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ABSTRACT
◥

Large multifunctional peptidase 7 (LMP7/b5i/PSMB8) is a pro-
teolytic subunit of the immunoproteasome, which is predominantly
expressed in normal and malignant hematolymphoid cells, includ-
ing multiple myeloma, and contributes to the degradation of
ubiquitinated proteins. Described herein for the first time is the
preclinical profile of M3258; an orally bioavailable, potent, revers-
ible and highly selective LMP7 inhibitor. M3258 demonstrated
strong antitumor efficacy in multiple myeloma xenograft models,
including a novel model of the human bone niche of multiple

myeloma. M3258 treatment led to a significant and prolonged
suppression of tumor LMP7 activity and ubiquitinated protein
turnover and the induction of apoptosis in multiple myeloma cells
both in vitro and in vivo. Furthermore, M3258 showed superior
antitumor efficacy in selected multiple myeloma and mantle cell
lymphoma xenograft models compared with the approved nonse-
lective proteasome inhibitors bortezomib and ixazomib. The dif-
ferentiated preclinical profile of M3258 supported the initiation of a
phase I study in patients with multiple myeloma (NCT04075721).

Introduction
The ubiquitin–proteasome system (UPS) plays an essential role in

maintaining cellular homeostasis by degrading ubiquitinated pro-
teins (1). The immunoproteasome and constitutive proteasome are
multisubunit cylindrical complexes each containing three proteolytic
subunits; large multifunctional peptidase 2 (LMP2/b1i/PSMB9),
MECL-1 (LMP10/b2i/PSMB10), and LMP7 (b5i/PSMB8) in the
immunoproteasome, replaced, respectively, by b1 (b1c/PSMB6), b2
(b2c/PSMB7), andb5 (b5c/PSMB5) in the constitutive proteasome (2).
The unique cleavage specificity of each subunit enables degradation of
diverse substrates and generates a broad repertoire of peptides for
presentation on MHC class I (3). Unlike the ubiquitously expressed
constitutive proteasome, the immunoproteasome is predominantly
present in hematolymphoid cells (4, 5) and is typically only induced in

other cells by inflammatory stimuli-like IFNg (6). The immunopro-
teasome possesses a high capacity for degradation of oxidized, mis-
folded, and aggregated proteins to maintain homeostasis under acute
cellular stress (7).

Multiple myeloma is a malignancy of monoclonal plasma cells, which
reside in the bone marrow or extramedullary organs (8). Consistent with
their hematopoietic origin, multiple myeloma cells predominantly
express the immunoproteasome (4, 5). High expression of monoclonal
immunoglobulin renders multiple myeloma cells acutely dependent on
UPS components, including immunoproteasomes (9). The UPS also
influences the malignancy of multiple myeloma cells by degrading
specific tumor suppressors, proapoptotic proteins, and cell-cycle inhib-
itory proteins (10). The “pan-proteasome inhibitors” (pan-PIs) bortezo-
mib, carfilzomib, and ixazomib, which target several immunoproteasome
and constitutive proteasome subunits, are approved for use in patients
with multiple myeloma (11). However, inhibition of the constitutive
proteasome in healthy tissues is postulated to underly diverse toxicities
associated with pan-PIs, including peripheral neuropathy, cardiac dis-
orders, gastrointestinal disturbances, fatigue and thrombocytopenia,
which can necessitate dose reductions or treatment discontinuation (12).

Selective immunoproteasome targetinghas beenproposed as ameans
of maintaining or improving upon the antitumor efficacy of pan-PIs in
multiple myeloma, while circumventing severe dose-limiting toxici-
ties (11). Although approved pan-PIs display unique properties (e.g.,
subunit preferences, reversibility, and administration route), they all
potently inhibit the immunoproteasome subunit LMP7 (9), suggesting
that LMP7 is an important determinant of their efficacy. However,
in vivo examinationof the role of LMP7 inmultiplemyelomamodels has
been hampered by the lack of suitable LMP7 inhibitors, with previous
reports only describing compounds retaining LMP2 or b5 inhibition or
having properties precluding in vivo application (4, 13–18).

This study describes the profile of M3258—a potent, highly selec-
tive, reversible, and orally bioavailable LMP7 inhibitor. The robust
efficacy of M3258 in diverse multiple myeloma models, including
those that were refractory to bortezomib and/or ixazomib, supported
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initiation of a phase I clinical trial of M3258 in patients with relapsed/
refractory multiple myeloma (NCT04075721).

Materials and Methods
Compounds

M3258 was synthesized at Merck KGaA. The experimental method
for preparation of M3258 is described previously in patent WO 2019/
038250 (compound number 9; ref. 19). Bortezomib was purchased
from ChemShuttle, Activate Scientific, and SelleckChem. Carfilzomib
and ixazomib were sourced from ChemShuttle.

Assessment of proteasome subunit binding and inhibition
Human immunoproteasomes (2 mL used at 0.25 nmol/L), purified

as described previously (20), or human constitutive proteasomes
(Boston Biochem, used at 1.25 nmol/L) was preincubated for 2 hours
at 25�C with 50 nL of compounds diluted in dimethyl sulfoxide
(DMSO) in 20 mmol/L Tris pH 7.5, 0.03% sodium dodecyl sulfate
(SDS) and 1 mmol/L ethylenediaminetetraacetic acid (EDTA). A total
of 3 mL of fluorogenic peptidic substrates (from Bachem Holding,
unless stated otherwise) was added to the indicated final concentra-
tions: 50 mmol/L Ac-nLPnLD-AMC for b1; 80 mmol/L (Ac-PAL)
2R110 (Biomol) for LMP2; 20 mmol/L Ac-RLR-AMC for b2 and
MECL-1; Suc-LLVY-AMC at either 40 mmol/L for LMP7 or 50
mmol/L for b5. Fluorescence was measured using an Envision 2104
plate reader (PerkinElmer) following substrate addition and after
1 hour. Excitation and emission settings were used according to the
substrate provider’s instructions. The inhibitory activity of com-
pounds was ascertained by calculating the difference in fluorescence
at each time point. The IC50 values were calculated by nonlinear
regression analysis using Genedata Screener (Genedata).

The protocol for assessment of the reversibility of LMP7 inhibition
by compounds and x-ray crystallography are described previously in
the Supplementary Materials and Methods. The data collection and
refinement statistics for the immunoproteasome-M3258 structure are
shown in Supplementary Table S1.

Cell lines and primary cells
Each cell line was obtained as frozen vials from Merck KGaA’s

internal cell bank that received original cells from the providers
indicated in Supplementary Table S2. The internal cell bank generated
master cell banks of each cell line and routinely performed the
following quality control analyses: sterility testing, confirmation of
the absence ofMycoplasma infection, identity testing by short tandem
repeat analysis, and confirmation of the absence of cell line cross-
contamination. For each experiment, cells were freshly thawed and
passaged at least once before use. Cells were not used at passage
numbers above 30 and were not cultured for more than 4 months.

Peripheral blood mononuclear cells (PBMCs) were isolated from
lithium-heparinized blood by density gradient centrifugation using
50-mL Leucosep tubes (Greiner Bio One International) according to
the manufacturer’s instructions. Dog and rat PBMCs were isolated
from lithium-heparinized blood. All rat and dog studies were per-
formed in compliance with local government and European Union
animal health and welfare guidelines.

In vitro cellular assays
For cellular LMP7 and LMP2 activity assays, cell lines or rat PBMCs

were seeded in 96-well plates at 10,000 cells per well, or 20,000 cells per
well for human and dog PBMCs, in 100 mL of PBS and cultured with
compounds or DMSO for 2 hours. Fifty microliters of a lysis buffer of

100 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 7.6, 60 mmol/L MgSO4, 1 mmol/L EDTA and 40 mg/mL
digitonin, supplemented with either the LMP7 substrate (Ac-ANW)
2R110 or LMP2 substrate (Ac-PAL)2R110 (both from Biomol and
used at a final concentration of 10 mmol/L), was then added to
each well. Plates were shaken, incubated for 60 minutes at 37�C and
then centrifuged at 300� g. Fluorescence (excitation 485 nm, emission
535 nm) was measured and dose–response curves were plotted on the
basis of the percentage of inhibition for each compound relative to
DMSO. IC50 values were calculated by nonlinear regression analysis
using PRISM (GraphPad).

For assessment of cellular b5 activity, human whole-blood samples
were collected in citrate tubes (Becton Dickinson) and treated with
compounds for 2 hours at 37�C. Samples were diluted 1:16 in PBS to
reduce viscosity and 100 mL was then transferred to black 96-well
plates. Samples were lysed for 3 hours in the lysis buffer described
previously above containing 10 mmol/L (Suc-LLVY)2R110 before
fluorescence measurement (excitation 494 nm and emission 521 nm).

To assess the effect of M3258 on MM.1S cell viability, 10,000 cells
were seeded per well in 96-well plates andM3258 or DMSO added the
following day. After 72 hours, 10-mL resazurin (R&D Systems) was
added and the plates were incubated for 3 hours before fluorescence
measurement (excitation 531 nm and emission 590 nm). The effect of
M3258 on caspase 3/7 activity in MM.1S cells was assessed using the
Caspase-Glo 3/7 Assay System (Promega) according to the manufac-
turer’s instruction. The effects of M3258 and ixazomib on primary
human cells were assessed using the BioMAPDiversity PLUS Panel for
Broad Phenotypic Profiling (Eurofins DiscoverX).

For assessment of the effect of M3258 on cellular ubiquitinated
proteins levels, 40,000 MM.1S cells were seeded per well in 96-well
plates and cultured overnight. Cells were incubated for 6 hours with
M3258 or DMSO, then lysed for 20 minutes on ice in 25 mmol/L
HEPES, 100 mmol/L NaCl, 29 mmol/L dodecyl-maltoside, and phos-
phatase inhibitor cocktail II and protease inhibitor cocktail set III (both
from Merck KGaA). Lysates were transferred to Luminex measure-
ment plates (Merck KGaA) and mixed overnight at 4�C with 2,000
microspheres coupled with an anti-ubiquitin (Lys48) antibody (clone
9H284; Biomol). The microspheres were then washed with an assay
buffer of Blocking Reagent For ELISA (Roche Diagnostics) with 1%
Tween 20 (Sigma-Aldrich), then mixed with the biotinylated mouse
anti-ubiquitinylated proteins antibody (clone FK1; Sigma-Aldrich) at
1 mg/mL for 1 hour at room temperature. After further washing, the
microspheres were mixed with the R-Phycoerythrin–conjugated
streptavidin antibody (Dianova, 1:800 dilution) for 45 minutes at
room temperature. The microspheres were then washed and resus-
pended in 120 mL of assay buffer beforemeasurement using a Luminex
200 instrument (Luminex) according to the manufacturer’s instruc-
tions by counting 100 events per sample.

In vivo tumor models
M3258 was dissolved in PBS containing 0.5% METHOCEL Pre-

mium K4M (Colorcon) and 0.25% Tween 20. Bortezomib was dis-
solved in 0.9% NaCl containing Mannitol (Merck KGaA) and ixazo-
mib was dissolved in 5% KLEPTOSE (AppliChem).

All subcutaneous xenografts using human cell lines were established
by injection of cells into the right-flanks of female H2d Rag2 mice
(Taconic Biosciences) or female CB-17 SCID mice (Charles River
Laboratories). 100 mL of the following cell suspensions were injected
per mouse: Granta-519, OPM-2, NCI-H929 and U266B1 at 5 million
cells in PBS mixed 1:1 with Matrigel (Becton Dickinson); MM.1S at
5 million cells in PBS; RPMI 8226 at 10 million cells in PBS. Tumor
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volume andmouse body weight were assessed twice weekly. TheMTD
was defined as the dose that did not causemortality, >20% bodyweight
loss or irreversible clinical or pathological findings. Statistical com-
parison of the efficacy of treatments was performed by repeated
measures analysis of covariance (RM-ANCOVA).

The in vivo disseminated MM.1S and human osteoclast/scaffold-
based MM.1S models were established as described previous-
ly (13, 21). Statistical assessment of the effect of M3258 on
mouse survival in these models was performed using log-rank
(Mantel–Cox) analyses.

Mouse studies at Merck KGaA were conducted according to pro-
tocols approved by the local governmental committee. Mice were
housed under pathogen-free conditions in an AAALAC-accredited
facility and treated according to the institutional, governmental and
EuropeanUnion guidelines (GV-SOLAS andFELASA).Mouse studies
at Dana Farber Cancer Institute (DFCI) were conducted in accordance
with the institutional animal care and use committee (IACUC) guide-
lines. Mice were housed in a pathogen-free environment at the DFCI
animal facility and handled in strict accordance with Good Animal
Practice as defined by the Office of Laboratory Animal Welfare.

Pharmacodynamic and pharmacokinetic analyses from in vivo
studies

For pharmacodynamic (PD) analyses from xenograft tumors,
between 50 and 100 mg of tumor tissue were lysed as described
previously (22). LMP7 activity and ubiquitinated protein levels were
assessed as described above. For assessment of caspase 3/7 activity,
50-mg tumor lysate protein in 50 mL was transferred to 96-well plates
and mixed with the Caspase-Glo 3/7 Reagent (Promega) according to
the manufacturer’s instruction before luminescence measurement.
Statistical analysis of PD data was performed using one-way ANOVA
with Bonferroni’s multiple comparison tests.

For Western blotting, tumor tissue was lysed in 10 mmol/L Tris-
HCl pH 7.4, 150 mmol/L NaCl, 1% Nonidet P40, 1% Triton X-100,
0.4% deoxycholic acid sodium salt, 2 mmol/L EDTA and 0.3% SDS.
Five to 10 mg of protein was electrophoresed on NuPAGE 4% to 12%
Bis-Tris Midi Protein Gels (Thermo Fisher Scientific) and transferred
to Immuno-Blot LF PVDF membranes (Bio-Rad). Blocking was
performed using Odyssey Blocking Buffer (LI-COR). The sources of
Western blotting antibodies are shown in Supplementary Table S3.

The protocols for pharmacokinetic (PK) assessment of M3258,
bortezomib, and ixazomib from mouse in vivo studies are described
in the Supplementary Materials and Methods.

Results
M3258 structure and LMP7 binding and inhibition

The structure of M3258 is shown in Fig. 1A. The x-ray structure of
the human 20S immunoproteasome is shown in Fig. 1B. Co-
crystallization studies with the human immunoproteasome and
M3258 suggested a covalent bond between threonine-1 of the human
LMP7 catalytic site and the M3258 boron (Fig. 1C). The benzofuran
moiety fills the lipophilic S1 pocket of LMP7 and contributes to the
selectivity of M3258. The adjacent amide group is essential for activity
by forming a hydrogen bond with serine-21. The attached bicyclic
ether moiety of M3258 is positioned such that the ether–oxygen
forms a highly specific hydrogen bond with the peptide backbone
(alanine-49) of the LMP7 subunit. The discovery of M3258, guided by
structure-based optimization and balancing of properties enabling oral
bioavailability, will be described in a separate publication (M. Klein;
unpublished data). M3258, bortezomib, and ixazomib demonstrated
68%, 20%, and 53%mean reversibility of human LMP7 inhibition after
1 hour, respectively, indicative of a reversible inhibition mechanism
(Supplementary Table S4). In contrast, carfilzomib demonstrated 3%

Figure 1.

M3258 chemical structure and human LMP7 binding. A, The chemical structure of M3258 is indicated. The labels R and S indicate the absolute configuration of the
respectiveM3258 stereocenters.B,The x-ray structure of the human20S immunoproteasomeparticle is indicated. LMP2, LMP7, andMECL-1 are shown inyellow, blue,
and orange, respectively. The x-ray structure data can be found in the Protein Data Bank (PDB) under the identification code 7awe. C, The x-ray structure of M3258
bound to the catalytic site of human LMP7 (marked brown) at a resolution of 2.78 Å. Hydrogen bonds between LMP7 and M3258 are indicated by red dashed lines.
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mean reversibility, consistent with an irreversiblemechanism. Togeth-
er, these data indicate that M3258 is a covalent-reversible LMP7
inhibitor: a mechanism shared by bortezomib and ixazomib (23), but
distinct from the covalent-irreversible drug carfilzomib (24).

The inhibitory activity of M3258, bortezomib, carfilzomib, and
ixazomib toward each human immunoproteasome and constitutive
proteasome proteolytic subunit was assessed using cell-free peptide
cleavage assays. M3258 inhibited human LMP7 with a mean IC50

value of 4.1 nmol/L (Table 1). At the highest tested concentration of
30,000 nmol/L, M3258 did not demonstrate 50% inhibition of the
immunoproteasome subunits LMP2 and MECL-1 or the constitutive
proteasome subunitsb1 andb2.M3258 displayedweak activity against
the constitutive proteasome subunit b5 (mean IC50 ¼ 2,519 nmol/L).
These data indicate that M3258 has high potency and >600-fold
selectivity for LMP7. PK/PD modeling, to be described in a separate
publication (F. Lignet; unpublished data), predicted the efficacious
dose range of M3258 in human to deliver a total plasma maximum
concentration (Cmax) range of 2,090 to 5,550 nmol/L. When corrected
for plasma protein binding (fraction unbound in human ¼ 2.7%),
the corresponding predicted unbound M3258 Cmax range (56 to
150 nmol/L) is between 16- and 44-fold below the mean M3258 IC50

value for b5. Bortezomib, carfilzomib, and ixazomib inhibited LMP7
with comparable potency to M3258, but consistent with previous
reports (23, 24) also potently inhibited other constitutive proteasome
and immunoproteasome subunits (Table 1).

Inhibition of cellular LMP7, LMP2, and b5 activity
Cellular LMP7 activity was assessed using the fluorogenic peptidic

substrate (Ac-ANW)2R110, previously described to be cleaved by
LMP7 (25). M3258 potently inhibited LMP7 in the human multiple
myeloma cell lines MM.1S and U266B1 and in human, rat, and dog

PBMCs with IC50 values between 2 and 37 nmol/L (Fig. 2A; Supple-
mentary Fig. S1A–S1D). Bortezomib, carfilzomib, and ixazomib inhib-
ited LMP7 in U266B1 cells with comparable potency to M3258
(Supplementary Fig. S1A). The maximal inhibition (Emax) of
(Ac-ANW)2R110 cleavage by M3258 in cells was between 58% and
92%, which was lower than that for the pan-PIs. This suggests that
although LMP7 is the predominant cellular protease that processes
(Ac-ANW)2R110, residual cleavage is mediated by the remaining
proteolytic targets of pan-PIs.

At concentrations up to 30,000 nmol/L,M3258 did not demonstrate
50% inhibition of LMP7 in the mouse B lymphoblast cell line
P3X63Ag8.653 (Supplementary Fig. S1E). In contrast, bortezomib
displayed comparable potency of LMP7 inhibition in this mouse cell
line (IC50 ¼ 5.3 nmol/L) and cells from other species. This weaker
activity of M3258 toward mouse LMP7 could be explained by the
presence of a bulky methionine-31 in mouse LMP7 (substituted by
valine in human LMP7, as indicated in Fig. 1C, and also in rat and dog
LMP7), which was previously described to sterically hinder interaction
with partially selective LMP7 inhibitors, while still accommodating
bortezomib binding (26).

M3258 did not inhibit cleavage of the LMP2 substrate (Ac-PAL)
2R110 in the human multiple myeloma cell line RPMI 8226 (Supple-
mentary Fig. S1F), meanwhile in this same cell line LMP7 activity was
potently inhibited (IC50 ¼ 4.4 nmol/L; Supplementary Fig. S1G). In
contrast, bortezomib displayed comparable potency against both
LMP2 activity (IC50 ¼ 7.3 nmol/L) and LMP7 activity (IC50 ¼
2.3 nmol/L) in RPMI 8226 cells. The substrate (Suc-LLVY)2R110 was
used to monitor cellular b5 activity in human whole blood, as
described previously (27). M3258 and bortezomib inhibited b5 with
IC50 values of 13,700 and 268 nmol/L, respectively (Supplementary
Fig. S1H). This M3258 IC50 value is 2.5- to 6-fold higher than the

Table 1. Inhibition of proteasome subunits by M3258, bortezomib, carfilzomib, and ixazomib.

Constitutive proteasome subunits Immunoproteasome subunits
Mean IC50 (nmol/L) � SD (n) Mean IC50 (nmol/L) � SD (n)

b1 b2 b5 LMP2 MECL-1 LMP7

M3258 >30,000 (4) >30,000 (4) 2,519 � 397 (5) >30,000 (5) >30,000 (4) 4.1 � 2.4 (5)
Bortezomib 18 � 10 (7) 13,358 � 5,331 (8) 3.0 � 1.1 (14) 1.6 � 1.8 (8) 1,653 � 482 (11) 0.9 � 0.3 (12)
Carfilzomib 451 � 380 (3) 46 � 19 (3) 2.3 � 1.0 (4) 41 � 17 (4) 15 � 7.0 (3) 3.3 � 1.1 (5)
Ixazomib 28 � 22 (4) >30,000 (4) 5.5 � 2.3 (4) 0.9 � 0.2 (4) 5,469 � 1,095 (3) 3.3 � 3.0 (4)

Note: The inhibition of the indicated proteolytic subunits of the constitutive proteasome and immunoproteasomewasdetermined in cell-free biochemical assays. For
each assay, mean IC50 values (nmol/L) � SD and the number of replicates (n) are indicated.
Abbreviation: SD, standard deviation.

Figure 2.

InvitroPDeffects ofM3258 in themultiplemyelomacell lineMM.1S.A,LMP7 activity inMM.1S cells treatedwithM3258 for 2 hours.B,Levels of ubiquitinatedproteins in
lysates from MM.1S treated for 6 hours with M3258. C, Induction of caspase 3/7 activity in MM.1S cells treated with M3258 for 72 hours. D, Effect of M3258 on the
viability of MM.1S cells cultured for 96 hours. For each assay, IC50 or EC50 values (both in nmol/L) are indicated.
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predicted efficacious total plasma Cmax range for M3258 in humans,
described previously above (2,090 to 5,550 nmol/L; F. Lignet; unpub-
lished data). Together these data confirm the greatly increased selec-
tivity of M3258 toward LMP7 compared with pan-PIs.

In vitro effects of M3258 onMM.1S cells and primary human cells
Treatment of MM.1S cells in vitro with M3258 induced a

>fourfold accumulation of ubiquitinated proteins with an EC50 value
of 1,980 nmol/L (Fig. 2B), confirming that M3258 interfered
with immunoproteasome function. M3258 also induced apoptosis as
assessed by caspase 3/7 activity (EC50 ¼ 420 nmol/L; >3.5-fold
induction; Fig. 2C) and reduced MM.1S cell viability (IC50 ¼
367 nmol/L; Emax ¼ 100%; Fig. 2D). The potency values in the
apoptosis and viability assays corresponded to an M3258 concentra-
tion range that was associated with maximal inhibition of LMP7
activity in MM.1S cells (see Fig. 2A), suggesting that complete target
coverage may be required to realize efficacy of selective LMP7 inhi-
bitors. The comparatively high EC50 value in the ubiquitinated-protein
accumulation assay may potentially reflect differences in the sensi-
tivity or duration of each assay, or the involvement of proteasomal
components beyond LMP7 in the turnover of cellular ubiquitinated
proteins (28).

The effects of M3258 and ixazomib on human primary cells were
assessed using the in vitro BioMAP Diversity PLUS Panel for Broad

Phenotypic Profiling. M3258 was tested up to 1,000 nmol/L in each
assay, which is higher than the predicted human efficacious unbound
M3258 Cmax range described previously above (56 to 150 nmol/L; F.
Lignet; unpublished data). M3258 was not cytotoxic toward any
primary human cell type at any concentration tested (Supplementary
Fig. S2A). TheM3258 profile indicated reduced proliferation of B cells
(110, 330 and 1,000 nmol/L) and T cells (1,000 nmol/L). M3258 also
reduced IL-2, IL-6, IL-17, IL-17F, TNFa, and IgG secretion by human
PBMCs. All other primary human cell types and assay readouts were
unaffected by M3258. In contrast, ixazomib was cytotoxic toward
primary human B cells, PBMCs, mononuclear cells, and venular
endothelial cells (33 nmol/L; Supplementary Fig. S2B). At a non-
cytotoxic ixazomib concentration of 11 nmol/L, reduced proliferation
of primary human coronary artery smooth muscle cells, endothelial
cells, fibroblasts, and T cells was observed.

M3258 PK and PDeffects inmultiplemyeloma xenograft studies
Following a single application orally, M3258 dose-dependently

reduced LMP7 activity in U266B1 xenograft tumors in mice
(Fig. 3A). Maximal inhibition of LMP7 activity was sustained for
≥24 hours atM3258 doses of 10 and 30mg/kg. Consistent with in vitro
data in U266B1 cells described previously above (see Supplementary
Fig. S1A), M3258 did not completely reduce (Ac-ANW)2R110 cleav-
age in U266B1 tumors. A dose-dependent increase inM3258 exposure

Figure 3.

In vivo PK and PD effects ofM3258 inmultiplemyeloma xenograft models.A, Inhibition of LMP7 activity in subcutaneous U266B1 tumors frommice treated oncewith
vehicle or M3258 at 0.3, 1, 3, 10 or 30mg/kg orally. Statistical comparisons of LMP7 activity datawere performed as follows: M3258 groups at 1, 6, and 14 hours versus
vehicle at 6 hours; M3258 groups at 24 and 48 hours versus vehicle at 24 hours. B,Mouse plasma PK profiles for the indicated doses of M3258 from the experiment
described in A. The lower limit of quantitation (LLOQ) for M3258 is indicated by the horizontal dashed line. C, LMP7 activity (left), levels of ubiquitinated proteins
(middle), and caspase 3/7 activity (right) in subcutaneous MM.1S human multiple myeloma xenograft tumors from mice treated once orally with either vehicle or
M3258 (10mg/kg). Statistical comparisons of PD datawere performed as follows: M3258 groups at 4 and 14 hours versus vehicle at 4 hours; M3258 groups at 24 and
48 hours versus vehicle at 24 hours. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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in mouse plasma was observed in this study (Fig. 3B). M3258 did not
affect LMP7 abundance in U266B1 tumors, meanwhile the constitu-
tive proteasome subunit b5 was only increased at the highest tested
dose of 30 mg/kg (Supplementary Fig. S3).

A single application of M3258 at 10 mg/kg orally significantly
suppressed LMP7 activity and led to a significant accumulation of
ubiquitinated protein levels in MM.1S tumors between 4 and 24 hours
(Fig. 3C). A significant increase of caspase 3/7 activity was observed
between 4 and 24 hours, indicating apoptosis induction. At 48 hours,
each of these readouts was no longer significantly affected.

In vivo efficacy ofM3258 inmultiplemyeloma xenograftmodels
When applied once daily at 1 mg/kg orally, M3258 displayed

significant and strong antitumor efficacy, exemplified by sustained
regression, in the U266B1 xenograft model (Fig. 4A; Supplementary
Table S5), meanwhile intermittent schedules were associated with
initial tumor regression followed by regrowth under treatment. Com-
parable findings were observed in the MM.1S xenograft model when
using M3258 at 10 mg/kg orally (Fig. 4B; Supplementary Table S5).

The M3258 doses of 1 and 10 mg/kg were tolerated either when
applied daily or intermittently (Supplementary Fig. S4A and S4B),
confirming that the observed antitumor efficacy of M3258 at these
doses was not due to adverse tolerability effects in mice. In a separate
experiment,M3258 daily oral doses of 20 and 30mg/kgwere associated
with mouse body weight loss in the range of 5% to 10%, which
immediately recovered when pausing treatment for 2 days (Supple-
mentary Fig. S4C). Together, these data suggest that the MTD of
M3258 in mice, when applied daily, is 10 mg/kg. As shown above
inFig. 3B, theM3258 dose of 30mg/kg led to amean total plasmaCmax

in mice of 11,672 nmol/L, which is in a comparable range with the
M3258 IC50 value for b5 activity in whole blood (13,700 nmol/L; see
Supplementary Fig. S1H), suggesting that the mouse body weight loss
observed at this dose may potentially be due to b5 inhibition. The
greatly reduced potency of M3258 against LMP7 in mouse cells
compared with human, rat, and dog cells precluded the use of mice
for assessment of on-target tolerability. Nonclinical safety studies, to be
described in a separate publication (W. Sloot; unpublished data),
indicated that rats and dogs tolerated repeated daily oral application
of M3258 at doses delivering equivalent exposure to that at the mouse
efficacious dose (10 mg/kg, once daily orally).

The antitumor activity of M3258 was next examined in mouse
models recapitulating the pathogenesis and tumor environment of
human multiple myeloma. In a disseminated model, generated via tail
vein-injection of MM.1S cells, M3258 significantly prolonged median
mouse survival by 13 days compared with the vehicle (Fig. 4C). In a
model recapitulating the bone marrow environment of human mul-
tiple myeloma (model establishment depicted in Fig. 5A), M3258
treatment resulted in a significant and pronounced (110 days) pro-
longation of median mouse survival (Fig. 5B) and a delay of tumor
growth (Fig. 5C).

Comparative efficacy of M3258, bortezomib, and ixazomib in
xenograft models

The antitumor efficacy of M3258, bortezomib, and ixazomib was
compared in vivo. Bortezomib was applied by intravenous injection
twice weekly at 0.5 mg/kg, whereas ixazomib was applied twice weekly
at 3 mg/kg orally. These doses and regimens were established as the
mouseMTDs for bortezomib and ixazomib (Supplementary Fig. S5A–
S5D). In addition, PK analyses from mice treated with bortezomib or
ixazomib at these doses indicated that plasma exposures were reached
inmice that were in a comparable range with that reported for humans
treated with these agents at their approved doses (ref. 29; Supplemen-
tary Table S6).

In the U266B1 multiple myeloma model, both M3258 (10 mg/kg,
once daily orally) and ixazomib induced prolonged complete tumor
regression, even following treatment cessation (Fig. 6A; Supplemen-
taryTable S7). The strong efficacy observedwith ixazomib is consistent
with a previous preclinical report that also used this compound on a
twice weekly treatment regimen (30). In this experiment, M3258 and
ixazomib were significantly more efficacious than bortezomib. M3258
also displayed significant efficacy in the MM.1S and NCI-H929
multiple myeloma models, which was significantly higher than that
with bortezomib, but not ixazomib (Supplementary Fig. S6A–S6C;
Supplementary Table S8). Consistent with a previous report (31),
bortezomib inhibited tumor growth in the RPMI 8226 multiple
myeloma model (Fig. 6B; Supplementary Table S7). In this experi-
ment, M3258 displayed equivalent efficacy to bortezomib, which was
significantly greater than ixazomib. Intriguingly, the efficacy ofM3258
in the OPM-2 multiple myeloma and the Granta-519 mantle cell
lymphoma models was significantly greater than that observed with

Figure 4.

In vivo efficacy ofM3258 in subcutaneous anddisseminatedmultiplemyelomaxenograftmodels.A,Antitumor efficacy ofM3258 at 1mg/kgorally applied either once
daily, every 2 days or twiceweekly (days 1 and 4) in the U266B1 subcutaneous xenograftmodel.B,Antitumor efficacy ofM3258 at 10mg/kg orally applied either once
daily, every 2 days or twice weekly (days 1 and 4) in the MM.1S subcutaneous xenograft model. For A and B, the percentage tumor/control (% T/C) values for each
treatment and the statistical comparisonof the efficacy of each group are shown in Supplementary Table S5.C,Mice bearing disseminatedMM.1S cells, established via
tail vein injection, were treated with M3258 (10 mg/kg, orally, 5 consecutive days of treatment every week) or vehicle and the percentage mouse survival was
assessed. The P value for the statistical comparison of survival curves of the vehicle and M3258 groups is indicated.
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both bortezomib and ixazomib (Fig. 6C–D; Supplementary Table S7).
Together, these data suggest that selective LMP7 inhibition delivers
noninferior or even improved preclinical antitumor efficacy compared
with bortezomib and ixazomib.

Discussion
Since the initial approval of bortezomib, novel proteasome inhibi-

torswithdifferentiated features, such as irreversible target binding (32),
oral bioavailability (33) or brain penetration (34), have emerged and in
some cases, these newer agents have fulfilled unmet needs of patients
with multiple myeloma with regards to efficacy, selected safety limita-
tions and/or convenience. Nevertheless, all proteasome inhibitors that
are either approved or under clinical investigation in patients with
multiple myeloma target multiple subunits of both the immunopro-
teasome and constitutive proteasome. This nonselective mechanism,
particularly constitutive proteasome inhibition, is postulated to be
associated with severe toxicities that limit the utility of these
agents (11, 35). As such, novel proteasome inhibitors with improved
features are of high interest for multiple myeloma and other diseases.

Because of the lack of highly selective LMP7 inhibitors with features
enabling in vivo application, preclinical analysis of the function of
LMP7 in multiple myeloma could previously only be performed via
genetic targeting approaches in vitro. These published studies (36, 37)
and publicly available gene dependency datasets (e.g., DepMap,
https://depmap.org) suggested that the constitutive proteasome sub-
unit b5 (gene name PSMB5) is essential formultiplemyeloma cell lines
and diverse other cell lines in vitro, whereas immunoproteasome
proteolytic subunits, including LMP7 (gene name PSMB8), are dis-

pensable. These findings, together with reports describing that cell
lines with acquired in vitro resistance to pan-PIs commonly harbor
gatekeeper b5 mutations that impair drug binding (37–39), have
implicated b5 targeting as a critical determinant of pan-PI efficacy.
However, the rare frequency of such b5 mutations in patients with
pan-PI–relapsed multiple myeloma brings into question the relevance
of these in vitro findings (40–42). Furthermore, genetic ablation or
alteration of LMP7 in cells has been described to alter diverse aspects of
proteasome structure and function such as assembly, subunit matu-
ration, and composition and thus may not represent the optimal
approach for investigation of the proteolytic function of LMP7 in
multiple myeloma (43–46).

The unique selectivity and in vivo PK properties of M3258 enabled
us to demonstrate for the first time that multiple myeloma cells are
highly dependent on LMP7 function in vivo, as exemplified by strong
regression in several multiple myeloma tumor models and pro-
nounced activity in models recapitulating the pathogenesis and tumor
environment of human multiple myeloma. Furthermore, M3258 was
associated with a long duration of antitumor efficacy, even following
treatment cessation, suggesting that selective LMP7 blockade is not
rapidly compensated by the activity of remaining proteasome subunits
or other adaptive mechanisms.

Daily M3258 application was associated with more durable in vivo
efficacy in multiple myeloma models compared with intermittent
schedules. This can likely be explained by the necessity for continuous
LMP7 suppression for sustained apoptosis induction and disruption of
ubiquitinated protein turnover in multiple myeloma tumor cells. In
contrast, published clinical studies suggest that the efficacy of pan-PIs
is associated with the short-term suppression of the activity ofmultiple

Figure 5.

In vivo efficacy of M3258 in a scaffold-basedmodel of the human bonemarrow niche.A, Representation of the establishment of the in vivo ceramic scaffoldmodel of
the human multiple myeloma bone marrow niche. Overall survival (B) and tumor volume (C) in mice bearing the MM.1S-containing scaffolds that were treated with
vehicle or M3258 (10 mg/kg, once daily orally). The P value for the statistical comparison of survival curves of the vehicle and M3258 groups is indicated.
Abbreviations: BCP, biphasic calcium phosphate; BMSC, bone marrow–derived stem cells; s.c., subcutaneous.
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proteasome subunits for only a few hours of each dosing cycle (27, 47).
Our findings with M3258 suggest that unlike pan-PIs, selective LMP7
inhibitors may require tailored regimens, guided by their PK and PD
profiles, to achieve the prolonged target suppression necessary for
optimal activity.

Among the in vivo models we tested, M3258 demonstrated
noninferior efficacy compared with bortezomib and ixazomib.
Meanwhile, M3258 demonstrated elevated efficacy compared with
these pan-PIs in the multiple myeloma model, OPM-2 and mantle
cell lymphoma model, Granta-519. The OPM-2 model harbors the
t(4;14) translocation (48), which is present in approximately 15% of
newly diagnosed patients with multiple myeloma and predicts poor
prognosis and a high-risk of progression from smoldering myeloma
to multiple myeloma (8, 49). These findings suggest that selective
LMP7 inhibition may represent an attractive strategy in patients
with high-risk multiple myeloma, or patients that are resistant or
refractory to pan-PIs.

M3258 delivered different degrees of in vivo efficacy across the
tested multiple myeloma tumor models. The U266B1 model was
uniquely sensitive toM3258 with sustained tumor regression observed
at 1 and 10mg/kg, which contrasted with the delayed tumor growth or
stasis observed in other models treated with M3258 at 10 mg/kg. The
finding that M3258 inhibited cellular LMP7 activity across multiple

myeloma cell lines in a comparable potency range suggests that the
varying in vivo sensitivity of different multiple myeloma models to
M3258 is likely due to determinants beyond the degree of target
inhibition. Intriguingly, bortezomib and ixazomib also displayed
differential degrees of efficacy across the tested multiple myeloma
models. This was unexpected given the comparable proteasome
subunit inhibition profiles of bortezomib and ixazomib, as well as
the application of both compounds at their mouse MTDs. To our
knowledge, our report is the most comprehensive preclinical com-
parison of the in vivo antitumor efficacy profiles of bortezomib and
ixazomib. This dataset provides a basis for future investigation of the
molecular determinants that underpin the differential responsiveness
of multiple myeloma models to selective LMP7 inhibitors and indi-
vidual pan-PIs.

Consistent with the predominant expression of LMP7 in tissues of
hematolymphoid origin (4, 5), M3258 inhibited proliferation of
primary human B and T cells. In contrast, ixazomib was cytotoxic
toward these primary human cell types and others.Mousemodels were
not applicable for the direct in vivo comparison of the tolerability of
M3258 and pan-PIs, due to the reduced activity of M3258 toward
mouse LMP7. The results from nonclinical safety studies in rats and
dogs, to be described in a separate publication (W. Sloot; unpublished
data), identified only hematolymphoid tissues and the intestine (dog

Figure 6.

Comparison of the in vivo efficacy of M3258, ixazomib, and bortezomib in xenograft models. Mice bearing subcutaneous tumors derived from the human multiple
myeloma cell lines U266B1 (A), RPMI 8226 (B) or OPM-2 (C) or the humanmantle cell lymphoma cell line Granta-519 (D) were treated with vehicle, M3258 (10mg/kg,
once daily orally), bortezomib (0.5 mg/kg, twice weekly intravenously on days 1 and 4) or ixazomib (3 mg/kg, twice weekly orally on days 1 and 4). For A–D, the
percentage of T/C values for each treatment and the statistical comparison of the efficacy of each group are shown in Supplementary Table S7.
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only) as M3258 target organs, which contrasts with the broader
spectrum of target organs for pan-PIs in nonclinical safety studies.

In summary, the unique profile ofM3258 enabled us to demonstrate
the exquisite dependency ofmultiple myeloma cells on LMP7 function
in vivo. Selective LMP7 inhibition is a novel and differentiated
mechanism for targeting multiple myeloma cells and represents a
potentially attractive therapeutic strategy in this disease. Our preclin-
ical observations supported the initiation a phase I study ofM3258 as a
single agent (dose-escalation) and co-administered with dexametha-
sone (dose-expansion) in patients with relapsed/refractory multiple
myeloma (NCT04075721). Monitoring of LMP7 and b5 activity in
patients receiving M3258 is planned in this trial to gain insights into
the clinical utility of selective LMP7 inhibition in multiple myeloma.
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