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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a major public health concern. Its
outcome is poor and, as of today, barely any treatments have been able to decrease its
morbidity or mortality. Cardiosphere-derived cells (CDCs) are heart cell products with anti-
fibrotic, anti-inflammatory and angiogenic properties. Here, we tested the efficacy of CDCs in
improving left ventricular (LV) structure and function in pigs with HFpEF. Fourteen
chronically instrumented pigs received continuous angiotensin Il infusion for 5 weeks. LV
function was investigated through hemodynamic measurements and echocardiography at
baseline, after 3 weeks of angiotensin Il infusion before three-vessel intra-coronary CDC (n =
6) or placebo (n = 8) administration and 2 weeks after treatment (i.e., at completion of the
protocol). As expected, arterial pressure was significantly and similarly increased in both
groups. This was accompanied by LV hypertrophy that was not affected by CDCs. LV
systolic function remained similarly preserved during the whole protocol in both groups. In
contrast, LV diastolic function was impaired (increases in Tau, LV end-diastolic pressure as
well as E/A, E/E’septal and E/E’lateral ratios) but CDC treatment significantly improved all
of these parameters. The beneficial effect of CDCs on LV diastolic function was not
explained by reduced LV hypertrophy or increased arteriolar density; however, interstitial
fibrosis was markedly reduced. Three-vessel intra-coronary administration of CDCs improves
LV diastolic function and reduces LV fibrosis in this hypertensive model of HFpEF.

Introduction

Heart failure with preserved ejection fraction (HFpEF) is epidemic and generally refractory to
medical intervention [5, 19, 25]. Moreover, with the aging population and the increase in
metabolic cardiovascular risk factors, its prevalence is now exceeding that of heart failure
with reduced ejection fraction. In HFpEF, aging, cardiovascular risk factors and extra-cardiac
comorbidities are responsible for cardiac hypertrophy, inflammation and fibrosis, which cause
impaired diastolic relaxation and filling of the left ventricle leading to heart failure [4, 11, 18,
35, 54]. Cardiosphere-derived cells (CDCs) are heart cell products with anti-fibrotic, anti-
inflammatory and angiogenic properties [3, 8, 42]. They have been in phase 2 trials for
various indications including scar reduction after myocardial infarction, non-ischemic
cardiomyopathy and Duchenne muscular dystrophy (DMD) [6, 27, 28, 32]. For DMD, which
is the indication furthest along the regulatory pathway, a pivotal phase 3 trial (HOPE-3) is
now recruiting [10]. In HFpEF, CDCs have demonstrated their benefit in rat models by
blunting inflammation and fibrosis [9, 15, 17]. However, from a translational aspect, these
results need to be verified and extended in a preclinical large animal model.

A model of chronically instrumented pigs receiving continuous infusion of angiotensin Il has
been previously developed [36, 37]. The pigs exhibit marked increases in arterial pressure.
Within a few weeks, in response to this hypertension and to the direct pro-fibrotic effect of
angiotensin |1, the pigs develop left ventricular (LV) hypertrophy and fibrosis along with
impaired LV relaxation and filling, leading to increased LV end-diastolic pressure [33, 36,
37]. These alterations occur without impairing LV ejection fraction, thus meeting the



definition of HFpEF. Here, we tested the efficacy of CDCs in improving LV structure and
function in pigs with HFpEF.

Methods

CDC manufacturing

All allogeneic CDCs were isolated and manufactured at the Cedars-Sinai Medical Center
using, as the starting material, both ventricles of a male Sinclair pig donor as described [42].
Briefly, the heart was dissected into approximately 25 mg pieces which were seeded to obtain
explant derived cells. After about 14 days, these cells were harvested to create a master cell
bank (MCB). MCB vials were thawed and cultured as primary cardiospheres in suspension

culture, on Ultra Low ® Cell STACK ® vessels (Corning Life Sciences). CDCs were then
grown from primary cardiospheres seeded on fibronectin in Nunc Triple Flasks (Thermo
Fisher Scientific, Waltham, MA) and passaged when confluent. CDCs at the 5th passage were
resuspended (1.25 M CDCs/mL for a total of 12.5 million CDCs in 10 mL) in CryostorCS10
(BioLife Solutions, Inc., Bothell, WA) in cryobags (PLO7 PermaLife Bags; Origen
Biomedical, Inc., Austin, TX), placed directly in a CryoMed controlled-rate freezer, and then
transferred to liquid nitrogen. CDCs were shipped frozen to Inserm U 955, where they were
stored at —80° C.

Animal model

The experiments were approved by the animal ethics committee [ComEth AFSSA-ENVA-
UPEC agreement #11-0059] in compliance with the French regulations concerning the care
and use of laboratory animals. For this protocol, we used a previously established pig model
of HFpEF in which pigs are chronically instrumented and receive a continuous infusion of
angiotensin Il for several weeks [36, 37]. After sedation with a mixture of zolazepam and
tiletamine (both 10 mg/kg), 14 female farm pigs (20-30 kg, Land race White crossed, Lebeau,
Gamblais France) were anesthetized with isoflurane (1-12%), intubated and artificially
ventilated. After performing a left thoracotomy, as illustrated in Fig. 1, fluid-filled Tygon
catheters were implanted in the descending thoracic aorta and the left atrium to measure blood
pressure and one Silastic catheter was introduced in the pulmonary artery for angiotensin Il
infusion. A solid-state pressure transducer (P5A, Konigsberg Instruments, Pasadena, CA) was
introduced into the left ventricle via the apex. All catheters and the transducer wire were
exteriorized between the scapulae. Chest was closed in layers. Post-operative care was
performed as described with long acting amoxicillin (7.5 mg/kg), and analgesia was ensured
with fentanyl (patch, 5 pg/kg/h) [36, 37]. Angiotensin Il infusion (30 ng/ kg/min) was started
3 weeks after surgery (when pigs were healthy and apyretic) and maintained during the whole
study using an external portable peristaltic pump. We previously reported that this protocol
induces myocardial fibrosis, impaired LV relaxation and filling, and increased LV filling
pressure without altering LV ejection fraction [36], thus encompassing the pathology of
HFpEF.
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Fig. 1 Animal instrumentation (A) and study design (B)

Study design and CDC delivery

After 3 weeks of continuous angiotensin Il infusion, pigs were randomly assigned to receive
three-vessel intra-coronary infusion (10 mL during 10 min in each coronary artery) of CDCs
(12.5 million in each coronary artery, 37.5 million in total) or placebo (saline solution with
1000 U of heparin and 0.5 mg of nitroglycerin) (Fig. 1) under fluoroscopic control. Cells were

frozen in CryoStor ® in individual bags. Just before infusion, the CDCs were thawed as
described [30]. Briefly, cells were left at room temperature for 30 min. The bag was then
handled gently to avoid cell damage or clumping. Then, 0.5 mg of nitroglycerin and 1000 unit
of heparin were injected into the bag. The content of the bag (approx. 10 mL) was then drawn
out in a 10 mL syringe. Post-thawing viability was not investigated in this study (only pre-
thawing viability which was over 95%) but it has been previously demonstrated that the freezing—
thawing process does not affect cell viability [14, 49].

Pigs were sedated with a mixture of zolazepam and tiletamine (both 10 mg/kg), intubated and
anesthetized with isoflurane (1-2%). Through trans-carotid approach, a guiding catheter was advanced
under fluoroscopic guidance into the left main. A 0.014”* guide wire was advanced successively into
the left descending anterior (LAD) artery and the circumflex artery and a microcatheter ( Finecross®,
Terumo, Tokyo, Japan) was advanced over the guidewire. The latter was then removed to allow CDC
injection through the microcatheter. Injections were performed over 10 min, without flow interruption
(“continuous flow” technique) through the microcatheter as described [14, 49]. The injections were
performed in both the LAD and the circumflex arteries, the same procedure was applied for CDC
injection in the right coronary artery. Angiotensin Il infusion was maintained during the whole
treatment procedure. After induction of anesthesia, all pigs became hypotensive, requiring transient
intravenous phenylephrine injection; CDCs or placebo were injected after stabilization of blood
pressure. The animals were then monitored for 2 additional weeks and then killed for histological
analysis of the heart. This endpoint was chosen as in our preliminary experiments, we observed that
mortality starts to increase in this model afterwards. As indicated in Fig. 1, comprehensive
echocardiographic and hemodynamic measurements were performed at baseline, before treatment and
at the terminal endpoint.

To investigate whether intra-coronary administration of CDC could induce myocardial damage due to
coronary microembolization [24], 4 additional CDC-treated pigs underwent the same protocol until
Day 21 but dedicated to short-term safety assessment. Blood was withdrawn at Day 21 just before and
after 1-, 2-, 4-, 24- and 48-h intracoronary CDC delivery to measure Troponin T levels.
Echocardiography was also performed at 48 h after CDC. Hearts were withdrawn at the completion of



the protocol (48 h after catheterization), cut into slices and incubated into TTC (Triphenyl Tetrazolium
Chloride) 1% solution to detect infarction [16].

Hemodynamic measurements

All hemodynamic data were recorded (1 kHz), digitized and analyzed using HEM v4.3 software
(Notocord Systems, Croissy sur Seine, France). Aortic and left atrial pressures were measured with
P23XL pressure transducers (Becton-Dickinson, Franklin Lakes, NJ). LV pressure was Cross-
calibrated with the left atrial and aortic pressures. The change in LV pressure over time (LV dP/dt)
was computed from the LV pressure signal. The time constant of isovolumic LV pressure decay (Tau)
was calculated using the Weiss method. The LV pressure signal was lost in one CDC-treated animal
between Day 21 and Day 35. Hemodynamic data was recorded in the conscious state in the presence
of angiotensin Il and also during echocardiographic examinations in the absence of angiotensin Il to
minimize the influence of loading conditions.

Echocardiography

Echocardiographic image acquisition and analysis were performed by an investigator blinded
to treatment allocation. Using a Vivid 7 ultrasound unit (General Electric Medical System,
Horten, Norway) and an MA4S cardiac sector probe under continuous ECG monitoring,
echocardiographic images were acquired in pigs anesthetized with propofol (a bolus injection
of 3 mg/kg + 10 mg/kg/h) and maintained in a standing position in a sling.

M-mode parasternal short-axis images at the mid-papillary muscle level were recorded for
measurement of LV diameter, posterior and septal wall dimensions at the end of diastole and
the end of systole and fractional shortening (FS). Pulsed-wave Doppler mitral inflow tracing
was recorded from the apical 4-chamber (4C) view for measurement of peak E and A waves
and E-wave deceleration time. Tissue Doppler imaging (TDI) coupled with pulsed-wave
Doppler was used to obtain TDI images at the septal and lateral mitral annulus from the apical
4C view to measure mitral annular velocities (¢’ lateral and e’ septal).

High frame rate images (ranged 66-101 frames/s) were recorded in apical 2-chamber (2C)
and 4C views. For all measurements, at least three consecutive cardiac cycles were stored
digitally for offline analysis.

Echocardiographic images were analyzed. FS (%) was calculated as (LV end-diastolic
diameter—LV end-systolic diameter)/LV end-diastolic diameter x 100%). LV ejection fraction
(EF, %) was calculated by the biplane Simpson’s method using both the apical 4C and 2C
images. Mitral inflow E and A waves as well as E-wave deceleration time were measured
using pulsed-wave Doppler mitral inflow tracings. Early diastolic velocities of septal and
lateral mitral annulus were measured using Pulse wave Doppler TDI images obtained in the
apical 4C view.

Histology and immunohistochemistry
After euthanasia, slices from the left ventricle were fixed in 10% formalin and embedded in

paraffin. Histological analyses and immunohistochemistry were performed on 5 um sections.
Analyses were performed in the subendocardium.



For histology, after rehydration with xylene and ethanol baths, fibrosis was quantified using
picrosirius red staining. At least 10 different images (x 100) for each animal were visualized
and captured under light microscopy (Axioplan 2, Zeiss). The percentage of fibrotic tissue per
image was analyzed using ImageJ software.

For immunohistochemistry, after antigen retrieval (heated citrate buffer) and antigen blocking
(1 h 30% goat serum), sections were incubated with a primary antibody (abcam, smooth
muscle alpha actin ab5694 1:100 or sarcomeric alpha actinin ab9465 1:100, overnight at 4°C).
The following day, sections were washed and incubated with an Alexa647-conjugated
secondary antibody (Invitrogen, A32733 or A32728 1:200) and with Alexa488-conjugated
Isolectin GS-1B4 (Invitrogen, 121411 1:200) or Alexa488- conjugated wheat germ agglutinin
(Invitrogen, W11261 10 pg/mL) for 30 min at room temperature. The sections were washed
again, and all slides were mounted using a media containing 4',6-diamidino-2-phenylindole
(DAPI, abcam, ab104139).

To measure vessel density, sections were stained with Isolectin-B4, for smooth muscle actin
and with DAPI. Cardiomyocyte cross sectional area was measured in sections stained with
wheat germ agglutinin (to define cell borders) and a-sarcomeric actinin. Cross-sectional area
was measured only in regions where myocytes met the following 3 criteria: cellular cross-
section present, visible nuclei located in the center of the cell and intact cell borders. All
immunostained slides were imaged using an inverted fluoroscopic microscope (Axiolmager
M2, Zeiss) and analyzed using Image J software.

Western blot analysis

Western blots were performed as described [21]. Briefly, frozen LV samples (50 mg) were
homogenized with a Teflon glass motorized potter in 1 ml of lysis buffer (10 mM Tris
maleate, 25 mM NaF, 1% Triton X-100, pH 6.8) supplemented with proteases inhibitor
cocktail (Roche complete EDTA-free protease inhibitor cocktail). Homogenates were then
incubated at 4 °C for 45 min under constant agitation and were further centrifugated at
10000g for 15 min to pellet debris. The protein concentration of the supernatants was
determined using BCA assay.

Homogenates (20 ng) were denatured in Laemmli buffer (125 mM Tris pH 6.8, 4% SDS, 20%
glycerol, 0.5% B-mercaptoethanol) for 5 min at 95 °C, separated on 10% acrylamide gels, and
transferred onto nitrocellulose membranes. Total protein was quantified using Li-cor

REVERT ® 700 nm total protein stain (Li-cor 926-11,011) and membranes were blocked

with LiCor Intercept ® TBS Blocking buffer (Li-cor 927-60,001) for 1 h at room
temperature. Membranes were further incubated overnight a 4 °C with anti-Serca2a primary
antibodies (Badrilla A010-20 1:2000) or 2 h at room temperature with anti-atubulin
antibodies (SantaCruz sc-32293, 1:2000). After washes, membranes were incubated with
secondary antibodies and imaged with an Azure Sapphire near infrared fluorescent imager.
Signals were quantified using ImageJ and were normalized to either REVERT total protein
stain or alpha-tubulin.



Biochemistry

High-sensitivity cardiac troponin T (hs-cTnT) was measured with the Roche cobas 8000
analyser R E801 hs-cTnT assay. Limit of detection and measuring intervals were 3 ng/L and
3-10,000 ng/L, respectively. The 99th percentile upper limit was 24.9 ng/L. Creatinine and

urea were measured routinely on C702 cobas 8000 analyser ®,
Statistical analysis

Continuous variables were presented as mean +/-SEM (n = 6 for the CDC group and n = 8 for
the placebo group). Categorical variables were expressed as absolute number or percentage.
Evolution of echocardiographic and hemodynamic parameters between Days 0 and 21 in
pooled animals was presented using a paired Student t-test. Evolution of hemodynamic and
echocardiographic parameters in the 2 groups over the 5 weeks of angiotensin Il infusion was
analyzed with a 2-way ANOVA for repeated measures. In case of missing values (n = 5
instead of n = 6 in the CDC group for some parameters), analysis was performed with a
mixed-effects model using the restricted maximum likelihood method. The time factor
described the evolution of parameters throughout the protocol. If needed, parameters were
compared between the two groups at time points with a Fisher’s LSD test. Morphological and
histological parameters were compared using Mann—Whitney U test. Analysis was performed
using Graph Pad software. A p < 0.05 was considered statistically significant.

Results

HFpEF phenotype following angiotensin 11 continuous infusion

As expected, angiotensin Il infusion was associated with a marked and significant increase in
systolic (191 =+/- 4 vs 133 +/- 4 mmHg at Day 21 vs Day 0, respectively, p < 0.05, n = 14),
diastolic (142 =+/- 3 vs 91 +/- 4 mmHg at Day 21 vs Day 0, respectively, p < 0.05, n = 14)
and mean arterial pressures (166 «+/- 6 vs 113 «+/- 4 mmHg at Day 21 vs Day 0,
respectively, p < 0.05, n = 14). In response to 3 weeks of continuous angiotensin Il infusion,
pigs developed LV hypertrophy as indicated by the increase in LV end-diastolic wall
thickness (0.87 =+/-0.03 vs 0.69 =+/- 0.03 mmHg at Day 21 vs Day 0, respectively, p < 0.05,
n = 14). Heart rate remained similar (113 «+/- 7 vs 113 =+/- 6 beats/min at Day 21 vs Day O,
respectively, p = NS, n = 14). This was associated with an impaired LV relaxation which was
assessed by echocardiography (significant increase in E/A ratio, 2.1 «+/- 0.1 vs 1.3 «+/- 0.04
at Day 21 vs Day 0, respectively, p < 0.05, n = 14) and by invasive hemodynamic
measurement (increase in Tau, 26 «+/- 1 vs 21 «+/- 1 mmHg at Day 21 vs Day O,
respectively, p < 0.05, n = 14). Consequently, we observed an increase in LV filling pressure
shown by echocardiographic (increase in E/E’ septal and lateral ratios, 14.2 «+/- 1.8 vs 8.2
«+/-0.8and 10.9 =+/- 1.2 vs 7.2 +/- 0.6, at Day 21 vs Day 0, respectively, both p < 0.05, n =
14) and invasive hemodynamic (increase in LV end diastolic pressure, 15 +/- 1 vs 12 +/- 1
mmHg at Day 21 vs Day 0, respectively, p < 0.05, n = 14) measurements. Importantly, no
significant changes in LV ejection fraction was observed (61 =+/- 1% at Day 21 vs 64 «+/-
1% at Day 0, p < NS, n = 14), thus excluding heart failure with reduced ejection fraction.
Renal function was also assessed with urea and creatinine measurement. No significant
differences were detected for these parameters and body weight between the two groups
throughout the protocol (Supplemental Table 1).



Three-vessel CDC delivery: safety and adverse events

Fourteen pigs were studied. Six received CDCs and 8 received placebo. The infusion of the
CDCs or placebo was performed without adverse events in all animals. Angiographic control
after infusion showed TIMI 3 flow in all coronary arteries of the 2 groups. As illustrated in
supplemental Fig. 1, we did not detect infarcted areas with TTC staining and Troponin T
values did not significantly vary over time although some transient increase above the 99th
percentile upper reference limit was observed (Day21: 14 +/- 1 ng/L and at 1, 2, 4 and 24 and
48 h after CDC administration: 26 «+/- 4, 38 +/- 6, 64 «+/-18, 45 «+/- 21, 12 «+/- 17 ng/L,
respectively). In addition, we did not detect significant variation in ejection fraction in pigs
receiving CDC between the pre-injection and the 48 h post-CDC examinations.

Diastolic function and left ventricular filling pressure are normalized by CDC treatment
Echocardiographic study

Having confirmed the occurrence of HFpEF after continuous angiotensin Il infusion, we
tested the effects of CDCs on LV diastolic function, assessed by E/A ratio, and on LV filling
pressure, assessed by E/E’ ratios (Fig. 2). The salient hemodynamic parameters measured
during the echocardiographic study are summarized in Table 1.

No effects of angiotensin Il infusion and/or CDCs were observed on LV systolic function and
geometry which remained normal throughout the study (Fig. 2A, B, C). Figure 2D shows that
E/A ratio increased similarly in both groups at Day 21. Following treatment, E/A ratio was
significantly reduced by 28% in the CDC group (1.68 =+/- 0.16 at 5 weeks vs 2.22 +/- 0.26 at
2 weeks), while it further increased in the placebo group (2.30 «+/- 0.10 at 5 weeks vs 2.11
=+/- 0.09 at 3 weeks). This indicates an improvement in LV diastolic function in the CDC-
treated animals. This beneficial effect was not associated with changes in SERCA2a protein
levels (supplemental Fig. 2).

As a consequence of LV diastolic alterations, we observed an increase in E/E’ ratios (both
septal and lateral) indicating an increase in LV filling pressure, which was similar in both
groups after 3 weeks of angiotensin Il infusion (Fig. 2E and F). However, after treatment,
consistent with the improvement in E/A ratio, we observed decreases in E/E’ ratios in the
CDC-treated animals (but not in the placebo group), along with a reduction of LV filling
pressures (E/E’ septal and lateral at 5 weeks: 9.2 «+/- 0.9 and 7.1 «+/- 1.0 in CDCs treated
animals vs 14.7 +/- 1.6 and 10.4 +/- 1.3 in the placebo group, respectively, p < 0.05).

Hemodynamic study

The choice of a chronically instrumented pig model allowed the measurements to be taken in
conscious animals, avoiding alterations of LV function and general hemodynamics due to
anesthesia [51]. The hemodynamic assessment permitted by the chronic instrumentation
confirmed the echocardiographic results. As illustrated in the Fig. 3A to D, heart rate, LV
dPdt max, LV systolic pressure and mean arterial blood pressure were similar in both groups
after 3 weeks of continuous angiotensin Il infusion. This was accompanied by a similar
alteration in LV isovolumic relaxation in both groups at Day 21 as shown by the increased
time constant Tau from 21 «+/- 1 sto 27 =+/- 2 s in the placebo-treated group and from



21 «+/- 1 sto 25 +/- 1 s in the CDCs group (Fig. 3E). Concomitantly, LV end-diastolic
pressure similarly increased between Day 0 and Day 21 in both groups (Fig. 3F).
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Fig.2 Administration of CDC improved left ventricular (LV) dias-
tolic function as assessed by echocardiography. A LV systolic func-
tion as assessed by LV ejection fraction remained similar between
the two groups and remained above 50%. B Similarly, LV fractional
shortening was unchanged between the two groups and over time.
C The geometry of the LV remained unchanged during the protocol

and between the two groups as shown by LV end-diastolic diameter
(EDD). In contrast, LV diastolic function (relaxation and filling) was
improved by CDC treatment as assessed by significantly reduced E/A
(D). E/E’septal (E) and E/E’lateral ratios (F). n=38 for placebo- (open
circles) and n=6 for CDC- (closed circles) treated pigs, throughout
the 5 weeks of angiotensin II infusion. *p <0.05 vs placebo group

After treatment (given on Day 21), Tau further increased after 5 weeks of angiotensin II
infusion in the placebo treated animals (30 =+/- 2 s at 5 weeks), while it significantly
decreased in the CDC-treated animals (23 +/- 1 s at 5 weeks), thus confirming the
improvement of LV isovolumic relaxation observed in the echocardiographic study (Fig. 3E).
As illustrated in Fig. 3F, the beneficial effect on LV relaxation observed in the CDC-treated
animals was associated with a reduction in LV end-diastolic pressure that was not observed in
the placebo group.

Left ventricular hypertrophy

LV hypertrophy is known to occur in this model [35]. We compared the evolution of LV
hypertrophy in CDC- vs placebo- treated animals using echocardiography, pathology
(LV/body weight ratio) and histology (cardiomyocyte cross sectional area) (Fig. 4). No
significant changes in LV hypertrophy was detected following CDC treatment. Indeed, LV
end-diastolic posterior wall thickness (Fig. 4A) and LV/body weight ratio were not
significantly different between the 2 groups after 5 weeks of angiotensin 11 infusion (Fig. 4B).
Consistently, histological evaluation of cardiomyocyte cross sectional area did not reveal
significant differences between the 2 groups (representative images in Fig. 4C, pooled
analysis in Fig. 4D).



Table 1 Hemodynamic parameters measured at Days 0, 21 and 35 in the placebo and CDC-treated animals during the echocardiographic meas-
urements with angiotensin II turned off

Day 0 Day 21 Day 35

Placebo CcDC Placebo CbC Placebo CDC
Heart rate (beats/min) 104 +6 118+6 107+9 106 +4 106+ 10 94+6
Systolic arterial pressure (mmHg) 1076 1168 1037 106+7 116+ 10 107+4
Diastolic arterial pressure (mmHg) 76+5 82+8 75+7 69+4 87+11 72+4
Mean arterial pressure (mmHg) 92+6 99+8 89+7 86+6 101+11 89+4
LV pressure (mmHg) 110£5 115+8 123+7 1106 125+9 106+3
LV dP/dt max (mmHg/s) 2964 +203 2960 +250 2352+ 144 2440 256 2640177 2139£213
LV dP/dt min (mmHg/s) —2484+232 -2799+176 -2125+119 -=-2100£197 -2283+205 -2039+150
LV end diastolic pressure (mmHg) 10£1 9+1 15+1 14+1 19+1 9+1*
Tau (s) 231 201 32+4 291 33+2 26+£2*
E/A ratio 1.4+0.1 1.3+0.1 2.1£0.1 22403 23+0.1 1.7+£0.2%
E/E' septal 8.6x1.2 78+1.2 139+ 1.7 124+18 14716 92+09*%
E/E' lateral 6.7+08 79+1.1 112+14 95+09 10413 T1+1*
End diastolic posterior wall thickness (cm) 0.73+£003 0.63+£005 0.88+0.04 0.85+0.05 1.07£0.09 092+0.05%
End diastolic volume (mL) S0+4 47+3 58+4 47 +4% 61+4 57+4
End diastolic volume/Body weight (mL/kg) 19x0.1 1.7£02 1.9+0.1 1.4+0.1* 1.8+0.1 1.6x0.1
Ejection fraction (%) 63+2 65+2 61+1 61+2 581 611

Placebo n=8: CDC n=6
*p<0.05 vs Placebo

Anti-fibrotic and pro-angiogenic effects of CDCs

Since LV fibrosis is closely associated with HFpEF, we looked for evidence of CDC-related
reductions in fibrosis analogous to those previously observed in rats HFpEF models [15, 17].
LV collagen content was quantified using picrosirius red staining. Representative images of
LV fibrosis in a CDC- and a placebo-treated animal are shown in Fig. 5A. The visible
reduction in collagen was clearly evident in pooled data showing a significant 25% relative
decrease in fibrosis after CDC treatment as compared to placebo (7.5 «+/- 0.5% vs 10.0 «+/-
0.3%; respectively, Fig. 5B).

In addition, since micro-vessel rarefaction is present in HFpEF [34], we questioned whether
the functional benefit observed with CDCs might be related to an increase in vascular density.
To test this idea, we measured arteriolar and capillary densities in the hearts of CDC and
placebo-treated animals (representative images in Fig. 5C). However, after 2 weeks of
treatment, we did not observe any significant differences in arteriolar nor capillary densities
between the 2 groups, as illustrated in Fig. 5D and E.

Discussion

HFpEF morbidity and mortality are currently increasing due to an aging population and the
Western lifestyle [5, 19]. Its mortality is close to that of heart failure with reduced ejection
fraction and, so far, besides the recent breakthrough with SGLT2 inhibitors that improve
cardiovascular outcomes in HFpEF, the therapeutic options are limited [2, 25, 31]. Here, we
have demonstrated the ability of CDCs to reverse the functional alterations of HFpEF in a
clinically relevant pig model of HFpEF.
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Fig.3 Evolution of general and left ventricular (LV) diastolic hemo-
dynamic parameters. Heart rate (A) and LV dP/dt_, (B) remained
similar between the two groups and during the protocol. Mean arte-
rial pressure (C) and left ventricular pressure (D) were significantly
increased over time (p<005 for time factor in the 2-way ANOVA)

improved by CDC treatment as assessed by significantly reduced
Tau (E) and LV end-diastolic pressure (F). n=8 for placebo- (open
bars and open circles) and n=6 (except n=35 for Tau, LV dP/dt .
LV and end-diastolic pressure) for CDC- (black bars and closed cir-
cles) treated pigs, throughout the 5 weeks of angiotensin I1 infusion.

but similar in both groups. In contrast. LV }jiaslolic function was *p<0.05 vs placebo group

Three-coronary vessels infusion in the HFpEF model

Intra-coronary infusion has become a widely used technique for the delivery of cell-based
products [53]. Indeed, it is widely available and provides easy and safe access to the heart as
compared to intra-myocardial delivery (surgical or trans-endocardial). After coronary
infusion, cells are retained in micro vessels during the first pass and subsequently internalized
in the tissue through a mechanism described as “endothelial pocketing” [7]. Although
retention is slightly lower compared to direct intra-myocardial exosome secretion and
amplification of the effect). It has been suggested that the adjunction of cyclosporine to
allogenic CDCs treatment could increase retention and survival of the cells into the
myocardium [22, 30, 44, 46]. However, given the mechanism of action of CDCs, with an
amplification of the effect through exosome secretion, it is not clear whether greater retention
is necessary. Indeed, long lasting effects despite poor retention have previously been observed
[29, 47], and higher retention was not clearly associated with better effects [29]. In a previous
study, it has been suggested that CDCs may be more effective for treating chronic LV
dysfunction where cyclosporine is initiated at least 72 h before cell therapy but this was a
model of 90-min coronary occlusion followed by reperfusion, i.e., a different
pathophysiological condition than HFpEF [46].

Intra-coronary injection has been previously tested using stop-flow (through balloon
occlusion) or continuous flow and in one or three vessels [30, 49]. These different techniques
have proven to be safe and effective, especially with no differences between the “stop-flow”
and “continuous flow” techniques. However, we here studied a different disease in which
safety may not be comparable to models of myocardial infarction. Indeed potential alterations
of the coronary micro-circulation related to HFpEF might alter the safety of coronary infusion
of cell-based products. In this study, no adverse events occurred during infusion and TIMI



flow was normal in all coronaries of all animals after infusion. In additional experiments
performed in limited number of animals and with a short-period of follow-up, we tested for
troponin (hs-TNT) since CDCs might have induced coronary microembolization in this model
with potential impaired micro-circulation [24]. We did not detect any statistically significant
elevation of Troponin T levels. However, some values exceeded the 99th upper reference
limit suggesting a slight and transient injury but TTC staining did not show any myocardial
lesions. Further studies and longer periods of follow-up are required to ensure longterm safety
of the procedure. It should be emphasized that reassuring results regarding immune response
or potential tumor induction have been previously obtained in numerous animals [23, 30, 45,
49, 52].
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CDCs decrease fibrosis but not cardiac hypertrophy in HFpEF

The anti-fibrotic properties of CDCs have been extensively described in models of
convalescent myocardial infarction and dilated cardiomyopathy as well as in rat models of
HFpEF and aging [1, 15, 17, 29]. These anti-fibrotic properties are mediated by a paracrine
effect that involves, among others, the inhibition of the TGF-B1/smad cascade by the CDCs
through soluble endoglin secretion. These paracrine effects have been linked to the secretion
of exosomes, which modify the transcriptomic profile of the recipient cells through the
transfer of a unique non-coding RNA payload [3, 12, 20, 48]. As a result, these non-coding
RNA deeply modify the phenotype of the recipient cells and change the exosomes secreted by
these cells, becoming quite similar to the exosomes derived by the CDCs. This phenomenon
amplifies the effects of the CDCs explaining the long-term and diffuse effect observed in
previous studies despite focal delivery and reduced survival of the injected CDCs. In the
present study, we confirm the ability of CDCs to decrease fibrosis in HFpEF in this relevant
pre-clinical model. Indeed, we observed a 25% relative decrease in cardiac fibrosis in CDC-



treated animals, consistent with previous findings in rodents, in which this decrease in fibrosis
was associated with reduced cardiac inflammation. It should be emphasized that other
mechanisms also contribute to the reduction of LV compliance during HFpEF. A switch in the
titin isoform towards stiffer filaments (N2BA to stiffer N2B) and post-translational changes
with hypophosphorylation of titin contribute to LV abnormalities [34].

Consistent with observations in small animals, we did not observe any changes in LV
hypertrophy in response to CDC treatment [15]. Indeed, LV wall thickness, LV/body weight
ratio and cardiomyocyte cross sectional area all remained unchanged after treatment. This
strengthens the hypothesis that phenotypic improvement observed in HFpEF after CDC
infusion is mediated by a modulation of cardiac inflammation and fibrosis rather than a
resolution of cardiac hypertrophy [15, 17]. In contrast with most previous studies on HFpEF
(in rodents) or on ischemic and non-ischemic HFrEF (in rodents and pigs) that describe an
increase in vascular density induced by CDC treatment, we did not observe such a
phenomenon in the present study [1, 14, 15, 29, 49]. This may be related to the shorter timing
to reach the endpoint than in previous studies. Indeed, in pig models of convalescent
myocardial infarction, histopathological evaluation was performed at 4 weeks while here,
only 2 weeks were allowed after CDC treatment, which may be too short to observe vessel
regrowth. However, this hypothesis is challenged by the finding of increased vessel density
two weeks following CDC treatment described previously albeit in a different model
(hibernating myocardium) [45].
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Fig.5 Arteriolar and capillary densities and fibrosis. Representative
images of picrosirius red staining for a CDC- and a placebo-treated
animals (A). CDC treatment significantly reduced interstitial fibro-
sis (B). Representative images of immunostaining for vessel analysis

riolar densities were similar between the 2 groups (D and E). n=8
for placebo- (open circles) and n=6 or CDC- (closed circles) treated
pigs, respectively, throughout the 5 weeks of angiotensin 1 infusion.
*p<0.05 vs placebo group

for a CDC- and a placebo-treated animals (C). Arteriolar and arte-

CDCs improve cardiac hemodynamics in HFpEF

The infusion of angiotensin Il was associated with impaired relaxation and an increase in LV
filling pressure demonstrated by echocardiography and invasive hemodynamic measurements.
We observed a restrictive pattern with an E/A ratio > 2. This pattern is the one most
frequently observed in pig models of HFpEF [40, 50], and indicates increased filling pressure.
This was also suggested by the increase in E/E’ ratio (which increased from = 7 to = 13,
consistent with previous published models [50]) and further confirmed by the direct



measurement of LV end-diastolic pressure. As expected, the decrease in cardiac fibrosis
induced by CDC treatment was associated with functional improvements. Indeed, using both
echocardiography and invasive hemodynamic measurements, we demonstrated the ability of
CDCs not only to normalize LV relaxation but also LV filling pressure. The latter is important
from a clinical point of view since increased LV filling pressure is usually responsible for
symptoms of heart failure and subsequent hospitalization in heart failure [26, 39, 43]. This
significance is reinforced by the paucity of treatments proved efficient in HFpEF [31].
Therefore, the perspective of a treatment able to normalize both LV relaxation and LV
pressure is of outstanding importance.

Limitations

This study carries several limitations. First, as animals were chronically instrumented with a
high-fidelity LV pressure transducer, we were unable to perform pressure—volume recordings.
It is worth noting that, with this model and instrumentation, we were able to detect the
increase in LV end-diastolic pressure, the alteration of isovolumic relaxation and the
alteration in LV diastolic filling [33, 36]. In addition, the assessment of pressure—volume
relationships has previously shown the beneficial effects of CDC in a rat model of HFpEF
[15]. The second limitation is inherent to the animal model. Most animal models suffer from
their inability to encompass all risk factors of HFpEF. The present model is mono-factorial
and, thus, does not represent all HFpEF patients. However, it recapitulates the phenotypic
hallmarks of HFpEF (hypertension, impaired relaxation, increased LV pressure, fibrosis and
cardiac hypertrophy) but some key features of this disease (especially aging and metabolic
alterations) are lacking. Animal models including all components of HFpEF are either
unavailable or rather complicated [38, 41]. The third limitation is the short duration of follow-
up, limited here by the high risk of pulmonary edema and death encountered after 5 weeks of
angiotensin Il infusion. The fourth limitation is the mechanical nature of this study. However,
the mechanisms involved in the beneficial effects of CDC have been previously reported
extensively [13]. Finally, it should be emphasized that we did not investigate inflammation
which is a major contributor to the development of the disease. A previous study conducted in
Dahl salt-sensitive rats that recapitulate major aspects of HFpEF, shows that administration of
CDC reduces inflammatory infiltrates, decreases fibrosis and improves diastolic function [15].

Because the angiotensin Il infusion model of HFpEF is rapidly progressive, it is perhaps not
surprising that a single dose of CDCs, given when the HFpEF is already established, will have
benefits that last to the endpoint 2 weeks later, given the anti-inflammatory and
immunomodulatory nature of these cells. In actual clinical practice, however, HFpEF is a
chronic disease with rather slow and continuous progression. For actual clinical translation,
given what we know now, a more logical regimen going forward may be that used
successfully in another chronic form of heart failure: the cardiomyopathy associated with
DMD. In the HOPE-2 trial [32], patients with advanced DMD were randomized to receive
either placebo or CDCs, intravenously, every three months. After one year, the patients who
had received CDCs exhibited preserved LV function and structure, unlike the placebo group,
which deteriorated significantly. Given the promising results of HOPE-2, multiple
intravenous CDC doses delivered sequentially over time may be a rational approach to test in
future trials of HFpEF patients.



Conclusion

We have demonstrated that CDCs reversed HFpEF phenotypic alterations and reduced LV
end-diastolic pressure using three-vessel coronary delivery in a relevant pre-clinical HFpEF
model. Therefore, CDC injection appears to be an interesting candidate that may merit further
testing for the treatment of HFpEF in humans.
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