Tumor and host metabolism driving drug resistance

in acute myeloid leukemia

Jean-Emmanuel Sarry

Team METAML — METabolism and drug resistance in Acute Myeloid Leukemia

Cancer Research Center of Toulouse



Relapses and drug resistance in cancer
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Relapse: regrowth of tumor-regenerating drug-resistant cells following initial clinical benefit

Time since start of therapy

Drug resistance: genetic and non-genetic mechanisms induced through the selective pressures
imposed by therapy

Drug persistence: minimal residual disease that remains after an effective anti-cancer therapy



Drug persistence within residual disease in acute myeloid leukemia

Survival of de novo AML at MD Anderson
Intensive chemotherapies
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Kantarjian et al. Blood Cancer Journal (2021)
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What is the biology of Relapse-Initiating Cells (RICs)
or Drug-Tolerant Persisters (DTPs)
enriched within Minimal Residual Disease (MRD) in vivo ?



RICs are not necessarily enriched in AML stem cells when assayed in NSG mice
AML stem cells are also heterogeneous in their response to AraC
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RICs are enriched in resilient cells with an inflammatory/senescent phenotype
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Minimal Residual Disease is enriched in Relapse-Initiating Cells with Drug-Tolerant
Persisters and an increased mitochondrial oxidative (High OxPHOS) metabolism
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High OxPHOS phenotype of RICs is the consequence
of enhanced mitochondrial metabolic activities with lipid oxidation
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High OxPHOS activity and phenotype




High OxPHOS phenotype of RICs is the consequence
of enhanced mitochondrial machinery
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High OxPHOS phenotype of RICs is the consequence
of enhanced mitochondrial machinery with heme/ISC biosynthesis
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Iron homeostasis (ferritin) is associated with bad prognosis in AML patients
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Increased VDAC1 and mitochondrial relocation of BCL2 in drug persisters
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Increased mitochondria-ER contact sites (MERCS) in Drug Persisters
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Increased mitochondria-ER contact sites (MERCS) in Drug Persisters
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Co-evolutionary interplay between OxPHOS state, mitochondrial BCL2 dependence and MERCS,
redox balance, inflammation, drug persistence/resistance to apoptosis in AML

Mitochondrial priming to apoptotic cell death
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Increased mitochondria-ER contact sites (MERCS) in Drug Persisters
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- Transfer of Ca2* from ER to mitochondria

- Site of autophagosomes formation

Hailey et al, Cell, 2010
Hamasaki et al, Nature, 2013
Garofalo et al, Autophagy, 2016
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Number of mitochondria per cell

Autophagy implicates in AraC-induced mitochondrial adaptation
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Autophagy
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MERCS-dependent lipophagy is activated to support FAO and OxPHOS
in drug persisters

*

Bosc et al Nature Cancer 2021; Bosc* et al Nature Comms 2020.



OxPHOS phenotype reflects a mitochondrial adaptation induced by a specific
transcriptional program in response to an early AraC-triggered mitochondrial stress

Cytarabine 5

2 ROS

N _ 2 mtDNA
AWm release
A ATP

Drug Persisters

7 cAMP-PKA
72 ATF4

Mitochondrial

Transient Dysfunction

Mitochondrial

PGCla
TFAM

NRF1/2

Stress Response

# FAO and OxPHOS

- & Mito biogenesis
2 Antioxidants

Mitochondrial
Recovery/Adaptation

e .2

Drug tolerance
Drug resistance

Boet et al. in prep
Aroua®*, Boet*, Ghisi* et al. Cancer Discov. 2020



Summary |

> Changes in mitochondrial energetics, metabolism, and structure are hallmarks of drug resistance: central role of

adaptations in mitochondrial dynamics and OxPHOS flexibility during therapy, driving residual disease and drug
tolerance/persistence in AML

> Inhibiting ANY aspect of mitochondrial OxPHOS metabolism circumvents adaptive resistance to drugs and enhances
the sensitivity of AML cells to chemotherapy or currently approved targeted therapies

> Mitochondrial metabolism associated with drug resistance/persistence in other blood cancers and several therapy-
resistant solid cancers including melanoma, PDAC, TNBC, sarcoma, metastatic grade...
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High OxPHOS activities are the metabolic consequence
of an enhanced catabolic capacities and flexibility in
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Mitochondrial OxPHOS supports IDH mutant cell proliferation and chemoresistance
in a C/EBPa-dependent manner
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Might C/EBPa be implicated into other metabolic pathways
or subgroups of AML patients ?
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Patients over-expressing C/EBPa are associated with FLT3 mutations

Transcriptomes
AML patients —>
3 independent cohorts

TCGA-LAML, BEATAML
Verhaak AML Patients

CEBPa expression

BeatAML | High CEBPA
n=196 | Low CEBPA

TCGA | High CEBPA | pfgg%g
n=194 | | ow CEBPA |4°7

n=82 | Low CEBPA

0O 20 40 60 80 100
Mutation frequency (%)

Il FLT3-ITD Il FLT3-TKD [ FLT3-WT



FLT3

Lipids

Patients overexpressing C/EBPa are associated with FLT3 mutations
and are enriched in gene signatures related to lipid metabolism
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C/EBPa activation is linked to FLT3-ITD mutations and lipid biosynthesis
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CEBPa overexpression

CEBPa regulates the lipidome of FLT3-ITD AML cells
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FA saturation distribution in FLT3MUT AML cells in a C/EBPa-dependent manner

CEBPa« invalidation or FLT3 inhibiton
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C/EBPa mediates sensitivity to lipid oxidative stress induced by ferroptotic inducer

Invalidation vs. Overexpression of CEBP«
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SCD mediates sensitivity to lipid oxidative stress induced by ferroptotic inducer
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Combination of GPX4i (ferroptosis inducers) with FLT3i enhances cell death
iIn FLT3-ITD primary cells ex vivo
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Genetic invalidation of GPX4 increases anti-leukemic effect of GILT in vivo
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GPX4 inhibitor APR-246 increases anti-leukemic effect of GILT in vivo
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C/EBPa confers dependence to fatty acid anabolic pathways in FLT3-mutant leukemia

FLT3MUT
AML patients

MUFA SFA GPX4
'pum ——J—‘——> Lipid-ROS

Enhanced FA biosynthesis
High MUFA abundance

J

Proliferation
survival

Collaboration : Jéréme Tamburini (University of Geneva)



C/EBPa confers dependence to fatty acid anabolic pathways in FLT3-mutant leukemia

FLT3MUT
AML patients Treatment with FLT3 inhibitors
CEBP« \ (CEBPa
| L.
_| I FASN _ N[> FASN
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¥ J APR-246
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Reduced FA biosynthesis Fe";l/ -
Low MUFA abundance P

J

Proliferation arrest
Cell death 7

Collaboration : Jéréme Tamburini (University of Geneva)



Could ketogenic diet enhance anti-leukemic effect of GILT in vivo ?

Ketogenic diet KD-Palm Oil
vy
valabiity  notity Treatment with FLT3 inhibitors

4 Insulin ¥'SCD 1 Lipids W’/

¢ =ity ¢ SFA level
¥ Activity 1 Fatty acids ﬁ ¥ : N CEBPa'
of the PI3K Inhibits
pathway ¢ tumour growth \L

Normal level e K .
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of MUFA N E

Salvadori and Longo, Nature, 2021; Lien and al, Nature, 2021

Diet
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Ketogenic diet

Goupille et al. unpublished; Collaboration with ENVT (N Bourges, F Granat)



Total cell tumor burden
(hCD45+CD44+, millions)

Ketogenic diet enhances anti-leukemic effect of GILT in vivo
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Relative abundance/ mg

Lipids - SFA
13,7%

Lipids - PUFA
19%

Lipids - MUFA
9,8%

Lipid abundance in diets

Both vegetal-/animal-based ketogenic diets enhance anti-leukemic effect of GILT in vivo
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Goupille et al. Unpublished.



Relative abundance/ mg

Both vegetal-/animal-based ketogenic diets enhance anti-leukemic effect of GILT in vivo
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Both vegetal-/animal-based ketogenic diets enhance anti-leukemic effect of GILT in vivo
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Summary Il

> Tumor FAS/FAQO balance and host lipid metabolism might modulate drug response in AML: precision
diets based on the drug resistance mechanism (GILT versus AraC) !

> Metabolic model of drug resistance in AML but relevant to multiple therapy-resistant solid cancers
including melanoma, PDAC, TNBC, sarcoma, metastatic grade...

Diagnosis Remission Relapse
N
‘e -
Leukemia
Burden Tolerance —> Resistance
_____ Therapies | "@~—_____~ Disease progressiol
RICs
Metabolic * Metabolic
selective pressure adaptation
Metabolic _
Phenotype glutamine OxPHOS
glutamate FAO
aspartate CD39*CD36*MPO*

\ 4

Basal state Transient state

Solid tumors: Passaniti et al Mol. Carci. 2022; Xue et al. J Med Chem. 2022; Evans et al. Cancer Res. 2020; Marine et al, Nature Review Cancer. 2020
Heme tumors: Stuani and Sarry. Cell Metab. 2020; Van Gastel et al. Cell Metab. 2020;
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“It Ls not the strongest of the species that survives, nor the most intelligent that survives.
It LS the one that is the most (mitochondria Ly) adaptable to change.”






High OxPHOS phenotype of Drug Persisters is the consequence
of enhanced mitochondrial substrate utilizations

DPs/RICs

Cytarabine @

7 Fatty acid oxidation

? Respiratory —_— @
substrates utilization OXPHOS %

And catabolic flexibility

2 Mitochondrial metabolic activities

Cognet et al. unpublished data

Stuani et al. in prep.

Van Gastel et al Cell Metabolism. 2020.
Farge et al. Cancer Discov. 2017



What metabolic pathways support this High OxPHOS
activity and mitochondrial phenotype of RICs in vivo ?

Glucose
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Lactate €—— PyrU\(ate
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Highly expressed metabolite transporters and increased
nutrient utilization in High OxPHOS RICs

Extracellular ATP/ADP Lipids
CD397 CD367
P2RY139
SLC7TA117 \
Cysteine cAMP-PKA Fatty Acid

PGC1a —> Oxidation?

Glutathione

SLC1A3% SDH ~a

Aspartate Pyrimidine 3
Glutamine . 2 DHODH

/‘/Sv LC7AXx9

Argmme Guiraud et al unpublished
Polyamines Stuani and Sarry. Cell Metab. 2020.
Aroua, Boet, Ghisi et al. Cancer Discov. 2020.

Van Gastel et al. Cell Metab. 2020; Jones et al Blood 2019;

Farge et al. Cancer Discov. 2017.




CD36P° extramedullary RICs induced lipid crosstalk within tissues to
favor blast dissemination that leads to relapse in PDX and patients

Diagnosis Remission Relapse
Bone
Marrow
9 |
A
Negative MRVD‘ mBM and blood
circulation

Migration

Metabolic
crosstalk

Extramedullary
Organs

Adipose tissue

StromaICeII @ @

(Adipocytes, hepatocytes,\\\ @
mesenchymal cells)

Chemoprotection
Stem cell phenotype maintenance

AML: a model metastatic disease with a metabolic driver

Farge et al in prep



Current unanswered questions

How do intra-/inter-tissue metabolic dialogues and host metabolism support the OxPHOS

metabolism of persisters?

Leukemic
compartment
I / Anabolic \
Stroma crowth
compartment
Redox
Catabolism homeostasis
UPTAKE AND |:> Mltochonfirlal
CONVERSION metabolism
Arginine
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Gut Microbiota Adipose
* tissue
SCFAs¥ IGFBP1
4 4
Insulin Insulin

secretionl sensitivity‘

——

Normal al ‘ Leukemia
— ucose
tissues cells

BM and extramedullary persisters redirect carbon and nitrogen metabolism
within tissues and from host (mice and patients)

Farge et al. in prep; Stuani and Sarry. Cell Metab. 2020; Ye et al Cancer Discov. 2020.; Ye et al. Cancer Cell. 2018



BM and extramedullary RICs redirects carbon and nitrogen
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Perspectives — Novel paradigms

Tumor Stroma

Aging Host/

&

OXIDATIVE
STRESS

!

AUTOPHAGY
MITOPHAGY
GLYCOLYSIS

l AST
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Therapy
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/ Catabolism \ H202 / Anabolic Growtlﬁ

WD
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/
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Tumor metabolism

How microenvironment, host metabolism and diets
support the OxPHOS metabolism ?

Adapted from Lisanti et al. 2011



Intrinsic and adaptive mechanisms of resistance in AML

Metabolic
Primary/Adaptive
Resistance

Other non-genetic
Primary/Adaptive
Resistance

OxPHOShigh
CD36
CD39

mitoBCL2
MERCS
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CDA
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VEN+AZA
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Monocytic
BCL2A1; BCL-X,
MCL1, CLEC7A
BAX*d, NOXAkd

VEN+AraC

MitoScorelow

Energetic capacity
ETC1 remodeling
TP53-MITF
regulons

In orange: our published and unpublished works; in blue from our labs




Summary |

> MRD is enriched in persisting cells with High OxPHOS metabolism, as the consequence
of a mitohormetic Darwinian process of adaptive response to stress

> Evolutionary interplay between mitochondrial metabolism/state and resistance to apoptosis
occurs in drug persisters within MRD

5| TR | — o
= Persisters Faom H
P with mitochondrial % o = °°°'ﬁ'°ﬂ° g
§ adaptations i N wd Y Apat1 active
§ Gmrzmvat e
——= ——— - o S - -
D|agnc‘>‘§‘|.s" Therapies "..“’Rem|55|on Relapse . “MnsOD - ‘GPx
. . 20, V
. Early ;tage . Late stage e i
Therapies Mitochondrial ] Drug tolerance | Y
~Ttress Response > Drug resistance "
Transient Mitochondrial
Mitochondrial Dysfunction Adaptation/Recovery e TNV Won bk

Saland et al. in prep; Bosc et al. Nature Cancer. 2021
Stuani and Sarry. Cell Metab. 2020; Aroua, Boet, Ghisi et al. Cancer Discov. 2020; Hosseini et al. Cancer Res. 2019; Farge et al. Cancer Discov. 2017




Drug persisters are more sensitive to mitochondrial inhibitors

Selective ETC/OxPHOS inhibitors Indirect ETC/OxPHOS inhibitors
Metformin . . HZ0D pyrimidines
Phenformin Lonidamine  AnUMYycinA s " 3

IACS-10759 Malonate Myxothiazol Oligomycin . N DHO_I_orotai(- ABT-?GB;}}\QB?'-737
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Rotenone IACS-010759 © ©

Metformin\/ 0Q,, @2;5 @

N /—®—fatty acids

IDH2™

g """ Sfa-kG—>2-HG _
% 5 ‘ = Etomoxir
:‘.’,’ glutamate
2'3"-dideoxycytidine ) AG-221
Tigecycline glutamine/x
ClpP inhibitor: ~ CPI-613 CB-839

Matrkcr Mitochsndriale A2-32-01

Targeting any aspect of High OxPHOS metabolism

Resistant ‘ Sensitive
to AraC to AraC

Stuani et al. BMC Biol. 2019; Bosc et al. Cell Metab. 2017
Farge et al. Cancer Discov. 2017; Samudio et al. JCI. 2010




High OxPHOS phenotype of RICs is the consequence
of enhanced mitochondrial machinery and mitochondrial utilizations

Cytarabine

? Respiratory substrates
utilization —
FA oxidation
glucose/pyruvate/lactate oxidation
AA oxidation

Collab. M. Selak (UPenn, USA), M. Brand (Buck Institute, USA)
Collab E. Griessinger, JF Peyron (C3M, Nice)

OXPHOS

RICs

—

P Mitochondrial metabolic
activities

7 Mitochondrial number

# Mitochondrial biogenesis
+

? Mitochondrial transfer
from stromal cells

Ducau et al. unpublished data
Farge et al. Cancer Discov. 2017
Moschoi .... Griessinger. Blood. 2016



OxPHOS phenotype reflects a mitochondrial recovery as a mitochondrial stress response induced
by an ATF4-driven transcriptional program and adenosine-CD39-PKA pathway upon AraC
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Aroua®*, Boet*, Ghisi* et al. Cancer Discov. 2020



Blocking mitochondrial recovery by targeting adenosine-CD39-PKA-ATF4 axis in vivo
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Link between high OxPHOS, mitochondrial BCL2 dependence and resistance to
apoptosis in drug persisters: increased mitochondrial calcium content

Mitochondrial priming to apoptotic cell death

Endoplasmic
Reticulum

B mperP Q
@ VDACH N mitoBCL2 High
© Cytc ™) TCA MOMP No/transient
Ql/_) Bax/Bak cycle mPTP Closed
mitoCalcium High
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AraC Resistant
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Bosc et al. Nature Cancer. 2021
Bosc et al. Nature Comm. 2020



Mitochondria autoregulate their own substrate availability
to support OxPHOS of RICs

Autoregulatory
loop



Ketogenic diet enhanced PI3Ki efficacy in cancer and AML

Ketogenic diet
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VEN+AraC doublet therapy better than AraC alone in PDX
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AraC-induced high OxPHOS state is blocked by VEN+AraC doublet therapy
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