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Simple Summary: Feline chronic gingivostomatitis (FCGS) is a common pathology in cats, related to
an aberrant immune response. The cause of FCGS remains elusive, despite extensive investigations.
A multitude of conditions and infectious agents have been related, without proof of causation,
as follows: virus, bacteria, environmental stress, hypersensitivity, etc. In recent years, therapies
based on feline adipose-derived mesenchymal stem cells (fAd-MSC) have become an interesting
alternative for the treatment of different complex pathologies in cats. Mesenchymal stem cells secrete
a wide variety of therapeutic elements, such as bioactive molecules and extracellular vesicles, such
as exosomes. It is essential to characterize these elements, to better understand their mechanisms
of action. In this study, we show, for the first time, that the proteomic profile of fAd-MSC-derived
exosomes, from calicivirus-positive patients with severe FCGS, is altered. Using bioinformatic tools,
we have demonstrated the existence of different proteins in the exosomes from diseased patients,
responsible for an altered biological effect. In addition, the exosomes do not only experience changes
in their cargo, but are also produced in larger quantities. This study might contribute to the better
prediction of the clinical outcomes of mesenchymal stem cell treatments in veterinary patients with
immune-mediated diseases, such as FCGS.

Abstract: Feline chronic gingivostomatitis (FCGS) is a pathology with a complicated therapeutic
approach and with a prevalence between 0.7 and 12%. Although the etiology of the disease is diverse,
feline calicivirus infection is known to be a predisposing factor. To date, the available treatment
helps in controlling the disease, but cannot always provide a cure, which leads to a high percentage
of refractory animals. Mesenchymal stem cells (MSCs) play a pivotal role in the homeostasis and
reparation of different tissues and have the ability to modulate the immune system responses. This
ability is, in part, due to the capacity of exosomes to play a part in intercellular cell communication.
However, the precise role of MSC-derived exosomes and their alterations in immunocompromised
pathologies remains unknown, especially in veterinary patients. The goal of this work was to analyze
the proteomic profile of feline adipose tissue-derived MSCs (fAd-MSCs) from calicivirus-positive
FCGS patients, and to detect possible modifications of the exosomal cargo, to gain better knowledge of
the disease’s etiopathogenesis. Using high-resolution mass spectrometry and functional enrichment
analysis with Gene Ontology, exosomes isolated from the fAd-MSCs of five healthy cats and five
calicivirus-positive FCGS patients, were pooled and compared. The results showed that the fAd-
MSCs from cats suffering from FCGS not only had a higher exosome production, but also their
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exosomes showed significant alterations in their proteomic profile. Eight proteins were exclusively
found in the exosomes from the FCGS group, and five proteins could only be found in the exosomes
from the healthy cats. When comparing the exosomal cargo between the two groups, significant
upregulation of 17 and downregulation of 13 proteins were detected in the FCGS group compared
to the control group. These findings shed light on new perspectives on the roles of MSCs and
their relation to this disease, which may help in identifying new therapeutic targets and selecting
specific biomarkers.

Keywords: feline; feline chronic gingivostomatitis; mesenchymal stem cells; exosomes; ultra-high-
performance liquid chromatography high-resolution mass spectrometry (UHPLC-HRMS)

1. Introduction

Feline chronic gingivostomatitis (FCGS) is an oral mucosal inflammatory pathology,
with an estimated prevalence between 0.7 and 12% in the cat population, and a complicated
therapeutic approach [1]. Although its etiopathogenesis is still poorly known, it includes
an important immune-mediated component that is associated to multiple factors. Among
these, feline calicivirus infection is one of the main predisposing factors of the disease [2—6].
The current treatment, which includes exodontia and the use of different immunosuppres-
sant drugs, helps in controlling the disease, but does not provide a cure in around 30% of
the cases. This leads to a high percentage of the patients becoming refractory [7,8].

Mesenchymal stem cells (MSCs) are known to play an important role in the homeosta-
sis and repair of numerous tissues, as well as the ability to modulate the responses of both
the innate and the adaptative immune system [9,10]. As to date, there is a high consensus
on the fact that their mechanism of action is mainly paracrine, involving the release of
a variety of elements that are jointly known as their secretome [11,12]. Among the different
components of the secretome are a group of extracellular vesicles, known as exosomes,
which have been shown to display high immune-regulating and regenerative properties.
Exosomes are nanovesicles originated through the endocytic pathway, with a size varying
between 40 and 100 nm, capable of transporting different types of small molecules (cargo)
that include nucleic acids, proteins, and lipids, among others. The exosome cargo is in-
volved in communication between cell lineages and has a pleiotropic effect [13,14]. Our
group was the first to describe the exosomes derived from feline adipose tissue-derived
MSCs (fAd-MSC), demonstrating that they play a role in several biological functions [15].

Recently, the exosomes have become particularly interesting, because of their potential
diagnostic and therapeutic applications [16]. On one hand, they have shown high safety and
efficacy as therapeutic agents in different disease models [17-19]. On the other hand, due
to their specific cargo, they have a great potential to serve as biomarkers for the diagnostic
and/or prognosis of pathologies [20,21].

In the last years, it has been demonstrated that the MSCs from human patients with
certain immune-mediated diseases are dysfunctional, leading to a better knowledge of
these cells and their involvement in diseases [22-25]. However, this relation has not yet
been described in cats.

The main objective of this study was to analyze the proteomic profile of fAd-MSC-
derived exosomes from FCGS patients who tested positive for calicivirus infection, and
to evaluate the existence of alterations in the exosomal cargo. These data will help us to
better understand the etiopathogenesis of this disease.

2. Materials and Methods

All the used protocols received approval by the Ethics Committee of the Andalusian
Center for Nanomedicine and Biotechnology (BIONAND, Malaga, Spain). The procedures
affecting animals were performed by veterinarians after obtaining informed consent from
the owners, which approved the use of biological samples from their cats for this study.
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2.1. Selection Criteria

Ten European shorthair cats were included in this study (5 healthy controls and
5 calicivirus-positive FCGS patients). The inclusion criteria for the FCGS group were as
follows: severe FCGS confirmed by a biopsy, with all molars extracted at least 6 months
earlier and being refractory to immunomodulatory therapies, not showing any clinical
improvement [26]. None of the selected cats were spayed or neutered.

The cats with FCGS were selected after being subjected to a clinical exploration and
hematological and biochemical tests to discard any other existing pathologies. Hyperpro-
teinemia, hyperglobulinemia, and neutrophilia were accepted, as they have been reported
to be related to FCGS. The absence of dental roots was confirmed by dental radiographs [27].
The selected cats were tested positive for calicivirus by RT-PCR on oropharyngeal sam-
ples and negative for the feline immunodeficiency and leukemia viruses (SNAP Combo
FeLV/F1V, IDEXX Laboratories, Westbrook, ME, USA) [26]. The severity of the disease was
evaluated using the Stomatitis Disease Activity Index (SDAI) [28], selecting patients that
scored a minimum of 20 points out of 30.

The healthy control cats did not have any known pathology. They were subjected to
the same clinical and laboratory tests and were proved negative for the aforementioned
viral infections.

No medication was given to the cats for at least ten days prior to the extraction of adipose
tissue. Only analgesic drugs were allowed for the FCGS patients for palliative purposes.

2.2. Isolation and Expansion of fAd-MSCs

A subcutaneous adipose tissue sample (~5 g) was extracted from the inguinal area of
each cat after sedation for other procedures not related to this study (clinical examination
not involving traumatic procedures). The cats were sedated with ketamine (Imalgene,
Merial, France; 10-20 mg/cat, IV), midazolam (Midazolan B. Braun, Melsungen, Germany;
0.1 mg/kg, IV), and butorphanol (Turbogesic, Zoetis, Madrid, Spain; 0.1 mg/kg IV).
The obtained samples were maintained in Dulbecco’s modified Eagle medium (DMEM,
Merck, Darmstadt, Germany) at 4 °C until taken to the laboratory on the same day.

Further, f{Ad-MSCs of each donor were isolated and characterized according to a proto-
col previously optimized within our group [15,29]. Briefly, adipose tissue was treated with
type I collagenase (Merck, Darmstadt, Germany) and the isolated fractions were seeded in
T-175 culture flasks containing DMEM supplemented with 10% fetal bovine serum (FBS),
2.5 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, and 1.25 pg/mL
fungizone (Merck, Darmstadt, Germany). The fAd-MSCs were cultured under standard
conditions (37 °C, 5% CO,, 95% RH) and subcultured when reaching >80% confluency. All
experiments were performed with cells at passage 2. The fAd-MSCs were characterized
by flow cytometry, and their multipotential differentiation capacity into adipogenic, os-
teogenic and chondrogenic lineages, according to the criteria of the International Society
of Cellular Therapy (ISCT), were evaluated using protocols previously published by our
group [29,30].

2.3. Isolation of fAd-MSC-Derived Exosomes

The exosomes from each individual donor were processed separately. The isolation of
the exosomes was conducted by ultracentrifugation and their characterization afterwards
was conducted following a protocol previously used by our group [13,15]. Briefly, the cells
of each donor were seeded at a density of 5.7 x 103 cells/cm? in three T-175 flasks in DMEM
supplemented with 10% fetal bovine serum (FBS), 2.5 mM L-glutamine, 100 U/mL peni-
cillin, and 100 pug/mL streptomycin (Merck, Darmstadt, Germany). When 80% confluency
was reached, the cells were washed with PBS and DMEM with 10% exosome-free FBS was
added to the flasks. The exosome-free FBS was previously obtained by ultracentrifugation
at 100,000x g for 60 min at 4 °C. The culture medium containing the fAd-MSC-derived
exosomes was collected after 72 h under standard culture conditions. The cells remaining
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in the flasks were quantified and their overall viability determined by trypan blue staining
and loading in a Neubauer chamber.

The culture medium was centrifuged at 13,000 g for 30 min at 4 °C to eliminate
the cell debris and microvesicles. Afterwards, it was ultracentrifuged at 100,000x g for
90 min at 4 °C using a fixed-angle 70Ti rotor in an Optima LE-80K ultracentrifuge (Beckman
Coulter, Pasadena, CA, USA). The sedimented exosomes were collected by resuspending
them in PBS before repeating the ultracentrifugation step. Finally, the exosomes were
resuspended in 100 uL of PBS, quantified using a BCA kit (Thermo Fisher Scientific,
Waltham, MA, USA) and stored at —80 °C until needed. For the characterization of
the exosomes, equal amounts coming from each donor were combined.

2.4. TEM Analysis

Aliquots of the isolated exosomes were adsorbed onto formvar/carbon-coated 200 mesh
grids, negatively stained with 2% aqueous uranyl acetate and observed using a JEM-
1400 transmission electron microscope (JEOL, Tokyo, Japan), operated at 80 kV following
directions from the Transmission Electron Microscopy Unit from the Central Research
Support Service (SCAI) of the University of Malaga.

2.5. Size Distribution and Exosomal Electronegativity

Size, distribution, homogeneity, and zeta potential of the exosome fractions (20 uL)
that were previously diluted in 1 mL of distilled water were analyzed using a Malvern
Zetasizer 2000 (Malvern Instruments, Worcestershire, UK). Each sample was analyzed in
triplicate to obtain the size distribution of the exosome population.

2.6. Analysis of the Expression of Exosome Markers by Western Blot

The presence of exosome-specific biomarkers in the isolated fractions was evaluated
by Western blot [31-34]. Then, 30 ug of exosomes were used for performing an SDS-PAGE
followed by a semi-dry transfer to nitrocellulose. Rabbit monoclonal antibodies against
the specific exosomal markers ALIX (Abcam, Cambridge, UK; 1:1000) and the tumor sus-
ceptibility gene 101 TSG101 (Abcam, Cambridge, UK; 1:1000), as well as against calnexin
(Cell Signaling Technology, Danvers, MA, USA; 1:1000) and polyclonal 3-actin (Abcam,
Cambridge, UK; 1:2000), followed by incubation with peroxidase-conjugated polyclonal
goat anti-rabbit IgG (Abcam, Cambridge, UK; 1:10,000). The marked proteins were vi-
sualized by incubation with ECL (Thermo Fisher Scientific, Waltham, MA, USA) using
a ChemiDoc XRS+ system (BioRad, Hercules, CA, USA). The protein fraction of a lysed
human adipose tissue-derived MSC sample was used as a positive control.

2.7. Exosome Protein Content Analysis by Ultra-High-Performance Liquid Chromatography
High-Resolution Mass Spectrometry (UIHPLC-HRMS)

The exosomal proteins were purified by a trichloroacetic acid protein precipitation-
based procedure (clean-up kit; GE Healthcare, Miinchen, Germany) and the resulting
protein pellets were recovered and quantified by a Bradford assay. Afterwards, gel-assisted
proteolysis was carried out, entrapping the protein solution in a polyacrylamide gel matrix.
Briefly, gel plugs containing the proteins were cut into small pieces and incubated with DTT
to break disulfide bonds. Cysteine residues were carbamidomethylated with iodoacetamide
and the proteins were digested with trypsin (Promega, Madison, WI, USA). The resulting
peptides were then extracted from the gel, dried in a SpeedVacTM vacuum concentrator,
and re-dissolved in 0.1% formic acid aqueous solution. Finally, the peptides were purified
using a C18 ZipTip (Merck, Darmstadt, Germany) according to manufacturer’s instructions
and brought to an identical concentration before being transferred to the injection vial.

Samples were injected into an Easy nLC 1200 UHPLC system coupled to a hybrid
linear trap quadrupole Orbitrap Q-Exactive HF-X mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The samples were automatically loaded onto a trap col-
umn (Acclaim PepMap 100, 75 um x 2 cm, C18, 3 um, 100 A, Thermo Fisher Scientific,
Waltham, MA, USA) at a flow rate of 20 uL/min and eluted through a 50 cm analytical col-
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umn (PepMap RSLC C18, 2 um, 100 A, 75 um x 50 cm, Thermo Fisher Scientific, Waltham,
MA, USA). The binary gradient mobile phase consisted of 0.1% formic acid in water (sol-
vent A) and 0.1% formic acid in 80% acetonitrile (solvent B). Peptides were eluted from
the analytical column with a 120 min gradient ranging from 2% to 20% solvent B, followed
by a 30 min gradient from 20% to 35% solvent B and finally, to 95% solvent B for 15 min
before re-equilibration at a constant flow rate of 300 nL/min.

Data acquisition was performed in the electrospray ionization positive mode. MS1
scans were acquired from m/z 300-1750 at a resolution of 120,000. The 20 most intense
precursor ions were isolated within a 1.2 m/z window by a data-dependent acquisition
method and fragmented to obtain the corresponding MS/MS spectra. The fragment ions
were generated in a higher-energy collisional dissociation (HCD) cell and detected in
an Orbitrap mass analyzer at a resolution of 30,000.

Acquired raw data were analyzed using the Proteome DiscovererTM 2.3 platform
(Thermo Fisher Scientific, Waltham, MA, USA) with SEQUEST® HT as search engine and
Felis catus NCBI version 2017.10.30 (43.896 sequences) as database. Peptide spectral matches
and consecutive protein assignments were validated using the Percolator® algorithm [35]
by imposing a strict cut-off of 1% false discovery rate (FDR). Results were filtered to contain
only proteins with at least two unique peptide sequences.

Label-free quantitation was implemented using the Minora feature of Proteome Dis-
covererTM 2.3. Protein abundances were based on precursor intensities. Normalization was
performed based on total peptide amount and abundance ratio p-values were calculated
by ANOVA based on individual protein abundances.

Biological process, molecular function and cellular component enrichment analysis
of the identified proteins was carried out via the international standardized gene func-
tion classification system of gene ontology (http://www.geneontology.org/-, accessed on
12 February 2021) using the network-based annotation service of the Proteome Discover-
erTM 2.3 application.

3. Results
3.1. Selection of Cats

Five FCGS-positive and five healthy European shorthair cats were selected for this
study. Each group contained three males and two females, with an average weight of
3.4 + 0.6 kg for the FCGS group and 3.8 & 0.24 kg for the control group. The average
ages were 6.4 + 3.7 years and 4.2 £ 1.3 years, respectively, and the average SDAI score in
the FCGS group was 22.4 £ 0.9 (Table 1).

Table 1. Information about the animals selected for the FCGS and the control group. The sex, age,
weight and SDAI score are presented. None of the selected cats were spayed or neutered.

Group Sample Number Sex Age (years) Weight (Kg) SDAI! Score

1 Male 9 3.4 22
2 Male 11.5 3.3 23
3 Male 25 29 23
FCGS 2 4 Female 5 4.5 21
5 Female 4 3.1 23
Mean 6.4 34 224
SD3 3.7 0.6 0.9
6 Male 6 3.8
7 Male 4 4
8 Male 3 41
Healthy 9 Female 5 35 N/A*4
10 Female 3 3.7
Mean 4.2 3.8
SD 1.3 0.24

1 SDALI: Stomatitis Disease Activity Index. 2 FCGS: feline chronic gingivostomatitis. 3 SD: standard deviation.
4 Not applicable.
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3.2. Characterization of fAd-MSCs

The isolated fAd-MSCs of all the donors were homogeneous CD29+, CD44+, CD73+,
CD90+, MHC-I+ (mesenchymal stem cell markers), CD34—, CD45—, and MHC-II- (hematopoi-
etic markers) cell populations (data not shown). These f{Ad-MSCs differentiated to the three
mesodermal lineages after appropriate induction. Adipogenic differentiation was evi-
denced by the presence of Oil Red O-positive fat drops; osteogenic differentiation was
confirmed by alizarin red-positive calcium deposits; and chondrogenic differentiation was

confirmed by the formation of micromasses exhibiting metachromasia when stained with
toluidine blue (Figure S1).

3.3. Characterization of fAd-MSCs-Derived Exosomes

A total of 13.35 & 4.04 pg exosomes/10° fAd-MSCs were isolated from the FCGS-
positive cats and 7.12 + 6.3 g exosomes/10° fAd-MSCs from the healthy donors. The exo-
some fractions were analysed by TEM and dynamic light scattering (DLS). The exosomes
that were isolated from the FCGS cats had a clearly lower average size and z-potential
compared to the exosomes that were obtained from the healthy cats (Table 2).

Table 2. Characterization of the isolated exosome samples.

Grou Quantification Size Range Electronegativity = Polydispersity
P (ug Exosomes/10° Cells) (nm) (Zeta Potential) Index (PDI)
FCGS 13.35 + 4.04 15-50 —13.4+3.82mV 0.277 £ 0.09
Healthy 712+6.3 15-140 —22.7 £0.71 mV 0.311 £ 0.03

The low polydispersity of the samples indicates a low aggregation of the exosomes.
This was also observed by TEM visualization (Figure 1A). The size distribution, within
the exosome sample from the healthy donors, ranged between 13 and 140 nm, with two
clear subpopulations (13-50 nm and 68-140 nm). The larger subpopulation was, however,
not present in the samples that were obtained from the FCGS-positive cats (Figure 1C).

A C
Healthy FCGS
Positive o aithy FCGS
Control N
anti — ALIX (96 kDa) - —
anti — Calnexin (90 kDa)
anti — TSG101 (49 kDa) p— ——
anti — B-actin (42 kDa) —
B
Healthy FCGS
15
30
25
~
g 10 S 20
& g1
g5 9 210
8 A
= 0 = 0
AR F IS DR R B R RN R = R I~ B B R B R i
Shalulsi RRb - R ngu =R H R BNE RS PR oL E O IRARSR2RE8R
Size (d.nm) Size (d.nm)

Figure 1. Characterization of the fAd-MSC-derived exosomes from FCGS-positive and healthy cats. (A) TEM images of
exosomes in both groups. White arrows point to exosomes. Other structures may be precipitated salts present in the buffer.
Scale bars: 50 um. (B) Western blot analysis showing the presence of specific exosomal markers in both groups. (C) Exosomal
size distribution, showing a loss of the exosome subpopulation with a greater diameter in FCGS cats.
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The exosomes that were obtained from the fAd-MSCs of both the groups displayed
specific exosomal markers, such as ALIX or TSG101, involved in exosome biogenesis and
vesicular trafficking, and were negative for calnexin, which is an endoplasmic reticulum-
related marker that is commonly used as a negative control for exosome identification
(Figure 1B).

3.4. Comparison between the Protein Cargos of fAd-MSC-Derived Exosomes from FCGS and
Healthy Cats

After performing the proteomic analysis, and according to the Felis catus database,
a total of 508 proteins were identified in the exosomes from the FCGS-positive cats, while
506 proteins could be found in the exosomes from the healthy donors. The complete lists
of proteins can be found in Table S1. We were able to identify eight proteins that were
exclusively present in the exosomes from the FCGS group, and five proteins that were
exclusively present in the exosomes from the healthy cats (Table 3 and Table S1).

Table 3. Proteins exclusive to the exosomes of a certain group. A total of eight proteins were only identified in the exosomal

proteome within the FCGS group and five proteins were exclusively found in the exosomes of the healthy donors.

Group Accession Protein Name Number of Peptides Co:r;r)age
XP_006928390.1 Tubulin beta-4A chain 18 70
ACO24947.1 Pancreatic amylase, partial 3 7
XP_003984122.1 Pleckstrin 2 9
FCGS XP_019676911.1 Protein Niban 2 3
XP_003993984.1 Ras-related protein Rab-4A isoform X1 2 11
XP_011280274.1 Dihydropteridine reductase 2 14

Latent-transforming growth factor

XP_019683254.1 beta-binding protein 1 isoform X1 2 3
XP_019670812.1 Endothelial lipase isoform X1 2 7
XP_019687676.1 Poly [ADP-ribose] )}()fllymerase 6 isoform 30 61
Health XP_003985767.1 Histone H1.4 6 23
Y XP_003985772.1 Histone H1.2 6 24
XP_003984106.1 Ras-related protein Rab-1A 7 36
XP_003985733.1 Histone H1.5 3 18

3.5. Gene Ontology (GO) Analysis of the Identified Proteins

Each identified protein was functionally annotated, based on the following GO param-
eters: cellular component, molecular function, or biological process (Figure 2). The most
abundant proteins in both the groups were classified as membrane proteins, followed
by proteins localized in the cytoplasm (referring to the entire content of a cell, exclud-
ing the plasmatic membrane and the nucleus, but including other subcellular structures),
the cytosol (the part of the cytoplasm that does not contain organelles, but contains other
particles, such as protein complexes), and extracellular region proteins. All these pro-
teins were more abundant in the FCGS group than in the control group. In addition,
the exosomes from the FCGS group were enriched with proteins that were involved in
the metabolic process, regulation of the biological process, response to stimulus, transport,
and cell organization and biogenesis. According to the molecular function of the identified
proteins, the predominant protein fraction in the exosomes from the FCGS group was
related to catalytic activity, protein binding, nucleotide binding, and metal ion binding, in
this order. Contrarily, the exosomal proteins that were found in the healthy donors were
predominantly involved in protein binding. Only among the groups related to DNA bind-
ing and receptor activity could more proteins be identified in the FCGS than in the control
group. The complete list of the proteins is provided in Table S1.
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Figure 2. GO annotations related to proteins found in the fAd-MSC-derived exosomes. Subcellular localization, molecular

function, and biological processes related to the identified proteins. A single protein can be included in different subgroups.

“Not set” indicates that these proteins are not classified in any of the parameters described according to GO (more

information is provided in Table S1).
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3.6. Label-Free Quantification of the Exosome Proteomes

When comparing the exosomal cargo between the two groups, significant upregula-
tion of 17 and downregulation of 13 proteins were found in the FCGS group compared to
the control group, with a p < 0.01 (Figure 3). These numbers were even higher (20 upregu-
lated and 86 downregulated proteins) when a p < 0.05 was considered. The list with these
specific proteins can be found in Table S2.
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Figure 3. Deregulated proteins in FCGS patients. (A) Volcano plot representing the down-expressed and overexpressed
protein abundance changes (green circles). Proteins were considered downregulated or upregulated if their fold-change

values were <0.5 or >2, respectively, with a p-value < 0.01. (B) Heat map showing the protein levels exosomes isolated from
FCGS cats (orange bar) versus healthy donors (blue bar).

The upregulated proteins are mainly involved in metabolic processes (sorbitol dehy-
drogenase, uroporphyrinogen decarboxylase, alpha-1,3-mannosyl-glycoprotein, 2-beta-
N-acetylglucosaminyltransferase, puromycin-sensitive aminopeptidase, neutral alpha-
glucosidase AB, dipeptidyl peptidase, phosphoglucomutase-1), hepatocellular function
and development (oncoprotein-induced transcript 3), immune response (complement
C1s subcomponent), regulation of biological processes (tyrosine protein kinase recep-
tor Tie-1, EMILIN-1, microtubule-associated protein RP/EB, transforming growth factor
beta-1-induced transcript 1 protein, cullin-associated NEDD8-dissociated protein 1), gene
expression (threonine-tRNA ligase), vesicular transport (general vesicular transport factor
p115), and protein folding (heat shock 70 kDa).

The proteins that were, on the contrary, downregulated in the exosomes from the FCGS
cats, were mainly involved in cell adhesion (annexins, cadherins, catenin, integrins), mito-
chondrial metabolism (NADH-cytochrome b5 reductase), cell surface receptor (CD63), mem-
brane and cytoskeletal dynamics (protein S100-A11), metabolic processes (peroxiredoxin-1;
UDP-glucose 6-dehydrogenase), regulation of biological processes (urokinase plasmino-
gen activator surface receptor, myeloid-associated differentiation marker), proliferation
(guanine nucleotide-binding protein G), and RNA binding (poly(rC)-binding protein 2).

4. Discussion

The use of MSCs is an interesting therapeutic alternative for a large number of
immune-mediated pathologies, due to the ability of these cells to modulate the immune
system [36-38]. It is known that the exosomes that are produced by these cells play a piv-
otal role in this ability, as they are related to cell-to-cell communication in both healthy and
diseased conditions [32,39]. However, very little is still known about the role of exosomes
and their possible alterations in immunocompromised pathologies, especially in veterinary
patients. In this study, we report, for the first time, the isolation and characterization of
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exosomes obtained from the fAd-MSCs of calicivirus-positive patients with severe and
refractory FCGS, and we demonstrate that these have an altered proteomic profile, which
might eventually lead to a dysfunctionality. Adopting the infection by calicivirus, as an in-
clusion criterium, was due to the high impact of this viral infection on the cat population
suffering from FCGS [2—4,40].

It has been estimated that around 50% of the fAd-MSCs might be infected with feline
foamy virus [41], which seems to affect their proliferation after passage 3. Therefore, we
isolated the exosomes from the fAd-MSCs in passage 2, which allowed us to obtain enough
cells for the experiments, while avoiding unnecessary additional subculturing, which
might have modified the properties of the cells [29,42].

The fAd-MSCs from the cats with FCGS produced notably more exosomes than
the cells from the healthy donors (almost double the amount), as has been previously
reported for other pathologies [43]. Furthermore, the exosomes from the diseased cats
show a lower zeta potential. Behaving similarly to nanoparticles, the superficial charge of
the exosomes is reflected on their zeta potential and this characteristic varies depending
on the origin of the exosomes [44]. The zeta potential measures the charge stability and
affects all the functional interactions between particles. So, a higher zeta potential leads
to greater electrostatic repulsion forces between the particles, increasing their colloidal
stability and reducing their chances of aggregating [45]. In this sense, it was recently
described that there are dimer-forming exosome-exosome interactions that can modulate
the signals that are provided by those exosomes in different biological processes, such as
the immunoregulation of cancer, metastasis, or tissue regeneration [46]. Therefore, we
believe that more studies on the exosomal interactions in veterinary patients with FCGS
could yield very interesting data in the future.

The proteomic analysis of the exosome cargo, by high-resolution mass spectrometry,
is a very useful tool for comparing the protein profiles in exosomes from different origins,
and can lead to conclusions on their role in normal biological and physiopathological
processes [47]. A total of 508 proteins were identified in the exosomes from the FCGS
patients and 506 proteins could be found in those derived from the healthy animals.
When quantifying the proteins that were shared by both the groups, we found several
alterations in the proteomic profile of the exosomes from the diseased cats. On the one hand,
eight proteins were only present in the exosomes that were derived from the f{Ad-MSCs
isolated from the FCGS patients, while five proteins could only be found in the samples
from the healthy cats. The exosomal proteins that were identified exclusively in diseased
animals were related to the regulation of biological processes, such as tissue remodeling,
inflammation, defense against infectious agents, and metabolism [48-51]. The proteins that
were missing in the FCGS group were involved in the immune response, inflammation,
chromatin structure modulation, transcription, replication, recombination, DNA repair,
and gene silencing [52,53].

On the other hand, 17 proteins were significantly more represented in the exosomes
from the FCGS group, mainly related to metabolic processes, immune responses, regulation
of biological processes, and gene expression. Thirteen other proteins were downregulated
and these were mainly involved in metabolic functions.

These differences confirmed that there are evident changes in the secretory profile of
the fAd-MSCs, and the proteomic cargo of their exosomes, from cats with severe FCGS.
The amount and variety of expressed proteins show that certain biological functions, re-
lated to tissue regeneration, metabolism, and immune responses, may be affected. These
processes may be involved in the pathogenesis of FCGS and might help to understand
what role the exosomes play in certain immune-mediated pathologies [54]. Furthermore,
this represents a promising strategy for gaining information on the response to pathogens,
identifying therapeutic targets and selecting specific biomarkers for different patholo-
gies [55-57]. New studies will be needed to determine the possible role that the calicivirus
or other concomitant viral infections might have in the proteome cargo of f{Ad-MSC-derived
exosomes, or that of other origins in FCGS patients. In the current study, it was not possible
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to determine whether the altered proteomic profile of the fAd-MSC-derived exosomes
from the FCGS patients was due to the gingivostomatitis, the calicivirus infection, or
a combination of both.

Although complete teeth extraction usually leads to a high percentage of improvement
in cats suffering from severe FCGS, around 30% of the patients are refractory to the existing
treatments [8,28]. Therefore, new studies would be needed on patients in the early stages
of the disease, when no teeth have been extracted yet, to compare to our results with severe
and refractory cases. This could help in identifying biomarker proteins, to reduce the high
percentage of cases that do not satisfactorily respond to treatments and assure the success
of the exodontias.

Recently, the use of both autologous and allogenic MSCs has been proven to be useful
for the treatment of this pathology [37,38]. Hence, taking our findings into account, a better
knowledge of the secretory profile of MCSs is needed for interpreting the results of possible
future therapies with autologous cells, in patients suffering from severe FCGS.

Currently, the use of exosomes, as therapeutic agents in different disease models, has
been shown to be equally as safe and efficient as the direct use of MSCs [58,59]. Further-
more, thanks to their specific cargo, they have gained an interesting role as biomarkers
for the diagnosis and/or prognosis in different pathologies, including cancer [21,60]. In
any case, approaches based on the use of allogenic MSCs or their exosomes have a greater
chance of being approved for commercialization by the authorities than those based on
autologous cells, as the allogenic cells allow for a better control of their efficacy and have
important logistical advantages.

The number of animals studied, their age differences, and the limited amount of
information available in the cat databases, are the main limitations of our study. Further-
more, since the exosomes from each donor could not be analyzed separately, possible
inter-individual heterogeneity might have been lost. However, our results might set a base
for the future identification of robust groups of proteins present in the fAd-MSC-derived
exosomes from healthy and diseased animals. This would allow us to perform more studies
on the use of exosomes and their cargo, for either diagnostic or therapeutic purposes.

Finally, since the domestic cat suffers with FCGS naturally and in environmental
conditions that are similar to those in which humans live, it might be a suitable preclinical
model for transferring these results to some human pathologies, such as oral lichen planus,
stomatitis, pemphigus, or pemphigoid [61].

5. Conclusions

In this study, the alteration of the proteomic profile of fAd-MSC-derived exosomes,
from severe, calicivirus-positive FCGS patients, is presented for the first time. Using bioin-
formatic tools, we have demonstrated that the altered proteomic profile in the exosomes
from diseased patients affects the proteins related to several biological functions, such as tis-
sue remodeling, metabolism, and immune responses. The exosomes do not only experience
changes in their cargo, but are also produced in larger quantities. Possibly, the alterations in
the exosomes in these patients will change their ability to participate in cell communication
between the Ad-MSCs and their niche, which is affected by this pathology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11082466/s1, Figure S1: assessment of adipogenic, osteogenic and chondrogenic differentia-
tion; Table S1: list of proteins present in the FCGS group and healthy donors, and proteins exclusive to
the exosomes of a certain group; Table S2: complete list of upregulated and downregulated proteins
with a value of p < 0.01.

Author Contributions: Conceptualization, A.J.V.,, M.d.C.M.-A,, FF, ].B. and R.V.; methodology,
M.d.CM.-A, CA. and C.C; validation, A.].V,, M.d.CM.-A., C.A. and C.C.; formal analysis,
M.d.C.M.-A. and C.C,; investigation, A.].V.,, M.d.C.M.-A. and C.C.; resources, A.J.V,, ].B., R.V,; data
curation, M.d.C.M.-A., C.A. and C.C.; writing—original draft preparation, A.].V.,, M.d.CM.-A., C.A.,
C.C. and ].B.; writing—review and editing, F.F.,, J.B. and R.V; visualization, M.d.C.M.-A. and C.C.;


https://www.mdpi.com/article/10.3390/ani11082466/s1
https://www.mdpi.com/article/10.3390/ani11082466/s1

Animals 2021, 11, 2466 12 of 14

supervision, A.J.V,, ].B. and R.V,; project administration, A.J.V., ].B. and R.V,; funding acquisition, J.B.
and R.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Instituto de Salud Carlos III (Red TerCel), grant number
“RD16/0011/0022”; Consejeria de Economia, Innovacién, Ciencia y Empleo, Junta de Andalucia,
grant number “UMA18-FEDERJA-133"; Centro de Investigacion Biomédica en Red en Bioingenieria,
Biomateriales y Nanomedicina, grant number “VI National R&D&I Plan 2008-2011"; Ministerio de
Ciencia, Innovacién y Universidades, grant number “PEJ2018-004785-A".

Institutional Review Board Statement: All the used protocols received approval by the Ethics Com-
mittee of the Andalusian Center for Nanomedicine and Biotechnology (BIONAND). The procedures
affecting animals were performed by veterinarians after obtaining informed consent from the owners,
which approved the use of biological samples from their animals for this study.

Data Availability Statement: The data presented in this study are available in this published article
(and its Supplementary Materials).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  BinLee, D.; Verstraete, FJ.; Arzi, B. An Update on Feline Chronic Gingivostomatitis. Vet. Clin. N. Am. Small Anim. Pract. 2020, 50,
973-982. [CrossRef]

2. Fernandez, M.; Manzanilla, E.G.; Lloret, A.; Leén, M.; Thibault, J.-C. Prevalence of feline herpesvirus-1, feline calicivirus,
Chlamydophila felis and Mycoplasma felis DNA and associated risk factors in cats in Spain with upper respiratory tract disease,
conjunctivitis and/or gingivostomatitis. J. Feline Med. Surg. 2017, 19, 461-469. [CrossRef]

3. Druet, I.; Hennet, P. Relationship between Feline calicivirus Load, Oral Lesions, and Outcome in Feline Chronic Gingivostomatitis
(Caudal Stomatitis): Retrospective Study in 104 Cats. Front. Vet. Sci. 2017, 4, 209. [CrossRef]

4. Thomas, S.; Lappin, D.F; Spears, ].; Bennett, D.; Nile, C.; Riggio, M.P. Prevalence of feline calicivirus in cats with odontoclastic
resorptive lesions and chronic gingivostomatitis. Res. Vet. Sci. 2017, 111, 124-126. [CrossRef]

5. Vapniarsky, N.; Simpson, D.L.; Arzi, B.; Taechangam, N.; Walker, N.J.; Garrity, C.; Bulkeley, E.; Borjesson, D.L. Histological,
Immunological, and Genetic Analysis of Feline Chronic Gingivostomatitis. Front. Vet Sci. 2020, 7, 310. [CrossRef]

6.  Fried, W.A,; Soltero-Rivera, M.; Ramesh, A.; Lommer, M.].; Arzi, B.; DeRisi, ].L.; Horst, J.A. Use of unbiased metagenomic and
transcriptomic analyses to investigate the association between feline calicivirus and feline chronic gingivostomatitis in domestic
cats. Am. J. Vet. Res. 2021, 82, 381-394. [CrossRef]

7. Jennings, M.W.; Lewis, J.R.; Soltero-Rivera, M.M.; Brown, D.C.; Reiter, A.M. Effect of tooth extraction on stomatitis in cats:
95 cases (2000-2013). J. Am. Vet. Med. Assoc. 2015, 246, 654-660. [CrossRef] [PubMed]

8.  Winer, ].N,; Arzi, B.; Verstraete, EJ.M. Therapeutic Management of Feline Chronic Gingivostomatitis: A Systematic Review of
the Literature. Front. Vet. Sci. 2016, 3, 54. [CrossRef]

9. Le Blang, K,; Ringdén, O. Inmunomodulation by mesenchymal stem cells and clinical experience. |. Intern. Med. 2007, 262,
509-525. [CrossRef] [PubMed]

10. Yagi, H.; Soto-Gutierrez, A.; Parekkadan, B.; Kitagawa, Y.; Tompkins, R.G.; Kobayashi, N.; Yarmush, M.L. Mesenchymal Stem
Cells: Mechanisms of Immunomodulation and Homing. Cell Transplant. 2010, 19, 667-679. [CrossRef] [PubMed]

11. Makridakis, M.; Roubelakis, M.G.; Vlahou, A. Stem cells: Insights into the secretome. Biochim. Biophys. Acta (BBA) Proteins
Proteom. 2013, 1834, 2380-2384. [CrossRef]

12.  Konala, V.B.R,; Mamidi, M.K;; Bhonde, R.; Das, A.K.; Pochampally, R.; Pal, R. The current landscape of the mesenchymal stromal
cell secretome: A new paradigm for cell-free regeneration. Cytotherapy 2016, 18, 13-24. [CrossRef]

13. Villatoro, A.]J.; Alcoholado, C.; Martin-Astorga, M.; Fernandez, V.; Cifuentes, M.; Becerra, ]. Comparative analysis and characteri-
zation of soluble factors and exosomes from cultured adipose tissue and bone marrow mesenchymal stem cells in canine species.
Vet. Immunol. Immunopathol. 2019, 208, 6-15. [CrossRef]

14. Reiner, A.T.; Witwer, K.; Van Balkom, B.W.M.; De Beer, J.; Brodie, C.; Corteling, R.L.; Gabrielsson, S.; Gimona, M.; Ibrahim, A.G.;
De Kleijn, D.; et al. Concise Review: Developing Best-Practice Models for the Therapeutic Use of Extracellular Vesicles. Stem Cells
Transl. Med. 2017, 6, 1730-1739. [CrossRef] [PubMed]

15. Villatoro, A.; Martin-Astorga, M.; Alcoholado, C.; Sanchez-Martin, M.; Becerra, J. Proteomic Analysis of the Secretome and
Exosomes of Feline Adipose-Derived Mesenchymal Stem Cells. Animals 2021, 11, 295. [CrossRef] [PubMed]

16. Yang, X.-X.; Sun, C.; Wang, L.; Guo, X.-L. New insight into isolation, identification techniques and medical applications of
exosomes. . Control. Release 2019, 308, 119-129. [CrossRef] [PubMed]

17.  Chung, 1.-M.; Rajakumar, G.; Venkidasamy, B.; Subramanian, U.; Thiruvengadam, M. Exosomes: Current use and future

applications. Clin. Chim. Acta 2020, 500, 226-232. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cvsm.2020.04.002
http://doi.org/10.1177/1098612X16634387
http://doi.org/10.3389/fvets.2017.00209
http://doi.org/10.1016/j.rvsc.2017.02.004
http://doi.org/10.3389/fvets.2020.00310
http://doi.org/10.2460/ajvr.82.5.381
http://doi.org/10.2460/javma.246.6.654
http://www.ncbi.nlm.nih.gov/pubmed/25719848
http://doi.org/10.3389/fvets.2016.00054
http://doi.org/10.1111/j.1365-2796.2007.01844.x
http://www.ncbi.nlm.nih.gov/pubmed/17949362
http://doi.org/10.3727/096368910X508762
http://www.ncbi.nlm.nih.gov/pubmed/20525442
http://doi.org/10.1016/j.bbapap.2013.01.032
http://doi.org/10.1016/j.jcyt.2015.10.008
http://doi.org/10.1016/j.vetimm.2018.12.003
http://doi.org/10.1002/sctm.17-0055
http://www.ncbi.nlm.nih.gov/pubmed/28714557
http://doi.org/10.3390/ani11020295
http://www.ncbi.nlm.nih.gov/pubmed/33498940
http://doi.org/10.1016/j.jconrel.2019.07.021
http://www.ncbi.nlm.nih.gov/pubmed/31325471
http://doi.org/10.1016/j.cca.2019.10.022
http://www.ncbi.nlm.nih.gov/pubmed/31678573

Animals 2021, 11, 2466 13 of 14

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Xu, H; Jia, S.; Xu, H. Potential therapeutic applications of exosomes in different autoimmune diseases. Clin. Immunol. 2019, 205,
116-124. [CrossRef]

Harrell, C.R.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal Stem Cell-Derived Exosomes and Other
Extracellular Vesicles as New Remedies in the Therapy of Inflammatory Diseases. Cells 2019, 8, 1605. [CrossRef]

Properzi, F; Logozzi, M.; Fais, S. Exosomes: The future of biomarkers in medicine. Biomark. Med. 2013, 7, 769-778. [CrossRef]
Lin, J.; Li, J.; Huang, B.; Liu, J.; Chen, X.; Chen, X.-M.; Xu, Y.-M.; Huang, L.-F; Wang, X.-Z. Exosomes: Novel Biomarkers for
Clinical Diagnosis. Sci. World J. 2015, 2015, 1-8. [CrossRef]

Orciani, M.; Campanati, A.; Caffarini, M.; Ganzetti, G.; Consales, V.; Lucarini, G.; Offidani, A.; Di Primio, R. T helper (Th)1,
Th17 and Th2 imbalance in mesenchymal stem cells of adult patients with atopic dermatitis: At the origin of the problem. Br. J.
Dermatol. 2017, 176, 1569—-1576. [CrossRef]

Chen, W.; Yu, Y;; Ma, ].; Olsen, N.; Lin, ]. Mesenchymal Stem Cells in Primary Sjogren’s Syndrome: Prospective and Challenges.
Stem Cells Int. 2018, 2018, 1-11. [CrossRef] [PubMed]

Orciani, M.; Campanati, A.; Salvolini, E.; Lucarini, G.; Di Benedetto, G.; Offidani, A.; Di Primio, R. The mesenchymal stem cell
profile in psoriasis. Br. ]. Dermatol. 2011, 165, 585-592. [CrossRef] [PubMed]

Hidalgo-Garcia, L.; Gélvez, J.; Rodriguez-Cabezas, M.E.; Anderson, P.O. Can a Conversation Between Mesenchymal Stromal
Cells and Macrophages Solve the Crisis in the Inflamed Intestine? Front. Pharmacol. 2018, 9, 179. [CrossRef] [PubMed]

Hennet, P.R.; Camy, G.A.; McGahie, D.M.; Albouy, M.V. Comparative efficacy of a recombinant feline interferon omega in
refractory cases of calicivirus-positive cats with caudal stomatitis: A randomised, multi-centre, controlled, double-blind study in
39 cats. J. Feline Med. Surg. 2011, 13, 577-587. [CrossRef] [PubMed]

Harley, R.; Gruffydd-Jones, T.J.; Day, M.J. Salivary and serum immunoglobulin levels in cats with chronic gingivostomatitis. Vet.
Rec. 2003, 152, 125-129. [CrossRef]

Lommer, M.]. Efficacy of Cyclosporine for Chronic, Refractory Stomatitis in Cats: A Randomized, Placebo-Controlled, Double-
Blinded Clinical Study. J. Vet. Dent. 2013, 30, 8-17. [CrossRef]

Villatoro, A.].; Claros, S.; Fernandez, V.; Alcoholado, C.; Farifias, F.; Moreno, A.; Becerra, J.; Andrades, J.A. Safety and efficacy of
the mesenchymal stem cell in feline eosinophilic keratitis treatment. BMC Vet. Res. 2018, 14, 116. [CrossRef] [PubMed]
Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz, E.
Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315-317. [CrossRef] [PubMed]

Lotvall, J.; Hill, A.E; Hochberg, F.; Buzas, E.I; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.; Quesenberry, P.;
et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: A position statement from
the International Society for Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, 26913. [CrossRef] [PubMed]

Lener, T.; Gimona, M.; Aigner, L.; Bérger, V.; Buzas, E.; Camussi, G.; Chaput, N.; Chatterjee, D.; Court, F.A.; Del Portillo, H.A.;
et al. Applying extracellular vesicles based therapeutics in clinical trials—An ISEV position paper. J. Extracell. Vesicles 2015, 4,
30087. [CrossRef] [PubMed]

Villatoro, A.].; Martin-Astorga, M.D.C.; Alcoholado, C.; Becerra, J. Canine colostrum exosomes: Characterization and influence on
the canine mesenchymal stem cell secretory profile and fibroblast anti-oxidative capacity. BMC Vet. Res. 2020, 16, 1-11. [CrossRef]
[PubMed]

Villatoro, A.J.; Alcoholado, C.; Martin-Astorga, M.D.C.; Rico, G.; Fernandez, V.; Becerra, J. Characterization of the secretory profile
and exosomes of limbal stem cells in the canine species. PLoS ONE 2020, 15, €0244327. [CrossRef]

Kall, L.; Canterbury, J.D.; Weston, J.; Noble, W.S.; MacCoss, M.J. Semi-supervised learning for peptide identification from shotgun
proteomics datasets. Nat. Methods 2007, 4, 923-925. [CrossRef]

Gao, F; Chiu, S.M.; Motan, D.A.L.; Zhang, Z.; Chen, L,; Ji, H.-L.; Tse, H.-E;; Fu, Q.-L.; Lian, Q. Mesenchymal stem cells and
immunomodulation: Current status and future prospects. Cell Death Dis. 2016, 7, e2062. [CrossRef] [PubMed]

Arzi, B.; Mills-Ko, E.; Verstraete, F.; Kol, A.; Walker, N.J.; Badgley, M.R.; Fazel, N.; Murphy, W.J.; Vapniarsky, N.; Borjesson, D.L.
Therapeutic Efficacy of Fresh, Autologous Mesenchymal Stem Cells for Severe Refractory Gingivostomatitis in Cats. Stern Cells
Transl. Med. 2016, 5, 75-86. [CrossRef]

Arzi, B.; Clark, K.C.; Sundaram, A.; Spriet, M.; Verstraete, F.J.; Walker, N.J.; Loscar, M.R.; Fazel, N.; Murphy, W.J.; Vapniarsky, N.;
et al. Therapeutic Efficacy of Fresh, Allogeneic Mesenchymal Stem Cells for Severe Refractory Feline Chronic Gingivostomatitis.
Stem Cells Transl. Med. 2017, 6, 1710-1722. [CrossRef]

Isola, A.L.; Chen, S. Exosomes: The Messengers of Health and Disease. Curr. Neuropharmacol. 2016, 15, 157-165. [CrossRef]
[PubMed]

Afonso, M.M.; Pinchbeck, G.L.; Smith, S.L.; Daly, ].M.; Gaskell, RM.; Dawson, S.; Radford, A.D. A multi-national European
cross-sectional study of feline calicivirus epidemiology, diversity and vaccine cross-reactivity. Vaccine 2017, 35, 2753-2760.
[CrossRef]

Arzi, B.; Kol, A.; Murphy, B.; Walker, N.J.; Wood, J.A.; Clark, K.; Verstraete, E.; Borjesson, D.L. Feline Foamy Virus Adversely
Affects Feline Mesenchymal Stem Cell Culture and Expansion: Implications for Animal Model Development. Stem Cells Dev.
2015, 24, 814-823. [CrossRef]

Lee, B.-Y,; Li, Q.; Song, W.-].; Chae, H.-K.; Kweon, K.; Ahn, J.-O.; Youn, H.-Y. Altered properties of feline adipose-derived
mesenchymal stem cells during continuous in vitro cultivation. J. Vet. Med. Sci. 2018, 80, 930-938. [CrossRef]


http://doi.org/10.1016/j.clim.2019.06.006
http://doi.org/10.3390/cells8121605
http://doi.org/10.2217/bmm.13.63
http://doi.org/10.1155/2015/657086
http://doi.org/10.1111/bjd.15078
http://doi.org/10.1155/2018/4357865
http://www.ncbi.nlm.nih.gov/pubmed/30305818
http://doi.org/10.1111/j.1365-2133.2011.10438.x
http://www.ncbi.nlm.nih.gov/pubmed/21623755
http://doi.org/10.3389/fphar.2018.00179
http://www.ncbi.nlm.nih.gov/pubmed/29559912
http://doi.org/10.1016/j.jfms.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21802033
http://doi.org/10.1136/vr.152.5.125
http://doi.org/10.1177/089875641303000101
http://doi.org/10.1186/s12917-018-1413-4
http://www.ncbi.nlm.nih.gov/pubmed/29587744
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.3402/jev.v3.26913
http://www.ncbi.nlm.nih.gov/pubmed/25536934
http://doi.org/10.3402/jev.v4.30087
http://www.ncbi.nlm.nih.gov/pubmed/26725829
http://doi.org/10.1186/s12917-020-02623-w
http://www.ncbi.nlm.nih.gov/pubmed/33138803
http://doi.org/10.1371/journal.pone.0244327
http://doi.org/10.1038/nmeth1113
http://doi.org/10.1038/cddis.2015.327
http://www.ncbi.nlm.nih.gov/pubmed/26794657
http://doi.org/10.5966/sctm.2015-0127
http://doi.org/10.1002/sctm.17-0035
http://doi.org/10.2174/1570159X14666160825160421
http://www.ncbi.nlm.nih.gov/pubmed/27568544
http://doi.org/10.1016/j.vaccine.2017.03.030
http://doi.org/10.1089/scd.2014.0317
http://doi.org/10.1292/jvms.17-0563

Animals 2021, 11, 2466 14 of 14

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Ludwig, N.; Whiteside, T.L.; Reichert, T.E. Challenges in Exosome Isolation and Analysis in Health and Disease. Int. . Mol. Sci.
2019, 20, 4684. [CrossRef]

Mathivanan, S.; Ji, H.; Simpson, R.J. Exosomes: Extracellular organelles important in intercellular communication. J. Proteom.
2010, 73, 1907-1920. [CrossRef]

Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Qasim, M.; Kim, J.-H. Review of the Isolation, Characterization, Biological Function,
and Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef] [PubMed]

Beit-Yannai, E.; Tabak, S.; Stamer, W.D. Physical exosome:exosome interactions. J. Cell. Mol. Med. 2018, 22, 2001-2006. [CrossRef]
Simpson, R.J.; Jensen, S.S.; Lim, ] W.E. Proteomic profiling of exosomes: Current perspectives. Proteomics 2008, 8, 4083—4099.
[CrossRef] [PubMed]

Katan, M.; Cockcroft, S. Phosphatidylinositol(4,5)bisphosphate: Diverse functions at the plasma membrane. Essays Biochem. 2020,
64, 513-531. [CrossRef] [PubMed]

Lemmon, M.A. Pleckstrin homology (PH) domains and phosphoinositides. Biochem. Soc. Symp. 2007, 74, 81-93. [CrossRef]
[PubMed]

Srivastava, L.M.; Hiibscher, G. Glucose metabolism in the mucosa of the small intestine. Glycolysis in subcellular preparations
from the cat and rat. Biochem. J. 1966, 100, 458-466. [CrossRef] [PubMed]

Row, S.; Liu, Y.; Alimperti, S.; Agarwal, S.K.; Andreadis, S.T. Cadherin-11 is a novel regulator of extracellular matrix synthesis
and tissue mechanics. J. Cell Sci. 2016, 129, 2950-2961. [CrossRef]

Hergeth, S.P,; Schneider, R. The H1 linker histones: Multifunctional proteins beyond the nucleosomal core particle. EMBO Rep.
2015, 16, 1439-1453. [CrossRef]

Morales, J.; Li, L.; Fattah, FJ.; Dong, Y.; Bey, E.A.; Patel, M.; Gao, J.; Boothman, D.A. Review of Poly (ADP-ribose) Polymerase
(PARP) Mechanisms of Action and Rationale for Targeting in Cancer and Other Diseases. Crit. Rev. Eukaryot. Gene Expr. 2014, 24,
15-28. [CrossRef]

Tan, L.; Wu, H.; Liu, Y.; Zhao, M.; Li, D.; Lu, Q. Recent advances of exosomes in immune modulation and autoimmune diseases.
Autoimmunity 2016, 49, 357-365. [CrossRef]

Tian, J.; Casella, G.; Zhang, Y.; Rostami, A.; Li, X. Potential roles of extracellular vesicles in the pathophysiology, diagnosis, and
treatment of autoimmune diseases. Int. J. Biol. Sci. 2020, 16, 620-632. [CrossRef] [PubMed]

Yoshikawa, F.S.Y.; Teixeira, EM.E.; Sato, M.N.; da Silva Oliveira, L.M. Delivery of microRNAs by Extracellular Vesicles in Viral
Infections: Could the News be Packaged? Cells 2019, 8, 611. [CrossRef] [PubMed]

Lu, M.; DiBernardo, E.; Parks, E.; Fox, H.; Zheng, S.-Y.; Wayne, E. The Role of Extracellular Vesicles in the Pathogenesis and
Treatment of Autoimmune Disorders. Front. Immunol. 2021, 12, 566299. [CrossRef] [PubMed]

Samanta, S.; Rajasingh, S.; Drosos, N.; Zhou, Z.; Dawn, B.; Rajasingh, J. Exosomes: New molecular targets of diseases. Acta
Pharmacol. Sin. 2018, 39, 501-513. [CrossRef] [PubMed]

Monferrer, E.; Sanegre, S.; Vieco-Marti, I.; Lopez-Carrasco, A.; Farifias, F; Villatoro, A.; Abanades, S.; Mafies, S.;
de la Cruz-Merino, L.; Noguera, R.; et al. Immunometabolism Modulation in Therapy. Biomedicines 2021, 9, 798. [Cross-
Ref]

Barile, L.; Vassalli, G. Exosomes: Therapy delivery tools and biomarkers of diseases. Pharmacol. Ther. 2017, 174, 63-78. [CrossRef]
Kol, A.; Arzi, B.; Athanasiou, K.A.; Farmer, D.; Nolta, J.; Rebhun, R.B.; Chen, X; Griffiths, L.G.; Verstraete, F,; Murphy, C.J.; et al.
Companion animals: Translational scientist’s new best friends. Sci. Transl. Med. 2015, 7, 308ps21. [CrossRef]


http://doi.org/10.3390/ijms20194684
http://doi.org/10.1016/j.jprot.2010.06.006
http://doi.org/10.3390/cells8040307
http://www.ncbi.nlm.nih.gov/pubmed/30987213
http://doi.org/10.1111/jcmm.13479
http://doi.org/10.1002/pmic.200800109
http://www.ncbi.nlm.nih.gov/pubmed/18780348
http://doi.org/10.1042/ebc20200041
http://www.ncbi.nlm.nih.gov/pubmed/32844214
http://doi.org/10.1042/BSS0740081
http://www.ncbi.nlm.nih.gov/pubmed/17233582
http://doi.org/10.1042/bj1000458
http://www.ncbi.nlm.nih.gov/pubmed/4290984
http://doi.org/10.1242/jcs.183772
http://doi.org/10.15252/embr.201540749
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2013006875
http://doi.org/10.1080/08916934.2016.1191477
http://doi.org/10.7150/ijbs.39629
http://www.ncbi.nlm.nih.gov/pubmed/32025210
http://doi.org/10.3390/cells8060611
http://www.ncbi.nlm.nih.gov/pubmed/31216738
http://doi.org/10.3389/fimmu.2021.566299
http://www.ncbi.nlm.nih.gov/pubmed/33732229
http://doi.org/10.1038/aps.2017.162
http://www.ncbi.nlm.nih.gov/pubmed/29219950
http://doi.org/10.3390/biomedicines9070798
http://doi.org/10.3390/biomedicines9070798
http://doi.org/10.1016/j.pharmthera.2017.02.020
http://doi.org/10.1126/scitranslmed.aaa9116

	Introduction 
	Materials and Methods 
	Selection Criteria 
	Isolation and Expansion of fAd-MSCs 
	Isolation of fAd-MSC-Derived Exosomes 
	TEM Analysis 
	Size Distribution and Exosomal Electronegativity 
	Analysis of the Expression of Exosome Markers by Western Blot 
	Exosome Protein Content Analysis by Ultra-High-Performance Liquid Chromatography High-Resolution Mass Spectrometry (UHPLC–HRMS) 

	Results 
	Selection of Cats 
	Characterization of fAd-MSCs 
	Characterization of fAd-MSCs-Derived Exosomes 
	Comparison between the Protein Cargos of fAd-MSC-Derived Exosomes from FCGS and Healthy Cats 
	Gene Ontology (GO) Analysis of the Identified Proteins 
	Label-Free Quantification of the Exosome Proteomes 

	Discussion 
	Conclusions 
	References

