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Abstract Due to their immune-therapeutic value,
adipose tissue-derived mesenchymal stromal cells
(AT-MSCs) require a better characterization of their
interplay with natural killer (NK) cells known to
contribute to the graft-versus-leukemia effects. When
cultivated together, AT-MSCs showed cellular cyto-
toxicity and were therefore killed by NK cells in an
activating-cytokine dependent manner. In the pres-
ence of AT-MSCs, both ligands and receptors known
to drive NK cell interactions were significantly altered.
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During this co-culture, the proliferation of NK cells
was slightly reduced, while their IFN-y and TNF-a
secretion was significantly increased. NK cells dis-
played sustained degranulation accompanied by
increased discharge of their cytolytic granules (per-
forin, granzymes A and B). On the other hand,
activated NK cells reduced the expression of serpins
C1 and B9 in AT-MSCs. Collectively, reciprocal
immuno-biological alterations occur during the co-
culture of NK cells and AT-MSCs. Understanding
these changes will increase the safety and efficacy of
cell-based immuno-oncotherapy.
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Abbreviations
AT Adipose tissue
TNF Tumor necrosis factor

GVL Graft-versus-leukemia
GVH Graft-versus-host

IFN Interferon

MSCs Mesenchymal stromal cells

NK Natural killer

PBMCs Peripheral blood mononuclear cells
ROS Reactive oxygen species
Introduction

Adipose tissue-derived mesenchymal stromal cells
(AT-MSCs) can be easily harvested in large amounts
from fat tissue with minimal invasive procedures.
Being multipotent, AT-MSCs have also been shown to
be immunoprivileged and genetically stable in long-
term cultures, and may thus represent a promising
alternative to classical MSCs as a tool for immune
regenerative medicine (Ciuffi et al. 2017). Of impor-
tance, MSCs are increasingly being used as biological
immunosuppressants during haematopoietic stem cell
transplantation (HSCT) (Najar et al. 2017). Indeed,
AT-MSCs have been shown to be attractive for
treating graft-versus-host disease (GVHD), a major
complication following HSCT (Blanc et al. 2004;
Fang et al. 2007). In the early reconstitution phase
following HSCT, activation of natural killer (NK)
cells is likely to contribute to graft-versus-leukaemia
(GVL) effects that are necessary to avoid minimal
residual disease and leukaemic relapse (Verneris
2013). Thus, there is a clear crosstalk between MSCs
and immune response during disease pathogenesis and
therapy that need to be well-understood (Qi et al.
2017). The functional activities of NK cells and
therefore their interplay with target cells are regulated
by a fine balance of several activating and inhibitory
receptors as well as by a series of pro-inflammatory
cytokines (Watzl et al. 2014). As the etiology of
GVHD involves an allogeneic cytotoxic reaction of
donor lymphocytes, the preventive or therapeutic
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strategy for this issue should rely on tolerance
induction by MSCs without eliminating the GVL
effect (Amorin et al. 2014). Surprisingly, bone mar-
row-derived MSCs rather than adipose tissue-derived
ones had this capacity to attenuate GVHD while
preserving GVL following experimental allogeneic
bone marrow transplantation (Auletta et al. 2015).

Given these findings, we used an in vitro model of
AT-MSC and activated NK cell co-culture to under-
stand better their cellular interplay and particularly
investigate how they would affect their respective
immuno-biological features. Despite the significant
immune-regulatory role exerted by AT-MSCs, clear
conclusions could not be drawn regarding stem/
progenitor cell and NK cell interactions (Sotiropoulou
et al. 2006; Spaggiari et al. 2006; Tseng et al. 2010;
Najar et al. 2013; Lupatov et al. 2017). In this study,
we demonstrated that several important features such
as the viability of AT-MSCs and functionality of NK
cells were critically affected following their co-culture
and may therefore explain the adverse effects regard-
ing GVL. Thus, by improving our knowledge of the
relationship between these two populations, we will
enhance the therapeutic value of AT-MSCs, particu-
larly for keeping an appropriate balance between
GVHD suppression and GVL maintenance both of
which will likely influence the issue of the clinical
setting after HSCT.

Materials and methods
Tissue samples

Fresh adipose tissue was obtained from 7 donors (all
females, 45 £ 6 years) undergoing a liposuction pro-
cedure in the context of aesthetic surgery and were
processed within a few hours for MSC isolation.

AT-MSC isolation, culture and expansion
and characterization

The isolation, culture and expansion of MSCs are
based on their high capacity to adhere, migrate and
self-renewing as previously described (Busser et al.
2014). Briefly, fat tissue was washed extensively with
an equal volume of Dulbecco’s Phosphate-Buffered
Saline (DPBS) (Lonza, Belgium), and the extracellu-
lar matrix was digested with 0.075% collagenase A
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(Roche Applied Science, Vilvoorde, Belgium) for
30 min at 37 °C. The samples were centrifuged at
1200xg for 10 min in complete culture medium
consisting of low-glucose Dulbecco’s Modified Eagle
Medium (DMEM-LG) (Lonza, Belgium) supple-
mented with 10% (v/v) heat-inactivated (30 min at
56 °C with mixing) Fetal Bovine Serum (FBS),
2 mM L-glutamine, and 0.5% (v/v) antibiotic (peni-
cillin and streptomycin)/antimycotic (Amphotericin
B) solution (all from Life Technologies). After
discarding the supernatants containing oil, primary
adipocytes and collagenase solution, the stromal-
vascular fraction (SVF) pellet was then cultured at a
cell density of 2 x 10* cells/cm? in complete culture
medium as previously described. After 5 days of
culture at 37 °C in a 5% CO, humidified atmosphere,
floating adipose tissue from the SVF were eliminated
through gentle washing with culture medium. Cultures
were pursued until 80-90% of confluency, changing
the medium twice a week to remove non-adherent
cells. When sub-confluence was reached, adherent
cells were harvested after detachment with TrypLE
Select solution (Lonza, Belgium) for 10 min at 37 °C
and then washed in DPBS by being centrifuged at
1200x g for 10 min. The resulting cell pellet was
recovered and the number of viable cells was counted
by using the Trypan Blue dye exclusion staining
(Thermo Fisher Scientific, Belgium). Subsequently,
conducting prolonged in vitro expansion by perform-
ing several cell passaging is a necessary step to obtain
a high and sufficient number of cells. Thus, cells were
expanded until passage 3 (P3) by replating at low
density (200 cells/cm?) using the complete culture
medium as well as the same conditions of incubation
(at 37 °C in a 5% CO2 humidified atmosphere).

AT-MSC characterization

The characterization of AT-MSCs was defined accord-
ing to the joint statement of the International Feder-
ation for Adipose Therapeutics and Science (IFATS)
and the International Society for Cellular Therapy
(ISCT) (Bourin et al. 2013). First, the plastic-adherent
fibroblast-like morphology of the cultured cells was
assessed by phase contrast microscopy (100x) using a
fluorescence inverted microscope (Leica, Diegem,
Belgium). Second, the phenotype of the cells has to be
determined by flow cytometry using the following
monoclonal antibodies: anti-CD45-FITC and anti-

HLA-DR-PE (Exalpha Biologicals, Maynard, MA),
anti-CD34-PE and anti-CD73-PE (BD Biosciences
Pharmingen, San Diego, CA, USA), anti-CD14-PE,
anti-CD19-PE, anti-CD105-FITC and anti-CD90-PE
(R&D systems, Minneapolis, MN, USA). Third, their
multilineage potential into osteogenic, adipogenic and
chondrogenic lineages was confirmed by appropriate
culture induction and staining. For the osteogenic
differentiation: 5000 cells/well were seeded in a 24
well plate with the complete culture medium as
previously defined. After 5 days, the medium was
totally removed and replaced by the osteogenic
medium (StemMACS OsteoDiff Media) (Miltenyi
Biotec, Germany). The cells were fed weekly with
fresh osteogenic medium. After 21 days, the mineral-
ization of the extracellular matrix was assessed after
Alizarin Red staining. First, the cells were washed in
DPBS and fixed for 5 min in 70% ethanol at room
temperature (RT) followed by several washes in H,O.
Then, the cells were stained in 40 mM Alizarin red
with pH = 4.2 (Sigma-Aldrich) for 15 min at RT,
rinsed in H,O, and then air-dried. The red staining was
examined by light microscopy. For the adipogenic
differentiation: 5000 cells/well were plated in a 24
well plate with the complete culture medium as
previously defined. After 5 days, the medium was
completely discarded and replaced with the adi-
pogenic medium (StemMACS AdipoDiff Media)
(Miltenyi Biotec, Germany). The cells were fed
weekly with fresh adipogenic medium. At day 7, the
cells were stained with Oil Red O solution (Sigma)
after fixing (8% formaldehyde). The formation of lipid
vacuoles were then checked by light microscopy. For
the chondrogenic differentiation: 150,000 cells were
cultured in the tip of a 15 mL conical tube (Greiner)
containing the chondrogenic medium (StemMACS
ChondroDiff Media) (Miltenyi Biotec, Germany) to
enable micromass cell culture. The cells were re-
suspended carefully and cultured at 37 °Cina 5% CO,
humidified atmosphere with the cap slightly screwed.
Half of the chondrogenic medium was replaced
weekly. At day 21, aggregates were stained with
Alcian blue (Sigma) after formaldehyde fixation to
verify cartilage proteoglycans synthesis.

Blood samples

Buffy coat suspensions derived from fresh whole
peripheral blood of healthy donors (n = 10) were
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provided by the “service francophone du sang de la
Croix rouge de Belgique”.

Immune cell isolation, culture and activation

Peripheral blood mononuclear cells (PBMCs) were
isolated by density-gradient centrifugation (LinfoSep,
Biomedics, Madrid, Spain) and washed in Hanks’
Balanced Salt Solution (HBSS) (Lonza Europe,
Verviers, Belgium). The number of viable PBMCs
was counted by using the Trypan Blue dye exclusion
staining (Thermo Fisher Scientific).

Following the manufacturer’s instructions, the
magnetic-activated cell sorting (MACS) system tech-
nology (Miltenyi Biotec GmbH, Bergisch, Germany)
was used as a method for the separation of different
immune cell populations depending on their surface
antigens (CD molecules). The NK Cell Isolation Kit
(Miltenyi Biotec GmbH, Bergisch, Germany) was
used for the untouched highly pure isolation of CD56*
NK cells from PBMCs by depletion. CD3™ T-cells and
CD14" monocyte were purified from PBMCs by
positive selection, using the CD3 and CD14 microbe-
ads respectively (Miltenyi Biotec, Germany). The
purity of the selected cells was determined by flow
cytometry using the following monoclonal antibodies:
anti-CD3-PE, anti-CD14-PE, and anti-CD56-PC5 (all
from Miltenyi Biotec).

CD56" NK cells were activated with either IL-2
(10 ng/mL; R&D Systems), IL-15 (20 ng/mL; R&D
Systems), IL-12 (20 ng/mL; R&D Systems) or IL-21
(30 ng/mL; eBioscience) before being added to AT-
MSC culture. PBMCs were activated with the mitogen
phytohemagglutinin-P (PHA-P) (5 pg/mL; Sigma) in
the presence of IL-2 (10 ng/mL; R&D Systems).

Co-culture model of AT-MSCs and immune cells

AT-MSCs, obtained after two passages (P2), were
plated at 5 x 10* cells/cm? in a flat-bottomed 24-well
plate for overnight adherence in complete culture
medium as previously defined. After this period, the
medium was removed and 25 x 10 of either PBMCs,
CD56" NK cells, CD3™ T cells or CD14" monocytes
were added to the plated MSCs (cell ratio of 5:1). This
co-culture has been run for 5 days in Roswell Park
Memorial Institute (RPMI) 1640 medium (Lonza)
supplemented with 10% FBS and 0.5% (v/v) antibiotic
(penicillin and streptomycin)/antimycotic
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(Amphotericin B) solution (all from Life Technolo-
gies) at 37 °C in a 5% CO2 humidified atmosphere.

Cell viability assessment

The viability was assessed using the trypan blue
exclusion (Lonza, Belgium) and the 7 amino-actino-
mycin (7-AAD) staining (BD Biosciences). After the
co-culture, the supernatant was removed, the cell layer
washed with DPBS (Lonza, Belgium), and the adher-
ent cells were harvested after detachment with TrypLE
Select solution (Lonza, Belgum) for 10 min at 37 °C
and then washed in DPBS by being centrifuged at
1200x g for 10 min. The cell pellet was re-suspended
in complete medium and stained with 0.4% trypan
blue solution (Lonza, Belgium) according to the
manufacturer’s protocol. The percentage of viable
cells was calculated by the formula = [1.00 — (Num-
ber of blue cells — Number of total cells)] x 100.
The viability was confirmed by using the BD Via-
Probe™ viability staining solution (7-AAD) as rec-
ommended by the manufacturer. In this case, after
centrifugation, the cells were first stained with an anti-
CD45-VioBlue (Miltenyi Biotec, Germany)-labelled
monoclonal antibody to exclude immune cells and
then stained with the 7-AAD solution. Absolute
volumetric cell counting was performed with the
MACSQUANT® flow cytometer.

Lactate dehydrogenase assay for NK cell cytotoxic
activity

The CytoTox 96 Non-Radioactive Cytotoxicity Assay
kit (Promega Benelux) quantitatively measures the
release of lactate dehydrogenase (LDH), a stable cy-
tosolic enzyme, upon cell lysis. A co-culture (5:1 cell
ratio) of CD356" NK cells as effector (E) cells and AT-
MSC:s as target (T) cells was performed during 4 h at
37 °C in a 5% CO, humidified atmosphere. After this
incubation, supernatants were collected and incubated
with the substrate mix for 30 min. The reaction was
then stopped by adding 1 M acetic acid. Triplicates of
each E:T condition were analyzed to measure the LDH
release. Spontaneous LDH release from effector cells
was measured by incubating the effector cells in the
absence of target cells. Spontaneous LDH release from
target cells was measured by incubating the target cells
in the absence of effector cells. The maximum LDH
release from target cells was determined by adding
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lysis solution (0.9% (v/v) Triton X-100). The amount
of LDH release was measured in a plate reader, and the
percent of cytotoxicity was calculated for each E:T
condition according to the following formula: cyto-
toxicity (%) = 100% x [(Experimental — Effector
Spontaneous — Target Spontaneous)/(Target Maxi-
mum — Target Spontaneous)].

Immuno-phenotyping of NK cells and AT-MSCs

The expression of the NK ligands by AT-MSCs was
assessed by flow cytometry using the following human
monoclonal antibodies: CD112-PE and CDI55
(BioLegend Europe, San Diego, CA, USA), and
ULBP-3-PE (R&D Systems Europe, Abington, United
Kingdom).

The pattern of killer cell immunoglobulin-like
receptors (KIRs) presented by CD561 NK cells was
determined by flow cytometry using the following
human monoclonal antibodies: CD226 (DNAM-1)-
APC (Miltenyi Biotec, Germany), CD314 (NKG2D)-
APC, CD335 (NKp46)-PE, CD336 (NKp44)-PC5 and
CD337 (NKp30)-PE (Beckman Coulter, Marseille
Cedex, France), and HLA-ABC-PE-Cy5 (eBio-
science, San Diego, CA, USA).

The expression of leukocyte-associated Ig-like
receptor (LAIR) by NK cells was determined by flow
cytometry using the following human monoclonal
antibodies: CD305 (LAIR-1)-PerCP/Cy5.5 (BioLe-
gend, Europe) and CD306 (LAIR-2) -FITC (Sino
Biological, Inc., Beijing, China).

The expression profile of serpin by AT-MSCs was
determined by flow cytometry using the following
human monoclonal antibodies (Abcam): serpin Al
(anti-alpha 1 antitrypsin)-FITC, serpin C1 (anti-an-
tithrombin IIT) and serpin B9 (proteinase inhibitor 9).
PE-conjugated goat anti-mouse F(ab’)2 was used as a
secondary antibody (Dako, Belgium).

NK cell proliferation analysis by CFSE labelling

The carboxyfluorescein diacetate-succinimidyl ester
(CFDA-SE) labelling assay (CellTraceTM CFSE Cell
Proliferation Kit) (Life Technologies, Merelbeke,
Belgium) was used to determine the proliferation of
CD56" NK cells according to the manufacturer’s
instructions. Briefly, activated NK cells were labelled
with 10 pM CFDA-SE dye (10 min at 37 °C) before
co-incubation with AT-MSCs according the model of

co-culture. After 5 days, NK cells were recovered and
their proliferation determined by flow cytometry
analysis of their CFSE fluorescence. The inhibitory
potential (IP) of AT-MSCs for each NK cell activation
condition was therefore calculated.

ELISA quantification of IFN-y, TNFa, perforin
and granzymes

The levels of IFN-y (R&D Systems; Minneapolis,
USA; the minimum detectable concentration is less
than 8.0 pg/mL), TNFa (R&D Systems; Minneapolis,
USA; 1.6 pg/mL sensitivity), perforin (Abcam;
France; 40 pg/mL), and granzymes A and B (Bioven-
dor; Germany; 0.4 pg/mL and 0.2 pg/mL, respec-
tively) were measured in the different cell culture
supernatants issued from the co-culture models using
the ELISA techniques according to the manufacturer’s
guidelines.

NK cell degranulation assay

The BD Fastimmune CD107a APC (BD Biosciences,
San Jose, CA, USA) reagent is designed for the
detection of cytolytic activity of immune cells by
measuring degranulation, a prerequisite for cytolysis.
Degranulating cells are identified by their surface
expression of CD107a, which is a lysosomal associ-
ated membrane protein (LAMP-1) residing in cytoly-
tic granule membranes located within the cytoplasm.
CD107a is considered as a sensitive and functional
marker for the identification of NK cell degranulation
activity. Briefly, after co-culture with AT-MSCs, NK
cells were recovered and incubated for 4 h at 37 °C in
the presence of CD107a APC-labelled monoclonal
antibody and then it expression analyzed by flow
cytometry according to the manufacturer’s
instructions.

Measurement of ROS

The generation of reactive oxygen species (ROS)
within AT-MSCs is measured based on the use of
2/, 7'-dichlorodihydrofluorescein diacetate (DCF-DA)
probe (Sigma). Briefly, after co-culture with CD56™
NK cells, AT-MSCs were recovered and stained with
15 uM DCF-DA probe for 15 min at 37 °C according
to the manufacturer’s guidelines. The cells were then
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washed with DPBS (Lonza, Belgium) and DCF
fluorescence intensity analyzed by flow cytometry.

Flow cytometry analysis

After cell labelling, data were acquired and analyzed
on a MacsQuant analyser (Miltenyi Biotec, Germany).

Statistical analysis

Data are presented as mean & SEM of at least seven
independent experiments and analyzed, based on
Kolmogorov—Smirnov and Shapiro—-Wilk Normality
tests, using paired one way ANOVA followed by
Bonferroni post-test for pairwise comparisons for
experiments including more than two conditions or
Student’s t test for experiments including two condi-
tions. p values < 0.05 (*), < 0.01 (¥*), < 0.001 (*¥*%*)
were considered significant.

Results
Characterization of AT-MSCs

After expansion, adherent cells from adipose-derived
stromal vascular fraction (SVF) culture showed a
typical fibroblast-like shape (Fig. 1a). Flow cytometry
analysis (Fig. 1b) demonstrated that these cells were
positive (> 95%) for CD73, CD90 and CDI105 but
negative (< 5%) for CD14, CD19, CD34, CD45 and
HLA-DR. Moreover, these MSCs exhibited multilin-
eage potential, as they were able to generate
adipocytes, osteoblasts and chondrocytes (Fig. 1c).
After 21 days of osteogenic differentiation (A), a
matrix mineralization following calcium deposits was
observed by Alizarin red staining. After 10 days of
adipogenic differentiation (B), several lipid vacuoles
were revealed by Oil Red O staining. After 21 days of
chondrogenic differentiation (C), the production of a
proteoglycans-based extracellular matrix was shown
by Alcian blue staining.

Death of AT-MSCs is induced by activated
PBMC-derived NK cells

In the presence of activated PBMCs rather than un-
activated ones, the co-culture became almost free of
AT-MSCs (Fig. 2a). In this model, activated PBMCs
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substantially reduced the percentage of viable AT-
MSCs by more than half (decrease from 100% to
36 £ 8.5% viable cells) (Fig. 2b). Following mag-
netic separation by MACS technology, CD3" T-lym-
phocytes, CD14" monocytes and CD56" NK cells
derived from PBMCs demonstrated high purity as
shown by CD3 (99%), CD14 (97%) and CD56 (96%)
positivity (Fig. 2¢). Neither CD3™ T cells nor CD14*
monocytes altered the viability of AT-MSCs whilst
CD56" NK cells induced a drastic decrease in the
percentage of viable AT-MSCs (from 100% to
18.6 =+ 1.9%) (Fig. 2d).

Cytotoxicity and cell death of AT-MSCs induced
by cytokine-activated NK cells

In the presence of IL-2-, IL-12-, IL-15- and IL-21-
activated CD56" NK cells, the co-culture model
showed important loss of AT-MSCs (Fig. 3a). In
contrast to un-activated CD567 NK cells, those
activated with IL-2 and IL-15 have significantly
decreased the percentage of viable AT-MSCs (from
100% to 47.8 &+ 5.5% and 50.1 £ 4.4%, respectively)
(Fig. 3b). Consistently, AT-MSCs demonstrated high
7-AAD staining following their co-culture with IL-2-
or IL-15-activated CD56" NK cells (increase to
64.3 £ 2.3% or 54 £ 1.5%, respectively) (Fig. 3c).
Regardless of their activating cytokine, CD561 NK
cells induced considerable cellular cytotoxicity in AT-
MSCs (Fig. 3d).

Decreased CD112 and CD155 expression in AT-
MSCs co-cultured with NK cells

Exceptionally, ULBP3 was not expressed in AT-
MSCs (< 3% positive cells), with no significant
changes upon co-culture with activated NK cells
(Fig. 4a). AT-MSCs showed high constitutive expres-
sion of CDI112 (92.7 £2.5%) and CDIS55
(83.3 + 2.1%) which were found to be significantly
decreased following co-culture with activated CD56™
NK cells in a cytokine-dependent manner (Fig. 4b, c).
IL-12- and IL-21-activated NK cells had no significant
impact on CD112 and CD155 expression. Following
co-culture with IL-2- or IL-15-activated CD56" NK
cells, a more striking down-regulation of CD112
(63.7 £ 4.1% and 29 + 1%, respectively) and CD155
(45.3 £ 3.1% and 46.3 + 1.5%, respectively) expres-
sion was observed in AT-MSCs.
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Fig. 1 Characterization of AT-MSCs. a Morphology of the
AT-MSC was observed by phase contrast microscopy (100x)
using a fluorescence inverted microscope. b Flow cytometry
analysis was performed to characterize the phenotype of MSCs

Impairment of pattern of killer cell
immunoglobulin-like receptors (KIRs) expression
on NK cells co-cultured with AT-MSCs

After cytokine activation, the expression of KIRs by
CD56™" NK cells was highly increased. During the co-
culture with AT-MSCs, the expression profiles of
CD226, CD314, CD336 and CD337 varied consider-
ably depending on the cytokine (IL-2, IL-12, IL-15 or
IL-21) used to activate the CD56" NK cells (Table 1).
No significant changes in the expression of CD335
was observed in our model of co-culture.

The percentage of IL-2-, IL-12- and IL-21-acti-
vated CD56" NK cells expressing CD226
(82 £ 2.5%, 72.2 £ 3.2% and 79.8 + 2.5%, respec-
tively) has been significantly decreased after co-
culture with AT-MSCs to reach only 30 & 4.3%,
39.3 £ 2.1% and 39.3 £ 4.5%, respectively.

The percentage of IL-2-, IL-15- and IL-21-acti-
vated CD56" NK cells expressing CD314
(552 £35%, 514+£27% and 494 + 2.1%,
respectively) has been substantially reduced after co-
culture with AT-MSCs to achieve 17.3 4+ 3.1%,
15 £ 3% and 32 £ 1%, respectively.

(gray line: isotype fluorescence; black line: antibody-specific
fluorescence). ¢ Representative images showing the multilin-
eage potential of AT-MSCs

The percentage of IL-2-, IL-12-, IL15- and IL-21-
activated CD56" NK cells expressing CD336
(66 £3.2%, 56 +4.4%, 71.6+24%  and
58.2 £ 2.6%, respectively) has been markedly dimin-
ished following co-culture with AT-MSCs to gain
403 £ 1.5, 443 £45%, 363 +35% and
41 £+ 1.6%, respectively.

The percentage of IL-2- IL-12- and IL-15- activated
CD56" NK cells expressing CD337 (62.8 + 3.7%,
35 + 3.8% and 69.6 £ 2.3%, respectively) has been
strongly lowered upon co-culture with AT-MSCs to
attain 44 + 2.1%, 18.3 &+ 2.5% and 20.7 £ 3.1%,
respectively.

Unchanged LAIR expression on NK cells co-
cultured with AT-MSCs

Un-activated CD56"7 NK cells displayed constitu-
tively higher CD305 expression (98.9 £ 1.6%) than
CD306 (67.2 + 8.3%) which was specifically
increased after IL-2 activation (95.1 £ 3.5%). In the
co-culture model, AT-MSCs had no influence on such
expression profiles (Fig. 5).
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Fig. 2 Role of PBMCs in AT-MSC death. AT-MSCs were
cultivated, for 5 days, alone or in the presence of un-activated or
PHA/IL-2-activated PBMCs or activated purified immune cells.
a The morphology of AT-MSCs during the co-culture with
PBMCs (100x objective). b The cell viability of AT-MSCs
measured by trypan blue exclusion assay after the co-culture
with PBMCs. ¢ The purity of T-lymphocytes, monocytes and
NK cells derived from PBMCs as determined by flow
cytometry. d AT-MSCs were cultivated, for 5 days, either

Reduced proliferation of NK cells co-cultured
with AT-MSCs

Following their co-culture with AT-MSCs, a slight
decrease in the proliferation of IL-2- (from
61.7 £ 0.9% to 49.2 £+ 1.5%, meaning an IP of 20%),
IL-12- (from 85.6 £ 0.6% to 66 + 2.9%, indicating an
IP of 23%), IL-15- (from 77.1 £+ 1.4% to 51.8 £+ 1%,
representing an IP of 33%) and IL-21- (from
82.7 + 0.8% to 67.6 = 1.4%, illustrating an IP of
18%) activated CD56" NK cells was observed (Fig. 6).

Increased IFN-y and TNFa secretion from NK
cells co-cultured with AT-MSCs

IL-2-activated CD567 NK cells constitutively
secreted more IFN-v (183.3 £ 1.3 pg/mL) than TNFa
(59.5 £ 4.5 pg/mL). Upon co-culture with AT-MSCs,
the level of IFN-y was substantially increased to
1274.4 £ 88.1 pg/mL (7-fold) whereas the level of
TNFua slightly raised to 80.6 £ 6.2 pg/mL (Fig. 7).
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alone or in the presence of AT-MSCs after co-culture with PHA/
IL-2-activated PBMCs, PHA/IL-2-activated PBMCs lacking
CD3, CD14 or CD56 populations, or IL-2 activated purified
CD3*, CD14" or NK cells was measured by trypan blue
exclusion assay. Data represent mean percentage + SEM of
viable MSCs from seven independent experiments, each
performed in triplicate. *p < 0.05; ***p < 0.001 versus MSCs;
paired one way ANOVA followed by Bonferroni post-test

High degranulation activity of NK cells co-
cultured with AT-MSCs

The percentage of degranulation by IL-2-activated
CD56™ NK cells constantly increased to a maximum
of 37.4 &+ 1.4% at day 5 (Fig. 8). The presence of AT-
MSC:s significantly enhanced such degranulation in a
consistent and time-dependent fashion. The percent-
age of degranulation increased from 13.2 £+ 1.5% to
223+ 1.7% at day 1, from 22.1 £ 1.4% to
331 £ 15% at day 2, from 29 + 1.56% to
414 + 1.53% at day 3, from 315+ 1.4% to
44.2 + 2.3% at day 4 and finally from 37.4 + 1.4%
to 53.9 + 2.7% at day 5.

Enhanced perforin and granzymes release
from NK cells co-cultured with AT-MSCs

IL-2-activated CD56" NK cells constitutively
secreted  significant  amount of  perforin
(3604.1 &+ 241.5 ng/mL) that was 2-fold increased
(7330.1 £ 498.3 ng/mL) in the presence of AT-MSCs
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Fig. 3 Effects of cytokine activated NK cells on AT-MSCs.
AT-MSCs were cultivated, for 5 days, either alone or in the
presence of un-activated or IL-2-, IL-12-, IL-15- or IL-21-
activated NK cells. a Morphology of AT-MSCs (100x
objective). b AT-MSC viability measured by trypan blue
exclusion assay. ¢ AT-MSC mortality as determined by 7
amino-actinomycin (7-AAD) staining assay. d Lactate
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dehydrogenase (LDH) assay for measuring cellular toxicity.
The percent of cytotoxicity was calculated as described in
“Materials and methods” section. Data represent mean per-
centage = SEM of seven independent experiments, each
performed in triplicate. **p < 0.01; ***p < 0.001 versus
MSCs; paired one way ANOVA followed by Bonferroni post-
test
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Fig. 4 AT-MSC expression profile of different NK ligands.
AT-MSCs were cultivated, for 5 days, alone or in the presence
of un-activated or IL-2-, IL-12-, IL-15- or IL-21-activated NK
cells. The expression of CD112, CD155 and ULBP3 antigens on
AT-MSCs was investigated by flow cytometry using the
monoclonal antibodies indicated in the “Materials and

(Fig. 9a). The basal CD56%7 NK cell secretion of
granzyme A (2250 + 177.6 ng/mL) was higher than
that of granzyme B (315.7 & 66.6) and increased to
6489.8 £ 442.7 ng/mL and 2138.3 4+ 316.9 ng/mL,
respectively upon co-culture with AT-MSCs (Fig. 9b,
c).
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methods” section.The data are presented as the mean &= SEM
of the percentage of MSCs that expressed a given marker from
seven independent experiments, each performed in triplicate.
**p < 0.01; ***p < 0.001 versus MSCs; paired one way
ANOVA followed by Bonferroni post-test

Generation of reactive oxygen species in AT-
MSCs co-cultured with NK cells

During their co-culture with IL-2-activated CD56™

NK cells, AT-MSCs demonstrated a slight increase in
ROS generation (1.4 + 0.06-fold).
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Table 1 Effect of AT-MSCs on KIR expression

NK cells Un-activated +IL-2 +IL-12 +IL-15 +IL-21
CD226

No MSCs 484 £ 24 82 £125 722 £32 69.8 £ 3.4 79.8 £2.5

+MSCs 546 £ 7.1 30 £ 4.3%* 39.3 £ 2.1%* 61.6 = 3.5 39.3 £ 4.5%%
CD314

No MSCs 274 £21 552 +£35 35+4 514 £27 494 £ 2.1

+MSCs 263 £ 4.5 17.3 £ 3.1%%%* 237 +£32 15 £ 3** 32 £ 1%
CD335

No MSCs 296 £ 1.1 60.2 £ 2.5 472 £29 534 £ 3.6 51.6 £24

+MSCs 30.6 £ 2.1 653 £ 35 547 £ 12 513 £5.12 523 £32
CD336

No MSCs 41+ 1.6 66 £+ 3.2 56 £ 4.4 71.6 £ 24 582+ 2.6

+MSCs 423 £ 3.1 40.3 £ 1.5%* 44.3 £ 4.5% 36.3 £ 3.5%* 41 + 6%
CD337

No MSCs 252 £32 62.8 £ 3.7 35 £ 3.8 69.6 £2.3 35 +£34

+MSCs 16 £ 2.5 44 £+ 2.1%* 18.3 £ 2.5% 20.7 £ 3.1%* 32 £3.6

Un-activated or IL-2-, IL-12-, IL-15- or IL-21-activated NK cells were cultivated, for 5 days, in the absence or presence of AT-
MSCs. The expression of CD226, CD314, CD335, CD336 and CD337 antigens on NK cells was investigated by flow cytometry using
the monoclonal antibodies indicated in the “Materials and methods” section. The data are presented as the mean == SEM of the
percentage of NK cells that expressed a given marker from seven independent experiments each performed in triplicate

*p < 0.05; **p < 0.01; ***p < 0.001 versus NK, NK IL-2/NK IL-12/NK IL-15/NK IL-21 activated cells; paired student’s z-test
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o
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Fig. 5 Effect of AT-MSCs on LAIR expression. The expres-
sion of CD305 and CD306, on un-activated NK cells as well as
on IL-2 activated NK cells being cultivated in the absence or
presence of AT-MSCs, for 5 days, was evaluated by flow
cytometry using the monoclonal antibodies indicated in the
“Materials and methods” section. Data represent mean == SEM
of the percentage of NK cells that expressed a given marker
from seven independent experiments, each performed in
triplicate. **p < 0.01 versus NK cells; paired student’s -test

Altered serpin expression in AT-MSCs co-cultured
with NK cells

AT-MSCs expressed constitutively (Fig. 10) low
serpin Al (4.8 £ 0.5% positive cells), moderate
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Fig. 6 Effect of AT-MSCs on NK cell proliferation. IL-2-, IL-
12-, IL-15- or IL-21-activated NK cells were cultivated, for
5 days, in the absence or presence of AT-MSCs. NK cells were
previously labelled with CFSE and then analyzed by flow
cytometry. Data represent mean == SEM of the percentage of
NK cell proliferation from seven independent experiments, each
performed in triplicate. *p < 0.05 versus NK IL-2/NK IL-12/
NK IL-15/NK IL-21 activated cells; paired student’s #-test

serpin C1 (40.1 £ 5% positive cells) and high serpin
B9 (70.1 &£ 5.2% positive cells) amounts. In the
presence of IL-2-activated CD56" NK cells, the
percentage of AT-MSCs positive for serpin C1 and
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Fig. 7 Effect of AT-MSCs on NK cell cytokine secretion. IL-2-
activated NK cells were cultivated, for 5 days, in the absence or
presence of AT-MSCs. Cell-free supernatants were collected
and assayed by ELISA for their content of IFN-y and TNFao.
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Fig. 8 Effect of AT-MSCs on NK cell degranulation. IL-2-
activated NK cells were cultivated in the presence of AT-MSCs
for 5 days. NK cell degranulation assay was performed and the
results were assessed by flow cytometry. Data correspond to the
percentages of NK cells that have externalized CD107a during
the 4 h incubation period. Data represent mean + SEM of
CDI107a expression by NK cells from seven independent
experiments, each performed in triplicate. **p < 0.01;
*#**p < 0.001 versus IL-2 NK activated cells; paired student’s
t-test

serpin B9 significantly decreased to 22.3 4+ 4.3% and
46.9 + 4.4%, respectively.

Discussion

Immunotherapeutic strategies preserving NK cells
activity but reducing T cells responses would ensure a
favorable balance between GVHD and GVL following
HSCT. Despite that AT-MSCs showed superior
immunoregulatory effects (Menard et al. 2013), BM-
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Data represent mean + SEM of the cytokine concentration
from seven independent experiments, each performed in
triplicate. **p < 0.01; ***p < 0.001 versus NK IL-2 activated
cells; paired student’s #-test
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Fig. 9 Effect of AT-MSCs on NK cell-derived perforin and
granzymes. IL-2-activated NK cells were cultivated, for 5 days,
in the absence or presence of AT-MSCs. Cell-free supernatants
were collected and assayed by ELISA for their content of
Perforin (a), Granzyme A (b) and Granzyme B (c). Data
represent mean = SEM of the concentration from seven
independent experiments, each performed in triplicate.
*p < 0.05; ***p < 0.001 versus NK IL-2 activated cells; paired
student’s #-test

but not AT-MSCs succeeded in attenuating GVHD
while preserving GVL (Auletta et al. 2015). As
known, GVHD is initiated by donor T lymphocyte
activation, proliferation, and differentiation upon
transfer to preconditioned recipients of alloHCT. With
this regards, we have previously demonstrated that
AT-MSCs, particularly promoted the migration of
lymphocytes into their surrounding environment via
upregulation of IL-8 and CCL5 production. Following
their migration, T-cells interact with MSCs, which can
impair lymphocyte proliferation and activation.
Inflammatory T-cells appeared to be progressively
suppressed, which may lead to a population of
lymphocytes with a regulatory phenotype. Thus, the
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Fig. 10 Effect of NK cells on AT-MSCs expression of serpins.
AT-MSCs were cultivated, for 5 days, in the absence or
presence of IL-2-activated NK cells. Serpin Al, Serpin Cl
and Serpin B9 expression levels were evaluated by flow
cytometry using the monoclonal antibodies indicated in the
“Materials and methods” section. Data represent mean &= SEM
of three independent experiments, each performed in triplicate.
Data represent mean = SEM of the serpin positive MSCs from
seven independent experiments, each performed in triplicate.
*p < 0.05; **p < 0.01 versus MSCs; paired student’s r-test

different steps of the lymphocyte response are mod-
ulated in way to reduce GVHD (Najar et al. 2013).
Regarding NK cells and MSCs, we have previously,
reported that BM-MSCs (Najar et al. 2018a), WJ-
MSCs (Najar et al. 2018c) and FSK-MSCs (Najar et al.
2018b) are differentially affected by NK cells and that
distinct reciprocal alterations are noted. In this study,
we investigated the immunological features of NK
cells and AT-MSC:s following their in vitro co-culture.

Although few studies have reported an inhibitory
effect of AT-MSCs on NK cells function and prolif-
eration (DelaRosa et al. 2012; Ribeiro et al. 2013;
Blanco et al. 2016), here, we showed that AT-MSCs
could enhance NK cells regulatory and cytotoxic role.
It is noteworthy that in vitro and in vivo studies have
shown many discrepancies regarding the outcome of
NK cell and MSC crosstalk that are likely depending
on the experimental conditions (Thomas et al. 2014).
Similarly to T cells (Najar et al. 2009), the immuno-
suppressive effects of MSCs on NK cell biology occur
at high MSC:NK cell ratios, while at lower ratios the
suppressive effect is low or undetectable and a
possible stimulating effect could be exerted (Poggi
and Zocchi 2014). In the present study, AT-MSCs
reinforced the ability of NK cells to secrete IFN-y and
TNF-a (Ikeda et al. 2002; Waters et al. 2013) which
are essential for tumor eradication via stimulation of

@ Springer

other NK cells, thus accounting for GVL (Wang et al.
2012). Besides its ability to promote GVL, IFN-y
could also inhibit GVHD (Yang et al. 2005; Lu and
Waller 2009). Consistently, we observed that AT-
MSCs enhanced the cytolytic capacity of NK cells as
monitored by the increased CD107 expression, per-
forin release and granzymes A and B discharge.
However, the limited capacity of AT-MSCs to inhibit
NK cell proliferation could be paralleled by the
reduced viability of AT-MSCs as well as the partial
down-regulation of the expression of specific KIRs on
NK cells during the co-culture. The rapid disappear-
ance of MSCs after their infusion is likely associated
with the susceptibility to lysis by NK cells (Hoogduijn
et al. 2011). The reduced number and viability of AT-
MSCs as well as their cytotoxic state, based on the
release of LDH and ROS production, are all indicators
of NK cell cytotoxicity. This is consistent with
previous data showing that, AT-MSCs are lysis-
sensitive targets for activated NK cells, whereas
non-activated NK cells have no effects (Hoogduijn
et al. 2011). Consistently, other immune cells such as
activated T cells (Valencic et al. 2014) or polarized
macrophages (Freytes et al. 2013) can modulate MSCs
function and viability. For instance, Valencic et al.
(2014) showed that the growth and survival of bone
marrow MSCs can be inhibited upon the addition of
pre-activated lymphocytes or their conditioned med-
ium suggesting an inhibitory role of T-cell derived
soluble mediators. Altogether, these observations
corroborate the view that immune activation status
of the recipient before and after allograft transplanta-
tion is relevant to the survival and functions of
implanted allo-MSCs (Crop et al. 2011). In this
context, several strategies for rescuing MSCs from
NK cell cytotoxic activity have been described (Jewett
et al. 2010; Noone et al. 2013; Giuliani et al. 2014).
Intriguingly, AT-MSCs-mediated expression of dif-
ferent serpins, a family of protease inhibitors that
control the activity of granzymes (Kaiserman and Bird
2010) was altered with serpins C1 and B9 levels being
decreased after co-culture with activated NK cells.
Indeed, this reduced expression of serpins may lead to
exacerbated effects of granzymes, thus reducing the
ability of MSCs to escape NK cell-mediated lysis. For
clinical applications, reduced viability of MSCs may
alter their therapeutic efficiency. Thus, a major
prospect for overcoming this challenge is the poten-
tiation of MSC defense strategies by, for example,
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enhancing the expression of serpins (Chuang et al.
2013; Bose 2015).

Conclusion

Our results show that AT-MSCs could enhance NK
cells regulatory and cytotoxic activity. From a clinical
point of view, our observations suggest that adminis-
tration of AT-MSCs following allogenic-HSCT
should enhance GVL while reducing GVHD, therefore
representing an important immunological issue for the
treatment of hematologic malignancies.
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