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Abstract: Improvements in the last decade in understanding the molecular mechanisms 

underlying acute myeloid leukemia (AML) have emphasized that treatment regimens should be 

personalized with agents that can selectively target genetic abnormalities if present. Neomorphic 

mutations in isoform 1 of isocitrate dehydrogenase (IDH1) result in the formation of the onco-

metabolite R-2-hydroxyglutarate, which drives leukemic transformation by affecting processes 

such as chromatin remodeling, the cellular defense against oxidative stress and cell survival. 

Preclinical studies with small molecule inhibitors have validated mutant IDH1 as a molecular 

target, and a recent Phase 1 clinical trial with the first mutant IDH1 inhibitor ivosidenib has 

prompted approval by the US Food and Drug Association for the treatment of patients with 

IDH1-mutated AML in the relapsed and refractory setting due to impressive results. This 

approval has given a group of patients, that otherwise has a very poor prognosis and limited 

options, new hope, and it is to be expected that more indications for ivosidenib will follow 

soon. These developments highlight the potential of precision medicine in AML, with more 

agents currently under evaluation in clinical trials. Although the first reports have also already 

emerged describing acquired resistance for these mutant IDH inhibitors, combination treatment 

might overcome this problem, which could drastically change the treatment landscape of AML 

over the next few years.
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Introduction
In the era of precision medicine, physicians are anchoring hope to find a cure for even 

the most challenging diseases. Acute myeloid leukemia (AML), initially described 

as “a suppuration of the blood,” remained a black box for several decades due to its 

complex biology and unpredictable clinical course, which resulted in a stagnation 

in treatment evolution.1 With the better understanding of the underlying molecular 

abnormalities driving leukemogenesis, more intense scientific efforts have led to 

the development of various targeted therapies for AML.2–4 As a result, over the last 

2 years, we have witnessed the approval of five new agents gemtuzumab ozogamicin, 

midostaurin, Vyxeos (liposomal cytarabine-daunorubicin), enasidenib, and ivosidenib, 

which have expanded the treatment arsenal significantly, especially in the setting of 

relapsed and refractory disease (R/R AML).

An especially promising development in the treatment of AML appears to be the 

ability to specifically inhibit the recurrently mutated isoforms of isocitrate dehydro-

genase (IDH) with small molecule inhibitors.5 Following successful Phase 2 clinical 

trials showing efficacy of these drugs for the treatment of IDH-mutated AML, the US 
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Food and Drug Association (FDA) first granted approval in 

2017 for Enasidenib (AG221/CC-90007, IDHIFA; Celgene 

Corp., Summit, NJ, USA) in the setting of R/R AML with a 

mutated IDH2 and subsequently in 2018 for ivosedinib (AG-

120, Tibsovo; Agios Pharmaceuticals, Inc., MA, USA) for the 

treatment of R/R AML with a mutant IDH1.6,7 The combina-

tion of a promising efficacy in clinical trials with a mild side 

effect profile has generated new hope for a group of patients 

who otherwise has a dismal outlook. In this review we focus 

on the most recently approved drug, ivosidenib, and discuss 

its molecular mechanism of action, clinical development, and 

current place in the treatment of IDH1-mutated R/R AML.

Exploring the role of mutant IDH1 
inhibition in AML
Advances in the last decade in next generation sequencing 

technologies have revolutionized our understanding of the 

molecular foundations of AML, by revealing that the majority 

of cases can be categorized into biological and prognostical 

distinct subtypes based on the presence or absence of recur-

rent cytogenetic and molecular abnormalities.2–4 Two recently 

discovered genes found to be recurrently mutated in AML 

are two isoforms of a metabolic enzyme named IDH, which 

catalyzes the oxidative decarboxylation of isocitrate into 

α-ketoglutarate (αKG) in the tricarboxylic acid cycle in the 

cytosol and mitochondria of cells.8 Neomorphic mutations 

in the catalytic site of these isoforms result in the ability to 

reduce αKG into the oncometabolite R-2-hydroxyglutarate 

(R-2HG), which affects various cellular processes, includ-

ing the epigenetic state of the cell, the cellular defense 

against oxidative stress as well as cell survival9–12 (Figure 1). 

Although mutated IDH1 has shown oncogenic potential 

independent of R-2HG, R-2HG appears to have crucial role in 

leukemogenesis by competitively inhibiting multiple classes 

of αKG-dependent dioxygenases, which includes the ten-

eleven translocation family of 5-methylcytosine hydroxylases 

and the histone lysine demethylase (KDM) family.9,10 Both 

the families of enzymes orchestrate chromatin remodeling, 

either through DNA methylation or by post-translational 

modification of histone ends, thereby regulating gene expres-

sion programs in the cell. Cellular accumulation of R-2HG 

results in a global dysregulation of gene expression, which 

in hematopoietic cells has been shown to directly impair cel-

lular differentiation and promote leukemogenesis. Beyond 

its effect on disrupting global gene expression patterns, 

two other mechanisms that contribute to transformation 

have been described as well, including stimulation of the 

EgIN family of prolyl 4-hydroxylases and direct inhibition 

Figure 1 R-2HG promotes leukemogenesis through various mechanisms. Mutated iDH is able to convert the reaction that results in the formation of R-2-HG. Competitive 
inhibition of multiple classes of α-KG-dependent dioxygenases disrupts DNA methylation and histone methylation resulting in widespread epigenetic abnormalities and a 
global dysregulation of gene expression. Alternative mechanisms that promote transformation include aberrant HiF-1a signaling and cellular dependency on anti-apoptotic 
BCL-2. ivosidenib is a direct inhibitor of mutant thereby preventing the formation of R-2-HG. venetoclax binds and neutralizes BCL-2.
Abbreviations: α-KG, α-ketoglutarate; R-2-HG, R-2 Hydroxyglutarate; TeT, ten-eleven translocation; BCL-2, B-cell lymphoma 2.
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of cytochrome c oxidase (COX) in the inner membrane of 

mitochondria. Stimulation of prolyl 4-hydroxylases results 

in aberrant HIF-1α signaling, which has been linked to 

cancer stem cell formation and chemo-resistance of leukemic 

blasts.11,13 Variously, COX inhibition makes leukemic cells 

become dependent on anti-apoptotic BCL-2 for cell survival, 

which is induced as a direct response to increased activation 

of pro-apoptotic BAK and BAX.12

Heterozygous mutations affecting IDH1 in AML are all 

identified in a catalytic hotspot that codes for an arginine at 

position 132 (IDH1R132), which results in the replacement of 

the arginine into a cysteine, histidine, glycine, or serine.2,3 

The incidence of mutations in IDH1 varies between studies 

but is estimated to lie between 6% and 10%, which increases 

to 16% if only cases with normal cytogenetics are analyzed 

(CN-AML).3,4,14 Mutations in IDH1 frequently co-occurs with 

other molecular abnormalities, including mutations in nucleo-

phosmin (NPM1) and Mixed Lineage Leukemia-partial tandem 

duplications. In addition, mutations in IDH1 have also been 

identified in other myeloid malignancies, albeit in a lower inci-

dence, including in 3%–12% of patients with myelodysplastic 

syndrome (MDS) and in 1%–8% of patients with myelopro-

liferative neoplasms (MPN).15–17 Although mutations in IDH1 

are often described as initial driving events in the process of 

leukemogenesis and have been identified in pre-leukemic 

hematopoietic stem and progenitor cells, other studies have 

also shown that acquisition of a mutation in IDH1 is associated 

with leukemic transformation of MDS and MPN.18,19 While 

reports are inconsistent, most studies looking into the prognostic 

significance of recurrent mutations in AML report an adverse 

prognosis if the sole abnormality that can be detected in CN-

AML is a mutation in IDH1. Nevertheless, prognosis appears 

to be highly correlated by the presence of other mutations, as 

a co-occurring mutation in NPM1 positively influences the 

prognosis resulting in an intermediate risk disease.

Extensive preclinical studies have convincingly shown 

that inhibition of mutant IDH in leukemic cells with either 

ivosidenib or other mutant IDH inhibitors is able to sup-

press R-2HG levels, reverse DNA and histone hypermeth-

ylation, and, importantly, release the myeloid differentiation 

block, both in vitro and in vivo.10,20–22 Due to these observa-

tions, various small molecule inhibitors have been developed, 

which are currently evaluated in clinical trials including a 

pan-mutant IDH1 and IDH2 inhibitor (AG881) as well as 

inhibitors that specifically target mutant IDH1 (ivosidenib/

AG-120, IDH305, FT2102, BAY1436032).23,24 Although 

some of these inhibitors have additional properties in 

comparison with ivosidenib, such as the ability to cross the 

blood–brain barrier for BAY1436032, only ivosidenib has so 

far received FDA approval for the treatment of IDH1-mutated 

AML in the R/R setting.

Use of ivosidenib in patients with 
IDH1-mutated R/R AML
Ivosidenib (AG-120) is a first-in-class, potent and revers-

ible inhibitor, specifically targeting mutant IDH1, which is 

currently being evaluated in various clinical trials for the 

treatment of IDH1-mutated AML and MDS (NCT03173248, 

NCT03471260,  NCT03564821,  NCT02074839, 

NCT03503409,  NCT02632708,  NCT02677922, 

NCT03013998). This review discusses in more depth the 

results of a recent trial that resulted in the FDA approval of 

ivosidenib/AG-120 for the treatment of R/R AML. Conversely, 

we expect that the results of trials evaluating the treatment of 

ivosidenib in other settings, including for patients with IDH1-

mutated MDS or treatment of ivosidenib in combination with 

hypomethylating agents, will be published soon.

The recent FDA approval was based on the promising 

results of a multicenter, open-label, single-arm, dose-escalation, 

and dose-expansion Phase 1 clinical trial (NCT02074839).25 

Although the study is a non-randomized, Phase 1 clinical trial 

and the end-point did not include quality of life, the results 

are impressive for a group of patients with an otherwise 

extremely poor prognosis and limited treatment options. In 

the study, 179 patients with a diagnosis of R/R AML were 

included, including 33% of patients with a secondary form 

of AML that failed prior therapy. About 24% of patients had 

relapsed after allogeneic stem cell transplantation. Median 

age was 67 years (range: 18–87 years), and IDH1 mutational 

status was confirmed by digital PCR. Patients were assigned 

to receive 500 mg ivosidenib oral daily until disease pro-

gression, poor tolerance, or transplant (12% of population). 

About 30.2% (95% CI: 23.5–37.5) of patients reached the 

combined endpoint of either a complete remission (CR) or 

a complete remission with partial hematologic recovery 

(CRh) with a median time to CR or CRh of 2.7 months 

(range: 0.9–5.6 months) and a median duration of response 

of 6.5 months (95% CI: 5.5–11.1). About 21.8% (95% CI: 

16.0–28.6) of patients reached a CR with a median time to 

CR of 2.8 months (range: 0.9–8.3) and a median duration 

of CR of 9.3 months (95% CI: 5.6–12.5). About 41.6% of 

patients (95% CI: 31.9–46.7) had an overall response (OR) 

with a median time to first response of 1.9 months (range: 

0.8–4.7 months) and a median duration of response of 

6.5 months (95% CI: 4.6–9.3). Plasma R-2HG levels were 

suppressed in almost all patients, regardless of response. 
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Patients with R/R AML responding with a CR or CRh had 

a lower mean level of mutant IDH1 variant allele frequency 

compared to patients who did not meet the combined end-

point. In these patients, R-2HG levels remained stable over-

time. This last observation suggests a possibility to predict 

treatment response. Clearance of mutant IDH1 was seen in 

21% of patients. Moreover, preliminary data also showed 

that patients in CR or CRh achieving a clearance of mutant 

IDH1 had a longer duration of remission (11.1 months; 95% 

CI: 6.5 to not known) and longer OS (14.5 months; 95% CI: 

13.9 to not known) compared to patients in CR or CRh who 

did not reach clearance (duration of remission, 6.5 months; 

95% CI 4.6–9.3 and OS, 10.2 months; 95% CI: 9.0–12.5). 

At 56 days of treatment, 37.3% of patients who were depen-

dent at baseline on red blood cell and/or platelet transfusions 

became transfusion independent and 59.4% of those who 

were at baseline independent of red blood cell and/or platelet 

transfusions remained transfusion independent.

Overall, ivosidenib was well tolerated, although most 

patients experienced side effects (98.9%). The most common 

adverse events were diarrhea (30.7%), leukocytosis (29.6%), 

febrile neutropenia (28.5%), nausea (27.9%), and fatigue 

(25.7%). About 20.7% of patients experienced adverse events 

of grade 3 or higher, most commonly prolongation of the 

QT interval (7.8%) and IDH differentiation syndrome (DS) 

(3.9%). These last two adverse events are of particular interest 

because they were also observed with the use of enasidenib 

in IDH2-mutated AML.26 IDH DS has symptoms similar 

to the DS observed in patients treated with all-trans retinoic 

acid (ATRA) and/or arsenic trioxide (ATO) for acute pro-

myelocytic leukemia (APL), which can be potentially lethal, 

and is thought to be a mediated by cytokine release from dif-

ferentiating myeloid blasts.27 The median time of onset of the 

DS was 29 days (range: 5–59 days) and 37% of these patients 

developed leukocytosis. The patients were treated with steroids, 

diuretics with or without hydroxyurea, resulting in resolution 

of symptoms in 89% of patients, with no patients experiencing 

grade 4 or lethal events. QT prolongation resulted in dose inter-

ruptions and dose reductions in the study. This requires close 

monitoring of patients because of the large number of drugs that 

can cause QT prolongation that may be used by these patients.

Acquired resistance to mutant IDH 
inhibition
Despite the promising data published about mutant IDH 

inhibitors, reports have already emerged describing patients 

who developed resistance to these small molecule inhibitors, 

resulting in progressive disease with increases in plasma 

R-2HG concentration and re-occurrence of leukemic blasts. 

In an initial report, two patients with IDH2-mutated AML 

were presented, who developed resistance to the mutant IDH2 

inhibitor enasidenib as a result of second-site IDH2 mutations 

(Q316E, I319M) in the wild-type allele (in trans), which 

cooperated with the gain-of-function mutation (R140Q) on 

the other allele in inducing resistance either by disrupting the 

hydrogen bond between the IDH2 dimer and enasidenib or 

by hindrance of binding of the IDH2 dimer to enasidenib.28 

It remains to be investigated if the mechanism underlying the 

resistance to ivosidenib seen in this patient is similar to the 

resistance for enasidenib observed in patients with second-

site mutations in trans. Furthermore, standard assessment 

of IDH1 mutational status does not include the evaluation 

of a potential S280F mutation. It might be interesting to see 

if a mutation at position S280F is present before the start of 

ivosidenib therapy (or any other mutant IDH1 inhibitor) in 

these patients, to see if presence of a S280F mutation can 

predict resistance to these small molecule inhibitors.

Regardless, whether it is second-site mutations in cis, in 

trans, or other mechanisms such as isotype switching from 

mutant IDH1 to mutant IDH2 (or vice versa), as suggested in 

a recent pre-publication, the occurrence of resistance empha-

sizes the crucial role that mutant IDH plays as a therapeutic 

target.29 Importantly, the fact that leukemic cells in these 

patients can develop resistance, underlines the requirement to 

identify strategies, including combination treatment, to pre-

vent the occurrence of resistance. In this regard, the selective 

inhibitor of BCL-2, venetoclax, could be a very interesting 

approach.30 BCL-2 enhances leukemic cell survival by blunt-

ing the activation of mitochondrial apoptosis pathway by 

directly antagonizing pro-apoptotic proteins BAX and BAK. 

Based on the molecular mechanism by which IDH mutations 

promote leukemogenesis, dual treatment of these patients 

with both ivosidenib and venetoclax might result in synergy 

or prevent the development of future resistance12 (Figure 1).

Conclusion
Ivosedinib has a promising role for the treatment of R/R 

AML, especially because the outcome in this group of 

patients is notoriously poor with CR rates not higher than 

10% resulting in a median OS of less than 4 months and a 

60-day mortality of 30%. Following last year’s approval of 

enasidenib for the treatment of IDH2-mutated AML, the 

recent FDA approval of the mutant IDH1 inhibitor ivo-

sidenib will give clinicians another targeted therapy option, 

provided that a mutation in IDH1 is present. Not surprisingly, 

due to the impressive results, ivosidenib is also recommended 
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for induction as well as post-remission maintenance therapy 

for older patients who are ineligible for intensive remission 

induction therapy in the most recent National Comprehensive 

Cancer Network AML guidelines.31

So far, clinical trials have shown impressive data with 

21.8% of patients reaching a CR and nearly one in three 

patients achieving either CR or CRh. While special attention 

needs to be given to QT prolongation and IDH DS, overall, 

ivosidenib was well tolerated with few grade 3 (or greater) 

side effects. Various clinical trials are currently underway in 

the hope to show benefit of combining ivosidenib with either 

intensive chemotherapy or hypomethylating agents for the 

upfront treatment of IDH1-mutated AML, or as maintenance 

therapy post-transplant. After nearly four decades of little 

progress in treatment options, the approval of ivosidenib and 

other targeted therapies in the last 2 years have advanced the 

field of AML treatment tremendously, forthcoming as a result 

of a greater appreciation of the heterogeneity of this complex 

disease. Within the next few years, more agents are expected 

to be introduced including the BCL-2 inhibitor venetoclax, 

the cyclin-dependent kinase 9 inhibitor alvocidib and second-

generation FLT3 inhibitors quizartinib and gilteritinib.30,32–34 

While a cure for AML still requires the combination of 

various treatment modalities, current advances highlight the 

potential of precision medicine as well as of other targeted 

approaches that are in development to treat AML.
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