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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
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CLINICAL SYMPTOMS
 complications of pancytopenia

bleeding

anemia | ‘

 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
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CYTOGENETICS (karyotype and FISH)

recurrent cytogenetic abnormality in 55% of AML patients
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Screening for gene rearrangements§
PML-RARA, CBFB-MYH11, RUNX1-RUNX1T1, BCR-ABL1, other fusion genes
(if available)
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t(15;17) in Acute Promyelocytic Leukemia (APL)



MOLECULAR TESTINGS

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

CBFB/MYH11; inv(16)

Tandem internal duplication of FLT3

Internal duplication of KMT2A




MOLECULAR TESTINGS

NGS Next Generation Sequencing

ASXL1 (exon 13 = dernier exon) pronostic
BCOR (tous les exons codants et les régions de sites de splicing) diagnostic
CEBPA (exon 1 = entiérement) diagnostic/pronostic
DDX41 (Tous les exons codants et les régions de sites de splicing) diagnostic
DNMT3A (exon 8-23) diagnostic/pronostic
EZH2 (exon 2-20 = entiérement) diagnostic
FLT3 (exon 14, exon 15, exon 20-codon 835) pronostic/ thérapie
IDH1 (exon 4-hotspot) pronostic/ thérapie
IDH2 (exon 4-hotspot) pronostic/ thérapie
KIT (exon 8, exon 10, exon 17) pronostic/ thérapie
NPM1 (exon 11-codon 288) diagnostic/pronostic
RUNX1 (exon 2-9 = entierement) diagnostic/pronostic
SF3B1 (exon 14, exon 15) diagnostic
SRSF2 (exon 1-codon 95) diagnostic
STAG2 (Tous les exons codants et les régions de sites de splicing) diagnostic
TET2 (exon 3, exon 9-11) diagnostic/pronostic
TP53 (exon 2-11) pronostic/ thérapie
U2AF1 (exon 2-codon 34, exon 6-codon 157) diagnostic
WT1 (exon 7, exon 9) pronostic

ZRSR2 (Tous les exons codants et les régions de sites de splicing) diagnostic



Classification ICC 2022 based on cytogenetic and mutational profiles

AML and related neoplams

AML with recurrent genetic abnormalities (requiring 210% blasts in BM or PB)*

e APL with t(15;17)(g24.1;q21.2)/PML::RARAT

AML with 1(8;21)(q22;g22.1)/RUNX1::RUNX1T1

AML with inv(16)(p13.1922) or t(16;16)(p13.1;q22)/CBFB::MYH11

AML with %(9;11)(p21.3;923.3)/MLLT3::KMT2A%

AML with t(6;9)(p22.3;q34.1)/DEK::NUP214

AML with inv(3)(g21.3926.2) or 1(3;3)(q21.3;q26.2)/ GATA2, MECOM(EVI1)§
AML with other rare recurring translocations||

AML with mutated NPM1

AML with t(9;22)(g34.1;,911.2)/BCR:: ABL1*

Myeloid sarcoma

Acute leukemia of ambiguous lineage

Acute undifferentiated leukemia

MPAL with 1(9;22)(q34.1;911.2)/BCR::ABL1

MPAL with t(v;11923.3)/KMT2A-rearranged
MPAL, B/myeloid, not otherwise specified

MPAL, T/myeloid, not otherwise specified

Categories designated AML (if 220% blasts in BM or PB) or MDS/AML
(if 10-19% blasts in BM or PB)

e AML with mutated TP53#

e AML with myelodysplasia-related gene mutations
Defined by mutations in ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2,
U2AF1, and/or ZRSR2

e AML with myelodysplasia-related cytogenetic abnormalities**

e AML not otherwise specified

Myeloid proliferations related to Down syndrome

e Transient abnormal myelopoiesis associated with
Down syndrome
e Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Diagnostic qualifierstt

Therapy-relatedtt

e Prior chemotherapy, radiotherapy, immune interventions

Progressed from MDS

e MDS should be confined by standard diagnostics and >3 mo prior to AML diagnosis
Progressed from MDS/MPN (specify type)

Germline predisposition (specify type)

e MDS/MPN should be confirmed by standard diagnostics and >3 mo prior to AML diagnosis

Dohner et al, Blood 2022



PROGNOSIS

Table 6. 2022 ELN risk classification by genetics at

initial diagnosis*

Risk categoryt Genetic abnormality

Favorable

t(8;21)(g22;q22.1)/RUNX1::RUNX1T 11,1
inv(16)(p13.1922) or t(16;16)(p13.1;q22)/
CBFB::MYH11t,

Mutated NPM 11,8 without FLT3-ITD
bZIP in-frame mutated CEBPA||

Intermediate

Mutated NPM1%1,§ with FLT3-ITD
Wild-type NPM1 with FLT3-ITD (without
adverse-risk genetic lesions)
t(2;11)(p21.3;923.3)/MLLT3::KMT2At,9
Cytogenetic and/or molecular
abnormalities not classified as

favorable or adverse

Adverse

t(6;9)(p23.3;934.1)/DEK::NUP214
t(v;11923.3)/KMT2A-rearranged#
1(9;22)(q34.1;911.2)/BCR::ABL1
t(8;16)(p11.2;p13.3)/KAT6A:: CREBBP
inv(3)(g21.3926.2) or t(3;3)(q21.3;926.2)/
GATA2, MECOM(EVI1)
t(3926.2;v)/MECOMI(EVI1)-rearranged
—5 or del(5q); —7; —17/abn(17p)
Complex karyotype,** monosomal
karyotypett

Mutated ASXL1, BCOR, EZH2, RUNXT1,
SF3B1, SRSF2, STAG2, U2AF1, and/or
ZRSR2t%

Mutated TP53°

Dohner et al, Blood 2022



TREATMENT

Young patients < 65y
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Disease-free Survival

SURVIVAL

1.0 Favorable vs Intermediate: P<0.001 1.0 Favorable vs Intermediate: P<0.001
Favorable vs Adverse: P<0.001 Favorable vs Adverse: P<0.001
Intermediate vs Adverse: P<0.001 Intermediate vs Adverse: P<0.001
0.8 0.8
-
6 S 0.6 -
e Favorable (n=468) - Favorable (n=562)
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0.4 g 0.4
Intermediate (n=229) o Intermediate (n=355)
0.2 - — HHHH— 0.2
Adverse (n=240) Adverse (n=616)
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to better understand the underlying mechanisms of leukemogenesis

-> to develop more targeted therapies

-> to understand and treat relapses

Mrozek et al, Leukemia 2023



To understand the molecular pathogenesis of AML

1/ cytogenetic heterogeneity of leukemia cells

1 high-throughput NGS segencing

2/ molecular heterogeneity of leukemia cells

!

some genomic alterations are shared by the entire tumor,

BUT not all cancer cells show identical genomic and molecular profiles

single-cell sequencing



high-throughput NGS sequencing

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

No. of Samples with Mutations
N w H
o o o
1 1 1

=
o
1

o
L

QT L K S 7 PRI i A OO G g i g
"*\%‘:\&@‘\@\\*@* NRORS *‘g;“ o AN ‘:’\":\;“

Sequencing DNA from 200 AML — BM and skin
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Leukemogenesis

Normal Pre-Leukemic Leukemia

Hematopoiesis state Diagnosis Chemotherapy Relapse
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Founder mutation
genes involved in epigenetic regulation

compromise maturation of blasts + promote self-renewal and clonal expansion

Driver mutation
genes involved in proliferation

proliferative advantages to tumor cells by impairing normal apoptotic activity

DEREGULATION OF SEVERAL PATHWAYS
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A De novo-type AML Secondary-type AML B Time
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-> targeted therapies

FLT3 inhibitors

Intracellular space

Type |l
Inhibitors

Sorafenib
Ponatinib
Quizartinib*

—

Inactive
conformation

FLT3
receptor

ITD
mutation

Type |
Inhibitors

Sunitinib
Midostaurin
Lestaurtinib
Crenolanib*
Gilteritinib*

Active
conformation

TKD
mutation

* Second-generation FLT3 inhibitors

Daver et al, Leukemia 2017



A Median Overall Survival

100 Midostaurin  74.7 mo (95% Cl, 31.5-NR)
90- Placebo 25.6 mo (95% Cl, 18.6-42.9)
e 80- One-sided P=0.009 by stratified log-rank test
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2
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= -
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s 304
o
a 20+
104
0 T T T T T T | —
0 12 24 36 48 60 72 84 90
Months
No. at Risk
Midostaurin 360 269 208 181 151 97 37 1
Placebo 357 221 163 147 129 80 30 1

Stone et al, NEJM 2017



IDH1,2 inhibitors

IDH2 mutational burden Response scenarios

Treatment with
enasidenib

Reduction
in 2-HG
. Q levels
NN

Altered differentiation and tumorigenesis

Yang et al, CCR 2012 Wouters et al, Blood 2017



B Overall Survival

1.0 Median follow-up, 15.1 mo (range, 0.2-34.1)
- 0.9+ Hazard ratio for death, 0.44 (95% Cl, 0.27-0.73)
o 0.8+ Two-sided P=0.001
o
2 0.7
o 0.6
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No. at Risk
Ivosidenib+ 72 58 53 42 38 33 292421191513 7 4 4 2 2 1
azacitidine
Placebo+ M 5338292321151l 99 6 543 3 0
azacitidine

Montesinos, NEJM 2022



-> relapses

b

Post-treatment evolution of AML

'I:_rg_a_tment
AML;

Early relapse
Event 1 y P

Few changes
in the clone

Event 1 Late relapse

Multiple changes
_] in the clone

-1 Long-term
Event 1 remission

Retention of the
_|founding lesion

Cure
Event 1

Eradication of the
founding clone

Time

Hirsch, nature com 2016



Single-cell approaches

extreme heterogeneity of leukemic blasts

To profile the leukemia at diagnosis and at relapse

-> identify underrepresented cellular subclones
-> identify resistant clones to therapeutic approaches

-> personalize the therapy to the genetic and transcriptional profile of leukemia



After targeted therapies ...

O NPM1_p.L287fs @ IDH2 p.R140Q  ® IDH1_p.R132H B KRAS_ p.G12D O PTPN11_p.A72G B NRAS_p.G13R
B NRAS p.G12A @ FLT3-ITD O KRAS p.G12A B FLT3 p.D835H @ PTPN11_p.D61H O PTPN11_p.G503A

FLT3 p.D835H
IDH1 '

IDH2 ~—
PTPN11 p.A72G
KRAS p.G12D
AML-38
c2D1 C3D23 C4D26
AML-38-001 | e P | AML-38-002 > cytarabine + > AML-38-003
BM blast 33% BMblast42% = quizartinib  BM blast 53%

single-cell DNA sequencing

Morita et al, Nature comm 2020



After targeted therapies ...

B DNMT3A_p.R882H @ IDH2 p.R140Q B PTPN11_p.I1282V NRAS_p.G60E B RUNX1_p.R162K @& FLT3-ITD
B CSF3R_p.Q768X SRSF2_p.P95L 0O RUNX1_p.S318fs @ IDH1_p.R132C B CSF3R_p.Q776X

CSF3R p.Q776X

AML-99
BL  C2D29 C6D29 CR_C7D28 REL_C18D29 C1D67

) azacitidine + enasidenib | Clad+LDAC+Ena+VEN

single-cell DNA sequencing

Morita et al, Nature comm 2020



Newly diagnosed

CBF-AML

FLT3m

tAML/AML-
MRC

Fit elderly

Other

Complex/mono
somal or TP53

IDH1m

—
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e Other

Intensive chemotherapy + GO

Intensive chemotherapy +
Midostaurin
CPX-351

Intensive chemotherapy

Study or HMA + venetoclax

HMA + venetoclax or lvosidenib

HMA + venetoclax or Enasidenib

HMA + venetoclax or LDAC +
venetoclax or LDAC + Glasdegib

Relapsed/refractory

FLT3m

Other

Ivosidenib

Enasidenib

Gilteritinib

HMA £ venetoclax or study

Ivosidenib or study or BSC
Enasidenib or study or BSC
Gilteritinib or study or 8SC

Study or BSC



-> preleukemic states

1. Germline predisposition

Critical for proper diagnosis

Impact on management

-> Allogeneic stem cell transplantation
exclude a donor with the same mutation
->health surveillance strategies patient/family

Genetic counseling

Table 24. ICC of hematologic neoplasms with germline
predisposition

Hematologic neoplasms with germline predisposition without a
constitutional disorder affecting multiple organ systems

Myeloid neoplasms with germline CEBPA mutation
Myeloid or lymphoid neoplasms with gemline DDX41 mutation

Myeloid or lymphoid neoplasms with gemmline TP53 mutation

Hematologic neoplasms with germlin

associated with a constitutiona latelet dlsorder

Myeloid or lymphoid neoplasms with gemmline RUNX1T mutation
Myeloid neoplasms with germline ANKRD26 mutation

Myeloid or lymphoid neoplasms with gemmline ETV6 mutation

Hematologic neoplasms with germline predisposition
associated with a constitutional disorder affecting multiple
organ systems

Myeloid neoplasms with germline GATAZ mutation
Myeloid neoplasms with germline SAMD9 mutation
Myeloid neoplasms with germline SAMD9L mutation

Myeloid neoplasms associated with bone mamow failure
syndromes

Fanconi anemia
Shwachman-Diamond syndrome
Telomere biology disorders including dyskeratosis congenita
Severe congenital neutropenia
Diamond-Blackfan anemia
JMML associated with neurofibromatosis

JMML associated with Noonan-syndrome-like disorder
(CBL-syndrome)

Myeloid or lymphoid neoplasms associated with Down syndrome

Acute lymphoblastic leukemia with germline predisposition*
Acute lymphoblastic leukemia with germline PAX5 mutation
Acute lymphoblastic leukemia with germline IKZF1 mutation

Arber et al, Blood 2022



Table 3. Clinical features prompting consideration of clinical testing for a germline predisposition allele(s)

Clinical features

Personal history of =2 cancers, 1 of which is a hematopoietic malignancy (order does not matter)

Personal history of a hematopoietic malignancy plus:

e Another relative within two generations with another hematopoietic malignancy, or
e Another relative within two generations with a solid tumor diagnosed at age 50 or younger, or
e Another relative within two generations with other hematopoietic abnormalities

Presence of a deleterious gene variant in tumor profiling that could be a gemline allele, especially if that variant is present during remission*

Age of diagnosis of hematopoietic malignancy at an eadier age than average (eg, MDS diagnosed = 40 y)

Germline status of a variant is confimed by:

Its presence in DNA derived from a tissue source not likely to undergo somatic mutation frequently (eg, cultured skin fibroblasts or hair
follicles) AND at a variant allele frequency consistent with the gemnline (generally considered between 30-60%), or

Its presence in at least two relatives at a variant allele frequency consistent with the gemnline

*Certain gene alleles (eg, CHEK2 1200T and truncating DDX41 variants) are overwhelmingly likely to be germline and should prompt consideration of germline testing when
identified even once.

*pathogenic or likely pathogenic germline variants
* Regardless of age (DDX41 44-88y)

*validation by culture and sequencing of skin fibroblasts

Dohner et al, Blood 2022



Model of disease progression

Haematopoietic stem cell
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germline mutation
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How to manage germline predisposition to AML ?

~
Blood counts:
severely low
Blood counts stable - OR
normal or mild/moderate cytopenias BT T symptomatic cytopenias
* I * OR OR
Bone marrow: Bone marrow: Bone marrow: Bone marrow:
No significant dysplasia No significant dysplasia Increasing dysplasia MDS
No clonal cytogenetic abnormality Single low-risk clone High risk clone AML
OR
Single clone of unclear significance
CBC every 3-6 months CBC 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**
Reduce frequency if stable i
\/ \/
HSCT*** HSCT***
J

Godley et al, Blood 2017



Follow-up of individuals with a germline predisposition to MDS/AML

Baseline Follow-up
Complete blood count (CBC) YES Every 6 months
Bone marrow aspirate/biopsy YES Only in case of change in CBC
NGS-myeloid gene panel YES (bone marrow) Once a year” (blood)
Control of other relevant organs As indicated depending on the underlying condition As indicated depending on the underlying condition

CBC = complete blood count; NGS = Next-generation sequencing.
*The emergence of a clone should not solely be an indication for action. The gene, the variant allele frequency (VAF), the number of pathogenic variants as well as the dynamics over time should be taken into
account.

Baliakas et al, Hemasphere 2022



2. Clonal hematopoiesis

CH: the outsized contribution of expanded clones of HSC and progenitor cells to blood cell
production

prevalence of CH increase with age
CH > somatic mutations in individual genes or
> gains /losses of larger chromosomal segments
CH = premalignant state
somatic mutations in CH = initiating mutations for hematological malignancies
CH = strong predictor of development of blood cancers
mutations alter the function of terminally differentiated blood cells

including release of elevated levels of inflammatory cytokines -> inflammatory disorders

Weeks et al, Blood 2023



Causes and Consequences of Clonal Hematopoiesis (CH)

Germ line Risk Sex Genotoxins
- Differences @
v T s
EEE Q E «
i

L of
' [~ »
Causes of CH
Young Adults < 50 Adults > 50

P

acquired clonal
@mutamon expansnon

Normal Low abundance Clinically Detectable
hematopoiesis clones (micro-CH) CH VAF > 2%

Decreased risk

Malignant Outcomes

Myeloid CH MDS, CMML,

CHIP/CCUS, —> AML, ET, PV,

M-mCA MF, Ph- CML
Lymphoid CH CLit, Bl

L-CHIP, L-mCA e Lymphomas

Nonmalignant Outcomes

Cardiovascular Disease

Alzheimer's * Coronary artery disease

e Heart Attacks
* |schemic heart failure
¢ Stroke

- COPD

i~ Chronic Kidney Disease
b—— Rheumatoid Arthritis
~* Osteoporosis

Dementia *—

" “Thrombosis

Increased risk

Weeks et al, Blood 2023




CHIP : CH of indeterminate potential

CH possessing somatic mutations in leukemia driver genes

at a variant allele fraction (VAF) of 22% in the absence of cytopenia
CCUS : Clonal cytopenia of undetermined significance (CCUS)

CHIP in the presence of persistent, unexplained cytopenia in which

dysplastic features of myelodysplastic syndrome (MDS) are absent

10% to 20% of individuals aged >70 years
DNMT3A, ASXL1, and TET2 : 87%

JAK2, TP53, SF3B1, and SRSF2 remaining cases

Weeks et al, Blood 2023



- How does clonal hematopoiesis progress to AML ? 10 -15 years pre-AML

4 patterns

Linear evolution : successive mutations in a single dominant clone
Clonal competition : multiples clones with clear evidence of clonal interference
Static evolution: expanded clones have stopped growing ?

Late evolution : mutations only detected close to AML diagnosis or not at all

when ?

1st driver mutation : > 50 years pre-AML (linear) - 4 years pre-AML (late)

Watson C, ESH 2023



CHIP : risk of malignant transformation 0,5 — 1% per year

depend on specific mutations and hematological features

CHRS Prognostic Variable Scores
Prognostic Variable 0.5 1 1.5 2 25
Single DNMT3A | present absent - - -
High Risk Mutation - absent - - present
Mutation Number - 1 - =2 -
Variant Allele Fraction - <0.2 - >0.2 -
Red Cell Distribution Width - <15 - - =15
Mean Corpuscular Volume - <100 - - > 100
Cytopenia - CHIP CCUS - -
Age - < 65y = 65y - -
0.8
= High Risk == Intermediate Risk =+ Low Risk =+ No CH
=
= 0.6
RS
bt
5
=
2 044
2
=
=
E 0.2
S
0.0
0 2 4 6 8 10 12
Years

Number at risk
High Risk 265 237 193 156 123 90 38
Intermediate Risk { 4855 4763 4614 4449 4266 4062 1758
Low Risk 4 24715 24588 24325 24013 23613 23161 10721
No CH 4441121 438984 435665 431461 426319 420058 197093

0 2 4 6 8 10 12
Years

Weeks et al, Blood 2023



t

10-year Risk of Myeloid Malignan
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l l

Malignancy Risk Mitigation Strat

<1%

Low Risk:
* Annual CBC+D
* Repeat NGS with
clinical change
* Repeat bone marrow
with clinical change

v

Management of Non-Malignant Disease Risk

12023



Conclusions

To understand the molecular mechanisms of AML

extreme heterogeneity of leukemic blasts

-> targeted therapies/relapse

To understand the ‘preleukemic states’

* Germlines mutations

* Clonal hematopoiesis - CHIP







