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ARTICLE INFO ABSTRACT

Keywords: Regenerative endodontic procedures (REP) aim at reestablishing tooth vitality by replacing the
Regenerative endodontic procedures irreversibly damaged dental pulp removed by the dental practitioner with a new functional one.
Fibrin

The current treatment of advanced caries relies on the replacement of the inflamed or necrosed

E,Ier:till pullz dental pulp with an inert filling material. This leads to a functional but non-vital tooth, which
etalloproteases o1s . .
IntegrinI; lacks the ability to sense dental tissue damage, and to protect from further bacterial attack.

Therapeutic strategies inspired by tissue engineering called REP propose to regenerate a fully
functional dental pulp directly in the canal space. Promising results were obtained using dental
pulp mesenchymal stem cells (DP-MSCs) in combination with bio-inspired artificial and tempo-
rary 3D hydrogels made of extracellular matrix molecules such as collagen and fibrin bio-
macromolecules. However, the uncontrolled mechanisms of DP regeneration from DP-MSCs in 3D
biomacromolecules fail to regenerate a fully functional DP and can induce fibrotic scarring or
mineralized tissue formation to a non-negligible extent. The lack of knowledge regarding the
early molecular mechanisms initiated by DP-MSCs seeded in ECM-made hydrogels is a scientific
lock for REP. In this study, we investigated the early DP-MSC-response in a 3D fibrin hydrogel.
DP-MSCs isolated from human third molars were cultured for 24 h in the fibrin hydrogel. The
differential transcript levels of extracellular and cell surface genes were screened with 84-gene
PCR array. Out of the 84 genes screened, 9 were found to be overexpressed, including those
coding for the integrin alpha 2 subunit, the collagenase MMP1 and stromelysins MMP3, MMP10
and MMP12. Over-expression of ITGA2 was confirmed by RT-qPCR. The expression of alpha 2
integrin subunit protein was assessed over time by immunoblot and immunofluorescence
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staining. The increase in the transcript level of MMP1, MMP3, MM10 and MMP12 was confirmed
by RT-qPCR. The overexpression of MMP1 and 3 at the protein level was assessed by immunoblot.
MMP3 expression by DP-MSCs was observed by immunofluorescence staining. This work dem-
onstrates overexpression of ITGA2 and of MMP1, 3, 10 and 12 by DP-MSCs cultured in a fibrin
hydrogel. The main preliminary extracellular and cell surface response of the DP-MSCs to fibrin
hydrogel seems to rely on a ITGA2/MMP3 axis. Further investigations are needed to precisely
decipher the role of this axis in dental pulp tissue building. Nevertheless, this work identifies
extracellular and cell surface molecules that could be potential checkpoints to be targeted to
guide proper dental pulp tissue regeneration.

1. Introduction

Regenerative endodontic procedures (REP) have been proposed to regenerate tooth vitality in case of endodontic treatment of
irreversible pulpitis [1-3]. Various synthetic, natural or bio-inspired scaffolds have been tested to promote dental pulp (DP) regen-
eration [4-9]. However, the poorly understood and uncontrolled mechanisms of regeneration could induce the formation of scar
fibrous or mineralized dysfunctional tissues [9-14]. Proper tissue regeneration requires finely tuned degradation of the temporary or
damaged tissue and neo-synthesis of a scar-free functional tissue [15]. This process involves a battery of cell surface receptors and
proteases, such as integrins and metalloproteases (MMPs) to sense the environment and orchestrate ECM remodeling [16,17].

The use of dental pulp mesenchymal stem cells (DP-MSCs) for pulp regeneration gave promising results [5,18,19]. Their origin and
their easy isolation from human third molars extracted for orthodontic reasons make them the best candidates to regenerate the DP
[20]. The immunomodulatory properties of DP-MSCs lead to the inhibition of T-cell response and to the modulation of the M1/M2
ratio to the benefit of an anti-inflammatory response required for ECM building during tissue regeneration [21]. DP-MSCs show a
fibroblastic shape in cell culture and an immunophenotypic profile of mesenchymal cells by the expression of stemness/progenitor
markers including CD271, Stro-1, CD146, and/or MSCA-1 [22]. These cells display a trilineage differentiation capacity (osteoblasts,
adipocytes and chondrocytes) which confirmed their stemness property [23]. DP-MSCs express metalloproteases such as MMP2,
MMP9, MMP7, MMP23 and MMP25 [24-26]. However, the mechanisms initiated by DP-MSC in a fibrin hydrogel need to be further
investigated to control the regeneration process and minimize scar or mineralized tissue formation.

In physiological conditions, fibrin plays a crucial role in hemostasis and wound healing by forming a fibrous network [27]. The
success of tooth revitalization based on induced peri-apical bleeding and blood clot formation into the root canal strongly suggests that
fibrin-based biomaterials could be used as 3D scaffolds in dental pulp regeneration procedures [1,28,29]. These experiments have
shown that a fibrin meshwork can form a natural hydrogel that constitutes a cell scaffold biologically adapted to DP regeneration. The
fibrin scaffold is cytocompatible, physiologically degradable and is replaced with a new cell-derived extracellular matrix (ECM) within
few days [30]. The cryptic peptides released following fibrin degradation support tissue remodeling by promoting angiogenesis and
chemotaxis [31,32]. Moreover, mechanical properties of the fibrin hydrogel can be fine-tuned by modifying fibrinogen concentration
and ionic strength [30]. Several studies demonstrated that fibrin hydrogels appear to be particularly well suited to dental pulp
regeneration as they are propitious for DP-MSC viability and for the formation of a collagen-rich pulp-like tissue in vitro and in vivo [7,
28,33,34]. Fibrin therefore appears to be a biomacromolecule of choice to design of hydrated 3D scaffolds for tissue regeneration.
However, very little is known about DP-MSC behavior into the fibrin scaffold, and in particular how they interact with the scaffold and
how they degrade and replace it with a new extracellular matrix during the regenerative process. We postulated that the recognition of
matrix environment by the cells and the resulting cell adhesion process may be early events important to orientate DP-MSC phenotype
towards acquisition by the cells of the ability to produce a DP-like ECM.

Human cells interact with fibrin mainly through an integrin-driven mechanism mediated by Arg-Gly-Asp (RGD) sequences. The
integrins involved differ according to the cell type: platelets bind fibrin through integrins aIlbp3 [35], leukocytes through aMp2/Mac-1
[36] and fibroblasts through aVp3 [28,37]. These interactions induce blood clot formation and lead to ECM remodeling and in-
flammatory response. Fibrin has also binding sites for other ECM proteins, such as fibronectin and vitronectin, that could regulate cell
adhesion and response through multiple mechanisms involving cell-surface receptor clustering and cross-talks [38-40]. Fibrin
degradation occurs in vivo by the plasmin-centered fibrinolytic cascade originating mainly from endothelial cells [17,41,42]. Activated
plasmin forms the center of a proteolytic hub constituted by several MMPs (MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12,
MMP13, MMP14). This protease hub leads to fibrin cleavage by some MMPs (MMP3, MMP8, MMP9, MMP12, MMP13, MMMP14)
[43-45] and to the activation of many cytokines, chemokines and growth factors to promote tissue remodeling. To date, DP-MSC
response in fibrin hydrogels including integrin and MMP expression remain unknown and should be investigated to optimize the
use of fibrin as a biomaterial by controlling fibrin degradation and ECM replacement.

This study investigates the early response of DP-MSCs seeded in a fibrin hydrogel by focusing on the extracellular and cell surface
molecules that could initiate the regeneration process to identify molecular actors that might be targeted to rationally control the
regeneration process and drive proper dental pulp tissue formation in different pathological contexts.
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2. Materials and methods
2.1. DP-MSCs collection

Healthy impacted human third molars were collected from donors aged 11-17 years with informed consent of the donors and their
parents, in accordance with the recommendations of the World Medical Association’s Declaration of Helsinki and following a protocol
locally and nationally approved by the French Ministry of Higher Education and Research (CODECOH: DC-2014-2325) [22]. Cells from
seven different donors were used for this study including eight females (11, 13, 14, 14, 15, 15, 16 and 17 years old) and three males
(two of 15 years old and one of 16 years old). These cells display a fibroblast-like structure in 2D cell culture and a mesenchymal
immunophenotypic profile with the expression of stem/progenitor cell markers CD271, Stro-1, CD146, and/or MSCA-1 22, Their
stemness was confirmed by the ability to differentiate into osteoblasts, adipocytes and chondrocytes [23].Transcript levels of selected
proteins were validated using DP-MSCs from at least one male and one female. No differences were observed in the induced protein
expression by DP-MSCs in fibrin hydrogel between females and males. Dental pulps from teeth between Nolla developmental stages 5
(crown almost completed) and 7 (one third root completed) were gently extirpated from pulp cavities and cut into fragments of about
0.5-2 mm? as reported previously [22]. Fragments were then seeded as explants on dishes pre-coated with human placental collagens I
and III (ABCellBio, Paris, France), and then cultured in chemically defined culture medium SPE- IV/EBM (ABCellBio) supplemented
with 100 IU/mL penicillin and 100 pg/mL streptomycin (Life Technologies, Saint Aubin, France). DP-MSCs outgrowing from the
explants were passaged four times with xeno-free recombinant protease TrypLe® Select 1X (Life Technologies) for amplification.

2.2. Construction of hydrogels

Fibrin hydrogels were produced as previously reported [34,46]. Briefly, a fibrinogen solution was prepared in a calcium-free
phosphate buffered solution pH 7.2 containing 150 mM NaCl, 20 mM CaCl,. The fibrinogen concentration was calculated to get a
10 mg/mL fibrin concentration in the final hydrogel. DP-MSCs were added to the fibrinogen solution to get a final concentration of
2.2e5 cells/mL. A 0.4 U/mL thrombin solution was then added to initiate fibrinogen polymerization into fibrin and meshwork for-
mation. Fibrin hydrogels were poured in home-made inserts conceived from tips. The inserts were used for culture in 96 well plates in
SPE- IV/EBM culture medium.

2.3. RNA extraction from hydrogels and RT-qPCR

RNA extraction and RT-qPCR were performed as described previously [34]. After culture, RNA was extracted from DP-MSCs with
the Nucleospin® RNA II kit (Macherey Nagel, Diiren, Germany) according to the manufacturer protocol. The amount of isolated RNA
was determined by measuring the absorbance at 260 nm by a spectrophotometric method (Nanodrop 2000, Thermofischer Scientific).
Purity was assessed by determining absorbance ratios of A260/A280 (greater than 1.9) and A260/A230 (between 2.0 and 2.2). When
RNAs are extracted and of adequate quality, a retrotranscription step was performed. The cDNA was obtained from 200 ng of total RNA
with which the protocol of the Prime Script RT reagent kit (Takara, Ozyme, Montigny-le-Bretonneux, France) was applied. RT-qPCR
experiments were performed on 7 donors for ITGA2 (4 females of 13, 14, 15 and 16 years-old and 3 males of 15, 15 and 16 years-old)
and 6 donors for ITGA1, ITGAV, ITGB1, ITGB3 (4 females of 11, 14, 16 and 17 years-old and 2 males of 15 and 17 years-old)

2.4. PCR array

Expression of 84 genes involved in cell adhesion, signaling and matrix remodeling was assessed using the RT2 Profiler PCR Array -
Human Extracellular Matrix & Adhesion molecules (Qiagen). The PCR array was performed using cells from a single donor (female of
15 years-old). RNA was extracted for the cells just after addition to fibrin hydrogel or after 14 h of culture. Complementary DNA was
retrotranscribed from 200 ng RNA and diluted at 1/3. Diluted cDNA (25 pL) was deposited with the ready-to-use RT2 SYBR Green
gPCR Master Mix in each well containing a set of primers specific to the gene analyzed. PCR was then performed in the Rotor-GENE Q
thermal cycler (Qiagen, Hilden, Germany) as a conventional PCR. The device was programmed for an initial denaturation step at 95 °C
for 10 min followed by 50 cycles of rising to 95 °C (denaturation) for 10 s and lowering to 60 °C (hybridization) for 20 s. Each assay was
performed in duplicate and a negative control was systematically performed by replacing cDNA with water. The expression levels of
each transcript were normalized to the cDNAs of the housekeeping gene RPL13A, encoding the ribosomal protein L13A selected
because of its stability in stem cells [47].

The set of fluorescence thresholds noted Ct of each gene contained in the PCR array was calculated using the software of the device.
Finally, fold change of gene expressions was calculated by comparing the day 0 (D0O) condition with the day 1 (D1) condition using the
2°-AACt method [48]. Each value obtained was normalized with 5 housekeeping genes (actin, p-microglobulin, GADPH, HPRT1,
RPLO) to enhance robustness of the result and compared with 3 controls (human genomic DNA contamination, reverse transcriptase
positive control, positive PCR control). Genes of interest for the rest of the study were selected based on three criteria: fold change
value, corrected t-test p-value, and relevance of the gene to current literature.
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2.5. Primer design and validation

To validate results obtained with the PCR array for the selected genes, their expression was assessed with real-time PCR (qQPCR) on a
minimum of 3 samples originating from different donors. Primers sequences for ITGA1 were picked from the literature [49], all others
were designed. The Ensembl database [50] was queried to obtain the gene and the Primer Blast resource [51] was used to design the
primers without off-targets and with the optimal parameters for RT-qPCR: primer length between 70 and 200 base pair, GC ratio
between 50 and 60 %, melting temperature between 59 and 65 °C, avoiding exon-exon junction and with the lowest
self-complementarity score. Characteristics of all the primers (sequence, %GC, melting temperature, efficiency, NCBI RefSeq code for
targeted mRNA sequence) were reported in the supplementary section (S1. A). Primer efficiencies were determined using calibration
lines constructed from decreasing concentration ranges of cDNA derived from 200 ng of RNA extracted from DP-MSCs after one day of
culture in a fibrin hydrogel.

2.6. Western blot analyses

To extract proteins from DP-MSCs cultured in fibrin hydrogels, protein samples were suspended in Laemmli buffer supplemented
with 5 % of BME. Proteins obtained directly from the sample were loaded on a polyacrylamide gel (11 % running/4 % stacking).

A time-course study from DO to D4 was performed to evaluate the overexpression at the protein level. The protein expression of
ITGA2 (antibody MA5-32306, Invitrogen), MMP1 (antibody MAB901, RND Systems) and MMP3 (anti-MMP3 produced in rabbit,
HPA007875, Sigma Aldrich) was validated by immunoblot. Proteins were quantified at DO, D2 and D4 using 5 donors for ITGA2 (3
females of 11, 16 and 17 years-old and 2 males of 15 years-old), 4 donors for MMP1 (3 females of 13, 14 and 14 years-old and 1 male of
15 years-old) and 6 donors for MMP3 (4 females of 11, 14, 16 and 17 years-old and 2 males of 15 and 17 years-old). Membranes were
reported as supplementary materials (§2-4). To normalize the signal from the tested proteins, actin labeling was done. Antibodies were
diluted at 1/1000 (anti-ITGA2), January 2000 (anti-MMP1), 1/500 (anti-MMP3) and 1/1000 (anti-actin) in 5 % milk PBS-Tween.

2.7. Immunofluorescence experiments

Hydrogels were collected from the plastic molds and fixed in 4.5 % paraformaldehyde (PFA) overnight at 4 °C. Samples were then
embedded in paraffine and 50 pm thick sections were made with a Leica handheld microtome. Samples were gradually rehydrated and
then washed 2 x 5 min with PBS-Tween 20 and then once with PBS for 5min. Citrate buffer pH5 was used to unmask the major antigens
and for them to be recognized by the corresponding antibody. Then, a blocking step with 5 % BSA was performed to block aspecific
binding of the antibody. The primary anti-MMP3 or anti-ITGA2 antibodies were diluted respectively at 1:50 and 1:1000 in 2.5 % BSA
and incubated overnight at 4 °C. Recovered samples were then washed as above. The revelation was then done with the secondary
antibody Alexa 546 (A11030, Invitrogen, Carlsbad, USA) diluted at 1/1000 in 2.5 % BSA. Samples were incubated for 1h in a humid
chamber protected from light at room temperature. After washing, slides were mounted in Vectashield® Antifade Mounting Medium
(H-1200-10, Vector Laboratories) containing the DNA intercalant DAPI. Slides were then observed with a Nikon TiE inverted fluo-
rescence microscope (Nikon instrument inc. Melville, USA) motorized with DAPI filters for nuclei (ex: 358 nm/em: 461 nm) and TRITC
(ex: 544 nm/em: 570 nm).

2.8. Statistical analyses

The Wilcoxon-Mann-Whitney test was used to compare the gene expression levels between two time points (TO and T24). This test
was chosen due to its ability to handle both paired and independent samples. This method allowed us to account for the nature of the
samples and conduct an adequate statistical analysis to determine whether there were significant variations across the time periods.
Differences were considered significant when the probability value P was lower than 0.05. All analyses were performed using the
Graph Pad Prism 9.0.1 software (GraphPad Software, La Jolla, CA).

3. Results
3.1. Screening of extracellular matrix and cell surface proteins

To identify the genes involved during the early steps of the matrix synthesis and remodeling of the tissue, a qPCR array was
performed on human DP-MSCs cultured in a fibrin hydrogel. Experiments were focused at DO and D1 to focus on the genes initiated by
DP-MSCs after culture in fibrin hydrogel. Among the 84 genes investigated, 38 (45 %) were significantly over-expressed or under-
expressed at least two-fold after 1 day of culture (D1) compared to the day of seeding (DO0). A list of genes is presented in Table 1
and shows that almost all of them correspond to a positive regulation. Only the VCAM1 molecule has a log2 fold change of —5.47, i.e.,
44 times less expressed at D1 than at DO. Conversely, MMP3, MMP10 and MMP1 genes were strongly upregulated, between 1000 and
8000 times more at D1 (10 < log2 FC < 13) (Table 1).

A final selection was performed among the 38 genes to confirm the observed upregulation or downregulation. The study was
narrowed down to 11 genes based on the log fold change (Log FC) and the p-value (Table 1).

The genes were first sorted into the families to which they belong, and then shown as a heatmap (Fig. 1). This representation gave
us a broad overview of all the genes analyzed while also highlighting the ones that were the most regulated.
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Table 1
Main genes with a strong regulation between DO and D1 identified by RT-qPCR. Sorting of the differentially expressed genes based on the
log2FC (fold change), p-value and relevance regarding literature.

Symbol Gene description Log FC p-value

MMP3 Matrix metallopeptidase 3 13.02 0,000000
MMP10 Matrix metallopeptidase 10 10.23 0.000002
MMP1 Matrix metallopeptidase 1 10.04 0.000015
ITGA2 Integrin, alpha 2 7.89 0.000000
SPP1 Secreted phosphoprotein 1 7.81 0.000002
MMP8 Matrix metallopeptidase 8 5.69 0.000043
TNC Tenascin C 5.49 0.000000
MMP12 Matrix metallopeptidase 12 5.32 0.000054
MMP9 Matrix metallopeptidase 9 4.89 0.000005
TIMP1 TIMP metallopeptidase inhibitor 1 4.65 0.000000
LAMA3 Laminin, alpha 3 4.41 0.007955
PECAM1 Platelet adhesion molecule 4.28 0.000176
LAMB3 Laminin, beta 3 4.26 0.000002
TGFBI Transforming growth factor 3.93 0.000001
COL7A1 Collagen, type VII, alpha 1 3.92 0.000000
CD44 CD44 molecule 3.73 0.000003
COL8A1 Collagen, type VIII, alpha 1 3.06 0.000008
ITGAS Integrin, alpha 5 3.05 0.000014
LAMA1 Laminin, alpha 1 2.97 0.003188
VCAM1 Vascular adhesion molecule 1 —5.47 0.000001

Log2(FC)

ECM components

Signalling/others

Fig. 1. Screening of extracellular and cell surface genes expressed by DP-MSCs in fibrin hydrogel. Extracellular and cell surface genes differentially
expressed after 1 day were screened using a PCR array. Results were represented by a heatmap where each box’s color is proportional to its fold
change value in the logarithm base of two (scale at the right). The genes in both red and bold are the top 10 most significantly up-regulated.
Corrected t-test was performed for this analysis. Pvalues < 0.005 for red-colored genes.

Four MMPs molecules were selected because of their very high fold change and their relevance in our study: MMP1, MMP3,
MMP10, and MMP12. The majority of compounds with active regulation were found in this category. MMP3 stands out from the other
genes with a fold change of 13.02, indicating a strong increase during the first day of culture. It was accordingly selected to be further
studied at protein level.

This analysis reveals the transcriptional regulation of adhesion molecules such as osteopontin (SPP1) and tenascin (TNC). The main
role of these molecules is to interact with cells and proteins of the matrix which will trigger the activation of specific signaling
pathways involved in ECM remodeling [52]. VCAM1 gene expression significantly decreased, but no link has been established with
regenerative processes and further studies are needed to better understand this result.

3.2. ITGA2 expression by DP-MSCs cultured in a fibrin hydrogel

Screening of the cell surface and extracellular genes expressed by DP-MSCs cultured in a fibrin hydrogel was performed. This
screening is limited by the use of cells from a single donor. The transcript level of integrin subunits expressed by mesenchymal cells and
known to bind collagen (ITGA1, ITGA2, ITGB1) or fibrin (ITGAV, ITGB3) was further assessed by RT-qPCR [53]. While ITGA1, ITGAV,
ITGB1 transcript levels are not affected, the transcript levels of ITGA2 and ITGB3 genes were significantly upregulated after 24 h of
culture of DP-MSCs in the hydrogel (Fig. 2A-E). Increase of the transcript level did not necessarily reflect the protein level as several
mechanisms could regulate the protein expression such as the spatial and temporal availability of mRNA for protein biosynthesis or
protein degradation [54]. Protein expression was assessed for ITGA2 for which all the 7 donors show an increase of ITGA2 subunit
transcript level (Fig. 2B). Experiments were performed during the four first days to investigate the protein initially expressed by
DP-MSCs in fibrin hydrogel. The ITGA2 protein level was quantified using cells from 5 donors at DO, D2 and D4. Upregulation of ITGA2
transcript level resulted in the increase of the ITGA2 protein level (Fig. 2F). The overall ITGA2 protein level dramatically increases at
D1 comparing to the starting level observed just after fibrin hydrogel polymerization and further increases between D2 and D4
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Fig. 2. Early expression of integrin-alpha 2 subunit by DP-MSCs in fibrin hydrogel

Transcript level of ITGA1 (A), ITGA2 (B), ITGAV (C), ITGB1 (D); ITGB3 (E) expressed by mesenchymal cells were investigated in DP-MSCs from
different donors cultured in fibrin hydrogels for one day (n = 7 for ITGA2 and n = 6 for the other genes). Statistics were performed using a Mann-
Whitney test. **pvalue <0.01; ***pvalue < 0.001; ns: non-significant. (F) Protein level of ITGA2 assessed by immunoblot using DP-MSCs cultured in a
fibrin hydrogel from day 0 (DO) to day 4 (D4). Protein level of actin was used as control. Quantification of ITGA2 protein level at day 0, 2 (D2) and 4
was performed using 5 different donors and reported as relative protein expression to actin. Statistics were performed using a Mann-Whitney test.
Pictures of the immunoblot membranes were reported as supplementary material (S2 A-J). The immunoblot membranes used for illustration were
reported in the supplemental sections (S2 E) and (S2 J). (G) Immunofluorescence imaging of ITGA2 in DP-MSCs cultured in a fibrin hydrogel at day
0 (D0), day 2 (D2) and day 4 (D4). Scale bar is 25 pm.

(Fig. 2F). ITGA2 was observed by immunofluorescence in DP-MSCs with a specific antibody using a single donor. It clearly confirms the
overexpression of ITGA2 by DP-MSCs in fibrin hydrogels at D2 and D4 (Fig. 2G).

3.3. MMP expression by DP-MSCs in fibrin hydrogels

Screening of the extracellular proteases expressed by DP-MSCs in fibrin hydrogel using a single donor shows the upregulation of
genes encoding the MMP1 collagenase and the MMP3, MMP10 and MMP12 stromelysins (Table 1). This result was confirmed by RT-
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Fig. 3. Early expression of MMP1 and MMP3 by DP-MSCs in fibrin hydrogels

Transcript level of MMP1 (A), MMP3 (B), MMP10 (C) and MMP12 (D) expressed by mesenchymal cells were investigated in DP-MSCs from different
donors (n = 5) cultured in fibrin hydrogels for one day. The transcript level of MMP3 is not detectable for two donors at day 0. Statistics was
performed with a Mann-Whitney test. **pvalue <0.01; ***pvalue<0.001; ns: non-significant. Protein levels of MMP1 (E) and MMP3 (F) assessed by
immunoblot from day 0 (DO) to day 4 (D4). Protein quantification at day 0, 2 (D2) and 4 was performed using 4 and 6 different donors respectively
for MMP1 and MMP3 and reported as relative protein expression to actin. Statistics were performed using a Mann-Whitney test. Pictures of the
immunoblot membranes used for quantification were reported as supplementary material (S3 A-H, S4 A-F and S4 H-M). The immunoblot mem-
branes used for illustration were reported in the supplemental sections (S3 B, S3 F, S4 G and S4 N). (G) Immunofluorescence staining of MMP3 in
DP-MSCs cultured in a fibrin hydrogel at day 0 (DO0), day 2 (D2) and day 4 (D4). Scale bar is 25 pm.

qPCR using DP-MSCs isolated from five donors (Fig. 3A-D). MMP3 was the most upregulated MMP followed by MMP1, confirming the
results obtained with the PCR array (Fig. 1). The protein level of these two proteases in the fibrin hydrogel was investigated by
immunoblot and quantified at DO, D2 and D4 using cells from 4 to 6 different donors respectively for MMP1 and MMP3. Both MMP1
and MMP3 protein levels were increased over time with a burst increase during the first day of culture (Fig. 3E-F). Further investi-
gation was focused on MMP3 which is the highly expressed proteins reported in inflamed dental pulp [55]. Immunofluorescence
experiments using a single donor show a punctuate staining of MMP3 within DP-MSCs in the fibrin hydrogel (Fig. 3G). While it was not
detected at DO, a clear staining could be observed at D2 which comforts the overexpression of MMP3 at the protein level.
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4. Discussion

This study investigated the molecular mechanisms involved in DP-MSC-based dental pulp regeneration using a fibrin hydrogel-
based scaffold. Proper tissue regeneration involves finely tuned degradation of the scaffold or damaged tissue and the neo-
synthesis of an extracellular matrix structurally and functionally similar to the original tissue [56,57]. This study was focused on
the remodeling of a fibrin-based hydrogel by DP-MSCs for dental pulp regeneration [5,28]. Better knowledge of the fibrin meshwork
replacement could allow to adapt the treatment to various pathological conditions. Uncontrolled tissue regeneration mechanisms
could lead to fibrotic scaring or mineralization resulting in inappropriate tissue formation [9-14,58]. The crucial role of a controlled
cross-talk between cells and their extracellular environment for tissue integrity and functionality is notably illustrated by patho-
physiological modifications occurring during aging. These indeed result in a disorganized extracellular matrix environment forming
disorganized fibrous tissues and calcospherites and subsequent changes in dental pulp cell functions in response to this stressful
environment [59-62]. Modification of dental pulp composition affects DP-MSC function which induces a pro-inflammatory and
matrix-degrading response [62]. Tissue regeneration requires a battery of cell surface receptors and proteases, such as integrins and
metalloproteases (MMPs) to sense the environment and orchestrate ECM remodeling [16,17]. While most of the studies investigating
dental pulp regeneration develop materials, evaluate the cyto-bio-compatibility of the materials (inflammation, differentiation) and
report histological analyses [4-9]; this study investigates the response of DP-MSCs to the fibrin hydrogel at the biomolecular level,
which is crucial for proper dental pulp regeneration. Extracellular and cell surface actors were identified to better understand the early
mechanisms of DP-MSCs resulting to cell adhesion and spreading that leads to fibrin hydrogel degradation and progressive
replacement.

As a first step, extracellular matrix and cell surface candidates were screened using a PCR array. The PCR array highlighted
approximately forty genes with a strong variation of their expression. Four major families were overrepresented: integrins, proteases
and their regulators, and adhesion and signaling molecules. We thus identified integrins such as ITGA2, and metalloproteases (MMPs;
MMP1, MMP3, MMP10, MMP12) as potential central players in DP-MSC response to the fibrin hydrogel. Some of the selected can-
didates, with high overexpression level ITGA2, MMP1 and MMP3), were further investigated validated at protein level by biochemical
methods with specific attention paid to ITGA2 and MMP3 that were previously reported to be involved in tissue repair and remodeling
[63-66].

Biological regulators and growth factors including TIMP1, TGF-p1 and osteopontin (OPN) were also identified. These may also be
involved in DP-MSC-derived tissue construction. Indeed, the main role of TIMP1 is to regulate MMP activities and therefore contribute
to tissue homeostasis [67,68]. TIMP-1 inhibits collagenases, gelatinases and the proteoglycanase MMP3 [68]. In this context, it might
regulate MMP mechanisms of fibrin hydrogel degradation and, as a result, DP-MSC migration and ECM formation. This regulation is
complemented by TGF-B1 which is known to stimulate DP-MSC proliferation [69], and OPN reported to affect MMP secretion profile
during wound skin healing [70]. PCR array screening also allowed to identify VCAM1, a receptor involved in the recruitment of
regenerative cells once the damaged matrix is removed [71].

This study reports the upregulation of the integrin a2 subunit by DP-MSCs cultured in the fibrin hydrogel. The constant transcript
level of ITGAV and ITGB3, observed in the PCR array, could mean that the level of these receptors is already sufficient to interact with
fibrin, or that these receptors are not or faintly implicated in DP-MSC adhesion to fibrin in this particular context. Further in-
vestigations are needed to precisely assess the protein level of these cell receptors and to identify those interacting and being
responsible for DP-MSC adhesion to fibrin. Integrin receptors act as heterodimers composed of a and p subunits as for ITGA2 which
forms a receptor in association with ITGB1 [53,63]. The constant transcript level of ITGB1 observed in the PCR array may imply that
the level of this subunit is sufficient and that another level of regulation might be involved. This suggests that ITGB1 associates
preferentially with ITGA2 during the process of integrin dimer formation or that ITGB1 dissociates from a dimer and swaps to ITGA2.
The regulation of integrin receptors by lateral association remains a topic not clearly understood [72]. Clustering of integrins through
transmembrane helix association and homomeric association was reported [73]. This mechanism based on integrin clustering was
observed in the presence of multivalent substrates such as fibrin or collagen [74,75]. Such a mechanism could be implemented by
DP-MSCs in fibrin hydrogels but further precise investigations are needed to precisely decipher the interaction of ITGA2 with the
DP-MSC environment. The integrin receptor a2p1 does not seem to be involved in wound healing in vivo but its absence seems to
promote angiogenesis and metalloprotease expression [76]. The functional role of a2f1 as assessed in deficient mice or by in vitro
assays was associated to dysregulation of the expression of MMPs such as MMP2, MMP3, MMP9, MMP10 and MMP13 57677 The
integrin receptors «2p1 is implicated in the transient adhesion of collagen matrix being synthesized by cells remodeling their envi-
ronment [78]. This study shows a clear overexpression of ITGA2 by DP-MSCs cultured in fibrin hydrogel suggesting that they could
develop an early outside-in response from the ECM to the cell [79]. Further investigations are needed to clarify the role of the integrin
a2p1 in fibrin hydrogel degradation and dental pulp tissue neoformation.

Matrix metalloproteinases were the most represented proteins among the ECM and cell surface proteins families screened in this
study. These include collagenase MMP1, stromelysins MMP3 and MMP10, and MMP12 %°. This result was relatively expected as these
enzymes degrade a wide variety of substrates, including most of the components of the ECM, and as such are involved in the regulation
of many biological processes such as development, branching morphogenesis and tissue remodeling [64,80]. These MMPs may be
mainly involved in DP-MSC integration to and remodeling of their environment such as MMP1 which was reported to be secreted when
ITGA2 binds to type I collagen in order to facilitate stem cell migration into the ECM [81,82].

MMP3 was found to be the most upregulated gene on the PCR array, making it a candidate of choice for elucidating DP-MSC-
dependent mechanisms of fibrin hydrogel degradation. MMP3 is a stromelysin that was originally called proteoglycanase as it de-
grades several types of proteoglycans such as aggrecan [66,68,80]. MMP3 is involved in extracellular matrix turnover occurring in
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normal and pathological conditions such as development or wound healing [64,80]. Fibrinogen is cleaved by MMP3 and MMP1, which
suggests that their overexpression by DP-MSCs may participate to fibrin hydrogel degradation [43,83,84].

In the literature, ITGA2, MMP1 and MMP3 were related to inflammation [77,85,86]. In particular, MMP3 is overexpressed in the
dental pulp of damaged rat incisors, which suggests that it has an anti-inflammatory role and stimulates the regeneration of dental pulp
in damaged teeth [55]. We also report the overexpression of MMP3 suggesting a potential role in DP-MSC apoptosis [87-89]. How
MMP3 overexpression affects the stability of the hydrogels, the composition of the produced ECM and the inflammatory state are
totally unknown and might be further investigated to better drive dental pulp regeneration. Another important parameter to consider
is the stability of the hydrogel, i.e. the time needed to be replaced in a controlled manner by a DP-MSC-derived ECM. Precise
mechanisms of fibrin hydrogel degradation or contraction, which is classically attributed to the presence of fibroblasts, and affects
tissue formation [90] still remains unknown and needs to be further characterized.

Cell-derived matrix is crucial for tissue neoformation. A recent study using wide spectrum approaches (quantitative proteomics)
highlighted the crucial role of the cell-dependent organizing ECM in hepatic commitment. A 3D ECM derived from confined human
pluripotent stem cells or exogenous ECM stimuli was shown to promote the ability of hepatic progenitor cells to differentiate into
functional hepatocytes [91]. The identification of ITGA2, MMP1 and MMP3 as early response suggests that DP-MSCs rapidly degrade
the fibrin cell-surrounding environment. These proteins might be therapeutic targets to act on in order to regulate regenerative
endodontic procedures based on DP-MSCs and fibrin hydrogels. The negative regulation of some of these proteases could be a way to
control the kinetic of degradation of fibrin and its replacement by a dental pulp-like matrix. Their overexpression or proteolytic
products could be early biomarkers of the quality of the neo-tissue tissue formed that could be useful to control the quality of the
biomaterials developed for endodontic regeneration.

5. Conclusion

This study aimed at investigating the early response of DP-MSCs to a 3D fibrin hydrogel, in order to better understand the biological
mechanisms of dental pulp regeneration. Taken together, these results demonstrate the early expression of ITGA2, MMP1 and MMP3
by DP-MSCs in the fibrin hydrogel. These extracellular and cell surface proteins provide potential therapeutic targets opening the way
to new research towards the rational control of stem-cell-based tissue regeneration. Understanding biological mechanisms responsible
for hydrogel degradation and replacement with a new ECM able to promote tissue regeneration could lead to improve endodontic
treatment protocols of the irreversibly inflamed dental pulp.
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