated with
hydrogel + secretome of both MSC types, compared to the vehicle
group (Fig. 4C).
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3.4. Skin re-vascularization

Vascularization was assessed using laminin-IR immunostaining.
Laminin is an integral endothelial basement membrane component
widely used as marker for vessels in the skin [37]. The healed skin
exhibited a significant increase in capillary density when treated
with secretome from both MSC types, compared to the vehicle
group (Fig. 5A). The result was further supported by relative
quantification of the immunoreactive area (Fig. 5B).

3.5. Gene expression analysis

At the stage of 100% wound closure, treated ulcers exhibited a
significant upregulation of genes associated with angiogenesis and
ECM (vehicle vs. intact) (supplementary material S2; supplemen-
tary figure S1). Specifically, upon analyzing the expression patterns
of angiogenesis-related genes, ulcers treated with the hydrogel-
only and hydrogel + UC-MSC secretome formed a distinct cluster



ES. Palumbo, M. Calligaris, L. Calza et al.

3

day day 12 day 28

UC-MSC sec Hydrogel

FD-MSC sec

Regenerative Therapy 26 (2024) 520—532

B Open wound area (%)
C Residual de-epithelialized area (%)
Open wound area
- De-epithelized area

8 =
g 3
& =
® [+]
3 k=)
8 8

D Number of open ulcers on day 28
5 DS G e MOPOTUIT®
hydr +sec UC-MSCs h mtotal ulcers

g

0 5 10 15 20

Fig. 3. Pressure ulcer treatment. (A) Representative images of ulcers taken on days 3, 12, 21, and 28 post-lesion. A noticeable reduction in skin erythema is observed as early as day
12 in hydrogel + secretome-treated ulcers compared to the vehicle and hydrogel-only-treated ulcers. (B) Open wound area on day 28 expressed as a percentage of the ulcer area on
day 3. (C) Residual de-epithelialized area on day 28 vs. day 3. (D) Number of open ulcers at the end of the experiment. Statistical significance was determined using one-way ANOVA
and Tukey's post-hoc test for treatment vs. vehicle group (*p < 0.05; **p < 0.01; ***p < 0.001). UC, umbilical cord; FD, fetal dermis; sec, secretome.
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Fig. 4. Histological analysis of repaired ulcers on day 28. (A) Representative micrographs of H&E-stained sections showing vehicle and treated ulcers at the lesion equator at low
magnification. Arrows indicate the presence of a granulation phase in the central area of the lesion. (B) The same micrographs at high magnification. (C) Morphometric evaluation of
epidermal thickness measured at wound closure. Statistical significance was determined using one-way ANOVA and Dunnet's post-hoc test for treatment vs. vehicle group
(*p < 0.05; **p < 0.01). UC, umbilical cord; FD, fetal dermis; sec, secretome. Scale bars: 500 um (A); 100 pm (B).

(cluster 1), which was separate from cluster 2 consisting of ulcers
treated with the vehicle and ulcers treated with hydrogel + FD-
MSC secretome. The intact tissue group occupied an intermediate
position between the two clusters, forming a sub-cluster within
cluster 1 (Fig. 6A). Using the vehicle-treated ulcers as the normal-
izer group, the hydrogel-only group exhibited significant over-
expression of three genes (Cxcll, 16, Mmp9; fold change >3).
Notably, CXCL1 and IL6 genes displayed similar overexpression in
the hydrogel + FD-MSC secretome group, along with Csf3, Cxcl5,
Mmp9, and Serpinel. In contrast, the hydrogel + UC-MSC secretome
group displayed differential expression in only one gene (Ifng),
which was downregulated (Fig. 6A).
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Upon analyzing the expression pattern of ECM-related genes,
the hydrogel + UC-MSC secretome and hydrogel + FD-MSC-
secretome groups formed separate clusters, while the vehicle, the
hydrogel-only and intact groups represented different subclusters
(Fig. 6B). Using the vehicle group as the normalizer group, the
hydrogel-only group exhibited the most altered gene expression
pattern, with seven significantly overexpressed genes (Cd44, Mmp3,
Mmp8, Mmp9, Mmp10, Mmp13, and Tnc; fold change >3). Similar to
the angiogenesis-related genes, the hydrogel + FD-MSC secretome
group shared overexpressed ECM-related genes with the hydrogel-
only group (Mmp3, Mmp8, Mmp10, and Tnc). In addition, the
hydrogel + FD-MSC secretome group upregulated the Sele gene
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area fraction

Fig. 5. Skin re-vascularization analyzed by laminin-IR immunofluorescence. (A) Representative micrographs showing vehicle and treated ulcers at the lesion equator. (B)
Morphometric assessment of laminin-IR expression presented as the immunoreactive area fraction (capillary density). Statistical significance was determined using one-way
ANOVA and Dunnet's post-hoc test for treatment vs. vehicle group (*p < 0.05). UC, umbilical cord; FD, fetal dermis; sec, secretome. Scale bars: 100 pm.

A Angiogenesis-related genes B ECM-related genes
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Fig. 6. Gene expression analysis focusing on angiogenesis and ECM-related pathways. (A) Clustergram resulting from the analysis of RT2 PCR angiogenesis array. (B) Clustergram
generated by the analysis of RT2 PCR ECM and adhesion molecules array. Each clustergram is accompanied by a table listing the differentially expressed genes (fold change > + 3)
observed in ulcers treated with hydrogel only, hydrogel + FD-MSC secretome, and hydrogel + UC-MSC secretome, compared to the vehicle group. UC, umbilical cord; FD, fetal
dermis; MSCs, mesenchymal stromal cells; ECM, extracellular matrix.

compared to the vehicle group. The hydrogel + UC-MSC secretome To further investigate the impact of the secretome on the
group showed only two differentially expressed genes (Mmp12 and healing effect of the hydrogel, we analyzed the molecular profile of
Spp1), which were both downregulated compared to the vehicle the healed ulcers and compared the gene expression profile of ul-
group (Fig. 6B). cers treated with the two MSC secretomes with that of ulcers
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treated with the hydrogel-only. For angiogenesis-related genes, the
presence of FD-MSC secretome induced upregulation of Csf3 and
Plau, while the presence of UC-MSC secretome resulted in down-
regulation of Csf3, Cxcl5, 116, and Mmp9 (Fig. 7A). For ECM-related
genes, the FD-MSC secretome did not alter gene expression,
while the presence of UC-MSC secretome caused downregulation
of several genes (Mmp10, Mmp13, Mmp3, Mmp9, and Tnc) (Fig. 7B).
Then, we used the downregulated genes from the hydrogel + UC-
MSC secretome group, compared to the hydrogel-only group, as
input data for pathway enrichment analysis (GenCodis v4), using
MGI and KEGG reference databases. Notably, we found that these
genes are involved in delayed wound healing and abnormal
inflammation response (such as abnormal neutrophil physiology
and increased susceptibility to bacterial infection), involving the
activation of IL17 and TNF pathways, along with proinflammatory
pathways (e.g., rheumatoid arthritis) (Fig. 7C). The main identified
pathways from the enrichment analysis are listed in supplementary
material S3.

3.6. Proteomic profiling of MSC secretome

A detailed proteomic analysis of the two secretomes was con-
ducted to explore potential differences that might have elicited

Regenerative Therapy 26 (2024) 520—532

distinct gene expression patterns. High-resolution proteomics
identified 457 proteins in UC-MSC secretome and 757 in FD-MSC
secretome (supplementary material S4). Among the proteins
identified in UC-MSC secretome, 139 were annotated as secreted
(UniProt annotation), while 42 proteins were annotated as trans-
membrane. This latter group included proteins released from the
cell membrane through proteolytic processes, while the remaining
proteins were annotated as intracellular and included proteins
without a signal peptide, proteins associated with exosomes, and
others [32]. Finally, 56 proteins were ECM-related proteins
(Fig. 8A). The analysis of FD-MSC secretome identified 189 proteins
annotated as secreted, 56 as transmembrane, and 69 as ECM-
related proteins (Fig. 8A) (supplementary material S4). A total of
312 proteins were shared by both secretomes, while 32 proteins
were exclusively found in UC-MSC secretome, and 326 proteins
were exclusively found in secretome of FD-MSCs (Fig. 8B). First, we
used the GO Enrichr web server to identify proteins present in
both secretomes associated with specific molecular pathways and
biological processes. The GO-Pathway analysis found that the pre-
dominant group of proteins in secretomes of FD-MSCs and UC-
MSCs were associated with the VEGFA-VEGFR2 pathway, which is
crucial in tissue repair by inducing vascular permeability, recruit-
ment of inflammatory cells to the site of injury, and angiogenesis

A B
| ANGIOGENESIS || ECM |
| FD-MSCs vs. HYDRO | | UC-MSCs vs. HYDRO | | FD-MSCs vs. HYDRO | | UC-MSCs vs. HYDRO |
ANGIOGENESIS ECM
FD-MSCs UC-MSCs FD-MSCs UC-MSCs
Gene  [FR |Gene [FR Gene  |FR |Gene  [FR
Csf3 3.99 |Csf3 -3.97 NA. Mmp10__|-8.00
Plau 4.05 |Cxcl5 -7.89 Mmp13 |-4.06
16 -3.96 Mmp3  |-8.12
Mmp9  |-3.96 Mmp9  |-3.99
Tnc -4.04
C
ml4
— |2
Q|8
=|c
2
00 05 10 15 20 25 30 35 40 45

KEGG

0 1 2 3 4
-log10(Pval Adj)

5 6 7 8 9

Fig. 7. Gene expression regulation induced by hydrogel + secretome treatments compared to hydrogel-only. (A, B) Scatterplot graphs representing the regulation of gene expression
related to angiogenesis (A) and ECM (B) in the presence of secretome. Each graph included a list of differentially expressed genes (fold change > + 3) observed in ulcers treated with
hydrogel + FD-MSC secretome and hydrogel + UC-MSC secretome, compared to hydrogel-only. (C) Pathway enrichment analysis of downregulated genes in ulcers treated with
hydrogel + UC-MSC secretome compared to hydrogel-only, using the MGI and KEGG databases. UC, umbilical cord; FD, fetal dermis; FR, fold regulation; MSCs, mesenchymal stromal

cells; ECM, extracellular matrix; MGI, mouse genomic informatics.
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Fig. 8. Proteome profiling of FD-MSC and UC-MSC secretomes. (A) Number and subcellular location of the identified proteins indicating secreted, transmembrane, and ECM-related
proteins in UC-MSC and FD-MSC secretomes. The results are based on UniProt annotations. (B) Venn diagram illustrating shared and exclusive proteins identified in both secre-
tomes. (C) List of proteins shared by UC-MSC and FD-MSC secretomes, along with their KEGG and GO annotations. (D) PCA of Z-scored LFQ intensity of the proteins identified in UC-
MSC and FD-MSC secretomes. Annotation of the most regulated GOBP among all identified proteins in UC-MSC (E) and FD-MSC (F) secretomes. UC, umbilical cord; FD, fetal dermis;
ECM, extracellular matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; PCA, principal component analysis; GOBP, Gene Ontology Biological Processes.

(ISSN 1087—0024) (Fig. 8C; Table 2). Both KEGG and GOBP analysis
evidenced a significant association of proteins present in both
secretome with ECM organization and ECM-receptor interactions
(Fig. 8C; Table 2).

Despite the high number of shared proteins, principal compo-
nent analysis (PCA) revealed distinct clustering of the two secre-
tomes, indicating significant differences in their composition
(Fig. 8D). Thus, we used LFQ to measure the relative abundance of

proteins in secretomes of UC-MSCs and FD-MSCs and analyzed such
differences in protein composition. In addition to the proteins
exclusively found in either UC-MSCs or FD-MSCs secretomes, for
which GOBP analysis revealed a similar association with ECM or-
ganization (Fig. 8E and F), LFQ revealed 234 proteins exhibiting
differential abundance between the two secretomes. Among these,
40 proteins were more abundant in UC-MSC secretome (Fig. 9A;
Table 3), while 194 proteins were more abundant in FD-MSC
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Table 2
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List of the most enriched terms in the GO pathways, biological process and KEGG analysis.

GO pathway analysis

Term Overlap p-value Adjusted p-value Proteins
VEGFA VEGFR2 47430 3,03E-08 1,10E-05 ITGB1; YWHAE; RPL5; CLTC; HTRA1; PLOD3; HSPB1;
Signaling WP3888 TXN; IQGAP1; ACTG1; RAP1B; PRDX2; STIP1; LDHA;

CSRP1; CAPZB; GPC1; CFL1; PGK1; RPLP2; FLNB;
IGFBP7; CLIC1; TXNDC5; HSP90AA1; ANXA1; TPM3;
CACNA2D1; IGFBP3; MMP2; FN1; NAP1L1; SOD2;
PRDX6; RCN1; CALU; FSCN1; ADAM9; CYCS; MYH9;
CALR; P4HB; PFN1; ALDOA; TKT; GAPDH; VCL

KEGG analysis

Term Overlap p-value Adjusted p-value Proteins

ECM-receptor interaction 20/88 3,33E-02 7,06E+01 ITGB1; LAMA2; LAMA4; TNC; FN1; LAMB1; LAMC1;
THBS2; HSPG2; THBS1; THBS3; COL1A1; COL1A2;
COL4A2; COL6A2; COL6AT; DAG1; COL6A3; AGRN;
CD44

GO Biological Processes analysis

Term Overlap p-value Adjusted p-value Proteins

Extracellular Matrix 31/176 1,79E-06 3,95E-03 APP; COL18A1; COL11A1; COL12A1; PLOD3; LAMCT;

Organization (GO:0030198)

NID1; NID2; LOXL2; SERPINH1; QSOX1; POSTN; MMP1;
LUM; MMP2; MMP3; COL1A1; COL3A1; CCDC80; BMP1;
COL1A2; COL4A2; LOX; COL5A1; COL5A2; PXDN;
COL8AT; TGFBI; LCP1; GAS6; RECK

Table displaying term names, overlap, p-values, adjusted p-values, and proteins (by gene names) associated with terms in the GO or KEGG analysis. The most enriched terms

for each analysis are listed.

secretome (Fig. 9A; Table 4). GOBP analysis of proteins more
abundant in FD-MSC secretome revealed enrichments in super-
molecular fiber organization (GO:0097435) and regulation of

basement membrane organization (GO:0110011), along with
additional processes (Fig. 9B). In contrast, GOBP analysis of proteins
more abundant in UC-MSC secretome revealed enrichments in
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Fig. 9. Identification of differentially abundant proteins in secretomes of UC-MSCs and FD-MSCs. (A) Volcano plot showing 312 shared proteins among the two secretomes. The log,
ratio between protein abundance in secretome of the two MSC sources (UC-MSC/FD-MSC) was plotted against the logjo of the p-value. Proteins above the FDR, indicated by black
dashed lines, achieved statistical significance. Proteins highlighted in green and orange solid points represent the two most regulated annotations according to the GOBP database
(n = 6). Bar graph plot showing the logyo of the g-value of the TOP10 GOBP categories identified among the differentially abundant proteins in FD-MSC (B), and UC-MSC (C)
secretomes. UC, umbilical cord; FD, fetal dermal; MSC, mesenchymal stromal cells; FDR, false discovery rates; GOBP, Gene Ontology Biological Processes.
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Table 3
Selected proteins significantly abundant in UC-MSC secretome.

Regenerative Therapy 26 (2024) 520—532

Protein names Gene names Protein IDs Fold change -Log10 (p-value)
Carboxypeptidase A4 CPA4 QauI42 5,467874908 6,064,019,703
Collagen alpha-2(IV) chain COL4A2 P08572 4,222,429911 4,401,915,533
Insulin-like growth factor-binding protein 7 IGFBP7 Q16270 2,54,617,048 3,506,769,477
Insulin-like growth factor-binding protein 5 IGFBP5 P24593 2,446,849,251 2,382,357,839
Lactadherin MFGE8 Q08431 2,29,502,449 2,943,068,379
Inhibin beta A chain INHBA P08476 2,101,693,108 1,187,562,729
Contactin-1 CNTN1 Q12860 2,063,464,791 2,382,478,893
Lysyl oxidase homolog 2 LOXL2 Q9Y4K0 1,982,924,816 1,918,693,722
Plasminogen activator inhibitor 1 SERPINE1 P05121 1,786,638,968 2,925,709,911
Testican-1 SPOCK1 Q08629 1,65,281,601 1,943,222,957
Cadherin-2 CDH2 P19022 1,621,836,408 5,607,843,194
60 kDa heat shock protein HSPD1 P10809 1,564,852,905 3,669,422,191
Galectin-3-binding protein LGALS3BP Q08380 1,537,068,231 2,815,564,622
Collagen alpha-1(XI) chain COL11A1 P12107 1,360,860,189 2,204,441,527

Protein name: abundant proteins in UC-MSC secretome. Gene name: Uniprot gene name associated with each protein. Protein ID: UniProt accession number of the protein.

Fold change: log2 transformed ratio between the mean of LFQ values of FD-MSCs and UC-MSCs (n = 3). -Log10 (p-value): for three biological replicates.

Table 4
Selected proteins significantly abundant in FD-MSC secretome.

Protein names Gene names Protein IDs Log2 (FD-MSC/UC-MSC) -Log10 (p-value)
Adipocyte enhancer-binding protein 1 AEBP1 Q8IUX7 —5,7,153,472 3,4,078,516
Lamin-A/C LMNA P02545; -5,6,516,198 4,04,565,156
Interstitial collagenase MMP1 P03956 —5,0179429 2,81,835,814
Plectin PLEC Q15149 —4,7,923,747 3,92,567,839
Pigment epithelium-derived factor SERPINF1 P36955 —4,4,675,045 3,0726229
Heterogeneous nuclear ribonucleoprotein Al HNRNPA1 F8W617 -4,4172,305 3,99,261,563
Clusterin CLU P10909 —3,7,896,061 2,96,780,353
Stromelysin-1 MMP3 P08254 —-3,5,518,073 1,5,624,198
Fibrillin-2 FBN2 P35556 —3,3,238,164 2,03,233,106
Collagen alpha-3(VI) chain COL6A3 P12111; -3,3,018,936 3,46,097,394
CD109 antigen CD109 Q6YHK3 —3,2,923,721 3,04,126,895
Collagen alpha-2(VI) chain COL6A2 P12110 -3,1,962,757 3,6,496,932
Clathrin heavy chain; Clathrin heavy chain 1 CLTC AOA087WVQ6 -3,1,052,525 3,12,867,301
Complement C1r subcomponent CIR AOA3B3ISR2 —3,0859991 2,65,950,717
Peptidyl-glycine alpha-amidating monooxygenase PAM P19021 —2,9,869,562 2,04,572,642

Protein name: abundant proteins in FD-MSC secretome. Gene name: Uniprot gene name associated with each protein. Protein ID: UniProt accession number of the protein.
Fold change: log2 transformed ratio between the mean of LFQ values of FD-MSCs and UC-MSCs (n = 3). -Log10 (p-value): for three biological replicates.

regulation of angiogenesis (GO:0045765) and negative regulation
of plasminogen activation (GO:0010757) processes (Fig. 9C) (sup-
plementary material S4).

4. Discussion

Our previous in vitro studies of collection and characterization of
secretome from various MSC sources, laid the essential framework
for upcoming in vivo investigations assessing the efficacy of
secretome-based therapy. These studies included the establish-
ment of standardized collection procedures, quantification of
secretome bioactive factors, and assessment of secretome ability to
stimulate cellular responses relevant to tissue repair, such as cell
migration, proliferation, and angiogenesis [29,30,38—40]. In this
context, we set cut-off values (i.e., significant cytokine contents and
biological activities) to carefully select samples considered suitable
for preparing secretome batches for subsequent in vivo studies. This
selection has proven particularly relevant, given the considerable
variability in secretome composition and biological activity asso-
ciated with donor variabilities [41].

A strategy in secretome-based therapy involves developing
polymeric combination products capable to sustain the delivery of
secretome at the wound site [42]. Given their ability to sequester
therapeutically active compounds and regulate their release, HA-
based hydrogels are deemed suitable for secretome delivery. In
previous studies, we described the synthesis procedure of a
chemically modified HA derivative, produced in the form of dried
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sponges [27,43]. Upon rehydration with secretome, these sponges
formed a hydrogel capable of sustaining secretome release [28].
The findings from release kinetics studies guided the design of the
treatment schedule in the present study, involving one hydrogel
application every 9 days over a 28-day period, with a total of three
applications. Our device was specifically designed to combine
hydrogel and cellular properties. The hydrogel ensures a pro-
longed release of cell-derived growth factors and cytokines [28],
while the secretome regulates cellular and molecular processes
essential for wound repair, including re-epithelization, cell
migration, ECM deposition, angiogenesis, and scar reabsorption.
Recently, we demonstrated that incorporating a specific integrin
ligand (24B1 integrin target) into a PLGA-based medication alters
the molecular profile of treated skin towards a non-fibrotic state
[44].

The prolonged inflammatory phase and impaired vasculariza-
tion in the ulcers of the db/db mouse render this model particularly
suitable for assessing the MSC secretome as a pro-healing agent
[45]. At the halfway point of the repair process, visual observations
evidenced a reduced skin erythema only in ulcers treated with the
hydrogel + secretome combination. Both the hydrogel only and
hydrogel + secretome were equally effective in enhancing wound
closure. The observed pro-heling effect of the hydrogel raises the
longstanding question of whether HA should be regarded as a drug,
considering its anti-inflammatory and reparatory effects [46].
However, the presence of secretome was crucial to enhance the
intrinsic healing properties of HA. Of particular significance is the
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increased microcirculation within the healed area, holding promise
for diabetic ulcer treatment [47,48].

Both UC-MSC and FD-MSC secretomes demonstrated compa-
rable efficacy in promoting ulcer healing. The proteomic profiles of
both secretomes support this observation, as evidenced by the
number of shared proteins enriching various tissue repair-related
pathways and biological processes, including angiogenesis and
ECM remodeling. These finding are in agreement with the previous
hypothesis of a common secreted protein signature responsible for
the MSC therapeutic effect, despite variations in sources and
isolation methods [49].

Despite the similar efficacy and composition of the two secre-
tomes, gene expression analysis performed on healed ulcers
revealed a distinct pattern of the hydrogel + UC-MSC secretome
treatment compared to the other treatments. Notably, the hydrogel-
only and hydrogel + FD-MSC secretome treatments induced up-
regulation of wound healing genes such as IL6 [50] and Mmp10,
which are known to support cell migration at the wound edge [51].
Additionally, the hydrogel + FD-MSC secretome treatment strongly
stimulated the expression of the Csf3 gene encoding Granulocyte-
Colony Stimulating Factor (G-CSF), a chemokine known to accel-
erate wound healing by enhancing angiogenesis, which has also
been tested in clinical trials [52]. Interestingly, UC-MSC secretome
appeared to counteract the hydrogel-induced upregulation of MMP
genes. Given the detrimental impact of high MMP levels on chronic
wound healing [51,53], this effect may enhance wound healing by
promoting a more balanced expression of key regulatory factors
involved in tissue repair and remodeling. The ability of UC-MSC
secretome to modulate the expression of MMP genes may be
attributed to the differential abundance of proteins compared to FD-
MSC secretome. These proteins enrich the GOBP “negative regula-
tion of plasminogen activation” (GO:001057). Considering that
plasminogen is an activator of MMP secretion [54], this enrichment
suggests the existence of a regulatory mechanism mitigating the
hydrogel-induced effects.

Comparing the molecular signature of ulcers treated with
secretome + hydrogel to those treated with the hydrogel-only
highlighted significant differences between these treatments.
Notably, the presence of secretomes induces a differential expres-
sion of genes involved in angiogenesis and ECM regulation. KEGG-
and MGI-based enrichment analysis using the GeneGlobe software
identifies the most represented pathways among the differentially
regulated gene. This analysis indicates that incorporating MSC
secretome into the hydrogel downregulates genes that delay
wound healing and activate an abnormal inflammatory response.

5. Conclusions

Our cell-free approach for diabetic ulcer treatment relies on the
inherent anti-inflammatory and pro-regenerative properties of
MSC secretome. The findings emphasize the capacity of MSC
secretome to coordinate wound healing processes, even in the
presence of systemic diseases such as diabetes. The results also
support the healing effect of the HA hydrogel, with MSC secretome
amplifying its therapeutic action. The procedure is user-friendly,
allowing for the preparation of frozen batches that can be ship-
ped as ready-to-use products. This approach offers advantages over
cellular skin substitutes, which require a high level of expertise in
cell manufacturing. Additionally, our approach may mitigate the
significant drawback of low engraftment rates commonly associ-
ated with skin substitutes. The HA hydrogel + secretome device
holds potential for advancing the field of chronic skin wound
management. Further preclinical investigations are necessary to
fully harness the device's potential and validate the efficacy of the
treatment.
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