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Despite several advances in the field of regenerative medicine, clinical
management of extensive skin wounds or burns remains a major therapeutic
issue. During the past few years, Mesenchymal Stromal Cells (MSCs) have emerged
as a novel therapeutic tool to promote tissue repair through their anti-
inflammatory, pro-trophic and pro-remodeling effects. They exert their
biological activity mainly via the secretion of soluble bioactive molecules such
as cytokines, growth factors, proteins and microRNAs which can be encapsulated
within extracellular vesicles (EV). The recent discovery of their high plasticity to
external stimuli has fostered the development of new targeted therapies known as
priming strategies, to enhance their potential. Our team recently showed that
Interleukin-1p (IL-1B)-primed gingival MSCs promote wound healing and
epidermal engraftment in vitro, and in vivo through their secreted products
that contain extracellular vesicles. In the present work, we investigated
whether two common sources of MSCs, gingiva and bone marrow, could
respond similarly to IL-1B to favor pro-healing capabilities of their secretome.
We showed that both primed-MSC sources, or their related secreted products, are
able to reduce inflammation in LPS-challenged human monocytic THP-1 cell line.
IL-1B priming enhanced MSC secretion of wound healing-related growth factors,
cytokines and miRNAs in both sources. Among them, interleukin 6 was shown to
be involved in the anti-inflammatory effect of MSC secreted products. Overall,
these results underline the pro-healing properties of both MSC sources and their
secretome upon IL-1 priming and their potential to improve the current medical
treatment of severe wounds.

KEYWORDS

mesenchymal stromal cells, priming, extracellular vesicles, secretome, interleurkin-6,
wound healing

1 Introduction

Restoration of the integrity and function of wounded skin is finely orchestrated in
inflammation, proliferation and remodeling phases involving specialized cell types, growth
factors and cytokines (Gurtner et al., 2008). For example, macrophages play key roles in the
inflammatory-proliferative phase transition, but these versatile cells also assist in all other
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stages of wound healing, to promote successful repair (Koh and
DiPietro, 2011). Abnormal macrophage function and excessive
inflammation, seen in chronic diseases or important acute
traumas, may result in delayed healing or excessive scarring
(Landen et al., 2016; Xu et al., 2020).

In recent years, many studies have highlighted the interesting
repair properties of mesenchymal stromal cells (MSC) (Cerqueira
et al., 2016; Nourian Dehkordi et al., 2019). Preclinical studies have
shown that MSCs influence distinct phases of wound healing,
including ~ macrophage  polarization,  acceleration  of
reepithelialization and matrix remodeling (Jackson et al, 2012;
Chen et al, 2016). Early clinical data have also reported their
safety and efficacy for wound repair (Bey et al, 2010; Huang
et al, 2020). Eventually, numerous preclinical studies have
emphasized the growing interest of their secretory products,
especially their extracellular vesicles (EV), for skin repair, which
paved the way for future acellular therapies (Chen et al., 2008; Li
et al., 2016; Kucharzewski et al., 2019).

Since their discovery in the bone marrow, MSCs have been
isolated from numerous tissues such as perinatal tissues, dental pulp
or adipose MSC  phenotype,
characteristics, and secretory activities differ according to their

tissues. However, biological
tissue sources (Macrin et al,, 2017). Indeed, it has been shown
that gingiva-derived MSCs (G-MSCs) possess better proliferation
and migration capacity than adipose-derived MSCs (Boink et al.,
2015), and that bone marrow-derived MSCs (BM-MSCs) display a
higher immunomodulatory activity compared to adipose or
Wharton’s jelly-derived MSCs (Petrenko et al, 2020). There is
currently no source commonly accepted for wound healing
therapy. G-MSCs and BM-MSCs are two sources with interesting
wound healing-related properties. On the one hand, G-MSCs have
been shown to enhance wound healing through anti-inflammatory
and pro-remodeling properties in a burn irradiation model (Linard
et al,, 2015). On the other hand, BM-MSCs have been shown to
increase re-epithelialization and thickness of the regenerated
epidermis (Fu et al, 2006), and to accelerate wound closure
through induction of macrophage polarization toward a pro-
healing phenotype (Alapure et al., 2018). Moreover, both sources
are known to produce EVs and growth factors with potent repair
activities (Pires et al., 2016; Yamada et al., 2019; Magne et al., 2020;
Nakao et al., 2021; Lorenzini et al., 2023).

MSCs are also known for their ability to sense their environment
and adapt accordingly to molecular, cellular, and physical
environments (Kusuma et al., 2017). This property has led to the
use of priming cues as stimuli to enhance MSC activity (Madrigal
et al, 2014). Upon injury, resident and remote cells are both
recruited to the wound area and activated by inflammatory
cytokines. Therefore, interferon gamma (IFN-y), tumor necrosis
factor alpha (TNF-a) and interleukin 1 beta (IL-1PB) have been
widely used to prime MSCs to a wounding environment (Noronha
et al,, 2019). In our previous work, we showed that IL-1p-primed
G-MSCs accelerate wound healing through the modification of their
secretory profile (Magne et al., 2020). Several studies indicate that
pure EVs are not sufficient to recapitulate MSC properties (Mitchell
et al., 2019; Papait et al., 2022; Wolf et al., 2022). Soluble molecules
can non-covalently bind around EVs forming a corona which itself
can participate in the biological effects of MSC-secreted products
(Wolfetal., 2022). However, the impact of an inflammatory priming
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on the secretome of different MSC sources and their efficacy to treat
skin wound healing has not been explored.

Here, we aimed to compare the impact of IL-1f priming on the
anti-inflammatory properties of two different MSC sources and their
secretomes. Our results demonstrated that both sources can decrease
inflammation. We also found that IL-1f priming modify the
secretome (proteins and miRNAs) of both cell types. In
particular, interleukin 6 (IL-6) is significantly highly secreted
upon priming and plays a substantial part in the reduction of
inflammation induced by MSC secretions.

2 Materials and methods

2.1 Cell isolation, culture and
characterization

This study was conducted in accordance with ethical principles
stated in the declaration of Helsinki. All the human cells were
isolated from surgical residues collected from healthy subjects
(surgical stomatology for G-MSC, hip replacement surgery for
BM-MSC). An informed, written consent was obtained from
donors. According to French law, a declaration but no ethical
committee approval was required for using these samples.

G- and BM-MSC were harvested as described previously
(Doucet et al.,, 2005; Magne et al., 2020) and were cultivated in
MEMa (Sartorius) culture medium supplemented with 5% human
platelet lysate [French Armed-forces Blood Transfusion Center
(Doucet et al.,, 2005)], 2 IU/mL heparin (Sanofi) and 100 IU/mL
penicillin (Panpharma), 50 pg/mL gentamicin (Panpharma), and
1 pg/mL amphotericin B (Cheplapharm Arzneimittel GmbH) or
10 pg/mL Ciprofloxacin (Bayer) for G- or BM-MSC respectively, at
37°C in a humid atmosphere under 5% CO,. G- and BM-MSCs were
characterized by flow cytometry and differentiation assays as
recommended by ISCT guidelines (Doucet et al., 2005; Dominici
et al., 2006; Magne et al., 2020).

The human monocytic THP-1 cell line (ATCC) was cultured in
RPMI (Gibco) medium supplemented with 10% heat-inactivated
fetal bovine serum (Cytiva), 50 pM B-mercapto-ethanol (Sigma) and
penicillin-streptomycin (100 U/mL and 100 ug/mL respectively,
Gibco).

2.2 MSC priming and conditioned medium
preparation

Following a previously-described method (Magne et al., 2020),
7 individual cell populations of either G-MSCs or BM-MSCs were
grown at passage 4 until 60% confluence and primed for 24 h with
1 ng/mL human recombinant IL-1f (Peprotech) (MSCy) or no
treatment (MSCyy). All seven populations of either G-MSCs or
BM-MSCs were grown and primed separately, but were used
together in functional assays after pooling them in equal cell
quantities. For conditioned media (CM) preparation, all seven
populations of G-MSCs or BM-MSCs were grown and primed
separately, washed three times in phosphate-buffered saline (PBS,
Thermo fisher) and incubated in human platelet lysate- and
antibiotic-free medium for 48h. Conditioned media from

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1244120

Dedier et al.

G-MSCs (G-CM) and BM-MSCs (BM-CM), either untreated
(CMyy) or after priming (CMy;) were separately collected and
concentrated 40 times using Amicon ultra centrifugal filter units
with 3-kDa cutoff (Millipore). In functional assays, all individual
CMyy and CMy, for both G-MSCs and BM-MSCs were pooled
together in equal volumes. Pooled CM total protein amount was
determined using the Bio-Rad Protein Assay kit. The contents of
CM were
immunosorbant assays (ELISAs) according to manufacturer’s

each individual analyzed using enzyme-linked
instructions (Biotechne) and real time quantitative polymerase

chain reaction (RT-qPCR, Section 2.4).

2.3 Inflammation assay

Human monocytic THP-1 cells were seeded in 24-well plates at
170,000 cells/mL, exposed to 1 ug/mL Lipopolysaccharide (LPS;
Escherichia coli O55:B5, L6529; Sigma), and cultured with either
pooled MSCyy or MSCy;, at a 1:10 MSC-to-THP-1 ratio, pooled
CMyy or CMy, at 10 pg/mL of total proteins, or human
recombinant IL-6 (Biotechne) at 695 pg/mL (corresponds to the
concentration measured in BM-CMyp). In some experiments, the
THP-1 cells were also treated either with an IL-6 receptor blocking
antibody (Tocilizumab, Selleckchem) or its IgG1 isotypic control
(Biotechne) at 100 pg/mL. THP-1 supernatants were collected after
24 h and assayed for TNF-a and interleukin 1 receptor antagonist
(IL-1RA) levels by ELISAs (Biotechne).

2.4 RT-gPCR

A volume of 100 uL of individual CM was mixed first with
300 uL Trizol LS Reagent (Sigma) and then with 80 uL chloroform
(Sigma) according to the manufacturer’s protocol (Sigma). Next,
aqueous phases were mixed with 200 uL isopropanol (Sigma) and
1 uL of glycoblue (Ambion AM9515). After 10 min of incubation,
the preparations were centrifuged at 12,000 g for 10 min. The pellets
were washed with 75% ethanol (Sigma), air-dried, and resuspended
in 20 pL of RN Ase free water (Qiagen). The samples were incubated
at 55°C during 15 min and frozen for future experiments.

Total RNA (10 ng per sample) was transcribed into cDNA using
miRCURY LNA RT Kit for miRNA (Qiagen). RT-qPCRs were
carried out using miRCURY LNA miRNA PCR Assays according
to manufacturer’s protocol (Qiagen) with LightCycler 480 II (Roche
Diagnostics), and analyzed with the LightCycler software (Roche
Diagnostics). The expressions of the target miRNAs were
normalized with the geometric mean of 4 reference miRNAs
(miR-191-5p, miR-23a-3p, miR-100-5p, miR-199a-3p) selected
using GeNorm software V3.5 (Vandesompele et al., 2002). Final
quantification is expressed as arbitrary units (AU) and consists of
the geometrical mean of the relative quantification (2744°T)
performed with each reference miRNA.

2.5 Statistics

All statistical analyses were conducted on R software (v. 4.0.2).
Wilcoxon or Mann-Whitney tests were performed to compared two
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conditions. For the variables having more than 2 modalities, we
performed Kruskal-Wallis test and Wilcoxon post hoc test with p
values adjusted by the FDR method. Significance level was set to p <
0.05. All charts were plotted as mean + standard error of the mean
on GraphPad Prism 6 software.

3 Results

3.1 Both MSC sources have comparable anti-
inflammatory effects in vitro

We investigated the immunomodulation response of BM-
MSCs and G-MSCs after IL-1B-priming, using an in vitro
inflammation assay. First, MSCyy and MSCy, from bone
marrow and gingiva both reduced the inflammatory response
of LPS-challenged human monocytic THP-1 cell line as
demonstrated by a strong decrease in TNF-a and increase in
IL-1RA levels in supernatants (p < 0.001, Figure 1A). MSCyy,
tended to be superior to MSCyy in decreasing TNF-a levels in
THP-1 supernatants, for the gingiva origin (p = 0.105, Figure 1A)
compared to bone marrow (p = 0.357, Figure 1A). We next
investigated whether similar effects would be observed using
of MSCs from both CM
concentration was performed to increase the concentration of
the soluble factors and EVs in CM (Magne et al., 2020). We
showed that CMy; were more efficient to decrease TNF-a and

concentrated CM sources.

increase IL-1RA compared to CMyy in both sources in LPS-
challenged THP-1 supernatants (p < 0.001, Figure 1B). We also
noted that BM-CMjy;, induced a higher increase of IL-1RA
compared to G-CMy, (p < 0.05, Figure 1B). Thus, these results
indicate a similar anti-inflammatory response for both MSC
sources and their respective secretome upon IL-1p priming.

3.2 IL-1P priming impacts MSC secretome of
both sources

As MSC efficiency relies on release of secretory products
(Nourian Dehkordi et al, 2019), we next sought to better
understand their mechanisms of action. Therefore, we quantified
by ELISA a selection of wound healing-related proteins known to be
key paracrine actors of the MSC effects in our CM, to determine if
both sources respond similarly to IL-1B. We found that IGFBP-7,
STC-1, FGF-7, and IL-6 were significantly upregulated in CMyy,
compared to CMyy in both sources (p < 0.05, Figure 2A). The IL-1p
priming significantly increased TGF-p1, VEGF and FGF-2 secretion
(p < 0.05, Figure 2A) only in the G-CM whereas QSOXI secretion
was significantly increased only in the BM-CM (p < 0.05, Figure 2A).
Priming induced different HGF secretion responses in both sources,
with an increase in HGF expression in the G-CM;, and a decrease in
HGF levels in the BM-CMy, (p < 0.05, Figure 2A). Molecules
involved in extracellular matrix remodeling were also affected by
the priming in both sources, with a significant increase in matrix
metallopeptidase 1 (MMP-1) and MMP-9 secretion (p < 0.05,
Figure 2A). However, IL-1B priming had no impact on tissue
inhibitor metallopeptidase 1 (TIMP-1) secretion (Figure 2A).
When comparing CMy;, from both sources, our results indicated
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Bone marrow and gingiva-derived MSCs display comparable anti-inflammatory effects in vitro. (A) Dosage of TNF-a and IL-1RA in the supernatants

of LPS-challenged THP-1 cells co-cultured for 24 h with BM or G-MSCyy or MSC,_ (ratio to LPS, n = 5-10). (B) Dosage of TNF-a and IL-1RA in the
supernatants of LPS-challenged THP-1 cells cultured with BM or G-CMyy or CM,_at 10 pg/mL of total proteins for 24 h (ratio to LPS, n = 9-19). Values are
expressed as mean + SEM. *p < 0.05, ***p < 0.001 (comparison with LPS alone condition); $ p < 0.05, $$S$ p < 0.001 (comparison between indicated
conditions); SEM, standard error of the mean; MSCyy. naive mesenchymal stromal cells; MSCy,, IL-1p-primed MSC; BM, bone marrow, G, gingiva; CM,
conditioned medium; IL-1RA, IL-1 receptor antagonist; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor-a.

that BM-CM contained a significantly higher concentration of
QSOX1 and FGF-2 compared to G-CM (p < 0.05, Figure 2A).
We also studied the secretion of a selection of miRNAs specifically
related to wound healing functions (Fang et al., 2016; Hu et al,
2018). Our results indicated a differential regulation of macrophage
polarization-related miRNAs (Li H. et al., 2018) between both MSC
sources after IL-1p priming. Concerning M2-polarizing miRNAs,
we showed an upregulation of miR-146a-5p in CMy;, compared to
CMyy; in both sources (p < 0.05, Figure 2B). The secretion of miR-
24-3p and miR-210a-3p were only upregulated in CMy;, for BM
source (p < 0.05, Figure 2B). Concerning M1-related miRNA, we
found a decrease of miR-199a-3p in CMy, compared to CMyy in
both sources (p < 0.05, Figure 2B). MiR-21-5p was decreased only in
G-CMy;, whereas miR-125b-5p secretion was decreased only in BM-
CMy, (p < 0.05, Figure 2B). When comparing CMy;, from both
sources, our results indicated that G-CM contained a significantly
higher concentration of miR-146a-5p (p < 0.001, Figure 2B) whereas
BM-CM contained a significantly higher concentration of miR-24-
3p (p < 0.01), miR-210-3p (p < 0.01), and miR-21-5p (p < 0.001,
Figure 2B). Thus, these results indicate slight differences between the
two secretory profiles among both sources with higher secretion of
wound healing-related molecules in BM-MSC;;..
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3.3 IL-6 plays key roles in the anti-
inflammatory effect of CM from both MSC
sources

In our secretome analysis (Figure 2), IL-6 appears to be one of the
factors whose concentration is most increased during IL-1f priming.
According to the literature, IL-6 plays important roles in wound healing
(McFarland-Mancini et al., 2010). We thus investigated whether IL-6
could be responsible for the anti-inflammatory effect elicited by the
CMy, in our inflammation assay. Similarly to BM-CMj;, recombinant
human IL-6 (rhIL-6), used alone at the concentration measured in BM-
CMy,, significantly decreased TNF-a levels in LPS-challenged THP-1
cell cultures compared to LPS (p < 0.001, Figure 3) and increased IL-
IRA (p < 0.001, Figure 3). Similar results were obtained when using
rhIL-6 alone at the concentration measured in G-CMj; (data not
shown). The use of IL-6 receptor blocking antibody partly
counteracted the effect of rhIL-6, BM-CMy and BM-CMyy on
TNF-a secretion (p = 0.069 for rhIL-6, p < 0.01 for BM-CMy; and
BM-CMyy, Figure 3) and also on IL-1 RA secretion (p < 0.05 for rhIL-6,
p < 0.001 for BM-CMy;, and BM-CMyy;, Figure 3). Taken together,
these results suggest that BM-CMj;, promote reduction of inflammation
in part through IL-6 pathway.
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FIGURE 2

IL-1pB priming remodel the secretome of bone marrow and gingiva-derived MSCs. (A) ELISA dosages of selected wound healing-related proteins in
CMyy or CM,, of both sources G or BM used at 10 pg/mL of total proteins (n = 7 MSC donors). (B) Relative abundance of selected miRNA in CMyy or CM,,
of both sources of MSCs normalized with four internal reference miRNA (n = 7 MSC donors). Values are expressed as mean + SEM. *p < 0.05; **p < 0.01;
***p < 0.001; ns, non-significant; CM, conditioned medium; G, gingival; BM, bone marrow; NV, naive; IL, primed with IL-1p; AU, arbitrary units;
IGFBP-7, insulin growth factor protein 7; STC-1, stanniocalcin-1; FGF-7, fibroblast growth factor-7; IL-6, interleukin-6; TGF-f1; transforming growth
factor B1; VEGF, vascular endothelial growth factor; FGF-2, fibroblast growth factor 2; QSOX1, quiescin sulfhydryl oxidase 1; HGF, hepatocyte growth
factor; TIMP-1, tissue inhibitor of metalloproteinases 1, MMP-1, matrix metalloproteinase 1; MMP-9, matrix metalloproteinase 9

4 Discussion

tissue sources (including bone marrow and gingiva) can display similar
anti-inflammatory potency and respond comparably to IL-1p priming.

MSCs hold great potential in cell therapy for skin wound healing ~ Our results indicate that both sources are comparable after IL-1{
due to their immunomodulatory properties, their pleiotropic activities ~ priming in our in vitro model of inflammation (Figures 1A, B).
to support other cell types and their capacity to respond to their =~ These findings correlate with previous in vitro studies showing no
environment. In this study, we tested whether MSCs from different  difference between both sources for their immunomodulatory ability in
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a T lymphocyte proliferation test (Li J. et al., 2018), or with in vivo study
indicating similar effects of BM and G-MSCs to reduce necrosis in the
stasis zone around the burn in a rat model (Abbas et al., 2019).

We also showed that IL-1p priming improves the anti-
of MSC
(Figure 1B and data not shown). This beneficial effect correlates
with other studies evidencing that IL-1B-primed MSC-derived
secretory  products ameliorate sepsis through macrophage
M2 polarization (Song et al, 2017; Yao et al, 2021) and favor
wound healing of full-thickness excisional skin wounds (Park et al,
2018). Our study, along with others (Maffioli et al,, 2017; Redondo-
Castro et al., 2018), evidence that inflammatory priming leads to major

inflammatory  effect secretome from both sources

secretome changes in terms of growth factors, interleukins,
inflammatory mediators and extracellular matrix remodeling
components. Moreover, studies comparing different inflammatory
primings (Burja et al,, 2020; Wedzinska et al, 2021), indicated that
IL-18 most profoundly increases the expression of cytokines and
chemokines with anti-inflammatory properties. Our results indicated
that basal level in CMyy of some factors (VEGF, HGF, MMP-1) were
significantly different between both sources but became similar in CMy;.
While some factors were differentially secreted upon IL-1f priming
between the two sources, anti-inflammatory factors such as IGFBP-7 or
IL-6 were strongly secreted in both sources (Figure 2A). As shown in
several studies (Peltzer et al,, 2020; Giunti et al,, 2021), inflammatory
priming impacts also the composition of EV cargoes such as miRNAs.
Several mi-RNAs as miR-199a-3p, miR-125b-5p, miR-21-5p found in
our study are also reported in miRNAs landscape of MSC-Extracellular
Vesicles described by Ferguson (Ferguson et al., 2018), comforting that
miRNA found in our secretome may be carried out by EVs. Several
studies reported that miR-146a-5p, which is also upregulated after IL-1§
priming, is capable to decrease inflammation and fibrosis formation
(Song et al,, 2017; Liang et al., 2019; Wu et al,, 2019). Our study showed
variations in the factors and miRNAs evaluated between both sources.
For example, some factors with favorable ant-inflammatory activity
reported in literature such as miR-146a-5p or FGF-2, QSOX-1 and
miR-24-3p were found in higher amount in G-CMy, or BM-CM,
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respectively. However, CMj;, from both sources displayed anti-
inflammatory activity (Figure 1B) suggesting a balance provided by
the amounts of the different factors. As other investigators, we showed
that IL-1B induces the secretion of IL-6 in both MSC tissue sources
(Burja et al., 2020). In our study, we demonstrated with a blocking
antibody that IL-6 plays a key role in the anti-inflammatory properties
of the CM (Figure 3). These results correlate with different studies
shedding light on the potential role of IL-6 in wound healing. Heo et al.
(2011) showed that a conditioned medium from TNF-a-primed MSCs
stimulates cutaneous wound healing through IL-6- and IL-8-dependent
mechanisms. Another team provided evidence that BM-MSC
inflammatory preconditioning highly favors their potential to
promote IL-6-dependent M2b polarization (Philipp et al, 2018). A
cyto-protective effect of MSC-EV on liver failure has also been
evidenced involving the IL-6/STAT3 pathway (Tan et al, 2014).
Thus, the reported effects of CMy in our study could be attributable
to the presence of proteins and EVs carrying growth factors, cytokines,
and miRNAs.

In conclusion, in this article, both sources of primed-MSCs
exhibit similar pro-healing properties. The priming strategy
represents an interesting option to optimize the properties of
MSC secretory products and possibly extracellular vesicles that
could be used as a promising skin wound healing therapy.
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