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Abstract

Background: Extracellular vesicles (EVs) derived from mesenchymal stem cells have shown promise in treating inflammation. This study
investigates whether preconditioning feline adipose-derived stem cells (FEASCs) with inflammatory cytokines, specifically IFN-y and TNFq,
enhances the anti-inflammatory efficacy of MSC-derived EVs.

Objective: \We hypothesize that cytokine-primed FeASCs will produce EVs with improved anti-inflammatory properties and that this
preconditioning will affect mitochondrial dynamics to enhance EV therapy effectiveness.

Methods: FeASCs were exposed to a TNF-a/IFN-y combination to mimic a pro-inflammatory milieu favoring ASCs' immunosuppressive pheno-
type. We analyzed morphological, metabolic, and immunomodulatory characteristics of native and cytokine-primed FeASCs. EVs were assessed
for anti-inflammatory and mitochondrial-related markers. We also evaluated mitochondrial function and apoptosis markers in cytokine-primed
cells.

Results: Cytokine priming led to significant morphological changes in FeASCs, including enhanced cell projections and increased apoptosis.
EVs from cytokine-primed FeASCs exhibited a heightened immunomodulatory profile, with increased expression of both pro-inflammatory and
anti-inflammatory mediators. Transcriptomic analysis of these EVs revealed the upregulation of genes associated with cell proliferation, survival,
and apoptosis. Mitochondrial function was impaired in cytokine-primed cells, but mitochondrial morphology remained unchanged. EVs from
these cells contained higher levels of mitochondrial-related transcripts, indicating a compensatory response.

Conclusions: Cytokine-primed FeASCs generate EVs with enhanced immunomodulatory potential, highlighting their therapeutic promise.
However, further research is needed to validate their efficacy and safety and refine preconditioning strategies to optimize EV-based therapies for
inflammatory conditions. These advancements could pave the way for broader applications in regenerative medicine.
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Significance Statement

This study explores an innovative approach to enhancing the therapeutic potential of extracellular vesicles (EVs) derived from feline
adipose-derived stem cells (FeASCs) by preconditioning these cells with inflammatory cytokines. Our findings demonstrate that cytokine
priming significantly boosts the immunomodulatory properties of FeASC-derived EVs. We have also evaluated alterations in mitochondrial
dynamics and cell morphology, suggesting that preconditioning with IFN-y and TNF-a/IL=1 influences EV composition and modifies cellular
processes related to inflammation and cell survival. These findings lay the foundation for enhancing EV-based therapies for inflammatory
diseases, with potential applications extending to regenerative medicine and other fields.

Introduction

Mesenchymal Stromal Cells (MSCs) are known in feline re-
generative medicine for their pro-regenerative capabilities
and significant role in modulating immune responses.'”
These cells successfully treated refractory feline chronic
gingivostomatitis (FCGS), achieving an approximately 70%
response rate.'* FCGS shares similarities with human
chronic inflammatory and autoimmune diseases, making
cats a valuable translational model. Cats with chronic oral
inflammation exhibit immune dysregulation, including el-
evated pro-inflammatory cytokines, similar to human
conditions like oral lichen planus and severe periodontal dis-
ease.®” Utilizing feline MSCs provides a biologically relevant
and clinically translatable approach to developing regenera-
tive treatments for both veterinary and human chronic oral
inflammation.

The finding that cell-cell contact was not always re-
quired for the immunomodulatory qualities of MSCs led
to the discovery of the paracrine agents that stimulate this
response. Extracellular vesicles (EVs), including exosomes
and microvesicles, are small membrane-bound particles
released by cells, including MSCs. These EVs are crucial
in intercellular communication, carrying proteins, lipids,
and nucleic acids and thereby affecting the behavior of re-
cipient cells. Depending on the cell source, EVs can be ei-
ther pro-inflammatory or anti-inflammatory. Research on
the therapeutic potential of MSCs and their EVs has been
on a trajectory, particularly in feline regenerative medicine
and treating inflammatory diseases. EVs have the poten-
tial to overcome several challenges associated with MSCs,

such as immunogenicity, off-target homing, heterogeneity,
and difficulties related to storage and handling, thereby
improving the scalability and sustainability of this thera-
peutic approach.®’

Inflammation is a complex and fundamental biological
response to harmful stimuli, including pathogens, damaged
cells, or irritants. Key cytokines involved in inflammation in-
clude tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1pB), and interleukin-6 (IL-6), which play pivotal roles in
initiating and sustaining the inflammatory response.'*'® These
cytokines activate signaling pathways like STAT3 and STATS6,
crucial for mediating immune responses and maintaining
homeostasis. Transforming growth factor-beta (TGF-f) is
another essential cytokine that, while typically associated
with anti-inflammatory effects, can also play diverse roles
depending on the context of the inflammatory environment.
Dysregulation of these cytokines and signaling pathways
is implicated in various inflammation-related diseases,
highlighting the need for effective therapeutic strategies.'!

Priming MSCs refers to preconditioning these cells to
enhance their therapeutic potential before transplanta-
tion. Priming involves exposing MSCs to specific stimuli or
conditions that induce beneficial changes in their behavior,
function, and survival. Priming can significantly improve the
effectiveness of MSCs in various therapeutic applications,
including tissue regeneration, immunomodulation, and
treatment of inflammatory diseases.'”?* Methods of
priming MSCs include cytokine and growth factor priming.
Interferon-gamma (IFN-y) enhances the immunomodulatory
properties of MSCs by upregulating the expression of
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indoleamine 2,3-dioxygenase (IDO) and other anti-
inflammatory molecules.'® Tumor Necrosis Factor-alpha
(TNF-a) and Interleukin-1 beta (IL-1f) promote the secretion
of anti-inflammatory and trophic factors, boosting the regen-
erative and anti-inflammatory potential of MSCs.?5-8

Mitochondria are highly versatile organelles that quickly
adapt to various stressors, playing critical roles in energy
conversion, cell death signaling, and the production of re-
active oxygen species. Mitochondria can also control in-
flammation. Numerous studies have demonstrated that
transferring mitochondria from MSCs to other cells can in-
fluence critical processes, including proliferation, differen-
tiation, metabolism, inflammatory responses, senescence,
stress response, and migration.”3> A study characterizing
the distinctive features of EVs extracted from feline adipose-
derived MSCs (ASCs) and placenta-derived MSCs (PMSCs)
showed superior CD81 expression in placenta-derived MSCs
(PMSCs), indicating their potential as preferred donors of
mitochondria. However, differential microRNA expression
in EVs derived from ASCs hinted at their superior anti-
inflammatory and immunometabolic features (Soltero-
Rivera 2024).3¢ Preconditioning adipose-derived stromal cells
(ASCs) enhance the anti-inflammatory properties of their EVs
by modulating mitochondrial kinetics.’*° This modulation
likely involves mitochondrial fission, fusion, and biogenesis
alterations, affecting the mitochondrial metabolic state and
the bioactive cargo loaded into EVs.3”# Little is known about
the outcome of priming feline ASCs (FeASCs) on the contin-
uous processes of mitochondrial fission (division) and fusion,
which helps maintain mitochondrial function, energy pro-
duction, and cell health. This process is otherwise known as
mitochondrial dynamics.*' However, the modulation of mito-
chondrial kinetics through preconditioning could play a piv-
otal role in enhancing the anti-inflammatory properties of the
EVs they generate.

This study aims to evaluate the effects of cytokine priming
on the morphological, metabolic, and immunomodulatory
characteristics of feline adipose-derived stem cells (FeASCs)
by exposing them to IFN-y and TNF-o/IL-13. We seek to de-
termine whether EVs derived from cytokine-primed FeASCs
exhibit enhanced anti-inflammatory properties compared to
non-primed controls. Additionally, we investigate how cyto-
kine priming influences mitochondrial function, apoptosis,
and inflammatory signaling within FeASCs. Lastly, we ana-
lyze EVs’ mitochondrial and inflammatory transcriptomic
profiles to assess their potential role in enhancing therapeutic
efficacy for inflammatory conditions. We hypothesize that
preconditioning feline adipose-derived stem cells (FeASCs)
with inflammatory cytokines (IFN-y and TNF-a/IL-1p3)
enhances the therapeutic potential of MSC-derived EVs by
modulating mitochondrial kinetics and immunomodulatory
properties. If successful, this approach mimics the inflamma-
tory environment seen in FCGS and could potentially opti-
mize EV-based therapies for inflammatory conditions.

Materials and methods

Adipose tissue harvesting, ASCs isolation, and EV'’s
collection

Adipose tissue was collected from 7 healthy cats during ster-
ilization procedures with the written consent of the animals’
owners. All study procedures were reviewed and approved
by the Environmental and Life Sciences University, Wroclaw,

Poland. All owners consented to sample acquisition before
collection. All procedures for tissue isolation were performed
under sterile conditions using an enzymatic-mechanical
method. Tissue specimens were washed 3 times in sterile
phosphate-buffered saline (PBS) with a 1% penicillin-
streptomycin (PS) antibiotic solution (Biowest, USA). The
adipose tissue was then fragmented using a surgical scalpel
and incubated in a 0.1 mg/mL collagenase type I solution
(Sigma-Aldrich, Poland) for 40 minutes at 37 °C and 5%
CO,. Dissociated tissue fragments were afterward filtered
using a 70 pm tissue strainer, centrifuged at 1200 x g for 10
minutes, and washed twice with PBS. The isolated ASCs were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with 1 g/L glucose, supplemented with 10% fetal bovine
serum (FBS) and 1% PS antibiotic solution. ASC cultures
were maintained in a humidified CO, incubator (37 °C,
5% CO2, 95% air atmosphere) and harvested every 3 days
(80%-90% of confluence) using a trypsin-EDTA solution
(Sigma-Aldrich, Poland).

EVs were isolated from adipose-derived stem cells (ASCs)
following the methodology previously described by our
group.’ The cells were cultured in standard conditions in low
glucose Dulbecco’s modified eagle’s medium (LG-DMEM)
supplemented with 10% FBS and 1% PS until they reached
approximately 80% confluence. Before EVs isolation, the
cells were washed twice with PBS and cultured in serum-free
DMEM supplemented with 1% insulin-transferrin-selenium
(ThermoFisher Scientific) for 48 hours to avoid contamina-
tion with serum-derived EVs. The conditioned medium was
collected after 72 hours and filtered 3 times using a 0.22 pm
filter to remove cell debris and larger particles. The superna-
tant was centrifugated at 300 x g at 4 °C for 10 minutes to
remove cell debris. The obtained supernatant was transferred
to a new Eppendorf tube and centrifuged at 21 000 x g for 1
hour to pellet the EVs. As previously described, the final EVs
pellet was resuspended in sterile PBS and stored at -80 °C for
further analysis.

Priming of ASCs using cytokine cocktail

To induce inflammatory priming, ASCs were cultured until
they reached approximately 80% confluence in Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 10%
FBS and 1% PS. Thereafter, the complete culture medium
was replaced with fresh FBS-free DMEM supplemented
with 1% insulin-transferrin-selenium, 15 ng/mL TNF-a
(Sigma-Aldrich, Poland), and 10 ng/mL IFN-y (Sigma-
Aldrich, Poland), and cultures incubated during 72 hours
in a humidified CO, incubator. This pretreatment aimed to
stimulate the cells and enhance their immunomodulatory
properties.*>* Following the priming period, the cell’s super-
natant was recovered for EV isolation, as described in the
previous section.**

EVs surface and size analysis

Detailed morphological analysis of EVs was performed
using scanning electron microscopy (SEM; Zeiss EVO LS15).
Isolated EVs were first adsorbed onto poly-L-Lysin-coated
glass coverslips for 1 hour in a humidified chamber and
fixed with 2.5% glutaraldehyde (Sigma-Aldrich, Poland) in
PBS for 15 minutes. After washing twice with PBS, the fixed
EVs were dehydrated with an ascending sequence of ethanol
(50%-100%). After evaporation of ethanol, the samples were
left to dry at room temperature for 24 hours, sputtered with



gold-palladium (ScanCoat 6, Oxford), and captured using an
SE1 detector at 10 kV filament tension. Additionally, the size
distribution of the EVs was determined by analyzing SEM
images to assess the range of diameters and morphological
heterogeneity.*

ASCs morphology and ultrastructure

Cell morphology was evaluated using an inverted light mi-
croscope for general structural observations, a confocal
laser scanning microscope for high-resolution and ultra-
structural imaging, and SEM for detailed surface character-
ization. For general cell morphology assessment, cells were
cultured under defined conditions (described above) and
observed under an inverted light microscope equipped with
a brightfield illumination system (AxioObserverAl; Zeiss)
to examine their shape, adherence, and overall structural or-
ganization in the culture dish. For detailed cell morphology
analysis, ASCs were seeded onto glass coverslips, subjected
to each defined culture condition, fixed in cold 4% PFA for
40 minutes at room temperature, and then permeabilized
with a 0.1% Triton X-100 solution (Sigma-Aldrich, Poland)
for 15 minutes to stain the cytoskeleton. Actin filaments
were stained with atto-488-labeled phalloidin (Sigma-
Aldrich, Poland) at a concentration of 1:800 in PBS for
45 minutes in the dark at room temperature. Nuclei were
counterstained with diamidino-2-phenylindole (DAPI) using
the Fluoroshield™ with DAPI mounting medium (Sigma-
Aldrich, Poland). To investigate the mitochondrial network,
MitoRed dye (Sigma-Aldrich, Poland) was added to the cul-
ture medium ata ratio of 1:1000 and incubated for 30 minutes
at 37 °C. The excess MitoRed dye was removed by washing
with PBS before fixing the cells in 4% PFA for 40 minutes
at room temperature in the dark. Coverslips were then
mounted onto microscope slides using the Fluoroshield™
with DAPI mounting medium (Sigma-Aldrich, Poland).
Stained cells were observed and imaged using a confocal
microscope (Observer Z1 Confocal Spinning Disc V.2 Zeiss
with live imaging chamber). Obtained photomicrographs
were merged and analyzed using Image] software (Bethesda,
MD, USA). The analysis of mitochondrial morphological
subtypes was conducted using the MicroP software (version
1.1.11b, Biomedical Image Informatics Lab, Taipei City,
Taiwan, affiliated with the National Yang-Ming Chiao Tung
University Institute of Biomedical Informatics) integrated
with MATLAB (version R2010b, The MathWorks, Natick,
MA, USA).#

SEM (Zeiss EVO LS15) and focused ion beam (Zeiss,
Cobra, AURIGA 60) were utilized for detailed surface mor-
phology analysis. After fixation of cell cultures in 4% PFA
overnight at 4 °C, cells were washed with PBS 3 times,
dehydrated in graded ethanol solutions (50%-100%), air-
dried for 30 minutes at room temperature, and coated with a
thin gold layer using a sputter coater (ScanCoat 6, Oxford).
Surface images were acquired using a secondary electron
(SE1) detector at a filament tension of 10 kV.

RNA extraction

Total RNA was extracted from both cells and EVs using
the EXTRAzol reagent (Blirt, Poland), following the
manufacturer’s protocol. RNA quality and quantity were
evaluated using a Bioanalyzer (Agilent Technologies) to ensure
RNA Integrity with RINs above 7.0. To maintain biological
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replicates, 3 separate RNA extractions were performed for
each group (control ASCs, cytokine-primed FeASCs, control
EVs, and cytokine-primed EVs).

Library preparation and RNA sequencing

RNA libraries were prepared using the Illumina TruSeq RNA
Sample Preparation Kit according to the manufacturer’s
guidelines. Brieflyy, RNA samples underwent poly(A) en-
richment or rRNA depletion, were fragmented, and then
reverse-transcribed into cDNA. The cDNA was ligated with
sequencing adapters and amplified through PCR. Library
quality was assessed with a nano spectrophotometer (Epoch,
BioTek), and sequencing was conducted on the Illumina
NovaSeqX (Illumina, San Diego, CA) platform, generating
paired-end reads of 100 bp.

Data analysis

Raw sequencing data were processed with HTStream (https://
s4hts.github.io/HTStream/). Reads were aligned to the cat ref-
erence genome (felCat9.2_X; GCA_000181335.6) using the
STAR aligner. Differential expression analysis was conducted
using DESeq2, with transcript quantification to evaluate gene
expression changes between control and primed FeASCs and
their respective EVs.

The RNASeq library preparation followed a straightfor-
ward, strand-specific protocol combining the Illumina TruSeq
RNA method with dUTP techniques.

Gene expression and miRNA analysis

cDNA was synthesized from RNA collected from control
FeASC, primed FeASCs, and their EVs utilizing the Takara
PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect
Real Time; Takara, Japan), following the manufacturer’s
instructions. Quantitative real-time polymerase chain re-
action (qPCR) was performed using the SensiFast SYBR
& Fluorescein Kit (Bioline, London, UK) and the CFX
Connect™ Real-Time PCR Detection System (Bio-Rad,
Poland). Each reaction included 150 ng of ¢cDNA in a final
volume of 10 pL. The thermal cycling conditions were set
as follows: an initial denaturation at 95 °C for 2 minutes,
followed by 41 cycles of denaturation at 95 °C for 15
seconds, annealing for 30 seconds, and elongation at 72 °C
for 15 seconds. The RT-qPCR reactions were conducted in
triplicate. Relative gene expression levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
the 2/-44¢a method.

The Mir-X miRNA First-Strand Synthesis Kit (Takara,
Sweden) was utilized to perform RT-qPCR for miRNA.
Briefly, genomic DNA (gDNA) traces were eliminated
by treating RNA with DNase I, RNase-free, in a 10x re-
action buffer containing MgCl2 and water at 37 °C for
30 minutes. The obtained RNA (1000 ng/pL) was then
mixed with mRQ Buffer (2X) and mRQ Enzyme. The re-
action mixture was incubated at 37 °C for 1 hour and
85 °C for 5 minutes. The expression levels of miRNA
were analyzed using Real-Time PCR with the microRNA
First-Strand Synthesis Kit (Takara, Sweden), following the
manufacturer’s instructions. The reaction mixture included
water, SensiFast SYBR & Fluorescein Kit (Bioline, London,
UK), miRNA-specific primer, mRQ 3’ primer, and cDNA.
U6F and U6R primers were used as reference samples. The
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relative expression levels were calculated by comparing
the tested groups with the control group using the 2/-44¢a
method (Livak & Schmittgen, 2001).

Microcapillary cytometry

Cell metabolism was assessed using microcapillary cytometry
with the Muse™ Cell Analyzer (Merck Millipore, Darmstadt,
Germany) in control FeASCs and primed FeASCs.

Cell viability was examined using the Muse® Count &
Viability kit t (Merck Millipore, Darmstadt, Germany).
Cultured cells were suspended in 20 pL of assay buffer
and incubated with 380 pL of the Muse® Annexin V and
Dead Cell reagent at room temperature for 5 minutes. Then,
these were analyzed with the Muse™ Cell Analyzer (Merck
Millipore, Darmstadt, Germany) to monitor the number of
cells distributed across: (i) Live cells: Intact membrane, no
uptake of the dye, showing low/no fluorescence intensity.
(ii) Dead cells: The membrane is compromised, and the dye
penetrates, showing high fluorescence intensity.

The activation of total cellular caspases 1, 3, 4, 5, 6, 7, 8,
and 9 were analyzed using the Muse MultiCaspase assay kit
(Merck Millipore, Darmstadt, Germany) in accordance with
the provided protocol. Native and cytokine-primed cells
were stained with 5 pL of the Muse™ multicaspase reagent
working solution and incubated for 30 minutes at 37 °C.
Next, 150 uL of the Muse™ caspase 7-amino actinomycin D
(7AAD) working solution was added, and the samples were
incubated for 5 minutes in the dark at room temperature. The
levels of multicaspase activity were subsequently measured
using the Muse Cell Analyzer (Merck Millipore, Darmstadt,
Germany).

The Muse MitoPotential analysis was performed to ana-
lyze mitochondrial transmembrane potential. Briefly, 90 pL
of MitoPotential Working Solution (1:1000 in 1 x Assay
Buffer; Merck Millipore, Darmstadt, Germany) was mixed
with 100 pL of cells and incubated at 37 °C for 20 minutes.
Subsequently, 5 pL of Muse®-7AAD reagent (Luminex,
Poland) was added. After a 5-minute incubation at room tem-
perature in the dark, the mitochondrial potential was assessed
using the Muse™ Cell Analyzer (Merck Millipore, Darmstadt,
Germany) equipped with Muse™ Software.

Microscopic evaluation of ASC cell viability
Live/dead staining was performed using Calcein-AM/
Propidium lodide (PI; Sigma-Aldrich, Poland) assay to dis-
tinguish live from dead populations. Cells seeded onto glass
coverslips were incubated with 2 pM Calcein-AM (Invitrogen,
Poland) and 1 pg/mL PI in PBS for 30 minutes at 37 °C. After
incubation, cells were washed 3 times with PBS to remove any
unbound dye. Coverslips were then mounted onto microscope
slides using Fluoroshield™ histology mounting medium (Sigma-
Aldrich, Poland). The fluorescence signals were observed and
imaged using a confocal microscope (Observer Z1 Confocal
Spinning Disc V.2 Zeiss with live imaging chamber) at 400x
magnification. Obtained images were merged and analyzed
using Image] software (Bethesda, MD, USA).

Comprehensive analysis of mitochondrial and
glycolytic function in ASCs using the seahorse XF
analyzer

The Seahorse XF Analyzer was employed to evaluate various
aspects of cellular metabolism, including oxygen consumption

rate (OCR) kinetics, extracellular acidification rate (ECAR)
kinetics, mitochondrial respiration profile, and glycolytic
function in control FeASCs and cytokine-primed FeASCs.
The OCR technique has been applied to measure real-time
mitochondrial respiration kinetics. The experiment involved
sequential injections of specific compounds: oligomycin
(1 uM; Sigma-Aldrich, St. Louis, MO, USA), FCCP (1 uM;
Sigma-Aldrich), a mix of rotenone (1 pM; Sigma-Aldrich)
and antimycin A (1 pM; Sigma-Aldrich), and spare respira-
tory capacity.

The ECAR kinetics were used to measure the glycolytic
activity of ASCs. ECAR kinetics involves monitoring the
acidification of the extracellular environment, primarily
due to lactate production during glycolysis. Real-time OCR
measurements were obtained following sequential injections
of oligomycin (1 pM; Sigma-Aldrich, St. Louis, MO, USA),
FCCP (1 uM; Sigma-Aldrich), and a combination of rote-
none (1 pM; Sigma-Aldrich) and antimycin A (1 pM; Sigma-
Aldrich). These injections allowed the calculation of basal
respiration, ATP-linked respiration, maximal respiration, and
spare respiratory capacity.

The mitochondrial respiration profile of control FeASCs
and cytokine-primed FeASCs offered a detailed examina-
tion of mitochondrial function under normal and stressed
conditions. This profile was derived from OCR kinetics
data, including basal respiration (indicating energy de-
mand under standard conditions), proton leak (reflecting
the integrity of the inner mitochondrial membrane), and
non-mitochondrial respiration (representing oxygen con-
sumption not associated with the mitochondrial electron
transport chain). Reagents used include oligomycin (1 pM;
Sigma-Aldrich, St. Louis, MO, USA), FCCP (1 uM; Sigma-
Aldrich), rotenone (1 pM; Sigma-Aldrich), and antimycin
A (1 pM; Sigma-Aldrich). The glycolytic function was
measured using the ECAR technique, providing data re-
garding the cells’ glycolytic rate, capacity, and reserve. The
assay involved the use of glucose (10 mM; Sigma-Aldrich),
oligomycin (1 pM; Sigma-Aldrich), and 2-deoxyglucose
(50 mM; Sigma-Aldrich).

Multiplex cytokine profiling analysis of EVs

payload

The levels of various cytokines and growth factors, in-
cluding FAS, Fit-3L, GM-CSE, IFN-y, IL-1p, IL-2, PDGE-BB,
[L-12P40, IL-13, IL-4, IL-6, IL-8, KC, SDF-1, RANTES, SCF,
MCP-1, TNF-a, and IL-18, were measured using a multiplex
Luminex platform with the 16 Multi-Plex Kit (Millipore,
Saint Charles, MO). In brief, beads conjugated with analyte-
specific antibodies were incubated overnight at 4 °C on an
orbital shaker, along with 25 pL of assay buffer, 25 puL of
X-Vivo 15, and 25 uL of the sample in the dark. The next day,
the plate was allowed to reach room temperature, and the
fluid was aspirated using a vacuum manifold. After washing,
25 uL of detection antibodies were added to each well and
incubated for 1 hour at room temperature on the orbital
shaker. Following this, 25 pL of Streptavidin-Phycoerythrin
was added to each well, and incubation continued for 30
minutes at room temperature on a plate shaker. The plate
was washed 3 times, and 150 pL of 1x Sheath fluid (Bio-
Rad Laboratories Inc, Hercules, CA) was added to each well.
Fluorescence was then measured using a Bio-Plex 200 System
(Bio-Rad Laboratories Inc, Hercules, CA), and the data
were analyzed with Bio-Plex Manager software (Bio-Rad



Laboratories) using a 5-parameter model to determine final
concentrations (expressed in pg/mL). Reference samples were
included on each plate to ensure assay consistency.

Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA)
using GraphPad Software 8 (San Diego, USA) followed by post
hoc Tukey’s test. Statistically significant results were indicated
with an Asterix: P <.05 (*), P <.01 (**), P <.001 (***), and
P <.001 (****) when comparing native to cytokines-primed
groups of either FeASCs or EVs. Results are presented as the
mean = SD from at least 3 independent experiments, each
with 3 technical replicates.

Results

Impact of cytokines conditioning on FeASCs
morphological and metabolic characteristics

MSCs’ morphological changes are vital indicators of their
functionality and differentiation potential, providing essen-
tial insights into their ability to contribute to tissue regen-
eration and repair. Therefore, morphological characteristics
of FeASCs cultured under standard and priming conditions
were analyzed using confocal scanning fluorescent and elec-
tron microscopy.

As shown in Figure 1A, feline ASCs cultured under standard
conditions exhibited typical stellate morphology, characterized
by the presence of multiple cytoplasmic processes radiating
from the cellular body, resembling a starburst pattern, which
is consistent with their inherent fibroblastic nature, allowing
them to extend processes as they adhere to the culture sub-
strate and interact with the culture environment. Moreover,
SEM micrographs revealed the presence of multiple promi-
nent nucleoli, suggesting an intensified transcriptional activity
of the cells (Figure 1A). Interestingly, FeASCs cultured in the
presence of the TNF-a/IFN-y cytokines cocktail displayed
enhanced cytoplasmic and membrane projections made of
filipodia and lamellipodia and increased cell spreading and
size, indicating the establishment of an adaptive mechanism
to the priming milieu. Similarly to native ASCs, the cytokine-
primed cells were characterized by more prominent nucleoli,
signing the cells’ increased nuclear activity.

The observation of EVs isolated from both native and
cytokine-primed FeASCs-derived culture media under a
scanning electron microscope showed the existence of sev-
eral spherical EVs displaying surface protrusions and
irregularities (Figure 1B). The EVs from both groups were
characterized by their heterogeneous appearance, with rel-
ative sizes ranging from 300 nm to 500 nm (Figure 1C).
However, the cytokine-primed EVs display a greater degree
of heterogeneity compared to their native counterparts, with
some vesicles reaching an average size of 600 nm. Though not
statistically significant, this increased diversity in size could be
due to priming influencing the biogenesis and composition of
these vesicles.

Cultures were tested for viability and apoptosis rates to in-
vestigate further the impact of pro-inflammatory cytokines
preconditioning on cellular metabolic activity. Native ASCs
presented positive fluorescence exclusively for Calcein-AM,
indicating intact cell membranes and metabolically ac-
tive cells (Figure 1D). In contrast, cytokine-primed FeASCs
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displayed positive PI staining, suggesting compromised mem-
brane integrity in cellular subsets, highlighting early apoptotic
changes or increased cellular stress under priming conditions
(Figure 1D). These observations have been subsequently con-
firmed by the flow cytometric discrimination of total living
and dead cells, where cells exposed to cytokines combina-
tion presented a significantly higher (P <.001) proportion
of dead cells compared to unprimed cells (Figure 1F). The
apoptotic tendency of cytokine-primed cells has been addi-
tionally found to correlate with notable higher PAN caspase
activation, in opposition to cells cultured under standard
conditions (P < .001), implying the initiation of programmed
cell death in primed cells (Figure 1H). Furthermore, RT-qPCR
data underscored a marked overexpression of master apop-
tosis regulators, including p53 and p21, in comparison to un-
treated ASCs (P <.001), confirming an increased apoptotic
signaling in cytokine-primed cells (Figure 11I).

RNA sequencing was performed on EVs from both cell
groups to identify transcripts related to proliferation and ap-
optosis. As illustrated in Figure 1], EVs derived from TNF-o/
IFN-y-exposed ASCs were found to cargo higher levels of es-
sential transcripts modulating cell proliferation and cell cycle
PIK3CA, JAK2, CCND1, PCNA, suggesting that these EVs
may promote cell growth, proliferation, and survival, being
further confirmed by the observed a 1.7-fold higher level
of the pro-survival BCL2 mRNA in the same group of EVs
(Figure 1K). Interestingly, elevated expressions of CASP10
and TP53 mRNAs were identified in the EVs isolated from
cytokine-primed FeASCs, highlighting the possible ability of
these EVs to regulate cell proliferation through balanced ap-
optotic signals and genomic stability mechanisms (Figure 1K).

Distinct inflammatory profile of FEASCs and
derived EVs under native and cytokines-primed
conditions

In order to evaluate the variations in the expression of inflam-
matory mediators in EVs isolated from FeASCs cultured under
standard and priming conditions, transcript levels of selected
markers were determined using the RT-qPCR technique. As
shown in Figure 2A, EVs isolated from native FeASCs dis-
played lower levels of IL-8 (P <.0001), TNFA (P <.05),IL1B
(P <.01), and STAT3 (P <.0001) pro-inflammatory markers
compared to their originating cells. At the same time, the
expression of IFNG was higher in the same group of EVs
(P <.05). Interestingly, only IL-8, IL-6, and STAT3 mRNAs
were found at lower levels in EVs deriving from cytokine-
primed FeASCs, while both TNFA and IL1B transcripts were
detected at higher rates (P <.0001). The analysis of anti-
inflammatory genes (Figure 2B) revealed that native EVs cargo
increased levels of IDO1 (P < .0001),IL-10 (P < .0001),IL-13
(P <.0001), IL-4 (P <.0001), TGFB (P < .0001), and STAT6
(P < .05), whereas low expression of EphA2 has further been
observed (P <.0001). A similar tendency was observed for
EVs isolated from TNF-a/IFN-y-primed FeASCs for IL-10
(P <.0001), TGFB (P < .0001), and IL-4 (P < .0001). In con-
trast, [L-13 (P <.0001) and STAT6 (P <.0001) transcripts
were significantly downregulated in comparison to cytokine-
primed FeASCs (Figure 2B). Notably, no statistical difference
in EphA2 expression was noted between cytokine-primed
FeASCs and their derived EVs, yet IDO1 mRNA was not
detected in both group.

An RNA sequencing approach has been undertaken to an-
alyze further the priming microenvironment’s impact on EV
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Figure 1. Morphological and functional characterization of feline ASCs under standard and TNF-o/IFN-y priming conditions. (A) Typical morphology

of native and cytokine-primed FeASCs observed under a bright field, a confocal laser scanning fluorescent, and electron microscopes. (B) SEM
micrographs of EVs released by ASCs cultured under standard and priming conditions. (C) The average EV size distribution was determined using SEM
analysis. (D) Viability assessment using Calcein-AM and Pl staining. (E) Representative dot plots for cell count and viability assay. (F) Microcapillary
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(H) PAN caspase activation levels in native and cytokine-primed cells. () Relative gene expression of proapoptotic genes. (J) RNA sequencing heatmap
of proliferation-related transcripts in TNF-a/IFN-y-treated ASCs-derived EVs versus native EVs. (K) Transcriptome data map for mRNA levels of markers
involved in apoptosis regulation detected in cytokine-primed EVs versus native EVs. Representative data is shown as mean + SD. ASCs, native



inflammatory payload. Exposure of FeASCs to a TNF-a/IFN-y
cocktail resulted in an increased expression of IL-6, IL-23A,
NF-kB1,IFNGR,RELA,and CXCLS8 pro-inflammatory factors
in the shed EVs (Figure 2C). Interestingly similar trends were
observed for selected anti-inflammatory mediators including
TGFB1 and its receptor TGFBR1, IL-10RA, IL-13, IL-4. On
the other hand, the transcripts sequencing demonstrated
a visible downregulation of IL-1f, TNF-a, IL-12A, and
CXCL10. Other mediators implicated in pro-inflammatory
response pathways were found at higher expression levels in
cytokine-primed EVs than native ones; these include IL6ST,
TNFRSF1A, STAT1, STAT3, MAPK3, MAPK14, CD274,
and CD86. Only CD80 pro-inflammatory and CD28 anti-
inflammatory proteins appeared downregulated in EVs
exposed to the TNF-a/IFN-y cocktail (Figure 2D).

In light of the observed changes in gene expression of
inflammatory markers, the protein concentration of 19
cytokines was quantitatively analyzed using a bead-based
immunoassay method. The EVs isolated from FeASCs cul-
tured under standard conditions were characterized by a
comparable level of most of the measured analytes, except
for PDGF-BB, IL-8, RANTES, and TNF-o which showed
increasing levels following 144 hours of culture (Figure 2E).
Conversely, the exposure of FeASCs to the priming cocktail
engendered significant changes in the cytokines’ levels of
deriving EVs’ cargo. Mainly, the amount of IL-13, PDGF-BB,
IL-8, IL-6, IL-4, KC, SDF-1, MCP-1, and TNF-a were found
to substantially increase after 72 and 144 hours of priming
compared to native EVs (Figure 2E). Noteworthy, GM-CSF
cytokine expression increased after 24 hours of priming in-
itiation. It decreased to comparable levels with native EVs
starting 72 hours of priming. RANTES chemokine was
detected at a higher concentration after 144 hours of culture
than EVs isolated from unprimed FeASCs.

So far, implicated in regulating key biological processes,
including immunomodulation, the expression patterns of
selected microRNAs (miRs) in FeASCs and their EVs have been
evaluated. EVs isolated from native FeASCs were loaded with
high levels of miR-10a-3p (P < .0001), miR-17-5p (P < .0001),
miR-21-5p (P <.0001), and miR-146b (P <.0001). In con-
trast, both miR-21-3p (P < .0001), miR-146a (P < .0001), and
MALAT (P < .0001) were detected at significantly lower rates
compared to the originating FeASCs (Figure 2F). Likewise,
TNF-a/IFN-y-stimulated FeASCs yielded EVs carrying higher
levels of miR-10a-3p (P <.0001), miR-17-3p (P < .0001) and
miR-17-5p (P <.0001). In contrast, other miRs, including
miR-10a-5p (P < 0.05), miR-21-3p (P <.0001), miR-146a
(P <.0001), and miR-146b (P <.0001) were detected at
notably lower abundance. On the other hand, the levels of
miR-21-5p and MALAT remained similar in cytokine-primed
FeASCs and their generated EVs (Figure 2F).

Influence of cytokines priming on the mitochondrial
metabolism of FeASCs

Mitochondria are pivotal for ASCs’ immunomodulatory
effects, governing energy production and metabolic signaling
crucial for immune response modulation. Hence, dy-
namic changes in cellular energetics were measured using
a Seahorse Extracellular Flux Assay to understand how the
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pro-inflammatory milieu impacts cellular energy produc-
tion and function. Obtained data revealed that exposure of
FeASCs to the TNF-o/IFN-y cocktail led to a critical loss in
the respiratory capacity of cells, as evidenced by the depleted
basal respiration (P < .01) and ATP production (P < .05) rates
compared to unprimed cells. In contrast, no differences in
maximal respiration capacity were observed (Figure 3A). A
comparable profile was noted for glycolytic function, where
preconditioned cells exhibited significantly reduced glycolysis
capacity (P <.0001) and glycolytic reserves (P <.0001) by
contrast to cells cultured under standard conditions (Figure
3B).

Additional assessment of mitochondrial health showed that
ASC priming induced a critical mitochondrial depolarization
(Figure 3D), resulting in a significant loss in mitochondrial
transmembrane potential about unprimed FeASCs (P <.05),
which aligns with the observed impaired energy metabolism.
Surprisingly, the MitoRed stained mitochondrial network did
not display any visible difference between the two groups of
cells, which appeared as dense, brightly fluorescent organelles
diffusely distributed throughout the cytoplasm (Figure 3E).
In addition to that, the morphometric analysis of the stained
mitochondria (Figure 3F) provided additional confirmation
that no significant differences in mitochondrial network mor-
phology between the 2 groups were detected in terms of total
mitochondrial surface area, tubules (twisted, branched and
simple) as well as globules (small, large and loops) subtypes.

To uncover the distinct EV profile in cytokines-induced
FeASCs molecular response, potential mitochondrial
metabolism-associated transcripts were screened in cytokine-
primed FeASCs-derived EVs using an RNAseq approach.
Twenty gene products related to mitochondrial metabolic
activity were detected in both EV populations (Figure 3G).
Notably, MT-CO1, MT-CO2, MT-CO3, MT-ND2, MT-ND4,
MT-NDS, UQCRC2, COXA4I1, SDHA, SDHB, and MT-CYB
mRNA encoding for crucial components of the oxidative
phosphorylation pathway were among the targets with the
significantly highest expression levels in cytokine-primed
EVs by opposition to native EVs. Moreover, the same EVs
were characterized by a higher contain in primary mitochon-
drial transcription and translation machinery mediators, in-
cluding NRF1, TFAM, PPARGC1A, and POLOG, reflecting
an adaptive response to increased cytokines-mediated cellular
stress and energy demand.

Discussion

Preconditioning strategies may optimize the therapeutic po-
tential of MSC-derived EVs across a range of inflammatory
conditions.*”*® This therapeutic potential may be exerted
via different pathways, such as reduced STAT3 expression,
increased defensin secretion, and increased angiogenic factors
via protease-activated receptor-mediated signaling.*-° Our
study explores the clinically relevant molecular consequence
of exposing FeASCs to pro-inflammatory and stimulating
microenvironments in vitro and the subsequent generation
of EVs with distinct secretion profiles. Here, we have pro-
vided for the first time a comprehensive and critical insight
into the morphological, metabolic, and immunomodulatory

FeASCs; pASCs, cytokine-primed FeASCs; EVs, EVs isolated from native ASCs; ,EVs, EVs isolated from cytokine-primed FeASCs. An asterisk (¥)
indicates a comparison among AD-MSCs and PD-MSCs. P < .05, #*P < .01, ***P < .0001.
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Figure 2. Expression analysis of inflammatory mediators in native

and cytokine-primed FeASCs and their derived EVs. (A) Levels of
pro-inflammatory markers as measured by RT-qgPCR. (B) Expression
of anti-inflammatory genes. (C) RNA sequencing results highlighting
pro-inflammatory and anti-inflammatory mediator differential levels in
EVs from nTNF-o/IFN-y-primed FeASCs versus native FeASCs EVs. (D)

characteristics of FeASCs and their EVs under native and
cytokine-primed conditions, which is essential for future clin-
ical application of EVs in feline veterinary medicine.

Cytokine preconditioning induces morphological
changes and apoptotic shifts in FEASCs

We have found that preconditioning of FeASCs with
TNF-o/IFN-y resulted in significant morphological changes,
characterized by enhanced cytoplasmic and membrane
projections and increased cell spreading.’'~53 These adaptations
suggest an activated cellular state, facilitating interaction with
the priming environment.***¢ Electron microscopy revealed
prominent nucleoli in native and primed cells, indicating
heightened transcriptional activity. However, the primed cells
exhibited compromised membrane integrity and increased
apoptosis, as evidenced by PI staining and flow cytometry.’”
Cytokine priming of FeASCs led to the induction of apop-
tosis, as evidenced by the upregulation of proapoptotic genes.
Our analysis revealed that the expression of key apoptotic
markers was significantly increased, resulting in a slowdown
in the proliferation rate of the cells. These findings suggest
that prolonged exposure to cytokine stimulation may com-
promise FeASC viability by shifting the cellular balance to-
ward programmed cell death.

Immonunodulatory and pro-inflammatory
properties of EVs

The EVs derived from cytokine-primed FeASCs demonstrated
an enhanced ability to modulate inflammatory responses. RNA
sequencing of these EVs revealed elevated transcripts associated
with cell proliferation, survival, and apoptosis regulation, in-
cluding PIK3CA, JAK2, CCND1, PCNA, BCL2, CASP10, and
TP53.This transcriptomic profile suggests that EVs from cytokine-
primed FeASCs can promote cell growth while maintaining a bal-
ance between pro-survival and apoptotic signals.

In comparison to native EVs, those from cytokine-primed
FeASCs exhibited a distinct inflammatory profile, with higher
expression of pro-inflammatory cytokines such as IL-6, IL-8,
IL-23A, NF-kB1, TNF-a, IL-1f, and CXCL8 alongside anti-
inflammatory mediators like TGFB1 and IL-10. This se-
lective loading may be an intentional process by the cells
to mediate paracrine signaling and amplify the inflamma-
tory response. The timing of EV collection post-stimulation
may have influenced these results. The early-phase response
might involve upregulation of TNF-a and IL-1f3 among the
first cytokines released during inflammation, whereas other
cytokines may be downregulated later. Additionally, the
anti-inflammatory effects of EVs from primed FeASCs likely
arise from a combination of their cytokine/chemokine cargo
and other bioactive molecules, such as microRNAs and lipids,
which modulate recipient cell responses. This dual expression
pattern may represent an adaptive response for effectively
modulating the inflammatory milieu.

Transcript levels of immune responses associated with modulators were
established using the RNAseq approach. (E) Cytokine concentrations in
EVs from standard and cytokine-primed FeASCs were analyzed using

a bead-based immunoassay. (F) MicroRNA expression profiles in EVs
from native and cytokine-primed FeASCs. Representative data is shown
as mean = SD. ASCs, native FeASCs; pASCS, cytokine-primed FeASCs;
\EVs, EVs isolated from native FeASCs; pEVs, EVs isolated from cytokine-
primed FeASCs. An asterisk (*) indicates a comparison among AD-MSCs
and PD-MSCs. P < .05, *#P < .01, *=P < 0001.
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Figure 3. Impact of TNF-a/IFN-y treatment on FeASCs’ mitochondrial metabolism. (A) Oxygen consumption kinetics analysis as an indicator of

basal respiration and ATP production rates. (B) Glycolytic capacity and glycolytic reserves determined in native and preconditioned ASCs. (C)
representative mitochondrial depolarization Plot (D) Assessment of mitochondrial transmembrane potential. (E) MitoRed-stained mitochondria with
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Impact on mitochondrial metabolism

Mitochondrial dysfunction impairs extracellular vesicle (EV)
synthesis by disrupting energy balance, inducing oxidative
stress, and altering lipid metabolism. Impaired mitochondrial
biogenesis pushes cells into apoptosis, further reducing EV
production. Dysfunctional mitochondria not only decrease
EV quantity but may also alter their composition, potentially
diminishing therapeutic efficacy.>-%!

Our metabolic assessments revealed a significant impact of
cytokine priming on FeASCs’ mitochondrial function, which
may or may not be linked to the transcriptomic changes noted
in cytokine-primed FeASCs and their corresponding EVs.

Cytokine-primed cells showed decreased respiratory capacity
and glycolytic function compared to naive cells, indicating
impaired energy metabolism due to priming. Despite these
functional deficits, there were no significant differences in
mitochondrial morphology between the 2 groups, suggesting
that functional rather than structural alterations drive the
observed metabolic changes. These observations align with
previous findings that highlight the role of mitochondrial
dynamics in cellular adaptation to stress conditions.®> The
preconditioned FeASCs displayed a marked increase in ap-
optotic markers, including PAN caspases and overexpression
of p53 and p21, suggesting the activation of programmed cell
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death pathways.®%* These results emphasize the delicate bal-
ance between cellular activation and stress-induced apoptosis
in the context of cytokine priming.

Cytokine-regulated genes in EVs from FeASCs are prima-
rily associated with mitochondrial metabolism and oxida-
tive phosphorylation pathways. RNA sequencing analysis
revealed that cytokine-primed FeASC-derived EVs exhibited
a significantly higher expression of key mitochondrial genes
than EVs from native FeASCs. Among these, MT-CO1,
MT-CO2, MT-CO3, MT-ND2, MTND4, MT-NDS,
UQCRC2, COX4I1, SDHA, SDHB, and MT-CYB were
prominently upregulated, indicating an enhanced mitochon-
drial metabolic activity.>¢ Additionally, cytokine-primed
EVs contained higher levels of NRF1, TFAM, PPARGCI1A,
and POLOG, which are crucial regulators of mitochondrial
transcription and translation.”®”* This suggests an adaptive
response of FeASCs to cytokine-induced stress, leading to
increased energy demand and mitochondrial biogenesis, re-
flected in their EVs’ molecular cargo.

Potential clinical impact of EVs with enhanced
immunomodulatory properties

In over a decade, there has been a substantial clinical and
public interest in regenerative solutions for various disorders
in which conventional medicine has failed to provide cura-
tive solutions.” Cell-based therapies have been used in feline
clinical trials for disorders such as chronic kidney disease,
chronic enteropathy, and chronic gingivostomatitis (FCGS),
to mention a few, and with outcomes supporting MSCs and
MSC products as promising therapies.”®”” Specifically for
chronic inflammatory disorders such as refractory FCGS,
cats treated with adipose-derived MSCs exhibited substan-
tial improvement or complete durable cure in most cats.>?
In a recent retrospective study, an overall positive response
rate of 65.5% was noted for refractory cats treated with
systemic administration of MSCs, with 58.6% exhibiting
long-lasting improvement or complete cure.* In that long-
term retrospective study, 91% of clients reported seeking
treatment with MSCs again if given the opportunity.* This
clinical response was primarily attributed to immune mod-
ulation demonstrated by a significant decrease in the quan-
tity of circulating cytotoxic T cells, normalization of CD4/
CD8 lymphocyte rations, and a decrease in circulating
neutrophils that corresponded with the positive clinical re-
sponse.’ Given that diseases such as FCGS have systemic in-
flammatory components characterized by increased systemic
IFN-vy concentration, allogeneic MSCs may be identified as
non-self and eliminated by natural killer cells (NK) upon
upregulation of MHC-I induced by IFN-y.”® Systemically
administered EVs, derived from MSCs rather than MSCs,
are likely to circumvent this issue and result in a higher pos-
itive response rate.

The authors acknowledge the absence of functional studies,
such as in vitro co-culture assays or in vivo transplantation,
to confirm whether primed FeASCs or their EVs exhibit
enhanced anti-inflammatory properties. While transcriptomic
analysis provides insight into how priming influences FeASC
activity and EV composition, it does not fully capture the
functional impact on target cells. Further evaluation should
incorporate transcriptomic and proteomic analyses alongside
functional assays to establish a direct link between EV cargo
and anti-inflammatory effects. Additionally, the relationship
between mitochondrial kinetics and these observed changes

1

remains unverified, as no supporting data are presented.
Although both processes are occurring, their connection is
uncertain, necessitating targeted blocking experiments to de-
termine causality.

Another consideration is that while cytokine-primed
FeASCs may exhibit enhanced immunomodulatory effects,
the associated risk of cell damage, reduced viability, immuno-
genicity, and scarcity of data regarding their long-term effects
is a concern.?>”” Though recent data in mice may contradict
these concerns, non-stimulated MSCs may provide a safer,
more stable option but may lack the potency needed for se-
vere inflammation.?®$! An alternative to this would be using
EVs from cytokine-primed FeASCs, with a balanced strategy,
to help maximize therapeutic efficacy while minimizing risks.
Further studies evaluating better priming strategies (ie, milder
priming, shorter-duration priming, priming EVs instead of
MSCs), different time points after priming, and validating
protocols that will improve the safety profile are warranted in
order to determine if these findings can be clinically translated.

Conclusion

In summary, cytokine conditioning of FeASCs sig-
nificantly alters their morphological, metabolic, and
immunomodulatory characteristics, resulting in the gener-
ation of EVs with enhanced anti-inflammatory properties.
These findings underscore the potential of preconditioned
FeASCs as a valuable source of therapeutic EVs for
modulating inflammatory responses. Future studies should
focus on optimizing priming conditions, elucidating the mo-
lecular pathways underlying these adaptations, and, once
optimized, validating the therapeutic efficacy of these EVs
in vivo.
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