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ADbstract

Limited data are available on the effects of stefisén non-ischemic dilated cardiomyopathy (DCM).
Since the diffuse nature of the disease calls tamoad distribution of cells, this study investigthe
scaffold-based delivery of human induced plurippstam cell-derived cardiomyocytes (hiPS-CM) in
a mouse model of DCM. Nanofibrous scaffolds weredpced using a clinical grade atelocollagen
which was electrospun and cross-linked under diffeconditions. As assessed by scanning electron
microscopy and shear wave elastography, the optinmosslinking conditions for hiPS-CM
colonization proved to be a 10% concentration ticciacid crosslinking agent and 150 minutes of
post-electrospinning baking. Acellular collagenfiids were first implanted in both healthy mice
and those with induced DCM by a cardiac-specifialidation of serum response factor (SRF). Seven
and fourteen days after implantation, the safethefscaffold was demonstrated by echocardiography
and histological assessments. The subsequent fstepplantation of the scaffolds seeded with hiPS-
CM in DCM induced mice, using cell-free scaffoldscntrols, revealed that after fourteen days heart
function decreased in controls while it remaineabk in the treated mice. This pattern was asstiat
with an increased number of endothelial cells,ime lwith the greater vascularity of the scaffold.
Moreover, a lesser degree of fibrosis consistei Wie upregulation of several genes involved in
extracellular matrix remodeling was observed. Thesalts support the interest of the proposed hiPS-
CM seeded electrospun scaffold for the stabilizatid the DCM outcome with potential for its
clinical use in the future.
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I ntroduction

Cardiovascular diseases are one of the major canfsesortality and morbidity in the developed
countries. Among these diseases, dilated cardioathgpcontributes to a large number of patients
with heart failure (1). Despite advances in drugnagement and interventional procedures, the
treatment of dilated cardiomyopathy remains a ehgk because, in contrast to the ischemic forms of
heart failure which are amenable to palliative pohoes like revascularization, valve repair or
remodeling operations, the only option here is ie@rdeplacement once the disease has reached an
end-stage of drug refractoriness (1,2). In spitésoéfficacy, heart transplantation remains asgedi
with major hurdles including organ shortage, corgiibns of immunosuppression, and late graft
vasculopathy. Permanent implantation of an assigicd as destination therapy may be an alternative
but remains also fraught with several complicatibke neurologic events, gastro-intestinal bleeding
and drive line-related infections (3). In this Bt less invasive approaches like cardiac sterh cel
therapy would represent a promising therapeutatesgy for this category of heart failure patients.

Stem cell therapy for cardiac repair has been sktely studied in acute myocardial infarction (4—6)
and chronic ischemic heart disease (7-9), showipgtential, albeit often marginal, benefit but few
studies are available in the context of dilateddicamyopathy (10-12). The objective of improving
pump function through replenishment of the diseasgdcardium by “new” cardiomyocytes (CM),
regardless of whether they derive from the graftetls or from endogenous cardiac stem cells
activated by transplant-released biomolecules, de®s1 dramatically boosted by the possibility of
generating cardiac cells from human induced plueipbstem cells (hiPS) (13). For example, Léan
al. have demonstrated that, by using a timely-definegulation of the Wnf-catenin signaling
pathway, it is possible to generate CM from varibil®S lines (14). However, the therapeutic efficacy
of stem cell therapy is not only influenced by te#l phenotype but is also critically dependenttomn
mode of cell transfer (15,16). From this standpothe diffuse nature of the disease in dilated
cardiomyopathy represents a sound indication foexensive coverage of the ventricle by a cell-
seeded scaffold, the clinical implementation of ahhcould take advantage of the recent advances in
minimally invasive approaches to the heart.

One of the main considerations to be then takenantount in the development of cardiac patches th
role of environmental cues in guiding differentgtievents and cell survival (17,18) which mandates
a material as biomimetic as possible. We theredetected collagen which is both the most abundant
protein of cardiac extra-cellular matrix (19,20)dam highly biocompatible polymer. Collagen fibers
are also capable of force transmission and sigmaia their mechanical and biological properties.

Thus, electrospun nanofibrous collagen scaffolgsesent a very promising option to deliver iPS-CM
to the heart (21). Electrospinning is an estabtisimanotechnology technique for fabricating
nanofibers by electrically charging a polymeric usmn and has been extensively used for the
fabrication of biomaterial scaffolds for tissue snegring (22-24).

In a recent work, we have demonstrated the feégibil obtaining electrospun collagen scaffoldshwit
biologically-compatible solvents and cross-linkiagents (25). In the present study, we leveraged
these previous data to generate nanofibrous caollagaffolds seeded with hiPS-CM and epicardially
delivered these scaffolds in a mouse model of etilatardiomyopathy based on the cardiac-specific
and tamoxifen-inducible invalidation of serum resp® factor (SRF). Care was taken to use a collagen
which is clinically validated to improve the climicrelevance and translatability of the generatsd.d
The in vivo results of the current work indicated the feagipibf the proposed hiPS-CM seeded
electrospun scaffold for the stabilization of th€ENd outcome with potential for its clinical use imet
future.



M ethods

a. Electrospinning

Clinical-grade atelocollagen in the form of dry evél was provided by Biom'Up (Saint-Priest,
France). The raw product was dissolved using acbiatable solvent system based on ethanol, water
and salts (26). For the cross-linking of the calagcaffolds, a system containing citric acid (CA),
glycerol as the extending agent and sodium hypgptites (SHP) as a catalyst was used (27).
Different concentrations of CA and SHP were studi&é CA with 2.5% SHP and 10% CA with 5%
SHP (weight percentage based on the weight of gmilp The final solution was electrospun by
applying 13.5 kV voltage between the syringe neadlé the collector (flow rate: 1 ml/h, distance to
collector: 5 cm, temperature: 20)€9. After electrospinning, a post-treatment craskihg was
applied to the scaffolds by baking them at Tsbr three different periods (90, 120 or 150 mésit
For more details, see Supplemental Materials. Gircdichroism was used to study denaturation of
collagen after the electrospinning. Scanned eleatnicroscopy was used to visualize the structure of
the generated scaffolds. These two methods areilbleddn the Supplemental Materials section.

b. Elasticity measurements

The ShearwaV¥ Elastography imaging mode is a real time ultrasoimaging mode that
quantitatively measures elasticity in soft tiss@8)( The principle of ShearwaVk Elastography
relies on imaging at very high frame rate (5,00@ges/s) the propagation of a shear wave remotely
induced by the acoustic radiation force. The sheadulus map is then derived directly from the local
shear velocity measured in the sample. A 15 MHZraéfrequency ultrasound transducer connected
to an AixPlorer® ultrasound scanner (Supersoniajims, Aix-en-Provence, France) was used for this
purpose. Real-time B-mode imaging was used to nmedhke thickness of the samples. Shear wave
propagation speed was calculated from scaffoldsqureous solution. A color-coded, real-time shear
wave elastography map could then be produced totigaiively assess the shear velocity. A
correction was applied on the shear velocity te fako account the wave guided effect in thin vaall

in (29) and finally obtain quantitative values b&tYoung’s modulus.

c. Cdls

The human episomal iPS cell line (hiPS, Life Tedbgies, Saint-Aubin, France) was used in this
study from passage 4 to passage 10 and cultureddasted in the manufacturer’s instructions.
Details are provided in the Supplemental Matesalstion. Neonatal rat cardiomyocytes were purified
as described in that same section. Two-hundredstralicells were seeded on a collagen scaffold
maintained with a CellCrowH (Scaffdex, Tampere, Finland) in a 24-well plate after three days

of culture, the cells were fixed and immunolabelith Nkx2.5 (Santa Cruz Biotechnology,
Heidelberg, Germany) ang-actinin (Sigma-Aldrich, Saint-Quentin-Fallavierralice) antibodies to
determine the percentage of cardiomyocytes.

d. hiPS cardiac differentiation

To obtain a sufficient amount of cells for diffetietion, a cryovial of hiPS cells was thawed and
amplified for two passages on Matrigel® hESC-QirdifMatrix (Corning Life Sciences, Amsterdam,
The Netherlands), in mTeS®RL medium (Stemcell Technologies, Grenoble, Framsedescribed
previously (14,30). Cells were then differentiatesing the GiWi protocol (14) at 37°C and 5% £O
Briefly, cells were detached using accutase (StemfAccutase® Cell Dissociation Reagent; Life
Technologies) and counted. Undifferentiated ceksenseeded on Matrigel® hESC-Qualified Matrix
coated wells of a 6-well plate (2.4X1€ells/well) in mTeSR"1 supplemented with 5 uM of Y27632
(ROCK inhibitor, Tocris Bioscience, Bristol, Unité&<ingdom) and cultured during 3 additional days
with daily replacement of mTeSR1. Cardiac differentiation was then initiated byewging the
medium to RPMI (Life Technologies) enriched with 2Msulin-free B27 supplement (Life
Technologies) and 10 uM CHIR99021 (Selleckchem,dttoy TX, USA). This medium was replaced
with RPMI supplemented with B27 minus insulin afedr hours. Two days later, the medium was half
exchanged for fresh RPMI-B27 minus insulin contagnb uM of IWP2 (Tocris Bioscience) for 48h.
Seven days after the addition of CHIR99021, theiumdvas replaced by RPMI enriched with 2%
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B27 supplement, and the very first beating celttdts were observed the day after. At day 15, cells
were thus recovered with accutase, passed throu@huan cell strainer (BD Biosciences, Le Pont de
Claix, France) and counted. Purity was confirmedcipmetry (see Supplemental Methods). Then,
10 cells were seeded on a collagen scaffold fixeal @ellCrown™ (Scaffdex) in a 24-well plate with
RPMI supplemented with 2% B27. After two days, thedium was changed and, one day later, the
scaffold was removed and grafted on the heart oémi

e. Animals

All procedures were approved by our institutiont#ii€&s Committee and complied with the European
legislation (Directive 2010/63/EU) on animal carthis study, a total of 56 mice were used, which
included 32, 6 to 9-month-old conditionally invaiedd serum response factouMHC-
MerCreMer:Sf/Sf (31) mice and 24 C57BL6 mice. Thee-@hediated excision of floxed serum
response factor (SRF) alleles in the heart wascediloy daily intraperitoneal tamoxifen (20 pug/g/day
Sigma-Aldrich) injections on 3 consecutive days.cdliwere grafted three weeks after the last
tamoxifen administration.

f. Epicardial grafting

Animals underwent a left lateral thoracotomy afteraperitoneal ketamine (100 mg/kg; Merial,
Gerland, France)-xylazin (10 mg/kg; Bayer, Putedtrance) anaesthesia and tracheal ventilation.
Analgesia was performed for 2 days after surgerthvé 2 mg/kg intraperitoneal injection of
profenid® (Merial). Collagen scaffolds (surface eppmately 200 mm2) were sutured on the
ventricles of 24 healthy C57BL6 and 28MHC-MerCreMer:Sf/Sf mice. Six additionalMHC-
MerCreMer:Sf/Sf mice (Sham) underwent the same guoe without scaffold implantation and
served as sham-operated controls. AMHC-MerCreMer:Sf/Sf mice were daily treated with
cyclosporine A (10 mg/kg/day, intraperitoneal; NdigaPharma, Rueil-Malmaison, France) until the
echocardiographic assessment of heart functiod alays after the implantation. C57BL6 mice were
sacrificed 7 days after treatment to assess theobyipatibility of collagen scaffold. All mice were
sacrificed by cervical dislocation and then heaveye removed, the left ventricle apexes were
dissected and flash-frozen in liquid nitrogen fobsequent RNA isolation. The remaining hearts were
embedded in Tissue-Tek (Sakura Finetek, Villenadi¥escq, France) and frozen in liquid nitrogen-
cooled isopentane until they were sliced into 10 jtmck cryosections for histology and
immunostaining (see Supplemental Methods).

g. Cardiac function

Pre- and post-transplantation cardiac function wsaluated by transthoracic echocardiography
(Sequoia 516, equipped with a 13 MHz phased-ariagat 15L8 probe; Siemens, Saint-Denis,
France) in animals sedated with 2% isoflurane. Tivoensional parasternal long-axis views were
used to measure the left ventricular end-diastald -systolic volumes (LVEDV and LVESV,
respectively). Ejection fraction (EF) was calcuthies described previously (9). All measurements
were made online on freeze frame images in trifdicand averaged by an investigator blinded to the
treatment group.

h. Gene expression

Details of the procedure and sequences of pring&d are available in Supplemental Methods.

I. Statistics
Groups were statistically compared using analy$ivasiance (ANOVA). If necessary, post-hoc
analysis was performed using Tukey’s Honestly Sicgut Difference (HSD) test in R software. For
groups that did not pass tests of normality (Steayiilk) and equal variance (Bartlett or Fisher)nno
parametric tests were used (Kruskal-Wallis) andtiplel comparison were driven using the Dunn

procedure and multivariate normal distribution irséftware. Values are given as meanstSEM. All
outcome measurements were made blindly.



Results

a. Physical characteristics of collagen scaffolds

After electrospinning and cross-linking under diffiet conditions of CA concentration and baking
time, the structure of the different scaffolds whecked by scanning electron microscopy (Figure 1A-
B). A nanofibrous structure was observed in altegsonditions without major structural differences
between them (Supplemental Figures S1 and S2A4{B)n;Tthe effect of the solution preparation and
electrospinning on the denaturation of collagen waslied by circular dichroism. Our results
demonstrated that after the electrospinning protesfraction of the folded collagen is approxinhate
70% (Supplemental Figure S2C).

The scaffold parameters were further evaluated fsoamning electron microscopy images. The fiber
thickness for all the different cross-linking cotnalis ranged from 0.6 to 22m with an average
porosity of 2-3um. No differences between the cross-linking cond#i were observed. The
maximum porosity was close toum.

Shear wave elastography was used for measurinyiti@ess and elasticity of the collagen scaffolds.
The thickness of the different collagen scaffoldsswi00+£50um. Their stiffness, evaluated as the
Young's modulus, increased with the CA concentnatiod the baking time (Figure 1C) and peaked
for the 10% CA with 150 minutes-baking conditio®.(L kPa).

b. Biocompatibility of collagen scaffolds

The biocompatibility of the different collagen sitddls was studied botim vivo (grafting of scaffolds

in C57BL6 mice) andn vitro (seeding of scaffolds with neonatal rat cardionyyes). Thus, to first
assess the biocompatibility of the electrospunagalh construct in a cardiac environment, we grafted
acellular scaffolds on the surface of the hearedthealthy C57BL6 mice. After 7 days, the hearts
were explanted and analyzed. Hematoxylin-eosimisigi showed that the collagen scaffolds were
macroscopically visible in all conditions (Figur@)2with evidence for some degradation manifest as
pores in the scaffold (Figure 2B, Supplemental Fégb3). Quantification of this porosity (Figure 2C)
indicated that, despite the lack of significantfelénces, cross-linked scaffolds baked during 150
minutes seemed to present less degradation thae fhrocessed under the other conditions. This is
also supported by the finding that scaffolds battedng 150 minutes were found in all animal tested
unlike those undergoing a shorter baking time (ped group, a total 6 groups, data not shown).
Furthermore, in all conditions tested, numeroustlwvessels were identified within the scaffold and
in the underlying myocardium in close proximityttee scaffold, as evidenced by positive CD31 and
caveolin-r stainings (Figure 2D). The biocompatibility of éi®spun collagen nanofibers was
further supported bin vitro experiments using neonatal rat cardiomyocytesufEi@E-F). As shown

in Figure 2F, not all cells were positive fpactinin or Nkx2.5, which is consistent with thenaning
presence of contaminating fibroblasts in the celture. The quantification of the ratio between
cardiomyocytes and non-cardiomyocytes after 3 ddyulture (Figure 2E) indicated, however, that
collagen scaffolds cross-linked with 10% CA allowadgreater colonization of the construct by
cardiac cells. Moreover these cardiac cells wergetaand wider, with a better-looking morphology
and a more organized sarcomeric structure (Figkje Rut together, these data led to conclude that
10% CA-based cross-linking was the best conditmngenerating collagen scaffolds for cardiac cell
therapy applications.

c. Lack of deleterious effects of acellular collagen scaffolds on heart
function

To complete the biocompatibility testing, we thessessed whether collagen scaffolds could have a
deleterious effect on heart function. To this eh@% and 5% CA-cross-linked collagen cell-free
scaffolds were epicardially delivered in theVHC-MerCreMer:Sf/Sf mouse model of dilated
cardiomyopathy (n=18). Fourteen days after deliy@y days after tamoxifen injection), LVEDV,
LVESV and EF were measured. At this time point,dgifen treatechMHC-MerCreMer:Sf/Sf mice
exhibited impaired cardiac function. As shown irglife 3, no statistical differences in cardiac
function were observed between sham-operated mmdenace treated with 5% or 10% (n=6 per



group) CA acellular collagen scaffolds (Figure 3A-Cikewise, no differences were observed in the
expression of the hypertrophic markers beta-mybsgiavy chain {-MHC), atrial natriuretic factor
(Anf) and brain natriuretic peptide (Bnp) (FigurB-8). These results thus confirmed that, under our
conditions of material processing, electrospunagah scaffolds did not adversely affect heart
function.

d. Improvement of cardiac function by human pluripotent stem cell-
derived cardiomyocytes seeded on collagen scaffolds

Based on the previous results, a collagen scaffads-linked with 10% CA was selected for seeding
with cardiomyocytes-derived from hiPS. More tharfe/@f cells expressing cardiac troponin, as
demonstrated by flow cytometry, were obtained daftedays with the biphasic activation/inhibition of
the Wnt pathway differentiation protocol (14) (§&gure 4A-B). These cells were cultured for 3 days
onto the scaffold. As seen in Figure 4C, the aalsnized the 10% CA collagen scaffold featuring a
regular distribution of the sarcomeric proteiractinin. Of note, contraction of the scaffold abide
observed (see Supplemental Data videol), indicagndgunctional colonization and a good
compatibility between the hiPS-CM and their collagepport. These scaffolds were then epicardially
delivered in 8aMHC-MerCreMer:Sf/Sf mice three weeks after tamaxifi@duction. Six acellular
collagen scaffolds (10% CA) were used as contBbseline functional parameters did not differ
significantly between the two grougs>0.05). In contrast, as demonstrated in figuret 4aarifice (14
days after implantation), all functional parametegrduding LVESV, LVEDV and EF significantly
differed between the two grougs<0.001). There was a marked increase in LVESV avillV over
baseline in mice treated with the cell-free scaf$o(36.04+0.84 plvs 27.81+0.64 uL,p=0.001;
51.77+1.50 plvs. 44.41+0.81 puLp=0.003, respectively). In contrast, mice treatechulie 10% CA
scaffold+hiPS-CM demonstrated stable values of eth&sctional parameters throughout the
experimental time course (22.32+1.73 pL at saerifis 25.38+1.09 pL at baseline for LVESV,
p=0.28; 41.28+1.24 pulvs 43.33+1.20 pL, respectively for LVED\(h=0.78). EF featured similar
patterns (Figure 4F). This improvement was assediafith the strong decrease in the expressigh of
MHC (p=0.044) and an increased expression of cardiae gstD.044) (Figure 4G).

e. Improvement of the scaffold vascularization induced by
cardiomyocytes derived from human pluripotent stem cells

To decipher the mechanisms behind the improvemieheart function, we first tried to find human
cells in the heart of mice or in implanted scaffoltlowever, no human cells were observed 14 days
after transplantation (data not shown), indicatimeg the effects observed were likely due to atitiva

of signaling pathways in the recipient’'s heartesponse to the transplanted cells. As shown inr&igu
5, there was a strong increase in the number of 1gm3itive cells in the cellularized collagen
scaffold compared to the acellular one (Figure BAand D). Interestingly, mice treated with the hiPS
CM-loaded scaffold demonstrated a significant iaseein SRF gene expressi@s@.01, Figure 5C),
consistent with the increase in CD31-positive cHilgt are known to express SRF. There were no
obvious histological patterns of a xenogeneic imenuesponse to the delivered human iPS cardiac
derivatives, as evidenced by the lack of differemcéhe extent of macrophage and T-lymphocyte
infiltration between the cell-free and the cellded scaffolds groups 14 days after treatment (olatta
shown).

f. Cardiac cells derived from human pluripotent stem cells induce a
closer adherence of the scaffold to the heart

As shown by hematoxylin-eosin and Sirus red stgmin Figure 6, implanted collagen scaffolds were
visible at the surface of the heart 14 days aitendplantation in both groups. However, a closer
analysis demonstrated some differences betweetwthgroups. As shown in Figure 6A and 6B, a
thin layer of interstitial cells were found betwettie surface of the heart and the cell-free saéffol
whereas these cells were not detectable followimglantation of the cell-loaded scaffold (Figure 6C
and 6D) which thus appeared more closely adheoaietimplantation area. This closer contact of the
cellularized collagen construct with the host mydaam, as compared with the cell-free scaffold,
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could have allowed the seeded cells to more effegticontrol the expected procedure-induced
inflammatory response and its attendant fibrotguséae, thereby accounting for the above mentioned
reduction in ventricular volumes. This hypothessactually consistent with a marked, albeit not
significant, treatment-induced increase in the egpion of several genes implicated in the reguiatio
of extracellular matrix such as osteopontin, tissugbitor of metalloproteinase 1 (Timpl), thymus
cell antigen-1 (Thy1l), collagen 3al and collageh (Fagure 6F).

Discussion

The main result of this study is that epicardidiviey of an electrospun collagen scaffold seedét w
hiPS-CM improves the functional outcomes of nomésuically dilated mouse hearts. The scaffold
was well integrated into the host myocardium b HPS-CM that it initially harbored were no
longer detectable after 14 days and are thus @astuto have acted paracrinally on endogenousrrepai
pathways, as suggested by the increased vascukanily potentiated integration of the scaffold
compared with hearts receiving the cell-free catagatch.

Non-ischemic dilated cardiomyopathy is characterizey the loss of a critical number of
cardiomyocytes causing a decrease of myocardiatradility (1) and a compensatory cardiac
remodeling which may ultimately result in heartdeg (32). Unlike ischemic cardiac diseases, dilate
cardiomyopathy is not amenable to palliative proced like coronary artery revascularization or
mitral valve repair and, indeed, now exceeded amprartery disease as an indication for heart
transplantation (55%s 36%) in the last report of the International Stciéor Heart and Lung
Transplantation (33). There is thus a robust ral®rior investigating new therapies, among which
stem cells may hold some promise. Even thoughtleetbpy is unlikely to afford a total replacement
of the diffusely diseased tissue with “new” cardjaoytes, it could still be efficacious by harnegsin
endogenous repair pathways via mitigation of advemsmodeling, increased angiogenesis or
activation of resident stem cells (34). Furthermausual needle-based multiple intramyocardial
injections may not be the most suitable mode of tcahsfer because of the diffuse nature of the
disease while this hurdle could be overcome by dpieardial delivery of a cell-loaded scaffold
"wrapping" a large area of the left ventricle anotgmtially delivered through a minimal access
procedure. Beyond the provision of reparative ¢callEh a tissue-engineered construct could also be
useful by mechanically supporting the heart, therimiting its adverse remodeling (35). Putting
these data together led to the design of the predady entailing the evaluation of an engineered
collagen patch loaded with hiPS-CM.

Several natural and synthetic polymers have beestigated as tissue-engineered cardiac constructs.
Among them, collagen features distinct advantadiess an essential component of myocardial
connective stroma, which is largely composed ofetypand Ill fibrillar collagen (19) and its
arrangement may contribute to preserve heart michdacture and chamber geometry. Actually,
several reports have emphasized that the archigeafunyocardial collagen fibers, in particulartoé
endomysium, may be involved in the regulation @& thechanical activity of the heart (36,37). In
addition, collagen can interact with most cell tyge promote their adhesion, survival and growth.
Finally, collagen has a long-standing safety redordmedical applications, which should streamline
translational processes towards the clinics. Fbthalse reasons, we selected collagen as the patch
material and used electrospinning to generate It nanofibrous scaffolds intended to
recapitulate extracellular matrix properties (2ike in our previous study (25), care was takenge

a clinically validated atelocollagen, which is maduble, less antigenic and more biocompatibla tha
native collagen, collagen peptide or gelatin, amdety on biocompatible solvents. This resultecin
post-electrospinning denaturation rate of 30%, th&cin good agreement with previously reported
studies on the effect of the electrospinning precas the collagen structure (27). Different post-
electrospinning cross-linking conditions were thested to modulate the stiffness of the collagen
scaffolds. The best combination was obtained wi% Iof CA and 150 minutes of baking at 150°C,
which resulted in an elasticity modulus of 10.1 kRashould be noted that the elastic modulus of
native heart tissue is in the range of 10-15 kR {@&hile the elastic modulus of ischemic tissue,
associated with fibrosis, increases around 30-59 (@9-40). Furthermore, Engler et al. (38) using
isolating cardiac cells have demonstrated that icangbcytes were only able to form mature
sarcomeres with regular beating on polyacrylamiels gf about 10 kPa. On softer gels, sarcomeres
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were less spaced and not fully organized whereastiffer gels, myocytes contained more stress
fibers and did not display sarcomeres. Thus, thstieity value of our collagen scaffold falls ineth
range of those reported for optimizing cardiacugssegeneration, 10-20 kPa (17), and the suitgbilit
of this degree of elasticity for the intended apgions is supported by the finding of an
interconnecting functional cardiac-like tissue thrdays after the cardiomyocytes had been seeded
onto the scaffold (Figures 2E and 4C and Suppleah&fideo 1).

The next issue was the choice of the cells to lzdtegt. Although there is not yet a consensus
regarding the identity of the "ideal" cell, headh®ad studies suggest that the greatest therapeutic
efficacy is obtained by using cells committed te tardiac lineage, as compared to non-cardiac cells
(41-45). Of note, the superiority of cardiac-comatt cells has been demonstrated on the basis of
multiple endpoints (engraftment, reduction of icfagize and fibrosis, angiogenesis, improvement in
function and limitation of arrhythmias) and might kelated to stronger and more target tissue-gpecif
paracrine effects (43). For this reason, we seteth use hiPS-derived cardiomyocytes which have
been shown to recapitulate most, if not all, theletaar, electrophysiological and functional
fingerprints ofbona fide cardiomyocytes. Over the past years, tremendopsovements have been
made in the generation of hiPS-CM by mimickiig vitro, developmental pathways normally
operating during embryonic cardiogenesis (13) amdhe present study, an efficient cardiomyogenic
differentiation of pluripotent hiPS cells could aehieved by a sequential activation/inhibition o t
Wnt pathway (14,30). In keeping with their cardjazenotype, intramyocardial injections of these
cells have been shown to give stable (46), eledlyidntegrated (47) and vascularized grafts (8).
Transplantation of these cells delivered under ftren of cell sheets has also been successful in
providing functional and electrical recovery ofanfted hearts (48). However, our past experience
with cell sheets has identified potential issuéated to their fragilty and difficulty in handling:his
issue was addressed by using the above-mentionled@o patch as a cell carrier featuring stronger
handling characteristics, including suturabilitydanore tunable mechanical properties.

These hiPS-CM-loaded collagen patches were theftedréin a double transgenic mouse model
(eMHC-MerCreMer:Sf/Sf) which allows to induce the ati@ation of SRF only in cardiomyocytes as
tamoxifen-inducible Cre recombinase expressionnideu the control of the cardiomyocyte-specific
alpha myosin heavy chain promoteMHC). SRF mRNA and protein levels drastically dece after
tamoxifen injection and mice exhibit a progresdivgairment of cardiac contractility, ending up in
dilated cardiomyopathy, heart failure, and deatthiwi10 weeks (31,49). The present results clearly
demonstrate the efficacy of the cellularized calagonstruct in stabilizing the contractile funotiof
SRF-deficient transgenic mice since, two weeksr giggch implantation, LV volumes and EF were
significantly improved in treated mice comparedhwiheir cell-free counterparts. This functional
benefit was paralleled by a PCR-evidenced signifidecrease gi-MHC taken as a surrogate marker
of heart failure.

However, by the time the functional outcome wasntbipetter preserved by the hiPS-CM-loaded
patch, the grafted cells were no longer detectahleh a discrepancy has been repeatedly reported in
the literature and cell loss is now attributed to iaterplay of multiple factors among which an
immune response against hiPS, despite cyclosptrerapy, cannot be eliminated (discussed below).
The inability to explain the functional benefits sitm cells by their sustained engraftment hasngive
rise to the paracrine hypothesis whereby biomotecttleased by the cells would foster endogenous
repair pathways. This hypothesis is indirectly sapgd by our data, assuming that SRF expression in
endothelial cells is unaffected in this model (5)us, the increased expression of SRF in the lo¢art
treated mice could reflect a paracrinally-mediatadmentation of the pool of endothelial cells, vihic
would be consistent with the definite trend towaaidgreater capillary density in the scaffold amdat
lesser degree, in the neighboring myocardium. Adalliy, however, part of this increased vascularity
could be due to the collagen material itself whigtknown to have intrinsic angiogeneic properties
(51). Finally, the cellularized collagen scaffolédsvassociated with the upregulation of several gene
involved in the regulation of extracellular matremodeling and a trend towards a lesser degree of
fibrosis (Figure 6D-E). In particular, osteopontias been described as an important regulator of
matrix metalloproteinases and their tissue inhiBitduring remodeling, resulting in significantly
decreased left ventricular dilation after myocdrthgarction (52). In agreement with this obseraati

the increase in osteopontin expression seen inrédaged group was paralleled with that of Tissue



Inhibitor Matrix Metalloproteinase (Timp)-1 mRNAMels. Of note, the expression of these genes was
based on apical heart sections, remote from th#oftamplantation area, which may have led to
underestimate their level of upregulation but lefudther credit to the release of molecules diffigsi
from the patch throughout the myocardium. Admitgedin alternate mechanism whereby the cell-
loaded scaffolds improved left ventricular functioauld be the putative cardioprotective effect of
some of the effectors of the xenogeneic immunearesp expected to occur when human cells are
transplanted in a mouse heart (53). However, (1arinimmunodeficient mouse model where no
rejection would be expected to occur, transplamtatf human pluripotent stem cell-derived early
progenitor cells was shown to preserve postinfanctnyocardial function whereas fibroblasts, also
from human origin, did not (54), (2) in an immunogeetent mouse model, transplantation of human
fibroblasts failed to show any functional benefésdite the immune response expected to have
occurred in this xenogeneic context (55), (3) aviptes study from our laboratory has shown only
limited functional benefits of transplantation dbgeneic adipose-derived stem cells (12) whil¢hiea
same DCM model, human skeletal myoblasts have kqteled to significantly improve heart
function (unpublished data), and, (4) in the présetperiments, both immunostaining and qPCR
failed to demonstrate a noticeable difference ie #xtent of macrophage and T-lymphocyte
infiltration between the cell-free and the cellded scaffolds, thereby suggesting the efficacywf o
cyclosporine-based immunosuppression in mitigatimg expected xenogeneic immune response.
Collectively, these data make unlikely that thectional benefits of the cell-loaded scaffolds coléd
fully explained by a nonspecific immune responsé tey rather support that the presence, at least
early after scaffold implantation, of the iPS-dexdvcardiomyocytes directly contributed to the
improved outcomes yielded by the cellularized cartss.

Altogether, our data converge to relate these fanat benefits of hiPS-CM-loaded electrospun
collagen nanofiber patches to the paracrine aahivaif endogenous repair pathways that still need t
be precisely characterized. Likewise, the posituéecome of these constructs requires to be further
validated, particularly in a clinically relevantrgg animal model and alternate cell/material
combinations should also be tested. Yet, the ptesenlts support the concept that covering the non
ischemically dilated left ventricle with a cellutzed scaffold endowed with cardiomyogenic
properties could be an effective means of stahilizhe disease, thereby delaying the time by which
complete cardiac replacement may become unavoidable

Conclusions

In this study we epicardially delivered nanofibraz@lagen scaffolds seeded with cardiomyocytes
derived from human induced pluripotent stem ceh#?$-CM) in a mouse model of dilated
cardiomyopathyln vivo andin vitro assays indicated the optimal electrospinning awndstinking
conditions to produce biocompatible scaffolds wdtiffness comparable to those reported for
optimizing cardiac tissue regeneratibmyvivo results have shown a restricted thickening ofriagrix
extending into the scaffold and an increase, atjhawot significant, in the expression of severalage
implicated in the regulation of extracellular matrirhese results support that a hiPS-CM-loaded
electrospun collagen scaffold could be utilized fioe stabilization of DCM, most likely through
paracrine signaling. Therefore, iPS-CM seem tomi@te the effects of collagen scaffolds and, in a
broader perspective, the current results suppatctimcept that cardiac engineering could be a
therapeutically effective strategy in patients wattvanced but non end-stage dilated cardiomyopathy.
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Figure legends

Figure 1. Electrospun collagen scaffold structure and stiffness. (A-B) Scanning electron
microscopy images of 5% (A) or 10% (B) CA-crosskéd collagen scaffold baked at 150°C for 150
minutes. (C) Stiffness (Young’s Modulus) of thefeiient collagen scaffolds evaluated by Shear Wave
Elastography. CA, citric acid. Scale bar: 1 um (A-B p-value<0.01.

Figure 2. Biocompatibility of collagen scaffolds: in vivo (A-D) and in vitro (E-F) assessments. (A-

D) 5% and 10% CA collagen scaffolds were epicalgidelivered on the surface of the heart of
healthy C57BL6 mice (n=24). After 7 days, the heawere explanted and analyzed. (A-B)
Representative images of hematoxylin-eosin staioing heart section seven days after implantation.
(C) Post-implantation porosity of scaffolds as arkee for their resistance and degradability. (D)
Capillary infiltration in scaffold assessed by CD&id caveolin-& immunolabelings. (E-F)n vitro
biocompatibility was tested with neonatal rat candyocytes. (E) Immunostaining againsactinin
(green) and Nkx2.5 (red); nuclei appear blue dueHtescht 33342 staining. (F) Number of
cardiomyocytes on the scaffolds, expressed as@ipge of total cells, after 3 days of culture and
immunolabeling againsi-actinin, CA, citric acid. Scale bar: 100 pm (A, B, F). *p-value<0.05,

** p-value<0.01.

Figure 3. Lack of adverse functional effects of acellular collagen scaffolds. Assessment, at 14 days
after implantation in a non-ischemic dilate®HC-MerCreMer:Sf/Sf mice, of left ventricular ejem
fraction (A), left ventricular end-systolic volun{®), left ventricular end-diastolic volume (C) and
gene expression giMHC (D), Anf (E) and Bnp (F).

Figure 4. Improvement of cardiac function in a non-ischemic dilated aMHC-Mer CreMer: Sf/Sf
mouse model following epicardial implantation of the cellularized collagen scaffold. 10% CA
collagen scaffold was seeded with cardiomyocytewelé from human induced pluripotent stem cell
(hiPS-CM) and cultured for 3 days. (A) Schematjgresentation of the cardiac specification protocol
used to obtain cardiomyocytes from hiPS cells. FBw cytometry showing that after 15 days of
cardiac differentiation, more than 70% of hiPS -celtived cells are positive for cardiac troponin T
(cTnT). (C) Immunolabeling againatactinin of hiPS-CM seeded onto a 10% CA collageaifsld

for 3 days. Note théona fide structure of the cardiomyocytes on the scaffol@tQ) Cellularized
scaffolds (10% CA+hiPS-CM) were epicardially defe@ in 8 immunosuppressedMHC-
MerCreMer:Sf/Sf mice. Six cell-free 10% CA collagsraffold-implanted mice were used as controls.
Fourteen days after implantation, left ventricidad-systolic volume (D), left ventricular end-dait
volume (E) and ejection fraction (F) were evaluatbldte the significant improvement of heart
function in mice receiving the cellularized collagecaffolds. (G) Relative expression, normalized to
sham, of MRNA by real-time PCR for some stress¢edugenes3-MHC, beta-myosin heavy chain;
ACTC1, cardiaax actin; cTnT, cardiac troponin T; CA, citric acitiPS-CM, cardiomyocyte-derived
from human induced pluripotent stem cells. Scate 3@ pum (C). p-value<0.05, ***p-value<0.001.

Figure 5. Capillary density (A, B and D) and serum response factor expression (C) in treated
mice. (A-B, D) Capillary infiltration, as assessed by ADghmunolabeling in 10% CA (A) and 10%
CA+hiPS-CM-treated animals (B). (C) Relative quiacdtion of mMRNA level by real-time PCR of the
SRF gene. Scale bars: 250 um (A-B), 80 um ®Yyalue<0.05, *p-value<0.01.

Figure 6. Effects of scaffold cellularization on its relationship with the underlying myocardium.
Hematoxylin-eosin (A, C) and Sirius red (B, D) stag of 10% CA (A-B) and 10% CA+hiPS-CM
(C-D) collagen scaffolds after 14 days of implaiotat *indicate interstitial infiltration of cells(E)
Quantification of the area of positive staining firius red relative to the total area of the left
ventricular section. (F) Relative quantification mRNA levels by real-time PCR for some genes
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involved in remodeling of the extracellular matrikimpl, tissue inhibitor of metalloproteinase 1;
Thy1, thymus cell antigen-1; Col, Collagen. Scale 400 pm (A-D).
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