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Pathologie ischémique
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Ischémie périphérique
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hologies cardiovasculaires ischémiqu‘

H E G P

Pathologies ischémiques cardiaques: Pathologies ischémiques vasculaires (non coronaire):
Infarctus aigu, Insuffisance cardiaque Ischémie critique du membre inférieur
Artérite Oblitérante du membre inférieur

Objectifs thérapeutiques: stimuler la revascularisation/perfusion de la zone
|ésée



1- Modifications de lI'arbre vaé‘c‘ﬁ'f%\ire et ischémie tissulaire
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2- Mécanismes moléculaires et cellulaires
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2-a La voie dépendante de HII5‘(Hypoxia inducible factor)
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différentes cibles de HIF

Schofield C, Nat Reviews Mol Cell Biol, 2004



La surexpression de HIF1aIpha.‘
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active la revascularisation post-ischémique
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Kajiwara H, J Gene Med, 2009

The HIF-1a/VP16

hybrid was
constructed by
truncating the

transactivation and
oxygen-dependent
degradation
domains of HIF-1a
and then joining
the HSV VP16
transactivation
domain fragment
downstream, to
yield a
normoxically
stable,
constitutively
active form of HIF-
la



2-b La voie dépendante demnmation
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Infiltrat inflammatoire dans le*tissu ischémique
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Adapted from Silvestre JS et al, Physiol Rev, 2013



Inflammation et angiogenése"*-
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Mobilisation des cellules souches' médullaires CE

H E G P

Other
organs

i

Bone Marrow

Mobilization signal Spleen
5-FU, G-CSF, MMPs
Cyclophosphamide
Neutrophil Peripheral
Protease

Blc od

| , <~
L C

Lodging signal
CXCL12/CXC 4
Angl/Tie2
SCF/C-kit
D26, CD44
CAM-1

Sinusoidal
caplllary

¢

OB Protease b2R° © ¢
. ,. p1-DsR A .

Neutrophil G-CSF /

Ischemic tissue

N

Mobilization




Recrutement des cellules souchés médullaires (E
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Cellules souches/progénitrices d’origine médullaire

---------------------------------------

. Bone marrow Blood
:.' Total or MNC, PB-derived MINC,

- MSC (CD34-, CD45-, CD19-, CD11a-, Monocytes (CD14+, CDA45+,

. CD90+, CD105+, CD73+) : CXCR2+,  CXCR3+  CD34-
| ©,CD133-,CD144-)

© HSC (CD34+, CD117+, CD133+, Lin- © :
] : Angiogenic cells (early EPC;

CXCR4+, CD133+, CD34+...)

-~ Angiogenic cells (CD34+, CD133+,
- CXCR4+..),

-~ Side population (CD34-, CD117+,
- Sca-1+, Hoechst-)

Monocytes (CD14+, CD45+,
- CXCR2+,CD34-,CD133-, CD144-)

L
......................................



Cellules souches/progénitrices d’origine extra-médullaire
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Cellules souches/progénitrices adultes
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) Bone marrow
- Total or MNC,

-~ MSC (CD34-, CD45-, CD19-, CD11a-,:
- CD90+, CD105+, CD73+) :

- HSC (CD34+, CD117+, CD133+, Lin-
),

Angiogenic cells (CD34+, CD133+,
. CXCR4+...),

'~ Side population (CD34-, CD117+,
- Sca-1+, Hoechst-)

- Monocytes (CD14+, CD45+,
- CXCR2+,CD34-,CD133-, CD144-)

" pB-derived MNC,

: Monocytes (CD14+, CDA45+;
! CXCR2+,
| ,CD133-,CD144-)

: Angiogenic cells (early EPC,E
CXCR4+, CD133+, CD34+...)

i CB-derived MNC, CB-derived:
| EPC
: VEGFR2+,
: CB-derived SMPC (a-smooth;
. muscle actin, myosin heavy:
: chain, CX3CR1+) i

----------------------------------

Tissues .
y Heart  (CD117+,  Sca-1+
: CD34+, Lin-, cardiosphere), -

CD34- Vessel wall (CD34-,c-kit+,
: Sca-1+, Hoechst-), '

CXCR3+

Adipose tissue (SVF: CD34+,
: CD45low, CDl14low, CD13,
i CD31+; ADSC: CD34+, CD31-,
CD45-, CD105+), |
(CD34+,
eNOS,

CD133+; :
CD144+),: Skeletal muscle (CD34-

,CD117+, Sca-1+, Hoechst-)

.......................



2-d La voie dépendante deﬁ@urs hémodynamiques
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Forces hémodynamiques et collatéralisation

Modification de la structure du
vaisseau (diametre du vaisseau
et épaisseur de la paroi
artérielle) en réponse a une
augmentation du débit sanguin
dans l'artere collatérale

Parivascular

mac:ophuges{"'_

Restored
perfusion pressure
and pO,

H E G P
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H E G P

Les contraintes hémodynam
i
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m'c.;.?{'fr?;f o Inflammatory
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’ . . . °
Circumferential | | e
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Zimarino, M. et al, Nat. Rev. Cardiol. 2014



3- Revascularisation thérap‘;ﬁfﬁe
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3- Revascularisation thérapeutiqtie ¥ (m

Stem Cells Vascular cells New vessels
(i.e EPC, MNC from (i.e. endothelial cells) (i.e. capillary)
BM & Blood) -
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Incorporation
Genesis

Perfusion

Pro-angiogenic agents (i.e .. )
§log & ( Ischemic tissue homeostasis

GFs, Chemokines, Master
gene)



Revascularisation thérape

:tiqmrom bench to bedside
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Unregulated
clinics

. Translation | - [Phase I clinicsl trials | .‘:-'f_"_:'n' cl — | Phase lll clinical trials | — | Phase IV clinical trials;
| Preclinical development | | Safety studies in Large scale trials to patientaccess
’ and proof of concept humans- show significant efficacy Post-marketing conﬁm\alion
in model systems of effectivencss af therapies
Z PIGF VEGF-D VEGF-C
o VEGF-B VEGF-C VEGF-D HGF FGF1-22  Angt-2
=} .
YTV
5 VEGFR-1 VEGFR-2 VEGFR-3 cMET FGFR1-4 TM-!
E ._&ﬁ).__‘.,.___\& b l,_l' L
; " ’
[+ 4
V
g Myocardia EC Survival Lympn Mgogenes& Anglogenesis Vassel
angiogeness!  proieration/ angiogenesis Moiphogeness, Proiferaton,  maturation
&l matabokam migration, Proliferation, Morphogenesis,  Pruning
= Monocyte Angrogenesis, Survival Neuro-
w activation Vasodiation, protection
Hematopoes:s Parmasblity Survival

Yla-Herttuala SY et al, Eur Heart J, 2017
Trounson A, Nat Rev Mol Cell Biol, 2016



3-a Thérapie génique: facteurs dé croissance vasculaire

| Growth factor | Vectors | _Site of injection | Clinical settings

Intra-

VEGF Recombinant protein CHD Negative Henry et al. 2003
coronary+lntravenous
VEGF165 Adenovirus Catheter-mediated CHD Positive Hedman et al. 2003
VEGF165 Plasmid Intramuscular CLI Negative Kusumanto et al. 2006
VEGF165 Plasmid Catheter-mediated CHD Negative Kastrup et al. 2005
VEGF165 Plasmid Catheter-mediated CHD Negative Stewart et al. 2009
VEGF121 Adenovirus Intramuscular CLI Negative Rajago;)g(l)zn el
VEGF121 Adenovirus Intramuscular CHD Negative Stewart et al. 2006
VEGF121 Adenovirus Intramuscular CHD Negative Kastrup et al. 2011
VEGF121 Adenovirus Intramuscular CLI Negative Rajago;g(l)zn LEl:
FGF-2 Recombinant protein Intra-coronary CLI Positive Lederman et al. 2003
FGF-2 Recombinant protein Intra-coronary CHD Negative Simons et al. 2003
FGF-1 Plasmid Intramuscular CLl Positive Nikol et al. 2008
HGF Plasmid Intramuscular CLI Positive Powell et al. 2008
HGF Plasmid Intramuscular CLl Positive Shigematsu et al. 2010
HGF Plasmid Intramuscular CLI Positive Powell et al. 2010
HGF Plasmid Intramuscular CLI Positive Morishita et al. 2011
2 HGF isoforms Plasmid Intramuscular CLI Positive Henry et al. 2011
Del-1 AEIIEI Intramuscular CLI Negative Grossman et al. 2007

poloxamer
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Amélioration de l'efficacité d.e's"{Tférapies géniques: bi-thérapie
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Cao R et al, Nature Medicine, 2003



Amélioration de I’efficacitéd%‘érapies géniques: bi-thérapie
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V Complete ulcer healing was significantly better in A A Ay~ PP rery P
high-dose patients. Figure 1. Schematic of the VM202 construct.
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V Clinically meaningful reductions (>50%) in ulcer area
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Kibbe MR, Gene Therapy, 2016
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Amélioration de l'efficacité dés"ﬁférapies géniques: Master gene?

H E G P

Two hundred eighty-nine patients with claudication were randomized in a double-blind manner to
1 of 3 doses of Ad2/HIF-1a/VP16 (2 X 10(9), 2 X 10(10), or 2 X 10(11) viral particles) or placebo,

administered by 20 intramuscular injections to each leg.

Creager M A et al, Circulation, 2011

Patients Consented & Screened

N—:MS ,| Screen Failures
L n=459 (61.4%)
Patients Randomized
N=289
>
v v v v
Low Dose Med Dose High Dose Placebo
Randomized HIF-1o HIF-1a HIF-1a n=76
(2x109) (2x1019) (2x1011)
n=74 n=74 n=65
Low Dose Med Dose High Dose Placebo
HIF-1a HIF-1a HIF-1a n=71
Efficacy Set (2x109) (2x1010) (2x1011)
n=69 n=71 n=62




Amélioration de I’efficacité‘;l"é?t‘hérapies geniques: Master gene?
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The primary end point was the change in peak walking time from baseline to 6 months. The secondary end
point was change in claudication onset time, and tertiary end points included changes in ankle-brachial index
and quality-of-life assessments

70
601
Placebo =

50 2x10° vp
E= 40 2x10" vp
=&
e9 30|
x §
N - — —
=S 20} 5 | B — - o
_* e —
P S
o 8 10 — =

2
0 o
-10

Placebo 2x10° 2x10'% 2x10"" Placebo 2x10¥ 2x10' 2x10"" Placebo 2x10% 2x10'° 2x10"

3 months 6 months 12 months
Creager M A et al, Circulation, 2011



Amélioration de I’efficacitéd%‘érapies géniques: Master gene?
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+0, +Fa*?

el
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HIF-1a

When both prolines are
hydroxylated, VHL
proteins bind, keeping
CBP/p300 from binding.
no lranscription ocours,
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ubiquitinated, degraded

: HIF-1a
: Cytoplasm
SiRNAs directed 2-oxyogiutarate
against PHDs: Down PHD

regulation of PhD
gene expression

Nucleus

CBPpI00
binds,
transcription
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Target gene




Amélioration de I'efficacité desthérapies géniques: Master gene?
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Angiographic score Capillary density Tissue perfusion
(Isch/N.lIsch) (Isch/N.Isch) (Isch/N.Isch)

N.Isch

Isch N.Isch Isch N.Isch

Isch .
shCON shPHD3 shCON shPHD3
shCON shPHD3
Hit# Hitt
* % %
2,25 7 HHE Hkex 2,25 - ok 0,90 1 x* X
i * %k % ] i
1,75 - 175 A Ak 070 -
T T % % S
1,25 1,25 1 0,50 1
0,75 7 0,75 1 0,30 1
0,25 1 0,25 1 0,10 T
a- 0- 0-
sh sh sh sh sh sh sh sh
CON PHD1 PHD2 PHD3 CON PHD1 PHD2 PHD3 CON PHD1 PHD2 PHD3

Loinard C et al, Circulation, 2009



Amélioration de I’efficacitédh‘érapies géniques: Master gene?

Ninety-three subjects with IHF on stable A 30- AEF (EF<26%) i
guideline-based medical therapy and left g P=2.01
ventricular ejection fraction (LVEF) <40%, were §  20- Pa0.22
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and efficacy parameters were assessed at 4 and 2 0= o oty
12 months after injection. = qol_ 4705 4=50 470 4=11.0
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Thérapies géniques - essais cliniques en cours
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Table | Currently an-going or planned gene therapy trials in coronary artery disease and peripheral arterial disease

Trial name or 1D Disease GP Vector Delivery Patno Novelty Status

Trials aiming for physiological angiogenesis

NCT0175723 CAD VEGFAN16A Ad Ly ftey) 41 Expression of 3 diffarent VEGFA Planned
moform

NCTRO956332 PAL VEGF-A « Ang-1 RV (5 28 Arg-1 should stabllize wessels induced  Results pending
by VEGF-A +RV sad

NCT003%0767 PaD VEGF-A -+ Ang-1 RV () 12 Ang-1 should wtatylas weeels induced  Results pending

by VEGF-A +RY used
Trials using therapeutic vascular growth In combination with other treatments
KAT-PADOY PAD VEGF-DdNJC  Ad Lm 30 Genu transfer 1-2 doys befare Rocruting
EodraCT2012.001019-22 operation to improve distal runafl
from surgical bypiss graft in PAD
Trials using therapeutic vascular growth with aim for reduced side-effects
KATI01 EudraCT2008-003295-22 CAD VEGF.DdNdC  Ad Ly (cat) 30 Stimwilation of both angiogenesis and  Rosults pending
lymphiangiogenetis 10 improve Cardiad
fuid remeval and decrease edemo
Trials with mitogenic and multifunctional growth factors

ASPRE CAD FGF4 Ad he(em) 100 Phaselll sudy, Ixdomsage compared 1o Recruiting
previous AGENT-J tnal

AWARE CAD FGF4 Ad ic(ca) 300 oaly women recruited Planned

NCT02I76937 PAD FGF.2 SeV Lm 60 SeVused Ragruting

NCTD1348378 PAL) HGF Pl Lm 200 A large HGF tral Results pentding

NCTU2144610 PAD HGF P e, 500 A large HGF trial Recrutiog

Ad, adeooveus: G, cathorer-madated: GP, pana prodisos L. moro-arveniil A, Im7acoconany; A imramusculars sy ieramyocardisl: I plasyid RY, rewordnus SV, spnas
viru 2, tharacosonmy,

Yla-Herttuala SY et al, Eur Heart J, 2017



Lecons des stratégies de thér‘ép@'génique

- Sélection des patients

- Méthodes d’administration du gene

- Vecteurs

- Criteres cliniques d’évaluation: Les mesures
objectives d’évaluation, telles que la TEP, I'IRM,
I'ECG et les ultrasons, devraient étre privilégiées
par rapport aux mesures subjectives ou non
spécifiques, telles que les tests d'effort ou les

qguestionnaires sur la qualité de vie

- Multi-approches?

Yla-Herttuala SY et al, Eur Heart J, 2017

GENE DELIVERY.

GENE EXPRESSION

FlOAVA!LABlUTY-

" Blood Now

medistad

H E G P

] " Systemic / Infravenous

* Catheter-hasaed / intrg-grterial

T

* Coranary sinus-based
* Cardiopuimonary bypass-based

* Sonoporation
* Jet-injsctions
-t Elsctroporation

injechion

* Laser-based
* Magnitofection

7] © Eliract percutaneous

* Intarventional
** Catheter-basad

= with f without pump
** Thoracotomy/ Stemotamy

*** Beating heant

% Arrestad haan

Transsam

* Plasmid

[axtrachromosotmal) | * Adenovicuses

* Adeno-associated virusas (AAV)

Stahie
(Integrated)

* Lentiviruses
* Ratroviruses

* Freely diffusibis factot
* Binding to extraceliular matrix

* In vivo hialf-hife
* Immunology



Ischemic cardiac

s
. Wl & Ischemic vascular diseases
diseases: ‘ ‘ (non coronary diseases):
Acute Myocardial i y )
t.'

. . 3 Critical limb ischemia
Infarction, Heart Failure

|

\

New vessels

Vascular cells ) i
(i.e. capillary)

(i.e. endothelial cells)

& — =
Recruitment \

Differentiation

Stem Cells

Cardiomyocytes Tissu
-~ > Regeneration

Therapeutic objective: regeneration of the injured tissue

H E G P




Thérapie cellulaire: cellules souches adultes (E

------------------------------------------

jommmmm e " 1- Adult Stem/progenitor cells

. Total, MNC, MSC, HSC,:
angiogenic cells (CD34, CD133, CXCR4 ...) :

PB-derived MNC, CB-derivedé
MNC/EPC/SMPC, angiogenic cells (monocytes,:

3

o o
o e e e

early EPC...)
> Heart (C-kit, Sca-1, CD34, -
| & cardiosphere), vessel wall, adipose tissue-
b ,]/ (SVF,ADSC), skeletal muscle... )
(\'n e e e e e
\\\ ) ,Il

Silvestre JS et al, Physiol Rev, 2013
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3-b-1 Thérapie cellulaire emme critique du membre inférieur

H E G P

22-29 patients, chronic limb ischemia
BM-MNC (10°) in the leg

a— Pain-free walking time

Before

Pairn-free walking time (miri)
BN
|

Baseline 4 weeks 24 weeks

. | 24 weeks

Tateishi-Yujama et al, The Lancet, 2002
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Cellules mononuclées médullai

V Flow chart of the POVASA study

et Ischémie critique

40 patiants
Baseline } \R/ ‘
19 patiems 21 patients
=2 EM-MNC = Placebo
Intraarterial
administration
1 dnath | trgoe
3 ~——
Tv;*lgnmum' = = :x?uxn -
1 canger? hnrapy
*
J months 14 patients 19 pationts
2 BM-MNC
o L
Henordation A_nn;mn.mm
P L) /——{ 3 o-m
’
6 months l 11 patients 15 patients ]
Extended 6 palients 5 panents © pationin 10 patiants
Protocol* | & BM-MNC | | no thorapy < BM-MNC | | no therapy
N\, d
mean "N =
302+ 16 mos

Median ABI

V Ankle-brachial index

H E G P

1.20-
1.00- .‘
v T I |- " BMMNG (n=11)
0.80 - 666 l —1 3085
! T SRRV, L %07 " Placebo (n<15)
0.60-064 ‘ ..... | l '
| -
o-m" | 4 -
0.20 - :
o.m?f 1 — T —— -9
Baseline M3 M6
= ==
Randomized-Start All BMMNC

Walter DH et al, Circ Cardiovasc Interv, 2011



Différentes sources de ceIIuIé's!aﬂﬁltes thérapeutiques

First Generation : Bone Marrow/Blood
Iliate crest aspirate

Mesenchymal Stem Cells

Second Generation : Alternative sources of therapeutic cells

lliate crest asplrate Therapeutlc cells

AdiposeTissue

Therapeutic cells

- & .
caa ." N = - = /
S )
i “ T
‘ | J Lineage Lineage
1 selection selection
O -
% - o
- Oc - 8 ‘ = “... :
D5 - Cord Blood s

Endothelial progenitor cells

020
Mononuclear cells = @g@g@g@
(DG?OO © 0
o) O
DO =00 -
%‘DCC & o
P
2

Skeletal muscle

Vascular wall

H E G P

Other sources




Autres sources de ceIIuIes;m%s adultes: ALDH bright cells

H E G P

Initial Screening

PACE was a phase Il randomized, (N=1902)
double-blind, placebo-controlled .
clinical trial deﬁlg.ned .to evaluate the Enrolled/Consented
effect of administration of ALDHbr (N=122)
cells versus cell-free placebo in 3
individuals with PAD and intermittent Randomized
claudication (N=82)
Recelved Study Product Injection
Bone  marrow—derived aldehyde (N=78)
. 2=withdrawols due to AE
dehydrogenase bright (ALDHbr) are Yacell processing falfoce
characterized by the expression of dxn0 s00w
high levels of the cytosolic enzyme ¥ v
aldehyde dehydrogenase, contain ALOH™ group Placebo group
potent stem and progenitor cells (N=3B) (N=40)
. . . . Individual outcome data not Individual outcome data not
Capable Of.IS(.:hemIC repair and mcIude avallable as listed below: avaitable as listed below:
hematopoietic,  endothelial, and
Peck Walking Time=1" (n=37) Peak Waiking Time=1% (n=33)
mesenchymal cell types. Colloterats=1* (n=37) Collaterals=1*, 1t (n=38)
Peok flow=3"* (n=35) Peak flow=3*, 11 (n=36)
Capillary perfusion=0 (n=38) Copillary perfusion=1*, 1t (ri=38)

Perin et al, Circulation, 2017 NO EFFECTS



Autres sources de cellules sod'chs adultes: ADSC

H E G P

Fat Pad Aspirate/Wash/Digestion
= =
§- Ye
Right atrium > . > ”.6- . >
Epicardial fat S - —
Pericardial fat, subcutaneous fat, ‘ .

(Naftali-Shani N et al, JAHA, 2013)
Cell

/ culture
Fat Graft . /

- 3

Ve Stroma Vascular ~ CD34+, CD45low, CD14low, "'
<4 Fraction €P13, Cb3tx

Therapeutic cells

from adipose tissue origin > |
Adipose Derived . yi‘? :

Stem Cells

\

CD34+, CD31-, CD45-,
CD105+



‘Autres sources de ceIIuIesm adultes: ADSC ' ('

Methylcellulose
+ CD31, + vWF

Matrigel

Matrigel +
CD31 humain
vWF

Planat V e



Autres sources de cellules souches adultes: ADSC

H E G P

Sécrétion de GF - 72 heures Nombre de cellules endothéliales
p<d. 001
’ |
B Normoxia pe0.08
125 _ 200~
=i Hypom 175+ p<0.001
1 1504 =1

%ofseedsd 425,
Endothelial Cells ,

754
504
254

Cont Norm ASC Hyp ASC
GM-CSF VEGF HGF bFGF TGFb EBM-2 medium medium

Rehman J et al, Circulation, 2004



Autres sources de ceIIuIes;)"Lj?:T%s adultes: ADSC

H E G P

0,8 -
k
0,6 -
Score angiographique
(Isch/Nisch) 0,4 1
0,2 -
0 .
PBS Human
ADSC
Human ADSC
0.8 : Isch N.Isch Isch N.Isch
0,6 -
Flux cutané
Isch/Nisch
(Isch/Nisch) 0.4 -
0,2 -
0 Human ADSC

PBS




Autres sources de ceIIuIesms adultes: ADSC

H E G P

15 male CLI patients with ischemic resting pain in 1 limb with/without non-healing ulcers and necrotic foot.
ATMSC were isolated from adipose tissue of thromboangiitis obliterans (TAO) patients (B-ATMSC) and healthy
donors (control ATMSC)

A n

‘E. P=0.007 3
g | - P=0.00% %
g2 = £
£ £, 7
= = /
a S e
51 :
'.:‘ :l ’/_L’/:
= | ~ =
= ¥
“o - e , =
0 ——
(Pl —@-P2 P4 ——PS —-P6 P8 .w;’ ° tmonth .
. < — P
P10 —4~P1] ~—P12 —o~P13 = Pl4 PETE] SRS SSUBNSHETR: NI IS =es
] P9 —ePl10 ~PI2 Pid ~o-Fl4 L3 &
B B

Patient ¥

Bascline

SASFRNEYSY

ISRUNENNE

.
-
-~

G avontly

Lee HC, Circ
J,2012
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Autres sources de ceIIuIesms adultes: ADSC

Seven patients: rest pains of ischaemic
origin; ankle systolic oxygen pressure lower :
than 50 mmHg or the first toe systolic :
oxygen pressure lower than 30 mmHg; not :
suitable candidates for vascular or:
endovascular surgery. 0 50 100 150 200

108 ADSC were implanted by intramuscular Patient 6
injections into the internal and external§
gastrocnemius and anterior compartment :
of the ischemic leg :

Bura-Riviere A et al, Cell Transplantion, 2014
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Thérapies cellulaires — méta-analyses, Ischémie critique

:
: H E G P

Primary analysis: ABI
Experimental Control Mean Difference Mean Difference
SmdyorSnb[mup Mean SO Total Mean SD Total Weight IV, Random, 95% C1 1V, Random, 95% C1
Lojordo et al. 2012 HD 0.1 005 9 01 0175 12 2.3 000(+0.10,0.10)
Teraa et al, 2018 011 0.2 Bl 008 024 79 106X 0.03[-0.0e 010}
Arail et al. 2006 053 006 13 047 003 12 140x 0,06 (0,02, 0.10) ——
Lu et gl 2008 07 o011 22 061 011 23 110%x 0.09 10,03, 0.15) S ——
Waiter ¢! i 201} 075 024 19 0686 042 21 2.7%  0.09(-0.12,0.301 M
Lu et el 2011 BM MNC 065 0034 19 055 0071 37 145x 0,10{0.07, 0.13} e
Losordo et al. 2012 LD 0.2 0225 7 0.1 0175 12 31%  0.10{-0,09, 0.29] -+
Huang et al, 2005 083 025 23 051 028 24 45% 0.12[-0.03, 02N *
Ozturk et al 2012 087 024 20 073 028 20 41% 0,14 (.0.02,0.30] +
Lu et ol 2011 BM MSC 072 0078 18 0.5% 0.071 17 13ax 0.17]0.1%, 021 —.
Cupta et al, 2013 076 015 10 059 0.14 10 5.7 0,17 10,04, 0.30] *
Skora et Al 2015 052 052 16 03 0.29 16 LS 0.221-0.07, 051 »
Mohammadzadeh ot al, 2012 092 0.15 7 065 025 14 38X 0.2710.10, 0.44] ——
Szabo et al, 2013 036 03 10 <001 0.01a 10 33 0.37.10.18, 0.5¢] —
Toral (35% 1) 274 327 100.0% 0.11 [0.07, 0.15] e
Heterogeneity: Tau® = 0,00, Ch' = 36.47, of = 13 (P = 0.0005k I' = 64% .é 2 -3! ' O:l 032
Test for overall effect: Z = 5.75 (P < 0.00001) : ;m“ Control Favours Cel'l Therapy
Primary analysis: TcO,
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SO _Total Mean SD Total Weight IV, Random, 95% Ci IV, Random, 95% Ci
Walter ¢l al. 2011 405 23 19 397 17 21 10.0% 0.80([-11.84, 13 44)]
Teraa et al. 2015 104 233 8l 67 201 79 15.1% 3.70(-3.04, 10.54) ity
Aral et al. 2006 32 8 13 26 5 12 165X 6.00(0.81,11.19] ——
Szabo ¢t al, 2013 66 126 10 -35 93 10 124X 10.10(0.39, 18.81)
Oxturk et al. 2012 44,3 1003 20 3235 147 20 141X 11.95[4.15,19.75) _—
Lu et sl 20135 BM MNC 6 9% 19 442 13 37 15.8% 16.80[10.42,22.78) ——
Lu et Al 2011 BM MSC (13 8 18 442 13 37 16.1X 21.80]16.21, 27.39) Th——p——
Total (95% C1) 180 216 1000% 10.74 [4.93, 16.54) e ol
Heterogeneity: Tau’ = 46,35, Chi' = 28.37, dl = 6 (F < 0.0001); 1" - 79% _50 _io ) f'o fo
Test for overall effect. Z = 382 (P « 0.0003) Favours Control Favours Cell Therapy

Rigato M et al, Circ Res, 2017



Thérapies cellulaires — méta-a'n!‘aWses, Ischémie critique ]

Primary analysis: pain score
Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
Huang et al, 2005 1.07 0.92 14 286 117 14 T9% -1.79(-2.57, -1.01) v
Luotal 2011 BM MSC 1.87 1 18 33 06 37 9.9 -1.43[-1.93, -0.93]
Lu et al, 2008 2.14 066 22 347 064 23 10.7% -L33([-1.71, -0.95} Smpp—
Lu et al, 2011 BM MNC 21 08 19 33 06 37 10.5% -120([-1.61, -0.79) —
Losordo et al. 2012 LD -1.3 06 7 -04 13 12 7.4% -0.90 [~1.76. -0.04]
Ozturk et al, 2012 2.24 064 20 308 032 20 11L0X -0.84(-1.15, -0.53) —
Walter ¢l al. 2011 0.8 1 19 16 14 21 8.2% -0.80(-1.55, -0.05) e
Barc et al 2006 ~1.41 0.7 14 <12 07 15 9.6% -0,21(-0.72,0.30] ——— —t =
Aral et al, 2006 19 04 13 21 03 12 11.2%  -0.20[-048, 0.08] —
Losordo et al, 2012 HD -02 0.7 9 -04 13 12 745 0.20{-0.67,1.07) v
Gupta et al, 2013 I 124 10 0 124 10 6.0% 1.00 [~0.09, 2.09)
Total (95% Ch 165 213 100.0% -0.74 [-1.12, -0.36) B
Heterogeneity Tau' = 0.31; Chi’ = 62.13, df = 10 (P < 0.00001); I' » 54% _12 _51 l E

Test for overall effect: Z = 3.84 (P = 0.0001)

Primary analysis: Pain-free walking distance

Favours Cell Therapy Favours Control

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean S0 Total Mean SO Total Weight IV, Random, 95% Ci IV, Random, 95% C1
Losordo et al. 2012 LD ~16.7 927 7 1082 1918 12 198% -12490(-2%3.32,3.52) - 1
Losordo et al. 2012 HD 98 138.6 9 1082 191.8 12 19.0% -10.20[-151.54, 131.14|
Lu et al, 2008 693 11 22 2033 8S.5 23 238X 1660010793, 224.07) ———
Dash et al. 2009 284,44 2121 12 7822 3535 12 20.2% 206.22 [84.56, 327.88) -
Huang et al. 2005 106.4 2891 14 786 1423 14  17.1% 227.80[59.01, 396.59) - *
Total (95% C1) &4 73 10008 93.73(-30.05,217.51)

Heterogeneity: Tau’ « 1584561, Chi* « 23,11, df = 4 (P « 0,0001), V¥ = B3%

Test for overall effect: 2 = 148 (P » 0.14)

Rigato M et al, Circ Res, 2017

-200 -100 O 100 200
Favours Control Favours Cell Therapy



3-b-2 Thérapie cellulaire etE)%Togies cardiagues a

H E G P

Study n Cells Cell harvesting and manipulation Cell delivery Method of Effecton
delivered “rveof  Method of Incubation  Vehicle Route Number  OLOW-UP m"’““,::
cell harvest  purification time of celis
Triak in Mi
TOPCARE- 20 Bone 3 days Densitygradient ND X-VIVO™ 10 Intracoronary 7.3x10¢ W No
AM| Mmarrow separation and (Lonza, (OTW balloon); angogrephy changs/
(2002)* aspirate cell culture Switzeriand) three injections positive
of 10m|
BOOST 60 Bone S days Heall 6-8h 10.,0000/1 Intrecaronary 2.40%x10" MRI Positive
(2004 marrow (4% gelatine heparnized saline  {OTW balloan);
aspirate polysuccinate) four orfive
densitygradient Injections
separation iasting 2-4min
REPAIR- 204 8one 3-6 days Feoli-hypague  Ovemignt X-VIVO™ 10 ang Intracoronary 198x10' W Positive
AM| marrow densitygadient at 23°C 20% autnlogous (OTW balloon anglography
{2008)'* aspirate centrifugation serum within stent)
Lauven- 687 Bone 24h Lymphoprep® 4-6h 0.9% NS and 5% Intrecoronary 480x10" MR No changse
AMI metrow (AXIS-SHIELD autologous serum  (OTW balloon
(2006)'¢ aspirate POC AS, within stent),
Norway) three injections
of 2-3min)
ASTAMI 87 Bone 4-7 days Ficoll density ND Heparin-treated Intracoronary B8.80x10" CT(SPECT) No change
(2008)+ marrow gradient plasma (OTW balloon
aspirate centrifugation within stent)
FINCELL 80 SBome Moming Ficoll-hypague  6h Unspecified Intracoronary 3.80x10° Echo Posithve
(2008)'* marrow oftheday  densitygadient medium and 30%  (OTW halloon
aspirate  PCl was centrifugation sutologous serum  within stent)
performed

Behfar, A et al, Nat. Rev. Cardiol, 2014
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Cellules mononuclées médullai

et pathologies cardiaques =
Study n Cells Cell harvesting and manipulation Cell delivery Method of Effecton
delver®d fimeof  Methodof  Incubation Vehicle Route Number 'ONOWUP  sjection
cell harvest  purification time of cells
FINCELL BD Bone Morming Ficoll-hypague ©h Unspacifed Imracoronary 3.60x10% Echo Positive
{2008)" mamow  ofthe day  densitygradient mediumand 50%  (OTW balioon
aspirate  PCl was centrifugstion autologous ssrum  within stent)
performad
HEBE 200 Bone <B days Lymphoprap* ND Sodium hepatin Intracoronary 2896x10* MR No changs
(2011)" MErrow and 4% HAS (OTW balioon):
asplirate three Ipjections
lasting 3min
TIME 120 Bone Jor 7 days  Sepax® <12h Normal saline Intracotonary LE50x10" MR No changs
(20125 MErrow cellprocessing and 5% HAS (OTW balioon);
aspimts SystEm six Injections
(Blosafe Group of Sml
SA, Switzerang)
LateTIME B7 Bone 2-3 weeks  Sepax® <12h Normal saline Intracoronary 1 50x10* MR No change
(2031 Marrow cellprocessing and 5% HAS (OTW balloon;
aspirato system siX Injections
of Sml)
Trials In CHF
TOPCARE: 92 BMMNCs 2 months Ficall ND 10,0000/} Intracoronary BMMNCs: Biplanar LV Positive/
CHD or CPCs agiter M densitygradiant heparinizad (OTW balloon). 2.1x10% angogrsoly no chenge
(2006)* gseparation and saline and &8 three injections CPCs:
cell cultyre bolis of abcidmak  of 10m! 2.2x10'
(gycopratain b/ s
receptor anjagonst
-0.25mg/kg)
FOCUS 92 BMMNCs ND* Sapax*® cel| <i2h Norms! saline Intracoronary 1.00x10* CT{(SPECT) No change
CCTRN procassing +35% HAS (OTW balioon);
(2012)° systam 15 Injeations

of 0.2mi



Multiples sources de cellules adultes thérapeutiques -

H E G P

First Generation : Bone Marrow/Blood

Iliate crest aspirate Endothelial progenitor cells

| o%0
-l O 0°
q%%@o@ B .
0«0 S e
L e
aoa ‘0
(= R oot e T et et

Mesenchymal Stem Cells

Second Generation : Cardiac Stem cells + Alternative sources of therapeutic cells

Resident cardiac Stem cells Iliate crest aspirate  Cardiopoietic stem cells AdiposeTissue Therapeutic cells
.- ‘ e e )
= S —
= i
Lineage Lineage
specification selection
Isolated cardiac Stem cells Cardiospheres \
=S -
@ @ e - @
s 0 @ e — S &P @
e - &

Cord Blood o)



Autres sources de cellules souc adultes: cardiac SC

H E G P

A B C
70+ Control patients  CSC-tramted patients 70+ — 207
(a7 (n=14) 8 &
60~ B 60 .~ é n=8
o : 2=l p04007
= 50 / ~ 50 ﬁ A pe00007 % 5
£ / ﬁpnoml < 7 _/t/’/—(') s ne14
S da p+0.899 47’ LA e u} A G+ < et
14 = Sl 1% et §, ] s
E — - = i A D ) 8397 |
ol Bsn 8 | sy — &
ME=d> BE Wk 5 = 5 =
=, == Z =— z
& 20 o o——0 20+ T £ -
o o g 7
10 10+ &

Basé«'ne 4m:;nths Baséﬁne 4n°¢;nths Amt;mha um:mhs

D E Cardiac stem cells (c-kit+/Lin-)
in patients with ischaemic

28+ ¢ 2.8+
f::';dmkm ‘(:flf,,m ol N8 cardiomyopathy (SCIPIO) =
24 20846 G——C 24- patients with _post-infa.zrct!on
p B——n : 5 LV  dysfunction (ejection
£209 zo——go L. N8 0005 £ 207 fraction [EF] <40%) before
0o % &&. y g
S| il . coronary  artery  bypass
: g% &h—‘\\\c 5 grafting
£ 12+ ——— _E_ 12-
z ES
08 0-8+
" ’

[
JENN

1] 1 J i 1] £ .
dasdline 4 months Baseline 4 months Baseline 4 months 12 months

Bolli R et al, Lancet, 2011




Autres sources de cellules sodtﬁ adultes: cardiac SC

H E G P

A o B C Prospective, randomised
p, o . .
SN -

jq = 20- 5 10 ey CArdiosphere-Derived
£ < 3 aUtologous stem CElls to
g 3 3 104 2 = reverse ventricUlar

> .

' = e . dySfunction  (CADUCEUS)
2 § [}
¥ 5 g o E‘ trial, patients were
% _S_.
£ z 3 enrolled 2-4 weeks after

1 = .10 -~ <A . . . .
§ Y 1 g -10- myocardial infarction (with
= g , P=014 g . C .
5 £ € left ventricular ejection

- 5 - I 1 (= B 1 1 .

Controis (BXs fraction of 25-45%)
D E
& 09-0.015 /l CARDIOSPHERES

Qe = g : ,I human myocardial bioppy
— I,
£ ’
5 5 F 40+ / - e
@ 35 V4 : Ry jl
2 £ A N
2 e TS a— ;
%-10 = 20 \\
£ \

=002 \\ A
15 T 1 0~ \
Controls (DCs Controls DCs “

Makkar RR, Lancet, 2012



Autres sources de cellules souches adultes: ADSC

H E G P

Intarct size

The APOLLO trial is a randomized, double-blind,
placebo-controlled, phase I/lla study designed to
assess the safety and feasibility of intracoronary
infusion of ADRCs in the treatment of patients in the
acute phase of a large ST-segment elevation acute
myocardial infarction (STEMI)

>

§

L
o
I

% of LV infarcted
N
o
4

—_
o
L

o

1) liposuction to harvest ADRCs in the acute ADRC Placebo
phase of an AMI is safe and feasible;
2) intracoronary infusion of freshly isolated ADRCs
was safe and did not result in an alteration of
coronary flow or any indication of microvascular
obstruction;
3) no SAEs were related to the ADRC therapy; and
4) ADRC infusion resulted in a trend toward
improved cardiac function, accompanied by a
significant improvement of the perfusion defect 0
and a 50% reduction of myocardial scar formation

Perfusion defect

— 0 —

X
=3
L
|
|

Visual rest score (%) LU
=

ANRC Plarahn

Houtgraaf JH, ] Am Coll Cardiol, 2014



Autres sources de ceIIuIes;o.h‘és adultes: ADSC

H E G P

OBaseline MW6-months

s
The PRECISE trial, randomized, placebo-controlled, % P=1 P <.001
double-blind trial Transendocardial injections of g 200- S aum
ADRCs in no-option Patients with ischemic g
cardiomyopathy, monitored up to 36 months. g _
Efficacy was assessed by echocardiography and 3
single-photon emission computed tomography g
(6, 12, and 18 months), metabolic equivalents and 2 100
maximal oxygen consumption (MVO § Control ADRCs-treated
2) (6 and 18 months), and cardiac magnetic
resonance imaging (6 months). OControl WADRCs-treated
21 ADRC-treated and 6 control patients. T 3 T | T
£ P=.03 P=.01
W 1 :
é B — ) —l e
ADRCs may preserve ventricular function, g;
myocardial perfusion, and exercise capacity in these 9 -3 -
patients. ‘?‘c -5 -
=
g 71 -

Perin EC, Am J Heart, 2014 Baseline to 6-months Baseline to 18-months




Autres sources de cellules so-dc%s adultes: ADSC

H E G P

The Athena program consisted of two parallel, SoserralCon oot Bk

prospective, randomized  (2:1, active: -6 el =5
placebo), double-blind trials assessing Day -1 |Pre-0p |
intramyocardial (IM) ADRC delivery [40- — m;.id:m;;
million, n=28 (ATHENA) and 80-million — & B
(ATHENA 1) cells, n=3]). Patients with an EF | Cell Processing & Preparation of Dose (sctive/piacebol |
>20% but <45%, multivessel coronary artery m':::;;m - e domimn 21
disease (CAD) not amenable to Day ' P i~
revascularization, inducible ischemia, and | ADRC | Placebo |
symptoms of either angina (CCS II-1V) or heart " Emm m“:d re— n:: r—
failure (NYHA Class II-lll) on maximal medical — | |
therapy were enrolled. Days 7 to 360 Follow-Up Visits: 7, 30, 90, 180, 360 days

Years 2,3, 4 and S ‘ Vital Status Follow-Up Onlvu

Improvement in both heart failure and angina symptoms and a reduction in heart failure
hospitalizations. In contrast, there were no differences in LVEF or LV volumes by echocardiography.
Autologous ADRCs may have greater benefit on symptoms, quality of life, and VO,max, compared
with the cardiac structural changes that were measured.

Henry TD, Catheter Cardiovasc Interv, 2017



Thérapies cellulaires — mét

5 -

-

a-analyses, Infarctus =

Forest plot displaying changes in left ventricular ejection fraction, end-diastolic and end-systolic volumes in
patients treated with intracoronary cell therapy after recent acute myocardial infarction.

A Changes in Ejection Fraction (%)
Cell therapy Control Muan Difference Mean Difference
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B Changes in End-diastolic Volume (mi)
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Gyongyodsi M et al, Circ Res, 2015



Thérapies cellulaires — méta-anlhses, Infarctus
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Controversies in Cardiovascular Research

wrsies in Cardiovascular Research
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« The number of published mefa analyses of cardiac cell therapy by far outnumbers

the number of well controlled randomized trials » Assmus B, Circ Res, 2015



4- Lecons des strategies de‘;ﬁc‘é?é'pie cellulaire

H E G P

Essais cliniques - Legons

Type de cellules?
Doses?

Timing des injections?
Site d’injection?
Groupes controles?
Criteres d’efficacité?
Nombre de patients?



Legon 1: Effets pIéiotropiques'e! ﬁaracrines '; <n
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Adapted from Behfar, A et al, Nat. Rev. Cardiol, 2014 Healthy tissue




Lecon 2: Effets locaux et systémiques

H E G P

Stem Cell therapy

Tissue Delivery Systemic Delivery
l Extracellular vesicles l
Engraftment — Cell-cell Paracrine factors

€€ e e e

Global distribution:
multiple organs

l effects \ l l

Differentiation Local immunomodaulation Systemic immunomodulation
Cardiomyocytes Endogenous repair mechanisms Anti-inflammatory responses
ECs/VSMCs Neovascularization
Inflammatory cells 1
N l 4 . .
N Ry Innate/adaptive ummunity
\\ //
X . . JZ
Tissu Repair

Lee RH, et al, Cell Stem Cell, 2009
Luger D et al, Circ Res, 2017
Hamid T et al, Circ Res, 2017
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Lecon 3: Lorigine des cellules soliches thérapeutiques compte!

Intracardiac injection Intramuscular injection
Just after Ml — Just after CLI
DD 0=
M BM-MSC L -
o B ADMSC
& B gh-BMC g 150 * ¢ *
Y Bl Low-BMC O — U+
2\: 404 ’ CJCanol .; E
.5 * D08 vs Control -g_ 8 100d = —
s 30- L~ S
e & © e
E .9 &\Q‘ ......
: 20" I &o 50_‘ .....
9 <
3 104
w-\ 0 ' 1 X A
0- CONT 10.000 100.000 10,000 100.000 10,000 100.000
Baseline 3 weeks hCB-EPC hBM-MSC hESC-CPC

Li TS et al, ] Am Coll Cardiol, 2012

Richart A et al, Stem Cells, 2014
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Lecon 4: Design de I’approcﬁ.e' tﬁ%rapeutique: Modeles animaux?

H E G P

Difference between small and large animal studies.

A Animal Size
Large Animals .
(n=14)
*p< 0.001
Small animals | .
(n=95)
o o R

Differance In mean LVEF (%)
compared (o placebo

CDC cardiosphere-derived cells & Cs, cardiospheres.

Type de cellules?, Doses?, Timing des injections?, Site d’injection?
Groupes controles, Criteres d’efficacité, Nombre de patients?

Zwetsloot et al, Circ Res, 2016



Lecon 4: Design de I’appro&rapeutique: Site d’injection ?

H E G P

End point: left ventricular ejection fraction (LVEF; %) in acute myocardial infarction (AMI) clinical trials. Result favors
transendocardial stem cell injection (TESI) and intravenous infusion (IV). MSC-based therapy.

Treatment Control Moan Difference Mean Difference
Study or Subgroup  Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
TESI
Rodrigo et al. 2013 57 3 8 50 12 33 157% 700 [2.66, 11.34) e
Subtotal (95% CI) E 38 15.7%  7.00 [2.66, 11.34) -

Helerogeneity: Not applicabie
Test for overall offect: 2 =316 (P = 0,002)

Intracoronary Infusion

Chen ot al. 2004 67 3 34 54 5 35 178% 13.00[11.08, 14.94) -
Gao et al, 2013 55.1 18 21 549 7 22 18.0% 0.20 [-0.88, 1.28] T

Leg of 8l 2014 50 &84 30 504 94 28 15.5% -0.40 [-5.00, 4.20) .
Wang et al. 2014 50.1 34 28 481 23 3N 17.8% 1,00 [-0.50, 2.50) E
Subtotal (95% CI) 113 115  68.9% 3.54 [-2.39, 9.46]

Heterogeneity: Tau® = 34.80; Chi* = 135.40, df = 3 (P < 0.00001); ¥ = 98%
Test for overall effoct 2= 1.17 (P =0.29)

intravenous Infusion
Hare et al. 2000 525 1187 39 469 887 21 153% 5,60 [0.86, 10.34] e
Subtotal (95% CI) 39 21 153% 5,60 (0,86, 10.34) -

Heterogenelty: Nol applicable
Test for overall effect 2 =231 (P =0.02)

Total (95% Cl) 160 174 100.0%  4.40[-0.29,9.10) l‘
Heteroganelty: Tau® = 31.55; Chi* = 140.82, df = 5 (P < 0.00001), ¥ = 98% 20 ,0 0 1*0 20
Test for overall affect. Z = 1.84 (P = 0.07) Favors Control  Favors Treatment
Test for subaroup differences: Chi* = 0.86. df = 2 (P = 0.85). F = 0%

Kanelidis et al, Circ Res, 2017




Lecon 4: Design de I’appromapeutique: Type de patients? -
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All sources of therapeutic cells

Florea V et al, Circ Res, 2016 Khan AR et al, Circ Res, 2016
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Lecon 5: Faible efficacité des celltiles souches adultes
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____________ Howangyin K et al, Stem Cells, 2014
.- S Broqueéres-You D et al, Diabetes, 2012

,,"’ Ny Mees B et al, Am J Pathol, 2011
. R ’ Carriere A, Arterioscler Thromb Vasc Biol, 2009
Hypertension You D et al, Hypertension, 2008
\' Macro- and Micro- environment Ebrahimian TG et al, Am J Pathol, 2006
‘ N\ You D et al, Circulation, 2006

\ Tamarat R et al, Am J Pathol, 2004
\ Planat-Benard V/Silvestre JS et al, Circulation, 2004
<(p,. . Silvestre JS et al, Circulation, 2003

g
161' Stem cells therapeutic 6’0
? &

‘ /\ % potential o § I~ .
Smoking o an§‘°$e Diabetes
Low/Disrupted paracrine potential
Low chemotactic sensitivity /

Inefficient recruitment //

Inadequate proliferation .
/‘ and differentiation " \
e ~~ Dyslipidemia



Lecon 5: Faible efficacité dmles souches adultes

Autplogous Cull therauy |
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A All cell sources

H E G P

Cifference In mean LVEF (%)
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Lorkeers S et al, Circ Res, 2015
Karantalis V et al, Circ Res, 2015
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5- Stratégies pour augmenm'icaute des cellules souches adultes
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o T e T e o e T h\
g >
I, \
! |
: | ' I Intramuscular
IAdu t Stem cells : Intravenous
| "
: : Intraarterial
= "
: Adipose I
1 SkEIEtaI tlssue -
|
: Other
: sources |
! ]
: |
|
: Lineage :
\ l
\ - Selection } !
______________ _,// Treatment of ischemic tissue
#8 Ephrin B2FC Growth Factors
E selectin Cytokines
HMBG1
B2 integrin
Thrombin Statines
1 ‘ ntramuscular
1 k [ :
! = ISJQU ;LL_" Intravenous

Intraarterial

\——————'

Adapted from

g :
Bl-therapy Blomaterlals Silvestre JS et al, Physiol Rev, 2013
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5- Stratégies pour augmente.r' efficacité des cellules souches adultes

BMMNC tested for predefined markers that have

Cellules souches mésenchymateuses du sang de cordon ) ) ) ) )
proangiogenic and cardioreparative potential: Cell Potency

Injection intraveineuse

Clinical Track

(]
Safety and Efficacy of the Intravenous Infusion of Umbilical
Cord Mesenchymal Stem Cells in Patients With Heart Failure

A Phase 172 Randomized Contralled Trial (RIMECARD Trial
[Rundomized Clinical Teial of Intravenous Infusion Umbilicnl Cord
Mesenchymul Stem Cells an Cardiopathy )
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Bartolucci J et al, Circ Res, 2017

Assay (CPA) score (% of CD34+)

Transendocardial injections of BM MNC in the peri-infarct

myocardial segments.
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The Cardi AMP Heart Failure trial: A randemized controlled pivotal trial of
high-dose autalogous bone marrow mononuclear cells using the
CardiAMP cell therapy system in patients with post-myocandial
infarction leart fallure: Trial rationale and study design
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6- Thérapies cellulaires: Utili§%ﬁ de Cellules souches pluripotentes
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Skel‘etal hESC hiPSC

Bone Marrow Blood

Adult therapeutic cells « embryonic » therapeutic cells

Adapted from Silvestre JS et al, Physiol Rev, 2013



%Dates principales dans le dév ent des thérapies basées sur '
I'administration de cellules souches pluripotentes (iPSC & ESC)
' . H E G P
ACT’s Phase /i trials | | RIKEN's Phase | trial of
of hESC-detived RPE autologous iPSC-derived
for AMD and Stargardt RPE for wet AMD launches,
disease are approved first patient treated
1 on 12 September, 2014
. i First PSC-based therapy —— I
Yamanaka and Thomson injected into humans Menasche’s Phase | trial
First reported publish papers on the {Geron's short lived Phase | | | on hESC-derived cardiac
isolation of hESCs | | generation of human iPSCs | | trial for spinal cord injury) | | progenitors begins

| |

2001 2009 2010 2012 2013

|

|

9 August, US President 9 March, US President First report of the Viacyte's Phase | trial
Bush restricts funding Obama eases federal safety and potential of a hESC-based
for hESC research restrictions on funding efficacy of PSC diabetes treatment
: of hESC research progeny in humans Is approved
NIH creates hESC = ~ ==t ,
Registry, limiting Yamanaka and Gurdon | | Asterias' Phase I/Il hESC-
federal funds to. win Nobel Prize for based trial for spinal -
21 existing lines reprogramming cells cord Injury is approved

Nature Reviews | Drug Discovary
Kimbrel EA, Nat Rev Drug Discovery, 2015



6-a Cellules Souches plumtes induites (iPSCs)
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Transcription factors
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Generation of iPSC lines
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Clonal differences of iPSC

Before reprogramming
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Single nucleotide polymorphisms,
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Epigenetic status
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After reprogramming
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Yoshida et al, Circ Res, 2017



1- Disease modeling and‘i’r%ﬁts onto new therapies

H E G P

Lhaalivy v enrtenl S
coll bebwinipry, ety
atithelby wnd wbinry

P oo vy 3

Correction of the GATA4 G296S point mutation, using the CRISPR/Cas9 gene-editing system,
in the patient-specific reprogrammed iPS cells backs to the wild-type (WT) alleles

G296S cardiomyocytes reveal features of cardiomyopathy in vitro, displaying reduction in
contractility, sarcomeric disorganization, and impairment in calcium handling and
metabolism. The isogenic corrected cells exhibit a normal cardiomyocyte phenotype, proving
the function of the mutation. Ang YS et al, Cell, 2016

Vujic A et al, Cell, 2016
Shi Y et al, Nat Rev Drug Discov, 2017



2- Prediction of drug toxi‘éi’t'y and/or efficiency
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hPSCs WPSCe-CMy
' Normal cardisc ——» @ sl . 4 i Wiro assays
/ lunction g Contractility
Skin biops . Ca* cyciing
e and hipsCs Cardiomyocyte Daxorubicin | Metabolism
' reprogramming differantiation challengs Gene expIession
Apoptosis
Chomoprotection

Broast cancer dingnosis Doxorublicin-induced
and troatmont cunnomyopmn, — _— — !
s

with doxarubicin
v
~

-
-

S Pravention of personalized therapy?  _ -

-
- - -
---------,-

Burridge et al derive hiPSCs from skin biopsy of individuals with breast cancer who do and
do not experience doxorubicin-induced toxicity. They find that these cells respond
differently to doxorubicin. Hence, they can be used to investigate the cause of toxicity and,
in the future, potentially to tailor relevant treatments.

Burridge PW et al, Nat Med, 2016
Biermann M et al, Nat Med, 2016



3- Design of engineered“?rr??btardium or cardiac muscle patches

Tiburcy et al, Circulation, 2017

H E G P

3D fibrin patch
Fibrin scaffold
Multiphoton-excited 3D printing

+ smooth muscle & endothelial cells
+ IGF encapsulated microspheres

Gaol L et al, Circulation, 2018
Gao L et al, Circ Res, 2017
Ye L et al, Cell Stem Cell, 2014
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Cellules souches pluripotentes induites (iPS): preuves expérimentales
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VDifferentiation of iPS to vascular cells VArterial and venous EC induction from iPS
cell-derived FLK-1+ cells
A, . B cp3e+ C CxCra+

<3 8 Cells (%) Cells (%)

. :/L'XS."A/’*'-

Germline-competent mouse Nanog-iPS cell lines 20D17, 38C2 and 38D2

Flk-1 mesoderm cells induced by 96 to 108h culture of iPS

Narazaki G et al, Circulation, 2008
Mauritz C et al, Circulation, 2008
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Cellules souches pIuripotemuites (iPS): preuves expérimentales
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Cellules souches pluripotentes induites (iPS): preuves cliniques
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6-b Thérapies cellulaires: Cellule§'souches pluripotentes embryonnaireé‘
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Skel‘etal hESC hiPSC

Bone Marrow Blood

Adult therapeutic cells « embryonic » therapeutic cells

Adapted from Silvestre JS et al, Physiol Rev, 2013



Cellules souches pIuripotente's!'e“ibryonnaires: preuves expérimentales
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Cellules souches pluripotentes embryonnaires: preuves expérimentales

H E G P
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Blin G et al, J Clin Invest, 2010 | ft
Hamdi H et al, Cardiovasc Res, 2013 0
Richart A et al, Stem Ce”S, 2014 CONT MEF SSEA_1+

Menasché P et al, Eur Heart J, 2015
Bellamy V et al, J Heart Lung Transplant, 2015
Menasché P et al, J Am Coll Cardiol, 2018




Cellules souches embryonnaiFé‘s-b; reuves cliniques

H E G P

ESCORT Trial
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Menasché P et al, Eur Heart J, 2015
Bellamy V et al, J Heart Lung Transplant, 2015

Menasché P et al, J Am Coll Cardiol, 2018 Hamdi H et al, Cardiovasc Res, 2013



7- Vers une thérapie a-cellulaire?
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Adult stem cells « Embryonic » stem cells

BM-SCs PB-SCs AT-SCs Tissue-SCs

Non committed cells committed cells Paracrine factors

P339

Silvestre JS/Menasché P, Ebiomedicine, 2015
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Cellules souches pluripotentes: Rbles des vésicules membranaires
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Production par les CS de vésicules membranaires (EV): Exosomes et Microparticules



Cellules souches pluripotentes: Rbles des vésicules membranaires
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Cellules souches pluripotentes: R6les des vésicules membranaires
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Kervadec A et al, J Heart Lung Transplant, 2016
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Cellules souches pluripotentes: Rbles des vésicules membranaires
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El Harane N et al, Eur Heart J, 2018
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Cellules souches pluripotentes:
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El Harane N et al, Eur Heart J, 2018



Thérapies cellulaires : retour versle futur
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e CS adultes: BM, Sang, Compartiment
Tissus vasculaire

e CS Embryonnaires Inflammation

e iPS Fibrose
Compartiment
musculaire
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e CS
e Tissus ischémiques

¢ \eines,Arteres,
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e Biomatériaux
e Feuillets cellulaires
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