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La perfusion ex-vivo des greffons hépatiques :

Etat des lieux

Hypothermie
*  4°C, logistique simple

*  Seule ou avant normothermie
*  Protection mitochondriale, restockage ATP

e  Prévention de la non-fonction primaire et de la
cholangite ischémique

The NEW ENGLAND
JOURNAL of MEDICINE

Hypothermic Machine Perfusion in Liver Transplantation — A
Randomized Trial

N=78 vs 78, greffons de donneurs en arrét cardiaque (a risque)
Sténoses biliaires non anastomotiques : 6% vs 18% (p=0.03)
Sd reperfusion : 12% vs 27%

Dysfonction précoce : 26% vs 40%

Validée en clinique pour les greffons a risque
(marginaux) : DDAC ++

Normothermie
*  Conditions physiologiques : métabolisme a 37°
*  Nécessité d’un transporteur d’02 (sang/Hb de
synthése)

*  Test de viabilité en temps réel

*  Permetinterventions pharmacologiques
(corrections metaboliques, défatting)

A randomized trial of normothermic
preservation in liver transplantation

Vi

nature

¢

N=170vs 164, tous greffons dont en arrét cardiaque
Transaminases J7 moins élevées apres perfusion

Refus greffe aprés évaluation ultime diminué: 11.7% vs 24.1%
Complications et survie comparables

Faisable pour évaluer la viabilité des greffons tres
marginaux (stéatose ++)




La perfusion ex-vivo des greffons hépatiques :

Perspectives

An integrated perfusion machine preserves
injured human livers for 1 week

Dilmurodjon Eshmuminov 3"+, Dustin Becker®*, Lucia Bautista Borrego ©'7, Max Hefti 027,
Martin J. Schuler*?, Catherine Hagedorn'?, Xavier Muller'?, Matteo Mueller'?, Christopher Onder*,
Rolf Graf'?, Achim Weber %, Philipp Dutkowski'Z, Philipp Rudalf von Rohr*'” and

Pierre-Alain Clavien 27

Future Applications Outside of
Liver Transplantation
1)
' b o Toxcoiogy
o Studies & Drug
i AQ..l. Descovery
—

RedOil/Dapi

Media D-FAT

Futur proche:

* Délai supplémentaire de gestion de
greffon

* Testing métabolique a 37°

En cours d’évaluation :
Cocktails défattants

An effective defatting cocktail to reduce liver graft steatosis before
transplantation. L Aoudjehane, et al.(Sorbonne U, PSL) - Dis. Mod
& Mech 2020

A plus long terme:

* Support hépatique ex-vivo

* Plateforme de recherche
thérapeutique in vivo




Greffons stéatosiques

STEATOSE HEPATIQUE

(" OBESITE

INSULINO-
RESISTANCE

DEREGULATION
DU METABOLISME
LIPIDIQUE

B-oxydation
Production VLDL

Cohen et al, Nature 2011

Principal motif de refus de greffons hépatiques en France

130-150 greffons par an




Greffons stéatosiques en conservation statique

De I’huile a la motte de beurre...

1. Metabolisme mitochondrial
o 0 altéré — stocks d’ATP bas -
U production ROS

QD_Q O o O .| aloorssins | 2. Mlicrocirculation altérée :

ET-1, IL-lB, chemokmes

O O réduction spatiale dans les
sinusoides
. Micro-environnement pro-
inflammatoire
Boteon et al., AJT 2018

DeGraaf, J Gastroenterol Hepatol 2012

Seuil de tolérance a l'ischémie reperfusion : bas ++




Greffons stéatosiques

Stéatose > 30% : transplantation a haut risque

Graft dysfunction /
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Principes de la perfusion hépatique
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Figure 3: Graphic presentation of the change in the rate of ‘with . Based on Van't Hoff's
pringiple (expressed as Oy = (kz/k; "Y1y this graph demanstrates the significantly reduced metabolism at hypothemic tempera
tures [0°C-12°C]. The vertical fines in the graphs indicate the lower endpoint of temperture mnges of the different types of MP
proposed. NMP; normothemic machine perfusion (35°C-38°C); SMP, subnomothermic machine perfusion (25°C-34°C); MMP,
mid-themic machine perfusion (13°C-24°C); HMP, hypothermic machine perfusion (0°C-12°C).

D’apres Karangswa AJT 2016
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PLUSIEURS POSSIBILITES

Marecki et al Liver transplantation 2017
Schlegel et al, Curr Op Org Transplant 2017




Hypothermie seule améliore mais ne corrige pas

« Booster » la mitochondrie en ATP

Hypothermic oxygenated perfusion (HOPE) for fatty liver grafts
in rats and humans

Philipp Kron', Andrea Schlegel, Leandro Mancina, Pierre-Alain Clavien, Philipp Dutkowski*

Department of Surgery & Transplantation, University Hospital Zurich, Switzerland
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Metabolisme
mitochondrial altéré —
stocks d’ATP bas -
production ROS

Microcirculation altérée :
réductiongpatiale dans les
sinusoide

Micro-ehvironnement pro-
inflammatoire "

J Hepatol 2017



Normothermie seule améliore et teste la viabilité...

mais ne diminue pas la stéatose : sélection ?

Bile Lactate

1. Metabolisme mitochondrial

. = h Ratio of steatosis in hepatocytes ., ¥ 1
g gf\ - alteré — stocks d’ATP bas -
° g \ o = productionROS
J N ==, - o
o e ¥ " 2. Microcirculation altérée :
. AST . ALT 30 — , . .
- - v W v reduction spatiale dans les
g / .5 - " " sinusoides
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Liver Transpl. 2018 Feb;24{2):233-245. doi: 101002/t 24372,

Lipid metabolism and functional assessment of discarded human livers with steatosis ¢
undergoing 24 hours of normothermic machine perfusion.

Abu-Elmagd K, Miller ¢, Quintini C'. 5
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Combined Hypothermic and Normothermic Machine Perfusion Improves
Functional Recovery of Extended Criteria Donor Livers

Yuri L. Boteon, '+ 3 Richard W. Laing, 13+ T Andrea Schlegel, ! + T Lorraine Wallace, 3 Amanda Smith, !
Joseph Attard, ! Ricky H. Bhogal, ' - 3 Desley A. H. Neil, 2 Stefan Hiibscher, 2 M. Thamara P. R. Perera, '

ESA Pamx

Transplantation of High-risk Donor Livers After Ex Situ
Resuscitation and Assessment Using Combined Hypo- an
Normothermic Machine Perfusion

A Prospective Clinical Trial

@ Perfusate lactate (mmolL)

Darius F. Mirza, !+ 3 Simon C. Afford, 3+ T and Hynek Mergenta® 1.3+
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Viability criteria after 150 min

Time (min)

Perfusate lactate

Perfusate pH

Bile production (cumulative)
Bile pH*

Difference between perfusate glucose and bile glucose

<1.7 mmol/L
7.35-7.45
>10 mL
>7.45%*

>10 mmol/L



Objectives in Pitié-Salpétriére

Innovative strategies to rescue discarded fatty livers

Steatosis
quantification

Viability =

Overweight donor

Assessment
Not Viable
Definitely
DISCARDED

Transplant




Atteindre ces objectifs...

Créer une machine capable

. De passer de Hypo a la normothermie
. Stratégie de perfusion
NORMOPERF...GRAFFITI
UTC-Sorbonne/SATT LUTECH/LIVANOVA

Créer Cocktail « défattant »
D-FAT - RAPAPERF — RIPA56
UMRS-ICAN

AGEPS

ANR/SATT LUTECH/




Hypothermic
Normothermic

Sub-Normo

Reservoir

Gas, Psi, flow monitoring
Arterial Filter

I nfusion of meds/ nutrients
OR staff set up / simple

I ntuitive operating system
LT Perfusion performance
Cost Effective

Portable for >8hr transport
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Cold-to-warm machine perfusion of the liver: a novel
circuit for an uninterrupted combined perfusion protocol

C. Goumard', E. Savier', J. Danion’, J. Pellissier’, Cécile Legallais® & O. Scatton’

"Sorbonne Université, INSERM Centre de Recherche Saint Antoine IMR S-838, Department of Hepatobiliary Surgery and Liver
Tranaplantation, “Dep of oreal Perfusion and Vascular Surgery, Hépital Fitié-Salpétridre, Assistance Publique-
Hopitaux de Paris, and *Technolegical University of Gompi {UTC), UMR CNRS 7338 Biomechanics and Bicengineering,
Compigane. France




LE CIRCUIT : PROJET NORMOPERF
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Defatting pharmacologique?

Journal of
Clinical Medicine

Review

Ex-Vivo Pharmacological Defatting of the Liver: A Review

Claire Goumard 2*[®, Célia Turco "2, Mehdi Sakka 3@, Lynda Aoudjehane 2, Philippe Lesnik *®, Eric Savier 12,
Filomena Conti 2 and Olivier Scatton 12

EX VIVO Machine...

Table 2. Drugs used in experimental models for ex-vivo defatting of steatotic livers.

Model n Defatting Agents Main Outcomes Model n Perfusion Lengl}:}:}élﬁesl)'fusion Defatting Agents Main Outcomes
combination of visfatin, bination of visfati
Yarmush et al. forskolin, hypericin and compination of vistatin, decrease of TG rate
’ HepG2 cells 3 ’ . decrease of TG content Nagrath et al., forskolin, hypericin and 4 3 -
2015 [21] EUClear receptor )hgands (GW7, 2009 [18] rat 7 NMP 3 nuclear receptor ligands ;Tf;ﬁzg‘;‘em of bile
W5, scoparone (GW7, GW5, scoparone)
human hepatocytes combination of visfatin, combination of amino acids,
! hep: Y forskolin, hypericin, reduction of intracellular TG Liuetal., rat NA SNMP 6 visfatin, forskolin, hypericin higher rate of TG (non
Boteon et al., from discarded donor o . . . . 2013 [25] and nuclear receptor ligands significance)
. 4 L-carnithine, PPAR« ligand induction of fatty acids ptor fig &
2018 [23] livers . o (GW7, GWS5, scoparone)
/-[IE C, cholangiocytes and nuclear receptor ligands -oxidation 5 ;
. (GW7, GWS5, scoparone) decrease of pro
Aoudjehane et al. human hepatocytes forskolin, L-carnitine and . . combination of amino acids, gﬂzr;r;\_aéo;{_r;arkers OE-
| 4 . 6 3 reduction of intracellular TG Raigani et al., visfatin, forskolin, hypericin ’ f .
2020 [24] from fatty livers PPAR« agonist rat 6 NMP 6 . decrease of pro-apoptotic
Py 2020 [26] and nuclear receptor ligands Xers (CASP3, CDO5:
i i GW?7, GW5, scoparone) markers ( 4 )
decrease of intracelliular (GwW7, / SCOp decrease of combined
Madji et al mice livers 10 lipid droplets and TG VLDL/LDL level
2020 [20] human steatotic 10 RIPA-56 content . . . reduction of TG content in
hepatocytes decreased inflammation and Taba Taba Vakili i glial cell ) liver
liver injury etal, 2016 [27] mice 4 NMP 4 zrg;lenved neurotrophic no liver damage (no
AMP: cyclic adenosine monophosphate; TG: triglycerides; HIEC: human intra-hepatic endothelial cells. increase of apoptosis)
Banan et al. human decrease of TG and LDL
ctal discarded 2 NMP 8 L-carnithine and exendin-4 level in the perfusate
2016 [31] livers reduction of Mas
human combination of L-carnithine, decrease of T-TG level
I N V I T R O Boteon et al., livers 5 NMP 12 visfatin, forskolin, hypericin decrease of MaS
2019 [32] discarded and nuclear receptor ligands increase of P-TG level

(GW7, GWS5, scoparone)

higher bile production

LDL: low-density lipoprotein; MaS: macrovesicular steatosis; NMP: normothermic perfusion; P-TG: SNMP: subnormothermic perfusion;
TG: triglycerides; T:TG: tissue-TG; VLDL: very low-density lipoprotein.



DEFATTING : D-FAT Cocktall

Forskolin L-Carnitine

L-Carnitine Mitochondria

by T Protein Kinase A Acyl-coA ; @
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Figure. Defatting strategy for iver transplantation. Addition of forskoln willncrease phosphorylation of penlipin 5, a cel surface
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Defatting — in vitro
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D-FAT induced a significant reduction of intracellular lipid droplets

An effective defatting cocktail to reduce liver graft steatosis before transplantation
L Aoudjehane, et al. - Disease Models & Mechanisms 2020



@ ICAN
HUMAN HepCell

Efficacy of defatting cocktails in human steatotic precision-cut liver slices (PCLYS)
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Combiner perfusion et défatting ex vivo

;> Mitochondrial oxidation of fatty acids Oxyd at i on
Tissue triglycerides content and steatosis histological assessment analysis (A) * ’ (B) ¢
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Boteon et al; Liver Transplantation 2019 et Plos 2020



ORGAN HARVESTING

TRANSPORT / Graft biopsy
Perfusate
sampling

-1
DONOR
MACHINE PERFUSION Donor’s blood Q}
T4 TS 6 7 8 79 110
‘l' NOPE (37°C)* NOPE+1 NOPE+2 NOPE+3 NOPE+4 NOPE+8

*prior to any
pharmacological
intervention

T11 T10
NOPE+10 NOPE+12

Reservoir
perfusate change
T3
lww’”ffﬂ“q TR TR TATAY TR TR T
20°C
o n j GRAFT VIABILITY ASSESSMENT:
HOPE HOPE-END ] Q}
B N *  Art. & portal flow
~ 30 min + Bile output, pH & glucose
CONTROLLED OXYGENATED *  lactate production
j REWARMING * pH maintenance
r / Q} *  Glucose metabolism
~ ' ~ * Cytosolic enzymes release
~ 60 mi
min EX-SITU PHARMACOLOGICAL INTERVENTION
MITOCHONDRIAL FUNCTIOM

——>  ATPRESTORATION —>

RECOVERY

FULL METABOLIC CONDITIONS




Expérience Pitié humain protocole D FAT

DFAT 1 DFAT 2 DFAT 3 DFAT 4 DFAT 5 DFAT 6
Age, years 63 60 44 69 67 64 63
Gender male female female female female male female
BMlI, kg/m? 32 29 25 39 42 23 34
Type of donation after death BDD CDD CDD BDD BDD CDD BDD
Cause of death Cerebrovascular Cerebrovascular Anoxia Anoxia Cerebrovascular Trauma Anoxia
accident accident accident
Co-morbidities Hypertension Hypertension, CVA  fragile X syndrome, Drinker, 0 Drinker, 0
epilepsy hypertension, diabetes, smoker
smoker, COPD

Donor risk index 1.883 3.469 2.187 1.931 2.277 1.887 2.219
Peak ALT, IU/L 38 70 701 289 56 156 260
Peak GGT, IU/L 53 527 408 279 36 264 79
Liver weight, g 2090 1462 1413 1420 2126 2100 1380
CIT, minutes 630 600 480 780 540 420 780
Steatosis at retrieval, % 90 <5 <5 60 80 40 70
Lactate, mmol/L

Lowest 34 2.2 8 7 ND ND 3.9

Highest 10.5 NA 11 31 ND ND ND
Total bile production, ml 150 2 0 0 0 0 10
Arterial flow, ml/min 500 600 460 350 525 525 345
PV flow, ml/min 700 1000 1250 1000 1575 1575 1035




Viabilité: OUI
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Graft weight : 1420 —> 2500g
CIT : 13h00

HOPE : 3h

NOPE : 6h00

Perfusion parameters:
- arterial flow = 350 ml/min
- portal flow = 1000 ml/min

Histology : steatosis 60%
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DEVELOPPEMENT D’UNE SOLUTION DE RAPAMYCINE POUR LE TRAITEMENT PAR DES GREFFONS HEPATIQUES STEATOSIQUES

(o]

Triglycerides/Proteins (x102 mg/g)

PAR PERFUSION EX VIVO SUR MACHINE AVANT TRANSPLANTATION
RAPAPERF

Effect of Rapa on steatotic hepatocytes

Lipid droplets

CTRL-DMSO Rapa 1000 nM- DMSO

CTRL-OH Rapa 1000 nM-OH
-> Etudier I'administration de rapamycine par perfusion ex vivo normothermique sur
machine comme traitement curatif de la stéatose des greffons hépatiques non

transplantables.



OBJECTIFS: AMICAP: AGEPS-Pitié Sorbonne

1/ Concevoir et optimiser une formulation contenant de la rapamycine sous forme de solution a
administrer par injection ex vivo
- solubilité (étude de solvant)
- stabilité dans le temps et conservation s encpientapresagencebionddeche
- tolérance et toxicité détenminationdelaformalation
_ dOSE Aprs Dec§

miseau point d'une méthode rapide de dosage

ination des f Aot

1 + (Y Fb 19
/ . s it ipient & i
2) Etude de I'effet de la rapamycine el
surle "defatting” testsde mise ensolution
feb 15 (il Feb 26
évaluation précipitation /dilution/ sang
MarlHAprz
miseau pointméthode de dosage des impuretés de larapamytine
Feb 22 (Y /. 25
stude de génération de données préliminairede stabilité de larapamycine
stahilité Apr12 - May21
3) Etude immunologique : &
= iImmunosuppression wars fovel Jeni P oy 12
- immunotolérance essais de toxicologie sur foie explanté des excipients
essals Var 15 (R un 7
formulation 122 {  essais deformulationssurfoieexplanté | .c: 22
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Necroptosis : RIPA 56...
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NECROPTOSIS



ANR (2022- 2025) + Projet SATT LUTECH :

Modulating activity of the necroptosis pathway to rescue steatotic liver grafts

1) RIPA-56 améliore les lesions d’ischémie-reperfusion chez la souris

2) RIPA-56 améliore |la stéatose

Souris Homme
' DMSO RIPA-56
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Majdi et al, 2020 Journal of
Hepatology
Baidya et al, 2021 J Clin Med



Conclusion

* Apport dynamique d’oxygene améliore la tolérance a l'ischémie
reperfusion (hypothermie) ou I'évite (normothermie)

* La perfusion peut “améliorer” et sélection des greffons marginaux

* La manipulation pharmacologique ex vivo du foie est une voie d’avenir
potentielle



