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Hematologic malignancies are driven by a complex interplay of genetic alterations 
and mechanisms that ensure cell survival and proliferation

Evasion of apoptosis 
is a hallmark of 
malignant cell survival 

Hallmarks 
of Cancer

Sustained 
angiogenesis

Tissue 
invasion and 
metastasis

Limitless 
replication 
potential

Insensitivity 
to anti-growth 
signals

Self-
sufficiency 
in growth 
signals

Evasion of 
apoptosis

Hanahan D & Weinberg RA. Cell 2011

Cancer pathogenesis is dependent
on many mechanisms



Venetoclax binds to BCL-2 
and frees pro-death proteins 
(BIM, BAX)

The freed pro-death proteins 
interact and initiate an 
apoptotic cascade, which results 
in formation of a pore in the 
outer mitochondrial membrane

Cytochrome c is released from 
mitochondria and activates 
caspases, which dismantle the 
cell, resulting in malignant-cell 
death (apoptosis)
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Letai A, et al. Cancer Cell 2002; Adams JM & Cory S. Oncogene 2007; 
Souers AJ, et al. Nat Med 2013; Leverson JD, et al. Cancer Discov 2017

Venetoclax induces apoptosis
in malignant cells



BCL2 in AML

ü Overexpression of BCL2 supports the survival of AML cells, conferring a poor prognosis and inducing
treatment resistance

Zhou J et al, Diagnostic Pathology 2019



BCL-2 BCL-XL MCL-1

AML Blast Cell Apoptosis Induction

Apoptosis

• HMAs (azacitidine and decitabine4,5) and cytarabine6 indirectly increase sensitivity to BCL-2 inhibition 
in AML cells by modifying the relative levels of BCL-2 family members

Size of rectangles indicates relative dependency on specific protein for survival
Dotted lines indicate an indirect therapeutic effect on BCL-2 family member dependency

BCL-2 dependency is common in AML;1 however, AML cells can be 
co-dependent on other BCL-2 family members for survival2,3
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Venetoclax induces apoptosis in AML cells in 
combination with other agents

1. Pan R, et al. Cancer Discov 2014; 2. Valentin R, et al. Blood 2018; 3. Leverson JD, et al. Cancer Discov 2017;
4. Bogenberger JM, et al. Leuk Lymphoma 2015; 5. Cojocari D, et al. ASH 2018; poster 2644; 6. Niu X, et al. Clin Cancer Res 2016
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Venetoclax + Azacitidine
(N=286)

Venetoclax 400 mg PO, daily, days 1–28 + 
Azacitidine 75 mg/m2 SC /IV days 1–7

Placebo + Azacitidine
(N=145)

Placebo daily, days 1–28
+ Azacitidine 75 mg/m2 SC /IV days 1–7

Randomization Stratification Factors Age (<75 vs. ≥75 years); Cytogenetic Risk (intermediate, Poor); Region

Venetoclax dosing ramp-up Cycle 1 ramp-up Day 1: 100 mg, Day 2: 200 mg, Day 3 - 28: 400 mg
Cycle 2 Day 1-28: 400 mg 

Primary
§ Overall survival 

Secondary 
§ CR+CRi rate
§ CR+CRh rate
§ CR+CRi and CR+CRh rates by 

initiation of cycle 2
§ CR rate
§ Transfusion independence
§ CR+CRi rates and OS in molecular 

subgroups
§ Event-free survival

Inclusion
§ Patients with newly diagnosed 

confirmed AML
§ Ineligible for induction therapy defined 

as either
v ≥75 years of age
v 18 to 74 years of age with at least 

one of the co-morbidities: 
– CHF requiring treatment or 

Ejection Fraction ≤50% 
– Chronic stable angina
– DLCO ≤ 65% or  FEV1 ≤ 65%
– ECOG 2 or 3

Exclusion
§ Prior receipt of any HMA, venetoclax, or 

chemotherapy for myelodysplastic 
syndrome

§ Favorable risk cytogenetics per NCCN
§ Active CNS involvement

Eligibility Treatment Endpoints

DiNardo C et al, NEJM 2020

VIALE-A: study design



Aza + Ven (n = 286) Aza + Pbo (n = 145) p value

CR + CRi rate (95% CI), % 66.4 (60.6-71.9) 28.3 (21.1-36.3) <.001

CR + CRi by start of cycle 2 (95% CI), % 43.4 (37.5-49.3) 7.6 (3.8-13.2) <.001

CR rate (95% CI), % 36.7 (31.1-42.6) 17.9 (12.1-25.2) <.001

Transfusion independence* (95% CI), %
§ RBC
§ Platelets

59.8 (53.9-65.5)
68.5 (62.8-73.9)

35.2 (27.4-43.5)
49.7 (41.3-58.1)

<.001
<.001

CR + CRi rate in subgroups (95% CI), %
§ IDH1/2
§ FLT3
§ NPM1
§ TP53

75.4 (62.7-85.5)
72.4 (52.8-87.3)
66.7 (46.0-83.5)
55.3 (38.3-71.4)

10.7 (2.3-28.2)
36.4 (17.2-59.3)
23.5 (6.8-49.9)

0

<.001
.021
.012

<.001

EFS (95% CI), mo 9.8 (8.4-11.8) 7.0 (5.6-9.5) <.001

*defined as ≥ 56 days with no RBC or platelet transfusion between first and last day of treatment
§ Median age (range): 76 yrs (49-91) DiNardo C et al, NEJM 2020

VIALE-A: responses



Median Follow-up: 
20.5 months 

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ob

ab
ili

ty
 o

f N
o 

Ev
en

t

Mos
0 3 6 9 12 15 18 21 24 27 30 33

286
145

219
109

198
92

168
74

143
59

117
38

101
30

54
14

23
5

5
1

3
0

0
0

No. at Risk
Aza + Ven
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Median OS, mos (95% CI)

AZA + VEN
AZA + PBO

14.7 (11.9 – 18.7)
9.6 (7.4 – 12.7)

HR: 0.66 (95% CI: 0.52-0.85), P < .001

DiNardo C et al, NEJM 2020

VIALE-A: Overall Survival



DiNardo C et al, NEJM 2020

VIALE-A: safety



Gimema AML 2320
Prospective and retrospective observational evaluation of real world
outcome of unfit AML patients treated with the combination of 
Venetoclax plus HMAs, under the italian law no.648/96

Italian observational study of patients with AML treated with small 
Molecule inhibiting BCL-2 (AVALON)

What about real life?



Venetoclax+HMAs: 
for which patients?



Good responders: 
NPM1+ patients

DiNardo C et al, Blood 2020



VIALE-A: high response rates in 
NPM1 patients

DiNardo C et al, NEJM 2020



Preclinical data

Bisaillon R et al, Leukemia 2020



Favourable outcome with 
Venetoclax+HMAs in NPM1+ AML

Lachowiez CA et al, Blood Advances 2020

Median OS: NR (HMA+VEN)
0.9 years (IC) 

HMA+VEN

ICIC

HMA



DiNardo C et al, Blood 2020

Good responders: 
IDH2+ patients



IDH mutations induce 
BCL-2 dependence



DiNardo C et al, NEJM 2020

Response rates and OS of patients
with  IDH2 mutations

VEN+AZA

PBO+AZA



Beyond complete remission in 
elderly patients

COMPLETE 
REMISSION

ALLOGENIC 
STEM CELL TRANSPLANT

Improved patient’s
fitness 

SCT

SCT eligible, not performed

Pollyea D et al, Bone Marrow Transplantation 2021



JCO 2021

Not only elderly/unfit patients:
VEN+FLAG-IDA in young AML setting



DiNardo C et al, JCO 2021

Median f-up: 12 months

VEN+FLAG-IDA in young AML setting:
ORR 97%



• Three deaths in CR (all R/R AML) due to systemic mucormycosis with typhlitis, SBO, perforated fistula (> Day 100), HLH complicating E. coli and 
RSV infection with no response to HLH therapy (> Day 100), and lung aspergilloma and respiratory hemorrhage (Day 51)

DiNardo C et al, JCO 2021

VEN+FLAG-IDA in young AML setting:
Safety profile



GIMEMA AML1718 trial for intermediate and 
high risk AML patients



Work in progress…



A FLT3 ITD mutation is often detected at
relapse after VEN+HMAs

DiNardo C et al, Blood 2020





A TP53 mutation is often detected at relapse and in 
primary refractory patients after VEN+HMAs

DiNardo C et al, Blood 2020



CR+ CRi: 73.8% (TP53 wt)
47% (TP53 mut)

OS: 21.1 months (TP53 wt)
5.4 months (TP53 mut)

TP53 WT 

TP53 MUT



§ Magrolimab is an IgG4 anti-CD47 monoclonal antibody that eliminates tumor 
cells through macrophage phagocytosis

§ In TP53 AML patients (phase 1): ORR 71%; median OS 12.9 months

Control mAb: No Phagocytosis

Anti-CD47 mAb: Phagocytosis

Macrophages Cancer cells

  
  

CD47

5F9

“Eat me” 
signal

SIRP!

Health
y c
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l

Macrophage

CD47“don’t eat me”
signal

Daver. EHA 2020. Abstr S144.

Magrolimab

Which options for TP53 mut AML?
Magrolimab: a macrophage checkpoint inhibitor



Study to Evaluate the Safety and Efficacy of 
Magrolimab in Combination With Azacitidine Versus 
Physician's Choice of Venetoclax in Combination With 
Azacitidine or Intensive Chemotherapy in Previously
Untreated Adults With TP53 Mutant Acute Myeloid
Leukemia (ENHANCE-2)

Magrolimab+AZA

VEN+AZA

Intensive 
chemotherapy

Coming soon: newly diagnosed TP53 AML patients

R
1:1

NCT04778397









Study Evaluating the Safety and 
Effectiveness Magrolimab Versus Placebo in 
Combination With Venetoclax and Azacitidine
in Participants With Acute Myeloid Leukemia
(AML) (ENHANCE-3)

Magrolimab+Aza+
Venetoclax

Placebo+Aza+
Venetoclax

R
3:1

Coming soon: newly diagnosed unfit AML patients

NCT05079230



Daver N et al, Blood Cancer Journal 2020

Towards triplets in AML



MLN4924 induces Noxa upregulation in acute
myelogenous leukemia and synergizes with Bcl-2
inhibitors

KLB Knorr1, PA Schneider2, XW Meng1,2, H Dai1,2, BD Smith3, AD Hess3, JE Karp3 and SH Kaufmann*,1,2

MLN4924 (pevonedistat), an inhibitor of the Nedd8 activating enzyme (NAE), has exhibited promising clinical activity in acute
myelogenous leukemia (AML). Here we demonstrate that MLN4924 induces apoptosis in AML cell lines and clinical samples via a
mechanism distinct from those observed in other malignancies. Inactivation of E3 cullin ring ligases (CRLs) through NAE
inhibition causes accumulation of the CRL substrate c-Myc, which transactivates the PMAIP1 gene encoding Noxa, leading to
increased Noxa protein, Bax and Bak activation, and subsequent apoptotic changes. Importantly, c-Myc knockdown diminishes
Noxa induction; and Noxa siRNA diminishes MLN4924-induced killing. Because Noxa also neutralizes Mcl-1, an anti-apoptotic Bcl-
2 paralog often upregulated in resistant AML, further experiments have examined the effect of combining MLN4924 with BH3
mimetics that target other anti-apoptotic proteins. In combination with ABT-199 or ABT-263 (navitoclax), MLN4924 exerts a
synergistic cytotoxic effect. Collectively, these results provide new insight into MLN4924-induced engagement of the apoptotic
machinery that could help guide further exploration of MLN4924 for AML.
Cell Death and Differentiation (2015) 22, 2133–2142; doi:10.1038/cdd.2015.74; published online 5 June 2015

MLN4924, a first-in-class inhibitor of Nedd8 activating enzyme
(NAE)1 currently undergoing extensive preclinical and early
phase clinical testing (http://www.clinicaltrials.gov),2 induces
killing of acute myelogenous leukemia (AML) cells in vitro and
exhibits single-agent activity in AML in early clinical testing.3–5

The mechanistic basis for these findings, however, is
incompletely understood.
Nedd8 is a small ubiquitin-like molecule that becomes

covalently linked to a number of cellular proteins, including a
subset of E3 ubiquitin ligases known as cullin ring ligases
(CRLs).6,7 Once activated by this modification, CRLs normally
facilitate ubiquitination of a defined group of protein sub-
strates, targeting them for degradation by the proteasome.
Because the proteins ubiquitinated by CRLs are involved in
inhibiting cell cycle progression, proliferative signaling, and
cell survival, enhanced turnover of these proteins in malignant
cells confers a survival advantage.8,9 Conversely, treatment
with MLN4924, which causes decreased degradation of CRL
substrates, leads to cytotoxicity in transformed cells in vitro
and in vivo while largely sparing normal cells and tissues.1,3,9

The mechanistic basis for the cytotoxicity of NAE inhibition
varies among malignancies and is dependent upon which
of the CRL substrates accumulate and demonstrate
activity.1,10–12 In colon and lung cancer cells, for example,
accumulation of the CRL substrate chromatin licensing and
DNA replication factor 1 (Cdt1), a DNA replication licensing

factor, has the dominant role in MLN4924 cytotoxicity by
causing DNA re-replication and subsequent apoptosis.1,11

Other mechanisms of MLN4924-induced killing involving
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-!B) and Redd1 have been described in a subset of
diffuse large B-cell lymphoma and multiple myeloma cells,
respectively.10,12 The dominant stabilized CRL substrate and
downstream steps governing the mechanism of MLN4924
cytotoxicity in AML are not as well defined, although induction
of apoptosis has been observed.3,5

The ‘intrinsic’ or ‘mitochondrial’ apoptotic pathway is
activated when Bax and Bak proteins oligomerize in the
outer mitochondrial membrane and induce cytoplasmic
translocation of cytochrome c, which promotes caspase 9
activation.13,14 Oligomerization of Bax and Bak is regulated by
additional pro- and anti-apoptotic Bcl-2 family proteins.
A variety of processes, including transcriptional regulation,
post-translational modification, and degradation by the protea-
some, modulate the expression of Bcl-2 family members.13,14

Accordingly, relative levels of pro- and anti-apoptotic proteins
reflect many input signals from within each cell and from the
surrounding environment. Once expressed, pro-apoptotic
BH3-only proteins such as Bim, Puma, and Noxa either bind
and neutralize anti-apoptotic proteins or bind and activate Bax
and Bak.13–16 Conversely, anti-apoptotic proteins, including
Bcl-2, Bcl-xL, andMcl-1, bind and sequester Bax, Bak, and the

1Department of Molecular Pharmacology and Experimental Therapeutics, Rochester, MN, USA; 2Division of Oncology Research, Mayo Clinic, Rochester, MN, USA and
3Division of Hematological Malignancies, Sidney Kimmel Cancer Center, Johns Hopkins, Baltimore, MD, USA
*Corresponding author: S Kaufmann, Division of Oncology Research, Mayo Clinic, Gonda 19-212, 200 First St, S.W., Rochester, MN 55905, USA. Tel: +1 507 284 8950;
Fax: +1 507 293 0107; E-mail: kaufmann.scott@mayo.edu

Received 28.1.15; revised 30.4.15; accepted 04.5.15; Edited by G Melino; published online 05.6.15

Abbreviations: AML, acute myelogenous leukemia; Cdt1, chromatin licensing and DNA replication factor 1; CI, combination index; CRL, cullin ring ligase; DMSO, dimethyl
sulfoxide; ER, endoplasmic reticulum; FBS, fetal bovine serum; HIF-1!, hypoxia inducible factor-1!; I-"B, inhibitor of NF-!B; NAC, N-acetylcysteine; NAE, Nedd8
activating enzyme; NF-"B, nuclear factor kappa-light-chain-enhancer of activated B cells; PARP1, poly(ADP-ribose) polymerase 1; PBMC, peripheral blood
mononuclear cell; PI, propidium iodide; qRTPCR, quantitative reverse transcription-polymerase chain reaction; Q-VD-OPh, N-(2-quinolyl)valyl-aspartyl-(2,6-
difluorophenoxy)methyl ketone; ROS, reactive oxygen species

Cell Death and Differentiation (2015) 22, 2133–2142
& 2015 Macmillan Publishers Limited All rights reserved 1350-9047/15

www.nature.com/cdd

turnover of a very select group of proteins that impact
pathways critical for cell survival.1,9,43 Additional studies have
shown that MLN4924 has relatively limited impact on normal
cells1,3 and exerts a cytotoxic effect in a variety of malignant
cells through cell type-specific mechanisms.1,10,12 For
example, in solid tumor cells MLN4924-induced cyto-
toxicity is triggered by accumulation of CRL substrate and
DNA replication licensing factor Cdt1, leading to DNA
re-replication and apoptosis,1,11 whereas in multiple myeloma
accumulation of Redd1 suppresses AKT and mTOR pro-
survival and proliferative signaling to induce cell death.12

Although preclinical studies have indicated that MLN4924 also
is cytotoxic in AML, a definitive mechanism of action has not
been previously established.3,5

The studies presented here demonstrate that MLN4924
induces apoptosis in AML independent of DNA re-replication
(Figure 1 and Supplementary Figure S1) and without evidence
of increased ROS or ER stress (Supplementary Figures
S1–S2), two common triggers of apoptosis. Interestingly, we
observed increases in Noxa protein in cell lines (Figure 2a)
and clinical isolates (Figure 4c) in vitro, as well as in AML
xenografts at achievable MLN4924 concentrations in vivo
(Figure 2b). Moreover, Noxa knockdown afforded significant
protection from MLN4924-induced apoptosis (Figure 2c,
Supplementary Figure S3a,b and S4a,b), demonstrating the
critical role of Noxa in the cytotoxicity of MLN4924. Further-
more, Noxa upregulation was accompanied by neutralization
of Mcl-1 (Figure 2d) as well as activation of Bax and Bak
(Figure 2e).
The MLN4924-induced increase in Noxa protein paralleled

an increase in Noxa mRNA, which occurred in both AML cell
lines (Figure 3a) and clinical AML specimens (Figure 4a). In
turn, the increase in Noxa mRNA accompanied increased
Noxa promoter activity (Figure 3c). Although multiple tran-
scription factors are known to transactivate the Noxa
promoter,36,37 c-Myc was a prime candidate because it is a
CRL substrate9 and has been shown to upregulate Noxa in
response to the proteasome inhibitor bortezomib.36 Consis-
tent with this hypothesis,20 we not only observed MLN4924-
induced accumulation of c-Myc in AML cell lines (Figure 3d)
and clinical samples (Figure 4c), but also diminished
accumulation of Noxa message and protein when c-Myc
was knocked down (Figures 3e and f and Supplementary
Figure S3c and d). These results complement and extend prior
work showing that c-Myc, which is generally considered a
contributor to proliferation, can contribute to apoptosis,44,45

particularly under unfavorable growth conditions such as
those resulting from environmental alterations or pharmaco-
logical manipulation.18–20,36

Collectively, these studies are consistent with the pathway
shown in Figure 6, which is different from the cytotoxic
mechanism reported in solid tumor cells,1,33 chronic lympho-
cytic leukemia,38 lymphoma,10 or myeloma,12 and support the
notion that the mechanism of MLN4924-induced cell death
downstream of NAE inhibition will vary from cell type to cell
type.1 Importantly, the increases in c-Myc protein, NoxamRNA
and Noxa protein observed in AML cell lines were also
observed in AML samples exposed to MLN4924 ex vivo,
pointing to a pharmacodynamic marker of NAE inhibition
(Noxa upregulation) and possible mechanisms of MLN4924

resistance (diminished c-Myc or Noxa upregulation) that could
be investigated in future trials of MLN4924 in AML.
Previous studies have demonstrated that Mcl-1 has a critical

role in a variety of hematological malignancies and solid
tumors. In particular, Mcl-1 has been shown to be essential for
the development and sustained growth of AML in murine
models.46 Moreover, Mcl-1 upregulation has been noted
at the time of leukemic relapse after chemotherapy in vivo.24

Mcl-1 overexpression has also been shown to contribute
to development of multiple myeloma47; and Mcl-1 has
been implicated in drug resistance in chronic lymphocytic
leukemia.48,49 In addition, the gene encoding Mcl-1 is
amplified in a variety of solid tumors.50 In the case of ovarian
cancer, tumors with Mcl-1 amplification have been found to be
particularly resistant to conventional platinum-based
chemotherapy.51

The BH3-only protein Noxa is a potent and relatively
selective neutralizer of Mcl-1.34,52 Although the present study
demonstrates that MLN4924 induces Noxa upregulation and
Mcl-1 neutralization in AML, further studies are required to
determine whether a similar mechanism will be observed in
other hematological malignancies or solid tumors.
During these studies, it was reported that AML blasts are

exquisitely sensitive to the Bcl-2 antagonists ABT-199 and
ABT-737 ex vivo.21,23 Additional studies have shown that
Mcl-1 overexpression, which frequently occurs in AML at
relapse,24 is a mechanism of resistance to ABT-737.25–27 The
ability of MLN4924 to upregulate Noxa and neutralize Mcl-1
(Figure 2d) raised the possibility that MLN4924might sensitize
AML cells to agents such as ABT-199 and ABT-263 (an orally
bioavailable analog of ABT-737), which was indeed observed
(Figure 5). As MLN4924 and BH3 mimetics move forward,
further preclinical and possible clinical testing of these
combinations might be warranted.
In summary, the NAE inhibitor MLN4924, which has shown

promising activity in relapsed and refractory AML, has a unique
mechanism of action in AML. Determining the best applications

Figure 6 Summary of MLN4924 cytotoxic mechanism in AML. MLN4924 inhibits
NAE to prevent CRL neddylation, thereby preventing ubiquitination of c-Myc (and
other proteins). Elevated c-Myc causes transactivation of the Noxa promoter leading
to increased Noxa mRNA and protein. Noxa neutralizes Mcl-1 leading to (i) Bax and
Bak activation, cytochrome c release, caspase activation, and apoptosis and (ii)
increased sensitivity to ABT-199 and ABT-263 (navitoclax). Manipulations reported in
the Results section (summarized in gray) are consistent with this model

MLN4924 induction of Noxa and synergy in AML
KLB Knorr et al
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Pevonedistat in AML



IV, intravenous; PD, progressive disease; SC, subcutaneous; WHO, World Health Organization. 1. Clinicaltrials.gov. https://clinicaltrials.gov/ct2/show/NCT04266795.

Randomized, open-label, controlled, phase 2 study (NCT04266795)1

• Adults ≥18 years
• Morphologically 

confirmed newly 
diagnosed AML 
(WHO criteria 
2008)

• Considered unfit 
for treatment with 
cytarabine and 
anthracycline 
induction due to 
age and/or 
comorbidities

Until 
unacceptable 

toxicity, 
relapse, 

PD, or deathStratification:
• Age (18 to <75 

years vs ≥75 years)
• AML subtype (de 

novo vs secondary)

1:1

N~150

Pevonedistat
20 mg/m2 IV (days 1, 3, and 5)

Venetoclax 
400 mg by mouth (days 1–28 until remission; 
subsequently days 1–21, or 1–28 if tolerated)

Azacitidine
75 mg/m2 IV or SC (days 1–7, or 
days 1–5, 8, and 9)

Venetoclax
400 mg by mouth (days 1–28 until remission; 
subsequently days 1–21, or 1–28 if tolerated)

Azacitidine
75 mg/m2 IV or SC (days 1–7, or 
days 1–5, 8, and 9)

PEVENAZA: study design

https://clinicaltrials.gov/ct2/show/NCT04266795


Cusatuzumab: 
an anti CD70 antibody





Maiti et al, CLML 2021

How to overcome resistance to BCL2 inhibitors



ü HMAs+VEN can be considered the backbone for unfit AML 
patients

ü Real life data are required for a better understanding of safety
profile and toxicity management

ü Unmet medical need: TP53 mutated AML, but new approaches
are coming

ü Moving to triplets

ü Better understanding of mechanisms of resistance to new drugs

ü Integration between molecular and immunotherapy
approaches
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