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Introduction: MSCs exhibit regenerative, anti-inflammatory and immunomodulatory
properties due to the large amount of cytokines, chemokines and growth factors they
secrete. MSCs have been extensively evaluated in clinical trials, however, in some
cases their therapeutic effects are variable. Therefore, strategies to improve their
therapeutic potential, such as preconditioning with proinflammatory factors, have
been proposed. Several priming approaches have provided non-conclusive results,
and the duration of priming effects on MSC properties or their response to a second
inflammatory stimulus have not been fully addressed.

Methods: We have investigated the impact of triple cytokine priming in MSCs on
their characterization and viability, their transcriptomic profile, the functionality
of innate and acquired immune cells, as well as the maintenance of the response
to priming over time, their subsequent responsiveness to a second
inflammatory stimulus.

Results: Priming MSCs with proinflammatory cytokines (CK-MSCs) do not modify
the differentiation capacity of MSCs, nor their immunophenotype and viability.
Moreover, cytokine priming enhances the anti-inflammatory and
immunomodulatory properties of MSCs against NK and dendritic cells, while
maintaining the same T cell immunomodulatory capacity as unstimulated MSCs.
Thus, they decrease T-lymphocytes and NK cell proliferation, inhibit the
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differentiation and allostimulatory capacity of dendritic cells and promote the
differentiation of monocytes with an immunosuppressive profile. In addition, we
have shown for the first time that proinflammatory priming reduces the variability
between different donors and MSC origins. Finally, the effect on CK-MSC is
maintained over time and even after a secondary inflammatory stimulus.

Conclusions: Cytokine-priming improves the therapeutic potential of MSCs and
reduces inter-donor variability.

mesenchymal stem cells, mesenchymal stromal cells, MSCs, cytokines, priming,
heterogeneity, immunomodulation, innate immune system

Introduction

Mesenchymal stem/stromal cells (MSCs) are present along the
connective tissue of the body, where they play an important role in
tissue homeostasis, remodeling and repair. They have been widely
assessed in different clinical applications based on their anti-
inflammatory, immunomodulatory and regenerative potential
(1-3). In this regard, they have capacity to differentiate into cells
of the mesodermal lineages and to migrate to inflammatory tissues
where they induce local repair by the secretion of many growth
factors and by reducing inflammation (4, 5). Moreover, MSCs
modulate the immune system through the secretion of important
bioactive molecules (2, 6) and are hypoimmunogenic themselves
making them suitable for allogeneic transplantation. Therefore,
MSCs are very attractive candidate for the treatment of
inflammatory, immune-mediated, and degenerative diseases
treatment (7), although phase III clinical trials have provided
variable results and only a few MSC-based products have reached
the market (8).

It has been shown that MSCs are able to modulate innate and
adaptive immune responses. Thus, they can suppress the activation
of natural killer (NKs) cells, the differentiation and maturation of
dendritic cells (DCs) and promote macrophage polarization toward
an anti-inflammatory phenotype. In addition, they inhibit the
proliferation and function of T and B lymphocytes while induce
the generation of T regulatory cells (Tregs) (9).

Initially it was thought that MSCs display baseline
immunomodulatory ability, but many studies have shown that they
require some stimuli, including inflammation, three-dimensional
interactions with extracellular matrix, hypoxia or interactions with
different cells of the immune system (10-12). Under inflammatory
conditions, MSCs are “licensed/activated/pre-stimulated” and show
and increase in proliferation and survival, and acquire enhanced
immunomodulatory ability (13), producing large amounts of factors
classically related with immunosuppression, such as indoleamine-2,3-
dioxygenase (IDO), transforming growth factor- B1 (TGF- B1)-,
prostaglandin-E2 (PGE2), interleukin-6 (IL-6), interleukin -10
(IL-10), HLA-G or nitric oxide (NO), among others. Interestingly,
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MSCs can become immunosuppressive under strong inflammation,
while weak inflammation enhances their immune responses, leading to
the concept of bidirectional interaction between MSCs and
inflammation (14).

On this immunomodulatory basis, growing evidence suggests
that MSC administration may be a promising therapy for the
treatment of inflammation. MSCs have obtained clinical
responses in various inflammatory or immune-mediated diseases
like graft-versus-host disease (GvHD) (15, 16), Crohn’s disease
(17), multiple sclerosis (18) or rheumatoid arthritis (19) although,
as it has been mentioned, few phase III clinical trials using MSCs
have obtained significant results leading to regulatory approvals (8).
If we take the role of MSC for steroid-refractory acute GVHD as an
example (since it is the clinical indication in which MSC have been
more deeply assessed), a deep analysis of these phase III trials made
(20) showed that some of them had pitfalls either in their design, in
the definition of primary endpoints and/or in the target population,
which could be optimized. For this reason, more recent Phase III
trials are already showing more clearly a significant advantage of
MSC in this setting (21, 22), leading to FDA approval in December
2024 of the first BM-MSC-based cell product for the treatment of
refractory GVHD (23).

In this context, different strategies have been developed to
improve the therapeutic potential of MSCs including increase of
their survival, migration and homing to damaged tissues, and
improvement their capacity to secrete different immunomodulatory
factors (3), such as expansion under hypoxic conditions, 3D cultures
with biomaterials or priming with proinflammatory cytokines
(CKs) (24).

Nevertheless, many aspects remain to be answered to improve
the therapeutic potential of MSCs by using pre-conditioning
approaches, including how long the effects of priming on the
immunomodulatory capacity of MSCs last, or whether these
effects are transient or sustained over a period of time, or after
exposure to a second stimulus, mimicking what would happen
when these cells are infused into a patient with an inflammatory
disease. Another important issue is the impact of the MSCs
heterogeneity due to the different donors or cell sources used
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(25). Accordingly, in this report we have investigated the effects of
MSCs priming with a proinflammatory CK cocktail consisting of
IFNYy, TNFo, and IL-1B on different aspects of MSC biology,
particularly on their immunomodulatory capacity.

Materials and methods
Human samples

Bone marrow (BM) samples were obtained from 9 healthy
donors (4 females/5 males) with a median age of 30 years (range:
18-55 years) by iliac crest aspiration in sterile conditions under
local anesthesia.

Adipose tissue (AT) samples were obtained by lipoaspiration
from 11 healthy donor (7 females/4males) with a mean age of 48.6
years. Five samples were purchased from Caltag MedSystem
(Buckingham, UK) after informed consent in accordance with the
Helsinki Declaration and all donors signed a specific informed
consent form approved by the Ethics Committee of the University
Hospital of Salamanca and by the Ethics Committee of Fundacion
Jiménez Diaz Hospital.

Heparinized peripheral blood samples from healthy donors
were obtained after signed informed consent and in compliance
with the Helsinki Declaration, from the Centro de Transfusion de la
Comunidad de Madrid and the Centro de Hemodonacion de
Castilla y Leon under their respective Institutional Review
Boards approval.

MSC culture

To obtain BM-MSCs, BM mononuclear cells were obtained by
density-gradient centrifugation with Ficoll-Paque (1.077 g/ml; GE
Health-care BioSciences, AB, Uppsala, Sweden), and seeded at
1x10° cells/em® on culture flasks with Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% platelet lysate (Cook
Medical, IN, USA) and 1% penicillin/streptomycin (all from Gibco,
Thermo Fisher), referred as to DMEM completed medium, as
previously described (26).

To obtain AT-MSCs, the lipoaspirate was disaggregated and
digested with collagenase A (Serva, Germany) at a final
concentration of 2 mg/ml for 4 h at 37°C, filtered through 100-
pum nylon filters (BD Bioscience, USA) and centrifuged for 10 min.
Cells were seeded at a concentration of 10,000 cells/cm? in culture
flasks (Corning, USA) with Minimum Essential Medium o (ot-
MEM; Gibco/Life Technologies/Thermo Fisher Scientific,
Waltham, USA) supplemented with 5% platelet lysate (Cook
Medical, IN, USA), 1% penicillin/streptomycin (Gibco/Life
Technologies/Thermo Fisher Scientific, Waltham, USA), and 1
ng/ml human basic fibroblast growth factor (bFGF; Peprotech,
NJ, USA) and cultured at 37°C.

For MSC expansion, the cells were cultured in completed
medium and fed by complete replacement of the medium every
2-4 days. Adherent cells were serially passaged using 0.25% trypsin/
EDTA (Sigma Aldrich, USA) upon reaching 70%-90% of
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confluence. MSCs between 3rd-6th passages were used for all
the experiments.

For MSC pre-stimulation, 5x10° cells were seeded and after 24h,
MSC were stimulated with IFN-y (20ng/ml), TNF-o. (10ng/ml) and
IL-1B (20ng/ml) (all from PeproTech, Rocky Hill, USA) during 24h
and will be referred to as cytokine (CK)-MSCs.

Differentiation assays of MSCs

For osteogenic differentiation, basal and pre-stimulated AT-
MSCs were maintained for 10 days with osteogenic differentiation
medium (Miltenyi Biotec, Bergisch Gladbach, Germany) and then
stained with nitro-tetrazolium blue chloride/5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP).

For adipogenic differentiation, cells were kept for 21 days in
culture with adipogenic differentiation medium (Miltenyi Biotec,
Bergisch Gladbach, Germany) and then evaluated for the presence
of lipid vacuoles stained with oil red staining.

All media were removed twice a week during differentiation.
Images were obtained on an Olympus BX41 microscope (Olympus,
Tokyo, Japan) at 10X magnification.

RNA-Seq studies

RNA extraction

RNA from 1x10° AT-MSCs under basal or pre-stimulated
conditions was extracted using the QTAGEN Rneasy plus mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA samples were quantified using the Qubit 2.0
fluorimeter (Life Technologies, Carlsbad, USA) and RNA integrity
was checked using the 4200 TapeStation instrument (Agilent
Technologies, Palo Alto, USA). All samples had >200 ng/mL, and
RNA integrity number (RIN) > 8.0 and then subjected to RNA-Seq.

Library preparation

The library was prepared using the NEBNext Ultra RNA
Library Prep Kit for Illumina (NEB, Ipswich, USA). Briefly,
mRNA from each sample was enriched with oligo primers (dt).
Then, all of them were fragmented for 15min at 94°C, and
complementary DNA (cDNA) strands were synthesized. The ends
of these cDNAs were repaired and adenylated at the 3’ end, adaptors
were ligated, indexes were added, and the library was enriched by
PCR. The ¢cDNA library was validated on an Agilent TapeStation
and quantified using the Qubit 2.0 fluorimeter and by quantitative
PCR (KAPA Biosystem, Wilmington, USA). Finally, it was
sequenced on a paired end flow cell on the Illumina HiSeq
sequencer with a depth of 150bases pairs (2x150bp) and an
average of 34 million paired reads per sample.

Mass sequencing

The cDNA library of pre-stimulated and control MSCs was
sequenced following the RNA-Seq protocols. The raw read data in
“bel” format were converted to “ fastq” files and de-multiplexed
using the bcl2fastq2.17 software. Quality control was performed
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using the bioinformatics tools FastQC v0.11.8 and MultiQC v1.7.
Sequencing adapters and low-quality reads (stringency 5) were
removed with the Trim Galore package. The Salmon pseudo-
aligner was used to calculate the expression levels of the
transcripts in each sample using the human transcriptome hg38
as a reference. The amount of each transcript was imported into the
differential expression analysis package DESeq in the statistical
software R v3.6.0.

Functional enrichment analysis

To understand the biological impact of gene expression
changes, a functional enrichment analysis of differentially
expressed genes was performed using the PATHER tool and Gene
Ontology (GO). Biological processes were selected as significantly
enriched by p-value adjusted by FDR<0.05.

Gene expression analysis by gRT-PCR

High-capacity ¢cDNA Reverse transcription kit (Applied
Biosystems. Thermo Fisher Scientific) was used for the synthesis
of cDNA of BM-MSCs according to manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) was performed using
specific predesigned TagMan Gene expression assays for different
genes (Applied Biosystems) (Supplementary Table S1). All PCR
reactions were set in duplicates using the TagMan Gene Expression
Master Mix (Applied Biosystems). The amplification and detection
were performed using a 7900HT Fast Real-time PCR System
(Centro de Genomica, Complutense University of Madrid). ACT
method was employed using GNB2LI as reference gene to
normalize gene expression.

Immunomodulatory profile of MSCs

Control and CK-MSCs from adipose tissue were trypsinized
and labelled for 15 min in the dark with the following combination
of monoclonal antibodies: CD54- APC/Fire' 750, CD90- PE-Cy7
and CD105 Brillant violent 421" from BioLegend, and CD106-PE,
CD273- PerCP-Cy5.5 and CD274- Brillant blue from BD
Bioscience. Dead cells were excluded by 7-amino-actinomycin D
(7AAD) (eBiosciences) staining. Cells were acquired in a
FACSCanto II flow cytometer (BD Bioscience) and analysed using
Infinicyt 1.8 software (Cytognos-BD, Salamanca, Spain).

PBMC, NK-cell and monocyte isolation

Peripheral blood mononuclear cells (PBMCs) were obtained
from buffy coats by density gradient centrifugation using Ficoll-
Paque PLUS (GE Healthcare Bioscience, Uppsala, Sweden).
Human NK-cell
Enrichment Cocktail (Stem Cell Thecnology) by negative

NK-cells were isolated using RosetteSep

selection and centrifugation with RosetteSepTM DM-L density
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medium (Catalog #15705) to remove unwanted cells, according to
the manufacturer’s instructions. After each separation, the enriched
fraction was assessed by flow cytometry and the percentage of the
CD56+CD3- cell population ranged from 87%.

Monocytes were obtained from PBMCs by immunomagnetic
isolation using anti-CD14 microbeads and VarioMACS cell
separator (Miltenyi Biotec), according to the manufacturer’s
protocol. The purity of isolated population was always over 90%.

MSC and T-cell coculture

Peripheral blood mononuclear cells were labelled with the
intracellular fluorescent dye Carboxyfluorescein diacetate
succinimidyl ester (CFSE, CellTrace'™ CFSE Cell Proliferation Kit;
Molecular Probe/Invitrogen, USA) at 5 mM, according to the
manufacturer’s instructions. Before coculture, BM-MSCs were
seeded in 24-well plates at a concentration of 10° cells/well.
Following overnight adherence, CKs were added during 24h.
After a gently wash, 10° stained PBMCs were added to wells with
pre-stimulated or basal MSCs in the presence of T Cell TransAct
(Miltenyi Biotech, Germany) by using a titer of 1:100 to induce the
specific T-cell activation and expansion via CD3 and CD28, in
RPMI 1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (all from Gibco, Thermo Fisher).
Stimulated and non-stimulated T-lymphocytes cultured without
MSCs was carried out as control.

After 3 days of incubation, cells harvested from culture wells
were analyzed for T cell proliferation by flow cytometry. Data were
analyzed with ModFit ™ (Verity Software House, USA).

Supernatants were collected and CK secretion was measured.

MSC and NK-cell coculture

BM-MSCs were treated with the CK cocktail for 24h. After
gently washed and trypsinization 10°, 10* or 5x10> MSCs per well
were seeded in triplicate on 96-well plates in DMEM completed
medium and allowed to adhere for 4 h.

Prior to coculture, NK-cells were stained with CFSE at 5 mM
according to manufacturer’s instructions. Then, 10° stained NK-
cells were added to wells with CK-MSCs or basal MSCs in a final
volume of 100pL to different MSC/NK-cells ratios 1:1, 1:10 and 1:20
in Stem Cell Growth medium (GMP SCGM, CellGenixt®),
supplemented with 10% FBS and with 1% Penicillin/
Streptomycin. NK-cells were stimulated with 20 ng/mL IL-15
(Miltenyi Biotec). After 5 days of coculture, non-adherent cells
were collected and labelled with CD56-PE, 7AAD, CD3-PeCy7 and
NKG2D-APC for 15 min in dark. Finally, proliferation and NKG2D
expression were acquired in a FACSCanto II flow cytometry and the
raw were analysed using the ModFit LT and Infinicyt softwares,
respectively. Additionally, IL-12 (2ng/ml) and IL-18 (100ng/ml)
were added to quantify CK release. After 48h, supernatants were
collected, and the concentration of different CKs was measured.
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MSC and monocyte coculture

BM-MSCs were seeded in 6-well plates at a concentration of
5x10° cells/well in 2 mL. Following overnight adherence, CK
stimulus was added during 24h and then MSC cultures were
gently washed. Monocytes were added at a ratio of 1:10 MSC/
monocyte under the different conditions described below.

Monocytes were cultured in RPMI 1640 medium (Lonza)
supplemented with 10% FBS (Gibco, Thermo Fisher), 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine and 1 mM
pyruvate (all from Lonza), in the presence of GM-CSF (5 ng/mL) to
induce M1 macrophages or with GM-CSF (20 ng/mL) and IL- 4 (20
ng/mL; all from Gibco. Thermo Fisher) to induce DC
differentiation. After 3 days, additional 5 ng/mL GM-CSF was
added to macrophage cultures and half of the medium was
renewed in DC cultures. After 6 days of coculture, macrophage
and DC phenotypes were analyzed by flow cytometry within the
CD90" population, using CD14 and CD163 antibodies for
macrophages and CDla and CD14 for DCs. The analysis was
performed on a FACSCalibur flow cytometer (BD Biosciences)
(Centre of Cytometry and Fluorescence Microscopy. Complutense
University of Madrid) and analyzed using FCS Express V3 software.

Macrophages and DCs were stimulated overnight with LPS
(Invitrogen, Life Technologies) at 10 ng/ml or 50 ng/ml,
respectively. Supernatants were collected and DCs allostimulatory
function was analyzed by culturing in mixed lymphocyte reaction
(MLR) with CFSE-labelled T lymphocytes (1:10 DC/T cell ratio).
After 5 days of coculture, T lymphocyte proliferation was analyzed
in the CD3" population using the CFSE dilution method by flow
cytometry. Supernatants from different cocultures were harvested at
different times and CK secretion was measured.

Protein quantification

Proteins were measured in supernatants from BM-MSC or AT-MSC
cultures, and BM-MSC cocultures with PBMCs, NK-cells or monocytes.

Supernatants from MSC cultures were collected 24 hours after
cell pre-stimulation without removal of priming cytokines. These
supernatants together with those collected from MSC-monocyte
and MSC-PBMC cocultures were analyzed by flow cytometry using
Human Essential Immune Response Panel (BioLegend, USA)
according to the manufacturer’s instructions. The data obtained
were analyzed using LEGENDplex Data Analysis Software Suite.

In MSC-NK cocultures, TNFo. concentration was measured by
Human Inflammatory Cytokine Cytometric Bead Array (BD
Bioscience) according to the manufacturer’s instructions.

Statistical analysis

The percentage of coefficient of variation and statistical analyzes
were performed using Graph Pad Prism 9.0 software (Graph Pad
Software, USA). The data were expressed as mean * standard
deviation (SD) or standard error of the mean (SEM), as indicated
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in the text and figures. Normal distribution was analyzed using
Kolmogorov Smirnov test.

To compare two groups, statistical differences were determined
by Wilcoxon test when the distribution was not normal or by paired
t-test for normal distribution.

To compare more than two groups, parametric one-way ANOVA
test was used for normal distribution, with subsequent Tukey’s post hoc
analysis for multiple comparisons. When the distribution was not
normal, the non-parametric Kruskal-Wallis’ test was performed with
Dunn’s post hoc analysis for multiple comparisons. In this study,
p-values < 0.05 were considered statistically significant: * p < 0.05;
#p < 0,013 p < 0.001; *** p < 0.0001.

Results

Proinflammatory priming of MSCs does not
alter their differentiation potential, viability
and phenotype.

We first analyzed whether stimulation with proinflammatory
CKs modifies the osteogenic and adipogenic differentiation potential
of MSCs. After the in vitro differentiation assays, they maintained the
same capacity to differentiate into both lineages without differences
between the experimental groups (Supplementary Figures S1A-C).
Furthermore, the phenotype of MSCs was not significantly affected by
preconditioning with proinflammatory CKs (data not shown).
Moreover, MSCs and CK-MSCs showed similar viability after
pre-stimulation, without altering the proliferative capacity of the
cells (1.20x10° + 7.70x10° cells and 1.11x10° + 5.35x10° cells
respectively) which resulted in a cell expansion about 2-fold (2.40 +
1.54-fold for MSCs and 2.22 + 1.07-fold for CK-MSCs)
(Supplementary Figures S1D-F).

Pre-stimulated MSCs display a different
transcriptomic profile.

To better understand the molecular changes induced in MSCs by
the proinflammatory CKs stimulation, the transcriptome of
stimulated and basal MSCs was compared by RNA-Seq. As shown
in Figure 1A, 1,310 genes had an adjusted p-value <0.001 and a log2FC
>|1|. Among these 1,310 genes, 923 showed increased expression,
while 387 downregulated their expression in CK-MSCs (Figure 1A).
Functional categories of the differentially expressed genes were
obtained using Gene Ontology (Figure 1B). Notably, after
organizing the categories by adjusted p-value, the differentially
expressed genes were mostly related to type I interferon and IFNy
signaling pathways. In addition, genes involved in macrophage and
eosinophil chemotaxis and the regulation of CKs released by DCs and
NK-cells were also overrepresented. The top 50 differentially expressed
genes are shown in Figure 1C. They include interferon-induced
inflammatory chemokines such as CXCLI10, CXCL9, CXCLII1 and
CCL8, and interferon-induced proteins such as IFI10, IFI35 and IFIT3.
Also, immunomodulatory factors such as IDOI or CD274 (PD-L1)
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FIGURE 1

Transcriptome analysis of pre-stimulated and control MSCs by RNA-seq. (A) Differential gene expression in CK-MSCs as compared to MSCs in
baseline conditions. Volcano plot show the distribution of the adjusted p values (-Log;o P) and the fold changes (Log, FC). Significant changes are
indicated in red (adjusted p-value <0.001 and a log2FC >|1]). (B) Go term plot of differentially expressed genes. (C) Heat map of the 50 most

significant differentially expressed genes. (n=6).

and adhesion molecules (i.e., VCAMI). In general, the differentially
expressed genes belong mainly to functional categories related to
inflammation and the immune system. These RNA-seq data have
been deposited in the GEO NCBI database with the accession https://
dataview.ncbi.nlm.nih.gov/object/PRJNA1129604?reviewer=
d8leo6cd713c13uecl8ifbflco.

Priming with proinflammatory CKs reduces
the heterogeneity in the expression of
immunomodulatory genes between MSCs
derived from different donors

Real-time PCR confirmed the upregulated expression of genes
involved in the immunoregulatory capacity of MSCs after priming.
As shown in Figure 2A, IL-6, IL-8, CXCL10, CCL2, IDO-1, COX2,
VEGFA, FGF2 and MMP2 expression was increased. However, the
expression of CXCLI2 and TGEf1 did not change significantly.

Most importantly, our results showed that proinflammatory
priming reduced the differences in MSCs gene expression profile
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between different donors (Figure 2B). Moreover, as shown in
Figure 2C, the percentage of coefficient of variation of gene
expression was markedly reduced in CK-MSCs compared to baseline
MSCs for the most analyzed genes. For instance, the expression of
CXCLI10 and IDOI, genes that were significantly upregulated in the
RNA-Seq analysis, showed an important decreased in their coefficient
of variation upon CK stimulation (Figures 2B, C).

Pre-stimulated MSCs show an increased
immunomodulatory capacity mediated by
secreted factors and cell to cell contact

Flow cytometry analysis of CKs and chemokines present in the
MSCs culture supernatants showed that CK-MSCs significantly
increased the secretion of IL-1B, IL-4, IL-6, IL-10, TNFo, IFNy,
CCL2, CXCL8, CXCL10 and TFGP1 compared to untreated, basal
MSCs (Figure 3A). As observed in the gene expression profile of MSCs
(Figures 2B, C), proinflammatory priming led to a more homogeneous
pattern, with a lower percentage of coefficient of variation observed
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FIGURE 2

Priming with proinflammatory CKs reduces the differences in MSC gene profile between different donors. (A, B) mRNA expression for different
immunomodulatory factors on MSCs and CK-MSCs by qRT-PCR. (A) Data represent mean + SD of 5 independent donors. *p<0.05; **p<0.01 by
paired t-test. (B) Mean of mMRNA expression in each individual donor (D1-D5). (C) Percentage of coefficient of variation of gene expression between

5 independent donors of MSCs.

between samples from different donors with respect to the secretion of
relevant immunomodulatory proteins (Figure 3B). Similar results were
observed when AT-MSCs were activated with proinflammatory CKs
(Supplementary Figure S2A, B).

In the same way, flow cytometry analysis revealed positive
upregulation of the membrane molecules ICAM-1, VCAM-1,
PDL2 and PDL-1 after MSC priming, and confirmed that the use
of CKs to activate MSCs reduces inter-donor variability
(Figure 3C, D).
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Effects on pre-stimulated-MSC are
maintained over time and in a
proinflammatory setting

Then, we evaluated whether the response of MSCs to
proinflammatory CKs was transient or could be maintained over
time and after re-stimulation, mimicking the natural history of most
inflammatory diseases. As shown in Figure 4A, five days after
priming and gentle washing of the cultures to remove the CK
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stimulus, CK-MSCs maintained a significantly higher level of
immunomodulatory protein secretion compared to non-pre-
stimulated MSCs with values similar to those found at 24h
(Figure 3A), except for the CKs IL-18, TNFo and IFNY, which
were present in the proinflammatory priming cocktail.

In addition, when we simulated an inflammatory
microenvironment by adding LPS to the MSC culture during 24h,
five days after priming, we observed that the effect on CK-MSCs was
maintained even after a secondary inflammatory stimulus (Figure 4B).

Effect of pre-stimulated MSCs on T cell
proliferation and function

We next analyzed the capacity of pre-stimulated MSCs to
inhibit T cell proliferation compared to baseline MSCs. As shown
in Figure 5A, T cells proliferation was significantly reduced by both
types of MSCs, with no significant differences between them.

Also, we analyzed in the supernatants of the cocultures, the levels of
different CKs and chemokines important for T cell function. As shown
in Figure 5B, both types of MSCs markedly reduced the production of
inflammatory CKs like TNFor and IFNy by T cells compared to the
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levels detected in T cell cultures. However, a significant reduction in the
levels of IFNYy (but not of TNFa) in cocultures with CK-MSCs
compared to control MSCs was observed. When levels of CKs and
soluble factors such as IL-6, IL-10, TFGB1, CCL2 and CXCL10
(involved in the MSC-mediated immunosuppression) were analyzed,
all of them were significantly increased by both experimental groups,
without differences between them. However, the secretion of CXCL8
was significantly increased in CK-MSCs (Figures 5C, D).

Although CK activation of MSCs did not improve the ability of
MSCs to control T cell proliferation, our results showed that CK-
MSCs inhibited T cell proliferation at least as efficiently as MSCs,
reducing the levels of proinflammatory CKs and increasing the
secretion of immunomodulatory molecules.

Pre-stimulated-MSC showed an increased
immunomodulatory capacity on NK-
cells function

As already mentioned in the methodology section, MSC: NK-

cell cocultures were performed at different concentrations. As
shown in Figure 6A, basal MSCs at low concentrations (1:20) did
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FIGURE 4

Effects on pre-stimulated-MSCs are maintained over time and in a pro-inflammatory environment. (A) Protein secretion by MSCs 5 days after
priming. (B) Protein secretion by MSCs after 24h LPS stimulation, 5 days after priming (n=4). *p<0.05; **p<0.01; ***p<0.005 by paired t test.

not significantly decrease NK proliferation. However, CK-MSCs at
the same concentration reduced NK proliferation to levels
comparable to the highest concentration (1:1) of MSCs cultured
without stimulation. Moreover, our results showed that CK-MSCs
reduced donor variability on the decrease of NK-cell proliferation
(see ratio 1:20 and 1:1). Similarly, our results showed that lower
ratio of CK-MSCs than MSCs was sufficient to significantly
decrease the level of expression of the NKcells activating receptor
NKG2D (1:20) (Figure 6B). Furthermore, the reduction of TNFo.
levels was more pronounced in culture with CK-MSCs than MSCs,
even at lower ratios (1:10) (Figure 6C).

Effects of MSC priming on myeloid cell
differentiation and function

To investigate the effect of CK priming on MSC capacity to
modulate monocyte differentiation, we carried out cocultures of
MSCs, pre-stimulated or not, with monocytes driven to differentiate
into dendritic cells (DC) or macrophages (Figure 7).

Our results showed that CK-MSCs inhibited DC differentiation
from monocytes at least as efficiently as MSCs under basal
conditions. However, pre-stimulated MSCs were able to
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significantly reduce the differences in the inhibition of DC
differentiation due to both, MSC-donor and MSC-monocyte
interactions (Figure 7A). Additionally, DCs differentiated in the
presence of pre-stimulated MSCs produced higher levels of IL6,
IDO and COX2, which are relevant for their tolerogenic activity
(Figures 7B, C). Otherwise, CXCL8 and CCL2 were also increased
in these cocultures (Figure 7C). Next, we analyzed the functional
capacity of DCs generated under these conditions as stimulators of
allogeneic T cells. As shown in Figure 7D, CK-MSCs reduced the
allostimulatory capacity of DCs more efficiently than MSC under
baseline conditions. Therefore, DCs generated in the presence of
CK-MSCs produce higher levels of tolerogenic factors and show a
reduced ability to induce T cell proliferation.

Then, we examined whether proinflammatory priming could
modify the effects of MSCs on the repolarization of monocytes
towards M2-like macrophages. First, we observed that
M1-macrophages recovery was significantly decreased in cocultures
with CK-MSCs (Figure 7E). In addition, after 6 days of
differentiation, the percentage of M2-like CD14+CD163+ cells was
increased in cocultures with CK-MSC, similar to MSC in control
conditions (Figure 7F). Finally, we analyzed the CK and chemokine
production of these cells after LPS activation. As shown in Figure 7G,
M2-like cells generated in the presence of pre-stimulated MSC
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FIGURE 5

Effect of pre-stimulated MSCs on T-cell proliferation and function. PBMCs were labelled with CFSE, incubated with anti-CD3 and anti-CD28 and
cultured in absence or presence of MSCs or CK-MSCs for 3 days. (A) T-cell proliferation was analyzed by flow cytometry. (B-D) CKs and chemokines

levels measured in supernatants of cocultures. Data represents the mean + SEM of three to four independent experiments
#0<0.05 significance relative to MSC by paired t test.

****p<0.0001 significances relative to PBMCs;

secreted reduced levels of the proinflammatory CK TNFo and
increased levels of immunomodulatory factors such as IL-6, CCL2
similar to MSCs in baseline conditions. However, the increased
amount of CXCL10 was significantly higher in the cocultures with
CK-MSCs than with non-pre-stimulated MSCs. Thus, pre-stimulated
MSCs would facilitate the recruitment of monocytes which would
then acquire immunosuppressive properties.
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*p<0.05; ***p<0.005;

Discussion

In vivo priming by inflammatory CKs is essential for MSC-
mediated immunomodulation (13, 27). In this study, we have
multiparametrically assessed analyze the changes in the
immunomodulatory profile of CK- MSCs compared to baseline
MSC and their effects on their in vitro interactions with key

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1473788
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Valencia et al.

Xk kK
* Kk Kk K
A * ok x Kk
X kX k
* %k % Kk ++++
§ 4 ¢
3.5= KR
ETETEETE $558
£ 30dat. o
E ° oo
§ ’ T =
= 2.5+ &6
g 5 . Dnug g e
= o B Opo
2 204 R A=
o = ooo
s
1.5 T T T T T T T
NK 1:1 1:101:201:1 1:10 1:20
MSC CK-MSC
* *
* k.
B * k k k.
*
* % % K ++++
# # # #
[EEE s
4 4 ¥ ++
5)(103- 555 %
i oB o m & & & &
4x103 agege “te : B
[a] . Oh o n®
& 3x103- " 8
2 = 5t
o
T 2x103- EErDE °
= [=]
ﬁm moo
1%103+ ®
0 L 1 L 1 L] L] 1
NK 1:1 1:10 1:201:1 1:10 1:20
MSC CK-MSC
C *
* k.
* $
3000 +
I
—_ %
-1 2000 5 &
E . sto
2 + g
I!1000—
z 1 T
[
107
1 +
1 1 1 1 1 1 1
NK 1:11:101:20 1:11:101:20
MSC CK-MSC
FIGURE 6

Effect of pre-stimulated MSCs on NK-cell function. NK-cells were

stimulated with IL-15

and culture in the absence or presence of

different ratios of MSCs or CK-MSCs for 5 days. (A) Proliferation

indexes were measured by CFSE dilution method by flow cytometry.
(B) Mean fluorescence Intensity of NKG2D expression on NK-cells.

(C) TNFa secretion was measured in the supernatants of MSC:
NK-cell cocultures (n= 3-9) *p<0.05; **p<0.01; ****p<0.0001

significances relative to NK-cells; # significance relative to 1:1 MSC:
NK #p<0.05; ###p<0.005; ####p<0.0001; * significance relative to

1:10 MSC:NK *p<0.05; **p<0.01; ****p<0.0001; ® significance
relative to 1:20 MSC:NK $p<0.05; **%°p<0.0001; ¢ significance
relative to 1:1 CK-MSC:NK #p<0.05; #¥p<0.01; ©¥¥¥p<0.0001;

Y significance relative to 1:10 CK-MSC:NK *p<0.05 by paired t test.

Frontiers in Immunology

11

10.3389/fimmu.2025.1473788

elements of the immune system. In addition, we have tested the
effects after a second inflammatory challenge, which is important,
since the clinical evolution of many of the inflammatory and
immune diseases that have been treated with MSCs is in flares or
acute episodes of inflammation/autoimmunity.

Differentiation potential of MSCs is a key feature for their
therapeutic application in osteoarticular diseases. Our results show
that priming does not modify osteogenic and adipogenic differentiation
potential of MSCs, although there is some controversy regarding the
effect of proinflammatory CK priming on the osteogenic and
adipogenic potential of MSCs, since both enhancing and decreasing
effects have been reported (28) likely due to the different combination
of inflammatory CKs used in MSCs preconditioning. Some authors
have showed that IL-1f and TNFo suppressed osteogenic (29) and
adipogenic differentiation (30) of BM-MSCs. However other studies
have shown that TNFo stimulation of BM and AT-MSCs upregulates
osteogenic factors (31). Furthermore, Duijvestein et al. reported that
treatment of MSCs with IFNY does not alter the differentiation
potential of MSCs into osteoblasts, adipocytes and chondroblasts
(32). Likewise, in our cultures, CK priming did not modify MSCs
viability or phenotype therefore suggesting that generated CK-MSCs
retain the basic self-renewal and stemness properties of MSCs.

Interestingly, our results point out that the response to priming
with inflammatory CKs is similar in AT-MSCs and BM-MSCs,
suggesting that the response to priming is independent of the cell
source. Moreover, our results confirm that CK priming extensively
modifies MSC gene expression, showing increased expression of
immune and inflammation-related genes, especially those involved
in IFN signaling pathways. In agreement with our results, RNA-Seq
analysis by Herger et al. indicates that proinflammatory priming
of MSCs leads to up-regulation of genes involved in the
immune system response and in the defense response against
viruses (33). In addition, mRNA and protein assessment of our
cultures indicate that most of the immunoregulatory factors analyzed
are significantly upregulated after CK priming such as IL-6, CXCLS8,
CXCL10, CCL2. Furthermore, similar to that was described by
Gomez-Ferrer et al, CK-MSCs show increased expression of key
immunosuppressive factors such as IDO1, COX2, PDL1 and PDL2 in
CK-MSCs (34). The upregulation of pro- and anti-inflammatory
cytokines after MSCs pre-stimulation is consistent with those
observed in various studies which have shown that IFNy, TNFo
and/or IL1[3 regulates NF-kB and MAPK signaling pathways (35-40),
involved in the expression of cytokines such as IL-6, IL-10, CCL2,
CXCL8, CXCL10 or COX2 (40-42). As different studies have
previously shown, the increase in both proinflammatory and
anti-inflammatory cytokines could play an important role in
immunomodulation, due to the dynamics and interaction network
between both types of cytokines in the regulation of the immune
system by cellular, immunological and biochemical mediators in
different pathologies and infectious processes (43-45).

Our study also shows for the first time that proinflammatory
priming reduces the heterogeneity in gene and protein expression
between MSCs from different donors and exhibit a more consistent
immunomodulatory activity. Recently, great efforts have been made
to reduce the variability of MSC, homogenizing MSC isolation and
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Effects of MSC priming on myeloid cells differentiation and function. CD14+ monocytes were cultured for 6 days with GM-CSF and IL- 4 to induce DC
differentiation (A-D) or with GM-CSF to induce M1 macrophages (E-G) in the absence or presence of MSC or CK-MSC. (A) CDla and CD14 expression
on DCs analyzed by flow cytometry. The percentage of CDla+CD14- (DCs) and CD14+ CDla- (monocytes) are shown in each plot (within the CD90-
population). We show representative data from two different MSC donors cocultured with two different samples of monocytes. (B) mRNA levels and (C)
protein secretion of different immunomodulatory factors by DCs cocultured with CK-MSC related to those cocultured with MSC (referred as 100).

(D) DCs stimulated with LPS were cultured in MLR assay with CFSE-labeled T cells. After 5 days, the percentage of proliferating T cells was calculated by
CFSE dilution method. (E) Number of macrophages recovered, (F) percentage of M2-like CD14+CD163+CD90- cells and (G) CKs and chemokines
production by macrophages were measured after 6days of culture in the absence (M1) or presence of MSC or CK-MSC. Mean + SEM of four
independent experiments is shown. *p<0.05; **p<0.01 significances relative to DCs or M1; #p<0.05 significance relative to MSC by paired t test.

expansion protocols, standardizing their cryopreservation, routes of
administration, etc. (25, 46). Therefore, one of our main
conclusions is that priming with proinflammatory CKs could
represent a good strategy to standardize, homogenize and
therefore improve clinical outcomes after MSCs therapy.
Regarding the immunomodulatory function of MSCs, it is well
established that MSCs exert an inhibitory effect on the proliferation,
differentiation, and function of different types of immune cells from
both innate and adaptive immunity (9, 47, 48). In addition, several
studies have demonstrated that the effect of proinflammatory CK
priming improves the immunosuppressive function of MSCs
(13, 24, 28, 49). However, the immunomodulatory capacity of
MSCs after priming with proinflammatory CKs, on both innate
and adaptive immune cell differentiation, proliferation and function
comprehensively assessed within the same work has not been
performed to date and is another key feature of our current study.
The immunosuppressive role of MSCs on T-cell proliferation and
function is well established (50, 51). MSCs suppress T-cell
proliferation (52). In addition, preconditioning of MSCs with
different strategies enhances their ability to inhibit T-cell function,
mainly through upregulation of IDOI1, iNOS and other
immunomodulatory factors (13, 24). However, in agreement with
our results, Chinnadurai et al. described that both resting and IFN-y-
licensed MSCs show an equivalent ability to block T-cell proliferation
in vitro, with non-preconditioned AT-MSCs able to achieve
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maximum inhibition (53). Although in this work we did not
observe an increase in the immunomodulatory capacity of CK-
MSCs against T cells, probably due to the high efficiency of non-
pre-stimulated MSCs in almost completely controls T-cell
proliferation, there is a tendency for CK-MSCs to induce a
reduction in pro-inflammatory CKs released by T-cells, with a
significant decrease in IFNY, but slightly increased levels of IL-6,
IL-10 and CXCL8.This could correlate with previous studies in which
pre-stimulation of MSCs with IFNy was shown to reduce the pro-
inflammatory cytokines secretion and increase the secretion of anti-
inflammatory cytokines, more effectively reducing the proportion of
Th1 cells and increasing the proportion of Th2 and Treg cells (54, 55).

NK-cell proliferation and CK production are differentially
regulated and modulated by MSCs depending on NK-cell-activating
CKs. Furthermore, the presence of MSCs significantly inhibited NK-
cell proliferation, but to different levels, and this inhibition was
dependent on the NK/MSC ratio (56). Few studies have analyzed the
effect of proinflammatory priming of MSCs on their NK-cell
immunoregulatory function. Noone et al. showed that IFN-y-
preconditioned MSCs suppressed NK activation more efficiently than
non-preconditioned MSCs. In addition, some studies have shown that
IFN-y priming protects MSCs from lysis by NK-cells as a result of the
upregulation of HLA class I molecules on the surface of MSCs (57).
Our results show that CK-MSCs are more efficient at inhibiting
NK-cells proliferation and function than MSCs under baseline
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conditions, with pronounced effects even at high NK/MSC ratios.
Similar results have been recently reported by Li et al. using umbilical
cord MSCs exposed to hypoxia and inflammatory factors (25).

Continuing the effect of MSCs on innate immune cells, MSCs can
inhibit the differentiation of DCs from both hematopoietic stem cells
and monocytes (58, 59). In addition, MSCs impair DCs maturation and
switch their CK profile from pro-inflammatory to immunoregulatory,
reducing their ability to activate T cells. However, the effect of
preconditioning on the role of MSCs in dendritic cell differentiation
and function has not been fully elucidated. In this regard, our results
show that priming with proinflammatory CK increases the ability of
MSCs to inhibit DC allostimulatory function resulting in reduced
activation of the adaptive immune response. Moreover, MSCs
priming significantly reduces the differences in inhibition of DC
differentiation by both MSCs-donor and MSCs-monocyte interaction.

There is increasing evidence that macrophages are critical for
maintaining tissue homeostasis, particularly during tissue repair after
inflammation. Moreover, many immune disorders, including
inflammatory bowel disease (60), systemic lupus erythematosus (61)
or wound healing (62), among others, have been reported as
macrophage-mediated disorders. Therefore, the study of the role of
MSCs in macrophage differentiation and function during tissue
homeostasis and damage repair has received increasing attention in
recent years (63, 64). Many studies have reported that MSCs can
induce clinical responses in different diseases by polarizing
macrophages from proinflammatory M1 cells to anti-inflammatory
M2 cells (65-67). Additionally, some authors have reported that the
pretreatment of MSCs with different combinations of proinflammatory
CKs enhances their ability to induce M2 polarization, accelerating
wound healing (68, 69) or improving experimental Crohn’s disease,
among others (34). In this regard, our results show that in the presence
of CK-MSCs, the number of M1 macrophages is significantly reduced
compared to MSCs under baseline conditions. In addition, cells
generated under these conditions exhibit M2 features, secreting lower
levels of TNFo. and higher levels of immunomodulatory molecules.
Finally, CXCL8 and CCL2 are also increased in these cocultures, which
could be responsible for the recruitment of more leukocytes to the area,
including monocytes that can differentiate into new DCs and M2-like
macrophages. Accordingly, our results suggest that the main effect of
proinflammatory CK preconditioning of MSCs is on innate immune
cells, which have been also described by several authors as the main
mediators of the immunomodulatory effect of MSCs in the treatment
of different diseases (70, 71).

Finally, in contrast to the recent publication by Herger and
coworkers showing that the transcriptomic changes of pre-
stimulated MSCs fade rapidly (33), our results show that the effect
of CK priming of MSCs on the secretion of immunomodulatory
factors is maintained over a period of time and, more importantly,
after a subsequent inflammatory boost. In this sense, we and others
have previously reported that changes in the immunomodulatory
profile of MSCs pre-stimulated with TLR ligands are also maintained
over time and after a second inflammatory stimulus (72, 73).
Therefore, our results suggest that MSC response to CK priming is
not transient but sustained in an inflammatory microenvironment,
which is relevant for their use in advanced therapies for the treatment
of inflammation-mediated diseases, that tend to course with flares.
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Conclusion

Our study confirms that in vitro proinflammatory priming of
MSCs enhances their immunomodulatory capacity in both innate
and adaptive immune cells without compromising their phenotype,
viability and differentiation potential. Most notably, our results
show that the functional variability between MSCs from different
donors and sources is reduced after priming with proinflammatory
CKs. Furthermore, the enhanced immunomodulatory secretion
capacity of pre-stimulated MSCs persists over time and after
receiving a second inflammatory stimulus.
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