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Summary
Proteasome inhibitors (PIs) are highly active in multiple myeloma (MM)
but resistance is commonly observed. All clinical stage PIs effectively inhibit
chymotrypsin-like (CT-L) activity; one possible mechanism of resistance is
compensatory hyperactivation of caspase-like (C-L) and trypsin-like (T-L)
subunits, in response to CT-L blockade. Marizomib (MRZ), an irreversible
PI that potently inhibits all three 20S proteasome subunits with a specificity
distinct from other PIs, is currently in development for treatment of MM
and malignant glioma. The pan-proteasome pharmacodynamic activity in
packed whole blood and peripheral blood mononuclear cells was measured
in two studies in patients with advanced solid tumours and haematological
malignancies. Functional inhibition of all proteasome subunits was
achieved with once- or twice-weekly MRZ dosing; 100% inhibition of CT-L
was frequently achieved within one cycle at therapeutic doses. Concomitantly, C-L and T-L activities were either unaffected or increased, suggesting compensatory hyperactivation of these subunits. Importantly, this
response was overcome by continued administration of MRZ, with robust
inhibition of T-L and C-L (up to 80% and 50%, respectively) by the end
of Cycle 2 and maintained thereafter. This enhanced proteasome inhibition
was independent of tumour type and may underlie the clinical activity of
MRZ in patients resistant to other PIs.
Keywords: marizomib,
inhibitor.

The proteasome is a multi-catalytic proteinase complex,
responsible for the degradation of ubiquitinated proteins
within normal and transformed cells. Malignant cells are
more dependent on proteasome activity to remove misfolded or damaged proteins due to their genetic instability
and rapid proliferation. Due to generally higher levels of proteasome activity in cancer cells, inhibition of the proteasome
elicits pro-apoptotic effects preferentially in malignant cells
compared with normal cells, and is a well-validated target in
multiple myeloma (MM). Three proteasome inhibitors (PIs),
bortezomib (BTZ: Kane et al, 2003; Richardson et al, 2003,
2005), carfilzomib (CFZ) and ixazomib (IXZ) are currently
approved for the treatment of MM, with several others in
development. Although important therapeutic advances,
these PIs are associated with significant and dose-limiting
off-target toxicities (Lonial et al, 2005; Richardson et al,
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2006; Cai et al, 2014; Harvey, 2014; Atrash et al, 2015; Wanchoo et al, 2015) and the development of acquired resistance
(Fall et al, 2014; Huber et al, 2015; Niewerth et al, 2015).
Despite consistently high response rates with PI-based combinations, almost all MM patients eventually relapse, with
progressively lower rates and durations of response with each
subsequent line of therapy and poor prognosis as resistance
emerges (Kumar et al, 2012). Current therapeutic options for
MM patients who have relapsed and refractory disease are
limited, and effective new treatments that re-establish
tumour responsiveness are urgently needed to improve
patient outcomes.
The proteasome consists of three types of subunits in the
inner b rings of the 20S core particle, which carry the proteolytic chymotrypsin-like (CT-L, b5), trypsin-like (T-L, b2)
and caspase-like (C-L, b1) activities, with CT-L activity of

ª 2016 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.

doi: 10.1111/bjh.14113

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

N. Levin et al
the b5 subunit being the rate-limiting step of proteolysis.
BTZ, CFZ and IXZ are selective inhibitors of b5, as are several next-generation clinical-stage PIs, such as oprozomib,
with little to no inhibitory activity on T-L or C-L (Teicher &
Tomaszewski, 2015). In contrast, Marizomib (MRZ; salinosporamide A), a PI derived from a marine actinomycete,
inhibits all 3 major catalytic activities of the 20S core particle
(Chauhan et al, 2005; Fenical et al, 2009). MRZ rapidly
enters cells and covalently binds to all three active enzyme
sites (Groll et al, 2006). This irreversible binding elicits proteasome inhibition in vitro and in vivo (Chauhan et al, 2005,
2008; Singh et al, 2010), reversal of which requires cell
replacement and/or proteasome re-synthesis.
Resistance to PIs arises via multiple potential mechanisms
(Niewerth et al, 2015). While BTZ-adapted haematological
cell line models frequently acquire mutations in b5 that confer
resistance to BTZ, these mutations are absent in clinical specimens obtained from BTZ-resistant patients (reviewed in
Niewerth et al, 2015). Several studies indicate that overexpression of catalytic subunits is the primary cellular response
mechanism to BTZ treatment and may precede acquisition of
b5 mutations (Franke et al, 2012; Niewerth et al, 2013), as
well as increased b2 and b1 activity (Ruckrich et al, 2009).
Given that both pan-proteasome inhibitory activity (Britton
et al, 2009) and irreversible binding to the proteasome subunits (Orlowski, 2013; Dou & Zonder, 2014) have been postulated to overcome BTZ resistance and provide prolonged
activity, the unique pharmacological profile of MRZ may confer therapeutic advantage by irreversibly inhibiting more than
one proteasomal activity (reviewed in Kale & Moore, 2012).
MRZ began clinical development with a Phase 1 trial conducted in patients with solid tumours and refractory lymphoma (NPI-0052-100, NCT00396864), followed by two
additional Phase 1/2 trials: a US trial exploring once- and
twice-weekly dosing schedules in relapsed and/or refractory
MM (NPI-0052-101, NCT00461045), and a trial conducted
in Australia and Estonia exploring once- and twice-weekly
dosing schedules in patients with solid and haematological
tumours, including relapsed and/or refractory MM (NPI0052-102, NCT00629473). The pharmacodynamic effects of
MRZ on subunit-specific proteasome activity observed in
these two Phase 1/2 trials are reported here.

Patients and methods
NPI-0052-101P1. A total of 68 patients with relapsed or
relapsed/refractory MM were enrolled in the trial (Richardson et al, 2016). Patients received MRZ by intravenous (IV)
infusion by two different schedules: either once-weekly infusions of MRZ on Days 1, 8 and 15 of 4-week cycles, at dose
ranges of 0025 to 07 mg/m2, infused over 1 or 10 min; or
twice-weekly infusions of MRZ on Days 1, 4, 8 and 11 of 3week cycles, at dose ranges of 0015 to 06 mg/m2, infused
over 60 or 120 min. Of the 68 patients enrolled, 27 had
blood samples collected for pharmacodynamic evaluation of
2

proteasome inhibition – 18 treated on the weekly MRZ infusion schedule, from whom blood samples were collected
immediately before and 1 h after MRZ infusion on Days 1
and 15 of Cycle 1 and 2, and 8 treated on the twice-weekly
MRZ infusion schedule, from whom blood samples were collected immediately before and 1 h after MRZ infusion on
Days 1 and 11 of Cycle 1. In addition, blood samples from
one patient on the twice-weekly MRZ infusion schedule
(0075 mg/m2) were collected on Day 15 of Cycle 6.
NPI-0052-102. A total of 86 patients were enrolled on the
trial (Harrison et al, 2016): 42 patients with advanced malignancies (Arm AM) including solid tumours (n = 24), lymphoma (n = 15) and leukaemia (n = 3), received MRZ
administered IV once-weekly, on Days 1, 8 and 15 in 4–week
cycles, at doses ranging from 01 to 09 mg/m2 by infusion
for 1–10 min; 44 patients with haematological malignancies
(Arm MM) including MM (n = 35), non-Hodgkin lymphoma (n = 6), Hodgkin lymphoma (n = 1) and chronic
lymphocytic leukaemia (n = 2), received MRZ administered
IV twice-weekly, on Days 1, 4 8 and 11 in 3–week cycles, at
doses ranging from 0075 to 06 mg/m2 by infusion for 1, 10,
or 120 min. Pharmacodynamics samples were to be obtained
at baseline, Day 1 (before treatment and 1 h post-infusion)
and Day 15 (Arm AM)/Day 11 (Arm MM) (pre- and 1 h
post-infusion) of Cycles 1 and 2, and then every other cycle
thereafter, so that (for both schedules) the second sampling
in a cycle was always performed after the third dose. For
patients that discontinued early in treatment, samples were
obtained from Cycle 1 only.

Pharmacodynamic sample processing
Packed whole blood (PWB) pellets were prepared by centrifugation of ~10 ml anticoagulated (sodium heparin)
human blood samples. After centrifugation, PWB pellets resuspended in 5 volumes of ice-cold phosphate-buffered saline
(PBS) were aliquoted, re-centrifuged and stored at 70°C.
For peripheral blood mononuclear cell (PBMC) isolation,
anticoagulated (sodium heparin) blood samples (2 ml) were
diluted with an equal volume of PBS, layered over 3 ml
Ficoll-PaqueTM PLUS and centrifuged. PBMC pellets were
gently re-suspended in 6 ml of PBS, re-centrifuged twice
more, and then stored at 70°C.
For pellet lysis, PWB and PBMC were thawed on ice for
1 h and then re-suspended in ice-cold 5 mmol/l EDTA (pH
80); PWB pellets were re-suspended in three-times their volume of EDTA, and PBMC pellets were re-suspended with
100 ll EDTA. After thorough vortexing, the cells were lysed
on ice for at least 1 h. Following centrifugation at 19 500 g
at 4°C for 10 min, glycerol was added to the supernatants at
a final concentration of 10% (v/v) and lysates were stored at
70°C in aliquots. Protein concentration was determined
using a modified Lowry-Assay (Pierce BCATM Protein Assay
Kit, ThermoFisher Scientific, Carlsbad, CA, USA) per manufacturer’s instructions.
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Proteasome activity assays
Proteasome activity was measured as previously reported
(Lightcap et al, 2000). Briefly, CT-L, C-L and T-L activities
were determined in 96-well microtitre plates in 20 mmol/l
HEPES/05 mmol/l EDTA, pH 80. Sodium dodecyl sulfate
(005%) was added to the CT-L and C-L assays. The substrates Suc-Leu-Leu-Val-Tyr-AMC, Z-Leu-Leu-Glu-AMC and
Bz-Val-Gly-Arg-AMC were used for CT-L, C-L and T-L
activity, respectively. Lysates from PWB or PBMC were
added to start the reaction. The plate was immediately placed
in a pre-warmed spectrofluorometer (37°C) and read every
5 min for 2 h (kex = 390 nm, kem = 460 nm with 435 nm
cut-off). Activity was reported as pmol AMC/mg/min (background subtracted). Two negative controls were included,
one containing lysate diluted in assay buffer and one containing assay buffer and substrate. A positive control was
included that consisted of rat PWB in the corresponding
assay buffer to demonstrate maximal activity for the different
enzymatic assays.

Data analysis
Proteasome inhibition in each post-infusion sample is
expressed as a percentage of the activity in the pre-infusion
sample from Day 1 of Cycle 1 (C1D1) of MRZ treatment,
for each subunit. Data are presented as the observed inhibition on C1D1 and the peak effect, which was the largest inhibitory effect observed for each patient across all dosing
cycles.

Results
The objective of these studies was to quantitatively assess the
pharmacodynamic impact of MRZ using proteasome subunit-specific assays to measure CT-L, T-L and C-L activity in
whole blood samples and mononuclear cells collected from
patients with advanced solid tumours and haematological
malignancies across clinical trials.

MRZ dose-dependently inhibits CT-L activity in packed
whole blood (PWB) and peripheral blood mononuclear
cells (PBMCs)
Dose-dependent inhibition of CT-L activity in PWB by MRZ
was evident with the first dose (C1D1, Fig 1A). Maximal
pharmacodynamic efficacy – 100% inhibition of CT-L activity – was evident within the first dosing cycle, and observed
in all patients at the MRZ dosages subsequently identified as
the recommended phase 2 dose levels (07 mg/m2 for onceweekly infusion and 05 mg/m2 for twice-weekly infusion).
Similarly, maximal inhibition of CT-L activity by MRZ in
PWB during the first dosing cycle within each patient (Peak
Effect) was also dose-dependent (Fig 1B), and apparently
independent of the infusion regimen (once- vs. twice-

weekly). The inhibition of CT-L activity in PWB samples,
plotted as a function of cumulative dose, was described by a
three-parameter log dose versus response curve (Fig 1C).
Increasing MRZ dose exposure resulted in increasing inhibition of CT-L activity in PWB, with a 50% inhibitory dose of
06 mg/m2 [95% Confidence Intervals (CI) 018–20 mg/m2].
Complete inhibition of CT-L activity in PWB samples was
achieved at cumulative MRZ doses ≥16 mg/m2, occurring at
the end of Cycle 1 for patients who received MRZ twiceweekly at doses ≥04 mg/m2 or once-weekly at the 07 mg/
m2 dose. Peak inhibition of T-L activity ranged from 25–
78% after repeat dosing with moderate to high MRZ doses
(≥04 mg/m2) and 14% to 26% inhibition of C-L activity
occurred at the end of the first cycle of repeat dosing with
high MRZ doses (≥05 mg/m2, data not shown).
Inhibition of CT-L proteasome activity on initial MRZ
infusion and peak inhibition observed in PBMC after repeat
MRZ dosing tended to be dose-related (Table I), as was
observed in the PWB samples, despite small sample numbers.
Inhibition of T-L and C-L activity by MRZ in PBMC also
tended to be dose-related and less robust than for inhibition
of CT-L activity (data not shown), similar to effects observed
in the PWB samples.
As in NPI-0052-101, dose-dependent inhibition of CT-L
activity by MRZ was evident with the first dose (C1D1) in
both PWB and PBMC (Fig 1D) in samples from NPI-0052102. Similarly, maximal inhibition of CT-L activity in PWB
and in PBMC by MRZ during the first dosing cycle within
each patient (Peak Effect) was also dose-dependent (Fig 1E),
and independent of the infusion regimen (once- vs twiceweekly). At MRZ doses ≤015 mg/m2, inhibition of CT-L
activity in PWB ranged from 10–18% inhibition on C1D1,
increasing to a peak effect of 33–51% CT-L inhibition. Inhibition of CT-L activity was more pronounced at intermediate dose levels (03–055 mg/m2), averaging 31–75%
inhibition on C1D1, reaching a peak effect of 41–91% with
repeat dosing. At the highest dose levels examined (07–
09 mg/m2), an average of 75–88% inhibition of CT-L was
observed on C1D1 and a maximal 93–100% inhibition was
observed during the first cycle at these dose levels. Maximum inhibition of CT-L activity in PWB was observed in
Cycle 1 for 40 of the 51 patients, with the remainder of the
peak effects noted in Cycle 2 (four patients) or later (seven
patients), demonstrating a rapid effect of MRZ on inhibition
of CT-L activity.
Importantly, proteasome inhibition in the nucleated cells
(PBMCs) was comparable at all dose levels to that observed
in PWB samples after both a single dose (C1D1, Fig 1D) or
repeated doses (peak effect, Fig 1E), with near maximal inhibition at recommended Phase 2 doses of 05 mg/m2 (twiceweekly) and 07 mg/m2 (once-weekly), displaying an average
of 78–79% inhibition on C1D1 and 84–86% inhibition at the
peak effect. These data suggest that the irreversible binding
mode of MRZ can overcome the re-synthesis of proteasome
subunits in nucleated cells, as expected for an irreversible PI.
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Fig 1. Inhibition of CT-L activity by MRZ. (A & B) PWB samples from MM patients (Trial NPI-0052-101). All MRZ doses levels were infused
once weekly, except 04, 05 and 06 mg/m2, which were infused twice-weekly. Data are depicted as Mean + standard error (SE). (A) Effect of
MRZ infusion by dose level on CT-L activity on Day 1 of Cycle 1 (N = 3, 2, 5, 2, 1, 2, 3, 2 and 4, for doses of 0025, 005, 0075, 015, 03, 04,
05, 06 and 07 mg/m2, respectively). (B) Peak effect of MRZ infusion by dose level on CT-L activity during the first 1-2 cycles (one patient
achieved peak effect on Day 15 of Cycle 6 in the 0075 mg/m2 dose group; N = 3, 2, 6, 2, 1, 4, 3, 2 and 4, for doses of 0025, 005, 0075, 015,
03, 04, 05, 06 and 07 mg/m2, respectively). (C) Cumulative effect of MRZ infusion on CT-L activity in PWB from MM patients after repeated
infusions. Dotted vertical line denotes the dose level estimated to induce 50% inhibition of CT-L activity (06 mg/m2). (D & E) PWB (solid bars)
and PBMC (open bars) samples from patients with solid tumours (once-weekly MRZ infusion regimen) and haematological malignancies (twiceweekly MRZ infusion regimen)(Trial NPI-0052-102). Data are depicted as Mean + SE. For PWB: N = 6, 5, 7, 8, 4, 3, 4, 5, 4, 3, and 2 for doses
of 0075, 01, 015, 03, 04, 045, 05, 055, 07, 08 and 09 mg/m2, respectively. For PBMC: N = 4, 3, 3, 8, 2, 2, 1, 0, 2, 0, and 0 for doses of
0075, 01, 015, 03, 04, 045, 05, 055, 07, 08 and 09 mg/m2, respectively. (D) Effect of MRZ infusion by dose level on CT-L activity on Day
1 of Cycle 1. (E) Peak effect of MRZ infusion by dose level on CT-L activity, which occurred for most patients during the first MRZ treatment
cycle (for five patients the effect was observed on Day 1 or 15 of Cycle 2, for four patients on Day 15 of Cycle 4, for one patient on Day 15 of
Cycle 6, and for one patient on Day 15 of Cycle 12). MRZ, marizomib; CT-L, chymotrypsin-like; PWB, packed whole blood; PBMC, peripheral
blood mononuclear cells; MM, multiple myeloma
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Table I. Inhibition of CT-L proteasome activity by MRZ in PBMC
(Study NPI-0052-101).
MRZ Dose
(mg/m2)
0025
005
0075
015
03
04
05
06
07

% CT-L Inhibition
Mean (SD, N)

Time point
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect
Cycle 1 Day
Peak Effect

1

1

144 (29, 2)
8 89 (20, 2)
206 (00, 1)
298 (00, 1)
465 (103, 4)
498 (25, 5)
ND

1

ND

1
1

1
1
1
1

222 (00, 1)
361 (82, 2)
667 (31, 3)
855 (14, 3)
715 (14, 2)
881 (98, 2)
924 (67, 3)
1000 (00, 2)

CT-L, chymotrypsin-like; MRZ, marizomib; PBMC, peripheral blood
mononuclear cells; SD, standard deviation, N, number.

When the inhibition of CT-L activity in PWB samples was
plotted as a function of cumulative dose, the resulting curve
could again be described by a three-parameter log dose versus response curve in both AM and MM patient cohorts
(Fig 2A,B) from study NPI-0052-102. Increasing MRZ dose
exposure resulted in increasing inhibition of CT-L activity in
PWB, with estimated 50% inhibitory dose levels of 03 and
08 mg/m2 in the AM and MM arms, respectively (95% CI:
AM, 002–43; MM, 014–45), indicating equivalent proteasomal inhibitory activity of MRZ in PWB between tumour
types or infusion regimens. Complete inhibition of CT-L
activity in PWB samples was achieved at cumulative MRZ
doses ≥12 mg/m2, which were achieved by the end of Cycle
1 for patients who received MRZ twice-weekly at doses
≥03 mg/m2 or once-weekly doses ≥04 mg/m2.

Repeated dosing with MRZ overcomes initial
hyperactivation of T-L and C-L subunits
In contrast with the rapid and robust blockade of the b5
chymotrypsin-like proteasome subunit by MRZ, initial effects
on T-L and C-L subunits were modest, absent or, in many
cases, apparently stimulatory. Upon initial dosing with MRZ,
particularly at dose levels that produced ≥40% inhibition of
CT-L activity (≥03 mg/m2, see Fig 1D), an increase in T-L
and C-L activity (Fig 3A, B) was routinely observed in PWB
samples. This enhancement of T-L and C-L activity on C1D1
was as high as 41% to 50% at intermediate (03–055 mg/
m2) and high dose ranges (07–09 mg/m2), and observed in
patients in both the AM and MM arms of the study. This

initial hyperactivation of T-L and C-L activity observed with
the C1D1 MRZ dose was reversed with repeated dosing;
average peak inhibitory effects in the range of 43–71% for TL activity and 16–51% for C-L activity were observed at the
recommended Phase 2 doses of 05 mg/m2 (twice-weekly)
and 07 mg/m2 (once-weekly) with repeat dosing (Fig 3A, B),
with peak T-L and C-L inhibition occurring after 1–2 cycles of
dosing on the once-weekly schedule, and after 1–6 cycles of
dosing on the twice-weekly schedule.
The kinetics of cumulative inhibition of each of the three
catalytically-active subunits of the 20S proteasome by MRZ
in PWB suggested that the effects of MRZ on the different
subunits were functionally linked. For example, in patients
dosed weekly (Arm AM), the recommended Phase 2 dose
was determined to be 07 mg/m2, representing a dose intensity of 21 mg/m2 per cycle. As shown in Fig 2A, inhibition
of CT-L activity was maximal and ~100% within a single
cycle of dosing at this dose level. Interestingly, this cumulative dose also represents the time at which significant inhibition of the T-L and, to a lesser extent, C-L subunits began to
be observed (Fig 2C, D). With cumulative doses of 5–6 mg/
m2 in Arm AM, the effects of MRZ on T-L and C-L activity
increased to a maximum of ~80% (T-L) and ~50% (C-L),
representing approximately three cycles at the once-weekly
recommended phase 2 dose. Similarly, in Arm MM, at the
cycle cumulative dose of 20 mg/m2 per cycle (twice-weekly
recommended phase 2 dose of 05 mg/m2), the kinetics and
magnitude of the inhibition of all three proteasomal subunits
were similar to the effects observed in the solid tumour
patients (Figs 2C and D vs. 2A and B). Estimated 50% inhibitory dose levels for T-L activity were 44 and 48 mg/m2 in
the AM and MM arms, respectively (95% CI: AM, 39–49;
MM, 39–45), and for C-L activity, 15 and 06 mg/m2 in
the AM and MM arms, respectively (95% CI: AM, 08–22;
MM, 12–24), indicating equivalent proteasomal inhibitory
activity of MRZ in PWB between tumour types and infusion
regimens. The initial hyperactivation of C-L and T-L subunits followed by progressively accumulating pan-subunit
inhibition by MRZ was also observed in the few PBMC samples that were of sufficient quality for assessment of C-L and
T-L activities. Due to limited sample numbers it was not
possible to determine the dose-response of the drug against
the C-L and T-L activities in PBMC in this study, however
in those patients where data was analyzable, C-L and T-L
activities were inhibited as much as 50% and 69%, respectively (data not shown).

Discussion
In these investigations, the pharmacodynamic effects of MRZ
on subunit-specific activity of the proteasome were measured
in whole blood samples and mononuclear cells collected
from patients with solid and haematological malignancies
from two clinical trials. Partial or complete inhibition of all
three proteasome subunits was achieved with both once- and
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Fig 2. Cumulative effect of MRZ infusion on (A and B) CT-L, (C) T-L and (D) C-L activity in PWB after repeated infusion. (A) CT-L inhibition
in Arm AM patients, (B) CT-L inhibition in Arm MM patients; curves denote the nonlinear fit (log MRZ dose vs response, three parameters),
dotted vertical lines denote the dose level estimated to induce 50% inhibition of CT-L activity (03 mg/m2 for Arm AM, 08 mg/m2 for Arm
MM). (C) T-L inhibition, (D) C-L inhibition; treatment effects are depicted in AM (open symbols) or MM (closed symbols) patients. Curves
denote the nonlinear fit (log MRZ dose vs response, three parameters): solid line, AM patients; dashed line, MM patients. MRZ, marizomib; CTL, chymotrypsin-like; T-L, trypsin-like; C-L, caspase-like; PWB, packed whole blood; AM, advanced malignancies; MM, multiple myeloma.

twice-weekly MRZ dosing, with the rank order of sensitivity
(CT-L > T-L > C-L) consistent with the biochemical potency
of MRZ (Teicher & Tomaszewski, 2015). For CT-L activity,
both initial (C1D1) and peak proteasome inhibition was
dose-dependent, with complete (100%) inhibition of CT-L
activity in PWB and maximal (60–80%) inhibition of CT-L
activity in PBMC, within the first dosing cycle. In contrast,
C-L and T-L activities were unchanged or increased in the
first cycle of MRZ dosing, suggesting compensatory hyperactivation in response to effective blockade of CT–L activity.
Importantly, this response was overcome by further treatment with MRZ, with inhibition of T-L and C-L activity
noted across dose levels with repeated dosing. These data
suggest that initial potent inhibition of CT-L activity leads to
a compensatory hyperactivation of the C-L and T-L subunits.
As shown schematically in Fig 4, as CT-L activity becomes
fully inhibited by the irreversible activity of MRZ, progressive
6

inhibition of the hyperactivated C-L and T-L subunits
occurs, ultimately resulting in robust pan-proteasome inhibition within two dosing cycles in the majority of patients.
Using proteasomes purified from rabbit muscle, Kisselev
et al (1994) demonstrated dramatic activation of C-L activity
by substrates of the CT-L sites, by an allosteric mechanism.
Subsequently, compensatory upregulation of the activity of
the T-L and C-L subunits following CT-L inhibition was
described in yeast model systems (Kisselev et al, 2003), MM
cells (Altun et al, 2005; Chauhan et al, 2006) and MM xenograft-bearing mice (Chauhan et al, 2006). Here, we have
extended this observation to the clinical setting with MRZ; as
MRZ treatment proceeded and the CT-L subunit became
maximally inhibited, increased activity of the T-L and C-L
subunits was observed, followed by progressively increasing
inhibition of these subunits. Of note, the adaptive hyperactivation of C-L and T-L subunits in the face of active CT-L
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Fig 3. Inhibition of T-L and C-L activity by MRZ in PWB samples
from patients with solid tumours (once-weekly MRZ infusion regimen) and haematological malignancies (twice-weekly MRZ infusion
regimen). Data are from Day 1 of Cycle 1 (C1D1, open bars) and at
peak effect (solid bars)(Trial NPI-0052-102). Data for the two regimens are combined, and depicted as Mean + standard error. N = 6,
5, 7, 8, 4, 3, 4, 5, 4, 3, and 2 for doses of 0075, 01, 015, 03, 04,
045, 05, 055, 07, 08 and 09 mg/m2, respectively. (A) Effect of
MRZ infusion by dose level on T-L activity. (B) Effect of MRZ infusion by dose level on C-L activity. MRZ, marizomib; T-L, trypsinlike; C-L, caspase-like; PWB, packed whole blood

inhibition occurred in both PWB (predominantly anuclear
red blood cells) and PBMC, supporting an allosteric interaction model between the different subunits of the 20S proteasome core, as described in a yeast model (Kisselev et al,
2003) rather than de novo resynthesis and overexpression of
new proteasomes.
The three proteasomal enzymes exhibit unique substrate
specificities – CT-L cleaves downstream of hydrophobic residues, whereas C-L and T-L cleave downstream of acidic and
basic residues, respectively – so it is not surprising that most
proteins studied are not efficiently protected from degradation by monospecific proteasome inhibitors and that broad

spectrum proteasome inhibition more profoundly alters target cell biology. In an elegant series of experiments employing subunit-specific reagents, Kisselev and co-workers
(Kisselev et al, 2006; Fuchs et al, 2008; Britton et al, 2009;
Mirabella et al, 2011) demonstrated that: (i) inhibition of
CT-L activity alone only rescued 11–50% of degradation,
adding T-L inhibition increased this to 40–68%, while blocking all three subunits prevented protein breakdown by 73–
91%; (ii) approximately half of MM cell lines tolerated 80–
95% specific inhibition of CT-L activity for 48 h with no loss
of viability; and (iii) the pro-apoptotic activity of BTZ and
CFZ in MM cells (but not in normal PBMCs) was enhanced
by addition of specific inhibitors of C-L or T-L or, most
effectively, both. Consistent with the latter point, MRZ has
been shown to act synergistically with BTZ in vitro and
in vivo (Chauhan et al, 2008).
Although all clinically-active PIs display robust inhibition
of the CT-L activity, only MRZ has been observed to completely block all CT-L activity in whole blood, as reported
here and elsewhere (Millward et al, 2012; Spencer et al,
2015a, b). In comparison, maximal whole blood CT-L inhibition in several clinical studies with BTZ was reported to be
65–69% by either the intravenous or subcutaneous routes of
administration on a twice-weekly schedule (Cortes et al,
2004; Dy et al, 2005; Moreau et al, 2008), although sporadic
individuals with up to 84% CT-L reduction have been
described (Reece et al, 2011). CFZ is a highly potent, irreversible and specific inhibitor of the CT-L subunit (Kuhn
et al, 2007) and, accordingly, was able to block 75% of CT-L
activity after one dose (O’Connor et al, 2009) in whole blood
or PBMCs and up to 80–90% after repeat dosing (Alsina
et al, 2012), although the most impressive activity was seen
on an unapproved schedule of five daily doses (O’Connor
et al, 2009). In the studies reported here, the inhibition of
CT-L and also T-L and C-L activity by MRZ was dosedependent and comparable across the two dosing regimens
(once- vs. twice-weekly IV infusion), as might be expected
for an irreversible mechanism of action.
Despite their notable success in MM and some other Blineage malignancies, PIs have to date proved relatively ineffective clinically in solid tumours (Dou & Zonder, 2014).
MRZ displayed superior activity to BTZ in several solid
tumour xenograft models and more potently impacted several hallmarks of cancer, including angiogenesis and invasion
(reviewed in Potts et al, 2011), suggesting that a proteasome
inhibitor with a broader spectrum of biochemical activity
might be more active in solid tumours than those specific to
the CT-L subunit. Key proteasome target proteins in solid
tumours are likely to be distinct from those in MM due to
dependence on diverse oncogenic signalling pathways and
the hypoxia-driven accumulation of oncoproteins, so the
pan-subunit activity of marizomib may enhance the net
‘load/capacity’ stress (Shabaneh et al, 2013) in solid tumour
cells, resulting in increased selective apoptosis of malignant
cells. Uniquely among proteasome inhibitors described to

ª 2016 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.

7

N. Levin et al

Fig 4. Hypothesis of compensatory activation and cumulative pan-proteasome subunit inhibition by MRZ. Upon inhibition of CT-L by all clinical proteasome inhibitors (PIs), the T-L and C-L subunits become hyperactive and/or increase in abundance, resulting in continued proteasomeassociated protein degradation, which cannot be inhibited by monospecific PIs. The irreversible binding of marizomib (MRZ) may afford a dual
competitive advantage by (i) accomplishing more complete inhibition of CT-L activity in the face of increased b5 subunit expression, while (ii)
subsequently inhibiting the hyper-activated T-L and C-L with repeat dosing.

date, MRZ crosses the blood-brain barrier; this, combined
with the observation of equivalent inhibition of CT-L, T-L
and C-L activity in circulating blood samples from solid
tumour and MM patients summarized here, provides rationale for a Phase 1b trial with MRZ in combination with
Avastin in malignant glioma which was initiated in 2015
(ClinicalTrials.gov Identifier: NCT02330562).
This is the first report of initial hyperactivation followed
by robust inhibition of T-L and C-L activity by a PI in the
clinic, an attribute that could have important implications
for the development of MRZ in MM and other tumour
types. All of the clinical-stage PIs are active in MM, suggesting that inhibition of CT-L activity alone is sufficient for
clinical activity in this disease, however their efficacy is limited due to intrinsic and acquired resistance, the underlying
mechanisms of which are poorly understood. While the trials presented here included MM patients previously exposed
to PIs, there were no specific inclusion criteria to enroll
patients refractory to specific PIs in their most recent regimen. Although data are limited, no differences were apparent in either the C1D1 or ‘peak effect’ of MRZ on
proteasome inhibition across the dose range examined in
patients refractory to PIs. Studies are in progress to assess
the efficacy of MRZ in relapsed and relapsed refractory MM
patients treated with MRZ in combination with pomalidomide and dexamethasone (ClinicalTrials.gov Identifier
NCT02103335). The predictive power of the proteasomal
inhibitory profile elicited by MRZ will be assessed in light
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of the substantial clinical response rate in this on-going
study (Spencer et al, 2015a, b).
The irreversible mode of action of MRZ, also seen with
CFZ (O’Connor et al, 2009), resulted in similar efficacy in
PBMCs and erythrocytes (i.e. whole blood), suggesting that
the irreversible binding mode of these two newer drugs is
able to overcome the re-synthesis of proteasome subunits
that occurs in nucleated cells. Taken together, the data suggest that MRZ may exert superior clinical activity in comparison with other clinical proteasome inhibitors due to their
reversible binding mode of action (BTZ, ixazomib) or
monospecificity for the CT-L site (CFZ, oprozomib). In conclusion, we report for the first time the phenomenon of
compensatory hyperactivation of the C-L and T-L proteasome subunits during the process of effective inhibition of
the CT-L activity in patients with MM and solid tumours.
Detailed analyses of the clinical pharmacodynamics of MRZ
indicate that this pan-subunit, irreversible PI is able to overcome this physiological response and cumulatively block all
three proteasome activities.
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