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Cytokine priming shifts mitochondrial architecture and
extracellular vesicle cargo of feline placental mesenchymal
stromal cells toward an immunosuppressive phenotype

Maria Soltero-Rivera, DVM, DAVDC, DEVDC, MASY2*; Boaz Arzi, DVM, DAVDC, DEVDCY2; Krzysztof Marycz, PhD3

IDepartment of Surgical and Radiological Sciences, School of Veterinary Medicine, University of California-Davis, Davis, CA
2School of Veterinary Medicine, Veterinary Institute for Regenerative Cures, University of California-Davis, Davis, CA
3International Institute of Translational Medicine, Malin, Poland

*Corresponding author: Dr. Soltero-Rivera (msoltero@ucdavis.edu)

Objective
To characterize effects of inflammatory cytokine priming on viability, mitochondrial morphology, and extracellular
vesicle (EV) cargo in feline placenta-derived mesenchymal stromal cells (MSCs).

Methods

Feline placenta-derived MSCs from 7 healthy cats were cultured under control, serum-deprived, or cytokine-stimu-
lated (tumor necrosis factor-a, interferon-y, IL-1, IL-6) conditions in vitro. Viability/apoptosis were assessed by flow
cytometry and mitochondrial morphology by confocal microscopy with MicroP/MATLAB; EVs were characterized by
surface markers, RNA sequencing, and microRNA (miR) profiling.

Results

Viability exceeded 96% across all conditions, with no significant intergroup differences. Kiel 67 proliferation marker
and metabolic activity were significantly reduced under serum-free and cytokine-stimulated conditions versus
controls (both P < .001). Cytokine priming increased branching and simple tubular mitochondria, whereas serum
deprivation increased fragmented forms. Extracellular vesicle transcriptomics identified 329 differentially expressed
genes, including upregulated immunosuppressive receptors C-C motif chemokine receptor 8 and poliovirus recep-
tor-related immunoglobulin domain-containing protein and downregulated proinflammatory histone transcripts.
microRNA (miR) profiling revealed 23 differentially expressed miRs, with enrichment of anti-inflammatory miR-204,
let-7g, and miR-181b-2 and depletion of proinflammatory miR-34a and miR-320a.

Conclusions

Cytokine priming induces mitochondrial elongation and shifts EV cargo toward an immunosuppressive phenotype
without compromising viability, supporting inflammatory priming as a strategy to optimize MSC-based therapies for
T-cell-mediated inflammatory diseases.

Clinical Relevance
Inflammatory priming prior to MSC administration may enhance therapeutic efficacy in cats, supporting investiga-
tion of cytokine licensing as a translatable approach to improving MSC therapy outcomes in veterinary medicine.

Keywords: extracellular vesicle, feline, mesenchymal stromal cell, placenta, cytokine priming

Mesenchymal stromal cell (MSC) therapy has been
used to treat cats with refractory feline chronic
gingivostomatitis (FCGS) for over a decade, with
approximately two-thirds of treated cats achieving
successful clinical outcomes.1-®¢ Mesenchymal stro-
mal cells have been harvested from multiple sources,
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including placenta (feline placenta-derived MSCs
[fePDMSCs]), adipose tissue (feline adipose-derived
MSCs [feAMSCs]), and uterine tissue (feline uterine-
derived MSCs [feUMSCs]), with therapeutic success
largely consistent across cell types.1-46 Despite the
favorable long-term safety profile of MSC therapy,
albeit with a notable rate of transient, manageable
acute infusion reactions, administered cells undergo
substantial pulmonary trapping and limited persis-
tence following IV administration,® and in vitro evi-
dence suggests that activated natural killer cells are

© 2026 THE AUTHORS. Published by the American Veterinary Medical Association as an Open Access article under Creative Commons CCBY-NC license.
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capable of killing MSCs,? raising the possibility that
immune-mediated clearance further limits cell sur-
vival in vivo. Treated cats are additionally exposed
to an inflammatory cytokine milieu from the moment
of administration given that FCGS is associated
with systemic inflammation mirroring the chronic
mucosal disease.289

Feline adipose-derived MSCs are potent immu-
nomodulators with relevance to both veterinary and
translational medicine. Taechangam et al’® demon-
strated that feAMSCs inhibit T-cell proliferation via
prostaglandin E2 secretion and intercellular adhesion
molecule 1/lymphocyte function-associated antigen
1 cell-cell interactions and subsequently showed that
feAMSCs promote a terminally differentiated CD8*
T-cell effector phenotype with enhanced cytolytic
capacity.!* Clark et al*2 reported conserved phenotypic
traits, immunomodulatory mechanisms, and transcrip-
tomic profiles between human and feAMSCs, affirming
the translational relevance of feline MSC models.

The immunomodulatory effects of feline and
human MSCs are mediated in part through extracellu-
lar vesicle (EV) secretion and paracrine signaling.13-18
Extracellular vesicles carry bioactive molecules,
including cytokines and microRNAs (miRNAs; miRs),
that regulate immune responses and tissue regener-
ation.1®-22 Exposure to inflammatory cytokines, such
as interferon-y (IFN-y) and tumor necrosis factor-a
(TNF-a), markedly alters MSC immunomodulatory
capacity, upregulates immune-regulatory genes, and
remodels EV cargo.23-29 A prior investigation of cyto-
kine-primed feline MSCs demonstrated increased
cellular projections and enhanced immunomodu-
latory EV capacity alongside enrichment of mito-
chondrial-related transcripts in EVs that suggested a
compensatory cellular response.3®

We hypothesized that inflammatory priming
would (1) alter fePDMSC viability, apoptosis, and
mitochondrial dynamics relative to unprimed controls
and (2) selectively enrich EV cargo with immunosup-
pressive receptors (C-C motif chemokine receptor 8
[CCR8] and poliovirus receptor-related immuno-
globulin domain-containing protein [PVRIG]) and
anti-inflammatory miRNAs (miR-204, let-7g, and
miR-181b), yielding EVs with greater immunomodu-
latory potential than those derived from unprimed
cells. This study tested these hypotheses by compar-
ing cytokine-primed and unprimed fePDMSCs and
their EVs across cellular, mitochondrial, and molecu-
lar end points, with implications for optimizing MSC-
based therapies in FCGS and beyond.

Methods

fePDMSC isolation and EV harvesting

With signed informed owner consent, placen-
tal tissues were obtained from 7 clinically healthy,
pregnant queens undergoing routine ovariohys-
terectomy performed at owner request; tissue that
would otherwise have been discarded was collected
for this study. Tissue samples were rinsed in sterile
PBS with 1% penicillin-streptomycin, minced, and
enzymatically digested in 0.1 mg/mL collagenase
type | (Sigma-Aldrich) for 40 minutes at 37°C in 5%

2

CO,. Digested material was filtered through a 70-um
filter, centrifuged at 1,200 X g for 6 minutes, and
washed twice in PBS. The fePDMSCs were cultured
in low-glucose Dulbecco’s modified Eagle medium
(LG-DMEM) with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin at 37°C in 5% CO,, pas-
saged every 3 days at 80% to 90% confluence using
trypsin-EDTA.

Cell identity as fePDMSCs was inferred from tis-
sue source, isolation methodology, plastic adher-
ence, and morphological characteristics consistent
with an MSC phenotype. Surface marker expression
of multipotency-associated markers (CD44, CD90,
and CD105) in fePDMSCs and feAMSCs from this cat
cohort was previously characterized by our group,!8
supporting baseline MSC identity of the source cell
populations. However, this study did not reassess sur-
face marker expression against the full International
Society for Cell & Gene Therapy (ISCT) panel of posi-
tive (CD90, CD105, and CD73) and negative (CD34,
CD45, CD14, CD19, and a component of the Major
Histocompatibility Complex Class || [HLA-DR]) mark-
ers nor confirm trilineage differentiation potential
(osteogenic, adipogenic, and chondrogenic) either
at baseline or following cytokine priming.

EVs were isolated as previously described.30
The fePDMSCs at passages 2 and 3 were cultured
until optimal confluence, medium was replaced with
serum-free LG-DMEM containing 1% insulin-trans-
ferrin-selenium (ITS) (Thermo Fisher Scientific) for
48 hours. Conditioned medium was filtered (0.22 um),
centrifuged at 300 X g (10 minutes, 4°C), and ultra-
centrifuged at 22,000 X g for 2 hours. The EV pellets
were resuspended in PBS and stored at -80°C.

Inflammatory priming

At approximately 80% confluence and passages
2 and 3, medium was replaced with serum-free
DMEM/ITS supplemented with recombinant human
TNF-a (15 ng/mL; Sigma-Aldrich), recombinant
human IFN-y, recombinant human IL-1, and recom-
binant human IL-6 (10 ng/mL each; Sigma-Aldrich)
for 72 hours.30-32 Recombinant human cytokines
were used given the limited commercial availability
of feline-specific recombinant cytokines; crossre-
activity and bioactivity of human TNF-a and IFN-y
in feline cells have been established in prior feline
MSC priming work, including our related companion
study of cytokine-primed feAMSCs.30

Serum-free medium was used during priming
because conditioned medium was collected from
the same cultures immediately afterward for EV iso-
lation, and FBS contains bovine-derived EVs that
would confound analysis of fePDMSC-derived EV
cargo; priming and EV collection therefore neces-
sarily occurred within the same defined, serum-free
window. Because serum withdrawal is itself a cellular
stressor independent of cytokine exposure, a serum-
free, non-cytokine-primed control arm was included
alongside standard-serum control and cytokine-
primed conditions throughout this study, allow-
ing the effects of serum deprivation and cytokine
priming to be distinguished. The EV isolation from
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conditioned supernatants followed the same proto-
col described above.

Morphological and ultrastructural
characterization

The fePDMSC morphology was assessed by
inverted light microscopy (AxioObserver Al; Carl
Zeiss AG). For confocal imaging, cells were fixed
in 4% paraformaldehyde; permeabilized with 0.1%
Triton X-100; stained with phalloidin-Atto488 (actin),
4’ 6-diamidino-2-phenylindole (nuclei), and MitoRed
(mitochondria); and imaged on a Zeiss Observer Z1
Spinning Disc confocal at the University of California-
Davis. Mitochondrial morphology was quantified using
MicroP software (version 1.1.11b; Biomedical Image
Informatics Lab, Institute of Biomedical Informatics,
National Yang-Ming Chiao Tung University) integrated
with MATLAB (version R2010b; The MathWorks, Inc).
The EV ultrastructure was assessed by transmission
electron microscopy following standard fixation,
dehydration, and epoxy embedding protocols.

RNA isolation, sequencing, and
transcriptomic analysis

Total RNA was extracted using EXTRAzol (Blirt
SA) from 3 biological replicates/condition; only
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ns

samples with an RNA integrity number > 7.0 were
included. Libraries were prepared with the lllumina
TruSeq Kit (strand specific and deoxyuridine tri-
phosphate [dUTP]-based) and sequenced on the
NovaSeq X platform (paired end; 100 bp) at the
University of California-Davis Genome Center DNA
Technologies and Expression Analysis Core. Reads
were quality checked with FASTQC, trimmed, and
aligned to the feline reference genome (felCat9.2_X;
GCA_000181335.6) using STAR, and differential
expression was analyzed with DESeq2.33 Significance
thresholds were set at Benjamini-Hochberg adjusted
P (padj) < .05 and |log, fold change| (|log,FC|) > 1.
For quantitative PCR validation, cDNA was syn-
thesized using PrimeScript RT Kit (Takara Bio) and
amplified with SensiFast SYBR (Bioline) on a CFX
Connect system (Bio-Rad Laboratories Inc); glycer-
aldehyde 3-phosphate dehydrogenase served as the
reference gene, and relative expression was calcu-
lated using the 2-24¢a method.** microRNA profiling
used the Mir-X First-Strand Kit (Takara Bio), with U6
as the endogenous control.

Flow cytometry and functional assays
Viability, apoptosis (MultiCaspase Kit; Luminex
Corp), and mitochondrial membrane potential
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Figure 1—Cell viability assessment by annexin V/propidium iodide flow cytometry across feline placenta-derived
mesenchymal stromal cell (fePDMSC; MSC) culture conditions. Live cell fractions: control (CTRL; 96.90%), fetal bovine
serum (FBS)-free (97.98%), and cytokine stimulated (97.36%). Early apoptotic populations remained below 1.6% in
all groups; late apoptotic fractions were undetectable (0.00%). No statistically significant differences in viability were
observed between conditions. Data are presented as mean + SD from 3 independent experiments. ns = Not significant.
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(MitoPotential Kit; Luminex Corp) of control and primed
fePDMSCs were assessed using the Muse Cell Analyzer
(Luminex Corp) per manufacturer instructions.3s

Statistical analysis
Forflowcytometric,metabolic,andmitochondrial

morphology outcomes (viability, apoptosis, mito-

chondrial membrane potential, Kiel 67 proliferation
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marker (Ki-67) mean fluorescence intensity (MFI),
and mitochondrial subtype quantification), data from
control, serum-free, and cytokine-primed fePDMSCs
were compared using 1-way ANOVA with the Tukey
post hoc test (Prism, version 8; GraphPad Software
Inc), with results presented as mean * SD from
> 3 independent biological experiments, each per-
formed in technical triplicate. Formal normality
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Figure 2—Mitochondrial network architecture and morphological subtype distribution in fePDMSCs across culture
conditions. A and B—Representative confocal immunofluorescence images (mitochondrial marker, red; nuclei,
4’ 6-diamidino-2-phenylindole, blue) of CTRL, FBS-free, and cytokine-stimulated fePDMSCs. Control cells show a
dense, perinuclear reticulated mitochondrial network, whereas FBS-free and cytokine-stimulated cells display more
elongated, dispersed mitochondria. Binary and trajectory maps confirm these differences. Scale bar = 20 um. C—
Quantification of mitochondrial morphological subtypes—branching tubular, simple tubular, donut shaped, twisting
tubular, small globular, and large globular—across CTRL, FBS-free (starved), and cytokine-stimulated fePDMSCs.
Cytokine-primed cells show a significant increase in branching and simple tubular forms. Donut-shaped and twisting
tubular mitochondria are most prevalent in CTRL. Starvation increases small globular mitochondria consistent with
fragmentation. Data are presented as mean + SD. *P < .05. ***P < .001
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testing (eg, Shapiro-Wilk) was not performed given power to detect departures from normality; ANOVA
the limited number of biological replicates per con- was applied as the standard approach for this exper-
dition (n = 3), at which such tests have very limited imental design and replicate structure, consistent
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Figure 3—Flow cytometric surface marker profiling of fePDMSC-derived extracellular vesicles (EVs) under FBSfree
and cytokine-stimulated conditions. A—Histogram overlays of unstained (gray) and stained EV populations for
Cluster of differentiation (CD) 9, CD63, CD81, and CD24 under FBS-free conditions. CD9, CD63, and CD81 display
distinct rightward shifts confirming tetraspanin expression consistent with a small EV/exosome identity. CD 24 over-
laps with the unstained CTRL. B—Histogram overlays for CD9, CD63, CD81, and CD24 following priming with tumor
necrosis factor-a, interferon-y, IL-1, IL-6, and insulin-transferrin-selenium (ITS). CD9 and CD63 show clear positive
shifts; CD63 exhibits the greatest fluorescence displacement. CD81 and CD24 show minimal to absent expression.
Gating was established using unstained controls (CTRLs). N/S = Mean nonstimulated.
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Figure 4—Heatmap of cluster of differentiation (CD) marker log, fold changes (log,FCs) in fePDMSC-derived EVs
relative to parental cells under CTRL and cytokine-stimulated conditions. Parental fePDMSC values are set as refer-
ence (1.0) per condition. Red indicates upregulation, and blue indicates downregulation. Tetraspanins CD9, CD63,
and CD81 are consistently downregulated in EVs under both conditions, with greater reductions in cytokine-stim-
ulated EVs. CD34 and CD19 are markedly upregulated exclusively in cytokine-stimulated EVs (log,FC = +7.40 and
+4.87, respectively). CD14 and CD105 are modestly reduced under both conditions. RNA-seq = RNA sequencing.
RT-gPCR = Quantitative reverse transcription PCR.
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with common practice in comparable in vitro MSC negative binomial model with Wald testing and
studies. Statistical significance was defined as P < Benjamini-Hochberg correction (padj < .05; |log,FC]|
.05. Differential gene and miRNA expression from >1), as described above, independent of the ANOVA
RNA sequencing were assessed using DESeq2’s framework applied to the functional assays.
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Figure 5—Differential mRNA cargo analysis of EVs from cytokine-stimulated versus control (CTRL) fePDMSCs.
Volcano plot showing 329 significant differentially expressed genes (Benjamini-Hochberg adjusted P value < .05;
[log,FC| = 1) from 17,690 analyzed transcripts: 231 upregulated (red) and 98 downregulated (blue). The top upregu-
lated hits include immunomodulatory receptors C-C motif chemokine receptor 8 (CCR8; log,FC = +7.18; undetectable
in CTRL EVs) and poliovirus receptor-related immunoglobulin domain-containing protein (PVRIG) (log,FC = +6.37).
Histone transcripts are among the most substantially downregulated (mean log,FC = -6.92). Pathway enrichment
analysis of downregulated genes highlights neutrophil extracellular trap formation and systemic lupus erythema-
tosus pathways. ATOH1 = Atonal bHLH transcription factor 1. ATP6 = Mitochondrially encoded ATP synthase mem-
brane subunit 6. ATP6VOC = ATPase H+ transporting VO subunit c. BHLHA9 = Basic helix-loop-helix family member
a9. C1QTNF4 = C1g and TNF related 4. C100rf105 = Chromosome 10 open reading frame 105. CCR4 = C-C motif che-
mokine receptor 4. CCR7 = C-C motif chemokine receptor 7. CCR8 = C-C motif chemokine receptor 8. CDC42EPS =
CDC42 effector protein 5. CEBPB = CCAAT enhancer binding protein beta. CLDN1 = Claudin 1. CLDN5 = Claudin
5. CLDN7 = Claudin 7. CXCR3 = C-X-C motif chemokine receptor 3. FGF1 = Fibroblast growth factor 1. GNG10 =
G protein subunit gamma 10. H2AC13 = H2A clustered histone 13. H2AC14 = H2A clustered histone 14. H2AC15 =
H2A clustered histone 15. H2BC13 = H2B clustered histone 13. H2BC7P = H2B clustered histone 7, pseudogene.
H4C8 = H4 clustered histone 8. IGF1 = Insulin-like growth factor 1. IL10 = Interleukin 10. ILIRN = Interleukin 1
receptor antagonist. INAFM2 = InaF motif containing 2. MTLN = Mitoregulin. NCBP2AS2 = NCBP2 antisense RNA 2.
OCLN = Occludin. OR10P1 = Olfactory receptor family 10 subfamily P member 1. OR4K15 = Olfactory receptor fam-
ily 4 subfamily K member 15. PATE2 = Prostate and testis expressed 2. PDGFC = Platelet-derived growth factor C.
PVRIG = Poliovirus receptor-related immunoglobulin domain containing. RMRP = RNA component of mitochondrial
RNA processing endoribonuclease. SDHAF1 = Succinate dehydrogenase complex assembly factor 1. SMIM10L1 =
Small integral membrane protein 10 like 1. SOCS1 = Suppressor of cytokine signaling 1. SOCS3 = Suppressor of
cytokine signaling 3. SPRY3 = Sprouty RTK signaling antagonist 3. SYNDIG1 = Synapse differentiation inducing 1.
TGFB1 = Transforming growth factor beta 1. TJP1 = Tight junction protein 1. TRMT112 = tRNA methyltransferase
activator subunit 11-2. UQCC3 = Ubiquinol-cytochrome ¢ reductase complex assembly factor 3. VEGFA = Vascular
endothelial growth factor A. ZNF554 = Zinc finger protein 554.
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Results
Morphological stability and condition-
dependent proliferative quiescence

Confocal microscopy of fePDMSCs at passage
zero revealed a dense population with characteristic
fibroblast-like morphology, prominent F-actin stress
fiber networks, and extensively interconnected tubu-
lar mitochondrial networks spanning the cytoplasm,
consistent with high mitochondrial membrane
potential and active oxidative phosphorylation.
By passage 2, actin organization was maintained,
whereas mitochondrial signals became more peri-
nuclear (Supplementary Figure S1).

Kiel 67 proliferation marker (Ki-67) immunoflu-
orescence revealed a condition-dependent gradient
in proliferative activity. Control fePDMSCs displayed
active proliferation (mean fluorescence intensity
[MFI], 232 £ 14 AU), significantly reduced in FBS-
free cells (MFI, 126 £ 11 AU; P < .001 vs control) and
further reduced in cytokine-stimulated cells (MFI,

50 + 7 AU; P <.001 vs control). No significant differ-
ence was observed between FBS-free and cytokine-
stimulated conditions. Metabolic activity assessed
by In Vitro Toxicology Assay Kit, resazurin based
(TOX-8) confirmed these findings (Supplementary
Figure S1).

Cell viability is preserved across all
culture conditions

Annexin V/propidium iodide flow cytometry
confirmed high viability across all conditions, with
live cell fractions exceeding 96% (control, 96.90%;
FBS-free, 97.98%; cytokine stimulated, 97.36%) and
no statistically significant intergroup differences.
Late apoptotic fractions were undetectable, and
early apoptotic populations remained below 1.6%
(Figure 1). These findings indicate that altered EV
cargo compositions reflect active transcriptional
shift in viable, quiescent cells rather than apoptosis-
driven release.
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Cytokine priming induces mitochondrial
elongation; serum deprivation promotes
fragmentation

Confocal immunofluorescence revealed con-
dition-dependent changes in mitochondrial net-
work architecture. Control cells displayed a dense,
perinuclear reticulated network consistent with an
active, fused mitochondrial state. The FBS-free cells
showed increased mitochondrial fragmentation with
sparse trajectory patterns in binary mapping analy-
sis. Cytokine-stimulated cells exhibited a significant
increase in branching and simple tubular mitochon-
dria, indicating enhanced elongation and network
remodeling. Donut-shaped and twisting tubular
forms were most prevalent under control condi-
tions and markedly reduced in both stressed states.
Starvation increased small globular mitochondria
consistent with fragmentation, whereas large globu-
lar forms showed no statistically significant change
across groups (Figure 2).

Surface marker profiling of
fePDMSC-derived EVs

Flow cytometry confirmed canonical tetraspanin
expression (CD9, CD63, and CD81) in EVs isolated
under FBS-free conditions, consistent with a small
EV/exosome phenotype. The CD24 expression was
minimal, overlapping substantially with unstained
controls (Figure 3). In EVs from cytokine-primed
fePDMSCs, CD9 and CD63 expression was preserved,
with CD63 demonstrating the strongest fluorescence
shift; CD81 and CD24 remained largely absent.

Heatmap analysis of log,FCs for 7 cluster of dif-
ferentiation markers in EVs relative to parental fePD-
MSCs revealed condition-dependent surface marker
remodeling. Classical tetraspanins CD9, CD63, and
CD81 were consistently downregulated in EVs under
both conditions, with greater reductions in cytokine-
stimulated EVs (CD9, log,FC = -5.64; CD63, -4.05;
CD81, -3.14) than in control EVs (CD9, -3.97; CD63,
-2.69; CD81, +0.94). Cluster of differentiation 34
and CD19 were markedly upregulated exclusively
in cytokine-stimulated EVs (log,FC = +7.40 and
+4.87, respectively). Cluster of differentiation 14 and
CD105 were modestly reduced under both condi-
tions (Figure 4).

Cytokine priming alters EV mRNA cargo

Differential gene expression analysis of EV
mRNA cargo from cytokine-stimulated versus con-
trol fePDMSCs identified 329 significantly differen-
tially expressed genes from 17,690 analyzed (padj <
.05; |log,FC| = 1), comprising 231 upregulated and
98 downregulated transcripts (Figure 5). The most
pronounced upregulation involved immunosup-
pressive receptors CCR8 (log,FC = +7.18; undetect-
able in control EVs) and PVRIG/CD112R (log,FC =
+6.37), whereas histone-encoding transcripts (mean
log,FC = -6.92) and mitochondrial-associated
mRNAs were substantially downregulated. Pathway
enrichment analysis of downregulated genes identi-
fied neutrophil extracellular trap formation and sys-
temic lupus erythematosus pathways.

AJVR

Cytokine priming enriches EV miRNA cargo
with anti-inflammatory regulators

Differential miRNA expression analysis identified
23 significantly differentially expressed miRNAs in
EVs from cytokine-stimulated versus control fePDM-
SCs (padj < .05; |log,FC| > 1), comprising 13 upregu-
lated and 10 downregulated transcripts (Figure 6).
Hierarchical clustering confirmed coordinated rather
than stochastic cargo shifts. Upregulated miRNAs
included miR-204 (64-fold increase; log,FC almost
equal to 6.0), let-7g (32-fold), and miR-181b-2
(26-fold). Proinflammatory miR-34a (145-fold
decrease; log,FC almost equal to -7.2) and miR-320a
(log,FC =-7.29) were markedly depleted. Functional
category analysis confirmed a global shift toward an
anti-inflammatory miRNA profile.

Discussion

This study investigated the effects of inflam-
matory cytokine priming on feline placental derived
mesenchymal stromal cell (fePDMSC) viability, mito-
chondrial dynamics, and EV cargo composition, with
implications for improving mesenchymal stromal cell
(MSC)-based therapies in cats with feline chronic
gingivostomatitis (FCGS) and related chronic inflam-
matory diseases. The principal findings were that (1)
cytokine priming induces proliferative quiescence
without compromising viability, (2) cytokine stimu-
lation and serum deprivation exert divergent effects
on mitochondrial architecture despite producing
similar degrees of proliferative arrest, and (3) cyto-
kine priming comprehensively remodels EV mRNA
and micro RNA (miR) cargo toward an anti-inflam-
matory, immunosuppressive phenotype.

The fePDMSCs cells maintained characteristic
morphology, phenotype, and viability across multi-
ple passages and culture conditions, consistent with
established criteria for multipotent MSCs.3¢ Although
both FBS-free and cytokine-primed conditions
induced proliferative quiescence similarly described
in hematopoetic stem cells,3” evidenced by reduced
Ki-67 expression and metabolic activity, cell viability
remained exceptionally high (> 96%) with negligible
apoptosis across all groups. This is an important dis-
tinction from conditions in which reduced prolifera-
tion is associated with cellular aging or apoptosis3839
and confirms that the substantial EV cargo altera-
tions reflect an active transcriptional shift in viable
cells rather than stress-induced or apoptotic release.

The divergent mitochondrial responses to serum
deprivation versus cytokine stimulation, fragmenta-
tion versus elongation and branching, respectively,
represent a key mechanistic finding. Cytokine-primed
cells demonstrated significant increases in branch-
ing and simple tubular mitochondria, morphologies
associated with enhanced oxidative phosphoryla-
tion and immunomodulatory function in activated
MSCs.49-44 Conversely, serum deprivation promoted
small globular mitochondrial forms, consistent with
fission, reduced membrane potential, and compro-
mised oxidative capacity.4>-47 The enhanced mito-
chondrial connectivity in cytokine-primed cells may
support the energy demands of cytokine secretion,

9

/0" #/9u-Aq/sasua9l|/610 suowwioosAnea.d//:dpy (/0" #/ou-Aq/sesuadl|/B10 suowwodsAleaId//-dny)
asuadl| ON-AG DD 8y} Japun pajnqu}sip ajo1Ue ssaooe uado ue si Siy] "SSe29y uadQ BIA 80-01-9Z0Z 1e Bio ewAe sjeuinolewAe//:sd)yy wolj papeojumoc]



EV biogenesis, and active immunomodulation,48-54
and prior studies®s-®® have linked mitochondrial
elongation to increased immunosuppressive capac-
ity and paracrine signaling in MSCs.

Flow cytometric characterization confirmed
canonical tetraspanin expression (CD9, CD63, and
CD81)inEVsunderbothconditions, consistent withan
exosomal phenotype and in accordance with Minimal
Information for Studies of Extracellular Vesicles
(MISEV2023) guidelines to the extent permitted by
currently available reagents.6262 Full compliance
with MISEV2023 recommendations for EV charac-
terization could not be achieved, however, because
validated antifeline antibodies targeting canonical
EV transmembrane markers, including CD9, CD63,
and CD81, are not currently available, precluding the
transmembrane protein confirmation recommended
as a minimum requirement for EV studies; this rep-
resents a broader methodological gap in feline EV
research that warrants dedicated reagent develop-
ment.6! The marked upregulation of CD34 and CD19
exclusively in cytokine-stimulated EVs (log,FC =
+7.40 and +4.87, respectively) was unexpected and
suggests that inflammatory priming may shift EVs
toward enhanced angiogenic, vasculoprotective,
or immunomodulatory functions,5863 warranting
further investigation.

Extracellular vesicle mRNA cargo shifts were
characterized by strong upregulation of immuno-
suppressive receptors CCR8 and PVRIG/CD112R,
both negative regulators of T-cell-mediated immune
responses.5465 C-C motif chemokine receptor 8, a
chemokine receptor that preferentially recruits regu-
latory T cells and is associated with immunosuppres-
sive microenvironments, was undetectable in control
EVs but robustly expressed following cytokine prim-
ing.%¢ Poliovirus receptor-related immunoglobulin
domain-containing protein (PVRIG) engages PVRL2
to suppress T-cell activation and cytotoxicity, a
mechanism directly relevant to FCGS, in which CD8*
T cells drive chronic mucosal inflammation.8¢7 The
coordinated downregulation of histone-encoding
transcripts, which function as damage-associated
molecular patterns when present extracellularly,s®
alongside neutrophil extracellular trap formation-
associated genes suggests active quality-control
mechanisms that prevent proinflammatory signal
delivery to recipient cells.5®

The miRs cargo analysis revealed global altera-
tion toward anti-inflammatory functionality. miR-204,
the most substantially upregulated miR (64-fold),
suppresses nuclear factor x B signaling and exerts
antifibrotic effects,’®7% whereas let-7g suppresses
TLR4 signaling and inflammatory cytokine release
in macrophages,’* and miR-181b-2 regulates T-cell
receptor reactivity and promotes regulatory T-cell
development.’®> Proinflammatory miR-34a (145-fold
decrease), linked to nuclear factor x B activation and
senescence-associated secretory phenotype,’677 and
miR-320a,78 associated with endothelial dysfunc-
tion, were nearly completely depleted from cytokine-
primed EVs, suggesting active sorting that prevents
delivery of proinflammatory miR species.
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It is important to note that the transcriptional and
cargo changes observed here reflect a response to a
specific, sustained proinflammatory cytokine expo-
sure (72 hours) rather than a demonstrated perma-
nent or systemic alteration of fePDMSC identity or
function. Mesenchymal stromal cells are known to be
highly plastic and transcriptionally responsive to their
microenvironment; whether the shifts in gene expres-
sion and EV cargo composition described here per-
sist, reverse, or are further modified following removal
of the priming stimulus or upon exposure to a differ-
ent microenvironment (eg, the in vivo inflammatory
milieu of FCGS) was not evaluated in this study and
represents an important direction for future work.

These findings have direct translational rel-
evance to FCGS management. Approximately two-
thirds of cats achieve successful outcomes with
MSC therapy,'® but response rates remain hetero-
geneous, and mechanisms of therapeutic efficacy
are incompletely defined. Our data suggest that
inflammatory priming prior to MSC administration
may substantially enhance EV immunomodulatory
potency. The finding that cytokine stimulation and
serum deprivation both induce proliferative qui-
escence further suggests that the timing of MSC
administration relative to disease chronicity war-
rants consideration; delayed administration into an
established inflammatory niche may better replicate
the cytokine conditions tested here and enhance
EV-mediated immunomodulation.89.79.80

Although this study was not designed to assess
manufacturing feasibility, inflammatory cytokine
priming represents a straightforward ex vivo pre-
conditioning strategy that can be incorporated into
existing MSC culture workflows.8%82 |mportantly,
cytokine exposure did not adversely affect fePD-
MSC viability, suggesting that this approach may
be compatible with scalable cell manufacturing.
Nevertheless, translation to clinical or commercial
production will require optimization of cytokine
concentrations, exposure duration, donor-to-donor
reproducibility, large-scale culture methods, and
Good Manufracturing Practices-compliant manufac-
turing processes.8® Therefore, our findings establish
a mechanistic rationale for inflammatory licensing as
an approach to enhance MSC potency rather than
demonstrating commercial readiness.

Several limitations warrant consideration. While
surface marker expression supporting MSC identity
of the parent fePDMSC and feAMSC populations used
in this line of work was previously reported by our
group,!8 this study did not perform confirmatory flow
cytometric assessment against the full ISCT minimal
criteria® or trilineage differentiation assays and, most
importantly, did not reassess surface marker pheno-
type following cytokine priming. This is a relevant
limitation given that IFN-y is known to upregulate
major histocompatibility complex class || (HLA-DR)
expression on MSCs, one of the International Society
for Cell & Gene Therapy (ISCT)-defined negative
markers, raising the possibility that priming altered
the surface phenotype of these cells in ways not
captured by the morphological, mitochondrial, and
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transcriptomic assays performed here. Future stud-
ies should incorporate flow cytometric marker profil-
ing and trilineage differentiation confirmation both
before and after priming to formally establish MSC
identity and characterize any priming-induced phe-
notypic drift in this study and in our related work on
cytokine-primed feAMSCs. Functional consequences
of EV cargo changes in recipient immune cells (eg,
T-cell proliferation, macrophage polarization) were
not assessed and represent an important next step;
coculture and in vivo studies are needed to validate
mechanistic interpretations. Whether transcriptomic
changes translate into greater in vivo therapeutic
efficacy in FCGS models also remains to be deter-
mined.84 The mechanisms governing selective RNA
sorting into EVs, including candidate RNA-binding
proteins, such as heterogeneous nuclear ribonucleo-
protein A2/B1, (hnRNPA2B1), Argonaute 2 (AGO?2),
and Y-box binding protein 1 (YBX1), were not char-
acterized.® Finally, full compliance with MISEV2023
EV characterization guidelines could not be achieved
because validated antifeline tetraspanin antibod-
ies are unavailable, representing a species-specific
methodological gap that the field must address.5*
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