N

N
N

HAL

open science

Mesenchymal stem cell repression of Th17 cells is
triggered by mitochondrial transfer

Patricia Luz-Crawford, Javier Hernandez, Farida Djouad, Noymar

Luque-Campos, Andres Caicedo, Severine Carrere-Kremer, Jean-Marc

Brondello, Marie-Luce Vignais, Jérome Peéne, Christian Jorgensen

» To cite this version:

Patricia Luz-Crawford, Javier Hernandez, Farida Djouad, Noymar Luque-Campos, Andres Caicedo,
et al.. Mesenchymal stem cell repression of Th17 cells is triggered by mitochondrial transfer. Current
Stem Cell Research & Therapy, 2019, 10 (1), pp.232. 10.1186/s13287-019-1307-9 . inserm-02376241

HAL 1d: inserm-02376241
https://inserm.hal.science/inserm-02376241

Submitted on 22 Nov 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inserm.hal.science/inserm-02376241
https://hal.archives-ouvertes.fr

Luz-Crawford et al. Stem Cell Research & Therapy (2019) 10:232

https://doi.org/10.1186/513287-019-1307-9

Stem Cell Research & Therapy

RESEARCH Open Access

Mesenchymal stem cell repression of Th17
cells is triggered by mitochondrial transfer

Check for
updates

Patricia Luz-Crawford', Javier Hernandez’, Farida Djouadz, Noymar Luque—Campos1, Andres Caicedo?,
Séverine Carrére-Kremer?, Jean-Marc Brondello?, Marie-Luce Vignais®, Jérome Péne” and Christian Jorgensen?”

Abstract

production by Th17 cells.

the persistence of chronic inflammation in RA synovitis.

Background: Mesenchymal stem cells (MSCs) are multipotent cells with broad immunosuppressive capacities.
Recently, it has been reported that MSCs can transfer mitochondria to various cell types, including fibroblast, cancer,
and endothelial cells. It has been suggested that mitochondrial transfer is associated with a physiological response
to cues released by damaged cells to restore and regenerate damaged tissue. However, the role of mitochondrial
transfer to immune competent cells has been poorly investigated.

Methods and results: Here, we analyzed the capacity of MSCs from the bone marrow (BM) of healthy donors
(BM-MSCs) to transfer mitochondria to primary CD4"CCR6"CD45RO™ T helper 17 (Th17) cells by confocal microscopy and
fluorescent-activated cell sorting (FACS). We then evaluated the Th17 cell inflammatory phenotype and bioenergetics at
4'h and 24 h of co-culture with BM-MSCs. We found that Th17 cells can take up mitochondria from BM-MSCs already
after 4 h of co-culture. Moreover, IL-17 production by Th17 cells co-cultured with BM-MSCs was significantly impaired in a
contact-dependent manner. This inhibition was associated with oxygen consumption increase by Th17 cells and
interconversion into T regulatory cells. Finally, by co-culturing human synovial MSCs (sMSCs) from patients with
rheumatoid arthritis (RA) with Th17 cells, we found that compared with healthy BM-MSCs, mitochondrial transfer
to Th17 cells was impaired in RA-sMSCs. Moreover, artificial mitochondrial transfer also significantly reduced IL-17

Conclusions: The present study brings some insights into a novel mechanism of T cell function regulation through
mitochondrial transfer from stromal stem cells. The reduced mitochondrial transfer by RA-sMSCs might contribute to

Keywords: Mitochondria transfer, Mesenchymal stem cells, T cell, Th17, Immunomodulation

Background

Mesenchymal stem cells (MSCs) are multipotent and
immunoregulatory stem cells that limit the progression
and severity of autoimmune diseases [1-3]. MSC
immunosuppressive functions are mediated through cell-
cell contacts and the secretion of soluble factors, particu-
larly inducible nitric oxide synthase by murine MSCs and
indoleamine-2,3-dioxygenase by human MSCs [4], as well
as IL-6, TGF-P1 and PGE2, IL-1RA, and HLAGb5s [5-8].
We and others demonstrated that MSCs prevent T cell
differentiation into T helper (Th)17 and Thl cells and
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induce T regulatory (Treg) cells in vitro [9-11]. This
MSC inhibitory effect requires cell-cell contacts
through ICAM-1 and the release of soluble factors,
such as PGE2 [9, 11]. MSC immunomodulatory proper-
ties are not intrinsic, but are induced by inflammatory
cytokines [9, 12—-14]. Thus, MSCs establish direct inter-
actions with T cells in physiological conditions where
MSCs play a key role in T cell homeostasis and also in
pathological conditions where infused MSCs have
immunoregulatory properties.

It has been shown that MSCs make tunneling nanotube
(TNT) connections with various cell types, leading to
intercellular exchange of mitochondria [15, 16]. We pre-
viously demonstrated that the dynamic transfer of
mitochondria to carcinoma cells induces changes in
malignant cell proliferation and glucose uptake [17].
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Moreover, mitochondrial transfer via the TNT connec-
tions between MSCs and non-malignant cells with
mitochondrial damage allows rescuing the mitochondrial
function in the receiving cells [16, 18]. TNT-mediated
transfer of MSC mitochondria to cancer cells increases
their metabolic activity and resistance to therapy. It has
been proposed that such transfer is regulated by the mito-
chondrial Rho-GTPase Miro that favors mitochondrial
trafficking along cytoskeleton fibers [15, 16, 18]. In vivo,
the transfer of MSC mitochondria to damaged bronchial
epithelial cells modifies the metabolism and restores the
functionality of the receiving cells, thus limiting cell
damage and apoptosis [19, 20]. Thus, intercellular mito-
chondrial transport modifies the recipient cell bioenerge-
tics and stimulates their proliferation and functions.
Concerning immune cells, it has been shown that
MSCs extensively transfer mitochondria to macro-
phages, partially through TNT, thus increasing their
phagocytic activity. However, it is not known whether
MSCs can transfer mitochondria to pathogenic Th17
cells and the consequence of this event, although it is
widely acknowledged that MSCs regulate the balance
between pathogenic Th17 cells and Treg cells to improve
autoimmune disease outcomes.

In this study, we investigated the role of mitochondrial
transfer in the MSC-mediated modulation of Th17 cell
function. To this aim, we co-cultured memory Thl17
cells and bone marrow (BM)-MSCs to investigate MSC
capacity to transfer mitochondria to Th17 cells and the
effect of this transfer on Th17 cell phenotype, function,
and metabolism. Then, using an artificial method to
transfer mitochondria (i.e., MitoCeption), we assessed
the direct effect of BM-MSC mitochondrial transfer on
the Th17 cell phenotype. Finally, to determine the in-
fluence of the inflammatory environment in the joints of
patients with rheumatoid arthritis (RA) on mitochon-
drial transfer from MSCs to T cells, we compared mito-
chondrial transfer from RA synoviocytes and healthy
BM-MSCs to CD4" T cells. Altogether, our results
highlight that mitochondrial transfer from MSCs is a
novel immunoregulatory mechanism for inhibiting Th17
cells that could be impaired in RA synoviocytes.

Methods

Isolation and characterization of human MSCs

Human MSCs, isolated from the BM of three healthy
donors after written consent, were obtained from the
Etablissement Francais du Sang (EFS; Grenoble, France)
and used at the third or fourth passage. MSCs were
cultured in a-MEM medium (Lonza, Switzerland)
supplemented with 10% fetal calf serum (FCS) (Sigma,
USA), 2mM glutamine, 100 U/ml penicillin, 100 mg/
ml streptomycin (without antibiotics for PCR assays
with mitochondrial DNA and for T cell bioenergetics
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analysis), and 1ng/ml basic FGF (Bio-Techne, UK). To
simulate an inflammatory environment, MSCs were pre-
incubated with TNF-a (10 ng/ml) and IFN-y (20 ng/ml)
(R&D, France) for 48 h.

Isolation and culture of human T cells

Polyclonal CD4" T cell populations were prepared from
peripheral blood mononuclear cells (PBMCs) from five
healthy donors (EFS, Montpellier, France) after written
consent. CD4" T cell isolation, stimulation, and culture
protocols were as previously described [9]. Briefly, in
vivo polarized CD4" Th17 cells were sorted by flow cy-
tometry based on the fact that the chemokine receptor
CCR6 is expressed almost exclusively by the Th17 cell
subset and not by CD4" Th1 and Th2 cells. CD4"CCR6"
and CD4'CCR6™ T cells were propagated by weekly
stimulation with an irradiated feeder cell mixture
(PBMCs and JY cell line) with PHA (Lonza, France) and
recombinant IL-2 (2 ng/ml; Bio-Techne, UK). To prevent
any possible derivation of the T cell lines due to culture
conditions, cells were stimulated at most thrice, and
their production of IL-17 and expression of RoRyt were
regularly tested. T cells were used 10 to 15 days after the
latest propagation phase, a time window that corresponds
to T cells in a resting phase. All culture procedures were
carried out in Yssel's medium, supplemented with 2%
human AB" serum (EFS, Lyon, France).

Isolation and characterization of human RA synovial
stromal stem cells (RA-sMSCs)

The use of clinical biopsies and blood samples from
patients with RA was approved by the ethics committee
of Montpellier University Hospitals (DC-2008-417—co-
ordinator C Jorgensen). Culture conditions were as for
BM-MSCs, and isolation was performed as previously
described [21].

Co-culture experiments

MSCs were labeled with the MitoTracker Green FM
(M7514), MitoTracker Red CMXRos, or MitoTracker
Deep Red FM (far red) fluorescent mitochondrial dyes
(Molecular Probes, France) according to the manufac-
turer’s instructions, 24 h before co-culture. In some ex-
periments, T cells were labeled with the CellTracker
Green fluorescent dye (Molecular Probes, France) accor-
ding to the manufacturer’s instructions. After labeling,
MSCs were harvested, extensively washed in PBS, and
co-cultured with Th17 cells (10° cells, MSC to T cell
ratio 1:25) in 24-well culture plates (BD, Germany)
activated with anti-CD3 and anti-CD28 monoclonal
antibody (mAb)-coated beads (Expander Beads, Thermo-
Fisher, UK) in the presence of 30 U/ml of IL-2 for 3 days.
As a control, T cells were cultured without MSCs. At two
time points during co-culture (4 h and 24 h), non-adherent
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T cells were harvested, and MitoTracker dye uptake
(as a sign of mitochondrial transfer from MSCs) was
analyzed by flow cytometry.

Flow cytometry

Flow cytometry analysis of T cells and MSCs was carried
out as previously described [9] using PE-conjugated
anti-CCR6 (Bio-Techne, UK), Fluo-conjugated anti-CD3
and anti-CD4 mAbs, and isotype control (BD, Germany)
and a FACSCanto or FACSFortesa flow cytometer. Data
(10,000 events/sample) were collected using the DIVA
software (BD, Germany). Cell sorting was performed on
a FACSAria® flow cytometer (BD, Germany).

Intracellular staining of T cells was performed after 4 h
of activation with PMA (20 ng/ml; Merck, Germany) and
ionomycin (1 mg/ml; Merck, Germany), in the presence of
brefeldin A (10 mg/ml; Sigma, USA). When necessary,
cells were stained with PE-conjugated anti-CCR6 (Bio-
Techne, UK), Fluo-conjugated anti-CD3 and anti-CD4
mAbs, and isotype control (BD, Germany). Then, cells
were fixed with Cytofix/Cytoperm buffer (Ther-
moFisher, UK) at 4°C overnight and stained with
fluorochrome-conjugated mAbs diluted in Perm/Wash
buffer (ThermoFisher, UK), according to the manufac-
turer’s specifications. Cytokine production was assessed
by flow cytometry using anti-IL-17-Percp5.5, anti-IL-
CD25-APC, anti-IL-10-PECY7, and anti-IFN-y—APCCY7
(ThermoFisher, UK) mAbs. FOXP3 expression was assessed
with an anti-FOXP3 PE-conjugated mAb (ThermoFisher,
UK). All mAbs were used at the optimal concentrations
previously determined in independent experiments on the
basis of the manufacturer’s recommendations.

T cell proliferation was assessed with the CellTrace
Violet Cell Proliferation Kit for flow cytometry (Mole-
cular Probes, France) according to the manufacturer’s
instructions.

PCR assays with mitochondrial DNA

MSC mitochondrial DNA (mtDNA) in T cells was quanti-
fied by PCR, based on the distinct haplotypes of the MSC
and T cell donors. To increase the assay specificity, a sup-
plementary modification was introduced at position n-2
relative to the SNP site and at the 3’ end of the PCR
primers. MSC mtDNA from one donor was amplified
with the primers 5'-TTAACTCCACCATTAGCACC-3’
[22] and 5'-AGTATTTATGGTACCGTCCG-3’ (posi-
tions 15971-16143) and MSC mtDNA from the two
other donors with the primers 5'-TAACAGTACATAGCA-
CATACAA-3" and 5-GAGGATGGTGGTCAAGGGA-3’
(universal sequencing primer [22]) (positions 16298—16410).

Confocal microscopy
Cells were seeded on culture dishes with glass bottom,
and images of live cells were taken with a Carl Zeiss
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LSM 5 LIVE (LSM 510 META and LSM 5 LIVE) DuoS-
can Laser Scanning microscope immediately after 4 h of
MSC-T cell co-culture. 3D reconstruction was done
using the Imaris Bitplane software.

T cell bioenergetics

Oxygen consumption rate (OCR) was measured using
the XF24 analyzer (Seahorse Biosciences, North Billerica,
MA, USA). Briefly, XF24 24-well plates were coated with
Cell-Tak (BD Biosciences, France), as described in the
Seahorse protocol. T cells (10° cells/well) were plated in
unbuffered XF assay medium-modified DMEM (Sea-
horse Biosciences) at pH 7.4, supplemented with 10 mM
glucose, 2 mM glutamate, and 1 mM sodium pyruvate,
and incubated at 37 °C without CO,. OCR was measured
(4 wells per condition) in basal conditions and after
sequential addition of oligomycin (1 uM), carbonylcyanide-
4-trifluoromethoxyphenylhydrazone (FCCP) (1 uM), rote-
none (100nM), and antimycin A (1pM). Three
readings were taken after each addition. Instrument
background was measured in separate control wells
using the same conditions but without cells. T cells
from three independent co-cultures were used for
these experiments.

Isolation of MSC mitochondria and transfer to T cells
(MitoCeption)

Mitochondria were isolated using the Mitochondria Iso-
lation Kit for Cultured Cells (ThermoScientific) follow-
ing the manufacturer’s instructions. At least 1x 10°
MitoTracker-stained MSCs were used to obtain between
50 and 100 pg of mitochondria. To reduce contamin-
ation from cytosolic elements, a final centrifugation was
performed at 3000¢g for 15 min. Isolated mitochondria
were resuspended in Yssel’s medium, supplemented with
2% human AB"* serum (EFS, Lyon, France), and main-
tained on ice for immediate transfer into
CD4"CD45"CCR6" T cells. To this aim, 10 ug of mito-
chondria was used for 2.5 x 10° T cells, as previously de-
scribed [17]. Then, culture plates were centrifuged at
1500¢ at 4 °C for 15 min and incubated at 37 °C, 5%CO,,
for 24 h. The following day MitoCeption efficiency was
verified by flow cytometry analysis of the MitoTracker
signal in T cells (Additional file 1: Figure S1).

Statistical analyses

Data were analyzed using GraphPad Prism 6 (GraphPad
Software Inc.,, San Diego, CA). The non-parametric
Friedman test was used to evaluate statistical differences
among paired multiple samples, and the non-parametric
Mann—Whitney test to compare two variables. Dif-
ferences were considered statistically significant when
P<0.05 (*P<0.05 *P<0.01, **P<0.001). All data are
presented as mean values + SEM.
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Results

Uptake of mitochondria by primary human
CD4"CCR6'CD45R0" T cells co-cultured with BM-MSCs

To determine whether mitochondria are transferred
from BM-MSCs into primary lymphocytes, BM-MSCs
were labeled with the MitoTracker Green probe and co-
cultured with human PBMCs from healthy donors. After
4h of co-culture, PBMCs were harvested and labeled
with fluorochrome-conjugated mAbs to identify CD4",
CD8", and CD19" T cells. FACS analysis showed that
mitochondria were transferred from BM-MSCs into all
studied lymphocyte subsets, particularly in CD4" T cells
(56% in CD4" vs 17% in CD8" T cells and 24% in B cells)
(Fig. 1a). Moreover, mitochondria uptake was higher in
CD4" memory T cells (CD45RO™) than that in naive
CD4" T cells (CD45RA™), and 60% of memory T cells
were CCR6" cells (Th17 memory phenotype) (Fig. 1a).
As memory CD4" T cells, and particularly those expres-
sing CCR6, were the best recipients of BM-MSC
mitochondria, the subsequent analyses focused on the im-
pact of mitochondrial transfer to pro-inflammatory Th17
cells. To this aim, FACS-sorted CD4"CCR6"CD45RO™ T
cells from PBMCs of five healthy donors were stimulated
and amplified in vitro to obtain an enriched Th17 popula-
tion. Then, day 10 resting Th17 cells were co-cultured
with MitoTracker-labeled BM-MSCs isolated from three
healthy donors for 4 h and 24 h. FACS analysis of non-ad-
herent T cells showed that BM-MSCs could transfer mito-
chondria to Th17 cells after 4 and 24 h of co-culture. Of
note, although the percentage of mitochondrial transfer
did not change between 4 and 24 h, the mean fluorescence
intensity (MFI) was higher after 24 h of co-culture, sug-
gesting that only a fraction of Th17 cells could receive
mitochondria from BM-MSCs (Fig. 1b). Mitochondrial
transfer was completely abolished by mechanical shaking
of cells (data not shown), indicating that it occurred
through a contact-dependent mechanism. Moreover, incu-
bation of T cells with culture medium conditioned by
MitoTracker-labeled BM-MSCs, but without BM-MSCs,
did not lead to a fluorescence signal increase in T cells
(data not shown), ruling out the possibility of passive
staining of T cell mitochondria due to MitoTracker probe
leak. To determine whether BM-MSC mitochondria enter
Th17 cells, CellTracker-labeled T cells (green) were
analyzed by confocal microscopy after co-culture (4h)
with MitoTracker Red CMXRos-labeled BM-MSCs
(Fig. 1c). MSC mitochondria (red) were observed in some
T cells attached to the BM-MSCs (Fig. 1c) and also in
some T cells in suspension (Fig. 1c, right panel).

To confirm the transfer of MSC mitochondria in T
cells during co-culture, MSC mtDNA was quantified in
T cells (Fig. 1d) by taking advantage of the different
mtDNA haplotypes of BM-MSCs and T cells (different
donors for each cell type). First, mtDNA was isolated
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from MSCs (three donors) and T cells (one donor), and
their variable D-loop regions were sequenced. This
allowed the detection of specific SNPs, and the design of
PCR primers to specifically target and amplify MSC (and
not T cell) mtDNA. After 4h of co-culture (MSC to T
cell ratio 1:25), non-adherent T cells were harvested and
cultured with IL-2 and without BM-MSCs for up to
72h. PCR analysis of MSC mtDNA in T cells after
the 4h of co-culture and then at 24, 48, and 72h of
incubation with IL-2 showed that MSC mtDNA could
be detected in T cells after 4h of co-culture and up
to 48 h with IL-2, but not at the 72-h time point.

Altogether, these results indicate that mitochondria
are efficiently transferred from human BM-MSCs into
Th17 cells via cell-to-cell interactions already after 4 h of
co-culture.

Co-culture with BM-MSCs leads to a reduction of Th17

cell responses and Treg cell generation

Our previous study showed that after long-term co-cul-
ture, MSCs interfere with the functional activity of Th17
cells, a CD4" T cell population that plays an important
role in the development of autoimmune diseases, such as
RA [9, 11]. To investigate whether short-term (4 or 24 h)
co-culture also could alter Th17 cell function and induce
the expression of Treg markers, particularly FOXP3,
CD4*CCR6"CD45RO" T cells sorted from PBMCs of five
healthy donors were stimulated and amplified in vitro to
obtain a T cell population enriched in Th1l7 cells. Then,
resting Th17 cells were co-cultured with BM-MSCs
isolated from three healthy donors for 4h, followed by
harvesting of non-adherent Th1l7 cells and stimulation
with anti-CD3 and anti-CD28 antibody-coated beads for 3
more days. Finally, FACS-based quantification of IL-17
and FOXP3 expression showed that compared with not
co-cultured Th17 cells, production of IL-17 was reduced
only after co-culture with BM-MSCs for 24 h (Fig. 2a).
Conversely, the FOXP3 expression level was not signifi-
cantly affected by co-culture with BM-MSCs (Fig. 2a).
Then, to mimic a pro-inflammatory environment, BM-
MSCs were pre-incubated with TNF-a (10 ng/ml) and
INF-y (20 ng/ml) for 48 h before co-culture. This pre-in-
cubation step did not affect (1) mitochondrial transfer
from BM-MSCs to Th17 cells (Fig. 2b), (2) BM-MSC
suppressive effect on Th17 cell phenotype and function
(Fig. 2¢), and (3) BM-MSC inhibitory effect on Th17 cell
proliferation (Fig. 2d).

Then, to monitor the fate of Th17 cells that acquired or
not mitochondria from BM-MSCs, Th17 cells were co-
cultured with BM-MSCs for 4h, and Th17 cells that
received mitochondria (Mito") or not (Mito") were
separated by cell sorting (Fig. 3a). FACS analysis per-
formed 24 h after cell sorting showed that the FOXP3 sig-
nal was higher in Mito* than in Mito™ T cells (Fig. 3b).
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Fig. 1 Primary human Th17 cells take up mitochondria after co-culture with BM-MSCs. a MitoTracker-labeled BM-MSCs were co-cultured with
PBMCs for 4 h, and then mitochondrial transfer to naive CD4" T cells, CD8" T cells, and B cells was evaluated by flow cytometry. b Sorted Th17
cells were co-cultured with MitoTracker-labeled BM-MSCs for 4 and 24 h, and mitochondrial transfer was assessed by flow cytometry analysis.
Mitochondrial transfer is expressed as the percentage of MitoTracker-positive T cells relative to all T cells and as the mean fluorescence intensity
(MFI). € 3D reconstruction of confocal microscopy images of BM-MSC mitochondrial transfer to T cells after co-culture for 4 h (MSC to T cell

ratio = 1:25). BM-MSCs and T cells were labeled with MitoTracker Red CMXRos and CellTracker Green, respectively, before co-culture. Confocal
microscopy images obtained immediately after co-culture show T cells attached to BM-MSCs (left panels) and non-adherent T cells (right panels).
Scale bar 10 um. d Detection of BM-MSC mitochondrial DNA (mtDNA) by gPCR in T cells before c-culture (CTL), after 4 h of co-culture, and then
at 24, 48, and 72 h. Data are the mean + SEM of at least 3 independent experiments using T cells from five different PBMC donors and BM-MSCs

from three donors

Moreover, Mito™ T cells produced less IL-17 than Mito™ T
cells, although the difference was not significant (Fig 3c).
Finally, the percentage of CD4*CCR6'CD25"€"FOXP3*
cells (i.e, Th17 cells with a regulatory phenotype) was
higher among Mito" than Mito™ cells. Altogether, these
data suggest that mitochondrial transfer from BM-MSCs
to Th17 cells results in a reduced production of pro-in-
flammatory cytokines and induces a Treg phenotype in ef-
fector memory Th17 cells.

Effect of BM-MSC mitochondrial transfer on the energetic
metabolism of recipient Th17 cells

Mitochondria are crucial for the cell energetic meta-
bolism and oxidative phosphorylation (OXPHOS). To
determine the effect of BM-MSC-T cell co-culture on T
cell metabolism, non-adherent T cells were collected after
4h of co-culture with BM-MSCs and cultured in the
presence of IL-2 for 24 or 48 h. OXPHOS quantification
using the Seahorse extracellular flux technology showed
that co-culture had no effect on the T cell basal respiration
levels (OCR) compared with control (T cells alone)
(Fig. 4a). Conversely, the maximal T cell respiration was
increased (as observed upon FCCP addition) in co-cul-
tured T cells. Similar results were obtained using BM-
MSC:s from three different donors (Fig. 4b for basal respir-
ation-level data). The maximal respiration was increased
by 1.7-fold in T cells co-cultured for 4 h (Fig. 4c).

Artificial transfer of BM-MSC mitochondria to T cells alters
Th17 cell function

To assess whether BM-MSC mitochondria have a role in
the regulation of CD4" Th17 cell effector functions, the
previously described MitoCeption technique [17] was
used to transfer mitochondria isolated from BM-MSCs to
the target cells without the need of co-culture. Before
mitochondria isolation, BM-MSCs were labeled with
MitoTracker Deep Red and T cells with CellTracker
(green). Flow cytometry analysis of T cells after MitoCep-
tion revealed that almost 40% of T cells had incorporated
the MitoTracker dye (Fig. 5a, b), a percentage similar to
the one obtained after co-culture of BM-MSCs and T cells
(Fig. 1b). 3D reconstruction of confocal microscopy
images after MitoCeption highlighted the presence of

BM-MSC mitochondria in T cells (Fig. 5c). Next, un-
labeled BM-MSCs were used as a source of mitochondria
for MitoCeption of Th17 cells. After MitoCeption, Th17
cells were activated with anti-CD3 and anti-CD28 anti-
body-coated beads for 3 days, and then their ability to pro-
duce IL-17 was assessed. The percentage of IL-17-
producing cells (Fig. 5d) was significantly reduced among
Th17 cells that underwent MitoCeption compared with
controls (no MitoCeption). This indicates that BM-MSC
mitochondria are sufficient to alter Th17 effector func-
tions and suggests that mitochondrial transfer plays a role
in MSC immunomodulation of Th1l7 cells. Finally,
MitoCeption with mitochondria isolated from BM-MSC
activated with pro-inflammatory cytokines (TNFa and
IFNy) did not affect the percentage of Th1l7 cells that
incorporated mitochondria (Fig. 5a), but slightly increase
the MFI (Fig. 5b). Moreover, mitochondria from activated
BM-MSCs did not change the percentage of IL-17-produ-
cing Th17 cells after MitoCeption compared with mito-
chondria from non-activated BM-MSCs (Fig. 5d). The
immunoregulatory effect mediated by mitochondrial
transfer to Th17 cells was not associated with increased
FOXP3 expression level (Fig. 5e). Then, to assess the effect
of BM-MSC mitochondria transfer on T cell proliferation,
MitoCepted T cells and control T cells were labeled with
CellTrace violet. After 3 days of culture, the proliferation
rate was comparable in control T cells and in T cells
that underwent MitoCeption of mitochondria from
non-activated and activated BM-MSCs (Fig. 5f).

Transfer of mitochondria derived from healthy BM-MSCs
and from RA-sMSCs

MSCs are the main stromal cells present in synovitis
during active RA. Moreover, our previous findings
showed that BM-derived and synovium-derived MSCs
(sMSCs) share similar phenotypic properties and diffe-
rentiation potential [21]. To determine whether these two
cell types exhibit the same mitochondrial transfer poten-
tial and whether RA affects this process, phenotypically
characterized RA-sMSCs (CD44*, CD29", CD105%) and
BM-MSCs from healthy donors were labeled with Mito-
Tracker before co-culture with CD4" T cells for 4 h. FACS
analysis indicated that the mitochondrial transfer capacity
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Fig. 2 Mitochondrial transfer from BM-MSCs significantly reduces IL-17 production independently of TNF-a/IFN-y stimulation. a Representative
dot plots of FOXP3 and IL-17 expression (left panels) in Th17 cells after 3 days of activation by incubation with beads coupled to anti-CD3/CD28
antibodies following (+) or not (—) co-culture with BM-MSCs for 4 or 24 h. Graphs (right panels) show the quantification of the results. b BM-MSC
mitochondrial transfer to Th17 cells after 4 and 24 h of co-culture. BM-MSCs were pre-incubated or not (Basal) with TNF-a and IFN-y. Mitochondrial
transfer is expressed as the percentage of MitoTracker-positive T cells relative to all T cells and as the mean fluorescence intensity (MFI). ¢ IL-17 and
FOXP3 expression quantification in Th17 cells co-cultured or not (None) with BM-MSCs pre-incubated or not (Basal) with TNF-a and IFN-y.
d Proliferation of Th17 cells after 3 days of activation by incubation with beads coupled to anti-CD3/CD28 antibodies following co-culture
or not (None) with BM-MSCs pre-activated or not (Basal) with TNF-a and IFN-y. Data are the mean + SEM of at least 3 independent experiments using
PBMCs from five donors and BM-MSCs from three donors (MSC to T cell ratio = 1:25)
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Fig. 3 Mitochondrial transfer from BM-MSCs significantly increases the generation of Treg cells. a Schematic representation of the cell sorting
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cell sorting. b Representative dot plots of cells with the Th17 and Treg phenotypes. ¢ IL-17 expression quantification 24 h after cell sorting of
Mito* and Mito™ Th17 cells by flow cytometry. d CD25 and FOXP3 expression quantification 24 h after sorting of Mito™ and Mito™ cells by flow
cytometry. Data are the mean + SEM of 3 independent experiments using PBMCs from four donors and BM-MSCs from three donors (MSC to T

cell ratio = 1:25)

of RA-sMSCs was significantly reduced compared
with BM-MSCs (Fig. 6a, b). Indeed, 56% and 66% of
CD4"CD45RO" T cells were Mito+ after 4h of co-
culture with RA-sMSCs and BM-MSCs, respectively
(p <0.05) (Fig. 6b).

Discussion

The present study shows that BM-MSC immunoregula-
tory effect on Th1l7 cells relies also on mitochondrial
transfer. Mitochondrial transfer was observed already
after 4 h of co-culture of BM-MSCs and T cells and did
not require MSC activation by pre-incubation with pro-
inflammatory cytokines. Moreover, after co-culture for

24 h, the MFI level was further increased, but not the
percentage of T cells that acquired mitochondria. These
findings suggest that a Th17 cell sub-population is resist-
ant to mitochondrial transfer. Moreover, mitochondrial
transfer was associated with increased oxygen consump-
tion by Thl7 cells that significantly impaired their
capacity to produce IL-17. Additionally, the analysis of
the Th17 cell phenotype after cell sorting according to
the uptake or not of mitochondria showed a significant
increase of Treg markers in Th17 cells that acquired
mitochondria, suggesting that mitochondrial transfer
from MSCs can promote the acquisition of an anti-in-
flammatory phenotype by pro-inflammatory Th17 cells.
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Finally, our study showed that mitochondrial transfer is
impaired in sMSCs from patients with RA compared
with BM-MSCs from healthy donors.

Intercellular communication allows the transfer of small
molecules and also of intracellular structures, including
components of the plasma membrane, lysosomes, endoso-
mal vesicles, and mitochondria, unidirectionally and/or
bidirectionally [15]. MSCs can transfer their mitochondria
to target cells [23] to restore mitochondrial function in
recipient cells [19, 20].

T cell activation and Th17 cell differentiation are asso-
ciated with glycolysis increase, whereas mitochondrial
alteration is associated with lipid oxidation [24]. T cell
antigen receptor stimulation in the presence of inflam-
matory co-stimulation leads to activation of the PI3K/
AKT/mTORCI signaling pathway and promotes aerobic
glycolysis and glutamine metabolism. This leads to
increased lymphocyte proliferation and activation [25].
This metabolic phenotype is also associated with reduced
expression levels of the Treg cell transcription factor
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Fig. 5 Artificial transfer of BM-MSC mitochondria in Th17 cells significantly reduces IL-17 production independently of TNF-a/IFN-y activation.

a Representative histogram showing MitoTracker-positive Th17 cells (flow cytometry) 24 h after artificial mitochondrial transfer using the
MitoCeption protocol. Mitochondria were isolated from MitoTracker-labeled BM-MSCs pre-activated or not with TNF-a/IFN-y. b Quantification of
artificial mitochondrial transfer in Th17 cells as the percentage of MitoTracker-positive Th17 cells (left) or MFI (right). ¢ Representative image of
BM-MSC mitochondria after MitoCeption (ratio 0.025) in Th17 cells. d Quantification of IL-17 production by Th17 cells after 3 days of activation
with beads coated with anti-CD3/CD28 antibodies following MitoCeption or not (None) of mitochondria isolated from BM-MSCs pre-activated or
not (Basal) with TNF-a and IFN-y. @ FOXP3 expression quantification in Th17 cells after 3 days of activation with beads coated with anti-CD3/CD28
antibodies following MitoCeption or not (None) of mitochondria isolated from BM-MSCs pre-activated or not (Basal) with TNF-a and IFN-y. f Proliferation
of Th17 cells after 3 days of activation with beads coated with anti-/CD28 antibodies following MitoCeption or not (None) of mitochondria isolated from
BM-MSCs pre-activated or not (Basal) with TNF-a and IFN-y. Data are the mean = SEM of at least 3 independent experiments using PBMCs from five
donors and BM-MSCs from three donors and a ratio for MitoCeption of 1 BM-MSC:25 Th17 cells

FOXP3 and a decrease of Treg suppressive functions [26].
In response to T cell activation, a metabolic switch from
OXPHOS to glycolysis occurs concomitantly with an

increase in T cell size, indicating that activated T cells rely
predominantly on glycolysis [27]. Mitochondrial lipid
oxidation alters the electron flow through the succinate
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transfer from synovium-derived MSCs (patients with rheumatoid arthritis; RA-sMSCs) and from BM-MSCs (healthy donors) to CD4* T cells. b
Quantification of the percentage of mitochondrial transfer from RA-sMSCs and from BM-MSCs to CD4™ T cells. Data are the mean + SEM of at least 3
independent experiments using PBMCs from three donors and BM-MSCs from three healthy donors or RA-MSCs from three patients with RA (PBMC to
BM-MSC or RA-sMSC ratio = 1:25)

dehydrogenase complex, promoting the generation of re- by increasing the maximal T cell respiration. In addition,
active oxygen species and inflammation [28]. Further- IL-17 production by Thl7 cells was decreased after
more, it has been shown that memory T cell development  artificial mitochondrial transfer, demonstrating that the
depends on mitochondrial fatty acid oxidation [29]. It has  suppressive effect associated with mitochondrial transfer
been proposed that high glycolytic activity favors Th17 cell in co-culture was driven only by mitochondria from
differentiation, whereas mitochondrial lipid oxidation  MSCs. Importantly, this inhibitory activity is indepen-
promotes Treg cell differentiation, suggesting that meta-  dent of BM-MSC pre-activation by incubation with IFN-y
bolic programming is required for T cell differentiation. ~and TNEF-a. Altogether, these results suggest that MSCs
Accordingly, the local nutrient conditions are critical for  exert an immunosuppressive activity on the Th17 cell sub-
the regulation of the ratio between pathogenic Th17 and  set via mitochondrial transfer that increases oxygen con-
Treg cells. Remarkably, various cellular factors that are  sumption and consequently induces OXPHOS. Additional
implicated in the activation of the glycolysis pathway in T studies are required to demonstrate the mechanism by
cells (e.g, mTOR and HIF-1) directly target and activate ~ which mitochondrial transfer modulates the phenotype
the key molecules of the Th17 cell signature (the master  and function of pathogenic Th17 cells, and the therapeutic
transcription factor RORyt, the cytokines IL-17A and IL-  relevance of this phenomenon in the context of auto-
17F, and IL-23 receptor) and induce the expression of immune diseases.
various genes that support Th17 cell survival [30]. On the
other hand, HIF1 promotes the proteosomal degradation = Conclusions
of FOXP3, a Treg cell marker [31]. However, it is not well — In RA, chronic synovitis is characterized by proliferation
understood how these metabolic switches operate and of synovial stromal cells and accumulation of monocytes
how they are related to T cell plasticity. and Th17 cells. Synovial cell ability to adapt their meta-
MSCs can transfer mitochondria to T cells to compen-  bolism in response to the inflammatory microenviron-
sate for mitochondrial energetic metabolic alterations. ment is involved in RA pathogenesis. In the RA joint,
We thus hypothesized that mitochondrial transfer from  mitochondrial dysfunction is associated with oxidative
MSCs to Thl17 cells regulates their function and also  stress, angiogenesis, pro-inflammatory cytokines, and
chronic inflammation. Our data show that the rapid activation of the NLRP3 inflammasome [32]. Furthermore,
uptake of BM-MSC mitochondria by Th17 cells after co-  metabolic studies have shown that in the RA synovium,
culture has a significant impact on Th17 cell metabolism  the nicotinamide adenine dinucleotide phosphate oxidase
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NOX2 is increased and cytochrome C oxidase is deficient
[33]. In addition, alterations in mitochondrial function in
response to hypoxia lead to a shift in synovial bioenerge-
tics to glycolysis and induce pro-inflammatory me-
chanisms. In autoimmune diseases, such as systemic
lupus erythematosus, MSCs influence T cell response
by repressing autophagy following mitochondrial transfer
[34]. Here, we found that mitochondrial transfer from
RA-sMSCs to Thl7 cells is significantly reduced com-
pared with BM-MSCs from healthy donors. This defect
could be associated with reduced MSC immunoregulatory
effects on Th17 cells in RA. This suggests a putative new
mechanism responsible for the persistence of active
pathogenic Th17 cells in chronic arthritis. Additional
studies are needed to demonstrate that the impaired
mitochondrial transfer from sMSCs alters Th17 cell
function in RA.

Additional file

Additional file 1: Figure S1. Artificial transfer of mitochondria from
BM-MSCs to Th17 cells using the “MitoCeption” protocol. Schematic
representation of the different steps used for artificial mitochondrial
transfer from BM-MSCs to Th17 cells. (PDF 583 kb)
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