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Abstract

Myocardial infarction (MI) causes cardiomyocyte death, provokes innate immune
response, and initiates tissue remodeling. The intrinsic healing process is insufficient to
replace the lost cells, or regenerate and restore the functional features of the native myocar-
dium. Autologous bone marrow-derived mesenchymal stem cell (BM-MSC) transplanta-
tion is being explored to offer therapeutic potential after MI. Here, we cultured human BM-
MSC spheroids in three-dimensional collagenous gels for 28 days under exposure to tumor
necrosis factor-alpha (+TNFa), and coculture with adult human cardiomyocytes, or with
conditioned media (CM) pooled from TNFa-stimulated adult cardiomyocytes. MSC dif-
ferentiation marker (CD90, GATA4, cTnl, cTnT, Cx43, MHC, a-actin) expression, matrix
protein (elastin, hyaluonic acid, sulfated glycosaminoglycans, laminin, fibrillin, nitric oxide
synthase) synthesis, and secretome (cytokines, chemokines, growth factors) release at days
12 and 28 were assessed. MSC density decreased with duration in all culture conditions,
except in controls. GATA4 expression was higher in cocultures but lower in+ TNFa cul-
tures. Synthesis and deposition of various extracellular matrix proteins and lysyl oxidase
within MSC cultures, as well as secretome composition, were strongly dependent on the
culture condition and duration. Results suggest that TNFa-induced inflammation sup-
presses BM-MSC survival and differentiation into mature cardiomyocytes by day 28, while
promoting matrix protein synthesis and cytokine release conducive to MI remodeling.
These findings could have implications in developing tissue engienering and cell transplan-
tation strategies targeting MI, as well as to develop therapuetics to target inflammation-
induced matrix remodeling post-MI.
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Introduction

Myocardial infarction (MI) occurs when occuluded coronary arteries block the supply
of oxygen and nutrients to the heart [1, 2], resulting in cardiomyocyte death. Post-MI,
various signaling molecules are released, immune response is provoked via upregulation
of complement cascade, cytokine/chemokine expression is enhanced [1, 3], and new
extracellular matrix deposition and scar formation occur [3]. Several intrinsic cellular
and biomolecular events are sequentially and spatiotemporally orchestrated to induce
the repair process, though the outcomes are usually determined by the extent of inflam-
mation [4]. Chemokines are significantly upregulated following MI, which are crucial
for immune cell infiltration to the infarct tissue [4]. The infiltrating macrophages release
anti-inflammatory and pro-fibrotic mediators [4] which suppress T cell and B cell pro-
liferation, inhibit matrix metalloproteinases (MMPs) formation and upregulate tissue
inhibitors of matrix metalloproteinases (TIMPs) release, and promote myofibroblast dif-
ferentiation, thereby contributing to matrix remodeling [4].

Myofibroblasts synthesize matrix proteins such as collagens, although higher fibrotic
deposition leads to impaired cell-cell coupling and reduced mechanical function of ven-
tricles, which eventually cause adverse cardiac function [5]. Myocardial resident and
infiltrating immune cells secrete higher levels of growth factors upon ischemic insult via
activation of hypoxia-inducible factor 1-alpha (HIF-1a) and nitric oxide (NO) genera-
tion, which in turn promote invasion of endothelial progenitor cells, marrow stromal/
stem cells, and native stem/progenitor cells into the infract tissue to promote angiogen-
esis, vasculogenesis, and neo-matrix formation [3]. In addition, several chemokines,
growth factors, proteases, and inhibitors were reported to play specific roles during pro-
gression and repair of heart disease.

However, the intrinsic cardiac healing is insufficient to regenerate the native struc-
tural, functional, and biological integrity of the myocardium [6, 7]. Cell therapy has
been pursued as a potential approach to provide regenerative cues to the diseased myo-
cardium following MI [8]. Among the various cell types suitable for such therapy, bone
marrow-derived mesenchymal stem cells (BM-MSCs) are a promising autologous cell
source [9-11] as they prevent apoptosis, inhibit fibrosis, promote angiogenesis, prof-
fer immunomodulation, and can be coaxed to differentiate into cardiomyocytes [12—14].
We and others have shown that MSCs secrete a cocktail of angiogenic, anti-apoptotic,
and mitogenic factors when cultured in vitro [15, 16].

Previously, we reported on the ability of human BM-MSCs to differentiate into cardi-
omyocyte-like cells and secrete several growth factors, chemokines, and proteases per-
tinent for cardiac tissue regeneration [15, 17, 18]. Our study utilized three-dimensional
(3D) spheroid model of human BM-MSCs as a mechanism to precondition MSCs and
enhance their differentiation and paracrine signaling ability. Since the fate of human
MSC:s is largely dependent on their local microenvironment [19, 20], it is important to
understand how their differentiation, paracrine secretion, and matrix regeneration abil-
ity would be modulated when implanted in vivo within a dynamic and inflammatory
infarct cardiac tissue. More recently, we elucidated the cardiac differentiation potential
of human MSC spheroids cultured in 3D collagen hydrogel in the presence of 5-azacy-
tidine (aza) [18]. Such gel-laden MSCs showed potential in cardiac regeneration as they
might replace cardiac cells and help regenerate the cardiac matrix via synthesis of sev-
eral cardiac matrix components and secretion of essential paracrine signaling molecules
[15].

@ Springer



1940 Applied Biochemistry and Biotechnology (2022) 194:1938-1954

Here, we investigated the roles of inflammatory conditions and coculture with adult
human cardiomyocytes, on the ability of human MSC spheroids within 3D collagen gels
to survive and differentiate into cardiomyocyte-like cells, synthesize cardiac matrix com-
ponents, and secrete paracrine signaling molecules relevant for cardiac tissue regenera-
tion. We hypothesize that (i) such inflammatory and coculture conditions partly mimic
the in vivo microenvironment of the infarct tissue and modulate the differentiation and
secretome ability of human MSCs and (ii) paracrine secretion by MSC spheroids within
inflammatory conditions would be enhanced to provide higher cell survival and regenera-
tive milieu.

Materials and Methods
Human Primary Cardiomyocyte Culture

Cryopreserved human primary cardiomyocytes (Catalog # T4037; lots: RZ8149 and
0017825754001) were obtained from Applied Biological Materials Inc. (Richmond, BC,
Canada). The cells were isolated from normal human heart ventricles (59-year-old Cau-
casian male for RZ8149; 48-year-old Caucasian male for 0017825754001), characterized
using flow cytometry for cardiac-specific markers such as sarcomeric a-actinin and myo-
sin, and cryopreserved. For all experiments, the cryopreserved cell ampules were thawed
in Prigrow I medium reconstituted with 10% fetal bovine serum and 1% penicillin—strep-
tomycin, centrifuged at 300X g for 3 min, and cultured on tissue culture plastics coated
with Applied Cell Extracellular Matrix (ECM; G422). Cells were treated with 10 ng/mL
TNFa throughout the culture duration (Fig. 1A) to induce inflammation [12]. Cells from
lot RZ8149 were used for all experiments related to biochemical analysis, while those from
0017825754001 were used for differentiation and survival assays to account for any poten-
tial donor to donor variability. All media and associated ingredients were purchased from
Applied Biological Materials Inc., or Thermo Fisher Scientific (Waltham, MA, USA).

Human BM-MSC and Cardiomyocyte Cultures

Human BM-MSC:s (cryopreserved Poietics™ normal HBM-MSCs; PT-2501; Lonza, Walk-
ersville, MD, USA) were expanded in Gibco™ DMEM with media changes every 24 h.
They were then formed into spheres and cultured within rat tail-derived type I collagen as
we reported earlier [15, 18]. Direct cocultures of human MSC spheroids and human cardio-
myocytes were established by seeding one cell type in the 24-well plates and the other in
the Transwell® cell culture inserts (Falcon®, PET Membrane, 1-um membrane pore size),
with the culture media for each cell type mixed at 1:1 ratio (Fig. 1B). Separately, indirect
cocultures were established by supplementing MSC spheroids with spent conditioned media
retrieved from cardiomyocyte cultures treated with 10 ng/mL. TNFa. The culture medium
specific to each cell type in the indirect cocultures was also maintained at 1:1 ratio. In all
cases, MSC spheroids were sandwiched within 2 mg/mL rat tail-derived collagen hydrogels,
whereas cardiomyocytes were cultured on 2D tissue culture plastic or Transwell® inserts
coated with the proprietary ECM (G422) to enhance cell adhesion. Cardiomyocyte differenti-
ation, matrix synthesis, and paracrine release by MSC spheroids were investigated under four
different culture conditions: MSC spheroids alone (MSC alone), MSC spheroids treated with
10 ng/mL. TNFa (+7TNFa), MSC spheroids cocultured with cardiomyocytes (coculture),
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Fig.1 (A) Representative phase-contrast and immunofluorescence (Live/Dead assay) images of human pri-
mary cardiomyocytes seeded on ECM-coated tissue culture plastic, in control and TNFa-stimulated cul-
tures, at D28. Scale bar: 100 um. (B) Schematic of coculture setup between human primary cardiomyocytes
and human MSCs. (C) Representative immunofluorescence images of MSCs in collagen 3D gels, from
Live/Dead® assay, under respective culture conditions at D28. Scale bar: 100 pm. Average cell densities of
MSCs (D) and cardiomyocytes (E) in various culture conditions, at D12 and D28. * indicates p <0.05

and MSC spheroids treated with conditioned medium from TNFa-exposed cardiomyocytes
(+CM). Results from coculture conditions were included in Supplementary information. In
parallel, the matrix synthesis and paracrine release by human adult cardiomyocytes in the
presence (+ TNFa) or absence (Control) of 10 ng/mL TNFa were quantified.

Immunofluorescence Labeling and Imaging

All antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA) or
Abcam (Cambridge, MA, USA). Primary antibodies for CD90, CD73, GATA4, cardiac
Troponin T (cTnT), cardiac Troponin I (cTnl), connexin-43 (Cx-43), cardiac myosin
heavy chain (MHC), and a-sarcomeric actin were used for immunofluorescence staining to
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evaluate the stemness and progression to early, mature, and contractile lineages. Similarly,
primary antibodies for type III collagen, laminin, fibrillin-1, and nitric oxide synthases
(NOS2, NOS3) were used to assess the cardiac matrix proteins and enzymes released by
the cells in selective culture conditions. Staining procedures and imaging were described
earlier [18]. Live/Dead® Viability/Cytotoxicity Kit (Thermo Fisher Scientific) was used
to determine the cell viability and toxicity at various culture conditions as per the manu-
facturer’s recommendations. The immunofluorescence images of cells stained with various
markers were quantified, where appropriate, to compare fluorescence intensities across the
conditions stained with the same marker. Briefly, multiple cells were selected per image,
one at a time, using freeform tool in NIH ImageJ software, and the area integrated inten-
sity as well as the mean gray values was measured. Similar measurements were obtained
from regions (on the same images) that have no fluorescence to capture the background
levels. The corrected total cell fluorescence (CTCF) was derived as the difference between
integrated density and the product of area of selected cell and mean fluorescence of back-
ground readings. CTCF has arbitrary units [21, 22].

DNA and ECM Quantification

The ECM types and amounts, i.e., total proteins, sulfated glycosaminoglycans (sGAG),
hyaluronic acid (HA), elastin, and lysyl oxidase enzyme (LOX), released by cells into the
pooled spent culture media or deposited as matrix within the cell layers in respective scaf-
folds, were quantified using protocols we detailed earlier [15]. A fluorescence-based DNA
quantification kit (Quant-iT™ PicoGreen® dsDNA kit, Thermo Fisher Scientific) was
used to quantify the total double-stranded deoxyribonucleic acid (dsDNA) in all cases. The
numbers of cardiomyocytes and MSCs in cultures were obtained by assuming 20 pg DNA/
cell and 8.5 pg DNA/cell, respectively, and cell proliferation compared under various cul-
ture conditions [23, 24]. Total SGAG deposition within the cell layers and that released
in the pooled media were quantified using Sulfated Glycosaminoglycan Quantification Kit
(Amsbio LLC, Cambridge, MA, USA).

Cytokine/Chemokine Analysis

Essential MSC cytokines and chemokines were quantified using Discovery Assays® (Eve
Technologies, Alberta, Canada) according to the manufacturer’s protocol. Briefly, the
pooled spent media from each culture condition at day 12 (D12) and day 28 (D28) time
points were processed using Human MMP & TIMP Panel assay (sensitivity: 0.5-14 pg/
mL); Human Cytokine/Chemokine Array assay (sensitivity: 0.5-10 pg/mL); and TGF-$
array (sensitivity: 2-6 pg/mL). Analytes were quantified using multiplex LASER bead
technology and bead analyzer (Bio-Plex 200), where antibody-conjugated fluorophore
beads simultaneously detect multiple analytes from a single assay.

Statistical Analysis
All data are represented as mean + standard error, with at least 3 independent replicates,

unless otherwise stated. Statistical analyses were performed using GraphPad Prism 9, and
one-way analysis of variance (ANOVA) followed by Tukey’s test, or two-way ANOVA
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followed by Bonferroni post hoc test, as required, to determine the significance in differ-
ences between groups (p <0.05).

Results
Cell Viability and Proliferation

Adult human primary cardiomyocytes in controls and inflammatory conditions (TNFa)
had good viability at D28 (Fig. 1A). Representative immunofluorescence images of MSCs
from Live/Dead® assay in respective culture conditions at D28 (Fig. 1C) showed signifi-
cant cell survival in all cases. MSC density decreased with duration in all culture con-
ditions, except in controls (Fig. 1D). The results from cocultures condition also showed
similar trends (Fig. S1). MSCs in control cultures by D28 showed significantly higher cell
density compared to D12 (2.25-fold; p <0.001), while MSC density in MSC +CM condi-
tion was significantly lower at D28 compared to D12 (p=0.0064). Similarly, from D12
to D28, cardiomyocyte density significantly (p <0.05) increased in controls and TNFa-
stimulated cultures, while it decreased in cocultures (Fig. 1E). Taken together, TNFa stim-
ulation significantly suppressed MSC density at both D12 and D28, although such effects
of TNFa were not evident in adult cardiomyocyte cultures.

Cardiac Marker Expression in Adult Human Cardiomyocytes

The expression of cardiac markers in adult primary human cardiomyocytes within con-
trols, cocultures, and TNFa-treated cultures was characterized using immuno- fluorescence
imaging. Cardiomyocytes expressed Cx43, MHC, and a-actin in all culture conditions
(Fig. 2). Most cardiomyocytes in all the three culture conditions expressed Cx43 (~ 90%),
while cocultures had a lower expression of MHC and a-actin (Fig. S2). The strong staining
for Cx43 (cardiac gap junction protein), surface marker «-MHC, and sarcomeric a-actin
in these cultures at D28 attest to the continued retention of functionality of adult primary
cardiomyocytes even in the presence of TNFa (and within MSC cocultures to a certain
extent).
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Fig.2 Expression of mature cardiac markers by cardiomyocytes in various culture conditions on D28. Scale
bar: 100 um. Corrected total cell fluorescence intensities of the expression of primary markers quantified
from these images and analyzed using two-way ANOVA. * indicates p <0.05
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MSC Differentiation in Various Culture Conditions

The exclusive expression of CD90 within spheroids differed among culture conditions
by D28, with the highest expression in controls and the least in TNFa-exposed cultures
(Fig. 3). MSCs co-expressing CD90 and GATA4 were significantly higher in controls com-
pared to all other culture conditions. Interestingly, GATA4 exclusive expression was sig-
nificantly higher in cocultures (Fig. S3) than in TNFa-exposed cultures (Fig. 3). However,
GATA4+cTNT and ¢cTnT+CD90 co-expressions were much lower in all culture condi-
tions except in controls. Similar trends could be evinced in the weak expression of cardiac
conduction (Cx43) and contractile markers (MHC, a-actin) in all culture conditions except
in controls (Fig. S4). Representative fluorescence images of these markers for all MSC
culture conditions, as well as CTCF quantification of such images, are shown in Figure S4.
Together, these results suggest that TNFa presence might be suppressing BM-MSC dif-
ferentiation into more mature cardiomyocyte-like cells within the cardiomyocyte lineage
spectrum by D28 as evident from myocyte marker expression.

ECM Protein Synthesis in Various Culture Conditions

In general, (i) the release and deposition of normalized levels of total protein content,
sGAGs, HA, and elastin within MSC alone cultures decreased with culture duration
whereas those within cocultures increased over time (Fig. 4A, Table S1), and (ii) protein
deposition as matrix was at least 1-2 orders of magnitude lower than their release into
pooled media over the culture duration. Significantly higher amounts of these proteins
were noted within cocultures compared to respective MSC alone cultures on D28 (p <0.05;
Table S1). The deposition and release of normalized levels of total protein, HA, and elas-
tin by MSCs stimulated with TNFa or supplemented with conditioned media increased
steadily from D12 to D28 (Fig. 4A). Immunofluorescence labeling also showed higher
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Fig.3 (A) Quantification of MSC differentiation into cardiomyocyte lineage under healthy and inflamma-
tory conditions. The percentages of cells expressing stemness, early, and late cardiac markers at D28 of
culture were shown. (B) Representative immunofluorescence images of MSCs treated with TNFa or condi-
tioned media. Scale bar: 100 um
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Fig.4 (A) Normalized protein amounts deposited as matrix or released into pooled media in MSC alone,
MSC+TNFa, and MSCs receiving conditioned medium from cardiomyocytes (+CM), at D12 and D28
time points. * indicates p <0.05. LOX levels in pooled media and deposited matrix layers within (B) MSC
cultures and (C) cardiomyocyte cultures, at D12 and D28, under various TNFa-stimulatory culture condi-
tions. * indicates p <0.05

expression of other cardiac ECM proteins, mainly collagen III, laminin, fibrillin, and NOS2
at D28 within cocultures compared to monocultures (Fig. S5).

Except in MSC alone cultures, LOX deposition as matrix improved with culture dura-
tion (Fig. 4B). However, LOX release decreased with culture duration except in+ TNFx
cultures. Finally, one-way ANOVA followed by Tukey’s test or two-way ANOVA followed
by Bonferroni’s post hoc test suggested that the release (into media) and deposition (as
matrix) of normalized total protein, SGAG, HA, elastin, and LOX in MSC cultures were
dependent on the culture condition, culture duration, and the interaction of these two fac-
tors (p<0.01, in all cases). These results collectively suggest that TNFa stimulate signifi-
cant increases in the synthesis and deposition of various matrix proteins (elastin, sGAGs,
HA, LOX) in MSC cultures. On the other hand, cocultures with cardiomyocytes contribute
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to the deposition of basement membrane proteins (e.g., collagen type III, laminin, fibrillin),
shown by the representative fluorescence images and CTCF quantification in Fig. S5. The
synthesis and deposition of these protein types are relevant for cardiac tissue remodeling
post-MI, where both TNFa and adult cardiomyocytes co-inhabit the inflammatory niche
with implanted MSCs.

ECM Protein Synthesis by Adult Cardiomyocytes Within Different Cultures

Within controls, significant reduction in total protein deposition (p <0.0001) but not in
total protein release was observed by D28 compared to D12 (Fig. 5SA). Within TNFa-
receiving cardiomyocytes, no significant change was observed in total protein deposition
but normalized total protein release significantly increased from D12 to D28 (p =0.0005).
SGAG deposition increased at least by fourfold by D28 in control cultures compared to
D12 (p<0.0001). Addition of TNFa stimulated higher sGAG deposition at D28 compared
to D12, but not versus controls. HA deposition as matrix was dependent on culture condi-
tion (p=0.0002) and on the interaction of culture condition and durations, with the highest
amounts in D28 cocultures and the lowest in D28 controls. HA release in pooled media
was also dependent on culture duration (p <0.0001). Elastin deposition and release were
independent of culture conditions. On the other hand, immunofluorescence images and
quantification of their normalized intensities showed higher expression of cardiac ECM
proteins such as collagen III, laminin, fibrillin, NOS2, and NOS3 within TNFa-stimulated
cardiomyocyte cultures compared to controls (Fig. 5B).
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In general, protein deposition as matrix in cardiomyocyte cultures is at least 1-2 orders
of magnitude lower than that released into pooled media, but within the similar ranges
noted in MSC cultures (Fig. 4A). Normalized LOX deposition (Fig. 4C) was dependent
on culture condition (p <0.0001), while LOX release was dependent on culture duration
and interaction of culture condition and duration (p <0.0001 for both). LOX release and
deposition were lower in D28 cultures compared to D12 cultures in both the culture con-
ditions, and LOX deposition as matrix was at least an order of magnitude lower than that
released into media in all cases. In conclusion, results suggest that by D28 in adult car-
diomyocyte cultures, TNFa suppressed synthesis and deposition of various extracellular
matrix proteins (elastin, HA, sGAG) although basement membrane protein synthesis was
significantly stimulated.

Cytokine Expression Within MSC and Adult Cardiomyocyte Cultures

By D12, GM-CSF, MCP-3, IP-10, and RANTES were higher in MSC cultures receiving
TNFa and in cocultures, but very low in MSC + CM cultures and cardiomyocyte cultures
(Fig. 6). The cytokine levels measured within cocultures are shown in Table S2. At least
half of the cytokines tested were undetectable in MSC alone cultures, at both D12 and D28.
Eotaxin and G-CSF levels were almost threefold higher in MSC cultures exposed to TNFo
compared to that in cocultures. MDC was highly expressed only in cocultures, but mostly
very low in all other cultures. IL-6 was low in MSC controls but high in cocultures and
cultures with TNFa. IL-8 was more than tenfold higher in cocultures and cultures exposed
to TNFa, compared to MSC alone or conditioned media receiving cultures. MCP-1 was
almost fourfold higher in cocultures and MSCs exposed to TNFa and conditioned media,
compared to MSC alone controls. Interestingly, TNFa was not expressed at all in MSC
controls but was high in cocultures. The levels of growth factors (VEGF, TGF-p1, TGF-
p2, TGF-B3) did not vary considerably among MSC and cardiomyocyte culture conditions.
MMP-1 was relatively higher in cocultures and MSC cultures receiving the conditioned
media, while MMP-2 was higher in MSC cultures receiving conditioned media. However,
these metalloproteinases were relatively low in MSC alone cultures and TNFa-receiving
cultures. TIMPs-1 and 2 were highly expressed in all culture conditions, while TIMP-3 was
not expressed in any cultures except in MSC alone controls.

By D28, RANTES, GRO-a, IL-6, and IL-8 were drastically lower in MSC alone and
MSC+CM cultures than in cocultures and MSC+TNFa cultures (Fig. 6). TNFa was
significantly lower in MSC+CM cultures compared to MSC+TNFa cultures. MIP-1a
was the highest within cocultures and mostly not expressed in the rest of the MSC cul-
tures. VEGF levels were lowered in MSCs exposed to TNFa, but it was at least threefold
higher in MSC alone controls and cocultures. Growth factors (VEGF, TGF-p1, TGF-f2,
TGF-B3) did not vary considerably among culture conditions. MMP-1 was selectively
expressed in lower amounts in MSC alone and MSC + TNFa cultures, but twofold higher
in cocultures and fourfold higher in MSC + CM cultures. MMP-2 levels were at least two-
fold higher in MSC alone controls compared to MSCs exposed to TNFa and conditioned
media. TIMP-1 was highly expressed in all culture conditions, with the highest in MSC
alone controls and the lowest in MSC+ TNFa cultures. TIMP-2 was high in all cultures
except in MSC+TNFa cultures. TIMP-3 was high in all cases except MSC + cocultures
and MSC + TNFa cultures, and TIMP-4 was least expressed in all culture conditions.

Overall, it could be concluded that (i) the types and levels of the secretome depend
on the culture condition and duration; (ii) TNFa stimulated release of significantly more
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number and higher amounts of cytokines in MSC cultures but not in cardiomyocyte cul-
tures, at both early (D12) and late time points (D28); and (iii) TNFa led to higher levels of
MMPs with concomitant suppression of TIMPs in MSC cultures while such trends were
not evident in cardiomyocyte cultures. These findings have implications in our understand-
ing of matrix remodeling (e.g., MMP-induced degradation) and migration of cardiomyo-
cytes and cardiac fibroblasts into the inflammatory niche in response to the growth factors
and their gradients (e.g., EGF, FGF, VEGF, PDGF, TGF), as well as infiltration of circulat-
ing white blood cells owing to release of interleukins and cytokines.

Discussion

Towards investigating the suitability of human BM-MSCs for treating MI, we have recently
shown that MSCs release a variety of ECM proteins and secretome over a 28-day period, when
cultured in 3D type I collagen niche in vitro [15, 18, 25]. Others have shown that mechanical
stimuli (e.g., shear flow, uniaxial strain, substrate rigidity) regulate MSC differentiation towards
cardiac lineages, secretome release, marker expression, gene and protein expression, survival,
and proliferation [26-30]. For cell transplantation approaches to be successful, the potential
roles of inflammatory microenvironment, disorganized ECM, and presence of other innate cell
types such as mature cardiomyocytes should be considered and investigated. While the role of
cocultures on matrix synthesis by MSCs and their progenies has been reported [31-35], the
influence of adult mature cardiomyocytes on MSCs has received less attention [36, 37].

TNFa was selected in our study to stimulate the cells and mimic plasma levels of TNFa
in chronic heart failure patients [38]. In alignment with literature on the roles of TNFa
and IL-1 on the upregulation of chemokine release by MSCs [12], we note that TNFa-
stimulated MSC spheroids elicited a wide spectrum and higher amounts of inflammatory
cytokines than MSC alone controls. Specifically, inflammatory cytokines such as GM-CSF,
MCP-3, IP-10, Fractalkine, MDC, RANTES, and TNFa were observed within cocultures
and MSCs exposed to TNFa. Cocultures additionally expressed potent anti-proliferative
cytokine IFNa2 and anti-inflammatory cytokines such as IL-1RA and IL-4. While most of
these cytokines in cocultures were expressed until D12, those by MSCs exposed to TNFx
were predominant by D28. Potent inflammatory mediator TNFa, which induces cellular
apoptosis by activating cell death pathways, was high in all MSC and cardiomyocyte cul-
tures at both time points [39—41]. To conclude, the absence of most of these inflammatory
chemokines within MSC alone controls (D12 and D28) but their upregulation in rest of the
MSC cultures (+TNFa, cocultures, +CM) might be contributing for higher cell density in
controls and reduction in other MSC cultures (Fig. 1D).

On the other hand, potent growth factors mediating MSC survival and proliferation
(e.g., EGF, FGF-2, PDGF-BB) [42, 43] were only expressed within cocultures on D12
(Table S2), but mostly not expressed in all other cultures. FGF-2 induces cardiac dif-
ferentiation of stem cells and cardiac precursors, promotes reprogramming of cardiac
fibroblasts [44, 45], and plays a crucial role in early cardiomyogenesis [46]. [FN-y that
induces MSC secretion [42] was only expressed within D12 cocultures. We conjecture
that direct paracrine signaling between MSCs and cardiomyocytes promoted induc-
tion of mitogenic and differentiation cues in cocultures, leading to enhanced standalone
expressions of GATA4 and cTnl in MSC layers, compared to MSCs supplemented
with CM or TNFa. Inflammatory cytokines induce rapid reorganization of cytoskeletal
and cell-cell gap junctions and reduce Young’s modulus of treated cells compared to
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untreated controls [47, 48]. This suggests that higher levels of inflammatory cytokines
(e.g., TNFa, IL-6) in all MSC cultures in our study, except in controls, could have
inhibited the expression of mature cardiac conduction and contractile markers. Thus,
while the cell-cell and cell-matrix interactions of MSC spheroids within 3D collagen
promoted cardiac conduction and contractile markers of MSCs [15, 18], the induced
inflammatory cytokines might have abrogated the expression of such cardiac markers in
MSC spheroids within such microenvironment.

Compared to MSC alone cultures, higher levels of ECM proteins (total protein, HA, and
elastin, on per cell basis) were released in other cultures suggesting that MSCs synthesize
higher cardiac matrix proteins under inflammatory and coculture conditions. Moreover,
concomitant higher LOX and protein deposition implies higher cross-linking and matura-
tion of the matrix within treated MSC cultures compared to controls. However, significant
decrease in SGAG release observed in MSC + TNFa cultures at D12 and D28 suggests spe-
cific inhibitory role of TNFa on sGAG synthesis. Matrix release and deposition in car-
diomyocytes cultures were lower in TNFa-added cultures compared to controls, indicating
their matrix regeneration inability under inflammatory conditions.

MSCs treated with TNFa generated inflammatory chemokines in higher concentra-
tions than MSCs treated with CM, possibly due to the differences in the mode of signaling
among the cells. Inflammatory cytokines released from TNFa-stimulated cardiomyocytes
could have acted on MSCs in a paracrine manner in+CM cultures. Conversely, MSCs
treated with TNFa released a cocktail of inflammatory cytokines which might have influ-
enced MSCs in an autocrine manner. MSCs released higher levels of anti-inflammatory
cytokines and growth factors in cocultures, implying that paracrine signaling from cardio-
myocytes, both during normal and inflammatory states, activates MSCs differentially to
tune their inflammatory and anti-inflammatory properties.

As opposed to MSCs within cocultures, MSCs receiving CM released minimal amounts
of inflammatory cytokines and measurable amounts of cardiac matrix proteins, although
spheroids under those conditions did not show enhanced differentiation into cardiomyocytes.
However, MSCs receiving CM had reduced levels of TNFa compared to+TNFa or+cocul-
ture conditions. These findings hold potential from the perspective of translational medicine
since MSCs treated with CM showed reduced release of inflammatory cytokines, but higher
or comparable amounts of cardiac matrix components compared to MSCs within cocultures.
Reduced inflammation is crucial for tissue repair since inflammatory cytokines also stimulate
chemokine secretion by MSCs, which not only elicit migration of inflammatory cells but also
chemoattract native stem/progenitor cells to the infarct region, including native MSCs which
predominantly express receptors for such chemokines [11, 12, 19, 49]. In addition, chemokine
secretion by MSCs also provides immunosuppressive effect as they will drive immune cells
to close proximity of MSCs, which will release immunosuppressive factors such as IDO, PG,
TGF-f, and NO that will act via paracrine or direct cell-cell contact to suppress the immune
cells [12, 49]. MMPs and TIMPs release by MSC spheroids hold advantage as they would
enable matrix turnover needed for cell invasion and angiogenesis initiation in the infarct tissue
[12]. Thus, the inflammatory cytokines, chemokines, and proteolytic enzymes expressed by
MSC spheroids hold promise in cardiac tissue regeneration. Inflammatory myocardial tissue
hosts multiple chemokines which not only help recruit immune cells, hematopoietic cells, and
endothelial progenitors but also provide chemotactic gradient for the homing and engraftment
of native stem cells including MSCs which express receptors for various chemokines, growth
factors, and ECM molecules. Expressions of chemokine receptors, chemokines, and MMPs
are enhanced by MSCs during inflammation, which improves their homing and invasion to the
injured tissues [12].
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Conclusions

We here investigated how the inflammatory and coculture condition alters the cytokine/
chemokine expression by MSCs. Our results collectively suggest that (i) TNFa suppressed
MSC survival but not cardiomyocyte survival over the 28-day culture period; (ii) expres-
sion of Cx43, MHC, and a-actin in cardiomyocyte cultures remained relatively unaffected,
but their expressions in MSC cultures were severely inhibited in TNFa presence; (iii)
TNFa suppressed MSC differentiation and maturation into cardiomyocyte lineage beyond
D12; (iv) synthesis and deposition of matrix proteins increased in general in the presence
of TNFa and over time in MSC cultures but not in cardiomyocyte cultures; (v) MSCs
receiving conditioned media showed higher or comparable amounts of cardiac matrix com-
ponents versus cocultures; and (vi) TNFa stimulated release of numerous types and higher
levels of cytokines and MMPS while simultaneously suppressing TIMPs release in BM-
MSC cultures but not in adult human cardiomyocyte cultures. Future studies could inves-
tigate how the chemokine receptors and adhesion molecules of MSC spheroids are altered
under such conditions, as well as the behavior of BM-MSCs when implanted in vivo under
inflammatory conditions. Those findings would enable to expand our knowledge on the
in vivo behavior of MSC spheroids when transplanted within infarct tissue environment.
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