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ABSTRACT
M3258 is an orally bioavailable, potent, selective, reversible in-
hibitor of the large multifunctional peptidase 7 (LMP7, b5i,
PSMB8) proteolytic subunit of the immunoproteasome, a com-
ponent of the cellular protein degradation machinery, highly ex-
pressed in malignant hematopoietic cells including multiple
myeloma. Here we describe the fit-for-purpose pharmacoki-
netic (PK)/pharmacodynamic (PD)/efficacy modeling of M3258
based on preclinical data from several species. The inhibition of
LMP7 activity (PD) and tumor growth (efficacy) were tested in
human multiple myeloma xenografts in mice. PK and efficacy
data were correlated yielding a free M3258 concentration of
45 nM for half-maximal tumor growth inhibition (KC50). As
M3258 only weakly inhibits LMP7 in mouse cells, both in vitro
and in vivo bridging studies were performed in rats, monkeys,
and dogs for translational modeling. These data indicated that
the PD response in human xenograft models was closely re-
flected in dog PBMCs. A PK/PD model was established, pre-
dicting a free IC50 value of 9 nM for M3258 in dogs in vivo, in
close agreement with in vitro measurements. In parallel, the

human PK parameters of M3258 were predicted by various ap-
proaches including in vitro extrapolation and allometric scaling.
Using PK/PD/efficacy simulations, the efficacious dose range and
corresponding PD response in human were predicted. Taken to-
gether, these efforts supported the design of a phase Ia study of
M3258 in multiple myeloma patients (NCT04075721). At the low-
est tested dose level, the predicted exposure matched well with
the observed exposure while the duration of LMP7 inhibition was
underpredicted by themodel.

SIGNIFICANCE STATEMENT
M3258 is a novel inhibitor of the immunoproteasome subunit
LMP7. The human PK and human efficacious dose range of
M3258were predicted using in vitro–in vivo extrapolation and allo-
metric scaling methods together with a fit-for-purpose PK/PD and
efficacy model based on data from several species. A comparison
with data from the Phase Ia clinical study showed that the human
PK was accurately predicted, while the extent and duration of PD
response weremore pronounced than estimated.

Introduction
Multiple myeloma (MM) is a hematologic neoplasm charac-

terized by the proliferation of malignant plasma cells in the
bone marrow. MM accounts for approximately 1% of neoplastic
malignancies and 13% of hematologic neoplasms worldwide

(Palumbo and Anderson, 2011). Despite the emergence of di-
verse therapeutic agents, MM remains a terminal disease and
patients have a high unmet medical need for novel drugs offer-
ing improved efficacy and safety (Turesson et al., 2018).
M3258 has a novel, orally bioavailable, potent, highly selec-

tive, reversible inhibitor of the large multifunctional peptidase
7 (LMP7/b5i/PSMB8) subunit of the immunoproteasome (iP)
(Klein et al., 2019; Sanderson et al., 2019). M3258 showed
strong in vivo efficacy in preclinical MM xenograft models and
an improved preclinical safety profile compared with the ap-
proved pan-proteasome inhibitors (pan-PIs) bortezomib, carfil-
zomib and ixazomib, which target LMP7 as well as other
proteolytic subunits of the iP and constitutive proteasome (cP)
(Klein et al., 2019; Sanderson et al., 2019).
Modeling of the relationships between preclinical pharmaco-

kinetic (PK) and pharmacodynamic (PD) properties of novel
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anticancer agents, to predict their effects in humans has
proven a pivotal approach in drug development (Mould et al.,
2015; Venkatakrishnan et al., 2015; Zhou and Gallo, 2011).
The relationship between inhibition of cP and iP proteolytic
subunits and the antitumor efficacy of pan-PIs has been stud-
ied in preclinical species and in clinical studies. For example,
ixazomib was shown to be associated with more pronounced
efficacy and cP subunit inhibition in solid tumor and hemato-
logic xenograft models compared with bortezomib (Kupperman
et al., 2010). A clinical study of ixazomib in relapsed/refractory
(r/r) lymphoma patients demonstrated dose-dependent inhibi-
tion of proteasome activity (Assouline et al., 2014). Finally, a
clinical study with carfilzomib in MM patients indicated that
proteasome subunit occupancy correlated with antitumor effi-
cacy (Lee et al., 2016).
In this report, we describe for the first time the PK profile of

M3258 across different species as well as the establishment of
PK/PD/efficacy models for the prediction of the active dose
range for M3258 in human. As the iP is expressed in immune
cells (Boegel et al., 2018; Sijts and Kloetzel, 2011), and since
the intended indication for M3258 is MM, peripheral blood
mononuclear cells (PBMC) were selected for the assessment of
the inhibition of LMP7 activity by M3258. The selection of
PBMCs is further supported by a previous publication, which
used these cells for assessment of the PD effects of the pan-
proteasome inhibitor carfilzomib on LMP7 and other iP subu-
nits (Lee et al., 2016). Importantly, it was shown previously
that the inhibition of LMP7 activity by M3258 was reduced in
mouse cells compared with human, rat, dog, and monkey cells
(Sanderson et al., 2021). Therefore, other preclinical species
were investigated to allow the establishment of a PK/PD model
in PBMCs. This data and the associated modeling and simula-
tion efforts supported the design of a phase I dose-escalation
trial of M3258 in r/r MM patients (ClinicalTrials.gov identifier:
NCT04075721). Finally, the accuracy of the translational mod-
els described herein was examined by comparing the predicted
PK and PD to the observed human exposure and inhibition of
LMP7 activity following single or repeated oral application of
M3258 in r/r MM patients.

Materials and Methods
In Vitro ADME

Plasma Protein Binding. The in vitro protein binding of M3258
was investigated by equilibrium dialysis (3 hours) in human, dog,
monkey, rat, or mouse plasma and in a solution of 750 lM purified hu-
man serum albumin in 70 mM phosphate buffer, pH 7, at nominal
concentrations of 0.5, 5, and 50 lM for M3258 and 1 lM for the posi-
tive control ([14C]-testosterone). The human plasma was sampled on
April 23, 2018, at Nuvisan GmbH, Germany from 1 Caucasian female,
who signed an informed consent on March 8, 2018. Mouse, rat, and
dog plasma were supplied by Nuvisan GmbH, Germany, and the mon-
key plasma by Bioculture (Mauritius) Ltd. The concentrations of
M3258 and the positive control ([14C]-testosterone) were determined
by ultra-high performance liquid chromatography with tandem mass
spectrometric detection (UPLC-MS/MS) and liquid scintillation count-
ing (LSC), respectively. Details of the assay procedure are provided in
the Supplemental Information.

Blood to Plasma Ratio. The in vitro distribution of M3258 was
investigated in fresh human, dog, monkey, rat, or mouse whole blood
at concentrations of 0.5, 5, and 50 lM. Human, dog, rat, and mouse
whole blood was collected by Nuvisan GmbH, Germany. The Caucasian
male donor signed an informed consent the week prior to sampling.

Monkey blood was provided by BioIVT, West Sussex, UK. The blood to
plasma ratios were determined by UPLC-MS/MS quantification of
M3258 concentrations in plasma obtained from whole blood by centrifu-
gation following incubation for 30 minutes at 37�C as well as in control
plasma, which served as a volumetric surrogate for the spiked whole
blood. Details of the assay procedure are provided in the Supplemental
Information.

Metabolic Stability. The in vitro metabolic stability of M3258
was investigated in cryopreserved hepatocytes from mouse, rat, dog,
monkey, and human obtained from BioIVT, West Sussex, UK, at a
substrate concentration of 0.25 mM. Parent drug decline up to 5 hour
was quantified by UPLC-MS/MS (Supplemental Information). Un-
bound intrinsic clearance values (CLint) in all species were derived by
correcting for hepatocyte binding calculated from the logP value of
M3258 using the Kilford equation (Kilford et al., 2008).

Caco-2 Permeability. The apparent permeability (Papp) coeffi-
cient, recovery, and efflux ratio data for M3258 were assessed in as-
says with human Caco-2 cells (TC7 clone). Cell monolayers were
differentiated for a minimum of 14 day in culture prior to use. M3258
was applied at 1 mM on the donor side and analyzed by LC-MS/MS in
the donor and receiver wells after incubation for 2 hours. The perme-
ability was determined in the apical-to-basolateral (A > B) and baso-
lateral-to-apical (B > A) directions using Hanks’ Balanced Salt
solution at pH 7.4 in both compartments. A detailed description of the
assay procedure was described previously (Mallinger et al., 2016).

Animal Studies
All procedures in animals described in the following discussion

were performed in compliance with the Animal Welfare Act(s), the rec-
ommendations of the Association for Assessment and Accreditation of
Laboratory Animal Care and national Animal Health regulations. An-
imal protocols were reviewed by the Animal Welfare Body of the rele-
vant test facilities; either Merck Healthcare KGaA (Darmstadt,
Germany), Istituto di Ricerche Biomediche “Antoine Marxer”–RBM
S.p.A. (Ivrea, Italy), or Porsolt SA. (Le Genest-Saint-Isle, France) and
approved by local authorities.

In Vivo Pharmacokinetics
In Vivo PK In-Life Phase. Single application intravenous PK

studies with M3258 were performed in mouse (1 mg/kg, n 5 3), rat (1
mg/kg, n 5 3), dog (0.2 mg/kg, n 5 2) and monkey (0.3 mg/kg, n 5 3).
In each study, pre-application blood samples as well as multiple con-
secutive samples up to 24 hours postapplication were taken and used
for plasma isolation.

Bioanalytics. The concentrations of M3258 in plasma were quanti-
fied using UPLC-MS/MS, as described previously in the Supplemental
Information of Sanderson et al. (2021).

PK evaluation. Area under the curve (AUC), clearance (CL), vol-
ume of distribution at steady state (Vss), half-life (t1/2) and all
dose-normalized values were calculated using the software Phoe-
nix WinNonlin (Certara, L.P., Princeton, NJ, USA). AUC values
were calculated by noncompartmental analysis (NCA) using the
linear up/log down method.

Analysis of LMP7 activity. Cleavage of the fluorogenic peptidic
substrate (Ac-ANW)2R110 was used to assess LMP7 activity ex vivo
in isolated PBMCs, spleen and tumor tissue as described previously
(Sanderson et al., 2021).

Translational Studies in Preclinical Species
Single Oral Application Studies. All single application experi-

ments used M3258 suspended in 0.25% methylcellulose/0.25% Tween
20 in PBS.

A PK/PD study was performed in H2d Rag2 female mice (n 5 134)
bearing U266B1 xenografts, as described previously (Sanderson et al.,
2021).

164 Lignet et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/


Female Wistar rats (n 5 21) received a single oral administra-
tion of M3258 at 10 mg/kg. Rats were euthanized at 0.25, 0.5, 1,
2, 6, 24 and 48 hour after treatment (n 5 3 per time point).
M3258 concentrations were measured in plasma. Spleen samples
were isolated for assessment of LMP7 activity, as described in
the previous discussion.

Female Beagle dogs (n 5 2) received a single oral administration of
M3258 at 3 mg/kg. Consecutive blood samples were taken from the ce-
phalic vein, pre-application and after 0.25, 0.5, 1, 4, 5, 6, and 24 hours
and split into 2 aliquots for the assessment of the plasma concentra-
tions of M3258 and for PBMCs isolation (4, 6, and 24 hours) for analy-
sis of LMP7 activity.

Male Cynomolgus monkeys (n 5 3) received a single oral applica-
tion of M3258 at 3 mg/kg. Consecutive blood samples were taken from
the femoral vein, preapplication and after 0.25, 0.5, 1, 2, 4, 6, and
24 hours and split into 2 aliquots for determination of M3258 concen-
trations in isolated plasma and for PBMCs isolation (4, 6, and 24 hours)
for analysis of LMP7 activity.

Repeated Oral Application Studies. Wistar rats (6 animals
per sex and dose group) received repeated oral administrations of
M3258 (3, 10, or 30 mg/kg) suspended in 0.5% methylcellulose/0.25%
Tween 20 in PBS for 14 days. Consecutive blood samples were taken
before treatment and 0.25, 0.5, 1, 2, 4, 6, 24, and 48 hours after the fi-
nal treatment of the determination of plasma concentrations of
M3258. PBMC and spleen samples were collected from each animal in
each dose group, either at 6, 24, or 48 hours after treatment and ana-
lyzed for LMP7 activity.

Two repeated application studies were performed in dogs, as fol-
lows. In the first study, M3258 was applied orally daily for 14 consecu-
tive days at 3 or 10 mg/kg suspended in 0.5% methylcellulose/0.25%
Tween 20 in PBS to Beagle dogs (1 male and 1 female). In the second
study, M3258 was applied orally daily for 28 consecutive days at 0.75,
1.5, or 3 mg/kg, suspended as in the first study, to 3 male and 3 female
Beagle dogs. Blood samples were taken before treatment and 0.25,
0.5, 1, 2, 6, 10, and 24 hours after treatment on the first day for both
studies and on day 25 of the second study. Samples were separated
into 2 aliquots for assessment of M3258 concentrations in isolated
plasma and for PBMCs isolation (6 and 24 hours) for analysis of
LMP7 activity.

PK/Efficacy Studies in Mouse Xenograft Models. In vivo effi-
cacy studies were conducted using H2d Rag2 female mice xenografted
with human U266B1 MM cells, as described previously (Klein et al.,
2021; Sanderson et al., 2021). Tumor growth inhibition (TGI) by
M3258 was examined in a first study using the oral doses of 0.1, 0.3,
and 1 mg/kg daily (QD) and 1 mg/kg either QD, Q2D (once every
2 days), or twice weekly (BIW) in a second study. Both studies in-
cluded a group treated with vehicle. Animals were euthanized by an
overdose injection of chemical anesthetics Ketamine/Xylazine followed
by cervical dislocation.

Modeling and Simulation
All in vivo and ex vivo data (PK, PD, and tumor xenograft volumes)

were analyzed and modeled sequentially using the Phoenix platform
(Certara, L.P., Princeton, NJ, USA) containing WinNonlin 6.4 and
NLME 1.2. PK/PD simulations were performed using the same platform.

PK Modeling. The mouse M3258 PK data from single- and re-
peated-application studies were described by a 1-compartment PK
model, while the PK data from single- and repeated-application stud-
ies in rat, dog, and monkey were described by 2-compartment PK
models. For each species, the model parameters were estimated using
the naïve pooled engine implemented in Phoenix, based on a quasi-
Newton algorithm. The obtained PK parameters were used to simu-
late the M3258 plasma concentrations for the establishment of the PD
model.

PD Modeling. The percentage inhibition of LMP7 activity by
M3258 relative to control in human MM tumor xenografts in mice and
rat spleens and in PBMCs from dog and monkey were calculated and

used as ex vivo PD response readouts (noted as E in equations) for the
establishment of PK/PD models in each preclinical species. The tumor,
rat spleen and dog PBMC PD data were described using an Imax

model, as outlined in Eq. (1):

E5E0� Imax � C
C1 IC50

(1)

C is the total plasma concentration of M3258, E0 represents base-
line LMP7 activity, Imax indicates the maximum percentage decrease
of LMP7 activity, and IC50 refers to the M3258 plasma concentration
resulting in half-maximal inhibition of LMP7.

Efficacy Modeling. A TGI model adapted from a previous re-
port (Jumbe et al., 2010) was fitted to the tumor volume data
from the U266B1 xenograft studies using repeated application of
M3258. This tumor cell kill model describes different states of dy-
ing tumor cells, represented by a series of compartments. Equa-
tions 10 to 13 (Jumbe et al., 2010) were used in this model. The
addition of a term of decrease over time k to the inhibitory effect
of the drug S(C) is outlined below in Eq. (2), as described previ-
ously (Claret et al., 2009).

S Cð Þ5 Kmax: C
KC50 1C

� e�l:t (2)

Interindividual variability for the parameters describing the
initial tumor size (TV0) and the tumor growth rate (Kg) were in-
cluded in the model to account for the differences observed be-
tween the 2 experimental data sets. All other parameters relative
to the antitumor effect of M3258 were set constant across
individuals.

Human PK and Dose Prediction. The prediction of the human
CL of M3258 was performed using the following approaches:

� Allometric scaling of in vivo i.v. M3258 PK in mouse, rat, dog,
and monkey corrected by fraction unbound in plasma (fu), blood
to plasma ratios and unbound intrinsic clearance (NASfu), in
keeping with a previously described method (Lave et al., 1999).

� Simple allometric scaling normalized by protein binding (SAfu)
as described previously (Ring et al., 2011).

� The Tang-Mayersohn equation, based on allometric scaling and
the ratio between human and rat fu (Tang and Mayersohn,
2005).

� Allometry by rule of exponents as described previously (Mah-
mood and Balian, 1996), using in vivo M3258 intravenous data
from mouse, rat, dog, and monkey and corrected for maximum
life span (SAfu/MLP).

� In vitro–in vivo extrapolation (IVIVE) using intrinsic clearances
(CLint) values based on human hepatocyte data (Poulin et al.,
2012).

The prediction of the human Vss for M3258 was performed using
the following approaches:

� Simple allometry from intravenous M3258 PK studies in mouse,
rat, dog, and monkey, corrected by fraction unbound in plasma
(Jones et al., 2011).

� The Øie–Tozer method, using physiologic constants described
previously (Obach et al., 1997).

� Human–dog proportionality as defined by Eq. (3):

Vhu5Vdog � fu,hu
�
fu,dog

(3)

Additionally, the CL, Vss, fraction absorbed (fa) and rate of absorption
were derived from physiologically based pharmacokinetic simulations
using GastroPlus with the following input parameters: physicochemi-
cal parameters, solubility, permeability, fraction unbound, and blood-
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to-plasma ratios. The oral bioavailability of M3258 was estimated us-
ing the following equation:

F5 1� CL=Qhð Þ x fa: (4)

The human oral PK profiles for M3258 were simulated using a
1-compartment PK model and PK parameters were calculated by
NCA as described in the previous discussion. The M3258 daily dose
yielding an average free exposure similar to the mouse efficacious ex-
posure was computed using Eq. (4):

Dose5
AUC� CL� t

F
(5)

The dosing interval s was set to 24 hours for the computation of
daily doses.

The human biologically efficacious dose range was estimated con-
sidering a 2-fold uncertainty for the clearance prediction and account-
ing for the know uncertainty of the clearance prediction methods.

The inhibition of LMP7 activity by M3258 in human PBMCs was
simulated using the dog PK/PD model, with the PK portion replaced
by the predicted human PK parameters.

Phase I Dose Escalation Study
This study (ClinicalTrials.gov identifier: NCT04075721) was de-

signed to determine the safety, tolerability, pharmacokinetics, phar-
macodynamics, and early efficacy signs of M3258 as single agent in
patients with r/r MM.

This study was conducted in accordance with the protocol and con-
sensus ethical principles derived from international guidelines includ-
ing the Declaration of Helsinki, CIOMS International Ethical
Guidelines, applicable ICH GCP Guidelines, applicable laws and regu-
lations. The trial was reviewed and approved by an Institutional Re-
view Board (IRB; for United States) and Comit�es de Protection des
Personnes (CPP; Ethics Committee for France) before the study was
initiated. All amendments to the protocol were approved by IRB/CPP
before implementation of changes to the study design.

Participants signed the informed consent that met the require-
ments of 21 CFR 50, local regulations, ICH guidelines, HIPAA re-
quirements, where applicable, and the IRB/CPP or study center before
enrollment in the clinical study.

Blood was sampled before administration, and at 1, 2, 3, 4, 5, 6, 8,
and 24 hours after the first dose, on day 1 of cycle 1 (C1D1), and before
application and at 1, 2, 3, 4, 5, and 6 hours after administration on
day 15 of cycle 1 (C1D15).

Within 30 minutes of collection, blood samples were centrifugated at
4�C and 1500 g for 10 minutes to generate plasma. Plasma (100 mL)
was then added to 100 mL of 22% formic acid before being frozen
at �80�C. The PK bioanalysis was performed as described previously
(Sanderson et al., 2021).

PBMC Isolation and LMP7 Activity Assay. For PD evalua-
tions, PBMCs were collected before administration of M3258 and
at 2, 6, and 24 hours after the first dose on C1D1, as well as be-
fore administration and 2 and 6 hours after administration on
C1D15.

Human whole blood samples from patients were collected in
Na-citrate CPT (BD, Franklin Lakes, NJ, USA) and PBMCs iso-
lated according to manufacturer’s instructions with the modifica-
tion of a red blood cell lysis step (Miltenyi Biotec, Bergisch
Gladbach, Germany) performed before the cell washing step. Cells
(n 5 100,000), resuspended in 100 mL of Dulbecco’s PBS (Gibco,
Grand Island, NY, USA), were seeded per well and 50 mL of
Proteasome-Glo cell-based buffer (Promega, Madison, WI, USA)
supplemented with (Ac-ANW)2R110 substrate (AAT Bioquest, Sunny-
vale, CA, USA) at a final concentration of 10 mM added to each well.
Plates were shortly shaken, incubated for 30 minutes at 37�C and
then centrifuged at 300 g for 3 minutes. Fluorescence at excitation
485 nm and emission 535 nm was measured, and percent residual
activity from baseline was plotted for each patient sample.

PK samples were available from 1 patient from cohort 1, treated
with 10 mg QD of M3258, and 3 patients from Cohort 2, treated with
10 mg BIW of M3258, while PD data were available from 1 patient
from cohort 1 and 2 patients from cohort 2.

Results
In Vitro ADME and In Vivo PK and PD Profiles

M3258 is characterized by a favorable and consistent ADME
profile across different preclinical species, exemplified by high
metabolic stability, low in vivo CL (0.2–0.4 L/h/kg, i.e., 3%–13%
of the liver blood flow), low to moderate volumes of distribution
(0.4–1 L/kg) and reasonable unbound fractions in whole plasma
(fu 5 2.5%–14% free drug) and blood-to-plasma ratios (0.7–1)
(Table 1). Human serum albumin was identified as main bind-
ing component in human plasma with a fu value of 1.83%, close
to that determined in human whole plasma. Meanwhile, no de-
pendency at the therapeutic relevant concentration level of
M3258 was detected. Furthermore, the predicted in vivo CL val-
ues extrapolated from in vitro intrinsic CL data were within a
2-fold range of the observed in vivo CL values (Fig. 1A), suggest-
ing that in vitro human CL data could be used for accurate
modeling of the human PK properties of M3258. M3258 was
cleared primarily in the liver via CYP450-mediated metabolism
and excreted to a low extent (<5%) in urine and feces, thus sup-
porting the reasonable IVIVE based on in vitro hepatocyte data.
The oral bioavailability and rapid absorption of M3258 in

preclinical species was determined to range between approxi-
mately 30% (dog) and 100% (mouse), which is in line with the
low CL, moderate to high passive permeability in Caco-2 cells
(10.7 × 10�6 cm/min) and high solubility (1.97 mg/mL in wa-
ter, pH 7.4).
A significant inhibition of LMP7 activity by M3258 was

measured in human xenograft tissue, PBMCs from dogs and
monkey and in spleen tissue from rat. The PBMCs samples
from rat were not able to be analyzed, due to technical issues
during sample shipment and handling.

TABLE 1
M3258 in vitro and in vivo parameters used for the allometric scaling of clearance.

Species
Plasma protein

binding fu ± SD (%) Vss (L/kg) Plasma CL (L/h/kg)
Blood-to-plasma
ratio (CB/CP)

Hepatocyte CLint (free)
(mL/min/106 cells)

Mouse 4.00 ± 0.09 0.47 0.19 0.68 4.0
Rat 4.51 ± 0.29 0.45 0.37 0.89 3.8
Monkey 13.5 ± 0.5 0.95 0.34 1.09 1.1
Dog 2.52 ± 0.21 0.38 0.031 0.76 0.68
Human 2.69 ± 0.07 0.28a 0.033a 0.70 <0.6

aPredicted.
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Preclinical PK/PD/Efficacy Modeling

PK Modeling. Plasma concentration-time courses of
M3258 after oral administration in mouse were adequately de-
scribed by a 1-compartment model. The model established
from the single M3258 application data were validated by
comparing simulations with the observations after repeated
applications (Supplementary Fig. 1). The M3258 PK parame-
ter estimates are shown in Table 2.
Plasma concentration-time courses of M3258 after oral

administration in rat, dog, and monkey were adequately

described by 2-compartment models. The PK parameters
estimated for each species are shown in Table 2.
PK/Efficacy Modeling. The TGI model adequately cap-

tured the individual tumor growth curves observed following
repeated M3258 administration in 2 separate efficacy studies
using the human MM U266B1 xenograft model (Fig. 2;
Supplementary Fig. 2). A time-dependent attenuation term, as
described previously (Claret et al., 2009), was required to cap-
ture the apparent tumor regrowth during treatment and per-
mit a good fit of the model to the data. The KC50 value of
M3258 was estimated to be 370 ng/mL (44.9 nM free drug).
The interindividual variability values for initial tumor volume
and tumor growth rate were estimated at 26% and 33%, re-
spectively (Table 3). Plots of the model fitting per group and
diagnostic plots are shown in Supplementary Figs. 3 to 5.
PD Modeling. For each data set from human MM xeno-

graft tumors in mice, rat spleens, and dog and monkey
PBMCs, various mathematical models describing the relation-
ship between plasma exposure and LMP7 inhibition were in-
vestigated [Emax, sigmoidal Emax, and indirect response
models (Meibohm and Derendorf, 1997)]. It was found that
the percentage of inhibition of LMP7 activity between treated
and nontreated animals measured in human U266B1 xeno-
grafts in mice, rat spleen, and dog PBMCs could be ade-
quately described by inhibitory Imax models (Figs. 3 and 4;
Supplementary Fig. 6). In contrast, although a strong and
prolonged inhibition of PD was observed in monkey
PBMCs ex vivo, no mathematical model could adequately
describe the relationship between PK and PD, due to the
sparsity of the data (only 1 dose tested and 3 time points
for the PD). Plots of the model fitting per group and diag-
nostic plots can be found in Supplementary Figs. 7 to 9.
The values of the estimated parameters for each species
are presented in Table 4. In dogs, the M3258 IC50 for
LMP7 inhibition was estimated at 120 ng/mL total drug
(9.1 nM free drug) with a maximal LMP7 inhibition of 81%.
The estimated IC50 values were also expressed as free drug
concentrations and were comparable to previously reported
in vitro cellular LMP7 inhibition (IC50) values for M3258
[Table 5 (Sanderson et al., 2021)]. The IVIV correlation for
human tumor cells (U266B1) and rat PBMCs was within
2-fold. A more pronounced, yet still acceptable, 4-fold dif-
ference was observed between the IC50 values derived from
in vivo and in vitro analyses with dog PBMC.
The maximal inhibition estimates across species were in the

range of 50% to 80% (Table 4) and were in line with the
in vitro maximal inhibition values previously reported for
M3258 in cells from the corresponding species (Sanderson
et al., 2021).
The PK/PD model developed from the U266B1 human

tumor xenograft data were used to simulate the in vivo
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Fig. 1. Scaling approaches for the prediction of M3258 human CL
and Vss. (A) In vitro to in vivo correlation of M3258 total blood clear-
ance from preclinical species. (B) Prediction of M3258 human total
blood CL based on SAfu/MLP (4-species allometry corrected by maxi-
mum life span and fraction unbound). The correlation coefficient of
the linear regression (R2) was 0.987. (C) Prediction of M3258
human Vss based on SAfu (4 species allometry corrected by fraction
unbound). The correlation coefficient of the linear regression (R2)
was 0.987.

TABLE 2
Estimates (with CV%) of the 1- and 2-compartment M3258 PK models
in mouse, rat, dog, and monkey.

Parameter Mouse Rat Dog Monkey

Ka (1/h) 2 (0) 1.3 (40) 2.6 (18) 11.6 (64)
CL/F (mL/h/kg) 146 (12) 1519 (14) 126 (10) 933 (6)
V/F (mL/kg) 849 (8) 414 (162) 552 (11) 2079 (9)
CL2/F (mL/h/kg) — 3367 (39) 117 (7) 110 (48)
V2/F (mL/kg) — 12808 (19) 672 (19) 1316 (59)
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inhibition of LMP7 activity at different M3258 doses
(Fig. 5). These simulations showed that a PDmax of 50%
residual LMP7 activity, maintained for 6 hours, was asso-
ciated with the 1 mg/kg QD dose of M3258, which deliv-
ered complete regression of human U266B1 xenograft
tumors in mice. Simulations of the 10 mg/kg QD dose of
M3258 showed more prolonged LMP7 inhibition.
To select the most appropriate preclinical species for trans-

lational modeling, an overlay of the PD response curves was
generated from ex vivo tissue data in different preclinical spe-
cies and compared with the response curve observed in the hu-
man tumor model U266B1 in mouse (Fig. 6).

Human PK, PD, and Dose Prediction

Several allometric approaches as well as in vitro scaling
were used to predict the human PK characteristics of M3258
(Supplementary Tables 1 and 2). The IVIVE of in vitro CLint

values based on hepatocyte data from all tested preclinical
species is shown in Fig. 1A. Allometric scaling of in vivo
M3258 CL and Vss data obtained from mouse, rat, dog, and
monkey PK studies showed a reasonable extrapolation of both
parameters to human (Fig. 1B and 1C). The mean values of
all scaling methods were used for the calculation of the human
M3258 CL and Vss values at 0.033 ± 0.016 L/h/kg and 0.28 ±
0.10 L/kg, respectively (Tables 1; Supplementary Tables 1 and
2). Applying physiologically based pharmacokinetic modeling
using Gastroplus, the human oral bioavailability and absorp-
tion rate of M3258 were estimated to be 80% and 0.29 hour�1,
respectively. These values were subsequently used to predict
the human M3258 exposure profile.

The efficacious daily exposure for M3258 was estimated
from the human U266B1 xenograft model data, as well as hu-
man MM.1S xenograft data described previously (Klein et al.,
2021; Sanderson et al., 2021). The efficacious AUC range across
xenograft models was calculated to be 6.8 to 18.3 mg*h/mL.
Oral daily M3258 doses of 17 to 45 mg were predicted to
achieve this M3258 exposure range in human, considering an
average body weight of 60 kg. To account for potential uncer-
tainties in the human clearance prediction based on in vitro
and in vivo preclinical data (Yamagata et al., 2017), a 2-fold fac-
tor was included in the human dose prediction, leading to a pre-
dicted human M3258 biologically effective dose range of 10 to
90 mg per day.
The M3258 exposure was measured at C1D1 and C1D15 in

1 patient treated with 10 mg QD and in 3 patients treated
with 10 mg BIW and was compared with the exposure pre-
dicted from the human PK parameters obtained using the al-
lometric and in vitro scaling approaches (Fig. 7). An overlay of
observed and predicted human exposure for both the once
daily and the BIW regimens at C1D1 and C1D15 is presented
in Fig. 7. Similarly, an overlay of observed and predicted
LMP7 activity in patients treated with 10 mg of M3258 either
once daily or BIW is presented in Fig. 8. The measured expo-
sure was predicted accurately while the PD effect was under-
predicted based on the available data.

Discussion
The prognosis for MM patients has significantly improved

as a result of the emergence pan-PIs (Schlafer et al., 2017).
However, this nonselective class of agents is associated with a
relatively narrow therapeutic index and the development of re-
sistance is inevitable (Wallington-Beddoe et al., 2018). As
such, novel agents with selectivity for the iP, such as M3258,
are of interest for application in MM patients and potentially
other diseases (Ettari et al., 2018). In this report, we present
the fit-for-purpose descriptive PK/PD and PK/efficacy models
that were established to support the design of the recently ini-
tiated phase I study of M3258 in MM patients.
Considering the inherent differences between the bone mar-

row tumor environment of human MM and subcutaneous
mouse xenograft tumor models (Rossi et al., 2018), translation
of tumor growth characteristics from the mouse model to hu-
man MM was not attempted. Instead, efficacy predictions
were performed based on M3258 plasma exposure data, with
the assumption that the drug distribution from blood to the
target site is similar between MM xenograft models and pa-
tients. The use of the overall exposure (or AUC) as a target
metric for the prediction of the human efficacious dose was
supported by the good correlation between observed tumor
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Fig. 2. Simulated and observed tumor volumes. Observed and model-
fitted tumor volumes in U266B1 xenograft tumor-bearing mice treated
with or without M3258 (p.o.). Lines represent model fitted tumor vol-
umes and points indicate observed tumor volume data. Black line and
black squares: control group; green line and green diamonds: M3258
0.1 mg/kg QD; blue line and blue triangles: M3258 0.3 mg/kg QD;
orange lines and orange circles: M3258 1 mg/kg QD.

TABLE 3
Estimates with coefficient of variation [CV (%)] and interindividual variability of the parameters of the model describing M3258 anti-tumor effi-
cacy in mice bearing U266B1 xenografts.

Parameter Description Estimate CV (%) i.i.v (%)

Kmax Maximal tumor kill rate 10 0 —
KC50 (ng/mL) Concentration leading to 50% of Kmax 370 12 —
Lambda (1/h) Decrease of drug effect over time 0.01 8 —
Kg (1/h) Tumor growth rate 0.03 6 33
Kkill (1/h) Tumor kill rate 0.07 6 —
TV0 (mm3) Initial tumor volume 171 5 26
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regression in xenograft models and AUC (Supplementary
Fig. 10). The variability of M3258 sensitivity observed across
different MM xenograft models (Sanderson et al., 2021) was
integrated in the human dose prediction by considering the ex-
posure at the efficacious doses in different xenograft models.
This led to the estimation of a daily efficacious AUC range of
6.8 to 18.3 mg*h/mL in mice, which was predicted to
be achieved at a human daily oral M3258 dose range of 10 to
90 mg.
Another objective of our study was to develop an accessible

and translatable PD biomarker to monitor the inhibition of
LMP7 activity by M3258 in blood in the first in-human study.
Previous work showed that M3258 displayed significantly re-
duced in vitro inhibition of LMP7 in mouse cells, compared
with its activity in human, rat, dog, and monkey cells

(Sanderson et al., 2021). As described previously (Huber et al.,
2016; Sanderson et al., 2021) the comparable inhibitory activ-
ity of M3258 against human, rat, dog, and monkey LMP7 is
likely explained by the highly conserved active site sequence
of these orthologs. Meanwhile the presence of a bulky methio-
nine-31 in the mouse LMP7 active site (valine in human, rat,
dog, and monkey LMP7) results in reduced activity of selective
LMP7 inhibitors in mouse cells. Therefore, in vivo PK/PD
studies in rat, dog, and monkey were performed to explore the
dynamic PK/PD relationship and to enable bridging of in vivo
PK, PD, and efficacy data.
The overlay of PK and PD measurements in different

species (Fig. 6) showed that both dog and monkey
plasma PK correlated well with the exposure observed in
mouse. Meanwhile, the PD in dog PBMCs most closely
matched the PD in the U266B1 tumor model. In addi-
tion, the dog PK parameters derived by NCA, CL, and
Vss, were close to the corresponding predicted human pa-
rameters. Moreover, estimates of the PK/PD model de-
rived from the dog data showed the lowest CV% on
average. Taken together, these data supported the selec-
tion of the dog PK/PD model as the most relevant trans-
latable PK/PD model of LMP7 inhibition for human
simulations.
The variable maximal inhibition of LMP7 activity observed

in different tissues (tumor, spleen, PBMCs) could potentially
reflect the degree of M3258 penetration. Another explanation
could be the differential expression of the iP and cP in these
tissues. The substrate (Ac-ANW) 2R110 that was used in this
report for assessment of LMP7 activity has been described to
also undergo residual cleavage in cells by other proteasomal
subunits (Sanderson et al., 2021). In keeping with this, the
comparatively pronounced maximal inhibition values for
M3258 in PBMCs may be explained by their dominant iP ex-
pression (Boegel et al., 2018).
The translational models of PK and PD and efficacy of

M3258 from data collected in different preclinical species may
not totally reflect what will be observed in patients, as clinical
heterogeneity cannot be reproduced with preclinical models.
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Fig. 3. Simulated and observed mouse M3258 PD profiles. Observed
(points) and simulated (lines) LMP7 activity at the indicated time
points in xenografted human U226B1 tumor cells in mice treated once
orally with M3258 at 0.3 mg/kg (black line and circles), 1 mg/kg (or-
ange line and triangles), 3 mg/kg (blue line and rectangles), 10 mg/kg
(green line and plus symbols) or 30 mg/kg (yellow line and open
squares). Data are expressed as mean ± S.D.
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Fig. 4. Simulated and observed dog M3258 PD profiles. Observed
(points) and simulated (lines) LMP7 activity at the indicated time points
in PBMCs from dogs treated once orally with M3258 at 0.75 mg/kg
(blue), 1.5 mg/kg (black) or 3 mg/kg (orange). Data are expressed as
mean ± S.D.

TABLE 4
Estimates (and CV%) of the parameters of the PK/PD models describ-
ing LMP7 inhibition by M3258 in human U266B1 multiple myeloma
xenograft tumors in mice, rat spleen, and dog PBMCs.

Parameter MM xenograft Rat spleen Dog PBMCs

E0 (% of control) 109 (3) 103 (4) 100 (0.5)
Imax (% of control) 64 (5) 49 (10) 81 (5)
IC50 (ng/mL) 11 (26) 93 (38) 120 (25)

TABLE 5
LMP7 activity inhibition (IC50) measured in vitroa in U266B1 cells and
PBMCs from rat, dog, and monkey and LMP7 activity inhibition (IC50)
corrected for plasma protein binding obtained from PK/PD modeling of
in vivo data in U266B1 cells xenografted to mouse, rat spleen tissue,
and dog PBMCs, with uncertainty expressed as CV% in brackets.

Species In vitro IC50 (nM) In vivo IC50 (nM)

Human U266B1 cells 2 1.4 (25.8)
Rat 9.3 7.1 (37.7)
Dog 34.5 9.1 (25)
Monkey 10 ND

ND, not determined.
aSanderson et al. (2021).

Translational PK/PD Modeling of M3258 169

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.122.001355/-/DC1
http://jpet.aspetjournals.org/


However, it provided significant support for the early
clinical development to guide the design of the first in-hu-
man study. The comparison of the human exposure at the
predicted efficacious dose to the exposure in animals from
pivotal toxicology studies allowed the estimation of a safe
and efficacious starting dose for the first in human clinical
study.
The good in vivo CL prediction based on hepatocyte data

from preclinical species (within 2.5-fold) suggested that the
M3258 human CL could be reasonably predicted from human
in vitro data. This is further supported by the fact that M3258
predominantly undergoes hepatic clearance via CYP450 en-
zymes. For both clearance and volume of distribution, all scal-
ing methods led to highly consistent values, which supported
the use of the mean across all methods for calculation of the
human PK parameters.
The accuracy of the predicted human M3258 PK was veri-

fied by comparing the predicted exposure with the exposure
observed in patients treated either daily or BIW with 10 mg of
M3258. While the sparsity of the available data prevented a
precise estimation of the clearance and volume of distribution
of M3258 in human, graphical comparisons suggested that the
human PK was closely predicted by the selected allometry and
scaling methods. The closer overlay of predicted and observed
exposure after repeated M3258 application, compared with
single application, may reflect the longer than expected half-
life of M3258 in human. While the observed exposure at C1D1
is lower than that simulated using the predicted human PK
parameters, some accumulation might lead to an exposure af-
ter repeated application, which is closer to that derived from
simulations. Overall, when considering the uncertainties of
human PK predictions for small molecules (Jones et al., 2011;
Lombardo et al., 2013a; Lombardo et al., 2013b; Ring et al.,
2011), the similarity between the observed and predicted
M3258 was considered promising.
While the exposure of M3258 was reasonably predicted,

LMP7 activity in human was inhibited to a more pronounced
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Fig. 5. Simulated PD profiles after repeated M3258 application in the
U226B1 xenograft model. Simulated LMP7 activity in U266B1 xeno-
graft tumors in mice treated orally with vehicle or M3258 at 0.1 mg/kg
QD (orange), 1 mg/kg QD (blue) or 10 mg/kg QD (black).
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Fig. 6. Overlay of free M3258 plasma exposure (blue lines) and PD
profiles (red lines) in the following models. (A) Xenografted human
U266B1 tumor cells in mice treated with 10 mg/kg and in spleen tis-
sue from rats treated with 10 mg/kg. (B) Xenografted human
U266B1 tumor cells in mice treated with 10 mg/kg and in PBMCs
from dogs treated with 1.5 mg/kg. (C) Xenografted U266B1 tumor
cells in mice treated with 3 mg/kg and in PBMCs from monkeys
treated with 1 mg/kg.
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and longer extent than anticipated from the preclinical
model. Several aspects could explain the lack of accuracy of
the PD prediction. At the time of the modeling, the avail-
able data supported selection of dog as the most relevant
species for the establishment of a PK/PD model. The data
set in monkey was limited, however somewhat mirrored
the prolonged LMP7 inhibition pattern observed in human.
As such, more expansive assessments (e.g., various dose
levels and repeated dosing) in monkey could be performed
in future studies to comprehensively assess the relevance
of this species as a basis for establishment of translational
PK/PD models for M3258.
Furthermore, biologic variability may lead to an inaccu-

rate estimation of model parameters when investigating
PK/PD relationships, especially when the available data
are sparse (i.e., few time points and close doses). The
availability of data from more time points and M3258
doses would have increased the confidence in the model
estimates by enabling the use of a population approach
for modeling, permitting an estimation of interindividual

variability. Additionally, quantification of the inter-individual
variability would have allowed inclusion of the anticipated vari-
ability in the human predictions. Finally, the longer than pre-
dicted half-life of M3258 in human could also lead to an
underestimation of the duration of target engagement.
In conclusion, this work illustrates how preclinical data

from different sources and different species were used to pre-
dict the human efficacious dose range of M3258. Preclinical
ADME data and PK/PD modeling across different preclinical
species suggested suitable properties of M3258 for application
in humans. The relationship between M3258 plasma exposure
and LMP7 inhibition, as well as the relationship between
plasma exposure and TGI were quantitatively described by
modeling. Model simulations supported the translation of
M3258 from preclinical to clinical development and the design
of the phase Ia dose escalation study. The human PK was rea-
sonably predicted from the in vitro and in vivo preclinical
data, while the extent and duration of LMP7 inhibition were
underpredicted.
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Fig. 7. Overlay of the simulated total plasma concentrations of M3258 in human as predicted using the human PK parameters obtained by scal-
ing from preclinical parameters, and the total plasma concentrations measured in multiple myeloma patients treated with (A) 10 mg daily (cohort
1) or (B) 10 mg BIW (cohort 2). Solid black and dashed red lines: predicted exposure versus time after dose at C1D1 and C1D15, respectively;
black and red points: observed exposure versus time after dose at C1D1 and C1D15, respectively.
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Fig. 8. Overlay of the simulated LMP7 activity in human PBMCs compared with baseline as predicted using the PK/PD model developed from
preclinical data, and inhibition of LMP7 activity measured in multiple myeloma patients treated with (A) 10 mg daily (cohort 1) or (B) 10 mg
BIW (cohort 2), expressed as percentage of the predose level. Solid black and dashed red lines: Predicted inhibition of LMP7 activity versus time
after dose at C1D1 and C1D15 respectively; black and red points: observed inhibition of LMP7 activity versus time after dose at C1D1 and
C1D15, respectively.
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