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Abstract

Gingiva-derived mesenchymal stromal cells (GMSCs) are multipotent cells characterized by multilineage differentiation
potential, proliferative expansion, and unique immunomodulatory ability, making them attractive as a new treatment of
periodontal regeneration. In this study, GMSCs obtained from the gingiva of healthy cats (HE) as well as from cats affected
by tooth resorption (TR) were isolated and characterized. Feline GMSCs (fGMSCs) from HE patients exhibited fibroblast-
like morphology, developed cellular body, specific growth pattern, high expansion, and proliferative potential as well as
reduced senescence signature. f{GMSCs demonstrated high s-100 and IL-10 positive cells, while simultaneously having low
activity of IL-1. Moreover, high activity of ki-67 combined with reduced senescence markers were noted. In comparison,
GMSCs from cats with TR exhibited enlarged nuclei and flat, irregular shape along with increased expression of CD44,
s-100 and CD45 and downregulation of CD73. GMSCs from TR cats showed lower ability to form colonies, increased
incidence of apoptosis, higher number of senescent cells, and reduced cell migration. Upregulation of pro-inflammatory
cytokines was also noted in the TR group along with lower expression of mTOR and miR-17 and upregulation of miR-378.
Mitochondrial dynamics, biogenesis and antioxidant properties are also negatively impacted in this group. Collectively, our
findings suggest that GMSCs isolated from the gingiva of cats affected with TR have deteriorated functionality caused by
impaired proliferation and growth and possibly mediated via mitochondrial dysfunction. fGMSCs or their EV’s should be
further investigated for their role in the pathophysiology of TR in cats.
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[3-5]. Though the exact cause of TR has not been deter-
mined, a single infectious origin has been ruled out and
Lampropedia species may have a contributing role [1, 6, 7].
Additionally, matrix metalloproteinase-9 (MMP9) mRNA
expression is increased suggesting its involvement in the
progress of TR [8]. Another important piece of the puzzle
recently elucidated is that peripheral blood odontoclasts
from patients with and without TR will respond differently
to vitamin D (1,25-dihydroxyvitamin D) and IL-6 both of
which are factors that attract and activate these cells [9, 10].
Resorptive lesions are typically painful, once they reach
above the gumline, and at that point teeth are extracted to
prevent infections and fractures [11]. Multiple Idiopathic
Cervical Root Resorption (MICRR) is an analogous form
of external root resorption in adult humans. It is recognized
that TR as well as MICRR start at the cemento-enamel
junction, diffusely affect the oral cavity and that these two
entities likely share the mechanisms and progression of
osteoclastic/odontoclastic root resorption [12, 13]. A pos-
sible association with feline herpes virus-1 (FeHV-1) infec-
tion has also been postulated but has not been definitively
confirmed [12, 13]. Consequently, there is clinical and sci-
entific value in further evaluating the cellular components
playing arole in TR in cats.

Gingiva-derived mesenchymal stromal cells (GMSCs)
are multipotent stromal stem cells that express stem
cell-related genes such as Oct-4, SSEA-4, and STRO-1.
GMSCs have fibroblast-like spindle shape morphology
and are characterized by a high proliferative potential.
These cells are positive for MSC-related cell surface
markers (i.e. CD73, CD90, CD105, SSEA-4), while being
negative for hematopoietic cell markers. In addition to
their regenerative potential of GMSCs, these cells also
have potent immunomodulatory properties. GMSCs can
influence a variety of innate and adaptive immune cells
activation and fate. Of particular note are macrophages,
and mast cells, which have been suggested to play a pivotal
role in feline tooth resorption [14]. Additionally, GMSCs
have been shown to express toll-like receptors (TLRs),
that can be upregulated in an inflammatory milieu, a
significant finding in the context of TR as this starts right
at the gingival sulcus, a highly active area in terms of the
presence of inflammatory cells. TLRs have been found
on the surface of MSCs and consequently TLR receptor
ligands, including neighboring bacteria, could potentially
negatively impact the immunomodulatory ability of dental
MSCs however, this aspect is still poorly explored [15,
16]. Importantly, GMSCs may maintain gingival anti-
inflammatory homeostasis through the activation of Tregs.
Furthermore, it was previously documented, that GMSCs
may enhance the differentiation and activity of Tregs17
and thus play a critical role in gingival anti-inflammatory
activity.
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The oral cavity is considered a pro-inflammatory micro-
environment and is likely significant for residing GMSCs
that may lose their so-called pro-regenerative potential
leading to reduced or lack or regenerative response and
disease progression. GMSCs have promising regenerative
and immunomodulatory properties, are numerous and can
be obtained via less invasive techniques [17]. In addition,
GMSC:s exhibit higher proliferation capacity in comparison
to bone marrow-derived MSCs and umbilical cord-derived
MSC:s [18] and lower population doubling time indicating
a higher expansion potential. GMSCs possess the ability to
differentiate into osteoblast, chondroblast, and adipocytes;
however, at the same time under special circumstances, they
may give rise to unique neural crest cells (NCCs) changing
their secretory profile, morphology, and function [19]. The
unique ability of GMSCs for multipotent differentiation and
secretory potential of variety of soluble bioactive factors
makes them a promising tool for periodontal tissues regen-
eration including the gingiva.

The use of MSCs has historically focused on their
regenerative therapeutic effects as replacement cells due to
their multipotent capacities. However, extensive evidence
supports their use as a potent immunomodulatory/anti-
inflammatory treatment and pleiotropic agent. MSC
secretomes contain many biological factors such as
extracellular vesicle (EV)-dependent- and/or independent-
growth factors, cytokines, hormones, miRNAs, and other
bioactive soluble factors.

The pro-regenerative potential of GMSCs is associated
partially with their anti-oxidative activity [20]. Addi-
tionally, loss of integrity due to dysregulation of MSCs
metabolism has been recognized in several disorders [21].
Growing evidence suggests that MSCs have antioxidant
effect, which in part explains their anti-inflammatory,
cytoprotective properties and both soft tissue and bone
regeneration potential [22]. Several studies demonstrate
that MSCs are resistant to oxidative insult, and because
of their ability to secrete free radical scavengers includ-
ing SOD1, SOD2, or glutathione peroxidase (GPx), MSC
may play a substantial role in the modulation of oxidative
stress related to tissue damage [23]. This molecular phe-
nomenon is mediated by mitochondrial biogenesis, dynam-
ics, and bioenergetics which significantly modulate the
oxidative-anti-oxidative axis. Mitochondrial dysfunction
in mesenchymal stem cells (MSCs) has been shown to be
involved in the progression of multiple inflammatory dis-
eases and the cellular senescence that results significantly
affects the quantity and quality of MSCs. Research sup-
ports that abundant oxidative stress significantly impairs
MSC’s anti-inflammatory and multilineage differentiation
potential [24]. Impaired mitochondrial metabolism and
dynamics strongly correspond to the limited pro-regener-
ative potential of MSCs negatively impacting their clinical
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applicability; however, such data does not exist for tooth
resorption in any species. Investigating GMSCs in tooth
resorption can provide insights into this disease's cel-
lular and molecular mechanisms. Additionally, GMSCs
have been shown to regulate inflammation and immune
response and promote tissue repair and regeneration. By
studying GMSCs in health (HE) and TR, researchers can
better understand the mechanisms contributing to tooth
resorption and potentially develop new therapeutic strate-
gies to prevent this disease.

This study aims to identify the molecular signature,
morphology, proliferative and clonogenic potential of
GMSCs isolated from the gingiva of healthy and tooth
resorption-affected cats. Specifically, we characterized
essential aspects of the cyto-physiological characteristics
of healthy feline GMSCs to better understand the
molecular mechanisms involved in the limitation of their
stemness in the course of tooth resorption.

Materials and Methods
Gingiva Tissue Harvesting and GMSCs Isolation

Gingiva tissue adjacent to TR lesion from three cats (i.e.,
diagnosed by clinical and dental radiographic means) that
were otherwise systemically healthy were collected during
an extraction procedure with the owner informed consent.
The immediate cause of the cats' visits to the clinic was
the inflammation of the gums observed by the owners.
On clinical examination, gingivitis was observed without
faucitis and without inflammation of the oral vestibule
mucosa. In the case of stage 4, localised, slight gingival
hyperplasia was observed. The clinical trial was conducted
before the cats were premedicated.

In addition, gingiva obtained from teeth of healthy
cats that were euthanized for reasons not related to this
study were obtained immediately post-mortem. Gingival
samples were obtained for cats in both groups and these
were age (5—8 years old) and sex matched.

All steps involved in tissue isolation were performed
under strictly sterile conditions using an enzymatic-
mechanical method. Briefly, the gingiva was washed twice
in sterile phosphate-buffered saline (PBS) containing 1%
Penicillin—Streptomycin (PS) antibiotic mixture (Biowest,
USA). The tissue was defragmented and incubated with
collagenase I (Sigma-Aldrich, Poland) for 40 min in 37°C.
Obtained cells were centrifugated (1500xg for 10 min) and
washed with PBS. The isolated GMSCs were subsequently
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 1 g/L glucose, supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin

antibiotic solution. Cells were grown in an incubator with
5% CO2 and 95% humidity at 37 °C. GMSCs from HE
and TR-affected cats were seeded onto a 24-well plate at
a density of 2.5x 10* cells per well and left to attach for
24 h. Cells were passaged 3 times, then they were used for
further studies [25].

Visualization of Cells’ Mitochondria
and Cytoskeleton

The morphology of healthy (fGMSCHE) and diseased
(fGMSC™®) cells was evaluated with confocal microscopy.
MitoRed dye (Sigma-Aldrich, cat. No 53271, Poland) was
added to the culture medium (1:1000) and incubated for
30 min at 37 °C to visualize the mitochondrial network.
Excess MitoRed was washed out using PBS prior to cell
fixation in 4% PFA for 40 min at room temperature in the
dark. For cytoskeleton visualization, cells from both groups
were fixed in cold 4% PFA for 20 min at room temperature
and permeabilized in a 0.1% Triton X-100 solution (Sigma-
Aldrich, cat. No 93443, Poland) for 15 min. Actin filaments
were then stained using atto-488-labeled phalloidin
(Sigma-Aldrich, cat. No 49409, Poland) (1:800 in PBS)
for 45 min, in the dark at room temperature. The nuclei
were counterstained with DAPI (Faramount Aq Mounting
Medium, Dako). The cells were observed and imaged using
a confocal microscope (Observer Z1 Confocal Spinning
Disc V.2 Zeiss).

Immunofluorescence Staining

fGMSCHE and fGMSCTR cells were seeded on cover slides
as previously described. Then, the medium was removed,
and cells were fixed with cold 4% PFA for 20 min and
permeabilized in a 0.1% Triton X-100 solution for 15 min
at room temperature. Cells were then incubated overnight
with the primary antibodies (Table 1) diluted in 10%
Normal Goat Serum in PBS. After that, the cells were
incubated with Atto-594 secondary antibody diluted in
PBS (1: 1000, Sigma-Aldrich, Poland) (Table 2). Cell
nuclei were stained with DAPI (Faramount Aq Mounting
Medium, Dako) or with Hoechst33342 (Sigma-Aldrich,
Poland) (1:1000 in PBS) for 10 min in room temperature.
Pictures were taken with a confocal microscope (Observer
Z1 Confocal Spinning Disc V.2 Zeiss).

Proliferation Rate Assay

For the clonogenic assay, fGMSCHE and f{GMSCR cells
were seeded in a 6-well plate at an initial density of 1 x 10?
cells per well. After 7 days, cells were fixed in cold 4% PFA
for 20 min at room temperature and stained for 5 min with
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Table 1 Animal characteristics

Case Breed Sex Age Body weight Teeth affected by TR?

number (neuter status) (kg) (stage of disease or cause of death)

1 Europeian shorthair Female (intact) 8 3,6 202 (4), 207 (2), 107 (3), 309 (1), 304 (2), 403 (3)

2 British shorthair female (castrated) 7 33 303 (1), 202 (2), 203 (2), 103 (2), 409 (4a), 407 (1), 309 (1), 108 (3)
3 Ragdoll female (castrated) 6 3,9 106 (1), 108 (1), 206 (1), 207 (1), 307 (1), 407 (3)

4 Europeian shorthair Female (castrated) 5 4 CONTROL (traffic accident)

5 British shorthair female (castrated) 6 4.5 CONTROL (HCM")

6 Europeian shorthair female (castrated) 8 3,2 CONTROL (adenocarcinoma)

#-Modified Triadan System [26]
°_HCM - hypertrophic cardiomyopathy

Table 2 List of antibodies used for immunofluorescence

Antibodies  Concentrations CAT numbers Company

KI-67 1:1000 orb10033 Biorbyt

IL-1B 1:500 ab9722 Abcam

IL-10 1:500 DF6894 Affinity Biosciences

IL-1p Interleukin 1f; IL-10 Interleukin 10

pararosaniline solution (Sigma-Aldrich, cat. No P3750,
Poland). Colonies containing more than 50 cells were
counted and colony forming (CFU) rate was obtained using
the formula described by Kornicka K. et al. [21].

An expansion test was performed to evaluate cell migra-
tion capacity for both fGMSCHE and fGMSC™R. For this
purpose, two groups of cells were seeded on 24-well plates
as described above. After achieving 90% of confluency, a
monolayer scratching test was performed. A series of pho-
tomicrographs were taken at O h, 6 h and 24 h. Cell migra-
tion parameters were analyzed using GraphPad Prism8
Software (San Diego, USA).

Senescence B-Galactosidase Staining

Detection of aging-related lysosomal enzyme (SA-B-Gal) was
performed with Senescence Cells Histochemical Staining
Kit (Sigma-Aldrich, Poland) according to the manufacturer’s
instructions. Briefly, fGMSCHE and fGMSC™ cells were
fixed by incubation for 6 min with 1 x Fixation Buffer (1:10 in
PBS). The buffer was changed to Staining Mixture, containing
Staining Solution 10x, Reagent B, Reagent C, X-gal Solution,
and ultrapure water. Cells were incubated at 37 °C for 48 h in
the incubator without CO,, and subsequently observed using
an invert microscope (Leica, Germany). Obtained results were

@ Springer

analyzed with ImageJ Software and GraphPadPrism8 Soft-
ware (San Diego, USA).

Gene Expression Analysis

Total RNA was isolated from fGMSCHE and fGMSC™®
cells with EXTRAzol reagent (Blirt, Poland) following
the manufacturer’s instructions. The concentration,
quality and purity of isolated RNA was verified with a
nanospectrophotometer (Epoch, BioTek). Transcription
of RNA into cDNA was performed using the Takara
PrimeScriptTM RT Reagent Kit with gDNA Eraser (Perfect
Real Time) according to the manufacturer’s protocol.
A real-time polymerase chain reaction (qQPCR) was
performed using the SensiFast SYBR & Fluorescein Kit
(Bioline, London, UK) and a CFX ConnectTM Real-Time
PCR Detection System (Bio-Rad, Poland). Each reaction
amplified 150 ng of cDNA in a final volume of 10 pl. The
thermal cycling conditions were as follows: 95 °C for
2 min followed by 41 cycles at 95 °C for 15 s, annealing
for 30 s and elongation at 72 °C for 15 s. The RT-qPCR
reaction was performed at least in three repetitions. The
relative expression levels of each targeted gene (Tables 3
and 4) were normalized in relation to the expression of
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
using the 2-AACq method.

To conduct RT-qPCR for miRNA, the Mir-X miRNA
First Strand Synthesis Kit (Takara, Sweden) were used.
Briefly, gDNA traces were removed by treating the RNA
with the Dnase I, Rnase-free in 10X reaction buffer with
MgCl2 and water, at 37 °C for 30 min. The volume of
obtained RNA (1000 ng/ul), was mixed with mRQBuffer
(2X) and mRQEnzyme. The reaction mixture was incu-
bated at 37 °C for 1 h, then at 85 °C for 5 min. The expres-
sion level of miRNA was analyzed by Real-Time PCR
using the MicroRNA first-strand synthesis kit (Takara,
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Table 3 Sequences of primers used in gPCR

Table 3 (continued)

stress and apoptosis in the cell was analyzed with

Gene Primer Sequence (5’->3") Gene Primer Sequence (5°->3")
CD44 F: ACTGATGGCAAAGGTGGAAG IL6 F: CTGCGACTGCAAGATAGCCT
R: TTGTGTGCCCAGCTGATTCT R: CACCCTACTTGAGGACGACTG
CD45 F: GGCATTTGGCTTTGCCTTTC IL10 F: GGATCATCTCCGACAGGGC
R: TAAGACTCTGATCAGGACTGGAA R: TGCTACTGATCTGGGCTTCAT
CD73 F: AACCTGATTTGTGATGCCA TGFp F: CAAGAAAAGTCCGCACAGCA
R: TAATTGTGCCGTTGTTCCG R: CTGAGGTAGCGCCAGGAATC
CD9% F: CTGCAGCAGCAGAGGACG TNFa F: GCTGCACTTTGGAGTGATCG
R: GGGGTTCATGGTGCAGAGAG R: CCCTCAGCTTCGGGGTTTG
BAX F: TCTCCCCGTGAGGTCTTCTT GAPDH F: GATTGTCAGCAATGCCTCCT
R: CGCTCTCGAAGGAAGTCCAG R: GTGGAAGCAGGGATGATGTT
BCL2 F: AACCGGGAGATCGTGATGAA
R: ATGGGCCTTAGTGGCGATGT CD44., CD45, CD73, CD40: Surface markers; BAX: BCLT2-
associated X protein; BCL-2: B-cell lymphoma 2; p21: cyclin-
p21 F: GAGACGGTGGCTTGGAGAG dependent kinase inhibitor 1A; p53: tumor suppressor p53; KI-67:
R: CACCTGCAGCTCCTCCG Marker Of Proliferation Ki-67; mTOR: mammalian Target of
p53 F: GCTTCCCAGGACGGTGAC Rapamycin; c-MYC: cellular Myc; HSP60: heat shock proteins
R:GOCTCGATGGTGAGITCCAA ot e eneukin 4 IL6, Intriuin 6 IL10
KI-67 F: GGTCGTCTGAAACCGGAGTT Interleukin 10; TNFo: Tumor necrosis factor; TGFp: Transforming
R: CTGGGGTTGTGTGGTCACTT growth factor beta; SODI1: Superoxide dismutase [Cu-Zn]; SOD2:
mTOR F: CAACCCGATGGCCAGCATTA Superoxide dismutase [Mn]; CAT: Catalase; NOS1: Nitric Oxide
R: GGGGTCATCCTTGTTCGTGT Synthase 1; TXNI: Thiored(?xinl; NBFZ: nl.Jclear facto.r erythroid
2-related factor 2; FIS1: Mitochondrial fission 1 protein; MFNI:
¢-MYC F: TGCTGAGTTGGACAGTCGTC Mitofusin-1; MFEN-2: Mitofusin-2; PINK1: PTEN Induced Kinase 1;
R: AGTAGTCAGCAACACGAGGC GAPDH: Glyceraldehyde 3-phosphate dehydrogenase;
HSP60 F: AGCCCGGGAACTAGCCTAA
R: AGCATTAAGGCTCGGGCATC
TFAM F: GACTGCGCTCTCCTTTCAGT Table4 Sequences of microRNA primers used in gPCR
R: AGTTCCCTCCAAAGTTGGGC
FIS1 F: GCACGCAGTTTGAGTATGCC Primer miRNAs Primer Sequence (5°->3")
R: CTTGAGCCGGTAATTCCCCA miR155 TTAATGCTAATCGTGATAGGGGTT
PINK1 F: AGGAACTCGTCCCAGCTAGT miR 146 TGAGAACTGAATTCCATGGGTT
R: TGGCAGCAGTGGTACAGAAG miR17-5p CAAAGTGCTTACAGTGCAGGTAG
MEFNI1 F: AGTTGTCTTTAATTGCCCGTCT miR101-1/2 TACAGTACTGTGATAACTGAA
R: TGATCAAGTTCTGGATTCCTGT miR378 ACTGGACTTGGAGTCAGAAGG
MFN2 F: ACGCGATGTCCCTGCT
R: TTCCGCATTCCTGTAGGTGT
SOD1 F: TTGGAGACCTGGGCAATGTG cat. No. 638315, Sweden) according to the instructions
R: CGGCGTTTCCTGTCTGTGTA provided by the manufacturer. Briefly, the reaction mix-
S0D2 F: CGCTGGAGAAGGGTGACATT ture contained water, SensiFast SYBR & Fluorescein Kit
R: CACGTTTGATGGCTTCCAGC (Bioline, London, UK), miRNA-specific primer (Table 3),
CAT F: TCGAGTGGCCAACTACCAAC mRQ 3’primer, and cDNA. As a reference sample, U6F
R: TAGAAGGTCCGCACCTGAGT primer and U6R primer were used. The relative expression
NOsI1 F: GATTAGTGCCGCTGGCCTC level was calculated by comparison of the tested groups
R: TGGCTGCGTCTAGATGTGTC with the control group using the 2-AACq method [27, 28].
TXNI F: CCGCCCCCAGTCGCTATAA
R: ATCCCCAGCACTGTTCAAGG Microcapillary Cytometry
NRF2 F: CCCCGCAGGTTTCTTAAGCC
R: GTAGGCAGGCGATAGCTGTT Cell metabolism was evaluated with microcapillary
ILla F: TGCTACTGATCTGGGCTTCAT cytometry using Muse ™ Cell Analyzer (Merck, Germany)
R TCACCAGCACCTTTGTCCAC in fGMSCH* and fGMSC™® cells. The level of oxidative
IL4 F: GCAGCTCTGCAGAAGATTTCC
R:

CGGTCTTGTGGAGTTTCAGC

commercially available kits according to the instructions

@ Springer
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provided by the manufacturer. To determine the content of
reactive oxygen species in the cell, Muse® Oxidative Stress
analysis (Luminex) was used based on the manufacturer
protocol. The cells were diluted into 1xAssay Buffer and
incubated with Muse® Oxidative Stress working solution
at 37 °C for 30 min. Then, cells were subjected to ROS
analysis. The content of live and dead cells as well as the
apoptosis of cells was analyzed using the Muse® Annexin
V & Dead Cell Kit (Luminex). Cultured cells were
incubated with Muse® Annexin V & Dead Cell Reagent
(Luminex) at relative room temperature for 20 min and
then examined using Muse ™ Cell Analyzer (Merck,
Germany). In order to analyze mitochondrial potential, the
Muse MitoPotential analysis (Luminex) was performed.
Briefly, 90uL of MitoPotential Working Solution (1:1000
in 1 X Assay Buffer; Luminex) was mixed with 100 ul cells
(1% 10° cells/tube) and incubated at 37°C for 20 min. Then
5 ul of Muse®-7AAD reagent (Luminex) was added. After
5 min of incubation in RT, the mitochondrial potential was
analyzed with Muse ™ Cell Analyzer (Merck, Germany).
The obtained results were analyzed with GraphPad Software
8 (San Diego, USA).

Statistical Analysis

The data analyzed by one way variance analysis (ANOVA)
using GraphPad Software 8 (San Diego, USA) and post-
hoc Tukey's test. Statistically significant results were marked
with a hashtag, for: p <0.05 (#), p <0.01 (##) and p <0.001
(###) when comparing TR to HE. Results are presented
as statistical mean SD from at least three independent
experiments, with three technical repetitions.

Results

Identification of GMSCs Morphology and Growth
Characteristics

The cell morphology was evaluated using confocal
microscopy. To visualize nuclei, fGMSCHE and fGMSC™®
cells were stained with DAPI whereas actin filaments
were stained with phalloidin (PI), and mitochondria
with MitoRed dye (Fig. 1A). GMSC from HE cats were
characterized by uniform, bipolar, elongated, fibroblast-
like shape, whereas GMSC from cats with TR possessed
enlarged nuclei and a flat, irregular shape. In addition,
RT-qPCR was used to assess surface markers of GMSCs.
Isolated cells were characterized by the ability to express:
CD44, CD 45, CD73, CD90 and s-100. Expression of
CD44 (Fig. 1B) and CD45 (Fig. 1C) were increased in
TR group compared to the GMSCs isolated from the HE
group. CD73 was downregulated in TR (Fig. 1D) while
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CD90 (Fig. 1E) showed no significant changes among the
group. We also notice upregulation of s-100 in the GMSC
cells isolated from affected cats (Fig. 1F). Furthermore, we
evaluated the ability of cells to form colonies originating
from single cells using the CFU-F assay. Hence, colonies
were stained with pararosaniline and counted under a light
microscope. The greatest number of colonies is clearly vis-
ible in the HE group. Moreover, data was quantified using a
CFU-F algorithm, disclosing a lower ability to form colonies
in TR when compared to HE cells (Fig. 1G). Using fluores-
cence microscopy, we visualized senescent cells in cultures
using f-galactosidase staining. Quantification revealed an
increased number of senescent cells in TR group (Fig. 1H).
Using immunofluorescence staining, we then determined
the expression of Ki-67 for evaluation of proliferation rate
of isolated cells (Fig. 1I). Additionally, RT-qPCR was per-
formed for obtaining relative gene expression for KI67
(Fig. 1J). Obtained data showed no significant differences
between proliferation of TR and HE cells (Fig. 11, J). To
better understand the differences in proliferation, differentia-
tion, growth, and survival between TR affected and healthy
cells, we examined the expression levels of a key regulator
of these processes, mMTOR (mammalian target of rapamycin),
using PCR reaction (Fig. 1H). Results showed decreased
expression of mTOR gene in TR showing their impaired
therapeutic potential. Using PCR, the expression of prolif-
eration-related miRNA in isolated GMSC cells was estab-
lished. Lower expression of miR-17 was noted in the TR
group compared to the HE group (Fig. 1L). No differences in
expression of miR-101 (Fig. 1M) and miR-17 (Fig. 1L) were
noted between groups. Interestingly, miR-378 was found to
be up-regulated in TR (Fig. 1N). Finally, we performed an
expansion assay to support obtained results. Quantification
data showed that the ability of cell migration was signifi-
cantly reduced in TR compared to the HE (Fig. 10). These
results together suggest that GMSCs isolated from affected
cats have deteriorated functionality caused by impaired pro-
liferation and growth.

Assessment of Apoptosis Factors

RT-qPCR was performed to determine expression levels
for apoptosis related genes. The apoptotic incidence in TR
demonstrated a significantly higher expression in compari-
son to the HE group. We also noticed the expression levels
of mRNA’s coding proapoptotic proteins p53 (Fig. 2A) and
p21 (Fig. 2B) were significantly enhanced in cells from
the TR group compared to the HE group. A similar phe-
nomenon was observed for the expression levels of the cell
cycle regulator C-MYC (Fig. 2C). Relative expression of
BCL-2 was downregulated in TR (Fig. 2D) and BAX was
upregulated in that group as compared to the HE group
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Fig.1 Growth characteristics and morphology of GMSCs. Cells
were cultured for 24 h and subjected to further analysis. Staining
for nuclei (DAPI), mitochondria (mitoRed dye) and f-actin (Phalloi-
din) revealed that some cells in TR were characterized by enlarged
nuclei and flat, spread-out cell body with visible stress fibers (white
arrows) (Fig. 1A). RT-qPCR results demonstrate the expression of the
following surface markers CD44 (Fig. 1B), CD45 (Fig. 1C), CD73
(Fig. 1D), CD90 (Fig. 1E), and s-100 (Fig. 1F). The ability of cells
to form colonies originating from one cell was evaluated by CFU-F
assay. Representative photographs showing colonies stained with
pararosaniline and quantitative data obtained by the application of a
CFU-F algorithm are shown (Fig. 1G). Representative photographs

(Fig. 2E). The pro-apoptotic gene expression pattern for cells
from the TR group was shown by an elevated BAX/BCL-2 ratio
(Fig. 2F). To support these findings, we used Muse® Annexin
V (Fig. 2G) to determine the proportion of viable cells versus
cells undergoing apoptosis. The TR group showed a signifi-
cantly reduced number of live cells (Fig. 2H) and an increased
number of early apoptotic cells compared to HE (Fig. 2I). Addi-
tionally, we observed a slightly increased percentage of dead
cells in the TR group (Fig. 2J) as well as reduced late apoptotic/
dead ratio compared to HE (Fig. 2K). Apoptosis profile analysis
supported the results indicating lower viability of GMSC cells
derived from TR affected patients.

TR

showing the results of senescence-associated f-galactosidase staining
with quantities graphs (Fig. 1H). Ki67 staining established prolifera-
tion abilities of cells that were observed under confocal microscope
(Fig. 11). Growth and proliferation characteristics were also examined
with RT-qPCR for KI67 (Fig. 1J), mTOR (Fig. 1K) and miRNA’s
including miR-17 (Fig. 1L), miR-101 (Fig. 1 M), miR-378 (Fig. IN).
Proliferation rate and healing properties of GMSCc were also
assessed by performing expansion assay and observing cells under
light microscope after 0, 6 and 24 h. Representative photographs and
quantitative data are presented (Fig. 10). Results are expressed as
mean +SD; n=3. #p <0.05, ##p <0.01, and ###p <0.001

Inflammation

To further investigate the molecular changes between
GMSC s isolated from HE and TR affected patients we
evaluated the most common inflammatory related genes
via RT-PCR analysis. Results showed significantly
increased expression levels of IL-1a (Fig. 3A), IL-6
(Fig. 3B), TNF-a (Fig. 3C) and IL-4 (Fig. 3E) in the TR
group. Importantly, IL-4 was also up-regulated in TR
(Fig. 3E). For the IL-10 we observed significantly lower
expression levels in TR compared to the HE (Fig. 3F).
Expression of TGF-f did not show significant differences
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Fig. 1 (continued)

between groups (Fig. 3G). Meanwhile, the RT-PCR analy-
sis for miR-155 (Fig. 3D) and miR-146 (Fig. 3H) demon-
strated significantly increased expression in TR. Further-
more, immunofluorescence staining for IL-1b (Fig. 31)
and IL-10 (Fig. 3J) confirmed RT-PCR results.

Oxidative Stress and Mitochondria

Mitochondrial dynamics were assessed by RT-PCR via inves-
tigation of expression of HSP60, TFAM, FIS1, PINK1, MFN1
and MFN2 genes. This analysis showed important differ-
ences between groups. The expression of HSP60 (Fig. 4A)
was upregulated in the HE group whereas the expression of
TFAM (Fig. 4B) and mitochondrial fission promotor FIS1
(Fig. 4C) were upregulated in the TR group. Evaluation of the
relative expression of another major marker related to selec-
tive mitophagy and mitochondrial dynamics and biogenesis—
PINK1, showed this marker to be significantly diminished in
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TR (Fig. 4D). Mitochondrial fusion-related factors, such as
MENI1 (Fig. 4E) was elevated in the TR group and MFN2
(Fig. 4F) was downregulated in this group. Moreover, we per-
formed RT-PCR to test the antioxidative properties of the inves-
tigated cells by analyzing expressions of SOD1, SOD2, CAT,
NOS1, TXNI1 and NRF2. Interestingly, both SOD1 (Fig. 4G)
and SOD2 (Fig. 4H) showed enhanced expression in TR group.
The expression levels of CAT showed no significant differences
between groups (Fig. 4I). On the other hand, mRNA expression
levels of NOS1 were augmented in TR (Fig. 4]) and there is sig-
nificant upregulation of TXN1 (Fig. 4K) and NRF2 in TR com-
pared to HE (Fig. 4L). Furthermore, mitochondrial membrane
potential was established with a MUSE cell analyzer (Fig. 4M)
and the data was quantified. There was no significant difference
in the number of live cells between HE and TR and depolar-
ized/live ratio. However, results showed an increased number
of depolarized/dead cells and total dead cells in TR compared
to HE. Mitochondrial impairment is hallmarked by excessive
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ROS accumulation leading to global metabolic failure and
therapeutic potential disturbance. Therefore, to determent the
oxidative status of these cells, we measured the accumulation
of ROS by flow cytometry using Muse® Oxidative Stress assay
(Fig. 4N). Our results displayed that {GMSC™® is characterized
by increased negative ROS accumulation.

Discussion

Interest in the use of MSCs in clinical practice is on a trajec-
tory due to their immunomodulatory effect and regenerative
potential [29-32]. However, their involvement in the patho-
physiology of oral diseases still remains largely elusive.
This study isolated and characterized f{GMSCs in HE
as well as TR affected cats. We found several important
findings indicating limited stemness of {GMSC'R, expressed
by deteriorated morphology, limited proliferative and
expansion potential, and enhanced senescence as well as
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apoptosis. Moreover, we noted, that fGMSCTR exhibit an
elevated expression of pro-inflammatory markers with
concurrent reduced activity of anti-inflammatory cytokines
at an mRNA and protein level. Finally, we found that
fGMSC™™ secret a higher amount of ROS potentially caused
by impairment of mitochondrial fission and fusion.

We found that {GMSC™® present a unipolar morphotype
with densely located mitochondria on one side of the cells
which partially explains their limited expansion and clono-
genic potential. [33] In contrast, {GMSCHE were character-
ized by spindle shape morphotypes with densely located
mitochondria around nuclei as was observed in another
study investigating human GMSCs [34, 35] We also found
that patients affected with TR expressed higher CD44 and
CD45 and at the same time exhibited a lower expression of
CD73 which can have implications in their immunomodula-
tory potential. Decreased expression of CD45 marker may
indicate a reduced ability of fGMSC™ for promotion of
angiogenesis [36] (ref. https://pubmed.ncbi.nlm.nih.gov/
26309784/), which could be a critical component in the

@ Springer



Stem Cell Reviews and Reports

KI67
_15
]
;
o~ ;
1.0 - .
s .
@
4
g
%05
g
s
Q
% 0.0 : :
& &

<

A

mTOR
_15
s
7
o~
210 1
5 . #
$ e
3
%05
2
s
[
© 0.0 T :
& &

miR17-5p miR101-1/2 miR378
15 _15 ~20
] ] g #t
E g .
o o e a5 |_|T
s 1.0 —a— #H 5 1.0 — . 5 %
5 D a P
gos Fos %
2 @ o 0.5
§ g 5
] [ °
0.0 T T & 0.0 T . 0.0 T T
& & & <& & <&
o HE TR
0% 0%
K
=]
i Expansion Assay
S 100 Y = HE
v o A NCY = TR
Y./ 5 < \°
38% 19% ¢ |-
s e 5 &4
Y} 9 50
©
- H#
; 2 e
SRy = .
‘: 0 T T T
' S & & »
< 95% . 50% v
< S —
~N ./
.5

Fig.1 (continued)

course of TR. Observed changes in fGMSC™® morphology
and surface marker expression might become a valuable
future parameter allowing to select a proper MSCs morpho-
type for cell based treatments.

Proliferative and clonogenic potential as well as
expansion capability and viability are cardinal features of
stromal cells that affect their stemness and consequently
regulate their pro-regenerative potential. GMSCs have been
suggested to have the potential to regenerate damaged dental
tissues [37, 38] (https://doi.org/10.3390/cells8060537,
https://doi.org/10.3892/mmr.2016.5726). By investigating
GMSC s in tooth resorption, researchers can explore the
regenerative potential of these cells and identify ways to
enhance their regenerative capacity. In addition, GMSCs can

@ Springer

be isolated from an individual's gingival tissue, making them
a potential source of personalized cell-based therapy for
tooth resorption. Investigating GMSCs in tooth resorption
can help identify the best approaches for isolating and
expanding these cells and determine the optimal dosing and
delivery methods for personalized treatment.

Here we showed, that fGMSCHE exhibits greater expan-
sion and proliferative potential while presenting reduced
senescence markers and more stable surface receptors
expression related to stemness, suggesting healing and new
tissue formation capabilities. This is in line with findings
from comparative studies which have shown that the migra-
tion potential of periodontal derived MSCs corresponds with
their wound healing and periodontal regeneration potential
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while allowing for minimal scar tissue formation [39]. On
the other hand enhanced senescence as seen in the fGMSC™®
of this study may lead to a reduction of MSCs multiline-
age differentiation potential and new bone formation as has
been previously suggested in the literature [17, 40] thereby
questioning their potential application for bone regeneration.
In the future, the multilineage differentiation potential of
GMSCs from HE as well as TR affected patients should be
assessed to determine their osteogenic potential.

Due to their unique properties stromal cells are com-
monly used in veterinary regenerative medicine; how-
ever, as shown by our and other research groups' findings,

diseases can alter their pro-regenerative potential [41].
Our results regarding fGMSC™™® partly contradict previous
studies that evaluated the effects of other dental diseases
on human GMSCs where results showed that disease did
not result in impaired regenerative properties. On the one
hand a study evaluating GMSCs in individuals affected by
periodontal disease showed no change in surface marker
expression and an increased osteogenic capability due to
the overexpression of several proinflammatory cytokine-
dependent chaperones and stress response proteins [42].
On the other hand, GMSC have also been isolated from
sites affected by gingival hyperplasia showing that both
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Fig.3 Evaluation of inflammation. Using RT-PCR, the expres-
sion of ILla (Fig. 3A), IL6 (Fig. 3B), TNFa (Fig. 3C), miR155
(Fig. 3D), IL4 (Fig. 3E), IL10 (Fig. 3F), TGFp (Fig. 3G), miR146
(Fig. 3H) was assessed in GMSCS. Furthermore, localization of IL1f
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(Fig. 3I) and IL10 (Fig. 3J) was assessed using immunofluorescence.
Results are expressed as mean+SD; n=3. #p <0.05, ##p <0.01, and
###p < 0.001
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Fig.4 Mitochondrial dynamics and oxidative stress in GMSC cells.
Representative bands show the results of RT-qPCR analysis for
key mitochondrial dynamics markers as Hsp60 (Fig. 4A), TFAM
(Fig. 4B), FIS1 (Fig. 4C), PINK1 (Fig. 4D), MFN1 (Fig. 4E), MFN2
(Fig. 4F), SOD1 (Fig. 4G), SOD2 (Fig. 4H), CAT (Fig. 41), NOS1
(Fig. 4)), TXN1 (Fig. 4K), and NRF2 (Fig. 4L). For further inves-
tigation of mitochondrial membrane potential (MMP) flow cyto-

GMSC from healthy as well as hyperplastic gingiva pos-
sess self-renewal and multipotent differentiation prop-
erties. Notably in that study, GMSC from hyperplastic
tissues exhibited a more robust regenerative capability
suggesting that these cells perhaps have a role in the devel-
opment of the hyperplastic phenotype [43]. In addition to
the already mentioned altered properties the present study
also found that TR induced expression of components of
the p21-p53 axis. To the author’s knowledge no study so
far has isolated and characterized GMSCs from TR or HE
sites and further demonstrate that GMSCs isolated from
TR areas do display altered regenerative potential.

To evaluate fGMSCs immunomodulatory potential, we
analyzed their ability to secrete pro and anti-inflammatory
cytokines and we found that fGMSCHF abundantly secrete
anti-inflammatory cytokine, I1-10. This is in line with
findings from comparative studies demonstrating that
GMSCs secrete reduced amounts of TNF-« together with
enhanced release of IL-10 and therefore may substantially
modulate the anti-inflammatory microenvironment of
the gingiva contributing to tissue regeneration [15].
Consequently, fGMSCHE should be further evaluated as a
novel treatment option for periodontal disease in cats. The
opposite holds true for {GMSCT® cells due to the lower

metric analysis was performed (Fig. 4 M). Percentage of total live,
depolarized/lived, depolarized/dead and dead are shown. Oxidative
stress was established also with the use of flow cytometry (Fig. 4N).
The plots show ROS positive and ROS negative percentage of cells
among the HE and TR. Results are expressed as mean+SD; n=3.
#p <0.05, ##p <0.01, and ###p <0.001

expression of CD73 that was noted. CD73 is a critical marker
for the modulation of Tregs associated anti-inflammatory
state [44] thus this finding may have an implication on the
homeostatitc balance between Tregs and CD8 lymphocytes
in TR sites.

MSC:s also participate in tissue homeostasis, remodeling,
and repair by ensuring the replacement of mature cells
during physiological turnover in addition to injury or disease
[45]. The present study demonstrated a state of GMSC
dysfunction in patients with TR.

Tooth resorption is a clinically progressive disease.
In the absence of a better understanding of its cause, the
effects continue to be devastating to the patient’s teeth. In
cats as well as humans, this condition may lead to tooth
loss and a feeling of helplessness by clinicians, pet own-
ers, and patients due to a lack of effective prevention/treat-
ment options that will allow for the preservation of teeth
and the achievement of a cure. Furthermore, in humans,
the resultant poor esthetics and function may negatively
impact mental health and wellbeing [46]. Altered periodon-
tal structures and microenvironment have been proposed as
contributing factors of TR [47, 48] yet the factors that acti-
vate osteoclasts/odontoclasts and draw them to root surfaces
remain unknown. Our study found that f{GMSCTR create

@ Springer



Stem Cell Reviews and Reports

o
I

sob1 sop2 | CAT J Nost
2.0 3 & 5] #
2 # 2 i 3 3 —
o 1.5 = o ~ Sood = e Sl = =
g - c 24 - k-] . k] d
7 = = 3 a 2
il ; g £
5 £ 1 1 % 0.5+ X 0.5+
v 0.5 o = H _g
£ 2 3 £
5 0.0 . - ?E 0 - : £ 0.0 Y . & 00 - -
& <& & & & <& & <
K TXN1 L NRFZ .
#H
157 — 6 —
i - [} -
< 104 - < o
8 s 8
g 2
g &
s 0.54 x 2
3 2
5 = | % I
& 0.0 . T €0 T L
& & & &
HE Live Dead
CELL HEALTH PROFILE
N 150 1.5+
i |Depolarized/Dead De
“ 10.00 % - - o
3 P P —
s E 100+ _ta, . E 1.04 ——
= 5] s s .
m e -
2 i 5
50 0.5 -t
14 = g g
-k g = z .
- 98.20 %
5 0 Lot e L 0 . . 0.0 . '
0 1 2 3 4
tow  MITOPOTENTIAL  Hisn R\ & & &
TR Depolarized/Live Depolarized/Dead
CELL HEALTH PROFILE
i |Depolarized/Dead  De 2.0 1.5+
0
0.80 % 3.20/% . . H
w 1.5 - . P I /
E H ~ Rl 1
@ G 1.0 K] <.
g 1 e
= o Q
£ £ 0.54
3 0.5+ ]
= =
B 0.0 r : 0.0 I .
tow  MITOPOTENTIAL  Hish & & & &

Fig.4 (continued)

a pro/anti-inflammatory environment by releasing various
cytokines and specific microRNA, including miR-155, miR-
17, and miR-378. f{GMSCTR in this study highly expressed
miR-155, a known biomarker of periodontal diseases in
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humans.49 Studies have shown that elevated expression of
miR-155 in patients with periodontal disease was positively
correlated with the severity of the clinical parameters of
periodontal diseases [49]. In turn, decreased expression of
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Fig.4 (continued)

miR-17 mitigates the inflammatory microenvironment and
promotes an anti-inflammatory phenotype of the progenitor
cells. Moreover, miR-378 influences mesenchymal stem cell
phenotype and function with the promotion of adipose stem
cell (ASCs) differentiation potential, and IL-4 induces miR-
378 and therefore is recognized as a key player involved in
macrophage cytokine production. Moreover, we have identi-
fied a higher ROS accumulation in fGMSCTR and enhanced
mitochondrial membrane depolarization. Observed reduced
anti-oxidative potential of f{GMSCTR can contribute to
increased oxidative stress state in the periodontium and
abundant ROS secretion potentially due to mitochondrial
failure, thereby aggravating the periodontal injury [50].
Deterioration of mitochondrial dynamics in fGMSC™®
is likely playing a role in feline TR. We demonstrated
decreased expression of Fisl and Mfn2 in GMSCs iso-
lated from fGMSC™® patients which might indicate a link
between mitochondrial dynamics and reduced stemness
and expansion properties. Similar observations have been
made by Wang et al., who showed abnormal mitochondrial
structure and function in human gingival tissue of patients
with chronic periodontitis [S1]. Moreover, impaired mito-
chondrial dynamics might be one of the reasons explaining
reduced immunomodulatory potential of f{GMSC™®. Recent
studies show that defective mitochondrial dynamics inhib-
its mitochondrial transfer for Tregs and thus promotes pro-
inflammatory gingival microenvironment in periodontal
diseases [52]. Future studies should focus on the effects of
GMSC from TR in terms of their multilineage differentia-
tion potential especially in co-culture with osteoclast to
identify their osteogenic/osteoclastogenic regulatory poten-
tial and to verify whether mitochondrial replacement in

deteriorated cells might be an potential strategy to restore
their stemness and become a future therapeutic tool.

Conclusion

The present study isolated and characterized fGMSCHE and
fGMSC™R affected sites. We demonstrated that fGMSCHE
exhibit enhanced clonogenic potential and have a unique
ability to modulate the gingival microenvironment through
the induction of the activity of critically important anti-
inflammatory cytokines. Conversely, {GMSC™ have impaired
regenerative and immunomodulatory properties. These cells
may contribute to the pathogenesis of TR in cats.
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