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Abstract

Purpose—Evaluate the safety, pharmacokinetic profile, pharmacodynamic effects, and antitumor
activity of the first-in-class investigational NEDD8-activating enzyme (NAE) inhibitor
pevonedistat (TAK-924/MLN4924) in patients with relapsed/refractory lymphoma or multiple
myeloma.

Experimental Design—Patients with relapsed/refractory myeloma (n=17) or lymphoma (n=27)
received intravenous pevonedistat 25-147 mg/m?2 on days 1, 2, 8, 9 (schedule A; n=27) or 100—
261 mg/m? on days 1, 4, 8, 11 (schedule B; n=17) of 21-day cycles.

Results—Maximum tolerated doses were 110 mg/m? (schedule A) and 196 mg/m? (schedule B).
Dose-limiting toxicities included febrile neutropenia, transaminase elevations, muscle cramps
(schedule A), and thrombocytopenia (schedule B). Common adverse events included fatigue and
nausea. Common grade =3 events were anemia (19%; schedule A), and neutropenia and
pneumonia (12%; schedule B). Clinically significant myelosuppression was uncommon. There
were no treatment-related deaths. Pevonedistat pharmacokinetics exhibited a biphasic disposition
phase and approximate dose-proportional increases in systemic exposure. Consistent with the short
mean elimination half-life of ~8.5 hours, little-to-no drug accumulation in plasma was seen after
multiple dosing. Pharmacodynamic evidence of NAE inhibition included increased skin levels of
CDT-1 and NRF-2 (substrates of NAE-dependent ubiquitin ligases), and increased NRF-2-
regulated gene transcript levels in whole blood. Pevonedistat-NEDD8 adduct was detected in bone
marrow aspirates, indicating pevonedistat target engagement in the bone marrow compartment.
Three lymphoma patients had partial responses; 30 patients achieved stable disease.

Conclusions—Pevonedistat demonstrated anticipated pharmacodynamic effects in the clinical
setting, a tolerable safety profile, and some preliminary evidence that may be suggestive of the
potential for activity in relapsed/refractory lymphoma.

Keywords

Hematologic other; leukemias and lymphomas; phase I-111 trials_hematologic other; phase I-111
trials_leukemias and lymphomas; novel antitumor agents; pharmacokinetics/pharmacodynamics;
pevonedistat; NEDD8-31 activating enzyme (NAE) inhibition

Introduction

Regulated protein turnover via the ubiquitin-proteasome system (UPS) is central to the
control of a wide variety of cellular processes (1). UPS dysregulation can lead to
unrestrained cellular proliferation and/or failure to undergo programmed cell death, and
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development of cancer (2). Targeting the UPS was initially validated clinically with
proteasome inhibitors such as bortezomib and carfilzomib (3-5). Many proteins degraded by
the UPS have important roles in cell signaling, cell cycle progression, and apoptosis (6).
These proteins are targeted for destruction when modified with a polyubiquitin chain by E3
ubiquitin ligases. The largest family is the Cullin-RING E3 ubiquitin ligases (CRLs), the
activity of which is regulated by conjugation of ubiquitin-like protein NEDDS8 (neural
precursor cell expressed, developmentally down-regulated 8) to the cullin proteins (7, 8).
NEDDB8-activating enzyme (NAE) controls NEDD8 conjugation and is required for CRL
activity and proteasomal destruction of CRL substrates (7, 8).

Pevonedistat is a first-in-class investigational small-molecule inhibitor of NAE (9, 10). NAE
inhibition with pevonedistat prevents NEDD8 conjugation to CRLs via formation of
pevonedistat—-NEDDS8 adduct (9), and leads to accumulation of CRL substrates in cell
culture studies and human tumor xenografts (10). Pevonedistat is cytotoxic to tumor cell
lines including solid tumors and hematologic malignancies such as lymphoma, leukemia,
and multiple myeloma (MM) (11-15), and has demonstrated antitumor activity in mouse
xenograft models of several human malignancies (10-12, 15, 16), including acute myeloid
leukemia (AML) (12), diffuse large B-cell lymphoma (DLBCL) (11), and MM (15).
Preclinical studies have investigated pevonedistat in combination with other agents.
Pevonedistat plus bortezomib, dexamethasone, or doxorubicin demonstrated at least additive
cytotoxic activity in MM cell lines (13, 15), and pevonedistat significantly enhanced
cytarabine (17) and azacitidine (18) cytotoxicity in AML cell lines.

In cell line studies, the primary phenotype observed following NAE inhibition with
pevonedistat is a cell cycle defect associated with inhibited CDT-1 (chromatin licensing and
DNA replication factor-1) degradation and consequent DNA re-replication and DNA
damage, leading to apoptosis (10, 11, 19, 20). Elevations of CDT-1 and NRF-2 (nuclear
factor (erythroid derived 2)-related factor 2) protein levels (both CRL substrates) have been
used as pharmacodynamic markers of NAE inhibition in preclinical models (10, 11). A
second phenotype described in models of activated B-cell-like DLBCL involved nuclear
factor-xB inhibition, resulting in apoptosis induction (11).

This phase | study was undertaken to evaluate the safety, pharmacokinetic profile,
pharmacodynamic effects (including validation of pharmacodynamic markers of NAE
inhibition in the clinical setting), and antitumor activity of pevonedistat in patients with
relapsed and/or refractory lymphoma or MM.

Patients and Methods

Patients

Patients were aged =18 years and had relapsed and/or refractory disease after =2 prior lines
of therapy for MM, any B- or T-cell non-Hodgkin lymphoma (NHL), Hodgkin lymphoma
(HL), or Waldenstrém macroglobulinemia. Other eligibility criteria included Eastern
Cooperative Oncology Group (ECOG) performance status of 0-2, life expectancy of >6
weeks, adequate bone marrow (absolute neutrophil count >1,000/mm3, platelet count
>75,000/mm3), hepatic (bilirubin <upper limit of normal [ULN]; aspartate aminotransferase
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[AST], alanine aminotransferase [ALT], alkaline phosphatase <2.5 x ULN), renal
(calculated creatinine clearance >50 mL/min), and cardiac (B-type natriuretic peptide <1.5 x
ULN; left ventricular ejection fraction >45% or pulmonary artery systolic pressure <1.5 x
ULN) function, and evaluable disease.

Patients were excluded if they had received corticosteroids within 7 days, systemic
antineoplastic therapy within 21 days, rituximab within 2 months (unless evidence of
progressive disease since last rituximab dose), any investigational products within 28 days,
or major surgery, radiotherapy, or systemic antibiotic therapy within 14 days prior to the first
dose of study treatment. Other exclusion criteria included use of moderate or strong CYP3A
inhibitors or inducers or a serious infection within 14 days prior to the first dose, a
prothrombin time (PT) or activated partial thromboplastin time (aPTT) >1.5 x ULN, a
history of a coagulopathy or bleeding disorder, or a requirement for warfarin which could
not be switched to low molecular weight heparin. Patients with left ventricular ejection
fraction <45% or pulmonary artery systolic pressure >1.5 x ULN as assessed by
echocardiogram with Doppler; uncontrolled cardiovascular conditions, including cardiac
arrhythmias, congestive heart failure, angina, or myocardial infarction within the past 6
months; or abnormalities on 12-lead ECG such as changes in rhythm and intervals
considered by the investigator to be clinically significant were also excluded.

Review boards at all participating institutions approved the study, which was conducted
according to International Conference on Harmonization Guidelines for Good Clinical
Practice. All patients provided written informed consent prior to enrollment onto the study.

Study Design

This open-label, multicenter, phase I, dose-escalation study (ClinicalTrials.gov:
NCTO00722488) was conducted at eight sites in the United States between June 2008 and
June 2012 for patients reported herein. The primary objectives were to determine the
maximum tolerated dose (MTD) and safety profile of pevonedistat, describe pevonedistat
pharmacokinetic and pharmacodynamic profiles in blood, and investigate pharmacodynamic
effects in skin biopsies and bone marrow aspirates (patients with bone marrow involvement
only). Secondary objectives included evaluation of disease response and pharmacokinetic—
pharmacodynamic relationships.

Patients received escalating doses of pevonedistat by intravenous infusion over 1 hour on
days 1, 2, 8, and 9 (schedule A) or days 1, 4, 8, and 11 (schedule B) of 21-day cycles.
Schedule A was selected based on a dosing schedule that had been used in preclinical /n
vivo investigations (10, 11). Subsequently, based on observed toxicities and data from other
studies, Schedule B was selected, based on the standard dosing schedule for the proteasome
inhibitor bortezomib (21), to give a break between doses. The maximum permitted duration
of therapy was 12 months. In schedule A, dose escalation started at 25 mg/m?, followed by
50 mg/m?2, 83 mg/m2, and then doses 1.33 times the prior dose level. Schedule B dose
escalation started at the schedule A MTD, with subsequent dose levels 1.33 times the prior
dose level. A minimum of two patients were to be treated at each dose level before
escalating. MTD determination was based on a Bayesian continual reassessment method.
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Once established during schedule A, the MTD level was expanded to approximately 14
patients (seven MM, seven lymphoma).

Patients who received all four scheduled doses, or had a dose-limiting toxicity (DLT) in
cycle 1, were included in the DLT-evaluable population. DLT was defined as: grade >3
neutropenia with fever/infection, or grade 4 neutropenia for >7 days; a platelet count
<10,000/mm3, grade =3 thrombocytopenia with bleeding, or grade 4 thrombocytopenia for
>7 days; grade =3 non-hematologic toxicity despite maximal supportive therapy, except
arthralgia/myalgia, brief fatigue, or fever without neutropenia; grade =2 pevonedistat-related
toxicities requiring dose reduction/discontinuation; or treatment delay >2 weeks due to lack
of adequate recovery from toxicities.

Dose reduction was required for dose-limiting hematologic toxicity. For grade 3 non-
hematologic toxicity, dosing was interrupted until resolution to grade <1, and then reinstated
at the next lower dose level. Pevonedistat was discontinued for any grade 4 non-hematologic
toxicity.

Assessments

Toxicities were recorded throughout the study until 30 days after last dose. Adverse events
(AEs) were graded according to the National Cancer Institute’s Common Terminology
Criteria for AEs (NCI CTCAE) version 3.0.

For lymphoma patients, computed tomography (CT) of the chest, abdomen, and pelvis, and
a positron emission tomography (PET) scan from neck to mid-thighs were performed at
screening and on day 21 of cycles 1, 3, and 5. From cycle 7, patients were evaluated using
CT only every other cycle and at the end of study visit. Tumor response was assessed by the
investigators using International Working Group criteria for lymphoma patients (22).

For MM patients, a skeletal survey was performed at screening and radiographs were
performed as needed to evaluate for disease progression if signs or symptoms of increased or
new bone lesions were present. CT or magnetic resonance imaging (MRI) scans were
performed as clinically indicated, at baseline, at the end of cycle 1, and every other cycle
thereafter, to evaluate suspected extramedullary disease. Quantitative M-protein assessment
and serum and urine immunofixation were performed at baseline, and at the end of cycle 1
and every alternate cycle thereafter. Disease status was assessed using the International
Myeloma Working Group Uniform Response Criteria (23).

Pharmacokinetic and pharmacodynamic analyses

For pharmacokinetic analyses, serial blood samples were obtained during cycle 1 for
determination of pevonedistat plasma concentrations. On schedule A, samples were obtained
within 1 hour before infusion and immediately after completion of infusion on days 1, 2, 8,
and 9. Additionally, samples were obtained: on day 1 at 30 mins, 1, 2, 4, and 8 hours after
completion of infusion; and on day 9 at 30 mins, 1, 2, 4, 6, 9, 24, 72, and 144 hours after
completion of infusion. On schedule B, samples were collected on days 1, 4, 8, and 11
within 1 hour (day 1) or within 10 mins (days 4, 8, 11) before infusion as well as
immediately after completion of infusion. Additionally, samples were obtained at 1, 2, 4,
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and 8 hours after completion of infusion and 24 and 48 hours after start of infusion on days
1 and 4. Bioanalytical assays were conducted at Tandem Labs (West Trenton, NJ). Plasma
concentrations were measured using Good Laboratory Practice (GLP)-validated liquid
chromatography with tandem mass spectrometry (LC/MS/MS). The dynamic range was 1—
500 ng/mL for the low-range assay, and 75-7500 ng/mL for the high-range assay.
Noncompartmental methods (WinNonlin software, vs 6.2, Pharsight Corporation, Cary, NC)
were used to estimate pharmacokinetic parameters.

For pharmacodynamic analyses, whole blood was isolated in PAXgene tubes at screening,
baseline, and during cycle 1: following pevonedistat administration on day 1 (at 4 and 8
hours), on day 2 pre-dose, and on day 5 (schedule A); or following pevonedistat
administration on days 1 and 11 (at 4, 8, and 23 hours), pre-dose on days 4 and 11, and on
day 15 (schedule B). Reverse-transcriptase-PCR was used to analyze expression in whole
blood of eight genes shown to be induced by pevonedistat in preclinical studies (ATF-3,
GCLM, GSR, MAG1, NQO1, SLC7A11, SRXNI1, and TXNRDI; all except MAGI known
to be regulated by NRF-2(24)). Pharmacodynamic assays were performed at Asuragen
(Austin, TX; reverse-transcriptase-PCR panel), and Millennium Pharmaceuticals, Inc.
(neddylated cullins, CDT-1).

Raw data were transformed prior to calculation of percent change and assumptions were
made for missing data. The percentage change from baseline in the relative expression of
each of the eight genes of interest was calculated as (2~ (Post-baseline ACt - baseline ACY) — 1) x
100. The ACt was the mean Ct (cycle threshold, a measure of mMRNA gene expression, over
the replicates) for each gene of interest, minus the mean Ct for four housekeeping genes
(18S, B2M, RPLPOQ, and UBC) calculated at each time point. A positive percent change was
equivalent to an increase in expression after dosing with pevonedistat. For Ct values that
were undetermined, the value 40 (the number of PCR cycles) was used for purposes of
estimation of pharmacodynamic parameters and data summarization. Summary statistics
were generated for the percent change from baseline at each time point for each gene.

Skin punch biopsies (2 mm) for CDT-1 and NRF-2 immunohistochemical assays were
performed at screening, and 3-6 hours after the cycle 1, day 2 (schedule A) or day 4
(schedule B) dose. The rationale for these investigations was to determine if biologically
active levels of pevonedistat were achieved outside of the blood compartment.

Immunohistochemistry assays were performed at Millennium Pharmaceuticals, Inc. on five
micrometer sections using the Ventana XT® auto-stainer. Antigen retrieval consisted of
incubation with Ventana’s CC1 antigen retrieval solution for 20 minutes and treatment with
assay-specific antibodies. Antibodies to CDT-1 (Millennium Pharmaceuticals, Inc.) and
NRF-2 (Epitomics Catalog #2178) were incubated for 1 hour at room temperature, labeled
with Ventana’s alkaline phosphatase ultra secondary antibodies for 32 mins at room
temperature, and developed with Ventana’s NBT/BCIP substrate system. Slides were
counterstained and imaged at 20x magnification using Aperio’s whole-slide imaging
scanner. Signal expression was calculated as percent stained area of the basal epithelial
region, and quantified using Metamorph imaging software.
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Bone marrow aspirates for pevonedistat—NEDD8 adduct and CD138 immunohistochemical
assay were taken at screening and 2—6 hours after the cycle 1, day 2 (schedule A) or day 4
(schedule B) dose. Analyses were performed at Millennium Pharmaceuticals, Inc. Aspirates
were allowed to clot and then formalin-fixed and paraffin-embedded. An antibody specific
for pevonedistat—-NEDD8 adduct (Millennium Pharmaceuticals, Inc.) was incubated for 1
hour at 37°C and labeled with Vector Laboratories goat anti-rabbit biotinylated secondary
for 32 minutes at room temperature; Ventana’s DAB Map system was used for detection of
the biotinylated secondary. Similarly, a CD138 antibody (Ventana catalog #760-4248) was
incubated for 1 hour at 37°C and labeled with UltraMap™ HRP anti-mouse secondary
antibody for 4 minutes at room temperature. Ventana’s ChromoMap DAB Map system was
used for detection of the HRP secondary. All slides were counterstained and imaged at 20x
magnification using Aperio’s whole-slide imaging scanner. CD138 staining was used to
identify MM cells, and presence of pevonedistat-NEDD8 adduct showed mechanism-based
NAE inhibition in the bone marrow compartment.

Statistical methods

Results

The MTD for each schedule was defined as the dose level closest to that predicted to result
ina 25% DLT rate. MTD was predicted using a Bayesian continual reassessment method
(25) algorithm based on observed toxicities in all enrolled patients. The dose level at which
the total number of enrolled patients reached six was to be considered the observed MTD.
The dose-toxicity relationship was modeled by a single-parameter logistic model with a beta
prior distribution. Cohorts of no more than two patients were dosed with pevonedistat at a
given time. The decision to escalate, de-escalate, or expand the given dose was based on the
model-estimated predicted MTD (PMTD). Patients were dosed at the dose level closest to
the PMTD. Dose levels were pre-defined; skipping dose levels was not permitted.
Descriptive statistics were used to summarize all data.

Patient characteristics

Twenty seven patients received pevonedistat on schedule A, and 17 patients received
pevonedistat on schedule B. Patient demographics and baseline disease characteristics are
summarized in Table 1. Patients were heavily pretreated (Table A1, online-only appendix).
All MM patients and 2 lymphoma patients had been previously treated with bortezomib.

Dose escalation and MTD determination

Schedule A—Patients were treated at six pevonedistat dose levels: 25 (n=3), 50 (n=2), 65
(n=3), 83 (n=2), 110 (n=14), and 147 (n=3) mg/m2. Twenty-two patients were DLT-
evaluable; five were excluded due to not receiving all four doses in cycle 1. Three patients
experienced DLTs. One patient at 65 mg/m? had drug-related grade 4 febrile neutropenia on
day 3, which resolved by day 10 following dose reduction to 50 mg/m2. One patient at 110
mg/m? had drug-related grade 3 AST/ALT elevation on day 2, which resolved by day 8
following dose reduction to 83 mg/m2. One patient at 147 mg/m? had grade 3 muscle
cramps on day 2, which resolved within 48 hours following pevonedistat discontinuation.
Due to the severity of this AE, it was decided to no longer dose patients above 110 mg/m? in
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schedule A. Three additional patients were enrolled to the 110 mg/m? cohort, and with 6
patients treated at this dose level the MTD was determined to be 110 mg/m?.

Schedule B—Patients were treated at five pevonedistat dose levels: 110 (n=2), 147 (n=2),
196 (n=8), 261 (n=4); one patient received 100 mg/m? after this dose level was identified for
further evaluation based on safety evaluation across all pevonedistat trials. Thirteen patients
were DLT-evaluable. One patient at 110 mg/m? experienced grade 3 thrombocytopenia on
day 15; the patient discontinued after cycle 2, day 1 due to disease progression, and
thrombocytopenia was ongoing at the end-of-study visit 12 days later. Following the
occurrence of acute severe toxicities at high pevonedistat doses in a few patients in another
study (NCT01011530), it was decided not to administer pevonedistat at doses >200 mg/m?.
Therefore, although no DLTs were observed at 261 mg/m?2, 196 mg/m? was selected as the
schedule B MTD. Unlike in schedule A, this cohort was not expanded to 14 patients per the
sponsor’s decision, following a cross-program review, to move forward with studies of
pevonedistat in combination with standard-of-care therapies.

Treatment exposure and safety

Patients received a median of 3 cycles of treatment on both schedules (schedule A, range 1-
9; schedule B, range 1-14; Fig. 1). All patients have discontinued pevonedistat due to
progressive disease/symptomatic deterioration (schedule A, n=19; schedule B, n=15),
consent withdrawal (n=5; n=1), occurrence of an AE (n=2; n=1), or unsatisfactory
therapeutic response (n=1, n=0).

AEs reported in =215% of patients and grade =3 AEs reported in >1 patient on either
schedule are shown in Table 2. Transaminase elevations were clinically asymptomatic and
reversible with dose modification. Myelosuppression was limited, with anemia the only
hematologic toxicity reported in >20% of patients overall. There was no requirement for
growth factor or transfusion support. Peripheral neuropathy was limited (11%) and similar
between schedules (Table 2). No grade 4 AEs were reported at the MTD in either schedule.

Eight patients each on schedule A (30%) and schedule B (47%) experienced serious AEs
(SAESs). On schedule A, four patients had SAEs considered related to pevonedistat: grade 4
anemia and grade 3 generalized body pain; grade 4 febrile neutropenia (DLT); grade 2
pyrexia; and grade 2 orthostatic hypotension. On schedule B, two patients had drug-related
SAEs: grade 4 neutropenia and grade 3 bacteremia; and grade 2 pyrexia and grade 2 sinus
tachycardia. Two patients in schedule A died on study due to progressive disease; there were
no treatment-related deaths.

Pharmacokinetic profile

Mean plasma concentration—time profiles of pevonedistat exhibited a biphasic disposition
phase (Fig. 2). In general, acknowledging the relatively small cohort sizes, approximate
dose-proportional increases in mean Cpax and AUCq_o4p, Were seen across the 25-147
mg/m? dose levels in schedule A (Table A2, online-only appendix) and the 100-261 mg/m?
dose levels in schedule B (Table A3, online-only appendix).
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Pharmacokinetic parameters from 13 and 7 patients receiving the MTDs on schedules A and
B, respectively, are summarized in Table 3. Terminal disposition phase was adequately
characterized in five patients at the schedule B MTD; mean plasma elimination half-life was
estimated to be 8.5 hours (range 7.7-9.1). Consistent with this, pevonedistat systemic
exposures were similar between days 1 and 9 on schedule A and days 1 and 4 (or,
alternatively, day 11) on schedule B, indicating little or no drug accumulation in plasma.

Pharmacodynamic effects

Pevonedistat induced the expected pharmacodynamic effects in whole blood, indicating
NAE inhibition; expression of NRF-2-regulated genes (and MAG-1) was increased
following pevonedistat administration on cycle 1, day 1 versus baseline across the 25-261
mg/m? dose range (data at MTDs shown in Table A4, online-only appendix), notably NQOJ,
for which maximal changes from baseline ranged from approximately 250% to 400% and
700% to 800% at doses of 25-83 mg/m?2 and 110-261 mg/m?, respectively (data not shown).
These effects generally appeared to increase with increasing systemic exposure to
pevonedistat.

Immunohistochemical assessment of skin biopsies showed increases in CDT-1 and NRF-2
expression levels following the second dose of pevonedistat in cycle 1, compared to
baseline, indicating NAE pathway inhibition by pevonedistat in peripheral tissue. Fig. 3
shows fold-change in CDT-1 expression versus baseline among evaluable patients, and
representative immunohistochemistry images of CDT-1 and NRF-2 staining. For NRF-2, 19
patients treated on schedule A at pevonedistat 25-147 mg/m?2 showed a mean 185-fold
(standard deviation 356; median 39.4-fold [range 0-1483]) increase; 3 additional patients on
schedule A had NRF-2 increases post-dose from a baseline value of zero (data not shown).
No correlation could be found with individual CDT-1 or NRF-2 changes and pevonedistat
systemic exposures.

Immunohistochemical assays of bone marrow aspirates from patients with MM or
lymphoma with bone marrow involvement demonstrated the presence of pevonedistat—
NEDDS8 adduct in post-dose samples from 11 of 13 evaluable patients on schedules A and B.
In one patient treated at 25 mg/m2, pevonedistat—-NEDD8 adduct was not detected in either
the pre-dose or post-dose sample, and one pair of samples showed adduct in the pre-dose but
not the post-dose sample, indicating a likely sample switch. A representative image is shown
in Fig. Al (online-only appendix), indicating pevonedistat target engagement in the bone
marrow compartment.

Antitumor activity

One patient in schedule A and two in schedule B achieved partial responses (PRs). A 34-
year-old male with relapsed nodular sclerosis HL achieved a PR with pevonedistat 110
mg/m? (schedule A) after 5 cycles, and had progressive disease on cycle 7, day 21. A 47-
year-old male with relapsed DLBCL achieved a PR after 3 cycles of pevonedistat 196
mg/m? (schedule B) and remained on study to cycle 9, day 18, when he experienced disease
progression. A 65-year-old female with relapsed peripheral T-cell lymphoma achieved a PR
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with pevonedistat 196 mg/m?2 (schedule B) in cycle 1 (day 21) that lasted two cycles until
disease progression. Further patient details are provided in Table A5 (online-only appendix).

An additional 30 of 42 (71%) response-evaluable patients (treated patients who had =1 post-
baseline disease assessment; n=19, schedule A, n=11, schedule B; n=17 lymphoma, n=13
MM) achieved stable disease (SD), 12 of whom (n=6 in each schedule) received =5 cycles.
Of these 12, 7 lymphoma patients had SD lasting 3.25-9.53 months and 5 MM patients had
SD lasting 3.22-6.01 months (Table A6, online-only appendix).

Discussion

Targeting the UPS is an effective therapeutic approach in human cancers, as demonstrated
by the clinical development of proteasome inhibitors (3-5). Other therapeutic targets within
the UPS are being investigated with the aim of affecting specific substrate proteins and
signaling pathways of importance in human cancers (26, 27), without disrupting degradation
of all UPS-processed proteins, as occurs with 26S proteasome inhibition (28). Inhibition of
the NEDD8 conjugation pathway has emerged as a feasible therapeutic target (29).

This is the first reported study of pevonedistat in MM and lymphoma. Pevonedistat had a
generally manageable safety profile over a median treatment duration of 3 cycles.
Approximately two-thirds of patients experienced grade =3 AEs, with only anemia and
hypophosphatemia on schedule A and neutropenia and pneumonia on schedule B reported in
>10% of patients. The commonly reported elevations in liver enzymes were generally
clinically asymptomatic and resolved to baseline. Furthermore, limited myelosuppression
may make pevonedistat a suitable agent for use in combination with cytotoxic
chemotherapy, or a feasible therapy for patients unable or unwilling to receive standard
supportive measures for hematologic toxicity. Notably, the peripheral neuropathy rate was
limited, at 11%.

The pevonedistat MTD was 110 mg/m? on schedule A and 196 mg/m?2 on schedule B. DLTs
were observed relatively infrequently; in schedule A three DLTSs of febrile neutropenia,
transaminase elevations, and muscle cramps were observed, and in schedule B a single DLT
of thrombocytopenia was observed. During schedule A, the severity of grade 3 muscle
cramps prompted a decision to no longer dose patients above 110 mg/m?, and in schedule B,
while no DLTs were observed at 261 mg/m2, toxicities observed in another study of
pevonedistat (NCT01011530) prompted a program-wide safety review and a subsequent
decision not to continue dosing at this higher end of the dosing range employed across
clinical trials. Additionally, as noted in the Results, a cross-program review resulted in the
decision to move forward with studies of pevonedistat in combination with standard-of-care
therapies, and thus schedule B was not expanded at the MTD. Of note, the MTD in a
separate phase 1 study of pevonedistat in patients with AML and myelodysplastic
syndromes (MDS), using the same dosing as schedule B (days 1, 4, 8, and 11), was
determined to be 83 mg/m?2 (30). This MTD may have been lower due to the population of
relapsed/refractory AML/MDS patients being sicker than the lymphoma/MM patients in the
present study or due to inherent differences between the diseases.
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Pharmacokinetic analyses revealed a general increase in pevonedistat systemic exposure
with increasing dose, and a half-life of 8.5 hours; consistent with this, little or no drug
accumulation was seen following multiple dosing on either schedule. Analyses of whole
blood, skin biopsies, and bone marrow aspirates demonstrated that pevonedistat exerted
predicted pharmacodynamic effects, including increased levels of CDT-1 and NRF-2, and
pevonedistat—-NEDD8 adduct formation. Our findings represent important validation in the
clinic of the pharmacodynamic markers of NAE inhibition and target engagement
demonstrated in preclinical investigations (9-11).

Our study provides some preliminary evidence that may be suggestive of modest antitumor
activity of single-agent pevonedistat in heavily pretreated patients in both dosing schedules,
with 3 lymphoma patients achieving a PR. A further 71% of patients achieved SD, with 12
patients receiving =5 cycles. PRs were seen only in lymphoma patients, with best responses
of only SD seen in MM patients. Of potential importance, all MM and 2 lymphoma patients
had received prior bortezomib. Higher levels of proteasome maturation protein (POMP) have
been seen in bortezomib-resistant cell lines, and over-expression of NRF-2 has been shown
to induce POMP and increase proteasome chymotrypsin activity (31); thus, increased NRF-2
levels following NAE inhibition, together with prior proteasome inhibition, may be
associated with compensatory increases in POMP and possibly resistance to further UPS
inhibition. Furthermore, lack of response in MM patients with pevonedistat may possibly be
associated with limited induction of the endoplasmic reticulum (ER) stress response (32),
compared with proteasome inhibition with bortezomib or ixazomib, for which ER stress has
been linked with anti-myeloma activity preclinically (33-35) and clinically (36).

In conclusion, this phase | study of pevonedistat demonstrated the validity of NAE inhibition
as a therapeutic target and the anticipated pharmacodynamic effects in the clinical setting.
We also report the safety profile of pevonedistat in MM and lymphoma patients and some
preliminary evidence that is suggestive of the potential for modest activity in patients with
relapsed/refractory lymphoma. Further to this single-agent activity, plus some modest
clinical activity in patients with relapsed and/or refractory AML and MDS (30), rational
combination strategies have been investigated including pevonedistat plus azacitidine in
patients with AML considered unfit for intensive induction therapy (NCT01814826) (37);
future clinical testing is expected to include lymphoma, AML, and MDS, while additional
testing in MM may not be warranted without additional research to support enroliment of a
specific patient population. In patients with advanced solid tumors, rational combination
strategies are being investigated, including pevonedistat plus docetaxel, gemcitabine, or
carboplatin-paclitaxel (NCT01862328).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Targeting the ubiquitin—proteasome system (UPS), a key regulator of intracellular protein
degradation, is an effective therapeutic approach in hematological cancers. Many proteins
with roles in cell signaling and cell cycle progression are targeted for UPS degradation by
the Cullin-RING E3 ubiquitin ligases (CRLs), the activity of which is regulated by
conjugation of ubiquitin-like protein NEDDS to the cullin proteins. NEDD8-activating
enzyme (NAE) controls NEDDS8 conjugation and is therefore essential for CRL activity
making NAE inhibition a feasible therapeutic target. This study investigated pevonedistat
(TAK-924/MLN4924), a novel investigational inhibitor of NAE, in patients with multiple
myeloma or lymphoma, and demonstrated the validity of NAE inhibition as a therapeutic
target and the anticipated pharmacodynamic effects in the clinical setting. The safety
profile of single-agent pevonedistat in multiple myeloma and lymphoma patients was
generally tolerable, and there was preliminary evidence that may be suggestive of modest
antitumor activity in relapsed/refractory lymphoma.
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patients received a median of 3 (range 1-9) and 3 (range 1-14) cycles, respectively. Fourteen

patients (7 in each schedule) received =5 treatment cycles.
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Fig 2.

Mgean pevonedistat plasma concentration—time profiles on (A) days 1 and 9 of schedule A,
and (B) days 1 and 4 (or, alternatively, day 11) of schedule B. Mean plasma concentration—
time profiles of pevonedistat exhibited a biphasic disposition phase, characterized by an
initial rapid decline at the end of the infusion, followed by a slower phase with plasma
concentrations remaining quantifiable up to 24 hours (schedule A) or 48 hours (schedule B)
post-infusion at all doses.

Clin Cancer Res. Author manuscript; available in PMC 2017 November 18.



Page 18

Shah et al.

Schedule A
B Schedule B

AN

i

mg/m

(

Pevonedistat dose

D)
S
c
@
o
O
&l

S 3 o8 & & & =
© © <N -~ —

100

uoissaldxa |- gD ul abueyo pjo4

Pevonedistat treatment increased CDT-1 and NRF-2 levels compared to baseline. (A) Fold-
Representative immunohistochemistry images of skin biopsy sections stained for CDT-1 and
NRF-2 taken at baseline and on cycle 1, day 2 from a patient enrolled in the 83 mg/m? dose

change from baseline in CDT-1 expression in skin biopsies obtained 3—-6 hours after the
second dose of pevonedistat in cycle 1 (day 2 on schedule A, day 4 on schedule B). (B)

Fig 3.
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level on schedule A. Arrows and blue/purple staining indicate CDT-1 or NRF-2 positive
staining.
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Table 1

Patient demographics and baseline characteristics in schedule A (days 1, 2, 8, 9 of 21-day cycles) and schedule
B (days 1, 4, 8, 11 of 21-day cycles)

Schedule A Schedule B

Characteristics N=27 N=17
Median age, years (range) 62.0 (34-90)  58.0 (26-68)
Male, n (%) 17 (63) 13 (76)
Race, n (%)
White 21 (78) 11 (65)
Black or African American 5(19) 4 (24)
American Indian or Alaskan native 0 1(6)
Not reported 1(4) 1(6)
ECOG performance status, n (%)
0 11 (41) 3(18)
1 13 (48) 13 (76)
2 2(7) 1(6)
34 14
Patients with MM, n (%) n=15 n=2

MM subtype, n (%)b

IgG 10 (67) 2 (100)

IgA 427) 1 (50)

Other 2 (13) 0
Median time since initial diagnosis, months (range) 78.0 (18-111) 81.5(66-97)
Patients with lymphoma, n (%) n=12 n=15

Lymphoma subtype, n (%)

Follicular lymphoma 4(33) 1(7)
DLBCL 3(25) 7(47)
Small lymphocytic lymphoma/chronic lymphocytic leukemia 1(8) 1(7)
Mantle cell lymphoma 1(8) 0
Lymphoplasmacytic lymphoma 1(8) 0
Hodgkin lymphoma 1(8) 4(27)
PTCL 0 1(7)
Splenic marginal zone B-cell lymphoma 0 1(7)
Other 1(8) 0
Bone marrow involvement, n (%) 5 (42) 3(20)
Median time since primary diagnosis, months (range) 75.5 (19-197) 32.0 (1-102)

a -
Protocol deviation.

bl patient in schedule A recorded as having MM subtypes of 1gG and other: oligosecretory; 1 patient in schedule B recorded as having MM
subtypes of 1gG and IgA.

DLBCL, diffuse large B-cell lymphoma; ECOG, Eastern Cooperative Oncology Group; Ig, immunoglobulin; PTCL, Peripheral T-cell lymphoma -
not otherwise specified
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Table 2

The most common AEs of any grade reported in 215% of patients in either schedule and of grade =3 reported
in >1 patient on either schedule
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Schedule A, n=27 Schedule B, n=17
AE, n (%) All Grade All Grade
grades 23 grades 23
Any AE 27(100) 16(59) 17(100) 12(71)
Hematologic AEs
Anemia 7 (26) 5(19) 3(18) 1(6)
Thrombocytopenia 3(11) 1(4) 3(18) 1(6)2
Neutropenia 2(7) 2(7) 2(12) 2(12)
Non-hematologic AEs
Fatigue 18 (67) 2(7) 12 (71) 1(6)
ALT increased 12 (44) 1(4)2 4(24) 1(6)
AST increased 12 (44) 2(7)2 2(12) 0
Nausea 12 (44) 0 13 (76) 0
Pyrexia 11 (41) 0 8 (47) 1(6)
Constipation 10 (37) 0 5(29) 0
Myalgia 10 (37) 0 10 (59) 0
Diarrhea 7 (26) 1(4) 8 (47) 0
Headache 7 (26) 0 9 (53) 0
Vomiting 7 (26) 0 10 (59) 0
Blood alkaline phosphatase increased 6 (22) 0 1(6) 0
Decreased appetite 6 (22) 0 10 (59) 0
Dizziness 6 (22) 0 8 (47) 0
Hypomagnesemia 6 (22) 0 1(6) 0
Pain 6 (22) 1(4) 5 (29) 1 (6)
Chills 5 (19) 0 6 (35) 0
Dyspnea 5(19) 1(4) 4 (24) 1(6)
Hypercalcemia 5(19) 2(7) 1(6) 0
Hypophosphatemia 5(19) 3(11) 1(6) 1(6)
Vision blurred 5(19) 0 0 0
Blood creatinine increased 4 (15) 0 0 0
Hyperkalemia 4 (15) 1(4) 0 0
Muscle spasms 4 (15) 1(4)2 10 (59) 1(6)
Pain in extremity 4 (15) 0 5 (29) 0
Back pain 3(11) 0 4(24) 0
Insomnia 3(11) 0 4(24) 0
Peripheral edema 3(11) 0 3(18) 0
Upper respiratory tract infection 3(11) 0 3(18) 1(6)
Peripheral neuropathies NECY 3(11) 0 2(12) 0
Asthenia 2(7) 0 3(18) 0
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Schedule A, n=27 Schedule B, n=17
AE, n (%) All Grade All Grade
grades 23 grades 23
Cough 2(7) 0 5 (29) 0
Dehydration 2(7) 0 3(18) 1(6)
Paresthesia 2(7) 0 5(29) 0
Productive cough 2(7) 0 3(18) 0
Sinus tachycardia 2(7) 1(4) 3(18) 0
Abdominal discomfort 1(4) 0 3(18) 0
Hyperbilirubinemia 1(4) 0 5(29) 1(6)
Pneumonia 1(4) 1(4) 3(18) 2(12)
Weight decreased 1(4) 0 3(18) 0
Dyspepsia 0 0 3(18) 0
Dyspnea exertional 0 0 3(18) 0

ALT, alanine aminotransferase; AST, aspartate aminotransferase; NEC, not elsewhere classified

4 pLT:

Page 22

bHigh—IeveI term, incorporating 3 ‘neuropathy peripheral’ (2 schedule A, 1 schedule B), 1 peripheral sensory neuropathy (schedule A), and 1
peripheral sensorimotor neuropathy (schedule B); 3 MM patients with prior bortezomib had peripheral neuropathy, plus 2 lymphoma patients

without prior bortezomib
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Table 3

Pharmacokinetic parameters of pevonedistat during cycle 1 in patients receiving pevonedistat at the MTD
determined in each schedule

Schedule A Schedule B

110 mg/m? 196 mg/m?
Parameter Day 1, n=13 Day 9, n=9 Day 1, n=7 Day 4, n=6
Cinax, NG/ML 1502 (33) 1683 (28) 4565 (24) 3751 (53)
Tnaxs N1 1.02 (1.0-1.3) 1.08(1.0-1.1) 1.1(1.0-1.1) 1.02(0.9-1.1)
AUC o4, nghr/mL 4685 (23) 4833 (19)2 10,830 (19)17 8309 (39)
AUC_., nghr/mL 4685 (23) 4833 (19)4 12,367 (13)¢ NE
ty, hr NE NE 85 (0.6)7 NE
CLy, Lihr NE NE 283 (3)€ NE
Ve L NE NE 158 (9)€ NE

Parameters are reported as geometric mean (% coefficient of variation), except for Tmax, which is reported as median (range), and tis, which is
reported as the arithmetic mean (standard deviation).

a
n=7,

bn:6,

NE, not estimated. Due to limited time points in the terminal disposition phase, an estimate of pevonedistat elimination half-life could not be

obtained for schedule A.

Cmax, maximum observed concentration; Tmax, time to reach Cmax; AUC0Q—24hr/AUCQ-<, area under the concentration-time curve from time

zero to 24 hours / to the end of dosing interval, where the dosing interval, <, is equal to 24 and 72 hours for schedules A and B, respectively; tys,
terminal disposition half-life; CLp, plasma clearance; Vs, steady-state volume of distribution.
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