Acute myeloid leukemia

the molecular pathogenesis

Pr Violaine Havelange, MD, PhD

Department of hematology



Acute myeloid leukemia (AML)

Incidence : 3-5 cases/100.000/year

80% of acute leukemias in adults

Median age : 65 years
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PHYSIOPATHOLOGY

Series of GENETIC EVENTS 5
A ‘/Blood stem cell BLASTS

Myeloid stem cell
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Accumulation of leukemic blasts or immature forms in BM, PB, other tissues

+

Reduction in the production of normal red blood cells, platelets, granulocytes



CLINICAL SYMPTOMS
e complications of pancytopenia

3

e Extramedullary locations

skin, CNS, oropharynx, organomegaly, joints, myeloid sarcomas

*  Symptoms of leukostasis if extremely high white blood cell counts

fever, lung, CNS, heart




DIAGNOSIS

Bone marrow aspirate/biopsy

Mayo fondation for medical and research



MORPHOLOGY

staining with Wright Giemsa

immature cells with large nuclei, with prominent nucleoli
pale blue cytoplasm

blasts
‘auer rod’ = pathognomonic of myeloblasts

> 20%

Cytochemical studies : + sudan black B,
myeloperoxidase or esterase




IMMUNOPHENOTYPING

Flow Cytometry
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CYTOGENETICS (karyotype and FISH)

recurrent cytogenetic abnormality in 55% of AML patients
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PML-RARA, CBFB-MYH11, RUNX1-RUNXTT1, BCR-ABL 1, other fusion genes
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MOLECULAR TESTINGS

Fusion transcripts : AML1/ETO; t(8;21)
PML/RARA; t(15;17)

CBFB/MYH11; inv(16)

Tandem internal duplication of FLT3

Internal duplication of KMT2A

Mutation of CEBPalpha




MOLECULAR TESTINGS

ASXL1 (exon 13)
CEBPA (exon 1)
DNMT3A (exon 8-23)

FLT3 (exon 14, exon 15, exon 20-codon 835)

IDH1 (exon 4-hotspot)

IDHZ2 (exon 4-hotspot)

KIT (exon 8, exon 10, exon 17)
NPM1 (exon 11-codon 288)
RUNX1 (exon 2-9)

TET2 (exon 3, exon 9-11)
TP53 (exon 2-11)

WT1 (exon 7, exon 9)

NGS Next Generation Sequencing

pronostic
diagnostic/pronostic
diagnostic/pronostic
pronostic/treatement
pronostic/treatement
pronostic/ treatement
pronostic/ treatement
diagnostic/pronostic
diagnostic/pronostic
diagnostic/pronostic
pronostic/ treatement
pronostic



WHO 2016

The 2016 revision to the World Health Organization classification of
myeloid neoplasms and acute leukemia

Daniel A. Arber," Attilio Orazi,? Robert Hasserjian,? Jargen Thiele,* Michael J. Borowitz,® Michelle M. Le Beau ®
Clara D. Bloomfield,” Mario Cazzola,® and James W. Vardiman®

Acule myeleid leukemia (AML) and related neoplasma
AML with recurrent genetic abnarmalities
AML with 1{8;21)(g22:022 1 ):RUNX 1 -RLNXT T4
AML with ir(16)(p13.1922) or §16;16Hp13.1:922).CEFE-MYH1 1
APL with PML-RARA
AML with 19;11)(p21.3:q23.3); MLL T3-KMT24 DIAGNOSTIC
AML with 18,9){p23:q34.1): DEK-NUP214
AML with irv(3){g21.3g26.2) or 13:3)g21.53:026.2); GATAZ, MECOM
AML [megakaryoblastic) with i1:22)(p13.3:q13.3), REM15-MKL 1
Provisional entify: AML with BCR-ABL 1
AML with mulated APAT
AML with biallebe mutations of CEEPA
Prowvisional entity: AML with mutated RUNX T
AML with myeledyeplasia-related changes
Therapy-related mysloid necplasms
AML. NOS
AML with minimal difterentiaton
AML withoul maturation
AML with maturation
Acute myelomonocytic kkukemia
Acute monoblaghbeimenocylic leukemi
Pure erythroid leukemia
Acute megakanyoblashs keukemia
Acute bascphilic leukemia
Acute panmyeloss with myelolibrosss
Myeloid sarcama
Myeloid proflerations redated 1o Down syndrome
Transient sbaormal myelegolesis (TAM)
Myeinid leukemia essociated with Down syndrome

Arber et al, Blood 2016



Diagnosis and Management of AML in Adults: 2017 ELN Recommendations

from an International Expert Panel

PROGNOSIS - TREATMENT

Table 5. 2017 European LeukemiaNet risk stratification by genetics®

Risk Category” Genetic Abnormality

Favorable t(8;21)(q22;922.1); RUNXT-RUNX1T1
inv(16)(p13.1922) or t(16;16)(p13.1:922): CBFB-MYH11
Mutated NPM1 without FLT3-ITD or with FLT3-ITD"""®
Biallelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITD™"

Wild type NPM1 without FLT3-ITD or with FLT3-ITD"" (w/o adverse-
risk genetic lesions)

t(9;11)p21.3;923.3); MLL T3-KMT2A°
Cytogenetic abnormalities not classified as favorable or adverse

Adverse t(6;9)(p23;934.1); DEK-NUP214
t(v:11923.3); KMT2A rearranged
t(9;22)(q34.1:911.2); BCR-ABL1
inv(3)(q21.3926.2) or 1(3:3)(q21.3;926.2); GATA2, MECOM(EVI1)
-5 or del(5q); -7; -17/abn(17p)
Complex karyotype,® monosomal h:aryotg.urper
Wild type NPM1 and FLT3-ITD™"®
Mutated RUNX1°
Mutated ASXL 17
Mutated TP53"

Dohner et al, Blood 2017



ve)

Overall survival (%)
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PROGNOSIS

100

Age <60 years

0 12 24 36 48 60 72 84 96
Time (months)
Number at risk
Favorable {261 206 187 175 158 140 124 108 94
Intermediate {171 105 81 71 60 57 48 42 34
Adverse '167 85 48 39 32 26 23 18 8
0 12 24 36 48 60 72 84 96

Time (months)

(@

Relapse-free survival (%)

Strata

100

751

251

Age 260 years

1
o0 12 24 36 48 60 72 84 96

Time (months)

Number at risk

Favorable{109 70 54 48 34 33 29 24 19
Intermediate{ 82 39 18 15 9 8 5 5 4
Adverse { 92 29 112 6 4 2 1 1 0
0 12 24 36 48 60 72 84 96

Time (months)

Herold et al, Leukemia 2020



To understand the molecular pathogeneis of AML

Larges sequencing studies -> genetic heterogeneity
molecular pathogenesis of AML

Fewer mutations in AML genome ...

+- 13 mutations per patient — 5 in genes recurrently mutated in AML

23 genes recurrently mutated - and 237 genes mutated in > 2 patients

B Significantly Mutated Genes
60—

Sequencing DNA from 200 AML — BM and skin

No. of Samples with Mutations

g o AV
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Cancer Genome Atlas Research Network, NEJM 2013



#Tierl Mutations
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CHROMATIN MODIFICATION

NUCLEOPHOSMIN (NPM1)

Cytoplasmic
localization

‘

Delocalization
of NPM1wt

Dohner et al, NEJM 2015



Sequencing DNA of BM/skin from 12 AML M3 -t(15;17) /12 AML M1 normal KT

» 100s of MUTATIONS/ patient

£ 800 -
o .
o} . o o > total number increases with AGE
= 600 -
3 ®
* > +-in all AML cells
{% 400 -
o e » widely distributed in the genome
'-*é 200 % M1 <0005
A ¢ R ol < Yy > similar numbers in M3 and M1

D 1 1 1

20 1{; tﬁod 80 > very few are RECURRENT

e on study

Most of the mutations in founding clone
PASSENGER mutations : random events preexisted in HSC — lacking functional consequences

Acquisition of the DRIVER mutation (cancer initiating mutation) -> growth advantage

Welch et al, Cell 2012



AML = multistep clonal evolutionary process RELAPSE ?

Relapse
Diagnosis [ Chemotherapy 1
DNMT3A, TET2, NPM1, FLT3- : : Novel
IDH1/2, PML- ITD, FLT3-TKD, I i ons
RARA, AML-ETO & NRAS & other #
other mutations mutations : g
Late ! Major
Early
s Events % Clone
Normal Pre-leukemic Leukemia :
Hematopoiesis condition | Minor
I Clone
!
Normal ' DNMT3A DNMT3A,NPM1 DNMT3A,NPM1 £ Morphological I
HSC mutation mutations FLT3-TDmutations I Remission 1
i 1 Genetic
H ] evolution
. ) i i
mutations mutations . .
{ V4 { 4 M ?
landscape proliferation

Kirtonia, JCMM 2020



Initiation of AML

AML

AML

Time

initiating pre-leukaemic lesions
e early occurrence in the clone
e persistence at relapse

* ability to initiate multilineage haematopoietic repopulation and leukaemia in vivo

AML

Complex

TP53 karyotype

First cancer =AML
Chemotherapy
Radiation therapy Complex
karyotype
TP53
Time .

Hirsch, nature com 2016



A De novo-type AML Secondary-type AML B

‘\ DNA Methylation (DNMT3A/TETZ) -

. : . d— Hematopoietic

NPAMT Transcription factors  [#{0 ] mod (ASXLT, EZH:2)

Recurrent (/=1 Wl N r N TN'El]  Cohesins (RAD21, STAGZ) their progeny
translocations | Metabaolic enzymes (IDH1/IDHZ) | 0

(8:21), invi6, Signaling (FLT3, KIT, RAS)

MLL rearangements
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chromosomal changes
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-> therapy : relapses/MRD/ targeted therapies

Event 1

Event 1

Event 1

Event 1

Post-treatment evolution of AML

AML!

Treatment

Time

L J

Early relapse
Few changes
in the clone
Late relapse

Multiple changes
in the clone

Long-term
remission

Retention of the

_| founding lesion

Cure

Eradication of the
founding clone

Hirsch, nature com 2016



-> therapy : relapses/MRD/ targeted therapies

Treatment Cytomorphologic MRD

.............. }.

e L ESiON #1 ; Early relapse

e | esion #1

Persistent
founder clone

Cure

vk

Time

Refractoriness

—

Positive
—> 5%

blasts

Negative
<5%
blasts

=

Cytometric MRD

Molecular MRD
NGS, ddPCR

Martignoles, IJMS 2018



Lesion #1

Standard single targets

| €sion #1

| esion #1

Clone-specific multiple targets

" 2

7 Relapse
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Variant cells %
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4 _hematopoiesis

Variant cells %

0.1

W oo coscusossen
(4
Z 10 {4 Long-term -
2 [‘, molecular
= 1 J: remission
2 0.1
=L

Single target MRD
Example of NPM1 MRD

High sensitivity
(up to 5/6 Log reduction)

No measurement of other
lesions

Multiple target MRD

Example with four
mutations at diagnosis

Lower sensitivity
(threshold of detection
around 0.05t0 0.5 %)

Measurement of all lesions

detected at diagnosis

P Lesion #1

P Lesion #2
Lesion #3

...... Threshold of detection

Martignoles, IJMS 2018



Molecular MRD associated with relapse

A Relapse among Patients with Persistent DTA Mutations

Cumulative Incidence of Relapse (%)

100 +

751

50+

25+

100~

P=0.002
£
2 754 Detection of non-DTA mutation [_
g
o
o
= 504
?;' No detection of non-DTA mutation
2 TS
g 254 R
= -
S E
0 = I I I 1 1
0 12 24 36 48 60
Months
No. at Risk
Detection 24 11 8 5 4 2
No detection 63 45 33 29 22 17
P < .001

NPM1 mutated

—— MRD negative (n = 26)
MRD positive (n = 111)

24 48 72 96 120
Time (months)
Jongen-Lavrencic et al, NEJM 2018

Kronke et al, JCO 2011



-> therapy : relapses/MRD/ targeted therapies

FLT3 inhibitors

FLT3 Receptor

Sorafenib
mD Quizartinib
mutaticns

Midostaurin
TKD: ‘( "‘““‘“" Crenolanib

. /l\ Gilteritinib
JAK-STAT PIaK-Akt

N e

Proliferation and survival

A Median Overall Survival
100+

Midostaurin  74.7 mo (95% Cl, 31.5-NR)
Placebo 25.6 mo (95% ClI, 18.6-42.9)

One-sided P=0.009 by stratified log-rank test

&
s M
s
a 50 Midostaurin
(=
= .
= 40 Placebo
g 30
a 204
10+
0 T T T T T T 1
0 12 24 i6 48 60 72 84 90
Months
No. at Risk
Midostaurin 360 269 208 181 151 97 37 1
Placebo 357 221 163 147 129 a0 30 1

Stone et al, NEJM 2017



IDH1,2 inhibitors

SIS

Altered differentiation and tumorigenesis

Yang et al, CCR 2012

IDH2 mutational burden

— Mutant /DH2 allele

Treatment with
enasidenib

Subclonal

D> §2He 2>

Reduction
in 2-HG
levels

Response scenarios

Nonresponder

Wouters et al, Blood 2017



Patient

Patient

INELIGIELE
for intensive
chemotherapy

*Under investigation

CBF-AML
Inv 16, 4{8;21)

FLT? (ITD andlor
TKD) mutation

M >

t-AML, AML with
AHD, or AML-MRC

—

Maintenance AZA oral

Consider clinical trials
{including magrolimab/
eprenstapopt based or others)

AZA+VEN+MAGRO

IDH1-2 inhibitor

+/— HMA (+/— venetoclax) Allogeneic SCT OR
low-intensity therapy
indefinitely OR P
maintenance therapy
{eg. CC-486)

Consider

t-allogeneic
SCT

maintenance

FLT3 inhibitor

+ HMA (+/— venetoclax)

Daver et al. Blood Cancer Journal (2020)



To understand the ‘preleukemic states’

* CHIP/CHOP

Clonal Hematopoiesis : a population of blood/bone marrow cells that share an

CHIP : Clonal Hematopoiesis of Indeterminate Potential

acquired mutation

Somatic mutations associated with AML/MDS in healthy subjects

Minimal VAF of 2%

Table 1. Mutations observed in blood of healthy older persons,
separated by frequency of detection of variants

Commeon (>50) Less common Uncoemmeon (5-9)
variants, n (10-49) variants, n variants, n*

DNMT3A 403 TPs3 33 GNAS B

TETZ 724 JAKZ 31 BRCCS3 6

ASXL1 624 SF3B1 27 CREBBFP 6

GNE1 27 NRAS B

CBL 12 RADZ7 6

SRSF2 11 SETDE1 6

PPMI1D t L2AF1 5

SETDZ 5

Steensma, Educational ASH 2018



Low risk of transformation to myeloid malignancies

1.00+
A No clonal
1.00 hematopoiesis
0.95+ (N=8824)
L) 0.994 No clonal oh
%ﬂ hematopoiesis E
£ ool (N=8783) $  0.90- Clonal
£ a hematopoiesis
I, _ e (N=455)
58 0974 Clonal L 0.854
L= hematopoiesis g
3Y 56l (N=439) g
8 a 0.80-
k=4
g 0951 Hazard ratio, 1.4 (95% Cl, 1.0-1.8)
g Hazard ratio, 12.9 (95% Cl, 5.8-28.7) P-0.03
0,94 P<0.001 0.75+
0.00 T T T T 000 T T T T
0 20 40 60 80 0 20 40 60 80
Months Months
0,5-1% per year
R . Events/
Cause specific mortality HR(CI95%) o 4 ik P-value
n=4,775
Cancer u 09(04-22) 5/213 0.86
Cardiovascular u 1.4(0.9-2.3) 19/213 0.15
VAF =0.10 B 1.9(1.1-3.5) 12/93 0.033
VAF <010 i 1.0(0.5-2.3) 7120 0.97
Other/unadjudicated B 1.0(0.7-1.86) 23/161 0.79
| | 1
05 1.0 20 4.0
Hazard ratio

coronary heart disaes, early onset myocardial infarction, heart failure, ischemic stroke

Genovese et al, NEJM 2014

Jaiswal et al, NEJM 2014



Can persist in AML in remission (DNMT3A, TET2...)

A Detection of Mutations at Diagnosis and during Complete Remission

Mao. of Mutations
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— N- 50 35
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24 36
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Genes
persistence of DTA mutation was
not associated with relapse
60
8
17

Jongen-Lavrencic et al, NEJM 2018



CHOP : Clonal Hematopoiesis with Oncogenic Potential
disease related/specific lesion that trigger differentiation and/or proliferation
high risk of transformation to myeloid malignancies

indicate adverse risk if persistent in CR ?

Table 3. Somatic mutations producing clonal hematopoiesis of oncogenic potential (CHOP).

Effects of the Mutant on Clonal Cells Affected
Mutation Differentiation Proliferation Oncogenesis Myeloid Neoplasm
BCR-ABL1,2; + + +* Ph+ CML
JAK2 Vel7F - +/- - MPN
CALR mutations - +/- - MM
MPL mutations +- +/- -
KIT D8laV ++ +/- - ISM and AdvSM
FIPILI-PDGFRA + +/- = CEL, MPN-eo
EUNXI- RUNXITI +/- - + AML
CBF}[‘;-ﬁr'IYHII +/- - + AML
FLT3 ITD mutations +/- + +/- AML
NPMI mutations - ++ +/- AML
KRAS, HREAS mutations - ++ + AML
TP53 mutations - + + MPMN, CMML, AML

Valent et al, Int J Mol Sc 2019



Model of progression

Oncogenic Genetic Backgound

March
/ CHIP / ARCH
/ CHOP
Indolent Myeloid
Neoplasms

7 \r 1)
Additional Driver Lesions

T PP PP PP TR

CIREE—"

Aggressive Myeloid Neoplasm = Malignancy = Leukemia

Valent et al, Int J Mol Sc 2019



How to manage CHIP ? CHOP ?

Blood count 1x/6 months
Bone marrow exam if cytopenia

Repeat NGS to follow clonal burden
evolution ?

Cardiovascular follow-up

Evaluation for hema - malignancy:
CBC, cyto

""T% P ’ﬁ"'m *w'ﬁ'%

[ Patients with solid tumors |

wr | gy e
Y rﬂ' Y

l Clonal hematopaiesis |
| —
Tty

High-risk clonal Low-risk clonal
hematopoiesis® hematopoiesis

Poor prognosis
from solid tumor#

Hematologic
malignancy

Standard
of care

No evidence of overt
hematologic malignancy

nned high-risk treatments, coordination with cardi ¥ =]
:nsure standard-of-care CVD risk management being followed

Bolton et al, JCO 2018



* Germlines mutations

Table 17. Classification of myeloid neoplasms with germ line
predisposition

Myeloid neoplasm classification

Myeloid neoplasms with germ line predisposition without a preexisting
disorder or organ dysfunction
AML with germ line CEBFA mutation
Myeloid necplasms with germ line DOX41 mutation®

Myeloid neoplasms with germ line predisposition and preexisting platelet
disorders
Myeloid neoplasms with germ line RUNXT mutation®
Myeloid neoplasms with germ line ANKRLDZ2E mutation®
Myeloid neoplasms with germ line ETVE mutation®

Myeloid neoplasms with germ line predisposition and other organ dysfunction
Myeloid neoplasms with germ line GATAZ mutation
Myeloid neoplasms associated with BM failure syndromes (anémie de Fanconi, Shwachman-Diamond, ...)
Myeloid neoplasms associated with telomere biology disorders
JMML associated with neurcfibromatosis, Noonan syndrome or
MNoonan syndrome-like disorders
Myeloid necplasms associated with Down syndrome*

*Lymphoid neoplasms also reported.

Polymorphismes (KMT5B, HLA, RAVER2, AK4)

I'only a minority willl represent suspicious anamnesis

Arber et al, Blood 2016 Lin et al, Nat Com 2021



Model of disease progression
Haematopoietic stem cell

Heterozygous
germline mutation |

Somatic mutation
in second allele

Somatic loss of
mutant allele

@ |

Acquisition of cooperating mutations

I | 1

i — —
i1 M fan ()
» E O O \ i O
58| ] | | |
o3 v \J / /
=9
SAMDOIL, GATA2, DDX41, RUNX1,
SAMD9 IKZF1, ETV6 CEBPA, PAXS5, TP53
® Cermline  © Mutationin © Cooperating
variant wild-type allele somatic mutation

Klco, Nature review cancer 2021



How to manage germline predisposition to AML ?

N ™
Blood counts:
severaly low
Blood counts stable : OR
normal or mild'moderate cytopenias Blood counts falling symptomatic cytopenias
* ¢ OR OR
Bone marrow: Bone marrow: Bone marrow: Bone marrow:
Mo significant dysplasia Mo significant dysplasia Increasing dysplasia MDS
Mo clonal cytogenetic abnormality Single low-risk clone High risk clone AML
OR
Single clone of unclear significance
CBC every 3-6 months CEBEC in one month CBC in 2-4 weeks™™
Consider marrow exam every year Marrow exam in 3-12 months Marrow exam in 1-3 months™
Heduce frequency if stable E
A4 Y
HSCT** HSCT=
AN A

Godley et al, Blood 2017



Conclusions

To understand the molecular mechanisms of AML

-> therapy : relapses/MRD/ targeted therapies

To understand the ‘preleukemic states’

* CHIP/CHOP

* Germlines mutations






