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Abstract

Background . CD8" Cytotoxic T lymphocytes play a key role in the pathogenesis of autoimmune diseases and clinical
conditions such as graft versus host disease and graft rejection. Mesenchymal Stromal Cells (MSCs) are multipotent
cells with tissue repair and immunomodulatory capabilities. Since they are able to suppress multiple pathogenic
immune responses, MSCs have been proposed as a cellular therapy for the treatment of immune-mediated diseases.
However, the mechanisms underlying their immunosuppressive properties are not yet fully understood. MSCs have
the remarkable ability to sense tissue injury and inflammation and respond by donating their own mitochondria to
neighboring cells. Whether mitochondrial transfer has any role in the repression of CD8" responses is unknown.

Methods and results .\We have utilized CD8* T cells from Clone 4 TCR transgenic mice that differentiate into effector
cells upon activation in vitro and in vivo to address this question. Allogeneic bone marrow derived MSCs, co-cultured
with activated Clone 4 CD8" T cells, decreased their expansion, the production of the effector cytokine IFNy and their
diabetogenic potential in vivo. Notably, we found that during this interaction leading to suppression, MSCs transferred
mitochondria to CD8* T cells as evidenced by FACS and confocal microscopy. Transfer of MSC mitochondria to Clone
4 CD8* T cells also resulted in decreased expansion and production of IFNy upon activation. These effects overlapped
and were additive with those of prostaglandin E2 secreted by MSCs. Furthermore, preventing mitochondrial transfer
in co-cultures diminished the ability of MSCs to inhibit IFNy production. Finally, we demonstrated that both MSCs and
MSC mitochondria downregulated T-bet and Eomes expression, key transcription factors for CTL differentiation, on
activated CD8* T cells.

Conclusion . In this report we showed that MSCs are able to interact with CD8" T cells and transfer them their
mitochondria. Mitochondrial transfer contributed to the global suppressive effect of MSCs on CD8* T cell activation by
downregulating T-bet and Eomes expression resulting in impaired IFNy production of activated CD8* T cells.
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Background

The main role of CD8" T lymphocytes is arguably to
defend the organism against infections. Naive CD8* T
cells become activated by cognate antigen. T cell recep-
tor (TCR) triggering along with co-stimulation and cyto-
kine signaling lead to their expansion and differentiation
into effector CD8" cytotoxic T lymphocytes (CTL),
also termed Tc1 cells [1]. This differentiation process is
highly dependent on CD4* T helper cells that can acti-
vate antigen presenting dendritic cells and secrete the
helper IL-2 and IL-21 cytokines [1, 2]. Effector CD8* T
cell differentiation is orchestrated by the upregulation of
key transcription factors such as T-bet, Blimp-1, Id2, and
STAT4, and the repression of Eomesodermin (Eomes),
Bcl-6, 1d3 and STATS3, which drive the expression of
effector molecules [1, 2]. Thus, effector CD8* T cells can
directly kill target cells and secrete high amounts of pro-
inflammatory cytokines such as IFNy and TNFua [1, 2].
T cell responses are tightly regulated and modulated by
the mechanisms of self-tolerance to ensure an efficient
pathogen clearance and to preserve the integrity of the
organism [2]. However, deregulation of T cell responses
is not infrequent giving rise to the onset of T cell-medi-
ated autoimmune disorders. Autoreactive CD8* T cells
are known to contribute to the pathogenesis of a number
of autoimmune diseases such as type 1 diabetes, multiple
sclerosis, Crohn disease, vitiligo and rheumatoid arthri-
tis [2, 3]. CD8" T cells are also involved in clinical condi-
tions such as graft versus host disease and graft rejection
[4]. Cellular therapies able to restrain unwanted CTL cell
responses, including the use of mesenchymal stromal
cells (MSCs), have gained increasing attention in recent
years because they do not induce general immunosup-
pression and present less adverse effects than classical
immunosuppressive drugs [5].

MSCs are characterized by the expression of CD73,
CD90 and CD105 as well as by the lack of expression of
hematopoietic and endothelial markers. They are multi-
potent cells able to differentiate into adipocytes, osteo-
blasts and chondrocytes. They also secrete numerous
trophic factors and cytokines. MSCs are abundant in the
bone marrow but they are also present in adipose tis-
sue, umbilical cord, placenta and dental pulp. However,
phenotypic and functional differences have been found
depending on their origin. Apart from their tissue repair
capabilities, MSCs also present strong immunomodu-
latory properties [6—-9]. Whereas under physiological
conditions they may have a homeostatic role promot-
ing the survival of components of the immune system,
under inflammatory conditions, in the presence of IFNy
or TNFa, they convert into immunosuppressive cells

[10, 11]. Interestingly, bone marrow-derived MSCs pres-
ent the highest immunosuppressive potential compared
to MSCs from other tissues [12]. For these reasons, and
because of their poor immunogenicity that allows their
use in allogenic settings, they have attracted an enormous
interest for their therapeutic use to treat autoimmune
diseases, graft versus host disease and other immune-
mediated disorders [8].

MSCs have been shown to modulate the function of
immune cell types towards an immunosuppressive state.
They promote the expansion or differentiation of sup-
pressor cells such as Tregs, Tr1, Th3, CD8* CD28™ regu-
latory cells, Bregs and MDSCs [7, 10, 13]. MSCs promote
the differentiation of tissue-protecting M2 macrophages,
Th2 cells, ILC2 and ILC3. On the other hand, MSCs
inhibit the differentiation and activation of inflammatory
innate immune cells such as NK cells, M1 macrophages,
dendritic cells, neutrophils and NKT cells. They also sup-
press pathogenic B and T cell responses in vitro and in
vivo [7, 10, 13, 14]. MSCs inhibit the expansion and acti-
vation in response to antigen of both CD4* and CD8* T
cells [15-17]. Furthermore, they suppress the differentia-
tion and inhibit the function of effector CD4* Th1, Th17
and CD8* cytotoxic T cells [18-24]. The mechanisms
via which MSCs exert their immunosuppressive effects
on T cells are multiple and may vary depending on the
experimental system. Under inflammatory conditions,
MSCs upregulate PD-L1, which can attenuate pathogenic
T cell responses by engaging PD-1 expressed on effector
T cells [25-29]. MSCs also express FasL that can medi-
ate direct killing of activated T cells expressing Fas [30,
31]. MSCs secrete anti-inflammatory cytokines and mol-
ecules such as IL-10, TGFp, IL-1Ra, HGE, Prostaglan-
din E2 (PGE2) that block T cell proliferation, prevent
Thl and Th17 differentiation and induce Tregs [19, 32,
33]. Pro-inflammatory cytokine-activated human MSCs
express high levels of indoleamine 2 3-dioxygenase (IDO)
that degrades tryptophane into kynurenine. Tryptophan
deprivation and toxic kynurenine derivatives suppress T
cell proliferation [18, 34]. Unlike human MSCs, murine
MSCs do not express IDO. They do express iNOS instead
and release nitric oxide that in turn can suppress T cell
differentiation [35]. Interestingly, it has been recently
shown that extracellular vesicles secreted by MSCs can
recapitulate many of their immunosuppressive effects on
T cell responses [36].

It is now well established that MSCs are able to trans-
fer their mitochondria to multiple cell types, mostly
through tunneling nanotubes. Additionally, MSCs release
extracellular vesicles that may shuttle mitochondria
from one cell to another [37-39]. In cancer cells, MSC
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mitochondrial transfer resulted in enhanced proliferation
and resistance to cytotoxic drugs via a metabolic shift,
notably enhancing oxidative phosphorylation [37, 39, 40].
MSCs have also been shown to transfer mitochondria
to non-malignant cells from different tissues in vivo and
in vitro [38, 39]. MSCs can sense tissue injury and react
transferring their mitochondria to damaged cells protect-
ing them. Mitochondrial transfer modulate and restore
the metabolism of recipient damaged cells [38, 39]. In the
immune system, macrophages that had received MSC
mitochondria displayed increased phagocytosis of patho-
genic bacteria [41]. Additionally, MSC mitochondrial
transfer promoted the induction of M2 macrophages that
were able to decrease inflammation in a model of lung
injury [42]. We have recently shown that MSCs trans-
fer mitochondria to human Th17 cells resulting in their
conversion into Tregs [43]. MSC mitochondrial transfer
induced human Tregs by stabilizing the expression of
FoxP3 [44]. Induction of Tregs by MSC mitochondria has
also been shown in a mouse model of GVHD [45]. Addi-
tionally, transfer of MSC mitochondria to natural Tregs
enhanced their immunosuppressive activity [46]. These
results demonstrate that MSC mitochondrial transfer is
an important mechanism involved in promoting CD4"
Foxp3™ Treg activity.

In a transgenic mouse model of type 1 diabetes we have
shown that MSCs delayed disease onset and decreased
severity [47]. This model consists of three mouse lines,
Clone 4 TCR transgenic (Clone 4) mice expressing a
MHC class I-restricted influenza hemagglutinin (HA)-
specific TCR, HNT TCR transgenic (HNT) mice express-
ing a MHC class II-restricted influenza hemagglutinin
(HA)-specific TCR and InsHA mice that express HA
in the beta cells of the pancreas. Co-transfer of Clone 4
CD8* T cells and HNT CD4"* T cells into InsHA mice
results in their activation and the onset of autoimmune
diabetes under inflammatory conditions [48-52]. MSCs
suppressed the differentiation of HNT CD4" T cells
into Th1 effector cells and impaired their diabetogenic
potential [47]. In vitro studies demonstrated that MSC
mitochondrial transfer to HNT CD4" T cells critically
contributed to the repression of Thl responses by down-
regulating T-bet expression, the Th1 master transcription
factor [47]. These results revealed that MSC mitochon-
drial transfer plays also an important role in inhibiting
CD4* T cell effector responses contributing to the immu-
nosuppressive effects of MSCs. MSCs also have a direct
suppressive effect on effector cytotoxic CD8" T cells.
However, whether mitochondrial transfer from MSCs to
CD8" T cells plays a role remained unknown. Here, we
sought to investigate this question utilizing our trans-
genic mouse model.
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Methods

Mice

C57BL/6mice were purchased from Charles River Labo-
ratories. Balb/c Clone 4 TCR transgenic mice express a
MHC class I H2-K¢ restricted TCR specific for the influ-
enza virus A/PR8/1934 hemagglutinin (HA) epitope 533—
541 [48, 51]. Balb/c HNT TCR transgenic mice express a
MHC class II I-A¢ restricted TCR specific for the influ-
enza virus PR/8 hemagglutinin (HA) epitope 126-138
[48, 51]. Balb/c InsHA transgenic mice express the influ-
enza virus HA under the control of rat insulin promoter,
driving its expression to pancreatic beta cells [48, 51].
Both males and females 8 to 16 weeks of age were used
in all experiments. Mice were euthanized by carbon diox-
ide asphyxiation. Mice were bred and maintained under
specific pathogen free conditions in an enriched envi-
ronment at the animal facility of the Institute for Neu-
rosciences of Montpellier Saint Eloi. The work has been
reported in line with the ARRIVE guidelines 2.0.

MSCs

C57BL/6 MSCs have been previously described [53].
Briefly, bone marrow cell suspensions were seeded at a
concentration of 1x10° cells/cm? in modified minimum
essential Eagle’s medium (MEM) supplemented with 10%
fetal bovine serum (Hyclone, Thermo Fisher Scientific), 2
mM glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tomycin (Lonza, Levallois-Perret, France) and 2 ng/mL
human basic fibroblast growth factor (bFGF) (R&D Sys-
tems, Lille, France). MSCs were CD29%, Scal®, CD73".
After several passages, cells were cryopreserved and
assessed functionally. MSCs had capacity to differentiate
into adipocytes, chondrocytes and osteoblasts under spe-
cific conditions [53].

T cell isolation, activation and culture

CD8* T cells were purified from single cell suspensions
of lymph nodes and spleen of Clone 4 TCR transgenic
mice using the Dynal® CD8 negative isolation kit accord-
ing to the manufacturer’s instructions (Thermo Fisher
Scientific). Purified CD8" T cells were activated in anti-
CD3 (Clone 145-2C11, BioXcell) and anti-CD28 (Clone
37.51, BioXcell) coated 24-well plates at a density of 10°
cells per well in RPMI Media 1640 1X+ Glutamax (Gibco,
Life Technologies, UK) containing 10% heat-inactivated
FBS (Gibco, Life Technologies, Germany), 2 mM L-glu-
tamine, 100 U/mL penicillin, 100 pg/mL streptomycin
(Gibco, Life Technologies, USA), 50 uM beta-mercapto-
ethanol (Gibco, Life Technologies, USA) in the presence
of mouse recombinant IL-2, 12 U/ml, (PeproTech, USA)
and cultured at 37 °C, 5% CO, for up to 3 days as indi-
cated. To study proliferation, isolated T cells were labeled
with 5 uM CFSE (CESE Cell Proliferation Kit, Invitro-
gen, Thermo Fisher, USA) in PBS for 10 min at 37 °C and
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plated after washing. In some experiments, PGE2 (Pep-
roTech, USA) was added to T cell media at the indicated
concentrations on day 0. Experiments were performed in
triplicate wells.

For co-culture experiments, MSCs were either pre-
treated for 48 h with 10 ng/ml recombinant murine
TNFa (PeproTech, USA) and 20 ng/ml recombinant
murine IFNy (PeproTech, USA) in MSC media (DMEM
1X+Glutamax+4.5 g/L D-Glucose+Pyruvate) or left
untreated in MSC media. Cells were then harvested and
added to activated T cells in T cell media on day O at a
1:25 ratio (MSC: T cell). Non treated, in the absence of
MSCs, activated T cells served as controls (Non-Tr). For
trans-well experiments, 24-well plates with 1 pm pore
size inserts were used. 5x10° T cells were seeded in anti-
body coated wells and 2x10* MSCs were seeded in the
insert. To label mitochondria, TNFa and IFNy-treated
MSCs (MSC-A) were labeled with 250 nM MitoTracker
Deep Red FM (Molecular Probes, Invitrogen, USA) fluo-
rescent mitochondrial dye according to manufacturer’s
instructions. After labeling, MSCs were further cultured
for 24 h, harvested, washed again extensively and added
to Clone 4 CD8* T cells. Experiments were performed in
duplicate or triplicate wells.

Adoptive transfer experiments

Day 3 activated Clone 4 CD8* T cells or day 3 activated
Clone 4 CD8* T cells in the presence of MSC-A (3x10°
cells/mouse) and purified naive HNT CD4%t T cells
(3x10° cells/mouse) were co-injected iv. into InsHA
mice that had been sublethally irradiated (3 Gy) 24 h
before in a RS2000 irradiator (RadSource, USA). Some
mice also received 10® MSCs i.v. the day of T cell trans-
fer and 5 days later. Gender and age-matched individu-
als were randomly assigned to control and experimental
groups. Blood glucose levels were monitored using a
glucometer (AccuCheck). Mice were considered dia-
betic when blood glucose levels were >300 mg/dl for 2
consecutive time points. Measurements were performed
at the same time of the day and in the same order. Dia-
betic mice were monitored daily and euthanized at first
signs of distress. All treated animals were included in the
analysis.

MSC mitochondria isolation and transfer to CD8 * T cells

This procedure, termed mitoception, was performed as
previously described [47, 54]. 5x10° TNFa and IFNy
treated MSCs, trypsinized without EDTA, were lysed in
ice-cold mannitol buffer (mannitol 210 mM, saccharose
70 mM, EDTA 1mM, HEPES 10 mM) in the presence of
a protease/phosphatase inhibitor cocktail. Lysates were
first centrifuged at 800 g at 4 °C for 10 min, to eliminate
nuclei, and then at 8000 g at 4 °C for 10 min. The pellet
containing mitochondria was resuspended in mannitol
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buffer and kept on ice. Isolated mitochondria were then
diluted in RPMI T cell media for immediate transfer
to purified CD8* T cells in 96-well plates, 10° cells per
well. Culture plates were centrifuged at 3000 g at RT
for 15 min and incubated at 37 °C, 5% CO,. After 12 h,
T cells were harvested and plated in 24-well plates for
activation and culture as described above. Control mock
mitocepted CD8' T cells underwent the same procedure
without the addition of mitochondria. In some experi-
ments, mitocepted T cells were also treated with PGE2
at the indicated concentrations during the activation/
culture period. To verify MSC mitochondrial transfer
efficiency, MitoTracker Deep Red FM-labeled TNFa and
IFNy-treated MSCs were used as a source of mitochon-
dria and labeled mitochondria were transferred to T cells.
Mitochondria uptake was verified by flow cytometry and
confocal microscopy analysis of T cells 12 h later.

Flow cytometry analysis

Activated Clone 4 CD8" T cells were harvested and
stained in PBS containing 2% FCS and 0.02% sodium
azide at 4 °C for 20 min with the following mAbs:
anti-CD8-APC-eF 780, anti-CD62L-PerCP-Cy5.5
(eBioscience, USA), anti-PD-1-PE (Biolegend, USA),
anti-CD25-PE-Cy7 and anti-LAG-3-PerCP-Cy5.5 (BD
Pharmingen™, USA). To assess transcription factors
expression staining was performed using the Fixation and
Permeabilization Kit (eBioscience, USA) according to
manufacturer’s instructions with anti-Eomes-PE (eBio-
science, USA) and anti-Tbet-eFlour660 (BD Pharmin-
gen™, USA). Isotype-matched conjugated antibodies
were used as controls. To assess activated CD8* T cells
IFNy production, harvested cells were stimulated for 4 h
with 50 ng/mL phorbolmyristate acetate (PMA) (Sigma-
Aldrich) and 1 pg/mL ionomycin (Sigma-Aldrich) in
T cell media in the presence of 10 pg/mL brefeldin A
(Sigma-Aldrich, USA). Then, intracellular cytokine stain-
ing was performed using the Cytofix/Cytoperm Kit (BD
PharMingen) with anti-IFNy-APC (BD Pharmingen™,
USA). To assess mitochondrial transfer, CD8" T cells
that had been co-cultured with MitoTracker Deep Red
FM-labeled TNFa and IFNy-treated MSCs or that had
received isolated mitochondria from labeled MSCs were
harvested after 12 h, washed and immediately analyzed
in a FACSCanto II apparatus (BDB). Files were analyzed
using Diva or Flow]Jo software (BDB).

Confocal microscopy

Clone 4 CD8* T cells were labeled with green cell tracker
CMFDA (Molecular Probes, Invitrogen, USA) and cul-
tured with MitoTracker Deep Red FM-labeled TNFa and
IFNy-treated MSCs. After 12 h, T cells were harvested,
labeled with DAPI and seeded on glass slides. Cells were
then fixed with paraformaldehyde 3.7% and mounted
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with Prolong Gold. 10241024 pixel images were
acquired with a Leica TCS SP8-X laser scanning confo-
cal microscope using a Leica-HC PL APO CS2 63x/1.40
oil lens and a 2x numerical zoom. Line average of 8 was
applied to each channel. For z-stack imaging, a total of
35 slices were acquired with a 0.3 pm z-step size. 3D
reconstruction was done using LAS X 3D Visualization
advanced module software (Leica) and maximum inten-
sity projection was performed using Image].

Statistical analysis

Values are represented as means+SEM. Statistical tests
were performed using GraphPad Prism. Comparisons
were made using two-tailed Mann—Whitney U-test. Mul-
tiple comparisons were made using one-way ANOVA. P
values were considered significant at *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001.

Results

MSCs transfer mitochondria to CD8 * T cells and inhibit
their differentiation into effectors

We have previously shown in a transgenic mouse model
of type 1 diabetes that MSCs delayed disease onset [47].
Adoptively transferred Clone 4 CD8" T cells are diabe-
togenic in InsHA mice with the help of HNT CD4* T
cells in InsHA under inflammatory conditions [48-52].
To study the suppressive effect of MSCs on Clone 4
CD8* T cell responses, we utilized an allogenic set-
ting, which is currently favored in the clinic. Allogeneic
bone marrow-derived MSCs from C57Bl/6 mice, already
described [47, 53], were used in co-culture experiments.
When activated in vivo, or in vitro, Clone 4 CD8* T cells
differentiate into effector CTL [48-52]. Isolated naive
Clone 4 CD8" T cells were activated with anti-CD3 and
anti-CD28 mAbs and co-cultured with MSCs, at a 1:25
ratio (10® MSC: 4x10* T cells), or left untreated without
MSCs (Non-Tr). In parallel, CD8" T cells were cultured
with activated MSCs (MSC-A) that had previously been
cultured for 48 h with TNF«a and IFNy, again at a 1:25
ratio. It is well established that proinflammatory cyto-
kines “license” quiescent MSCs as immunosuppressive
cells [11, 55]. After three days, CD8" T cells had prolif-
erated extensively (Fig. 1A). We found that MSC-A were
significantly more efficient than MSCs at suppressing the
expansion of Clone 4 CD8* T cells, reducing the num-
ber of harvested cells by 48% (Fig. 1A). Thus, we only
utilized MSC-A in the next experiments. CFSE labeling
was used to assess activated Clone 4 CD8* T cell prolif-
eration. CFSE profiles revealed that CD8* T cells under-
went up to 7 rounds of division (Fig. S1A). Co-culture
with MSC-A did not change the number of rounds of
division detected. However, the proliferation index was
significantly lower in the presence of MSC-A (Fig. 1B and
Fig. S1A). This reduction reflects that there was a 7-fold
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increase of undivided cells and less cells that under-
went more rounds of division in the presence of MSC-A
(Fig. 1B and Fig. S1A). Additionally, we assessed with the
vital dye 7-AAD whether MSC-A could affect the viabil-
ity of proliferating cells. We found a 2.4-fold increase in
the number of dying Clone 4 CD8" T cells in the pres-
ence of MSC-A (Fig. 1B). Next, we investigated the acti-
vation status of CD8* T cells by assessing the expression
of key activation markers. As expected, activated Clone
4 CD8" T cells upregulated CD25 and downregulated
CD62L (Fig. S1B and C and Fig. 1C). MSC-A inhibited
CD25 expression upregulation and decreased the pro-
portion of CD62L° Clone 4 CD8* T cells (Fig. 1C and
Fig. S1C). MSC-A significantly increased the expression
of the negative regulators of T cell activation PD-1 and
LAG-3 (Fig. 1C and Fig. S1C). Activated Clone 4 CD8"
T cells differentiated into effector cells that acquired the
potential to secrete the proinflammatory cytokine IFNy
and expressed granzyme B (Fig. 1D and Fig. S1D and E).
Whereas MSC-A significantly reduced the percentage of
IFNy-producing cells (Fig. 1D and Fig. S1D and E), no
significant differences in granzyme B expression were
found in activated Clone 4 CD8* T cells (Fig. 1D). To
assess the diabetogenic potential of suppressed cells, we
transferred Clone 4 CD8" T cells activated in the pres-
ence or absence of MSC-A along with naive HNT CD4*
T cells into irradiated InsHA hosts. Co-culture of Clone
4 CD8" T cells with MSC-A delayed the onset of auto-
immune diabetes in InsHA (Fig. S2). Notably, this effect
was enhanced by the injection of MSC-A in vivo (Fig.
S2). Taken together, these results demonstrate that allo-
geneic MSC-A repress Clone 4 CD8" T cell responses by
decreasing expansion, increasing apoptosis of proliferat-
ing cells and inhibiting their differentiation into effector
CTL upon TCR activation.

Finally, we tested whether during the co-culture there
was transfer of mitochondria from MSC-A to activated
Clone 4 CD8" T cells. We labeled MSC-A with Mito-
tracker, which specifically stains mitochondria, and,
after extensive washing, co-cultured them with activated
Clone 4 CD8* T cells for 12 h. To rule out the possibil-
ity that CD8" T cells became stained by the uptake of
dye released to the media from labeled MSC-A rather
than by mitochondrial transfer, activated Clone 4 CD8*
T cells cultured for 12 h with supernatants from Mito-
tracker labeled MSC-A were used as controls (Fig. 1E).
Fluorescence acquired by control T cells was negligible
compared to that observed after co-culture, illustrat-
ing mitochondrial transfer from MSC-A to CD8" T
cells (Fig. 1E). To confirm this result, Clone 4 CD8* T
cells were analyzed by confocal microscopy. Experi-
ments reveled that all analyzed cells had labeled mito-
chondria in their cytoplasm (Fig. 1F and Fig. S3A). We
assessed whether the ability to transfer mitochondria is
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Fig. 1 Allogeneic bone marrow-derived MSCs suppress CD8 * T cell responses and transfer mitochondria to them. A. Purified Clone 4 CD8* T cells were
activated with anti-CD3 and anti-CD28 mAbs and cultured with C57BI/6 bone marrow-derived MSCs (MSC), TNFa and IFNy-treated MSCs (MSC-A) or
left untreated in the absence of MSCs (Non-Tr). After 3 days, CD8" T cells were harvested and enumerated. Absolute numbers of Clone 4 CD8" T cells
are shown. B. CFSE-labeled Clone 4 CD8 T cells were activated and cultured with MSC-A or left untreated. After 3 days, T cells were harvested and CFSE
fluorescence analyzed by FACS. Viability was assessed by 7-AAD uptake. Proliferation index was calculated using FlowJo software. C. Day 3 activated
Clone 4 CD8* T cells cultured in the presence or absence of MSC-A were harvested and CD25, CD62L, PD-1 and LAG-3 expression were assessed by FACS.
Mean fluoresce intensity (MFI) minus that of the isotype controls is indicated. D. Day 3 activated Clone 4 CD8* T cells cultured with or without MSC-A
were restimulated with PMA and ionomycin in the presence of brefeldin A and intracellular IFNy was assessed by FACS. Percentage of cytokine produc-
ing CD8™ T cells is indicated. Expression of intracellular Granzyme B (Gzmb) was assessed by FACS without restimulation. E. Clone 4 CD8 T cells were
activated and cultured with MSC-A or Mitotracker Deep Red labeled MSC-A. As control for dye leakage, Clone 4 CD8* T cells were activated and cultured
with the supernatant of Mitotracker Deep Red labeled MSC-A that underwent the same process of labeling, washing and culturing time. After 12 h, T cells
were analyzed by FACS. Data from 3 independent experiments is presented in panels A to D and values are represented as mean +SEM. F. Clone 4 CD8*
T cells were stained with green cell tracker CMFDA, activated and cultured with Mitotracker Deep Red-labeled MSC-A. 12 h later T cells were harvested
and processed for microscopy. Three-dimensional reconstruction of Clone 4 CD8* T cells. Cell membrane and cytoplasm appear in green, nuclei in blue
and mitochondria in red. In middle and lower panels green channel transparency was increased to confirm localization of labeled mitochondria inside
the cells. Scale bar 10 um
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maintained in different MSC preparations. For this pur-
pose, we utilized MSC-2-A, an independent bone mar-
row-derived MSC preparation from a different C57Bl/6
mouse that is able to inhibit Clone 4 CD8* T cell expan-
sion and cytokine secretion as MSC-A do (Fig. S4A and
B). MSC-2-A were as efficient as MSC-A in transfer-
ring mitochondria to T cells Fig. S4C). Our results dem-
onstrate that activated Clone 4 CD8" T cells took up
mitochondria from neighboring MSCs during their inter-
action leading to immunosuppression.

MSC mitochondria suppress CD8 * T cell responses

To analyze the effects of MSC mitochondrial transfer, we
have previously conceived a method, termed mitocep-
tion, to transfer isolated mitochondria from MSCs into
target cells [54]. Importantly, mitoception mimicked
some of the effects that MSCs had on tumor cells and
CD4* T cells after co-culture [43, 47, 54]. Thus, we evalu-
ated the effect of isolated MSC-A mitochondria on Clone
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4 CD8" T cells. First, we verified that Clone 4 CD8* T
cells had acquired mitochondria after mitoception. Mito-
chondria from 4x10* Mitotracker-labeled MSC-A were
transferred to 10° Clone 4 CD8' T cells, keeping the
same ratio used in co-culture experiments (1:25, MSC: T
cells). Mock mitocepted Clone 4 CD8" T cells were used
as controls. After 12 h, Clone 4 CD8" T cells were ana-
lyzed by FACS and consistently found to have acquired
Mitotracker-labeled mitochondria (Fig. 2A). Confocal
microscopy experiments confirmed that mitochondria
were present in the cytoplasm of Clone 4 cells (Fig. 2B
and Fig. S3B). After validation, we assessed the effect of
mitoception, using unlabeled MSC-A mitochondria, on
Clone 4 CD8" T cell expansion and functionality. Twelve
hours after mitoception, CD8* T cells were harvested,
activated with anti-CD3 and anti-CD28 mAbs and cul-
tured for 3 days. Then, CD8" T cells were enumerated
and their functionality analyzed by FACS. We found that
MSC mitochondria significantly reduced Clone 4 CD8*

B

MSC mitochondria T Cells DAPI

X (um)

40 50

X (um)

Fig. 2 MSC mitochondria inhibit expansion and gain of effector function of CD8 * T cells. A. Clone 4 CD8" T cells were mitocepted with isolated mito-
chondria from Mitotracker Deep Red labeled MSC-A or mock mitocepted. 12 h later, Clone 4 CD8* T cells were analyzed by FACS. Data from 3 independent
experiments is presented. Values represent MFI +SEM. B. Clone 4 CD8™ T cells were stained with green cell tracker CMFDA and mitocepted with isolated
mitochondria from Mitotracker Deep Red-labeled MSC-A or mock mitocepted. 12 h later T cells were harvested and processed for microscopy. Three-
dimensional reconstruction of Clone 4 CD8* T cells. Cell membrane and cytoplasm appear in green, nuclei in blue and mitochondria in red. Scale bar
10 um. €. Clone 4 CD8™ T cells were mitocepted with isolated mitochondria from MSC-A or mock mitocepted. 12 h later CD8 T cells were activated with
anti-CD3 and anti-CD28 mAbs and cultured during 3 days. Absolute numbers of harvested T cells are presented. D. Day 3 activated Clone 4 CD8* T cells
were restimulated with PMA and ionomycin in the presence of brefeldin A and intracellular IFNy was assessed by FACS. Percentage of cytokine-producing
T cells is indicated. Data from 4 independent experiments is presented. Values are represented as mean + SEM
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T cell expansion and the percentage of IFNy-producing
cells (Fig. 2C and D, and Fig. S5A). Our results demon-
strate that MSC mitochondria are able to repress Clone 4
CD8* T cell activation by decreasing expansion and gain
of effector function.

Tunneling nanotubes are the most common mecha-
nism utilized to transfer mitochondria and it requires
cell contact. Thus, in order to prevent mitochondrial
exchange we set up co-cultures in a trans-well setting.
Indeed, in the trans-well condition MSC-A mitochon-
drial transfer to Clone 4 CD8* T cells was highly reduced
(Fig. 3A). Then, we used trans-well co-cultures to assess
the effect of MSC-A on T cell activation under conditions
in which mitochondrial transfer is hindered. Surprisingly,
we found that inhibition of Clone CD8" T cell expansion
by MSC-A was as effective in trans-well as in regular co-
cultures (Fig. 3B). These results indicated that soluble

A

Page 8 of 14

factors have a dominant suppressive effect on CD8*
T cell expansion. On the other hand, trans-well partly
impaired the inhibition of IFNy production by MSC-A
(Fig. 3C and Fig. S5B). Taken together, our results indi-
cate that mitochondrial transfer contributes to MSC-A
suppression of CD8" T cell activation and is critical for
IFNYy repression.

MSC mitochondria cooperate with PGE2 in the suppression
of CD8 * T cell responses

MSCs are known to exert their immunomodulatory
effects through a vast array of secreted molecules. Pro-
inflammatory cytokine-activated MSCs secrete high
amounts of PGE2, which has been shown to play a key
role in the suppression of T cell responses [10, 13, 47].
Thus, we analyzed whether mitochondrial transfer and
PGE2 could cooperate in suppression of Clone 4 CD8" T
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Fig. 3 Trans-well co-cultures prevent mitochondrial transfer and reverse IFNy inhibition. A. Clone 4 CD8* T cells were activated and cultured with Mito-
tracker Deep Red-labeled MSC-A in regular wells (MSC-A), in trans-wells (Tw), or left untreated (Non-Tr). After 12 h, T cells were analyzed by FACS. Histo-
gram depicts data from one representative experiment. Data from 3 independent experiments is presented and values are represented as mean + SEM. B.
Clone 4 CD8* T cells were activated and cultured with MSC-A (MSC-A), in trans-wells (Tw), or left untreated (Non-Tr). After 3 days, T cells were enumerated,
absolute numbers of harvested T cells are indicated. Data from 7 independent experiments is presented and values are represented as mean+SEM. C.
Day 3 activated Clone 4 CD8* T cells were restimulated with PMA and ionomycin in the presence of brefeldin A and production of intracellular IFNy was
assessed by FACS. Percentage of cytokine producing T cells is indicated. Data from 5 independent experiments is presented and values are represented

as mean+SEM
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cell activation. Mitocepted and mock-mitocepted Clone
4 CD8" T cells were activated and cultured with PGE2
at 1 ng/ml and 10 ng/ml. The lower concentration, 1 ng/
ml, is close to the amount found in culture supernatants
of murine MSCs [56]. PGE2 at 1 ng/ml inhibited Clone 4
CD8* T cell expansion by 37%, an effect that was similar
to that induced by mitoception (40% decrease). Inhibi-
tion by PGE2 was much higher at 10 ng/ml, where a 60%
reduction was observed (Fig. 4A). On the other hand, we
could only find a significant reduction in IFNy produc-
tion at 10 ng/ml PGE2 (Fig. 4B and Fig. S5C). This effect
was equivalent to that induced by mitoception. Although
we did not find any synergistic effects between mito-
chondria and PGE2, we did find an additive effect on the
suppression of Clone 4 CD8" T cell expansion and I[FNy
production (Fig. 4 and Fig. S5C).

MSCs and MSC mitochondria modulate the balance T-bet/
Eomes in activated CD8 * T cells

CD8* T cell differentiation is orchestrated by the induc-
tion of a battery of transcription factors that trigger a
well characterized transcriptional program leading to
the generation of effector and memory cells [1, 57]. T-bet
and Eomes play key roles in this process. T-bet is strongly
upregulated early upon TCR signaling and Eomes is
expressed subsequently. They drive the expression of
genes involved in CTL effector function and in particu-
lar IFNy. The balance between them is essential in the
differentiation process. Whereas Eomes is expressed at
lower levels in effector cells, its expression is increased
in memory precursors with little effector function [1,
57]. We hypothesized that one mechanism involved in
suppression of Clone 4 CD8"' T cell responses could be
by modulating T-bet and Eomes expression. Thus, we
compared their expression in activated Clone 4 CD8"
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T cells cultured in the presence or absence of MSC-A
by intracellular staining. As expected, T-bet expression
was strongly upregulated in most Clone 4 CD8* T cells
24 h after activation (Fig. 5A and Fig. S6A and B). On
the other hand, Eomes was only upregulated in an aver-
age of 26% of activated T cells (Fig. 5A and Fig. S6D and
E). Remarkably, we observed that MSC-A significantly
downregulated both T-bet and Eomes expression on acti-
vated Clone 4 CD8* T cells (Fig. 5A and Fig. S6B and E),
suggesting that regulation of T-bet and Eomes expression
is, at least in part, underlying the immunosuppressive
effect of MSC-A.

Next, we assessed whether MSC-A mitochondria could
modulate T-bet and Eomes expression. To this end, mito-
cepted Clone 4 CD8+T cells were activated and analyzed
after 24 h. We found similar effects of MSC mitochon-
dria to that observed upon MSC-A co-culture. MSC-A
mitochondria also downregulated T-bet and Eomes
expression in activated Clone 4 CD8" T cells compared
to mock mitocepted cells (Fig. 5B and Fig. S6C and F).
Notably, when activated Clone 4 CD8" T cells where co-
cultured with MSC-A in trans-wells, conditions in which
mitochondrial transfer was impaired, T-bet and Eomes
downregulation was reversed (Fig. 5A and Fig. S6B and
E). Finally, we assessed the role of PGE2 in the modula-
tion of these transcription factors and found that it did
not have any effect on T-bet and only modestly reduced
Eomes expression (Fig. S7). Taken together, our results
indicate that T-bet downregulation is likely at the basis
of suppression induced by isolated MSC mitochondria
and that it contributes to the overall effect of MSC-A on
CD8" T cell activation and in particular in the produc-
tion of IFNy.
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Fig. 4 MSC mitochondria and PGE2 cooperate in the suppression of CD8 * T cell responses. Clone 4 CD8" T cells were mitocepted with isolated mito-
chondria from MSC-A or mock mitocepted. 12 h later, Clone 4 CD8* T cells were activated with anti-CD3 and anti-CD28 mAbs and cultured for 3 days
in the presence or absence of PGE2 at the indicated concentrations (1 or 10 ng/ml). Data from 3 independent experiments is presented and values are
represented as mean+SEM. A. Absolute numbers of cultured Clone 4 CD8* T cells. B. Activated Clone 4 CD8* T cells were restimulated with PMA and
ionomycin in the presence of brefeldin A and production of intracellular IFNy was assessed by FACS. Percentage of cytokine producing T cells is indicated
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Fig. 5 MSCs and MSC mitochondria downregulate T-bet and Eomes expression in activated CD8 * T cells. A. Clone 4 CD8* T cells were activated with
anti-CD3 and anti-CD28 mAbs and co-cultured with MSC-A in regular wells (MSC-A), in trans-wells (TW) or left untreated with no MSCs (Non-Tr). After
24 h, Clone 4 CD8* T cells were harvested and the expression of intracellular T-bet and Eomes were analyzed by FACS. Mean fluoresce intensity (MFI)
minus that of the isotype controls is indicated. Data from 6 independent experiments is presented and values are represented as mean +SEM. B. Clone
4 CD8' T cells were mitocepted with isolated mitochondria from MSC-A or mock mitocepted. 12 h later, CD8* T cells were activated with anti-CD3 and
anti-CD28 mAbs and cultured during 24 h. Expression of intracellular T-bet and Eomes were analyzed by FACS. Mean fluoresce intensity (MFI) minus that
of the isotype controls is indicated. Values are represented as mean + SEM. Data from 3 independent experiments is presented

Discussion

CD8* T cells become activated when they encounter
antigen presenting cells bearing their cognate antigen.
They receive signals through their TCR via antigen recog-
nition, co-stimulatory molecules engaged by their ligands
and cytokine receptors recognizing IL-2, IL-12 and type
1 Interferons. These signals are integrated through the
MAPK, JNK, PI3K and IKK pathways and promote an
epigenetic remodeling that permits the initiation of a
complex transcriptional program. This program is mainly
mediated by the transcription factors T-bet, RUNX3,
Eomes, BLIMP-1, ID2, STAT4 and BATE. The result is
extensive proliferation, acquisition of effector functions,
such as cytokine production and killing potential, as well
as a particular phenotype that allows egress of effector
cells to tissues [1, 57]. In this report we have shown that
bone marrow-derived MSCs downregulated the expres-
sion of the key transcription factors T-bet and Eomes and
mediated suppression of CD8" T cell responses. MSCs
repressed the expansion of CD8" T cells and inhibited
their differentiation into effector CTL in response to

TCR and co-stimulatory signals. Furthermore, during the
interaction MSCs transferred their own mitochondria
to CD8" T cells. MSC mitochondrial transfer contrib-
uted to immunosuppression mainly by downregulating
T-bet expression that in turns inhibited IFNy secretion
by CD8* T cells. We have previously shown that MSCs
transfer mitochondria preferentially to non-activated
CD4* T cells rather than to non-activated CD8" T cells
[43]. Here, our results demonstrate that MSCs efficiently
transfer mitochondria to activated CD8* T cells, those
likely to be present in pathological conditions, and are
able to interfere with their activation.

Both, co-culture of CD8* T cells with MSCs and mito-
ception with isolated MSC mitochondria resulted in
compromised IFNy secretion and expansion of activated
CD8* T cells. However, when co-cultures were per-
formed under conditions in which mitochondrial transfer
was hampered, inhibition of CD8" T cell expansion was
equally efficient. Soluble factors and in particular PGE2
secreted by MSCs appear to have a dominant suppressive
effect on T cell expansion. On the other hand, mitochon-
drial transfer have a critical role in IFNy inhibition since
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this effect was partly reversed in trans-well co-cultures
and PGE2 had no effect at physiological concentrations.
Because trans-well co-cultures prevent T cell - MSC con-
tacts, we cannot rule out the possibility that additional
intercellular interactions other than mitochondrial trans-
fer are implicated in our system. These results illustrate
the complexity of MSC mediated immunosuppression,
the multiple pathways involved and give a key role for
secreted PGE2 and mitochondrial transfer in the inhibi-
tion of CD8™ T cell responses.

MSCs are able to suppress expansion of human and
murine CD8* T cells in response to alloantigens and pep-
tide antigens [16, 17, 21, 58]. Here we have shown that
both MSCs and MSC mitochondria can suppress the
expansion of activated CD8* T cells. In agreement with
previous reports, we showed that MSCs decreased pro-
liferation but also enhanced apoptosis of activated CD8*
T cells [59]. Both human and murine MSCs can directly
induce T cell apoptosis mediated by the expression of
Fas and interaction with FasL expressed on activated T
cells [30, 31]. Expression of IDO can also promote apop-
tosis of CD8* T cells via the secretion of kynurenine
toxic derivatives and tryptophan deprivation [59]. On
the other hand, MSCs can induce cell cycle arrest in acti-
vated mouse and human CD8* T cells [60]. PGE2 and
TGEp secreted by MSCs have also been shown to prevent
proliferation of human CD8% T cells [58]. IDO expres-
sion in MSCs is also required to prevent the expansion
of human T cells and induce cell cycle arrest [58]. IDO-
mediated tryptophan deprivation inhibits mTORCI sig-
naling on activated T cells that in turn prevents aerobic
glycolysis supportive of proliferation [61]. We have previ-
ously shown that MSC mitochondrial transfer decreased
proliferation of human Th17 and murine Thl cells and
increased oxidative phosphorylation [43, 47]. Further-
more, human MSCs inhibit proliferation and differen-
tiation of human naive CD8* T cells by downregulating
mTOR phosphorylation [62]. Thus, a likely explanation of
how MSC and MSC mitochondria inhibited CD8* T cell
expansion in our studies is by mTOR signaling blockade
and inhibition of glycolysis.

Our results demonstrate that MSCs and MSC mito-
chondria inhibit the differentiation of activated CD8* T
cells into IFNy-producing effector cells. However, we did
not find any difference in the amount of granzyme B pro-
duced by activated T cells in the presence or absence of
MSCs. This does not necessarily indicate that MSCs do
not inhibit cytotoxicity. It has been shown that hypore-
sponsive CD8* T cells with defects in cytolysis present
a normal content of perforin and granzymes in granules
but have defective degranulation [63]. Both MSCs and
MSC mitochondria inhibited the expression of two key
transcription factors involved in CD8" T cell differentia-
tion, T-bet and Eomes [1, 57, 64]. Acquisition of effector
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functions, as well as memory generation, after antigen,
co-stimulation and cytokine signaling, is critically depen-
dent on their transcriptional activity. T-bet and Eomes
have certain overlapping functions and both can medi-
ate transcription of IFNy and granzyme b genes. T-bet is
rapidly upregulated by TCR signaling in activated CD8*
T cells. Expression of Eomes occurs later and is depen-
dent on RUNX3 [1, 57, 64]. In effector cells, continued
TCR and strong IL-12R signaling further increase T-bet
expression and repress Eomes. Thus, low Eomes levels
and a high level of T-bet expression promote the differ-
entiation of short-lived terminally differentiated effec-
tor cells. On the other hand, lower T-bet levels and high
Eomes levels are found in memory precursors with no
effector functions [1, 57, 64]. In our experiments, acti-
vated Clone 4 CD8* T cells engaged TCR, CD28 and
IL-2R and although there is no IL-12, they differentiated
into IFNy" Gzmb* T-bet" Eomes'® effector cells. MSC
co-culture and MSC mitochondrial transfer downregu-
lated both T-bet and Eomes in activated CD8" T cells
and this is likely underlying decreased IFNy production.
These results are in agreement with our studies on CD4*
Th1 cells [47]. Indeed, we found that both MSC co-cul-
ture and MSC mitochondrial transfer also inhibited IFNy
production and T-bet upregulation in activated CD4*
Thl cells [47]. Since T-bet expression is triggered by
TCR signaling and also dependent on mTORC1 activity
[64], it is likely that mitochondrial uptake by CD8" and
Thl cells is interfering with the IP3-AKT-mTOR path-
way. Additionally, MSCs and MSC mitochondria down-
regulated CD25, IL2Ra, a component of the high affinity
IL-2 receptor. Low IL-2 signaling may also contribute to
T-bet downregulation [62]. Thus, T-bet downregulation
by mitochondrial transfer represents a general mecha-
nism via which MSC repress type 1 adaptive immune
responses.

Activated CD8* T cells in the presence of MSCs acquire
a distinctive phenotype, IFNy"° PD-1M LAG-3", that
resembles that of exhausted CD8* T cells [63, 65-67].
Viral infections that cannot be resolved after primary T
cell responses and remain with a chronic antigen produc-
tion fail to generate memory CD8* T cells. Instead, dys-
functional CD8* T cells with reduced effector functions
appear in response to sustained TCR stimulation and low
inflammatory levels. Terminally differentiated exhausted
CD8* T cells progressively downregulate IL-2, TNFa and
IFNy production and strongly upregulate the expression
of inhibitory receptors [63, 65—67]. These cells are gener-
ated from exhausted T cell precursors by the reciprocal
expression of TCF1 and TOX. Exhausted T cell precur-
sors downregulate TCF1 and upregulate TOX, which
establish a terminally differentiated exhausted T cell pro-
gram [66—70]. We did not find increased levels of TOX
in our activated Clone 4 CD8' T cells in the presence
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of MSC:s. It is possible that as observed in exhausted T
cells TOX is only expressed after chronic TCR engage-
ment [63]. Exhausted T cells also appear in the context of
developing tumors where they are repetitively stimulated
by antigen and in the presence of suppressive cells such
as Tregs, Trl cells and MSDCs [63]. Interestingly, these
cells that are present in the tumor microenvironment
share with MSCs the production of immunosuppressive
molecules, including TGEB, IDO, iNOS, IL-10, PGE2,
likely involved in the establishment of exhaustion.

The efficacy of MSCs to inhibit pathological immune
responses in pre-clinical models has promoted their use
in numerous clinical trials for the treatment of GVHD,
graft rejection and autoimmune diseases in the last years.
MSCs have demonstrated excellent safety in most set-
tings. For GVHD, condition for which the first trials were
initiated, significant therapeutic efficacy has been shown.
In the case of autoimmune diseases, reports from early
phase trials have started to show that efficacy may be
highly dependent on the particular disease with better
results for inflammatory bowel disease [71]. Progressive
understanding of MSC immunosuppressive mechanisms
has recently permitted the formulation of cell-free ther-
apeutic strategies. MSC derived extracellular vesicles
(EVs) have attracted a great attention in the last few years
because they exert similar immunomodulatory effects
that the parental MSCs [72]. EVs contain proteins, lip-
ids, metabolites, nucleic acids and, large EVs may also
contain functional mitochondria. Since EVs are able to
deliver their cargo to target cells, they are currently under
study to shuttle mitochondria to cells or tissues where a
pathological condition affects mitochondrial metabolism
[73]. Although there are still some limitations to a broad
clinical application such as yield, functional mitochon-
drial content and target specificity, donor cells chemical
and genetic engineering methods are being developed to
implement EVs therapeutic potential [73, 74]. In light of
data presented here and our previous results [45, 47], it is
interesting to postulate mitochondria and PGE2 enriched
MSC-A derived EVs as a potential mitotherapy for T cell
mediated diseases.

Conclusion

Our results support the therapeutic use of MSCs or
MSCs derived EVs to treat conditions where pathogenic
CD8* T cell responses are present. We have demon-
strated that MSCs inhibit CD8* T cell proliferation and
differentiation into effectors in response to antigenic
stimulation, by modulating the transcriptional program
orchestrated by the key transcription factors T-bet and
Eomes. We have also unveiled that MSCs transfer mito-
chondria to activated CD8" T cells when in contact. This
transfer contributes to immunosuppression mainly by
inhibiting IFNy production.
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