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Abstract

Purpose: The prognosis of patients with relapsed/refractory (R/R) acute myeloid leukemia 

(AML) remains poor and novel therapies are needed. The proteasome pathway represents a 

potential therapeutic target. A phase 1 trial of the second generation proteasome inhibitor, 

ixazomib in combination with MEC (mitoxantrone, etoposide, and cytarabine) was conducted in 

patients with R/R AML.

Experimental Design: Dose escalation of ixazomib was performed using a standard 3×3 

design. Gene expression profiling was performed on pre- and post-treatment bone marrow or 

blood samples.

Results: The maximum tolerated dose of ixazomib in combination with MEC was 1.0 mg. The 

dose limiting toxicity was thrombocytopenia. Despite a poor risk population, the response rate 
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[complete remission (CR)/ CR with incomplete count recovery (CRi)] was encouraging at 53%. 

Gene expression analysis identified 2 genes, IFI30 (γ-interferon inducible lysosomal thiol 

reductase) and RORα (retinoic orphan receptor A) which were significantly differentially 

expressed between responding and resistant patients and could classify CR.

Conclusion/ Discussion: These results are encouraging but a randomized trial is needed to 

address whether the addition of ixazomib to MEC improves outcome. Gene expression profiling 

also helped us identify predictors of response and potentially novel therapeutic targets.

Introduction:

A high percentage of acute myeloid leukemia (AML) patients achieve remission with 

induction chemotherapy. However, more than half of patients relapse, and the outcomes of 

patients with relapsed/refractory AML remain poor. Seven drugs have been recently FDA 

approved for the treatment of AML (midostaurin, enasidenib, ivosidenib, CPX-351, 

gemtuzumab ozogamicin, glasdegib and venatoclax in combination with low dose 

chemotherapy). Glasdegib and venatoclax have been FDA approved in the setting of newly 

diagnosed elderly AML. Of the other agents, other than gemtuzumab ozogamicin, their use 

is indicated for very specific small subsets of patients (FLT3 mutated, IDH½ mutated, 

treatment-related AML, AML with myelodysplasia-related changes). This underscores the 

need for new treatment strategies that induce remission in relapsed/refractory patients and 

subsequently enable them to proceed to allogeneic hematopoietic stem cell transplant 

(AHSCT), which ultimately remains the only curative option.

Protein homeostasis is essential for many critical cellular processes including cell cycle 

progression, signal transduction, and cell death. The high protein synthesis rates and rapid 

division of cancer cells make them particularly dependent on the ubiquitin proteasome 

system (UPS) to maintain protein degradation and limit proteotoxicity. Genetic 

abnormalities such as point mutations, amplifications, deletions and aneuploidy in malignant 

cells also contribute to aberrant and unbalanced protein production and increases the burden 

on the UPS [1]. Agents that target elements of the UPS may be effective as AML therapy in 

patients who have relapsed or are refractory to standard induction regimens [2–5]. Indeed, 

proteasome inhibitors or a decoy NF-KB oligonucleotide increase chemosensitivity to both 

anthracyclines and cytarabine [6–7]. A previous study, CALGB (Alliance) 10502, evaluated 

the addition of the proteasome inhibitor bortezomib to daunorubicin/cytarabine during 

induction therapy and to intermediate-dose cytarabine for consolidation in patients with 

previously untreated AML 60–75 years of age [8]. The combination was tolerable and the 

addition of bortezomib to standard induction chemotherapy resulted in an encouraging 

remission rate (65%) [8]. An additional study evaluating bortezomib in combination with 

MEC (mitoxantrone, etoposide, and cytarabine) and midostaurin demonstrated encouraging 

results in patients with relapsed/ refractory AML (83% overall response rate and 57% CR 

rate) [4]. To further investigate the safety and benefit of targeting the UPS to augment 

salvage therapy in the relapsed/ refractory patient population, we conducted a Phase 1 trial 

in which we combined the second generation proteasome inhibitor ixazomib with a standard 

AML salvage regimen MEC [9]. Here, we present our results of the maximum tolerated 
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dose, final efficacy results in the expansion cohort, and the association of gene expression 

profiling with response.

Methods:

Study Design:

Patients were treated at the Cleveland Clinic and University Hospitals of Cleveland from 

October 2014 to January 2017. Written informed consent was obtained from all patients and 

the study was conducted in accordance with recognized ethical guidelines (Declaration of 

Helinski). An IND was approved by the FDA, and the protocol (NCT02070458) was 

approved by each institutional review board. Patients receive MEC: mitoxantrone (8 mg/m2), 

etoposide (80 mg/m2), and cytarabine (1000 mg/m2) intravenously on Days 1–6. Ixazomib 

(Millennium Pharmaceuticals, Inc.; Cambridge, MA) was given orally on Days 1, 4, 8 and 

11 and escalated using a standard 3×3 design. Dose levels: 1 (1.0 mg), 2 (2.0 mg), 3 (3.0 

mg). An additional 18 patients were to be treated at the maximum tolerated dose to gain a 

better understanding of preliminary efficacy and to get additional correlative data. One cycle 

of treatment was administered. Supportive care was performed according to institutional 

guidelines. Response was assessed by bone marrow aspirate/ biopsy at the time of count 

recovery or by Day 45 and complete remission (CR) was defined by IWG criteria [10]. 

Toxicities were graded according to NCI CTCAE version 4.03. Toxicities secondary to 

neutropenia or sepsis were not considered dose limiting toxicities. Dose limiting toxicities 

included: (1) ≥ Grade 4 non-hematologic toxicity (NHT) with the exception of nausea, 

vomiting/ alopecia and drug-related fevers; (2) any ≥ Grade 3 neurologic toxicity; (3) grade 

4 platelet or neutrophil count 50 days beyond the start of chemotherapy and not related to 

leukemia; (4) any Grade 4 NHT > grade 2 by 45 days beyond the start of chemotherapy. 

Grade 2, 3, and 4 hyperbilirubinemia were redefined as 1.5≤ 10x upper limits of normal 

(ULN), 10–20x ULN, and > 20 x ULN as in other Phase 1 acute leukemia studies [11].

Patients:

Eligibility: age 18–70 years, relapsed/refractory AML, adequate organ function, peripheral 

neuropathy < Grade 2, and cardiac ejection fraction ≥ 45%. Relapsed/ refractory AML was 

defined as: patients not achieving CR with their last therapy or patients who relapsed after 

achieving previous CR. Any number of relapses were allowed. The bone marrow blast count 

had to be > 5%.

Correlative studies:

Bone marrow or blood samples (with sufficient blast counts) were stored for gene expression 

pre- and post-treatment (at the time of response assessment). For gene expression profiling, 

whole-transcriptome analysis was performed using the TruSeq stranded total RNA library 

prep kit with Ribo-Zero (Illumina). Sequencing reads generated from the Illumina platform 

were assessed for quality using FastQC. The reads were trimmed for adapter sequences 

using TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim galore/). Reads 

that passed quality control were then aligned to the human genome (GRCh38) using STAR 

aligner [12]. The alignment for the sequences were guided using the GENCODE gene 

annotation for GRChg38. The aligned STAR results were analyzed for differential 
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expression using cufflinks, a RNASeq analysis package which reports the fragments per 

kilobase of exon per million fragments mapped (FPKM) for each gene [13]. Differential 

genes were identified using a significance cutoff of false discovery rate (FDR) < 0.05. These 

genes were then subjected to gene set enrichment analysis to determine any relevant 

pathways that may be differentially over represented for the conditions tested using 

GenePattern (Broad Institute).

Statistical methods:

Overall and relapse-free survival were estimated using Kaplan-Meier method. Overall 

survival started from registration date, and relapse-free survival started from transplant date.

Results:

Baseline characteristics:

Thirty patients were enrolled on this study: 27 treated at dose level 1 and 3 treated at dose 

Level 2. Patient characteristics are shown in Table 1. The median age of enrolled subjects 

was 58 years (range 31–70), 16 patients (53%) were male, and the median baseline white 

blood count at registration was 1.79 K/uL (range 0.1–35.6). The median time from initial 

diagnosis to registration was 7.6 months and 8 patients (27%) had a history of an antecedent 

hematologic disorder. Fourteen patients were in first relapse and 13 patients were refractory 

to their last treatment. Two patients had received a prior allogeneic hematopoietic stem cell 

transplant, 7 had FLT3 ITD mutations, and 7/29 patients (24%) had adverse cytogenetics per 

CALGB 8461 criteria [14].

Adverse events:

Grade 3–5 non-hematologic toxicities are summarized in Table 2. The most common Grade 

3–5 non-hematologic toxicities occurring in ≥ 15% of patients included: infection (74%), 

febrile neutropenia (85%), hypotension (18%), hypoxia (19%), and mucositis. In terms of 

gastrointestinal and neurologic side effects related to ixazomib, the following were noted: 

constipation (7% Grade 1/ 2 at Dose Level 1, 33% Grade 1/ 2 at Dose Level 2); other 

gastrointestinal symptoms (4% Grade 1/ 2 at Dose Level 1, 0% at Dose Level 2); neurologic 

symptoms (7% Grade 1/ 2 at Dose Level 1, 3% Grade 3 at Dose Level 1, 0% at Dose Level 

2). Only 2 patients had 1 dose of ixazomib held due to: increased bilirubin and diarrhea, 

respectively.

Dose determination:

At dose level 1, one dose limiting toxicity occurred (grade 4 thrombocytopenia), so this dose 

level was initially expanded to 6 patients. At dose level 2, two patients developed grade 4 

thrombocytopenia 50 days beyond the start of chemotherapy (unrelated to leukemia). 

Therefore, the maximum tolerated dose of ixazomib was 1.0 mg. Of the patients developing 

a dose limiting toxicity, 1 patient had a history of an antecedent hematologic disorder. Of the 

other 2 patients, 1 had mutations in ASXL1, SRSF2, IDH2, and STAG2. The other patient 

had mutations in FLT3 ITD, TET2, NPM1, and DNMT3. Some of these mutations could be 

consistent with an antecedent MDS and could explain the prolonged thrombocytopenia.
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Outcomes:

The overall response rate was 53% [CR/CR with incomplete count recovery (CRi)] [11 

CRs/5 CRis] with a 10% early mortality rate (within 30 days of initiating treatment). The 

median overall survival for all patients was 4.5 months (95% CI 2.9–13.8 months) with a 

median follow-up of 26.5 months (range 20.0–44.9 months) for surviving patients (Figure 

1A). One-year overall survival rate was 30.0% (95% CI: 17.4–51.8%). The median overall 

survival for patients achieving CR/ CRi was longer with a median overall survival of 11.1 

months (95% CI: 4.9-NA months) and 1-year overall survival of 50.0% (95% CI: 30.6–

81.6%). Thirteen patients (43%) proceeded to AHSCT and 1 patient received a donor 

lymphocyte infusion. The Kaplan-Meier estimated overall survival of patients who achieved 

CR/CRi and proceeded to AHSCT is shown in Figure 1B. The median overall survival was 

38.3 months (95% CI: 5.0-NA months) and 1-year overall survival rate was 63.6% (95% CI: 

40.7–99.5%) with a median follow-up time of 26.5 months. The median relapse-free survival 

of patients who achieved CR/ CRi and proceeded to AHSCT is shown in Figure 1C. The 

median relapse-free survival was not reached and 1-year relapse-free survival was 77.8% 

(95% CI: 54.9–100%). The median age was similar in those patients achieving a CR/ CRi 

versus those who did not. Both patients who had received a prior allogeneic hematopoietic 

stem cell transplant achieved a CR/ CRi. However, patients refractory to MEC/ ixazomib 

had a higher white blood count prior to trial therapy (7.7 K/ uL, compared to 1.79 K/ uL), 

had a higher incidence of FLT3 mutations (40% versus 19%), were more likely to have a 

prior antecedent hematologic disorder (45% versus 6%), were more likely to be refractory to 

their last therapy (55% versus 31%), were less likely to be in first relapse (27% versus 63%), 

and had a shorter median time from diagnosis to trial registration (median 89 days versus 

314 days).

Correlative science:

The number of mutations in DNTMT3A, TP53, ASXL1, and NRAS (0, 1, >1) has been 

previously shown to be associated with a worse response to salvage therapy [15]. Ten of 21 

patients with available data had at least 1 of these mutations (Table 3) and 8/10 achieved CR/ 

CRi. Table 4 is a table of the various mutations and response rates for each molecular subset. 

To identify a signature predictive of response to treatment, we performed RNASeq analysis 

on 17 patients pre-treatment and 11 patients post-treatment. Nine patients had samples at 

both time points. Only 17/ 30 patients had pre-treatment samples because the remainder did 

not consent to the correlative part of the trial. The majority of these patients had undergone 

bone marrow exams prior to consenting for the trial. Only 9/ 30 patients had both time 

points since only 17/30 patients had pre-treatment samples and of these 17 patients, 8 

patients either progressed, died, or did not have samples drawn at the appropriate time 

points. Of the 17 patients with pre-treatment samples, 11 patients achieved CR/ CRi, 4 

patients were refractory, and 2 patients were not evaluable for response (they died during 

induction therapy). Genes were differentially expressed between resistant and responding 

patients in: 314 genes (pre-treatment), 217 genes (after-treatment), and 72 genes (at both 

time points). Gene set enrichment analysis was conducted by comparing genes at baseline in 

responding versus resistant patients in pre-treatment samples and identified significantly 

differentially expressed genes (Figure 2) clustering in heme-metabolism and erythroblast 

differentiation, inflammatory response (interferon -γ and α, TNFα), cytokine/ STAT 
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signaling (IL2/STAT5 and IL6/JAK/STAT3), NF-KB, and hypoxia. Using logistic regression 

and linear discriminant analysis, we identified 2 genes [IFI30 (γ-interferon-inducible 

lysosomal thiol reductase, GILT)] and [RORα (retinoic acid-related orphan receptor A)] 

which were significantly different between responding and resistant patients and could 

classify CR if: 0.2012*RORα- 0.0215*IFI30 was > 0.1.

Discussion:

Relapsed/ refractory AML in a transplant-eligible patient should be treated aggressively to 

maximize the chance of a patient achieving remission and proceeding to AHSCT. Our phase 

1 study demonstrates that the combination of MEC and ixazomib (1.0 mg) has a favorable 

safety profile and is associated with significant efficacy in patients with relapsed/refractory 

AML. This would be the dose going forward in future studies. Although the dose of 

ixazomib is lower, ixazomib is likely acting through 2 mechanisms: (1) through increasing 

chemosensitivity to chemotherapy; (2) through inhibition of proteasomes within the AML 

cell; and it is not clear that a higher dose is needed in combination with intensive 

chemotherapy. Notably, the addition of ixazomib at a dose of 1.0 mg did not appear to 

increase the toxicity of the MEC regimen as the observed toxicities were consistent with 

characteristics for administration of MEC alone [9]. It is also important to note that the 

response rates we observed in this study were higher than what we would expect with MEC 

(CR rates of 24–25%) or other salvage therapies (CR rates of 18–41% when the patient is 6–

12 months out of induction CR) [16]. This is particularly true given the poor risk population 

that we enrolled on this study. Although the CR rates quoted above are lower than those 

noted in other references, where rates may be as high as 65% [17], these latter rates tend to 

be in more favorable risk groups. We consider our population “poor risk” based on the 

European prognostic scoring system [17] and based on the number of molecular mutations 

in DNMT3, TP53, ASXL1, and NRAS [15]. With respect to molecular mutations, the 

number of mutations in the genes listed above has been associated with a worse response to 

salvage therapy [15]. Ten of 21 patients with available data had at least 1 of these mutations. 

Based on the scoring system, mutation in 1 of these genes had an equivalent prognostic 

impact to poor risk cytogenetics and greater than 1 mutation had an even worse prognostic 

impact than poor risk cytogenetics. Based on the European prognostic scoring system and 

using the median values for our patients, most patients would be considered poor risk (score 

=10): CR1 duration 7–18 months (3 points), other cytogenetics (5 points), > 45 years (2 

points). In addition, 43% of our patients had been refractory to their last therapy.

To date, new agents have demonstrated limited activity in the relapsed/refractory setting 

unless they are specifically targeted to specific mutations (IDH1, IDH2, and FLT3) [18–20]. 

Although the BCL-2 and hedgehog pathways appear to be promising targets in AML, the 

hedgehog inhibitor, glasdegib, and BCL-2 inhibitor, venatoclax, have demonstrated the most 

activity and been FDA approved with low dose chemotherapy in the upfront setting in 

elderly patients with newly diagnosed AML. Venatoclax appears to have limited activity as a 

single agent with much of this thought to be related to increased association of bim with the 

prosurvival protein MCL-1. Preclinical studies have demonstrated combined MCL-1 and 

BCL-2 inhibition, appear to be promising in the relapsed/ refractory setting [21] and clinical 

trials are just starting to address this question. The results of our trial indicates that 
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thoughtfully repositioning existing agents as part of a novel regimen may ultimately 

represent a more effective strategy for the salvage therapy of patients with poor risk features 

whose disease is unlikely to be driven by the specific mutations that are actionable with 

recently approved drugs. The mechanism of ixazomib action in AML is not totally clear and 

further correlatives studies will be needed to evaluate this. Pre-clinical studies to date with 

ixazomib have demonstrated upregulation of MCL-1 in hepatocellular cancer cells and 

suggests that combined MCL-1 inhibition may have benefit [22].

In addition, the correlative studies we conducted as part of this trial suggests that 

transcriptome profiling may help us predict which patients respond to and/or are resistant to 

treatment upfront. If this is validated, we could potentially increase the response rate to this 

regimen even further by “pre-selecting” patients who are most likely to benefit based on 

specific gene expression features. Although various pathways were noted to be differentially 

expressed in responders and non-responders, the genes IFI30 and RORα clearly were 

predictive of response. This would not have been predicted a priori. IFI30 was identified in 

2000 by Phan et al and there is relatively little literature on this gamma-interferon-inducible 

lysosomal thiol reductase [23]. However, the protein is constitutively expressed in antigen-

presenting cells and catalyzes disulfide bond reduction both in vitro and in vivo [23]. 

Therefore, one hypothesis is that higher levels of IFI30 may increase the levels of anti-

oxidants and lead to a decreased endoplasmic-reticulum stress response to therapy. IFI30 is 

expressed at increased levels in various other cancers including breast cancer and melanoma 

and polymorphisms in IFI30 have been linked to disease progression in prostate cancer [24–

26]. The second gene we identified as predictive of response, RORα, is involved in the 

inhibition of cellular proliferation and acts as a potent tumor suppressor gene [27]. The 

retinoic acid related orphan receptor genes have demonstrated critical roles in tumorigenesis 

[27]. Increased levels of RORα in this trial were associated with improved response. This is 

consistent with data from other malignancies where decreased expression of RORα has been 

associated with melanoma progression as well as poor outcome in other tumors [28–29]. 

RORalpha has been identified as a potential therapeutic target for breast cancer and has been 

investigated in melanoma, colorectal cancer, and gastric cancer [27]. Because IFI30 and 

RORalpha appear to be potentially independent of the proteasome pathway and to be 

prognostic in other tumors, it is possible they may be important prognostically in response to 

other salvage therapies in relapsed/ refractory AML. Further studies are required to 

determine whether these 2 genes are predictive of response to the specific regimen we tested 

here or whether they may also predict a favorable response for patients with relapsed/

refractory AML who are treated with other salvage regimens.

In summary, our study demonstrates that the regimen of MEC and ixazomib was well 

tolerated and associated with a clinical response rate that was higher than expected in the 

context of salvage therapy for relapsed/refractory patients with poor risk disease features. 

We are currently planning a larger randomized phase 2 trial to further investigate the benefit 

of adding ixazomib to MEC as well as the potential value of baseline transcriptome profiling 

as a predictive tool for the precision selection of patients most likely to benefit from this 

regimen and other therapies used in the salvage setting.
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Statement of Significance

The response rate with the regimen of MEC plus ixazomib was encouraging in a poor 

risk population of relapsed/ refractory AML patients. High ROR alpha expression was 

associated with an increased response to therapy in this trial and suggests that modulation 

of RORalpha may represent a promising therapeutic target in AML.
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Figure 1A. Overall survival for all patients.
The solid line is the Kaplan-Meier estimated overall survival curve. The shaded area is the 

95% confidence band.

Kaplan-Meier (KM) estimated overall survival (OS) of all patients. Solid line is the KM 

estimated OS curve, and shaded area is the 95% confidence band. Twenty-four patients died 

out of a total of 30 patients.

Median F/U time of patients alive was 26.5 months (range: 20.0–44.9 months). Median OS 

was 4.5 months (95% CI: 2.9–13.8 months). One-year OS rate was 30.0% (95% CI: 17.4–

51.8%).
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Figure 1B. Overall survival of CR/CRi patients who underwent AHSCT.
The solid line is the Kaplan-Meier estimated overall survival curve. The shaded area is the 

95% confidence band.

Kaplan-Meier estimated overall survival (OS) of patients who achieved CR/CRi and 

proceeded to transplant. Solid line is the KM estimated OS curve, shaded area is the 95% 

confidence band. Five patients died out of a total of 11 patients. Median OS was 38.3 

months (95% CI: 5.0-NA months). One-year OS rate was 63.6% (95% CI: 40.7–99.5%)

Median F/U time of the 6 patients alive was 26.5 months (range: 20.0–44.9 months).
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Figure 1C. Relapse-free survival of CR/CRi patients who underwent AHSCT.
The solid line is the Kaplan-Meier estimated relapse-free survival curve. The shaded area is 

the 95% confidence band.

Kaplan-Meier estimated relapse-free survival (RFS) of patients who achieved CR/CRi and 

proceeded to transplant. Patients died without relapse was censored at death date. Solid line 

is the KM estimated RFS curve, shaded area is the 95% confidence band. Out of total 11 

patients, only 2 relapsed after transplantation. Median RFS was not reached. One-year RFS 

rate was 77.8% (95% CI: 54.9–100%).
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Figure 2. Enriched gene sets (FDR<0.05) in hallmark pathways curated in the MSigDB (Broad 
Institute).
Graph indicates the number of genes in the set that were significantly differentially 

expressed between responders and resistant patients at baseline (pre-treatment).

Advani et al. Page 14

Clin Cancer Res. Author manuscript; available in PMC 2020 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Advani et al. Page 15

Table 1

Patient Characteristics 30 patients: 27 patients (Dose Level 1); 3 patients (Dose Level 2). n=number of 

patients.

Age (median) 58 years (range 31–70)

Gender 13 (53% male)

Baseline white blood count (median) 1.79 K/ uL (range 0.1–35.55)

Time from diagnosis to registration (median) 7.6 months

History of antecedent hematologic disorder (n, %) 8 (27%)

Relapse status (n, %)

 First relapse 14 (47%)

 Refractory to last therapy 13 (43%)

Prior allogeneic HSCT (n) 2

FLT3 ITD mutations (n) 7

Adverse cytogenetics (CALGB 8461 criteria) (n, %) 7 (24%)
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Table 2

Grade 3–5 Non-hematologic toxicities occurring in ≥ 15% of patients

Toxicity Incidence

Infection 74%

Febrile neutropenia 85%

Hypotension 18%

Hypoxia 19%

Mucositis 15%

Hypokalemia 33%

Hypoalbuminemia 30%
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Table 3

Mutations present on myeloid mutation panel next generation sequencing (n=21 patients)

Mutations Number of patients with mutations

FLT3 ITD 5

TET2 2

JAK3 1

ASXL1 4

LUC7 2

TP53 2

SRSF2 2

IDH2 2

STAG2 2

NPM1 5

DNMT3 6

WT1 2

SMC1a 2

BCOR 2

STAT3 2

NRAS 3

NSD1 1

CBL 1

EZH2 1

IDH1 2

RUNX1 2

RAD21 1
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Table 4

Response rates by molecular subgroup

Molecular Mutations Number of responding patients with mutation/ number of total patients with mutations (%)

FLT3 ITD 4/7 (57%)

TET2 2/2 (100%)

JAK3 1/1 (100%)

ASXL1 3/3 (100%)

LUC7 1/ 2 (50%)

TP53 1/ 2 (50%)

CKIT 0/1 (0%)

SRSF2 2/2 (100%)

IDH2 1/1 (100%)

STAG2 1/1 (100%)

NPM1 1/ 4 (25%)

DNMT3 3/3 (100%)

WT1 0/1 (0%)

SMC1a 0/1 (0%)

BCORL1 0/ 1 (0%)

IDH1 2/2 (100%)

STAT3 1/1 (100%)
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