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Aims Diabetes is a conventional risk factor for atherosclerotic cardiovascular disease and myocardial infarction (Ml) is
the most common cause of death among these patients. Mesenchymal stromal cells (MSCs) in patients with type 2
diabetes mellitus (T2DM) and atherosclerosis have impaired ability to suppress activated T-cells (i.e. reduced immu-
nopotency). This is mediated by an inflammatory shift in MSC-secreted soluble factors (i.e. pro-inflammatory secre-
tome) and can contribute to the reduced therapeutic effects of autologous T2DM and atherosclerosis-MSC post-
MI. The signalling pathways driving the altered secretome of atherosclerosis- and T2DM-MSC are unknown.
Specifically, the effect of IkB kinase B (IKKB) modulation, a key regulator of inflammatory responses, on the immu-
nopotency of MSCs from T2DM patients with advanced atherosclerosis has not been studied.

Methods and MSCs were isolated from adipose tissue obtained from patients with (i) atherosclerosis and T2DM

results (atherosclerosis+T2DM MSCs, n = 17) and (ii) atherosclerosis without T2DM (atherosclerosis MSCs, n = 17).
MSCs from atherosclerosis+T2DM individuals displayed an inflammatory senescent phenotype and constitutively
expressed active forms of effectors of the canonical IKKB nuclear factor-kB transcription factors inflammatory path-
way. Importantly, this constitutive pro-inflammatory IKKp signature resulted in an altered secretome and impaired
in vitro immunopotency and in vivo healing capacity in an acute Ml model. Notably, treatment with a selective IKKf
inhibitor or IKKB knockdown (KD) (clustered regularly interspaced short palindromic repeats/Cas9-mediated IKKfB
KD) in atherosclerosis+T2DM MSCs reduced the production of pro-inflammatory secretome, increased survival,
and rescued their immunopotency both in vitro and in vivo.

Conclusions Constitutively active IKKB reduces the immunopotency of atherosclerosis+T2DM MSC by changing their secre-
tome composition. Modulation of IKKf in atherosclerosis+T2DM MSCs enhances their myocardial repair ability.
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Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2020. For permissions, please email: journals.permissions@oup.com.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a major risk factor for atherosclero-
sis. Patients with T2DM develop severe and extensive atherosclerosis al-
most two decades earlier than people without T2DM.' T2DM promotes
the inflammatory state that contributes to atherosclerotic lesion initiation
and plaque rupture.2 Accumulation of senescent cells contributes to in-
flammatory state through the secretion of pro-inflammatory cytokines,
chemokines, and growth factors, known as senescence-associated secre-
tory phenotype (SASP) or senescence-messaging secretome.>* The pro-
duction of SASP is mediated by IkB kinase B (IKKP) through the
activation of nuclear factor-kB transcription factors (NF-kB).”

The NF-«B family comprises five members: p65 (RelA), RelB, c-Rel,
p100/p52, and p105/p50. Under basal conditions NF-kB transcription
factors are bound to inhibitor of kB (IkB) proteins within the cytoplasm.
Cellular insults including reactive oxygen species (ROS), DNA damage,
or pro-inflammatory cytokines activate the IKK complex which induces
IxBs phosphorylation-dependent turnover. Degradation of lkBs releases
NF-kB dimers, which can in turn translocate into the nucleus to initiate
transcription of target genes. The IKK complex involves two kinase subu-
nits, namely IKKo and IKK, and the regulatory subunit NF-kB essential
modulator (NEMO, or IKKy).® Canonical activation of NF-kB and its
downstream target genes requires the IKKf catalytic subunit. Activation
of IKKB-mediated NF-kB is implicated in the pathogenesis of atheroscle-
rosis.” Activated IKKB-NF-kB axis is observed in endothelial cells, mac-
rophages, and smooth muscle cells from human atherosclerotic plaques
and is upregulated in unstable plaques.8 Myeloid cell-specific deletion of
IKKB reduces atherosclerotic lesions and insulin resistance in murine
models by attenuating macrophage inflammatory gene expression, adhe-
sion, migration, and lipid uptake.” Genetic inhibition of several IKKB-NF-
kB target genes, including vascular cell adhesion molecule-1, intercellular
adhesion molecule-1, E- and P-selectins, tumour necrosis factor-a, and
interleukin (IL)-1B also interferes with atherosclerotic lesion forma-
tion.”® Due to the extensive evidence supporting the role of inflamma-
tion in the aetiology and pathophysiology of accelerated atherosclerosis
in T2DM, several clinical trials evaluate the therapeutic effects of
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targeting inflammation (reviewed in Ref.11). These studies provide a
proof-of-concept that modulation of inflammatory pathways result in
cardiovascular risk reduction especially in high-risk groups such as
T2DM. However, the magnitude of improvement is relatively modest
when a single cytokine is targeted.'® This emphasizes the potential rele-
vance of approaches targeting multiple inflammatory mechanisms.

Mesenchymal stromal cells (MSCs) are multipotent tissue-resident
cells. MSCs migrate to inflammatory zones where they promote im-
mune tolerance. MSCs therapy is being tested for a variety of inflam-
matory and autoimmune conditions including atherosclerosis and
T2DM."® In murine atherosclerosis models, MSCs and MSC-products
result in plaque stabilization and decreased rupture risk."*'> Ongoing
phase lll trials are testing MSC effects on heart function following
acute coronary events (i.e. myocardial infarct, Ml). Although these tri-
als demonstrated the safety and feasibility of autologous adipose-
derived MSCs transplantation in Ml donor-related variability, the lack
of markers that allow selecting functional MSC leads to inconsistent
results (reviewed in Ref.16).

Our group showed that both atherosclerosis and T2DM are indepen-
dent contributors to the impaired immunopotency (i.e. ability to sup-
press activated T-cells) of MSCs in vitro."”'® As MSC immunopotency is
a surrogate of their function, the use of autologous MSC in atherosclero-
sis and T2DM could be associated with suboptimal therapeutic effects.
MSCs’ pro-inflammatory secretome switch underlies their reduced im-
munomodulatory effect.'” The signalling events that trigger a pro-
inflammatory secretome in atherosclerosis and T2DM MSC are not fully
understood. IKK, via activation of NF-kB, induces the transcription of
pro-inflammatory cytokines, chemokines, and inflammatory mediators in
adaptive and innate immune cells. However, the role of the IKKB-NF-kB
pathway in MSC’s immunopotency remains elusive. We hypothesized
that a constitutive activation of IKKB promotes an inflammatory secre-
tome which underlies the impaired immunopotency of MSCs from
patients with T2DM and atherosclerosis. We assessed the role of IKKf
in MSC function and the consequences of its inhibition through pharma-
cological and gene-editing approaches.
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Table | Demographic characteristics of the study subjects

Control T2DM
(atherosclerosis) (atherosclerosis
n=17 +T2DM)
n=17
Gender (F:M) 512 512
Age (mean £ SD) 57.7£123 58.1+£12.8
Weight (mean * SD) 81.2+16.4 871194
Cardiovascular risk
factors (%)

Tobacco 47 18
Hypertension 59 65
Hypercholesterolemia 71 71
Type Il diabetes 0 100
Medications (%)
Aspirin 94 76
Statin 82 70
Metformin 0 82
Insulin 0 27
Glyburide 0
Gliclazide 0

2. Methods

2.1 Study subjects

The McGill University Health Center Ethics Review Board (A01-MO05-
12A) approved the study and participants provided written informed
consent. The study conformed to the principles outlined in the
Declaration of Helsinki. Subcutaneous adipose tissue was obtained from
adults undergoing programmed coronary artery bypass grafting surgery
with or without T2DM. Subjects with a history of systemic autoimmune
diseases, cancer, and acute or chronic infections were excluded. Table 1
summarizes the demographic characteristics from the donors. In addi-
tion, one healthy (Catalog No.: PT-5006) and one T2DM (Catalog No.:
PT-5008) human adipose-derived MSCs purchased from Lonza. MSCs
were allocated randomly for each experiment.

2.2 Isolation, characterization, and
stimulation of MSCs

MSCs were isolated from subcutaneous adipose tissue. They were cul-
tured in complete medium (CM) (1.0 g/L glucose, with L-glutamine and
sodium pyruvate Dulbecco’s modified Eagle’s medium (DMEM) (Wisent
Biotechnologies, St. Bruno, QC, Canada), supplemented with 10% MSCs
qualified foetal bovine serum (FBS) and 1% penicillin/streptomycin
(10 000 wunit/mL Penicillin, 10 000 mg/mL streptomycin, Life
Technologies, Waltham, MA, USA) under standard conditions (5% car-
bon dioxide; 37°C) in 75-cm? tissue culture flasks.

MSGC:s fulfilled the minimal criteria from the International Society for
Cellular Therapy.20 Immunophenotypic characterization was done by
multiparametric flow cytometry (BD LSRIl; Becton Dickinson Co,
Mountain View, CA). Data were analysed with FlowJo software v9.7.2.
For differentiation assays, MSCs were plated at a density of 5000 cells/
cm? in 24-well plates and incubated with 1 of the 3-differentiation media
for 3 weeks as per the manufacturer’s protocol (StemPro Adipo-,

Osteo-, Chondro-genesis Differentiation Kit). MSCs were then fixed
with 4% formaldehyde and stained with Alizarin Red S, Qil red O, or
Safranin O to assess osteogenic, adipogenic, and chondrogenic differenti-
ation, respectively. For inflammatory cell signalling studies, MSCs
cultured in serum-free medium were pre-treated or not with 30
UM MNL120B (N-(6-chloro-7-methoxy-9H-B-carbolin-8-yl)-2-methylni-
cotinamide), a highly selective IKK inhibitor (a gift from Millennium: The
Takeda Oncology Company, Cambridge, MA)?" and stimulated with 10
ng/mL of TNF-a (10 min) or 5, 10, and 15 pg/mL advanced glycation end
products (AGE) products (Sigma Aldrich, Cat No. 121800M).

2.3 Flow cytometry analysis for YH2AX
Passage 4 MSCs were fixed in cytofix solution and permeabilized in 0.5%
Triton X-100 (Sigma Cat No. 93443) in PBS. After, cells were blocked
with 1% BSA, IgG free, protease free, 4% normal donkey serum (Jackson
ImmunoResearch, West Grove, PA, USA: Cat No. 001-000-162; Sigma
Cat No. D966)] and incubated with YH2AX (pS139) antibodies (BD
Biosciences, Cat No. 560445). Cells were then washed with PBS and
analysed by flow cytometry. Background staining was determined by us-
ing same cells. Data were analysed with FlowJo software v9.7.2.

2.4 Flow cytometry analysis of ROS

Intracellular ROS was determined using the 2',7'-dichlorodihydrofluor-
escein diacetate (DCFDA) fluorescent dye. MSCs were stained with
DCFDA (10 pM; Sigma) in PBS at 37°C for 30 min. Fluorescence inten-
sity was measured by flow cytometry and background staining was de-
termined by using unstained MSCs. Data were analysed with Flowjo
software v9.7.2.

2.5 B-Galactosidase staining

B-Galactosidase staining was performed as previously described.”
Briefly, MSCs were plated 5000 cells/cm? in 6-well plates. About 24 h af-
ter, cells were washed with PBS and fixed in 0.5% glutaraldehyde solution
at RT for 5 min. Following two washes with PBS, cells were incubated
with freshly prepared senescence-associated (3-Gal (SA-,3-Gal) stain so-
lution at 37°C (without CO,). B Galactosidase-positive cells changed
the colour into blue within 2—4 h. To detect lysosomal g Gatactosidase, the
citric acid/sodium phosphate solution was at pH 6.0.

2.6 Peripheral blood mononuclear cell
isolation, carboxyfluorescein succinimidyl
ester (CFSE) fluorescent dye labelling, and
peripheral blood mononuclear cell
stimulation

Fresh peripheral blood mononuclear cells (PBMCs) from the same do-
nor (36 years old, healthy, female, non-smoker) were used for all experi-
ments. PBMC were isolated via Ficoll gradient centrifugation and
cultured overnight in 10% FBS RPMI (Wisent Biotechnologies) medium
to deplete monocytes. Immunopotency assay: The capacity of MSCs to
suppress proliferation of activated CD4" T-cells was assessed in a co-
culture system. MSCs were plated at 75 x 10° cells per well in flat-bot-
tom 24-well plates (Corning, Corning, NY, USA) and cultured overnight
at 37°C, 5% CO,. The next day, monocyte-depleted PBMCs were
stained with 10 uM CFSE (Sigma) and stimulated with anti-CD3/CD28
beads (1 bead per cell) (Dynabeads Human T-Activator CD3/CD28, Life
Technologies). CFSE-stained PBMCs (6 x 10°) were cultured for 4 days
with MSCs either in cell-cell contact-dependent (direct co-cultures) or
in contact-independent conditions (trans-well cultures) (MSCs: PBMCs
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ratio 1:8). In the trans-well system, MSCs and T-cells were separated by
a 04 um pore size membrane (Millipore, Etobicoke, ON, Canada). At
Day 4, Flow cytometry analysis (BD FACS Canto Il flow cytometer
equipped with BD FACSDiva Software v8.0.1) was done. To evaluate
the functional implications of inhibiting interleukin (IL)-6 on MSCs’
immunopotency, neutralization assays were performed by adding either
anti-IL-6 antibody (20 pg/ml) (R&D Systems, Cat No. MAB206) or iso-
tope control (20 pg/ml) (R&D Systems, Cat No. MAB002) at the begin-
ning of the co-cultures.

2.7 PBMC migration assays

MSCs (50 000) were seeded in 24-well plates with 0.5 mL CM. After 24
h, conditioned medium was collected and transferred into the lower
chamber of trans-wells (24-well 8-pum, Costar). PBMCs (1 x 10° in 300
pL) were loaded to the upper chamber. Plates were incubated for 3 h
under standard conditions and transmigrated cells were counted.

2.8 Lentiviruses production and
transduction

Six different human IKKB guide RNAs (gRNAs) (see Supplementary ma-
terial online, Table S1) and non-targeting gRNAs were purchased from
GenScript (NJ, USA) and sub-cloned in pLentiCRISPR v2 using BsmBI re-
striction site (Addgene Plasmid No. 52961). VSVg-pseudotyped lenti-
CRISPR virions were produced in HEK293FT cells using lipofectamine
3000 (Cat No. L3000015) with 1.5 ug pMDLg/pRRE, 1.5 pg pRSV-REVY,
and 3 pg pVSV-G with 6 pg of pLentiCRISPR v2 vectors. Viral superna-
tants were harvested after 72 h and used to transduce primary MSCs by
infection in the presence of 10 pug mL'polybrene. Transduced cells were
selected with 1.5 pg mL" puromycin at Day 3 post-transduction and
used within 7 days.

2.9 Enzyme-linked immunosorbent assays
MSCs were plated in 6-well plates at a density of 1 x 10° cells/well in 2
mL CM. To establish difference between atherosclerosis+ T2DM, ath-
erosclerosis MSCs, they were cultured for 4 days and supernatants were
collected for enzyme-linked immunosorbent assays (ELISA from Life
Technologies) according to the manufacturer’s instructions (i.e. IL-6, IL-
8/C-X-C motif chemokine ligand 8 (CXCL8), monocyte chemoattrac-
tant protein (MCP-1/CCL2). For selective IKK inhibitor (i.e. MLN120B)
treatment experiments, MSCs were plated in 6-well plates at a density of
1 x 10° cells/well. After 24-h treatments with either 30 uM MLN120B
or vehicle (DMSO 0.1%), cells were washed with PBS and CM was
added. After 24 h, the supernatants were collected and tested by ELISA.

To quantify T-loop phosphotylation of IKKB at Ser177/181, MSCs
were plated in 6-well plates at a density of 1 x 10° cells/well. About 48 h
after cells were harvested according to the manufacturer’s instructions
for PathScan® Phospho-IKKB (Ser177/181) Sandwich ELISA Kit No.
7080 (Cell Signaling Technology, Danvers, MA).

2.10 Western blotting

MSCs were cultured with CM for 72 h and whole cell extracts (WCE)
were prepared using RIPA lysis buffer complemented with protease
inhibitors (50 mM Tris, pH 7.4; 150 mM NaCl; 50 mM NaF; 5 mM EDTA;
10% glycerol; 1 mM NazVOy; 40 mM B-glycerophosphate; 0.1 mM phe-
nylmethylsulphonyl fluoride; 5 pug/mL of leupeptin, pepstatin, and aproti-
nin; 1% Triton X-100; 1% Sodium deoxycholate; 0.1% sodium dodecyl
sulphate) for 30 min on ice. Lysates were clarified by centrifugation at
13 000 g for 10 min, and equal amounts of protein (30-60 1g) were

subjected to electrophoresis on 7.5-12% acrylamide gels. Proteins were
electrophoretically transferred to Hybond-C nitrocellulose membranes
(Amersham) in 25 mM Tris and 192 mM glycine. In some western-blot
experiments, cellular extracts were equally divided (pig) and used in par-
allel on the same or different SDS-polyacrylamide gels. SDS gels contain-
ing electrophoresed proteins were simultaneously electrotransfered
onto nitrocellulose membranes.

Immunoblot analysis for each antibody listed in Supplementary mate-
rial online, Table S2, was carried out according to manufacturer’s instruc-
tions. Signals were detected with a chemiluminescence system (ECL
Plus, Amersham).

2.11 Myocardial infarction model

All animal experiments have ethics approval from the animal care com-
mittee of Université de Montréal (No. 14-035) and all animal procedures
conform to the NIH guidelines (No. A5213-01). An acute MI (AMI) was
created in 8-month-old male C57BL/6 mice (Jackson Laboratory) by per-
manent ligation of the left anterior descending (LAD) artery (permanent
LAD occlusion model).? Briefly, mice were anaesthetized with 3% iso-
flurane mixed with 100% oxygen, intubated (20 G catheter Cathlon®),
and ventilated with a tidal volume of 220 pL at a rate of 130 strokes/min
(settings for a mouse weighing 30 g, and readjusted according to weight),
with a MiniVent type rodent ventilator (Harvard Apparatus).
Anaesthesia was kept with 2% isoflurane and the temperature of the ani-
mals was maintained with a heating pad. Mice received an injection of li-
docaine (6 mg/kg) in the intercostal muscles prior to a left lateral incision
(third intercostal space) to provide heart exposure. The LAD was ligated
with a 8-0 nylon thread under a Nikon SMZ645 stereomicroscope with
a magnification of 0.8 to 5x. Immediately after AMI induction, the re-
gion at risk is visualized by its paleness and the mice was randomized to
receive one of the following treatments: saline, atherosclerosis MSCs,
atherosclerosis+T2DM-MSCs, atherosclerosis+T2DM Scramble MSCs
(gRNA-negative control), or atherosclerosis+T2DM IKKB knockdown
(KD) MSCs (encoding gRNA molecule no. 2). MSCs were injected intra-
myocardially around the area at risk in five injections of 5 pL each
(20 000 cells). Mice received a s.c. injection of buprenorphine SR (1 mg/
kg) prior to recovery. About three animals in athersoclerosis MSC-
injected group died within the 30 min of the injection. After 4 days, ani-
mals were sacrificed by exsanguination under isoflurane anaesthesia and
processed. Hearts were collected following 10 mL of ice-cold saline per-
fusion into the left ventricular apex. Hearts were fixed for 24 h in
Formalin and paraffin embedded at the Institute for Research in
Immunology and Cancer (IRIC) Histology core facility (Université de
Montréal). Paraffin blocks were cut into 4 um sections. Haematoxylin
and eosin stain were done for general morphology and immunohisto-
chemistry to demonstrate monocytes/macrophages (MOMA-2), CD4,
and FOXP3 infiltration with the automated Bond RX staining platform
from Leica Biosystems, Australia). Sections were deparaffinized inside
the immunostainer. Antigen recovery was conducted using Proteolytic-
Induced Epitope Retrieval with Enzyme 1 (Leica Biosystems proprietary
reagent). Sections were then incubated with 150 pL of anti-MOMA2,
anti CD4, and anti-FOXP3 antibody. Detection of specific signal was ac-
quired by using Bond Polymer DAB Refine kit (No. DS9800, Leica
Biosystems) with a rabbit anti-rat antibody (Vector Laboratories, 1/200).
Stained slides were coverslipped and scanned using the Hamamatsu’s
NanoZoomer® Digital Pathology system 2HT and visualized with
NDP.view2.

20z 11dy €2 U0 1s9nB Aq 82/G285/9G//€/. | L/9I91LE/SBIOSEACIPIEI/W0D dNO"DIWSPEDE//:SAPY WOI) PAPEOJUMOQ


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa118#supplementary-data

760

O. Kizilay Mancini et al.

A B C
ke ki
50000 ! 5000
48 kD - |
40000 4000-{
—_— e - — | L] l
= = = [ ]
_E‘ 30000 - _;5; 3000 T
48kD £ - 2
: 20000 - : 2000 '
10000 ;E'—[:__. 1000 EE
75 kD . | ¢
o : . o ;
Control MSCs Control MSCs. Control MSCs Control MSCs
75 kD AGE(15ug/mL) AGE(15pg/mL)
75k0 D E
~ i Wk
15000 J ]
75 kD e 3 ' :
e ns E
E 10000 - e
2 " 'E e T "
63kD & i g
o i
& so00 2 i,y
= *_ 8 —Eﬂ—
. =
ol T T 1V :
—|e3 kD 1
— Control MSCs Contrel MSCs Control MSCs Control MSCs
AGE(15pg/mL) AGE(15pgimL)
AGE - 5 10 15
(ng/mL)

Figure | Advanced glycolytic end (AGE) products activates IKK signalling cascade and reduce Mesenchymal stromal cells (MSCs) immunopotency. (A)
Western-blot analysis representative of two independent experiments with similar results showing the activation of the IRAK4-T AK1-IKK B—p65/NF-kB sig-
nalling cascade on healthy MSCs that are exposed to 5, 10, and 15 pg/mL AGE products for 24 h. (B—D) AGE induced an increase in the production of IKKB—
NF-kB-regulated pro-inflammatory cytokine IL-6 (***P = 0.0002, n = 8), and chemokines IL-8/CXCL8 (***P = 0.0006, n = 8), MCP-1/CCL2 (***P = 0.0002,
n = 8). (E) Reduced immunosuppressive function of MSCs after AGE products (***P = 0.0002, n = 8). Each dot represents different biological replicates (i.e.
single healthy control MSCs). Mann—Whitney U test was used to compare two independent groups. Abbreviations: MSCs, mesenchymal stromal cells; TAK-
1, transforming growth factor-B-activating kinase1; IKKR, inhibitor of nuclear factor kappa-B kinase subunit beta; p65, nuclear factor kappa-light-chain-en-
hancer of activated B cells RelA subunit; IRAK4, interleukin-1 receptor-associated kinase 4; IL-6, interleukin-6; IL-8, interleukin-8; MCP-1, monocyte chemo-

attractant protein-1; PBMCs, peripheric blood mononuclear cells.

2.12 Statistical analysis

Analyses were performed with GraphPad Prism software v8 (Graph-
Pad, San Diego). Graphs are presented as dot plots. Mann—Whitney U
test was used to compare differences between two independent groups
(atherosclerosis and atherosclerosis-+T2DM MSCs). Wilcoxon test was
used to compare paired groups (atherosclerosis +T2DM MSCs +
MLN120B or IKK 8 KD). All hypotheses tests were 2-sided; a P < 0.05
was considered significant and is indicated by an asterisk in the figures.

3. Results

3.1 AGE products reduce MSCs

immunopotency

AGE products are known to contribute development atherosclerosis in
T2DM patient. They have the ability to disrupt cell structure and lead to
cellular dysfunction. Moreover, AGE products have been shown to con-
tribute both the micro- and macrovascular complications of T2DM* To
determine whether AGE products alters MSC immunopotency, we first
treated MSCs with different doses (5, 10, and 15 pg/mL) of AGE product
(Figure 1A). AGE treatment activated the canonical IRAK4-TAK1-IKK in-
flammatory signalling cascade® culminating in increased phosphorylation
of the transactivation domain of the p65 NF-«B subunit (Ser536), a process

involved in its transcriptional activity*® (Figure 1A). We next assessed AGE-
treated MSCs’ IKKB-NF-kB associated pro-inflammatory cytokine includ-
ing IL-6 (Figure 1B), chemokines IL-8/CXCLS8 (Figure 1C), and MCP-1/CCL2
(Figure 1D). Importantly, treatment with the AGE product also reduced effi-
ciency to suppress PBMCs proliferation (Figure 1E).

3.2 MSCs from T2DM patients with
atherosclerosis have senescence features
Given that T2DM and atherosclerosis are age-related diseases, we
assessed whether adipose-derived MSCs from atherosclerotic T2DM
patients displayed hallmarks of chronic cellular senescence. We com-
pared the phenotype of atherosclerosis+T2DM MSCs (n = 17) to those
of age- and sex-matched atherosclerotic non-T2DM (atherosclerosis
MSCs) (n = 17). MSCs samples were randomly distributed for all the
experiments. Markers of cellular senescence, including enlarged cell size
(see Supplementary material online, Figure STA), increased intracellular
ROS levels (see Supplementary material online, Figure S1B), YH2AX con-
tent (see Supplementary material online, Figure S1C), autofluorescence®’
(see Supplementary material online, Figure S1D), and the proportion of
X-GAL-positive cells (see Supplementary material online, Figure STE)
were higher in atherosclerosis+T2DM MSCs. In  addition,
atherosclerosis+T2DM MSCs displayed reduced proliferation ability
(see Supplementary material online, Figure S1F) compared to atheroscle-
rosis MSCs. Moreover, atherosclerosis+T2DM MSCs showed an
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Figure 2 Constitutively activated forms of inflammation-activated protein kinases and increased pro-inflammatory cytokine secretion
atherosclerosis+T2DM MSCs. Augmented active T-loop phosphorylated forms of (A) IRAK 4 (*P =

in
0.05, atherosclerosis MSCs n = 5,

atherosclerosis+T2DM MSCs n = 6), (B) TAK1 (*P = 0.02, atherosclerosis MSCs n = 10, atherosclerosis+T2DM MSCs n = 12) and (C) IKKB (****P <
0.000, atherosclerosis MSCs n = 10, atherosclerosis+T2DM MSCs n = 11); (D) Increased phosphorylation of p65 NF-kB transcription factor on Ser536 lo-
cated in its transactivation domain (*P = 0.05, atherosclerosis MSCs n = 10, atherosclerosis+T2DM MSCs n = 12) and (E-G) Increased production of IKKp—
NF-kB-dependent pro-inflammatory cytokine IL-6 (***P = 0.0002, atherosclerosis MSCs n = 12, atherosclerosis+T2DM MSCs n = 11), and chemokines IL-
8/CXCL8 (***P = 0.0006, atherosclerosis MSCs n = 11, atherosclerosis+T2DM MSCs n = 10), MCP-1/CCL2 (***P = 0.0002, atherosclerosis MSCs n = 11,
atherosclerosis+T2DM MSCs n = 11). Each dot represents different biological samples (i.e. MSC from different donors). Mann—Whitney U test was used to
compare two independent groups. Abbreviations: T2DM, type 2 diabetes mellitus; MSCs, mesenchymal stromal cells; TAK-1, transforming growth factor-f3-
activating kinase 1; IKK, inhibitor of nuclear factor kappa-B kinase subunit beta; p65, nuclear factor kappa-light-chain-enhancer of activated B cells RelA subu-

nit; IRAK4, interleukin-1 receptor-associated kinase 4; IL-6, interleukin-6; IL-8, interleukin-8; MCP-1, monocyte chemoattractant protein-1.

increase in the expression levels for IL1B, p-p53 (Ser15), and anti-
apoptotic markers B-cell lymphoma (Bcl)-2 and Bcl-XL proteins (see
Supplementary material online, Figure S1G).

3.3 MSCs from T2DM patients with
atherosclerosis have constitutive activation

of IKKB

The observed DNA damage, high intracellular ROS levels, decrease
proliferation, and the presence of an increase expression of anti-
apoptotic effectors under the control of NF-kB?® likely indicate the
activation of pro-inflammatory signalling cascades in senescent
atherosclerosis+T2DM MSCs and probably reflects what is ob-
served in AGE-exposed MSCs (Figure 1). Considering that IKKB is a
master regulator of inflammatory response signalling events and
presumably engaged in this deregulated response, we next tested
whether atherosclerosis+T2DM MSCs have an ‘IKKf signature’: ac-
tivated (i.e. T-loop phosphorylated) forms of IKKB and their up-
stream and downstream signalling effectors.
Atherosclerosis+T2DM MSCs constitutively expressed higher

levels of phosphorylated forms of IRAK4 (Figure 2A), the IKK-acti-
vating kinase transforming growth factor-B-activating kinase1
(TAK-1)% (Figure 2B) and IKKP (Figure 2C and see Supplementary
material online, Figure S2), culminating in increased phosphoryla-
tion of the p65 NF-«B subunit (Figure 2D). Importantly, this consti-
tutive ‘IKKf signature’ correlated with the production of pro-
inflammatory components including IL-6 (Figure 2E), IL-8/CXCL8
(Figure 2F), and MCP-1/CCL2 (Figure 2G).

3.4 Atherosclerosis+-T2DM MSCs display
impaired immunopotency both in vitro and
in vivo

We next evaluated whether the constitutive IKKf signature observed in
senescent atherosclerosis+T2DM MSCs affected their immunomodula-
tory properties. Using cell—cell contact conditions, the proliferation of
CDA4% T-cell -a read-out that inversely correlates with MSC immuno-
modulatory function was higher in atherosclerosis+T2DM MSCs than in
atherosclerosis MSCs (Figure 3A), an effect that was not explained by dif-
ferential MSCs-induced T-cell apoptosis (Figures 3B). To assess the
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Figure 3 Impaired immunosuppressive abilities of atherosclerosis+T2DM MSCs in vitro. (A-D) MSCs immunomodulatory capacity was assessed in T cell
co-cultured in cell-cell contact-dependent and -independent (trans-well) conditions. (A) In cell—cell contact condition, a decreased immunopotency in
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potency in both cell—cell contact and trans-well conditions (n = 7) and (D) CD4 " T cell viability in trans-well conditions (n = 7). Each dot represents different
biological samples (i.e. MSC from different donors). Mann—Whitney U test was used to compare two independent groups and Wilcoxon test was used for
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Figure 4 Atherosclerosis+T2DM-MSCs have reduced immunopotency in vivo. (A) Haematoxylin and Eosin (H&E) staining of the injured (i.e. purple: infil-
tration of leucocytes) and viable myocardium (i.e. pink) (*P = 0.01, atherosclerosis MSCs n = 4, atherosclerosis+T2DM MSCs n = 8), (B) CD4" (*+P =
0.002, atherosclerosis MSCs n = 4, atherosclerosis+T2DM MSCs n = 9), (C) Monocyte/macrophage (MOMA-2 staining) (**P = 0.002, atherosclerosis
MSCs n = 4, atherosclerosis+T2DM MSCs n = 9), and (D) FOXP3 (**P = 0.002, atherosclerosis MSCs n = 4, atherosclerosis+T2DM MSCs n = 9) content
in heart sections and (E) IL-6 plasma levels (*P = 0.02, atherosclerosis MSCs n = 4, atherosclerosis+T2DM MSCs n = 8). Each dot represents different ani-
mals injected with different biological samples (i.e. MSC from different donors). Mann—Whitney U test was used to compare two independent groups.
Abbreviations: T2DM, type 2 diabetes mellitus; MOMA, monoclonal anti-macrophage antibody; IL 6, interleukin-6.

relevance of soluble factors as mediators of MSCs: T-cell suppression, - trans-well and cell—cell contact conditions. However, MSC survival in
we next conducted cell-cell contact-dependent and -independent : atherosclerosis+T2DM MSCs after co-culturing with PBMCs was lower
(trans-well) co-cultures. Our results showed similar T-cell suppression @ compared to atherosclerosis MSCs (see Supplementary material online,

capacity (Figure 3C) and CD4™ T cells apoptosis rate (Figure 3D) inboth  :  Figure S3A and B). These results indicated that MSCs’ ability to supress T-cell
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proliferation is mediated by secreted factors. Moreover, atherosclerosis
+T2DM MSCs not only displayed reduce immunopotency but they were
more prone to undergo apoptosis upon co-culture with PBMCs.

To evaluate whether in vitro findings translate in vivo, we used the
permanent left anterior descending (LAD) occlusion model for acute
MI atherosclerosis and atherosclerosis+T2DM MSCs was injected
intra-myocardially before the ligation. Animals were sacrificed 4 days
after injection where the survival rates of the injected MSCs were
similar in both groups (see Supplementary material online, Figure S4).
Immunohistochemical analysis of heart sections showed an increased
infarct size (Figure 4A), CD4" T cell (Figure 4B), monocyte/macro-
phage infiltration (Figure 4C), and decreased FOXP3 (Figure 4D) con-
tent in the heart sections, correlating with increased levels of
circulating IL-6 in atherosclerosis+T2DM MSCs injected animals.

3.5 IKKB inhibition in
atherosclerosis+T2DM MSCs improves

their immunopotency in vitro

Pharmacological pre-conditioning of MSCs, prior to transplantation
improves their therapeutic effects via changes in their secre-
tome.3>*" Given the role of IKKp in regulating inflammatory gene
transcription and mRNA translation,? and the presence of an IKKf
signature in senescent atherosclerosis+T2DM MSCs, we next evalu-
ated the effects of inhibiting IKKB on MSCs’ immunopotency. Pre-
treatment of atherosclerosis+T2DM MSCs with MLN120B, a potent
pharmacological IKKB inhibitor?’ (see Supplementary material on-
line, Figure S5), reduced the production of IL-6 (Figure 5A), IL-8/
CXCLS8 (Figure 5B) and MCP-1/CCL2 (Figure 5C) and enhanced their
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immunopotency (Figure 5D and E) without modifying T-cell apopto-
sis (Figure 5F). These results were similar in both trans-well and cell—
cell contact conditions (Figure 5G and H). Interestingly pre-treatment
of MLN120B in atherosclerosis MSCs did not have an impact on their
IL-6 and MCP-1/CCL2 production (see Supplementary material on-
line, Figure S6).

We previously reported that compared to healthy controls,
atherosclerosis-MSCs have impaired immunomodulatory function
mediated by a pro-inflammatory secretome."” We also showed that
neutralizing inflammatory-secreted factors partially restores the
immunopotency of atherosclerosis-MSCs in vitro."”'” Among the
SASP components, IL-6 is a pivotal signalling cytokine in the innate im-
mune cascade thought to mediate MSC’s immunopotency. Moreover,
IL-6 secretion is suggested as a marker for senescence.*® Thus, we fo-
cused on IL-6 secretion levels as a surrogate marker for SASP.
Exogenously added IL-6 impaired the immunosuppressive ability of
MSCs effect,
Supplementary material online, Figure S7A). Moreover, we observed a

cultured atherosclerosis (dose-dependent see
positive correlation between the production of IL-6 by cultured
MSCs and the proliferation of activated T cells, reflecting a decrease
in MSCs’ immunopotency (see Supplementary material online, Figure

7B and C).

Atherosclerosis+T2DM MsCs  Ather is+T2DM IKKp KD MSCs A
e P g
i ; o
PNV TY AN
s | [
]
X ! |
T it el o s aresay
e e c
-.
-
o
3]
[ LEEE e e e e
E
i
o |
2 i
5 |
H |
G
[l
o
>
o
Iy
— T

# of PEMCs migrated

Bm:un| -—-—-————-—-—]

3.6 IKKp inhibition rescues the therapeutic
efficacy of atherosclerosis+T2DM MSCs

in vivo

Although MLN120B improves atherosclerosis+T2DM MSCs immu-
nopotency in vitro, this effect is limited to 24 h (see Supplementary
material online, Figure S5). To increase the duration of the anti-
inflammatory targeted approach, we next employed a genetic loss-
of-function approach using clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 gene-editing tool targeting
IKBKB to silence the IKKf signature of atherosclerosis+T2DM
MSCs. MSCs were retrovirally transduced with the two most effi-
cient gRNA molecules (out of 6; see Supplementary material on-
line, Figure S8) to generate populations of cells where the activated
forms of both IKKB and p65 compared to scramble non-targeting
gRNA sequence controls (Figure 6A). CRISPR-
mediated IKBKB gene disruption not only enhanced the immuno-
modulatory capacity of atherosclerosis+T2DM MSCs (Figure 6B)
by significantly reducing their pro-inflammatory secretome (see
Supplementary material online, Figure S9) and their survival capacity
(see Supplementary material online, Figure S10) but also prevented
the chemoattraction of immune system cells that is seen in
atherosclerosis+T2DM MSCs (Figure 6C).

Importantly,
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Figure 6 IKKB knockdown in atherosclerosis+T2DM-MSCs enhances their immunoprotective effects in the permanent LAD ligation model.
(A) Representative western blots showing the efficacy of two different gRNA molecules targeting the IKBKB locus in one control MSCs left either untreated
or exposed to 10 ng/mL TNF-a for 10 min. Note that the KD efficiency was evaluated in all the MSCs samples used in vivo (see Supplementary material on-
line, Figure S11). The effect of reducing the expression level of IKKf in atherosclerosis+T2DM MSCs was evaluated on their (B) immunopotency in vitro
(***P=0.001,n = 11) and (C) ability to attract PBMCs (*P = 0.02, n = 4). (D) Haematoxylin and Eosin (H&E) staining of the injured (i.e. purple: infiltration of
leucocytes) and viable myocardium (i.e. pink) (**P = 0.007, n = 8), (E) CD4" (*P = 0.01, n = 7), (F) Monocyte/macrophage (MOMA-2 staining) (*P = 0.01,
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After rescuing in vitro immunopotency of atherosclerosis+T2DM
MSCs by targeting IKKB—NF-kB axis, we next investigated whether
similar approach would rescue their in vivo healing capacity. The intra-
IKKB KD MSCs
(see Supplementary material online, Figure S17) following LAD ligation

myocardial injection of atherosclerosis+T2DM

reduced the infarcted area compared to that in animals treated with
atherosclerosis+T2DM Scramble MSCs or saline (Figure 6D and see
Supplementary material online, Figure $12). Immunohistochemical analysis
of heart sections confirmed a decrease in CD4" T cell (Figure 6E), mono-
cyte/macrophage (Figure 6F) and increase in FOXP3 (Figure 6G) content
in the heart sections. Further, plasma IL-6 levels, which in Ml correlate
with the infarct size and a reduced left ventricular ejection fraction,*
were lower in the atherosclerosis+T2DM IKKB KD MSCs (Figure 6H).

4. Discussion

The success of MSC-based therapies in pre-clinical models of Ml has not
been consistently confirmed in clinical trials.>® In part this relates to the
fact that MSCs function is donor-dependent. Donor’s age and inflamma-
tory status have detrimental effects on MSCs function which can affect
therapeutic outcomes.>® Previously, we showed that age and age-related
conditions such as atherosclerosis and T2DM alter MSCs immunomodu-
latory function (i.e. MSC-mediated inhibition of CD4" T cell prolifera-
tion in allogeneic co-cultures).'® Within the aforementioned groups
atherosclerosis+T2DM MSCs displayed the most severe impairment in
immunomodulatory  function. Here, we demonstrate that
atherosclerosis+T2DM MSCs display two features of cellular senes-
cence: a SASP and an IKKf molecular signature. High levels of constitu-
tively active IKKB switches the secretome of atherosclerosis+T2DM
MSCs towards pro-inflammatory and impairs their ability to suppress
CD4*% T-cell proliferation. We also show that genome editing of
atherosclerosis-+T2DM MSCs selectively inhibiting the constitutively ac-
tivated form of IKKP enhances their immunosuppressive functions.

Our data suggest that AGE
atherosclerosis+T2DM MSCs are major contributors to the chronic ac-
tivation of the IKKB-NF-kB pathway and a SASP.3”*® AGE products and

their receptors (receptors for advanced glycation end products: RAGEs)

product  exposure in

are highly expressed in unstable angina and accelerated atherosclerosis
in subjects with T2DM." Moreover, targeting RAGE in animal models of
diabetes with accelerated atherosclerosis ameliorates atherosclerotic
plaque development by reducing vascular oxidative stress and inflamma-

tion.>’

RAGEs are also implicated in myocardial dysfunction and
mitochondrial-oxidative stress in high-fat-fed mice.*” In addition to in-
crease the levels of ROS and induce mitochondrial dysfunction, AGEs
also activate key cell signalling pathways including the IKK/NF-kB path-
way, which modulate the expression of proinflammatory genes.*' Our
data indicate the detrimental effects of AGE products in MSCs’ functions.
AGE exposure activates the IKKB/NF-kB pathway which then increase
the production of proinflammatory secretome and reduce MSCs’ immu-
nopotency. Although RAGE modulation through antagonist peptides has
been described**** due to complexity of RAGE signalling pathway and
its important roles in both tissue injury and in resolving the pathogenesis,
it is considered as double-edged sword. Moreover, as seen in our study
pharmacological inhibitors’ (i.e. MLN120B) ex vivo potency to rescue the
immunomodulatory functions of atherosclerosis+T2DM MSCs is tran-
sient and not as potent as the stable ex vivo depletion of IKKf.

Increasing circulating levels of IL-6 and its receptor (IL-6R), are associ-
ated with increased risk of cardiovascular events and poor outcomes
post-acute MI.** High levels of IL-6 at the time of Ml are associated

with greater myocardial injury and reduced myocardial reperfusion fol-
lowing percutaneous coronary interventions.**’ In a large case—
control study, circulating IL-6R levels were associated with higher risk of
all causes and cardiovascular mortality in individuals with ST—elevation
MI* Here, we showed that MSCs from T2DM+-atherosclerosis individ-
uals secrete higher levels of IL-6. Given the wide tissue distribution of
MSCs, the
atherosclerosis+T2DM MSCs could promote in vivo inflammatory auto-
feedback mechanisms (i.e. through the reduced immunopotency) en-

constitutive pro-infammatory  secretome of

hancing the atherosclerotic risk of T2DM. The intra-myocardial
administration of atherosclerosis +T2DM MSCs to an AMI mice model
resulted in greater infarct size and higher plasma levels of IL-6. The high
IL-6 plasma levels are indicators of higher degree of myocardial injury
and increased lymphocytic infiltration and may predict an increased risk
of heart failure. The demonstration of MSC immunopotency is a prereg-
uisite for advanced MSCs clinical trials (reviewed in Ref.48). The quality
of MSCs prior to transplantation determines post-transplant effects.
Targeting IKKB via gene editing reduced the secretion of pro-
inflammatory cytokines by atherosclerotic+T2DM MSCs, but also the
extension of Ml and IL-6 plasma levels in the LAD-MI model. It is worth
mentioning that the survival of atherosclerotic+T2DM MSCs was also
enhanced following the inhibition of IKKf.

To our knowledge, this study is the first to demonstrate that ex vivo
gene editing modifies the impaired immunomodulatory function of MSCs
from individuals with atherosclerosis and T2DM. Additional studies are
required to establish the relevance of the IKKB-NF-kB axis in MSCs in
the clinical setting. In summary, this study shows that MSCs from individ-
uals with atherosclerosis and T2DM have a senescent phenotype and
constitutive activation of IKKB. They have a pro-inflammatory secretome
that mediates their impaired immunopotency. Gene editing of IKKf re-
duced T2DM MSCs’s proinflammatory secretome and i) enhanced their
immunomodulatory function; ii) reduced their chemoattractive ability;
and iii) increased their survival rate. Overall our data suggest that the effi-
cacy of atherosclerosis + T2DM MSCs in clinical settings could be com-
promised compared to those of non-T2DM subjects. In addition, we
demonstrated that IKKB is a candidate to enhance the function of
T2DM-MSC for their use in the autologous setting.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Mesenchymal stromal cells (MSCs) are potent modulators of the immune system and used in clinical trials of inflammatory conditions including ath-
erosclerotic cardiovascular diseases. MSC-secreted bioactive molecules (i.e. secretome) mediate the crosstalk between MSCs and innate/adaptive
immune cells. Further, the balance between anti- and pro-inflammatory factors in secretome determines immunopotency. We show that MSCs
from diabetic patients with atherosclerosis constitutively express activated forms of the inflammatory effector IKKf and NF-xB that shifts their
secretome towards a pro-inflammatory phenotype and reduces their healing capacity in vivo. Our work emphasizes the importance of proper donor
selection and the feasibility of enhancing the immunopotency of atherosclerotic+T2DM-MSC by ex vivo targeting IKKf.
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