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Abstract

Background Carfilzomib is an irreversible second-generation proteasome inhibitor that has a short elimination half-life but
much longer pharmacodynamic (PD) effect based on its irreversible mechanism of action, making it amenable to longer
dosing intervals. A mechanistic pharmacokinetic/pharmacodynamic (PK/PD) model was built using a bottom-up approach,
based on the mechanism of action of carfilzomib and the biology of the proteasome, to provide further evidence of the com-
parability of once-weekly and twice-weekly dosing.

Methods The model was qualified using clinical data from the phase IIl ENDEAVOR study, where the safety and efficacy
of bortezomib (a reversible proteasome inhibitor) and carfilzomib were compared. Simulations were performed to compare
the average proteasome inhibition across five cycles of treatment for the 20/70 mg/m? once-weekly (70 QW) and 20/56 mg/
m? twice-weekly (56 BIW) regimens.

Results Results indicated that while 70 QW had a higher maximum concentration (C,,,,) and lower steady-state area under
the concentration-time curve (AUC) than 56 BIW, the average proteasome inhibition after five cycles of treatment between the
regimens was comparable. Presumably, the higher C,,, of carfilzomib from 70 QW compensates for the lower overall AUC
compared with 56 BIW, and hence 70 QW is expected to have comparable proteasome inhibition, and therefore comparable
efficacy, to 56 BIW. The comparable model-predicted proteasome inhibition between 70 QW and 56 BIW also translated to
comparable clinical response, in terms of overall response rate and progression-free survival.

Conclusion This work provides a framework for which mechanistic PK/PD modeling can be used to guide optimization of
dosing intervals for therapeutics with significantly longer PD effects than PK, and help further justify patient-convenient,

longer dosing intervals.

1 Introduction

Multiple myeloma is the second most common hematologic
malignancy and is characterized by the clonal expansion of
plasma cells in the bone marrow. These malignant plasma
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Carfilzomib is a second-generation, irreversible protea-
some inhibitor approved to be administered once- or
twice-weekly for the treatment of relapsed or refractory
multiple myeloma (RRMM).

Based on the nuances of the mechanism of action of
carfilzomib, together with the target enzyme biology and
proteasome turnover, a bottom-up mechanistic pharma-
cokinetic/pharmacodynamic (PK/PD) model was built
to predict proteasome inhibition, resultant M-protein
decrease, and patient response following once- or twice-
weekly administration of carfilzomib in RRMM patients.

The model predicted comparable proteasome inhibition
between the once- and twice-weekly regimens, which
were also consistent with the observed comparable rates
of M-protein decline and clinical response.

This work provides a framework for the use of mechanis-
tic PK/PD modeling to help guide optimization of longer
dosing intervals for therapeutics with significantly longer
PD effects than PK.

Carfilzomib, a tetrapeptide epoxyketone, is a second-gen-
eration proteasome inhibitor indicated in the US for the treat-
ment of adult patients with relapsed or refractory multiple
myeloma as a single agent in those who have received one or
more prior lines of therapy, or in combination with lenalido-
mide (KRd), dexamethasone alone (Kd), or daratumumab
and dexamethasone (DKd) in those who have received one to
three lines of therapy [4]. Carfilzomib is administered intra-
venously, and the recommended dosage and infusion length
varies based on the dose of the prescribed combination. In
the first week of treatment initiation, 20 mg/m2 intravenous
carfilzomib is administered on day 1 of the first 28-day treat-
ment cycle for once-weekly (QW) regimens, with an addi-
tional 20 mg/m? intravenous dose on day 2 for twice-weekly
(BIW) dosing regimens. Following the first week, 70 mg/m?
intravenous carfilzomib may be administered on days 8 and
15 for QW regimens (30-min infusion), while 27 (10-min
infusion) or 56 (30-min infusion) mg/m? intravenous carfil-
zomib may be administered on days 8, 9, 15, and 16 for BIW
regimens. From the second treatment cycle onwards, carfil-
zomib may be administered at the planned target dose for all
dosing days (i.e., 70 mg/m? intravenous carfilzomib on days
1, 8 and 15 for QW regimens; 27 or 56 mg/m2 intravenous
carfilzomib on days 1, 2, 8, 9, 15 and 16 for BIW regimens).

Carfilzomib is highly selective and binds irreversibly and
preferentially to the chymotrypsin-like (CT-L) activity of
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the 20S proteasome, relative to the trypsin-like (T-L) and
caspase-like (C-L) proteasome activities. The 20S pro-
teasome exists in two forms: the constitutive proteasome,
expressed ubiquitously throughout the body, and the immu-
noproteasome, expressed primarily in hematopoietic cells or
in cytokine-exposed nonhematopoietic cells [5—7]. The three
different catalytic activities of the constitutive proteasome
are encoded by the 5, f2, and p1 subunits based on their
substrate specificity for the CT-L, T-L, and C-L activities,
respectively. In the immunoproteasome, low-molecular mass
polypeptide 2 and 7 and multicatalytic endopeptidase com-
plex-like 1 replace p1, 5, and P2, respectively. It has been
shown that multiple myeloma cells express both constitutive
and immunoproteasomes [8, 9]. The epoxyketone pharmaco-
phore of carfilzomib forms an irreversible, covalent adduct
with the N-terminal threonine residue of the CT-L active site
of the 20S proteasome, while sparing nonproteosomal sites.
As a result, proteasome substrates accumulate, ultimately
stimulating arrest and apoptosis of tumor cells.

The mechanism of action of carfilzomib allows for deeper
and durable proteasome inhibition, based on its ability to
covalently bind and irreversibly inhibit the proteasome,
as proteasome activity can only be recovered by target re-
synthesis. For these reasons, carfilzomib is amenable to
longer dosing intervals, despite its short plasma elimination
pharmacokinetic (PK) half-life (< 1 h), which is a result
of its atypical metabolism, namely via epoxide hydrolases
and peptidases [10]. Due to the rapid clearance of carfil-
zomib and its short elimination half-life, it is challenging
to accurately capture the true concentration-time data for
characterization of exposure-response relationships, espe-
cially in phase III studies, which are designed primarily for
safety and efficacy, and often only with a smaller subset of
patients available for PK characterization. These properties
also make it difficult to make long-term inferences to guide
dosing interval selection solely based on exposure—response
relationships, as no drug accumulation is observed with con-
tinuous carfilzomib treatment due to the short elimination
half-life. Therefore, it is expected that the understanding of
the mechanism of action of carfilzomib would be a defining
driver for the selection of optimal dosing intervals.

In the phase III ARROW trial, once-weekly carfilzomib
in combination with dexamethasone (Kd) at 70 mg/mg?* was
compared against twice-weekly Kd at 27 mg/m? in subjects
with relapsed and refractory multiple myeloma [11]. While
regulatory approval was being sought for the Kd 70 mg/m?
once-weekly regimen, the control arm used Kd 27 mg/m?
twice-weekly, as it was the only approved carfilzomib dose
at the time of the design of the study. However, with the
eventual approval of Kd 56 mg/mg? twice-weekly, cross-
study clinical evaluations were needed to demonstrate com-
parability between the Kd 70 mg/mg? once-weekly and Kd
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56 mg/m? twice-weekly regimens. To provide further evi-
dence of the comparability of once- and twice-weekly dos-
ing, a mechanistic PK/pharmacodynamic (PK/PD) model
was built.

In this work, we showcase the model, which was built
using a bottom-up approach based on the mechanism of
action of carfilzomib and biology of the target, the proteas-
ome. We use the model to describe the available clinical pro-
teasome inhibition data for approved carfilzomib regimens.
We then explore the impact of dosing interval on steady-
state proteasome inhibition and correlate it with observed
clinical response data (overall response rate [ORR]; pro-
gression-free survival [PFS]) to ascertain the feasibility of
longer dosing intervals.

2 Methods
2.1 Model Building

In contrast to traditional exposure—response modeling,
wherein the available data are used to determine both the
model structure and the estimates of model parameters, this
work employs the use of available information on the mecha-
nism of action and published information in the literature to
arrive at reasonable estimates of the model parameters of
the molecular interactions to build the model. The resulting
model was then qualified using clinical data from the phase
III study, ENDEAVOR, in which the safety and efficacy of
carfilzomib and bortezomib (a reversible proteasome inhibi-
tor) were evaluated [12, 13].

2.2 Population Pharmacokinetic Model

A population PK model was developed using nonlinear
mixed-effects modeling of pooled plasma PK data from
previous carfilzomib clinical studies in which PK samples
were collected using intense or sparse sampling strategies.
A previously published population PK model served as the
base model for this exercise [14]. The base model was then
updated with available clinical PK data from the phase III
ARROW [11] and CANDOR [15] studies, as well as the
phase Ib/2 CHAMPION-1 study [16].

A two-compartment PK model with linear distribution,
first-order elimination, and an effect of body surface area on
clearance, best described the pooled data. Post hoc estimates
from the population PK model following administration of
the 56 BIW and 70 QW regimens (evaluated in the phase
IIT ENDEAVOR and ARROW studies and the phase Ib/2
CHAMPION-1 study) were used for simulation of protea-
some inhibition.

2.3 Proteasome Inhibition Model

The proteasome inhibition model was built on the mecha-
nisms of proteasome inhibition via irreversible binding of
carfilzomib to the proteasome. Pharmacological inhibition of
the proteasome is among the early steps in carfilzomib effi-
cacy that can lead to tumor cell apoptosis and is linked to the
clinical response. Proteasome binding occurs intracellularly
once the drug enters the cell, and is irreversible for carfil-
zomib, compared with reversible binding by bortezomib.
Utilizing published k,, and kg rates, the same model can
also be used for other proteasome inhibitors, and the model
predictions for bortezomib (first-generation proteasome
inhibitor) were used to compare reversible versus irrevers-
ible binding. Figure 1a shows a schematic of the proteasomal
binding to the drug, which forms the basis of the model.

This mechanistic model takes the reported values of the
binding of carfilzomib to the proteasome and its recovery
and can predict proteasome inhibition for a given concentra-
tion of the drug. Post hoc PK parameters of subjects from the
phase III ENDEAVOR and ARROW studies and the phase
Ib/2 CHAMPION-1 study (n = 279) were generated using
the population PK model described in Sect. 2.2.

The kinetic binding rate constants for carfilzomib and
bortezomib used in the model were obtained from identical
in vitro assays reported in the literature [17]. The values are
reproduced in Table 1.

Baseline proteasome concentrations are reported to be
in the range of 1.9—4.1 pM in red blood cells and 1-6 pM
in white blood cells [18]; for the purposes of the model
simulations, baseline proteasome concentrations were
assumed to be 3 puM. The proteasome can be synthesized
by nucleated cells and that synthesis is responsible for the
observed recovery of the proteasomal activity in clinical
data after carfilzomib dosing. The reported proteasomal
recovery rates show a 50-100% recovery of proteasome
activity in all tissues examined within 24 h after carfil-
zomib administration [18]. In anucleated cells such as red
blood cells, which cannot synthesize new proteasomes,
the recovery is slower and is based on new red blood cell
synthesis with a half-life of approximately 15-17 weeks;
hence, a prolonged PD effect is seen in such cells. Con-
sidering that clinical PD samples for proteasome inhibi-
tion were collected in whole blood, where a range of cells
are present, a distribution of recovery rates (instead of a
single number) was chosen, which was consistent with
data from a mixture of different cell types. The protea-
some synthesis rate (ky,) was sampled from a log-normal
distribution with mean proteasome synthesis half-life of 2
weeks, consistent with values reported in literature [18].
Interindividual variability was applied by sampling from a
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Fig.1 Model of a proteasome binding kinetics and proteasomal
recovery rates and b mechanistic basis of proteasome inhibition lead-
ing to clinical efficacy. a The core hypothesis of the model assumes
that the drug binds and inhibits the proteasome as per the chemical
kinetics described by the rate constants within the cell. The protea-
some is assumed to have a synthesis rate that is responsible for its
regeneration, and drug concentrations are assumed to follow the
drug pharmacokinetics. b At the cellular level, inhibition of the pro-
teasome leads to the accumulation of cellular proteins and results in
cell death. Specifically for the tumor cell, the other processes that
the extended model (not specified in this paper) can capture are the
tumor cell proliferation and the cellular protein homeostasis leading

Table 1 Kinetic and equilibrium parameters for the inhibition of chy-
motrypsin-like 20S proteasome activity

Drug k,, M~'s7h kg 575 fyogp (TN
Bortezomib (6.8 +1.4)x10* (3.8+13)x10* 30
Carfilzomib (4.9 +05)x10* 0 NA

Kinetic and equilibrium parameters were based on values previously
reported by Hasinoft [17]
kg reverse reaction or dissociation rate of the drug-proteasome com-

plex, k,, forward reaction rate of binding of drug to the proteasome,

NA not applicable, 7, half-life of the complex based on kg

log-normal distribution, resulting in a range of proteasome
synthesis half-lives of 4-47 days.

The intracellular concentration of the drug is assumed
to be in rapid equilibrium with the extracellular drug con-
centrations, which in turn are governed by the drug PK.
The PK parameters used in the model for carfilzomib were
based on the population PK model, while those for bort-
ezomib were based on published values [19].

Simulations were performed with this model to com-
pare the average proteasome inhibition across five cycles
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to the secretion of M proteins, a key marker of multiple myeloma.
Solid arrows indicate chemical interaction-based rate processes at
the molecular and cellular levels; dashed arrows indicate inhibition
or activation type interactions between state variables. Cell Prot mis-
folded proteins in the cell, D drug, k_degradation proteasomal degra-
dation rate of the polyubiquitinated proteins, k_generation generation
rate of the misfolded proteins, koﬁ- reverse reaction or dissociation rate
of the drug-proteasome complex, k,, forward reaction rate of bind-
ing of drug to the proteasome, k,,, synthesis or recovery rate of the
proteasome, M-Prot M protein, P proteasome, P-I proteasome-drug
complex, PK pharmacokinetics.

of treatment for the 70 QW and 56 BIW regimens. Five
cycles (i.e., five months) of treatment was chosen to rep-
resent a time frame in which subjects could achieve the
deepest degrees of response, based on the median time to
response data in the phase Il ARROW and ENDEAVOR
studies [11, 20].

2.4 Correlating the Proteasome Inhibition Model
with Clinical Efficacy

The key question behind this effort was to compare the pro-
teasome inhibition for the 70 QW and 56 BIW regimens,
and further understand its implications on clinical efficacy
for both regimens.

Figure 1b shows the mechanistic basis of connecting
proteasome inhibition to the depletion of M protein and to
the eventual killing of the tumor cells that leads to clinical
benefit (e.g., ORR, PFS). The inhibition of the proteasome
in rapidly dividing multiple myeloma tumor cells results in
the accumulation of misfolded proteins in the cells, which
in turn results in cell death. The reduction in the tumor cells
subsequently leads to a reduction in M protein levels and
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induces the efficacious response, ultimately leading to PFS.
Hence, the proteasome inhibition achieved in the first step is
expected to be correlated with the observed rates of deple-
tion of M protein, and the clinical efficacy endpoints, PFS
and ORR.

The mathematical model equations for the proteasome
inhibition model are presented in Eqs. (1) and (2):

%:hﬂg—m—%mf¢Mm$mmm=%,
)
d[PC,|
i =k PC, — ko [PC, |5 [PC,](r = 0) =0, 2

where C,, is the population PK model-predicted plasma drug
concentration, P is the proteasome activity level, [PCP] is the
drug-proteasome complex, k,, is the forward binding rate,
ko is the dissociation rate of the complex, and kgy, is the
physiological synthesis rate of the proteasome. The initial
conditions and values are presented in electronic supple-

mentary Table S1.

3 Results

3.1 Comparison of Model Predictions
with Observed Clinical Proteasome Inhibition

The PK/PD model was qualified using clinical trial data
from the phase III ENDEAVOR study [12, 13], in which
proteasome inhibition was compared between bortezomib
(a reversible proteasome inhibitor) and carfilzomib (an irre-
versible proteasome inhibitor). Predictions for proteasome
activity in whole blood after treatment with bortezomib or
carfilzomib compared with observed values are presented
in Fig. 2. Post hoc PK profiles of subjects treated with
carfilzomib at 56 BIW in combination with dexamethasone
(n = 279) were generated using the population PK model
and were used for simulation of proteasome inhibition.

A distribution of recovery rates (instead of a single
number) was chosen, considering that clinical PD samples
for proteasome inhibition were collected in whole blood
(Sect. 2.3). As differences in proteasome recovery rates are
observed in various types of cells (e.g., nucleated cells with
relatively faster recovery of the proteasome versus anucle-
ated cells), a model-based sensitivity analysis was conducted
to elucidate the impact of a range of proteasome recovery
rates on the simulation results. In this analysis, model simu-
lations were conducted to evaluate the effect of drug PK,
target binding (k,g), and target turnover (target synthesis

T 0.9
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Proteasome synthesis doubling time

Fig.2 Interplay of proteasome turnover and proteasome binding on
steady-state inhibition of proteasomal activity. Model simulations
using theoretical ranges of parameters were conducted to evaluate
the sensitivity of the half-life of the drug-proteasome complex (k)
and target turnover (synthesis half-life). The color shows steady-state
proteasome inhibition (lighter colors indicating higher degrees of pro-
teasome inhibition). The model assumes one-compartment pharma-
cokinetics and the simulations shown here are for a constant dose and
drug clearance

half-life). The sensitivity analysis indicated that for a faster
recovering target (lower target synthesis doubling time),
drug presence is essential but may not be sufficient to sustain
higher degrees of target inhibition. However, for irreversible
inhibitors (covalent binders) such as carfilzomib (where the
half-life of the drug-target complex almost reached infin-
ity), drug presence is less critical, especially for targets with
slower synthesis rates or lower relative abundance (Fig. 2);
such therapeutics can be used in regimens with longer dos-
ing intervals. The sensitivity analysis indicated that key
aspects of the results regarding the effect of reversible ver-
sus irreversible inhibition remained unaltered by a range of
possible proteasome recovery rates.

The simulated predictions from this model were com-
pared with the observed proteasome inhibition for carfil-
zomib and were found to be in agreement (Fig. 3). Further-
more, the model with parameter estimates from the literature
can capture the essential features of the observed data and
is in line with data from both carfilzomib and bortezomib
treatments (Fig. 3), reinforcing the confidence on the model
structure and the decision to not make any parameter adjust-
ments to fit the data. Subsequently, simulations were per-
formed with this model to compare the average proteasome
inhibition across five cycles of treatment for the 56 BIW and
70 QW regimens.
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3.2 Model Simulations to Compare Proteasome
Inhibition for 20/70 mg/m? Once Weekly
and 20/56 mg/m? Twice Weekly

The results from the model simulations indicate comparable
proteasome inhibition for carfilzomib at 70 QW and 56 BIW
(Table 2). The model simulations predict < 5% of baseline
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Fig.3 Observed and model-predicted proteasome activity in whole
blood after CFZ and BTZ administration in the phase Il ENDEAVOR
study. CFZ and BTZ data are represented by orange and teal data ele-
ments, respectively. Solid shapes represent observed proteasome inhi-
bition data as percentage change from baseline measured in the phase
III ENDEAVOR study. The error bars on solid shapes represent the
90% confidence interval on the means. The box plots show the model-
predicted proteasome inhibition following CFZ or BTZ administration
(median and 90% confidence interval). Simulations were performed
using pharmacokinetic parameters based on post hoc estimates of the
population pharmacokinetic model for CFZ. The PK parameters used
for BTZ were estimated using a two-compartment PK model (V, = 20
L, CL =25 L/, V,= 1500 L, Q = 150 L/h), which was consistent with
PK results published in Reece et al. [19]. A 30% log-normal variability
was superimposed on CL and V, to capture the interindividual variability.
Model-predicted proteasome inhibition confirmed a greater inhibition of
proteasome activity following CFZ administration (versus BTZ), which
was expected based on the irreversible binding of CFZ to the proteasome
(versus reversible binding by BTZ). BTZ bortezomib, CFZ carfilzomib,
CL clearance, PK pharmacokinetic, Q intercompartmental clearance, Vp
peripheral volume of distribution, V, tissue volume of distribution

proteasome activity even after the 12- or 13-day treatment-
free window between cycles (Fig. 4). These results are con-
sistent with the observed proteasome activity in whole blood
after administration of 70 QW and 56 BIW, and with the
comparable efficacy of the two dosing regimens in the robust
cross-study comparisons [21].

3.3 Comparison of Proteasome Inhibition
with Observed Clinical Efficacy for 20/70 mg/m?
Once Weekly and 20/56 mg/m? Twice Weekly

The observed target engagement, in the form of protea-
some inhibition, was compared with the observed clini-
cal efficacy data from subjects who received 70 QW and
56 QW. The efficacy comparison was performed for the
observed depletion rates of serum M protein, ORR, and
finally, PFS. The objective of this comparison was to eval-
uate if comparable proteasome inhibition, as predicted by
the model for the two regimens, would also yield compa-
rable clinical efficacy for carfilzomib administered using
70 QW and 56 BIW doses.

The M protein depletion rates are presented in Table 3,
which were computed for the individual fits for the time
course M protein data using a mono-exponential decay
(not shown). Specifically, the rates were obtained by
fitting the time course of the logarithm of the M pro-
tein levels after administration of 70 QW or 56 BIW in
subjects with multiple myeloma after one to three prior
lines of therapy from CHAMPION-1 and ENDEAVOR,
respectively, using linear regression. This method can
yield an approximation of the linear decay rates of M
protein, which can be sufficient for comparison. As seen,
the observed rate of decline in M protein levels were
comparable for the 70 QW and 56 BIW regimens. The
observed changes in the M protein levels with 70 QW
and 56 BIW were consistent with the predicted levels of
proteasome inhibition.

Table 2 Summary of model-
predicted proteasome inhibition
results from simulations of Kd

Dosing regimen

Median (95% CI) steady-state carfilzomib exposures

Average proteasome
inhibition across five
cycles (%)

20/70 mg/m? once weekly and
Kd 20/56 mg/m? twice weekly

Steady-state C,,, (ng/mL)

Average daily AUC at
steady state (h-ng/mL)

Proteasome recovery
rates (t,, ~2 weeks)

20/56 mg/m* BIW
20/70 mg/m> QW

953 (223-2833)
1191 (278-3542)

107 (28-362)
67 (18-226)

83 (63-93)
79 (57-91)

Steady state refers to a point in time after repeated treatment cycles (two or more) of carfilzomib in which
the therapeutic dose of either 70 or 56 mg/m? was administered during all dosing events. Proteasome inhi-
bition reported is for predose of cycle six (assumed to be steady state) for all subjects receiving the men-

tioned dose

AUC area under the concentration-time curve, BIW twice weekly, CI confidence interval, C,

concentration, QW once weekly
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Fig.4 Simulation of proteasome activity of Kd 20/70 mg/m> QW
and Kd 20/56 mg/m2 BIW in whole blood. Solid lines (median)
and shaded areas (95% CI) are the results of the model simulations
with parameters, as listed in Table 1 and electronic supplementary
Table S1. The pharmacokinetic parameters were computed based on
post hoc estimates of the population pharmacokinetic model. BIW
twice weekly, CI confidence interval, Kd carfilzomib in combination
with dexamethasone, QW once weekly

Furthermore, the model-predicted proteasome inhibition
values for the 70 QW and 56 BIW regimens were also con-
sistent with the observed PFS and ORR values described
in the cross-study comparisons of efficacy between the two
dosing regimens (Table 4).

4 Discussion

The mechanistic PK/PD model described above was devel-
oped to provide supportive evidence, in addition to several
clinical cross-study comparisons, of the comparability of
70 QW dosing with 56 BIW dosing, in lieu of a phase III
trial comparing these two regimens directly. The model
was developed using a bottom-up approach that relies on
the mechanism of action of proteasome inhibitors, and was
based on kinetic parameters from available literature rather
than on limited PK and PD data collected in phase III
clinical studies. In addition, model parameters were not
adjusted to fit the observed data. This approach is expected
to avoid the limitations often associated with traditional
exposure-response analyses, particularly for a drug with
unique PK properties such as carfilzomib, where estima-
tion of accurate PK parameters in larger phase III clinical
studies may be difficult. The PK/PD model was qualified
using clinical trial data from the phase III ENDEAVOR
study [12, 13], and captured the essential features of the
observed data from both carfilzomib and bortezomib treat-
ment. Sensitivity analyses indicated that different protea-
some recovery rates, based on the presence of both nucle-
ated and anucleated cells in whole blood, was not found to
be influential on simulation results for a covalent inhibi-
tor such as carfilzomib. Model simulations also indicated
comparable proteasome inhibition between the 70 QW and
56 BIW dosing regimens, which in turn were consistent
with comparable trends in the rates of M protein decline,
and clinical response measures of ORR and PFS, although

Table 3 Observed rate of decline in M protein levels is comparable for subjects treated with Kd 56 mg/m? twice weekly versus 70 mg/m* once

weekly, and is consistent with model-predicted proteasome inhibition

Dosing regimen

Observed rate of M-protein decline (1/day) [median (95% CI)]

Average proteasome
inhibition across five
cycles (%)

20/56 mg/m* BIW
20/70 mg/m* QW

—0.002 (= 0.009, 0.005)
9.2 x 1075 (- 0.011, 0.007)

83 (63-93)
79 (57-91)

BIW twice weekly, CI confidence interval, Kd carfilzomib in combination with dexamethasone, QW once weekly

Table 4 Observed PFS and ORR are comparable for subjects treated with Kd 20/56 mg/m? twice weekly versus 20/70 mg/m? once weekly, and

are consistent with model-predicted proteasome inhibition

Dosing regimen

Average proteasome inhibition across five

Observed mPFS? [months] (95% CI)  Observed ORR?

cycles (%) [%] (95% CI)
20/56 mg/m* BIW 83 (63-93) 14.5 (10.2-NE) 72.4 (65.9-78.2)
20/70 mg/m> QW 79 (57-91) 12.1 (8.4-14.3) 69.9 (61.7-77.2)

BIW twice-weekly, CI confidence interval, Kd carfilzomib in combination with dexamethasone, ORR overall response rate, mPFS median pro-
gression-free survival, n number of subjects, NE not evaluable, PFS progression-free survival, QW once weekly

#0bserved mPFS and ORR were previously reported in a cross-study comparison for efficacy in subjects with two to three prior lines of therapy
from the phase IIl ENDEAVOR (n = 217) and ARROW + CHAMPION-1 studies (n = 146)[15]
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70 QW had a higher C,, and lower steady-state AUC
than 56 BIW. One hypothesis to address this observation
could be that the higher C,,,, of carfilzomib from 70 QW
compensates for the lower overall AUC compared with
56 BIW. Previously published in vitro data suggested that
sufficiently high concentrations of carfilzomib over a 1-h
incubation period provided greater and sustained inhibi-
tion of chymotrypsin-L activity, relative to lower carfil-
zomib concentrations over a 48-h incubation period [22].
Notably, the deeper proteasome inhibition achieved with
carfilzomib versus bortezomib was also reflected in the
overall survival (OS) data (median OS of 47.6 and 40.0
months for carfilzomib and bortezomib, respectively) [12,
13].

As described above, the mechanistic PK/PD model was
developed to provide supportive evidence of the comparabil-
ity of 70 QW and 56 BIW dosing, considering the unique
PK and PD properties of carfilzomib and given that the now-
approved 56 BIW regimen was not available at the time of
the design of the phase IIl ARROW study. Thus, this work
provides a framework for future applications in the optimiza-
tion of dosing intervals for carfilzomib, centered on its PD
effect as an irreversible inhibitor of the proteasome, rather
than solely using traditional metrics of drug exposure, such
as trough concentrations or area under the concentration-
time curve values. This application has several benefits and
challenges.

In the selection of optimal dose and dosing regimens for
molecular entities such as carfilzomib, mechanistic PK/PD
modeling may help improve our understanding of expo-
sure—response relationships for efficacy by overcoming
temporal limitations associated with PK alone. Although
carfilzomib-induced proteasome inhibition occurs irrevers-
ibly and rapidly following administration [23], the turno-
ver of new proteasome targets (and hence, recovery of
proteasome activity) will be a more critical parameter in
dosing interval optimization. Although proteasome inhibi-
tion is not an established surrogate biomarker for multiple
myeloma, M protein levels are used in the assessment of
clinical response as described by the International Multi-
ple Myeloma Working Group response criteria [3, 24, 25],
Therefore, the direct involvement of proteasome inhibition
in the apoptosis of multiple myeloma cells positions the
biomarker to make inferences on clinical response by way
of the dynamics of M protein levels measured throughout
treatment.

The application of the mechanistic PK/PD model can
also be extended to evaluate optimal dosing intervals after
long-term carfilzomib treatment. The benefits of this appli-
cation may translate into less frequent dosing intervals
during long-term carfilzomib therapy, which may ulti-
mately result in improved patient convenience and adher-
ence. The introduction and approval of the 70 QW dosing
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regimen provided a desired option for less frequent clinic
visits to receive therapy, reducing the overall burden on
patients and caregivers [26]. With long-term carfilzomib
therapy, various patient characteristics, in particular tumor
burden, are likely to change, especially in cases where
clinical efficacy is maintained. The mechanistic model
can be employed to explore whether these changes can
be supportive of even further reducing the frequency of
carfilzomib dosing and thus extending the dosing interval.

Despite the applications of this model and the potential
benefits it can provide to multiple myeloma patients, there
are limitations with its use. As mentioned previously, pro-
teasome inhibition has not been established as a surrogate
biomarker of efficacy for multiple myeloma. Although it
does provide direct evidence of target engagement, the cel-
lular matrix that proteasome activity is measured will need
to be considered as the proteasome turnover rates may
be different in nucleated versus anucleated cells. Further-
more, the model alone may be considered exploratory in
nature and may not be sufficient in convincing regulatory
bodies of the overall effectiveness of a less frequent dosing
interval that has not been formally evaluated in clinical tri-
als. To do so, some degree of clinical data will be needed
to support and validate the model findings.

Collecting the long-term data needed for such an effort
may also provide many logistic challenges as well. Clinical
trials will need to be designed with foresight for the need
of this type of data, and the burden of these long-term
visits and assessments on enrolled subjects will need to
be carefully considered. It will also be important to dis-
tinguish any potential differences in the relationship of
proteasome inhibition, M protein, and clinical efficacy in
responders and nonresponders, which will again require a
number of clinic visits and laboratory assessments.

Despite these various limitations, as drug development
moves to incorporate more model-informed decision mak-
ing, a mechanistic model such as this and a pairing with
strategic clinical trial design may prove to be a valuable
asset in establishing a proof of concept to guide drug
development decisions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-023-01242-6.
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