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Abstract: Venetoclax (ABT-199), a BH3-mimetic and selective BCL-2 inhibitor, was

recently approved by the US Food and Drug Administration (FDA) for the treatment of

acute myeloid leukemia (AML) in adult patients aged 75 years or older, or otherwise unable

to tolerate intensive induction chemotherapy, in combination with either hypomethylating

agents or low-dose cytarabine. In this review article, we discuss venetoclax’s mechanism of

action, in relation to both the BCL-2 protein family in general and BH3-mimetic activity in

particular. We then outline the pharmacological advances that preceded and facilitated its

development, as well as providing an overview of key preclinical and clinical studies which

lead to its use first in chronic lymphoid leukemia (CLL), then in small lymphocytic leukemia

(SLL), and subsequently in AML. Finally, we seek to offer an overview of the challenges and

opportunities encountered as venetoclax moves into more widespread use, including its use

and activity against leukemia initiating cells and oxidative phosphorylation.
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venetoclax

Introduction
In late November 2018, the United States Food and Drug Administration (FDA)

approved venetoclax plus either hypomethylating agents or low-dose cytarabine for

first-line treatment of newly diagnosed acute myeloid leukemia (AML) among adult

patients aged 75 years or older, or those with medical comorbidities which would

otherwise preclude the usage of standard, intensive chemotherapy.

AML is characterized by the explosive clonal proliferation of malignant, imma-

ture myeloid elements, in conjunction with diminished apoptotic rate, relative to

proliferation.1 The survival rates for both pediatric and adult patients remain frustrat-

ingly low, with 5-year survival rates approximating 65% and 25%, respectively.2 Two

major contributors to these figures are chemotherapeutic resistance and a high rate of

relapse—and at the time of relapse, the emergence of a unique, more resistant clonal

population may be identified, molecularly distinct from that which was present at the

time of the initial diagnosis–which hints that chemotherapeutically induced selection

pressure may play a role in AML relapse.3 Standard induction therapy in AML has

long been comprised of the 7+3 regimen, eg, 7 days of cytarabine plus 3 days of an

anthracycline such as daunorubicin, followed by either a cytarabine-based consolida-

tion regimen or allogeneic hematopoietic stem cell transplant (HSCT).4 The intensity

and toxicity of this regimen is high, and in patients over the age of 60 (who constitute

the bulk of those newly diagnosed with AML) and those patients with medical

comorbidities, the 7+3 regimen may be poorly tolerated.4 New therapeutic options,
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which may additionally be safely used in more medically

fragile patients, therefore, represent an ongoing and urgent

need. Following a prolonged paucity in the development of

efficacious new agents, the brief period from April 2017 to

November 2018 was marked by the approval of multiple

agents for the treatment of AML, including midostaurin

(April 2017), liposomal daunorubicin/cytarabine (CPX-

351) and enasidenib (both August 2017), gemtuzumab

ozogamicin (September 2017), ivosidenib (July 2018),

and glasdegib, gilteritinib, and venetoclax (all

November 2018).5 During the preceding decades, improve-

ments in AML outcomes were attributable to minor, incre-

mental refinements in supportive care and therapeutic

regimens6–evolutionary, rather than revolutionary changes,

so to speak. Now, however, it would seem that AML

management is poised upon the threshold of an era in

which the promise of targeted small molecule inhibitors

and biologic agents is finally being realized. A deepening

understanding of the oncogenic driver mutations underlying

AML pathogenesis has facilitated such progress, and it

could reasonably be argued that the exponential growth in

our understanding of its genetic heterogeneity and under-

pinnings make it one of the most genetically well character-

ized of all human diseases. With this explosive growth in

knowledge comes the ability to supplement the previously

lackluster therapeutic armamentarium available to frontline

clinicians. In the vanguard of this new wave of pharmaco-

logical cavalry are agents such as venetoclax, which offer

the ability to not only achieve improved outcomes for

patients with AML without reliance on intensive existing

regimens, but also a means to utilize the very mechanisms

by which oncogenesis occurs against the resulting malig-

nancy, and thereby achieve therapeutic success.

Providing a context for venetoclax
Venetoclax is a BH3 mimetic and selective inhibitor of the

protein B-cell lymphoma 2 (BCL-2). Members of the BCL-2

protein family, named for the eponymous BCL-2 protein

itself, are critical regulators of mitochondrial membrane

potential (MMP) and therefore of the larger intrinsic apopto-

tic pathway as a whole, of which they are key constituents.

The loss of MMP pushes the cell towards apoptosis as

a result of the resultant release of previously sequestered

proapoptotic proteins from the mitochondria, eg, cytochrome

c, SMAC/DIABLO (second mitochondria-derived activator

of caspases/direct IAP binding protein with low PI), and

HTRA2/Omi (high temperature requirement).7 Once freed,

these mediators facilitate the activation of caspases–a family

of zymogen proteases which cleave their target substrate

proteins using cysteine protease activity after specific aspar-

tic acid residues, from which their name is derived: Cysteine-

aspartic proteases, or Cysteine-dependent aspartate-directed

proteases.8 It is the executioner caspases, particularly caspase

3, which drive apoptosis via the CAD-ICAD (caspase-

activated DNAse/inhibitor of CAD) complex–an inactive

heterodimer which, following activation, dimerizes and

cleaves the DNA phosphodiester backbone to create

a double-stranded DNA break.9

The BCL-2 family is comprised of over 20 individual

proteins, subdivided into three sub-families according to

their function (proapoptotic/antiapoptotic) and of the num-

ber of BCL-2 homology (BH) domains present.10 BCL-2,

BCL-2A1, BCL-XL, BCL-W, and MCL-1 (myeloid cell

leukemia 1) are members of the multi-domain BH1-4 anti-

apoptotic proteins and therefore contain all four BH

domains.11 Members of this group facilitate cellular survi-

val by antagonization of proapoptotic proteins. These are

(1) the BH3-only proapoptotic proteins which, as their

name suggests, possess only a single BH3 domain, and

include (among others) BIM (BCL2L11; BCL2-interacting

mediator of cell death), BAD (BCL2 antagonist of cell

death), and BID (BH3-interacting domain death antagonist),

and (2) the multi-domain proapoptotic proteins, sharing BH

domains 1–3, and including BAX (BCL-2 associated

X protein), and BAK (BCL-2 antagonist killer). Among

members of the family which possess BH1, 2, and 3

domains, these make up a hydrophobic surface groove

where the BH3-only proapoptotic proteins’ BH3 domain

binds; subtle sequence variations exist, such that this bind-

ing is quite selective. When within the hydrophobic grove

of the multi-domain proapoptotic proteins, the proapoptotic

BH3-only family members facilitate homo-oligomerization

and formation of a pore within the mitochondrial outer

membrane.12 Pore size is reflective of the number of con-

stituent monomers, with a minimum of four BAX mono-

mers being required, for instance, to facilitate cytochrome

c’s escape from the intermembrane space, and up to 20-

monomers needed for the largest proapoptotic proteins to

exit.12 Proapoptotic BCL-2 family members must be in

relative excess to overcome inhibition by antiapoptotic

family members and thereby induce apoptosis.12 This bal-

ance between proapoptotic and antiapoptotic proteins is

a delicate one, and the relative degree to which a cell is

“tilted” towards or away from apoptosis is referred to as

“priming”–primed cells being more readily inducible

towards apoptosis by virtue of a greater concentration of
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(and relative excess of) proapoptotic BCL-2 family

proteins.13 Further increasing the concentration of BH3-

only proteins, such as may occur via exposure to cellular

stresses, may tip a primed cell towards apoptosis, while

a malignant cell, by virtue of a greater concentration of

antiapoptotic proteins (or a lower baseline expression of

proapoptotic proteins) may evade apoptosis.10 The degree

of a cell’s priming, and the BCL-2 family members respon-

sible for that priming, may be measured via BH3 profiling,

which uses synthetic BH3 peptides to assess the degree of

resultant loss of mitochondrial membrane potential to assess

these factors.13 This technique may also be useful in pre-

dicting resistance and chemotherapeutic response, as more

“primed” patients demonstrate notably improved

outcomes.14

BH3 mimetics then target such proteins as BCL-2 and

bind within the hydrophobic groove, displacing seques-

tered proapoptotic BH3-only proteins and enabling them

to activate BAK and BAX. Or, in less “primed” cells BH3-

mimetics instead enter the hydrophobic groove and block

the binding of subsequently expressed BH3-only proteins

thereby reducing the concentration of these proteins

needed to induce apoptosis.10 Effectively, BH3 mimetics

increase the degree of priming and therefore the tendency

towards apoptosis and sensitivity towards conventional

chemotherapeutic agents.14

ABT-737 and navitoclax: precursors to

venetoclax
Using a combination of nuclear magnetic resonance and

fragment-based drug discovery, ABT-737 was developed

by Oltersdorf et al in 2005.15 Briefly, two ligands (4ʹ-fluoro-

biphenyl-4-carboxylic acid [Kd of 0.30±0.03 mM] and

5,6,7,8-tetrahydro-naphthalen-1-ol [Kd of 4.3±1.6 mM])

were identified with binding affinities to the P2 and P4

pockets within BCL-XL’s hydrophobic groove, respectively,

and were subsequently combined into a single molecule with

micromolar affinity. Multiple rounds of structural refinement

followed, to both minimize unwanted protein binding and

optimize P2 and P4 binding.15 Due to similarities in the

hydrophobic groove between BCL-XL and its family mem-

bers BCL-2 and BCL-w, ABT-737 displays a high affinity

(eg, Ki <1 nmol/L) for these multi-domain BH1-4 antiapop-

totic proteins, but a low affinity for BCL-2A1 and MCL-1.16

ABT-737 functionally mimics a BH3-only proapoptotic pro-

tein, and both competes with and displaces native BH3-only

proteins from binding sites. By virtue of this mechanism,

ABT-737 and its successors, including venetoclax, constitute

the BH3-mimetic class of therapeutic agents. ABT-737 dis-

played excellent preclinical activity, but its poor oral bioa-

vailability and limited solubility hindered its clinical utility.

A successor, navitoclax (ABT-263) was therefore developed,

demonstrating improved oral bioavailability, and pharmaco-

kinetic and pharmacodynamics properties (including

20–50% oral bioavailability, and plasma half-life of approxi-

mately 9 hours).16,17 ABT-737 continues in widespread

laboratory use, but is no longer in clinical use, and no clinical

trials employing this agent exist. For its part, navitoclax is

also a BH3-mimetic and, like its predecessor, acts similarly

to the BH3-only protein BAD, with a high affinity (Ki of <1

nmol/L) for BCL-2, BCL-XL, and BCL-w, but low affinities

for MCL-1 and BCL-2A1 (Ki 550 nmol/L and 354 nmol/L,

respectively).16 Early studies of navitoclax showed reversal

of apoptotic protection afforded by BCL-2 and BCL-XL

overexpression models, and co-immunoprecipitation demon-

strated decreased BIM:BCL-XL interaction following expo-

sure to navitoclax, thereby demonstrating proof of its BH3-

mimetic properties.16 In preclinical studies, in vivo use illu-

strated its efficacy in both small-cell lung carcinoma (SCLC)

and acute lymphoblastic leukemia (ALL) models; it also

demonstrated synergy with rituximab, bortezomib, and the

rituximab, cyclophosphamide, doxorubicin, vincristine, pre-

dnisone (R-CHOP) (cyclophosphamide, doxorubicin, vin-

cristine, and prednisone) chemotherapeutic regimen in

aggressive lymphoma models, prefacing its subsequent use

in combination therapies.16 In the preclinical and clinical

setting, however, navitoclax was found to cause thrombocy-

topenia via a now-understood mechanism, which precluded

its use at higher doses. Platelet survival is governed by the

intrinsic apoptotic pathway and dependent on adequate

expression of BCL-XL to mitigate the activities of BAK.18

In their native state, platelets undergo a gradual degradation

of BCL-XL, thereby priming aged platelets for apoptosis.

The ratio of BCL-XL to BAK determines the rate at which

this occurs.18 As such, in states where inhibition of BCL-XL

occurs (such as during treatment with ABT-737 or navito-

clax), platelet survival decreases. In this way, navitoclax

exposure results in concentration-dependent, rapid, marked

thrombocytopenia, which acts as a dose-limiting toxicity;

indeed, this side effect may mean that it cannot be safely

used in certain situations at doses necessary to exert

a therapeutic effect, most particularly as monotherapy.19

The earliest clinical trial of navitoclax occurred in 2011

and established its efficacy in lymphoid malignancies,

particularly in those patients with chronic lymphoid
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leukemia (CLL) and small lymphocytic leukemia (SLL)–

diseases found to be especially sensitive to the drug.20

A subsequent Phase I study in relapsed/refractory CLL

demonstrated a partial response rate of 35% (with 90%

of patients seeing 50% or greater fall in leukocytosis);21

via combination with rituximab, further improvement in

response rate (overall response rate of 70%) was seen.22

As noted, severe, dose-related thrombocytopenia was

a common finding across all studies. At the time of writ-

ing, 10 active studies utilizing navitoclax were listed on

the United States National Library of Medicine’s

Clinicaltrials.gov website; all but two of these studies are

examining its role as a component of combination therapy,

in settings such as CLL, myelofibrosis, relapsed acute

lymphoblastic leukemia/lymphoma, small-cell and non-

small-cell lung cancer, and a range of relapsed/refractory

solid tumors.

Increased precision and decreased

collateral damage: preclinical and clinical

development of venetoclax

Due to navitoclax’s dose-limiting, BCL-XL-mediated

thrombocytopenia, it was subsequently redesigned via

subtle alterations in drug structure to abrogate this parti-

cular side effect.19 Navitoclax was reverse engineered via

removal of a thiophenyl unit and intercalation of an indole

into the binding region, thereby allowing formation of

a hydrogen bond between the novel agent and the

Asp103 residue present on BCL-2, but not with the corre-

spondent Glu96 residue present on BCL-XL.
19 This rede-

sign meant that venetoclax demonstrates subnanomolar

affinity for BCL-2 (Ki <0.010 nM) but not towards other

members of the BCL-2 family (Ki’s of 48 nM towards

BCL-XL and 245 nM towards BCL-W; 5,000 times and

24,000 times lower than navitoclax, respectively), as well

as negligible affinity towards MCL-1 (Ki >445 nM).19

Congruent with these affinities, venetoclax demonstrated

efficacy during in vitro and in vivo testing against BCL-

2-dependent malignancies, roughly corresponding to the

degree to which BCL-2 was overexpressed; platelet toxi-

city was also minimal (EC50=5.5 vs 0.083 µM for

navitoclax).19 Venetoclax is also orally available, but

further improving upon navitoclax, demonstrates

a threefold higher half-life in plasma; 26 hours, compared

to navitoclax’s 9-hour half-life.23

Initial clinical trials examined venetoclax’s efficacy in

CLL. Tumor lysis was a major concern during these early

trials; the first Phase I study utilized a daily dose of

100–200 mg, with the first 3 patients all experiencing

tumor lysis syndrome (TLS).24 Subsequent downward

revision of the initial dose, to 50 mg daily, continued to

be marked by clinically significant TLS (one fatal and one

resulting in renal failure necessitating hemodialysis). An

additional reduction in initial dosing, to 20 mg per day,

followed by a gradual increase to 400 mg per day by week

5 of therapy, proved effective at avoiding early TLS, and

no further cases were seen. Response rates were encoura-

ging, 79% of patients showing a response, 20% showing

a complete response, and 5% having negative minimal

residual disease.24 Long-term follow-up of the initial

cohort confirmed these findings–among patients receiving

the full, 400 mg daily dose (after ramp-up), 81% overall

response rate, 16% complete response rate, and 62% pro-

gression free survival were shown after 24 months on

therapy.25 Subanalysis identified a 71% overall response

rate among those with 17p deletion,24–a high risk cytoge-

netic marker–and a subsequent Phase II study was there-

fore conducted specifically of patients with relapsed/

refractory CLL and a 17p deletion, achieving overall

response rates and complete response rates of 79% and

8%, respectively, at median one year.26 In April 2016,

venetoclax was therefore approved by the US FDA for

treatment of patients with CLL and a 17p deletion, follow-

ing at least one antecedent line of therapy. Subsequently, in

June 2018, this approval was broadened to include those

patients with CLL without a 17p deletion, as well as those

with SLL, irrespective of 17p deletion status, who had

already received one or more preceding line of treatment.

Venetoclax remains under intensive investigation in the

CLL/SLL context; as of writing, 35 currently active clin-

ical trials are listed under the United States National

Library of Medicine’s Clinicaltrials.gov website, and an

additional 11 are not yet recruiting. Many of these studies

are examining its role in combination therapies—the

results of the first such combination studies have recently

become available, and optimism is justified. The earliest

study combined rituximab combined rituximab with vene-

toclax among adult patients with relapsed/refractory CLL

or SLL 86% of patients responded, with 60% of those

patients having complete response (eg, a complete

response rate in 51% of the total patients); 2-year progres-

sion free survival was approximately 82%.27 Although

a maximum tolerated dose was not identified, 2 patients

developed severe TLS after initiation of 50 mg daily

venetoclax dosing. Subsequently, all patients initiated
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treatment at 20 mg daily, after which further cases of

severe TLS were not observed.27 A goal dose of 400 mg

per day of venetoclax was selected for further evaluation

in subsequent studies.

Efforts at integrating venetoclax into CLL regimens

followed, combining venetoclax with nitrogen mustard

bendamustine and obinutuzumab or rituximab. Although

limited by their recency, evidence suggests that these

combinations show impressive efficacy. Phase I study

data shows triple therapy with venetoclax, bendamustine,

and either rituximab or obinutuzumab to be equally safe

and tolerable, and with excellent overall response rates of

96% (relapsed/refractory CLL receiving venetoclax, bend-

amustine, and rituximab) to 100% (previously untreated

patients receiving venetoclax, bendamustine, and rituxi-

mab and relapsed/refractory patients receiving venetoclax,

bendamustine, and obinutuzumab).28 A Phase II trial of

patients with untreated (54%) or relapsed/refractory (46%)

CLL using the combination of bendamustine, obinutuzu-

mab, and venetoclax achieved an overall response rate of

95% at end-induction assessment, including all treatment-

naïve patients, and 87% of patients achieved a negative

minimal residual disease (MRD).29

The results of a Phase III trial evaluating the combination

of venetoclax and rituximab were recently published as

well.30 In it, patients with relapsed or refractory CLL were

randomized to either a venetoclax-rituximab group or bend-

amustine-rituximab group. Results were dramatic–veneto-

clax plus rituximab achieved an 84.9% progression-free

survival rate at 2 years, vs the bendamustine plus rituximab

arm, which achieved a 2-year progression-free survival rate

of 36.3%.30 Sub-analysis of patients who had CLL and a 17p

deletion (typically indicative of a poorer prognosis) likewise

demonstrated a pronounced survival benefit with a 2-year

progression-free survival rate of 81.5% on the venetoclax-

rituximab arm vs 27.8% on the bendamustine-rituximab arm,

respectively.30

Venetoclax in the treatment of AML
Clinical efficacy in AML
Although initial studies evaluated its use in CLL, venetoclax

is presently undergoing evaluation in a range of clinical

contexts, with recent data suggesting efficacy in an array of

settings including ALL,31 non-Hodgkin's lymphoma

(NHL),32 and multiple myeloma;33,34 and its role in these

and other contexts (including diffuse large B-cell lymphoma,

follicular lymphoma, mantle cell lymphoma, marginal zone

lymphoma, and Waldenström macroglobulinemia) has

recently been reviewed.35 Case-report level examples of

effective usage also exist in primary plasma cell leukemia36

and immunoglobulin light chain amyloidosis.37 As data con-

tinues to accrue, it seems likely that the therapeutic avenues

opened will only continue to grow. Venetoclax’s recent FDA

approval for newly diagnosed AML in those patients aged 75

years or older/those with comorbidities precluding intensive

induction chemotherapy, plus either the hypomethylating

agent azacitidine or decitabine, or low-dose cytarabine, was

based upon two major studies.

The first38–40 paired venetoclax and low-dose cytarabine in

a nonrandomized, open-label Phase I/II dose-escalation

/expansion trial, among those with treatment-naïve AML

aged 65 years or over and not eligible for intensive chemother-

apy. Participants received subcutaneous cytarabine at a dose of

20 mg/m2 for days 1–10 of each 28-day cycle, as well as

venetoclax at an eventual dose of 600 mg or 800 mg daily

(following a 5-day ramp-up to target dose, starting from an

initial dose of 50 mg/day) on days 2–28 of cycle 1, and days

1–28 of all subsequent 28-day cycles. Overall, the combina-

tion was well tolerated despite the relative frailty of the patient

population, and no clinically significant episodes of tumor

lysis syndrome were observed. Grade 3 or 4 adverse events

were largely limited to cytopenias (neutropenia/thrombocyto-

penia/anemia) and febrile neutropenia; a more comprehensive

discussion of adverse effects/toxicities is provided below.

Overall response rate was 75%–5% partial response (PR),

70% complete response (CR)/complete response with incom-

plete hematological recovery (Cri). Overall survival (OS) at 12

months was estimated at 74.7%, with a median time to best

response of 30 days. In comparison, among patients likewise

deemed unfit for intensive chemotherapy, prior examination of

low-dose cytarabine monotherapy (at a dose of 20 mg twice

daily for 10 days, administered in 4–6-week cycles) had

demonstrated a CR of 18%, and 24% OS at 12 months.41

The subsequent recommended Phase II dose for venetoclax

(when paired with low-dose cytarabine) was set at 600 mg

daily. Follow-up reporting at one year40 (data upon which the

actual FDA approval was granted) showed 64% achievement

of CR/CRi/PR (including 26% CR and 2% PR), lasting

a median of 14.9 months, with median OS of 11.4 months

(and 18.4 months in those who achieved CR/Cri). Importantly,

patients with NPM1, DNMT3A, FLT3-ITD, and SRSF2

mutations all achieved CR/CRi of over 75%;40 in contrast,

for patients treated in the earlier study using low-dose cytar-

abine monotherapy, no patients with adverse cytogenetics

responded to treatment.41
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The second trial42 paired venetoclax with

a hypomethylating agent (decitabine 20 mg/m2 on days

1–5 of each 28-day cycle, or azacitidine 75 mg/m2 on

days 1–7 of each 28-day cycle) in a nonrandomized,

open-label, dose-escalation Phase Ib study in patients

with treatment-naïve AML aged 65 years or over and

not eligible for intensive chemotherapy. Venetoclax

administration was initiated on day 2 of cycle 1 and

was escalated over 5 days to reach goal dose; 4 cohorts

existed, with starting and target venetoclax doses of

20–100 mg and 400–1200 mg, respectively, and was

continued daily for the full duration of each 28-day

cycle. The combination was well tolerated, with throm-

bocytopenia, neutropenia, and febrile neutropenia being

the most common grade 3/grade 4 adverse events; max-

imum tolerated doses were not reached, and no

instances of tumor lysis syndrome were observed.

Subsequent recommended Phase II dosing for veneto-

clax (paired with hypomethylating agents) was set at

400 mg daily (or 800 mg with interrupted dosing).

Overall response rate was 68%; 61% achieved CR or

CRi, with a median time to CR/CRi of 0.9–1.2 months,

and median response duration of 11 months; OS at 12

months was estimated at 59%. Similar proportions of

patients achieved a response whether venetoclax was

paired with decitabine or azacitidine. Updated results43

following a median on-study time of 8.9 months show

similar results, with 67% of patients achieving CR/CRi,

median response duration of 11.3 months, and median

OS of 17.5 months. A summary of the existing available

results of studies of venetoclax in AML is provided in

Table 1. In comparison, decitabine monotherapy (20 mg/

m2 for 5 days, repeated every 28 days) had previously

been shown to achieve an overall response rate of 25%

and CR rate of 24%, with a median OS of 7.7 months.44

Direct assessment of azacitidine monotherapy is more

difficult, but among a patient population with newly

diagnosed AML with a low blast percentage (20–30%)

and otherwise deemed ineligible for intensive che-

motherapy, azacitidine (75 mg/m2 for 7 days, repeated

every 28 days) achieved an 18% CR rate, with a median

OS of 19.1 months; the authors note, however, that their

study population (eg, those with 20–30% blasts) may

demonstrate significant lead-time bias thereby limiting

generalizability to the wider population of patients with

AML, or even be more congruent with natural history of

advanced myelodysplastic syndrome vs that of AML.45

Results of these preliminary studies of venetoclax’s

efficacy are currently being validated in Phase III, rando-

mized, double-blind, placebo-controlled trials in treat-

ment-naïve patients ineligible for standard induction

therapy: VIALE-A (NCT02993523) is examining azaciti-

dine plus venetoclax vs azacitidine alone, and VIALE-C

(NCT03069352) is assessing low-dose cytarabine plus

venetoclax vs low-dose cytarabine alone. Both are actively

recruiting, and no preliminary results were available as of

writing. Venetoclax is also undergoing evaluation in multi-

ple additional active clinical trials in the context of AML

as of writing (Table 2). Other than the trial results outlined

above, we were not able to identify additional outcomes or

toxicity data via publically accessible databases.

Toxicities, side effects, dosing, and

practical considerations46

As noted, TLS is a prominent concern during the initiation

of venetoclax therapy, and has prompted both numerous

downward revisions of the recommended initial dose, and

the development of escalating-dose treatment strategies. It

is available in 10 mg, 50 mg, and 100 mg tablet formula-

tions, with an initial recommended dose for patients with

AML of 100 mg on day 1, 200 mg on day 2, 400 mg

on day 3, and either 400 mg (patients receiving azacitidine

or decitabine) or 600 mg (patients receiving low-dose

cytarabine) on day 4 and beyond. To begin treatment in

patients with AML, an initial white blood cell count of

25×109/L (25×103/µL) is recommended prior to veneto-

clax initiation; for those with higher levels, cytoreduction

may be necessary to reduce the risk of TLS. In patients

with CLL/SLL, for instance, in whom a high incidence of

TLS was noted in early studies, dosing is initiated at

20 mg daily for 1 week, increasing to daily doses of

50 mg, 100 mg, 200 mg, and 400 mg every week, during

weeks 2–5, respectively, with a goal dose of 400 mg daily.

In both AML and CLL/SLL, strategies including hydra-

tion, close monitoring of blood chemistries and renal func-

tion, and use of antihyperuricemic agents may be

warranted to reduce the risk of TLS, and patients taking

venetoclax should be advised to maintain adequate hydra-

tion prior to and during venetoclax therapy.

Otherwise, toxicities are relatively mild across studies

of venetoclax monotherapy, and include mild gastrointest-

inal side effects including diarrhea and nausea, as well as

upper respiratory tract infections (at least one of which has
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been seen in approximately half of patients); hematologi-

cal toxicities are also common, including neutropenia

(~40–50% of patients), anemia (~20% of patients), and

thrombocytopenia (~15% of patients).24,26,27 Studies

involving patients with AML are somewhat more difficult

to tease out, as azacitidine/decitabine/cytarabine were co-

administered. However, side effects were not grossly dis-

parate from those previously described. Commonly seen

(in over 30% of patients) were nausea, vomiting, diarrhea,

constipation, fatigue, neutropenia/febrile neutropenia,

thrombocytopenia, and anemia; hematological toxicities

were the most commonly noted severe side effects noted

in all combinations. Dose adjustment and/or delay of sub-

sequent cycles of chemotherapy may therefore be neces-

sary in patients experiencing hematological toxicities,

however, the impact of such alterations upon therapeutic

efficacy and response to treatment are not known, and

should be pursued with caution. One potential dose altera-

tion was suggested in the original Phase I study of vene-

toclax plus hypomethylating agents, among patients with

prolonged neutropenia.42 Among patients who have

achieved CR/clearance of bone marrow leukemic blasts,

granulocyte colony stimulating factor (GCSF) may be

considered, potentially in conjunction with a reduced dos-

ing schedule of venetoclax administered for 3 weeks con-

tinuously, followed by 1 week off, in 4-week cycles or, if

necessary, in alternating cycles of 2 weeks on, 2 weeks

off.42 In the setting of continued neutropenia, administra-

tion of GCSF and a 50% dose reduction for the paired

hypomethylating agent may also be considered; again,

Table 1 Completed studies of venetoclax in the treatment of AML

Intervention Population Major findings Reference

Venetoclax (variable dosing) plus

either low-dose cytarabine or decita-

bine or azacitidine. Retrospective

analysis.

Adult (25–83 years), 43 total patients, with

R/R AML (39), MDS (2), or BPDCN (2).

Heavily pretreated, 2–8 preceding lines of

treatment, including HMAs

9 patients (21%) responded including 8

with R/R AML to venetoclax 100–800 mg

(all doses other than 400–800 mg admi-

nistered in combination with azole anti-

fungal). Median OS 3 months, 4.8 months

for responders (range: 1–8 months); 2

responders able to proceed to allogeneic

HSCT.

DiNardo

et al, 2018.71

Venetoclax monotherapy (800 mg

daily). Phase II, open label, single arm.

Adult (19–84 years), 32 total patients with

AML; 2 treatment naïve, 30 with R/R dis-

ease. Among R/R patients, all heavily

pretreated.

6 patients (19%) responded; additional 6

patients (19%) demonstrated antileukemic

activity not meeting IWG response cri-

teria. Among responders, 2 (6%) achieved

CR. Median OS 4.7 months (range: 2.3–6.0

months)

Konopleva

et al, 2016.72

Venetoclax (variable dosing,

600–800 mg daily goal) plus low-dose

cytarabine. Phase I/Phase II, open label,

single arm.

Adult (≥65 years or unfit for intensive

chemotherapy), 71 total patients, all

treatment naïve.

Overall response rate was 75% (5% PR,

70% response CR or Cri). OS at 12

months was 74.7%. One-year follow-up:

64% CR/CRi/PR (26% CR and 2% PR),

median duration of 14.9 months, with total

median OS of 11.4 months (and median

OS of 18.4 months in those achieving CR/

Cri). Those with unfavorable cytogenetics

all achieved CR/CRi of over 75%.

Wei et al,

2016.38

Lin et al,

2016.39

Wei et al,

2017.40

Venetoclax (variable dosing, up to

1200 mg daily) plus either azacitidine

or decitabine. Phase 1/Phase II, open

label, non-randomized.

Adult (≥65 years or unfit for intensive

chemotherapy), 145 total patients, all

treatment naïve.

Overall response rate 68% (7% PR, 61%

CR/CRi). OS at 12 months was 59%. At

one-year follow-up 67% CR/CRi, median

response duration of 11.3 months, with

total median OS of 17.5 months. Those

with unfavorable cytogenetics achieved

CR/CRi of 60% .

DiNardo

et al, 2018.42

DiNardo

et al, 2019.43

Abbreviations: AML, acute myeloid leukemia; BPDCN, blastic plasmacytoid dendritic cell neoplasm; CR, complete response; CRi, complete response with incomplete

hematological recovery; HMAs, hypomethylating agents; HSCT, hematopoietic stem cell transplant; IWG, International Working Group; MDS, myelodysplastic syndrome;

OS, overall survival; PR, partial response; R/R, relapsed/refractory
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however, the long-term outcomes of these changes is not

known. Additionally, the possibility that delayed hemato-

logical recovery may be due to relapse, and not due to

toxicity must be considered, prior to dose alteration.

Venetoclax is predominantly metabolized via hepatic

CYP3A, and as such, concomitant use with strong CYP3A

inhibitors (eg, antifungal agents itraconazole, voriconazole,

and ketoconazole, macrolide antibiotics, and antivirals of the

protease inhibitor class [eg, atazanavir, indinavir, ritonavir])

is contraindicated; the risk of TLS is increased due to reduced

metabolism. Posaconazole 300 mg daily (eg, the recom-

mended dose for prophylaxis against invasive aspergillus

and candida infections) concurrently with venetoclax doses

of 50–100 mg, appears to increase venetoclax’s Cmax by

7.1-fold and 24 hour area under the curve (AUC) by 8.8--

fold.47 The authors of that study suggest posaconazole may

be used for antifungal prophylaxis concurrent with veneto-

clax, provided the dose of the latter is reduced by 75%; the

impact of this dose reduction on therapeutic efficacy is not

known.47 Conversely, CYP3A inducers (eg, the rifamycin

antibiotics, and anticonvulsants phenobarbital, phenytoin,

and carbamazepine) decrease venetoclax plasma concentra-

tion. Venetoclax has also been shown to increase the concen-

trations of warfarin and digoxin, and concomitant usage

should be avoided where possible. No data exists regarding

its use in pregnancy or lactation in humans; murine data

suggests a fetotoxic effect, without observed teratogenicity,

and excretion has been documented in milk. As such, preg-

nancy testing prior to initiation of therapy and avoidance of

subsequent pregnancy is recommended during treatment and

for at least 30 days following cessation, as is abstention from

breastfeeding.

Overcoming AML resistance to
venetoclax
As promising as the initial early data appears, AML blasts

and leukemia initiating cells (LICs) are nonetheless cap-

able of either developing resistance to venetoclax, or of

possessing intrinsic mechanisms of resistance present from

the outset of therapy.

One readily understandable mechanism by which AML

cells may resist venetoclax is via reliance upon alternative

antiapoptotic protein; if BCL-2 overexpression is not the

primary means by which a malignant cell has escaped

apoptosis, or if a secondary means exists, no degree of

isolated BCL-2 inhibition will be sufficient. MCL-1 is one

such protein, playing a key part in many malignancies,

including AML. In settings in which MCL-1 is overex-

pressed, it seems to play a crucial role in oncogenesis and

in treatment resistance–failing to target MCL-1 in such

contexts reduces therapeutic efficacy irrespective of

whether there is adequate inhibition of the other antiapop-

totic BCL-2 family members.48,49 Venetoclax, congruent

with its activity as a BH3 mimetic, reduces association

between BCL-2 and BIM, causing a compensatory

increase in free BIM, but a subsequent increase in BIM/

MCL-1 binding, particularly in venetoclax-resistant cell

lines, which prevents BIM binding to BAX/BAK; this

inhibits the loss of MMP and therefore reduces apoptotic

potential.50 Concurrent inhibition of MCL-1, however,

diminishes BIM/MCL-1 association and thereby abrogates

venetoclax resistance occurring via this mechanism.49

Among the BCL-2 family, MCL-1 displays several rela-

tively unique properties, which may be pharmacologically

exploitable. MCL-1’s half-life is comparatively short at

approximately 90 minutes, compared to BCL-2, BCL-XL,

and BCL-W (half-lives all approximating 20 hours).51

Brief transcriptional downregulation, even for a brief per-

iod, may therefore be sufficient to induce apoptosis.

MCL-1 also demonstrates a rapid response to proapoptotic

and antiapoptotic signals, with marked resultant alterations

in expression–cells are quite sensitive to MCL-1 fluctua-

tions, and concentration may only need to be reduced for

a short interval before apoptosis is irreversibly initiated.51

In vivo and in vitro efficacy of selective MCL-1 inhibitors

such as A1210477 and S63845 has been demonstrated in

AML cell lines which overexpress MCL-1 and are resis-

tant to navitoclax and venetoclax; moreover, in cell lines

with both MCL-1 and BCL-2 overexpression, combina-

tions of venetoclax plus S63845 demonstrate marked

efficacy.52,53 Although development of clinical agents cap-

able of inhibiting MCL-1 has been somewhat laggardly,

several compounds are now under evaluation in early

trials, spurred by observations such as these. One of

these will directly assess combined MCL-1 plus BCL-2

inhibition, via the use of S64315 and venetoclax in

patients with relapsed/refractory AML (NCT03672695).

As of writing however, there is a paucity of data regarding

both efficacy and safety in humans. However, ex vivo BH3

profiling of primary patient samples appears to be able to

accurately predict cellular response to selective

MCL-1/BCL-2 inhibition, and demonstrates the clear ben-

efit of combining these two approaches, lending credence

to clinical trials involving combinations such as this.54

Indirect targeting of MCL-1 also appears to synergize
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with venetoclax, as well. Cyclin-dependent kinase 9

(CDK9) acts as a transcriptional regulator for MCL-1;

inhibition therefore causes downregulation of its transcrip-

tion and a reduction in concentration.55 This approach has

been validated preclinically, and clinical evaluation of

CDK9 inhibitors has begun in the AML context.56

Alvocidib (flavopiridol), in combination with standard

AML therapy, demonstrates some efficacy but, due to

concerns regarding toxicity, subsequent agents with

improved selectivity have been developed, including vor-

uciclib. Similarly, XPO1 is a nuclear exporter which is

overexpressed in AML cells, the inhibition of which

downregulates MCL-1. Combining the selective XPO1

inhibitor KPT-330 (selinexor) with venetoclax results in

synergistic apoptotic induction in both AML cell lines and

primary patient samples, due to concurrent downregulation

of MCL-1 and BCL-2 inhibition.57 Exposure to agents

with a directly toxic effect on DNA such as daunorubicin

also reduces MCL-1 levels, which synergizes well with

venetoclax’s anti-BCL-2 activity, and requires less phar-

macological finesse, though at the cost of greater toxicity

and side effects.58 Alterations within BCL-2 itself are also

a means by which resistance may develop. BCL-2 phos-

phorylation, such that conformational change occurs

within the hydrophobic binding groove, appears capable

of altering affinity for BH3 mimetic compounds such as

venetoclax, but does not alter affinity endogenous

BH3-only proteins.59 Similarly, alterations impacting the

BH3-binding domain prevent adequate pharmacological

inhibition, as has been noted in situations where point

missense mutations within BCL-2 induce a degree of

venetoclax resistance.60,61 Downstream, loss-of-function

mutations which alter BAX/BAK functionality or expres-

sion will also allow a degree of resistance to venetoclax, as

the BH3-mimetic class as a whole relies upon the adequate

and efficacious presence of at least one of these proteins to

mediate apoptosis.60,61

Certain cell-surface receptors also appear to confer treat-

ment resistance. FMS-like tyrosine kinase 3 (FLT3) internal

tandem duplication (FLT3-ITD) causes BCL-XL andMCL-1

to be upregulated, which thereby confers venetoclax-

resistance via the overexpression of other antiapoptotic pro-

teins not inhibited by venetoclax.62 Fortunately however, the

development of targeted, anti-FLT3 therapies has enabled the

provision of agents which may abrogate this mechanism of

resistance. The first generation FLT3 inhibitor midostaurin,

and the second generation FLT3 inhibitor gilteritinib have

both been recently approved by the FDA for use in

FLT3-mutated AML (in April 2017 and November 2018,

respectively). Preclinical data62 suggests that the combina-

tion FLT3 inhibitors with venetoclax is sufficient to over-

come FLT3-induced resistance–and a clinical trial is

currently evaluating gilteritinib plus venetoclax in patients

with relapsed/refractory AML (NCT03625505).

The bone marrow microenvironment might also play

a part in mediating venetoclax resistance, as well. MCL-1

expression in AML cells doubles when co-incubated with

bone marrow derived mesenchymal stromal cells (BM-

MSCs), resulting in demonstrable resistance to isolated

BCL-2 inhibition–resistance which is overcome via con-

current pan-BCL-2 inhibition.63 Many unknowns remain

in this realm however, and the role played by the bone

marrow microenvironment remains to be fully elucidated.

Targeting leukemia initiating cells
(LICs): a role for venetoclax?
Leukemia initiating cells (LICs), also referred to as leu-

kemia stem cells (LSCs), are a subpopulation within the

larger leukemic amalgam which appear to possess proper-

ties typically attributed to stem cells (hence their name)

including self-renewal, engraftment and reconstitution,

and initiation of leukemia.64 Moreover, their existence is

a likely contributor to chemotherapeutic resistance65 and

to AML’s unacceptably high relapse rate.66 LIC frequency

has unequivocally been shown to increase in the setting of

relapse, in terms of both absolute quantity and activity,

and to demonstrate genetic and phenotypic alterations in

comparison to LICs present at time of initial diagnosis.66

Specific LIC targeting is therefore an important consid-

eration in the development of novel therapeutic agents for

AML; a compound which eliminates circulating and bone

marrow blasts, but leaves LICs untouched is not one

which can be expected to produce a lasting remission or

cure. LICs do appear to demonstrate characteristics which

may make them uniquely vulnerable to venetoclax,

including reactively low levels of reactive oxygen species

(ROS-low), relative overreliance upon oxidative phos-

phorylation (OXPHOS), and overexpression of BCL-2

as means of apoptotic avoidance.67 Preclinical work on

patient-derived AML samples demonstrated that inhibi-

tion of BCL-2 was effective at reducing OXPHOS and

selectively eradicating quiescent LICs.67 These findings

were subsequently validated via evaluation of LICs from

patients initially treated on the Phase I clinical trial of

venetoclax plus azacitidine.42 In comparing patients
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treated using the venetoclax/azacitidine combination with

those treated via any other standard regimen, several

striking differences emerged. Both AML blasts and phe-

notypically defined LICs (CD34+, CD38-, CD123+, Lin-)

were rapidly eliminated (eg, within the first 96 hours of

therapy), in comparison to standard chemotherapy, in

which no significant reductions were seen.68 Pronounced

downregulation of OXPHOS was seen in ROS-low cells

(eg, LICs), with resultant reduction in adenosine tripho-

sphate (ATP) levels, something again not seen in patients

treated via conventional chemotherapy, or, critically, in

patients receiving azacitidine monotherapy.68

Mechanistically speaking, disruption of OXPHOS appears

to be mediated via altered tricarboxylic acid (TCA) cycle

activity and disruption of the electron transport chain

(ETC) complex II, which supplies the substrates upon

which OXPHOS depends. Malate, fumarate, and α-
ketoglutarate were all significantly decreased following

exposure to venetoclax, while succinate levels were sig-

nificantly elevated.68 Succinate levels, in particular, indi-

cate a defect within the ETC complex II, succinate being

this complex’s metabolic substrate and with increased

levels therefore suggesting dysfunction. Reduced succi-

nate dehydrogenase A glutathionylation, secondary to

a reduction in available glutathione levels induced by

the combination of venetoclax plus azacitidine, appears

to be the means by which ETC complex II activity is

reduced, resulting in the aforementioned TCA cycle

perturbations.68 Importantly, pretreatment with cell-

permeable glutathione resulted in an increase of intracel-

lular glutathione, normalization of succinate levels, and

rescued ETC complex II activity–similarly, this pretreat-

ment was also able to rescue OXPHOS as determined by

ATP levels in the presence of venetoclax/azacitidine.68

Finally, the authors noted that these activities and altera-

tions appear to occur only in the presence of both vene-

toclax and azacitidine, but not with either agent in

isolation.

Inhibition of OXPHOS appears to be an emerging area

of cancer therapeutics. Although this mechanism of activity

was not specifically predicted to be a means by which

venetoclax functions, other agents have been developed

with specific targeting of OXPHOS in mind. IACS-

010759 is a novel small molecule inhibitor of agent which

inhibits the ETC complex I, and has demonstrated promis-

ing in vitro and in vivo activity in AML models, with clear

efficacy against LSCs.69 This agent is presently under clin-

ical evaluation in two Phase I studies, one of which is being

conducted among patients with relapsed/refractory AML

(NCT02882321). If safety is demonstrated, addition of this

agent to azacitidine/venetoclax is an intriguing possibility,

as such a combination would theoretically inhibit the ETC

at two separate sites (complex I and II, respectively), poten-

tially resulting in synergistic LIC elimination.

Disruption of OXPHOS, while efficacious, underscores

another potential mechanism of resistance to venetoclax

therapy. Follow-up investigation of LICs from patients

who experienced inferior responses demonstrated (a)

increased reliance upon fatty acid metabolism, (b)

increased movement of fatty acids into the TCA cycle,

together resulting in (c) preservation of OXPHOS function

and ATP generation.70 Elevated expression of carnitine

palmitoyltransferase 1 (CPT1), a key enzyme in the beta-

oxidation of long chain fatty acids, is a predictor of wor-

sened OS in patients with AML in general, but also

a predictor of on-therapy progression/poor response to

venetoclax/azacitidine.70 Taken together, the authors

inferred that increased reliance upon fatty acid metabolism

(and therefore a concordant decrease in reliance upon the

ETC) as mediated by increased CPT1 could be abrogated

via concurrent inhibition of this enzyme plus venetoclax/

azacitidine therapy. This was indeed the case: utilizing the

CPT1 inhibitor etomoxir, LICs obtained from relapsed/

refractory patients thereafter displayed reduced OXPHOS

and were resensitized to venetoclax/azacitidine.70

Future directions, upcoming
challenges, and conclusions
ABT-737’s discovery, subsequent refinement into the

orally available navitoclax, and finally optimization into

the selective BCL-2 inhibitor venetoclax has provisioned

oncologists with a valuable weapon in the fight against

AML. The first FDA-approved inhibitor of this family,

venetoclax is the harbinger of a coming wave of targeted,

high-precision agents directly targeting the BCL-2 family,

and thereby reclaiming a key mechanism of clonal immor-

tality. The two clinical trials which lead to its approval in

treatment-naïve AML, in combination with either hypo-

methylating agents or low-dose cytarabine, are similarly at

the vanguard of a large and ever-expanding number of

clinical trials, exciting results from which may reasonably

be expected. Despite this promise, however, challenges

remain and there is much which remains unknown.

One area yet to be fully elucidated is how best to more

broadly integrate venetoclax into the general therapeutic
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approach to AML. Patients with AML whom subsequently

relapse or who’s disease is refractory to therapy are gen-

erally candidates for allogeneic HSCT. Venetoclax’s role

in this regard is unclear; is it best used as one component

of a multimodality approach to induce remission prior to

transplant, as a maintenance therapy post-transplant, or

some combination thereof? At present, the clearest benefit

for patients receiving venetoclax appears to exist among

those who would otherwise not be able to tolerate inten-

sive chemotherapy. Theoretically, there is no reason to

expect that venetoclax would not synergize well with

traditional, intensive chemotherapeutic regimens such as

7+3 or FLAG-IDA (fludarabine, cytarabine, idarubicin,

and GCSF); indeed studies evaluating this are currently

in progress with results eagerly awaited. For the present

however, venetoclax’s interaction with these regimens, and

its benefit when combined with intensive chemotherapy

remain unknown. Venetoclax may have some efficacy in

relapsed/refractory AML–although the response seen is

less than that observed in the treatment-naïve context.

Among a heterogeneous, heavily pretreated population of

patients with relapsed/refractory AML, who had received

between two and eight antecedent lines of treatment, 21%

of patients responded to venetoclax plus either low-dose

cytarabine, decitabine, or azacitidine; median OS was 3

months among the entire cohort, and 4.8 months among

responders, several of whom were able to proceed to

allogeneic HSCT.71 The authors note that venetoclax plus

either low-dose cytarabine or hypomethylating agents may

therefore be a viable salvage option for patients with

relapsed/refractory AML, particularly prior to progression

to allogeneic HSCT.71 Venetoclax monotherapy appears to

offer similar figures–among a similar patient population,

a 19% overall response rate was achieved, and an addi-

tional 6 patients (19%) demonstrated antileukemic activity

not meeting International Working Group response

criteria.72 Among responders, 6% achieved CR, and med-

ian OS was 4.7 months (range: 2.3–6.0 months).72

Given the variant expression of members of the BCL-

2 family, even among patients with the “same” disease, it

is difficult to predict which patients might respond best

to targeted inhibition and, just as importantly, what is the

best means by which a physician might choose between

various targeted inhibitors for an individual patient or

group of patients sharing a similar mutation? As has

been discussed, AML cells which are resistant to BCL-

2 inhibition may be sensitive to MCL-1 inhibition, and

vice versa. As availability continues to expand,

comparative studies will be necessary. Complicating mat-

ters somewhat is the lack of available biomarkers–other

than thrombocytopenia, as seen with inhibition of BCL-

XL, they are notable for their absence. BH3 profiling

may offer a partial answer to this quandary–it is not,

however, widely available. Were this to change, how-

ever, and routine BH3 profiling widely integrated into

standard care, selection of the optimal inhibitor or inhi-

bitors (eg, in the case of combined reliance upon MCL-1

and BCL-2) could be done on this basis. Determination

of treatment response and monitoring for relapse could

also conceivably be performed via BH3 profiling, with

assessment of altered protein expression potentially guid-

ing treatment. With regard to LICs in particular, resis-

tance to venetoclax has been seen to potentially be

mediated via increased reliance upon fatty acid metabo-

lism for the provision of adequate performance of

OXPHOS.70 Along a similar line of thinking, it might

therefore be prudent to consider use of techniques able to

assess for altered metabolism prior to or shortly after

initiation of therapy, so as to allow the addition of agents

which might inhibit this activity and therefore preserve

the anti-LIC component of venetoclax-based therapy.

Although large confirmatory Phase III trials are ongoing,

the results of earlier studies justify a certain degree of excite-

ment regarding venetoclax’s future as a member of the arma-

mentarium of potent, selective agents newly becoming

available for the treatment of AML. As current trials mature

and further data accumulates, selective BCL-2 inhibition

appears poised to become a revolutionary new therapeutic

approach, with the potential for widespread integration into

existent and future treatment protocols.
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