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Drug-Disease Interaction and Time-Dependent
Population Pharmacokinetics of Isatuximab in
Relapsed/Refractory Multiple Myeloma Patients

Jean-Baptiste Fau', Raouf EI-Cheikh', Claire Brillac', Kimiko Koiwai', Nathalie Mace', Frank Campana?, Dorothee Semiond?® and
Laurent Nguyen'*

Isatuximab, a monoclonal antibody (mAb) of immunoglobulin G (IgG) isotype, specifically targets the cluster of differentiation
38 antigen overexpressed in malignant plasma cells. Isatuximab is used to treat multiple myeloma (MM), characterized by
the excessive production of abnormal “myeloma proteins” (M-proteins) that may interact with therapeutic lgG mAb on the
neonatal Fc receptor (FcRn)-mediated recycling pathway. The clinical pharmacology profile of isatuximab was investigated
by population pharmacokinetics (PKs) modeling in 476 patients with MM who received 1-20 mg/kg isatuximab either as
single agent or in combination with pomalidomide-dexamethasone in 4 clinical trials. Isatuximab PKs were characterized by
a two-compartment model with parallel time-varying linear clearance (CL) and nonlinear elimination. Due to a mechanism-
based drug-disease interaction, patients secreting IgG M-protein exhibited a twofold lower drug exposure compared with
patients with non-lgG MM. No dose adjustment was required based on MM immunoglobulin type because efficacy and safety
profiles were comparable between IgG and non-lgG MM subpopulations. B2-microglobulin, body weight, sex, drug material,
and race have a limited effect on drug exposure and do not require any dose adjustment. A typical 50% decrease in linear
CL from initial treatment to steady-state was predicted, and this decrease correlated with the best overall response rate and
was slower for patients with IgG MM. These findings suggest that the time-dependent effect of isatuximab is likely mediated

by a combined factor of both disease state evolution and the perturbation of the FcRn-mediated recycling pathway.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Isatuximab is a novel anti-CD38 monoclonal antibody
(mAb) that brings an important new treatment option for
the management of patients with relapsed and refractory
multiple myeloma . Preliminary pharmacokinetic (PK) as-
sessment showed that isatuximab exhibits both a linear
and nonlinear elimination pathway.

WHAT QUESTION DID THIS STUDY ADDRESS?

A population PK (PopPK) model of isatuximab combin-
ing phase |, Il, and lll clinical trials was used to character-
ize the disease-drug interactions that have an impact of
drug exposure and that manifest as time-varying clear-
ance change over the course of treatment.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This is the first report of isatuximab PopPK analysis.
Patients secreting immunoglobulin G (IgG) myeloma

Isatuximab (SAR650984) is an immunoglobulin G (IgG) 1
monoclonal antibody (mAb) that selectively binds to the
human cell surface antigen molecule classified as cluster
of differentiation 38 (CD38). CD38 is expressed in a number
of hematological malignancies, including multiple myeloma

proteins showed a twofold lower drug exposure com-
pared with patients with non-IgG multiple myeloma
(MM). Time-dependent effect was found to be im-
portant with a 50% decrease in linear clearance after
treatment. This decrease correlated with the best
overall response rate and was slower for patients with
IgG MM.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

This analysis expands our knowledge about the
impact of disease-drug interaction on mAb PK dis-
position. In MM, this analysis showed that the time-
dependent effect on mAb PK is likely mediated by a
combined factor of both disease state improvement and
the perturbation of the Fc receptor-mediated recycling
pathway.

(MM). Isatuximab has been found to kill tumor cells via mul-
tiple biological mechanisms."™

The isatuximab clinical program in MM includes single
agent and combination studies, one of which was a phase Ib
open-label study evaluating the combination of isatuximab at
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escalating doses plus pomalidomide-dexamethasone in pa-
tients with relapsed/refractory multiple myeloma (RRMM) who
had received greater than or equal to two prior therapies.®
Based on results from this study, a phase lll study (ICARIA-MM,
EFC14335) was conducted comparing isatuximab plus poma-
lidomide-dexamethasone vs. pomalidomide-dexamethasone
in patients with RRMM.®

The malignant cells of patients with MM produce ex-
cessive amounts of abnormal monoclonal IgG (so-called
myeloma protein (M-protein)) usually of the IgG type.”
Excessive amounts of IgG M-protein can interfere with the
clearance (CL) of IgG-based therapeutic mAbs due to the
competition between endogenous disease-produced IgG
and exogenous therapeutic IgG for neonatal Fc receptor
(FcRn)-mediated IgG protection.® In addition, recent obser-
vations for therapeutic biologics used for long-term oncology
treatment, show that the catabolism of therapeutic mAbs
may not necessarily be constant within a given patient but
may change over time. Reflecting this pattern, time-varying
CL has been recognized in drug labels for several mAbs.%'2

Therefore, isatuximab data collected from patients with
pharmacokinetic (PK) samples from single agent and com-
bination trials collected during its clinical development
provided a unique opportunity to understand the influence
of the mechanism-based interaction between isatuximab
mAb and IgG M-protein, or other clinical disease features
that may impact the PKs. The impact of patient and disease
characteristics, tumor burden, and number of prior thera-
pies on isatuximab PK, were explored. Of special interest
was to identify whether a time-dependent PK behavior could
be characterized, and to quantify the impact of time-varying
change along the course of treatment if observed.

This article presents a comprehensive population phar-
macokinetic (PopPK) analysis, which was part of the filing
for the indication of isatuximab plus pomalidomide-dexa-
methasone in patients with RRMM.® On March 2, 2020,
the US Food and Drug Administration (FDA) approved
isatuximab-irfc in combination with pomalidomide-dexa-
methasone for adult patients with MM who have received
greater than or equal to two prior therapies, including lena-
lidomide and a proteasome inhibitor.®

METHODS

Data

Results from a phase I/ll single agent trial, and phase |,
phase Ib, and phase Ill combination trials with isatuximab,
pomalidomide, and dexamethasone in patients with MM,
were included in the analysis. Study designs and main clin-
ical results have been previously published.>®'

A total of 476 patients with MM and 7,697 plasma con-
centrations with an average of 16 observations per individual
(range from 1-69), were analyzed. Isatuximab was given by
intravenous infusion at doses ranging from 1 to 20 mg/kg,
however, most of the patients were treated at 20 and 10 mg/
kg (91% of total), which correspond to the recommended
doses for single agent and combination therapy, respec-
tively.">'® Table 1 summarizes the dosing regimens by study
group and Table S1 summarizes the distribution of continu-
ous and categorical baseline covariates that were tested in
this analysis.
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Plasma concentrations of functional isatuximab (isatux-
imab with at least one site available to bind the target) were
measured in all studies using a validated enzyme-linked im-
munosorbent assay assay with a lower limit of quantitation
of 0.5 ng/mL. The method had an adequate sensitivity as
well as good within-run and between-run accuracy (6.6 to
14%) and precision (2.2-6.2%).

PopPK model development

The PopPK analysis was performed using nonlinear mixed
effects modeling methodology, as implemented in the
computer software Monolix 2018R1, with the Stochastic
Approximation Expectation Maximization algorithm.
Preprocessing and postprocessing of data from each mod-
eling step was conducted using R software.

Data handling and methods for data imputation are de-
tailed in Supplementary Materials (see Methods).

The PopPK model was developed in three stages, con-
sisting of the base model, the full covariates model, and
the final model. First, the base model was developed to
describe the PKs of isatuximab without consideration of
covariate effects. Second, the full covariates model was
developed by incorporating the effect of all prespecified
covariate parameter relationships. In the third stage, the
final PopPK model was developed by retaining covariates
that improved goodness-of-fit statistics (objective func-
tion (OF) value, Bayesian information criterion, and Akaike
information criterion). Detailed method for the three stages
of model building is reported in Supplementary Materials
(see Methods).

PopPK model evaluation and applications

Following covariates selection, the final model was eval-
uated using standard goodness-of-fit plots and visual
predictive checks (VPCs). The VPCs were performed
with 500 simulated datasets that were obtained by using
parameter values from the final model. The VPC provide
a graphical assessment of the agreement between the
time course of model predictions and observations. The
check was performed by plotting the 5th, 50th, and 95th

Table 1 Dosing regimen and number of patients by study group

Dose level, Dosing Patients,
Study mg/kg regimen N
TED10893 (11) 1 g2w 3
q2w 28
5 q2w
10 q4w then q2w 6
10 q2w 90
20 g4w then g2w 122
20 q2w 6
TED14154 10 g4w then g2w 12
(Clinicaltrials.gov, 20 g4w then g2w 14
NCT02514668)
TCD14079 (2) 5 q4w then g2w 8
10 q4w then g2w 30
20 q4w then q2w 6
EFC14335 (3) 10 g4w then g2w 148

Abbreviations: Q2W, every 2 weeks; QWx4, every week for 4 weeks.



percentiles of observed and simulated plasma concentra-
tion-time data from patients of the phase Il trial with the
corresponding 90% prediction intervals.

The final PopPK model was applied to estimate individ-
ual measures of secondary exposure parameters, such as
trough concentration (C,, ), peak concentration (C,_.,),
and area under the curve (AUC) intended to be used for
covariates impact, accumulation ratios, and steady-state
achievement documentation. Predictions and simulations
from the final model were performed using the SimulX and
mlix R packages.

RESULTS

Structural model and time-dependency

As shown on stationary PopPK models performed during
the early stage of drug development, the PKs of isatuximab
were best described by a two-compartment structural
kinetic model with parallel linear and Michaelis—Menten
eliminations from the central compartment, with a com-
bined residual error model and interindividual variability
(log-normally or normally distributed) on all parameters.
The equations of the structural model were as follows:

dL __ Clin(t) A v,

In(t)
i Vo *L+k21%—k12*L— L+ —=

K, +L Ve

dA
a:km*L*Vc—kmA

where L is the concentration of isatuximab in the central
compartment, and A the amount in the peripheral one;
ko <=%) Kqo =%) and Ky :v%) are the first order linear
elimination, plasma to tissue and tissue to plasma rate con-
stants, respectively; Vc is the volume of distribution in the
central compartment, Vp is the volume of distribution in
the peripheral compartment; V, and K, are the Michaelis-
Menten elimination rate constants; and In(t) is the infusion
rate.

This last structural model was the starting point to inves-
tigate time-dependent models through various alternative
functional forms.

Adding a time-varying component to the elimination pro-
cesses, either on the linear or nonlinear CL, led to a large
decrease of OF value whatever the functional form used.
The largest decrease in OF value was 631 and 488 points
for linear and nonlinear CL, respectively. The time-varying
change was best described by a sigmoidal maximum effect
(E,ay function. For instance, the time-varying function for
the linear CL (CLlin) was as follows:

i '4
Cliin=CLinfxexp | CLm [ 1- —1me___
(KCL" +Time")

where CLinf is the steady-state value of the nonspe-
cific linear CL (at infinite time); CLm is the log of the
ratio of baseline clearance over steady-state clearance,
CLm=log CCUL_gf ; Y modulates the stiffness of the sig-
moidal function; and KCL is the time needed to decrease
(or increase, ChcmCIm is negative) the baseline clearance by
a factor of ez . In other words, at time t = KCL, CLlin is
defined by CLlin(t=KCL)=:o%. For a typical patient, KCL is
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approximately equal to TCL,,, the time needed to reach
a 50% decrease (or increase) of baseline clearance. This
approximation could be obtained after some calcula-
tions that relate KCL to TCL,,. More precisely, we have
CLlin(t=TCLsp) cL, . . .

UKD = osh == ), which is approximately equal to
1 for CLm = 0.664 {(i.e., the estimated typical value).

In order to allow either increased or decreased variation
over time in CL, CLm was considered to be normally distrib-
uted. The next step was to try to include this time-varying
function in both linear and on-linear CL simultaneously.
However, even when considering the same magnitude of
effect and/or the same time to reach 50% change for both
linear and nonlinear CL, instability of such models was too
high, probably due to overparameterization, and the con-
vergence was never successful. Considering that the largest
decrease in OF was obtained with time-varying function on
linear CL rather than nonlinear CL, and that linear CL is the
predominant elimination pathway, the decision was made to
go forward with time-varying function implemented only on
the linear CL.

All model parameters were well estimated with a good pre-
cision (relative standard error < 16%). The typical linear CL at
steady-state was 0.00955 L/hour (0.229 L/day) and the typical
volume of distribution of the central compartment and periph-
eral was 5.13 L and 3.62 L, respectively. All model parameters
were consistent with the ones estimated from previously de-
veloped PopPK models based on stationary cL."”

In a typical patient, the linear CL was found to decrease
around 48% between treatment start and steady-state
through a sigmoidal decay, whereas the time needed to
reach 50% decrease in linear CL was approximated to
1,055 hours (~ 6 weeks). The evolution of total CL with its
linear and nonlinear components at 10 mg/kg once a week
for 4 weeks (QWx4) then every 2 weeks (g2w) for a typical
patient is illustrated in Figure 1.

Covariates PopPK model
The screening of baseline covariates performed on indi-
vidual PK parameters (empirical Bayesian estimates or
simulated individual parameters based on the conditional
distribution) and by using the univariate Monolix procedure
selected a total of 15 covariates in addition to body weight.
Thirty-nine covariate vs. PK parameter relationships were
integrated into the full model. After full model degradation
procedure, six covariates were still significant (Wald test
with a P value much lower than 0.01) and all presented an
OF value increase of > 7.88 units when backward deletion
of covariates one at a time was performed.

The final equations for all the PK parameters are the
following:

. 391
CLlin=CLinf x exp <0.664>l< <1 - %))
KCL®®" +Time>

0.621 0.343
with CLinf=0.00955 s (f’s—“é) * (%) + @(-0751)9 7
and ) '

KCL = 1055 s g(-0-930)° ™

BW 0.472
Ve=5.13 % < =5 ) % e(—o.137>["“g ™ e(—o.275)AS‘a" % e(—o.126)Sex
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Figure 1 Linear (nonspecific), nonlinear (target-specific), and total clearance from final population PK model after a 10 mg/kg QWx4

then g2w dose. CL, clearance; PK, pharmacokinetic.
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BW
Vp=3.62+ oW
P *(756)
0.477
BW
Q=0.0432 (ﬁ)

With CLlin, Ve, Vp, and Q being the structural model
parameters for a two-compartment kinetic model and
standing for nonspecific linear CL (L/h), central volume of
distribution (L), peripheral volume of distribution (L), and
intercompartmental CL (L/h), respectively. For the covari-
ates, BW, B2M, Ig type, Drug mat, Race, and Sex stand
for body weight (kg), f2-microglobuilin (mg/L), Ig MM type
coded 1 if patients with non-IgG MM and zero if there are
patients with IgG MM, Drug mat coded 1, if using the new
drug material and 0 otherwise, Asian coded 1 for Asian and
zero for non-Asian, and Sex coded 1 if female and 0 if male.

Population parameters from the final model together with
their precision (standard error) are presented in Table S3.
All model parameters were well estimated with a good pre-
cision (relative standard error < 25%, except for Q ~ Weight
coefficient).

The magnitude of covariate effects on typical PopPK
parameters and on secondary drug exposure in a typical pa-
tient according to 5th and 95th percentiles of the covariate
distribution are summarized in Tables 2 and 3.

The most influential covariate was MM Ig type (IgG
vs. non-IgG type). Patients with IgG MM exhibited a two
times higher linear CL than patients with non-IgG MM. The
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decrease in linear CL was approximately two times slower
in patients with IgG MM compared with patients with non-
IgG MM (see Figure 2a). Therefore, higher isatuximab
concentrations were predicted in patients with non-IgG
MM compared with patients with IgG MM myeloma (see
Figure 2b). At steady-state, the drug exposure (AUC be-
tween 2 weeks dosing interval) was about two-fold higher
in patients with non-IgG MM compared with patients with
IgG MM (see Table 3).

Other statistically significant covariates (32-microglobulin,
body weight, sex, Asian race, and drug material) showed a lim-
ited effect with a maximal variation at steady-state exposure
less than + 40% at the 5th and 95th percentiles compared
with the median value (see Table 3).

There was no effect of age, renal, or liver function impair-
ment, norimpact of prior lines of chemotherapy. Additionally,
there was no PK change between patients under single
agent vs. combination with pomalidomide-dexamethasone.

Model evaluation and simulations
Standard goodness-of-fit plots of the final PopPK model
demonstrated a good description of the observed data
(Figures S1 and S2). The VPC plot at the recommended
10 mg/kg dose shows that the observed concentration vs.
time course of isatuximab at the 5th, 50th, and 95th percen-
tiles fell within their corresponding 90% prediction intervals,
indicating that the model adequately characterized the PKs
of isatuximab (Figure S3).

Individual predicted model parameters (empirical Bayesian
estimates) from the final model were used to perform
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B2-microglobulin Weight Sex
(Median = 3.90) (Median = 75.6)
(mg/L) (kg) Ig Type Drug material Race
P5 P95 P5 P95
Not IgG P2F2 vs. Asian vs. Female vs.
1.87 12 51.3 109.5 vs. IgG P1F1 others male
CL¢ -22% +47% -21% +26% -53%
KCL -61%
Ve -17% +19% -13% -24% -12%
Q -17% +19%
Vp -24% +31%
CL,» linear clearance at steady-state; Ig, immunoglobulin; KCL, parameter related to TCL, being the time needed to reach 50% change of baseline clear-

inf?

ance; P1F1, drug material used in the initial clinical trials; P2F2, drug material used for phase Ill study and intended for commercial use; P5, 5th percentile;
P95, 95th percentile; Q, intercompartmental clearance; Ve, central volume of distribution; Vp, peripheral volume of distribution.

Table 3 Summary of covariates effects on exposure parameters in a typical patient

B2M (Med = 3.90)

Weight (Med = 75.6)

Drug material

Sex

(mg/L) (kg) Ig type (formulation) Race
P5 P95 P5 P95
1.87 12.0 51.3 109.5 Not IgG vs. IgG P2F2 vs. P1F1 Asian vs. others Female vs. Male
Cycle 1
Cirougn x1.22 x0.69 x0.82 x1.19 x1.78 x1.03 x1.06 x1.03
Crrax x1.08 x0.88 x0.82 x1.21 x1.25 x1.10 x1.21 x1.09
AUC x1.11 x0.82 x0.82 x1.20 x1.34 x1.06 x1.13 x1.06
Cycle 2
Crrough x1.38 x0.54 x0.78 x1.23 x2.62 x1.03 x1.05 x1.03
Crnax x1.10 x0.86 x0.82 x1.20 x1.39 x1.10 x1.20 x1.09
AUC x1.23 x0.70 x0.81 x1.20 x1.92 x1.04 x1.08 x1.04
SS
Ctrough x1.41 x0.57 x0.75 x1.26 x2.55 x1.05 x1.08 x1.04
Crrax x1.18 x0.81 x0.79 x1.25 x1.69 x1.10 x1.21 x1.09
AUC x1.30 x0.68 x0.78 x1.24 x2.12 x1.06 x1.11 x1.05

AUC, area under the curve; G, maximal plasma concentration; C, 1,

trough plasma concentration; B2M, 32-microglobulin; Ig, immunoglobulin; P1F1,

drug material used in the initial clinical trials; P2F2, drug material used for phase Ill study and intended for commercial use; P5, 5th percentile; P95, 95th

percentile; SS, steady-state.

Cycle 1: up to week 4.

Ctrough isonweek 4, C_ . onday 22, AUC is 0-4 weeks.

Cycle 2: from week 4 to week 8.

Ctrough is on week 8, C,_ . on day 29 or day 36, AUC is 4-8 weeks.
SS: from week 150 to week 154,

C , is on week 150, C_ . on day 1 week 150, AUC is 20-22 weeks.

trougl

simulations at the theoretical dose of 10 mg/kg QWx4 then g2w
up to steady-state. Individual secondary exposure parameters
were derived to illustrate covariate effects on drug exposure.
The forest plot of isatuximab exposure on cycle 6 (AUC over the
dosing interval) stratified by patient characteristics is displayed
in Figure 3. These predictions confirmed that myeloma type
was the most impactful covariate showing about 50% lower
drug exposure in patients secreting IgG M-protein compared
with non-IgG secretors. Moderate underexposure (around
40%) was predicted in patients with high 2-microglobulin
>7.5 mg/L vs. patients with lower 32-microglobulin < 7.5 mg/L.

Some other covariates not retained in the final model
also showed significant impact on drug exposure. For in-
stance, lower isatuximab exposure was predicted with
albumin decrease, bone marrow plasma cell increase, the
presence of M-protein, Eastern Cooperative Oncology
Group (ECOG) = 2 or International Staging System (ISS) = 3.
The impact of these covariates could be easily explained
by their correlation with those retained in the final model.
For instance, albumin, ECOG score, and ISS were closely
correlated to B2-microglobulin (data not shown) and all are
related to the severity of the disease.

WwWw.psp-journal.com
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Figure 2 Impact of myeloma type on nonspecific linear clearance and isatuximab concentrations profiles. (a) Typical nonspecific linear
clearance by myeloma type. (b) Concentrations vs. time profile at 10 mg/kg QWx4 then g2w by myeloma type (men, weight = 75.6 kg,
not Asian, B2M = 3.9 mg/L, P1F1 drug material). B2M, 32-microglobulin; Ig, immunoglobulin.
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Phase 3 vs others —— A0.92(0.8S;1.00) -n=148
Isa/Dex vs Isa 1.07(0.82;1.31) - n=29
Treatment Isa/Dex/Pom vs Isa —.l— 10.98(0.91;1.05) - n=192
Drug mat P2F2 vs P1F1 —— 1.07(1.00;1.14) - n=285
Prior lines > 3vs 1 or 2 —— 0.92(0.85;0.98) - n=296
Age > 65 vs < 65 yrs —— 0.98(0.91;1.05) - n=250
Age > 75vs < 75 yrs ——— 1.04(0.90;1.18) - n=70
Wght < 50 vs > 50 kg 0.71(0.47,0.95) - n=14
Demagraphiy Wght > 100 vs < 100 kg —_—r——ee 1.13(0.94;1.32) - n=44
Female vs Male —— 1.03(0.95;1.12) - n=207
Obese vs Non- —_—— 1.22(1.10;1.33) - n=121
Black vs Cauc 10.73(0.49,0.97) - n=18
Asian vs Cauc ———— 10.95(0.77,1.13) - n=25
Mild vs Normal —— ?0.99(0.91 1.07)-n=192 2
Renal function Moderate vs Normal —_— |0.95(0.86;1.04) - n=163 E
Severe vs Normal 093(049:1.38) - n=12 3
Hepati 5 | Mild vs Normal ——— 10.93(0.76;1.09) - n=61 \l_.(—‘
patic function
| Moderate vs Normal 029(029,029) -n=1 3
ALB < 35vs > 35g/L — |0.70(0.63;0.78) - n=156
B2M > 35vs < 3.5 mg/L —— |0.80(0.74;0.86) - n=272
B2M > 5.5 vs < 5.5 mg/L o 0.69(0.61;0.78) - n=121
B2M > 7.5vs < 7.5 mg/L —— 0.62(0.50,0.74) - n=55
BMPC > Svs < 5% -@- |0.85(0.80;0.90) - n=411
Disease|  BMPC > 20 vs < 20% —— |0.76(0.71;0.82) - n=289
BMPC > 50 vs < 50% ——— 10.72(0.64;0.80) - n=138
ECOG1vs0 —— 0.93(0.87,0.99) - n=277
ECOG2vs 0 —— 0.59(0.48;0.70) - n=47
1SS2vs 1 —— |0.86(0.79;0.93) - n=182
ISS3vs1 —— 10.64(0.57;0.72) - n=121
M-protein vs Non- . 10.64(0.60,0.68) - n=365
Myeloma type:
1gG vs Non- ) ' -.- : ) i i ) ) ) i ) i ) f0.52(0.49.0.56) - n=262
0.2 04 0.6 08 1.0 12 14 16 18
Effect

Figure 3 Forest plot of AUC over the dosing interval on cycle 6 after a 10 mg/kg QWx4 then g2w dose (one cycle = 4 weeks). Typical
patient information: phase 1, Isa, P2F2, prior lines = 4, age = 65 years, weight = 75.6 kg, men, nonobese, white, mild renal impairment,
normal hepatic function, albumin = 37.5 mg/L, bone marrow plasma cells = 27.5%, ECOG = 1, ISS = 2, serum M-protein, IgG. ALB,
albumin; AUC, area under the curve; B2M, B2-microglobulin; BMPC, bone marrow plasma cells; Cauc, Caucasian; Cl, confidence
interval; Dex, dexamethasone; Drug mat, drug material; ECOG, Eastern Cooperative Oncology Group performance status; HR, hazard
ratio; Isa, isatuximab; ISS, International Staging System; Pom, pomalidomide; Wght, weight.

Median accumulation ratios of Ctrough and C_,, at steady-
state vs. first dose were predicted to be 3.1 and 1.8,
respectively. Median accumulation ratios in patients with
non-IgG MM and patients with IgG MM were, respectively,
4.20vs. 2.64 for G, and 2.32 vs. 1.64 for C, .

The typical elimination half-life at steady-state calculated
only from the linear CL was 28 and 57 days for IgG and non-
IgG MM subpopulations, respectively. At the beginning of
treatment, the half-lives were 15 and 30 days, respectively.
Thus, the typical reporting of a single value of half-life to
characterize the PK elimination of therapeutic drugs was not
relevant within the context of nonstationarity and nonlinear
elimination processes exhibited by isatuximab. Simulations
showed that the median time needed to eliminate 99% of
the drug (C,,,, value) once steady-state was achieved, was
46 and 90 days for patients with IgG and patients with non-
IgG MM, respectively.

DISCUSSION

As commonly observed for IgG therapeutic mAbs, isatux-
imab PKs were well-characterized by a two-compartment
structural kinetic model with parallel linear and nonlinear
eliminations from the central compartment. Simulations of
the time course of the total CL, with its linear and nonlinear
components for a typical patient at 10 mg/kg QWx4, then
g2w, show that the linear CL was the predominant elimi-
nation pathway and accounted for ~ 90% of the total CL
(Figure 1), indicating target saturation. The saturation of
the target at the > 10 mg/kg dose was consistent with the
clinical data on CD38 receptor occupancy in bone marrow
plasma cells after 1 month of treatment. The relation-
ship between CD38 receptor occupancy and isatuximab
plasma concentration demonstrated that the saturation of
the target (> 80% of target occupancy), was reached for
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concentrations corresponding to the > 10 mg/kg g.w. dose
level."

During the structural model building, inclusion of a func-
tion describing time-varying change in linear CL significantly
improved the model as compared to a static CL model.

For daratumumab, another anti-CD38 mAb, time-de-
pendency was modeled as an exponential decrease of the
nonlinear CL.'"® Mechanistically, the decrease over time of
target-mediated CL was interpreted as a reduction of the
CD38 receptor due to tumor shrinkage. For isatuximab, the
best fit of the data was obtained when time-dependency
was implemented on the linear CL. This finding agrees with
the fact that the nonsaturable linear CL was the predominant
pathway of elimination for the analyzed dataset, because
most of the patients were treated at doses > 10 mg/kg (91%
of total data) and for whom, delivered concentrations were
high enough to saturate the target.

Time-varying CL has been increasingly documented in
drug labels for therapeutic mAbs,%'%%2" and is well-char-
acterized especially for immune checkpoint inhibitors.
Reported data for nivolumab®® and pembrolizumab®®
suggest that the decrease of linear CL over time may be
associated with improvement in disease status, the corre-
sponding decrease in inflammatory state and subsequent
reversal of cancer-related high protein turnover. In agree-
ment with this hypothesis, the decrease of isatuximab CL
was found to be correlated with best overall response
rates. Based on the data collected in the ICARIA trial,6 no
significant difference was seen between linear CL in re-
sponder vs. nonresponder patients at baseline (P = 0.205,

0.025

Wilcoxon test) and after 4 weeks of treatment (P = 0.074),
whereas steady-state linear CL was found to be signifi-
cantly lower in responders (i.e., patients with partial, very
good, or complete response) as compared with nonre-
sponders (P = 0.0062; Figure S4). In order to illustrate
this pattern, the evolution of the linear CL as a function
to time (mean and 90% confidence interval of individual
predicted values), was displayed separately in respond-
ers and nonresponders (Figure 4). It was observed that
responder patients exhibit a steeper decrease and lower
CL at the plateau, compared with nonresponder patients;
a similar finding was observed for pembrolizumab. Based
on an original modeling approach, Li et al. showed that
the change of tumor size over the course of treatment
was significantly associated with the change of linear CL
for pembrolizumab.23 Overall, these findings support the
hypothesis of a time-dependent CL affected by disease
evolution.

For isatuximab, the magnitude of CL change over time
was larger than for other mAbs. An average 50% decrease
was estimated for isatuximab from the first dose to steady-
state, whereas a 20-25% average decrease was reported for
immune checkpoint inhibitor mAbs used in solid tumors.?%23
The higher magnitude effect for isatuximab might be
explained by perturbation of FcRn-mediated recycling path-
way, which is particularly pronounced in MM. This disease is
characterized by high production of serum M-protein, usu-
ally in the g/L range, which is > 10 times higher than most
therapeutic mAb concentrations.?? About 50% of patients
in the ICARIA trial had plasma levels of 20 g/L or more, and
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Figure 4 Mean (90% CI) nonspecific linear clearance according to BOR in phase |l EFC14335 (ICARIA) study. BOR: best overall

response; Cl: confidence interval.
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64% of patients with MM secrete an IgG subtype that com-
petes with all other IgG species for FcRn recycling.?® This
competing environment tends to decrease over time in re-
sponding patients as the tumor burden is reduced and, thus,
translates to lower mAb CL. For daratumumab, a decrease
in CL of up to threefold was predicted by a physiological-
ly-based PK model when M-protein was reduced from 30 to
0 g/L, an ideal scenario for a fully responding patient.?® This
prediction is in line with the twofold magnitude reduction ob-
served for isatuximab. In summary, it can be postulated that
the relatively strong time-dependency effect for isatuximab
PK is likely due to a combined mechanism of disease state
improvement, affecting protein turnover catabolism, and
FcRn-mediated recycling pathway competition.

For isatuximab, time-dependent CL was best captured by
a sigmoidal E_ . function allowing for decreased, increased,
or unchanged CL over time. A large interindividual variabil-
ity was observed for this time-dependent behavior, where
~ 15% of the patients experienced an increase in linear CL
with time (see Figure S5).

Nonetheless, this time-varying change, as it is imple-
mented in this model, is an empirical function that has some
limitations because it allows only unidirectional change for a
given patient. However, multidirectional change of CL may
be assumed for a given patient depending on its disease
evolution. For instance, a patient who quickly responds may
present a sharp decrease of CL at the early stage of the
treatment, thereafter CL decrease may slow down over the
treatment course, and ultimately increase in the later treat-
ment stage as the patient relapses. Li et al.>* provided a
mechanistic based dynamic model for pembrolizumab CL
enabling multidirectional change for a given patient. The
change of tumor size, lymphocyte count, albumin, and lac-
tate dehydrogenase were significantly correlated with the
change in pembrolizumab CL; the time-course of tumor size
showing the highest correlation.?*

For isatuximab, longitudinal variation of M-protein can
be used as a surrogate of both tumor burden and disease
evolution. Longitudinal changes of serum M-protein were
well-predicted by classical PK/pharmacodynamic (PD)
modeling and this last model was used to support dose
finding rationale before phase il initiation.'” One way to im-
prove the time-dependent PK model for isatuximab using
a mechanistic approach would be to link the PK/PD model
to the time-dependent CL. Such a model implies that the
PK affect the PD and that inversely the PD interacts with
PK. This PK/PD-PK mutual interaction model is currently
investigated and could better describe both PK and PD
observations.

The PopPK analysis identified body weight, 2-microglob-
ulin, and MM Ig type (IgG vs. non-IgG patients) as significant
covariates affecting linear CL, while body weight, race
(Asian vs. non-Asian), sex, and drug material, were found
to be significant covariates affecting the central volume of
distribution. Overall, these covariates taken together did not
explain much of the interindividual variability and each one
has a limited impact on drug exposure (see Table 3).

The most impactful covariate was MM Ig type, with a
twofold lower drug exposure at steady-state in patients with
IgG MM compared with non-IgG MM ones, whereas none
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of the other covariates resulted in an appreciable change in
drug exposure (i.e., maximal variation below 40%). However,
because safety profiles were comparable between patients
with IgG MM and patients with non-IgG MM and there was
no significant difference in treatment effect of the isatuximab
plus pomalidomide-dexamethasone over the pomalido-
mide-dexamethasone regimen on progression-free survival
hazard ratio for IgG patients vs. non-IgG patients, nor on
overall response rate, the difference in drug exposure is
not considered clinically meaningful.27 The same findings
were observed for daratumumab.?® The PopPK analysis of
daratumumab showed that myeloma Ig type was the main
predictor of PK variability with about twofold lower exposure
in patients with IgG MM vs. patients with non-IgG MM,
the influence of other covariates on daratumumab exposure
being minimal. Similar to isatuximab, efficacy and safety
profiles were comparable between patients with IgG MM
and patients with non-IgG MM in response to daratumumab
treated patients.?® Altogether, those findings suggest that
patients with IgG MM type may be more sensitive and re-
sponsive to anti-CD38 mAb therapy.

Specific to myeloma, 2-microglobulin is one of the two
factors used for staging the disease (ISS) and increased
levels of serum 2-microglobulin in patients with MM have
been associated with a poor prognosis.' Because the ca-
tabolism of proteins, including endogenous and exogenous
Ig (such as therapeutic mAbs) are impacted in patients with
cancer with higher catabolism for patients with more ad-
vanced disease,?? it is not unexpected that 32-microglobulin
levels were positively correlated with linear CL.

This PopPK analysis confirmed the relevance of body
weight as a statistically significant covariate affecting both
CL and distribution volumes. Simulations showed that
a mg/kg-based dosing predicted homogenous plasma
drug exposure whereas flat dosing predicted statisti-
cally significant overexposure in underweight patients
(< 50 kg, n = 14) and underexposure in overweight patients
(> 100 kg, n = 44) compared with normal weight patients
(50-100 kg, n = 418; data not shown). The above find-
ings support the rationale of body weight-based dosing as
recommended in the drug label. Proliferation of M-protein
has several deleterious effects on many organs, including
the kidneys. In the analyzed dataset, 77% of patients had
some degree of pre-existing renal impairment. The PopPK
analysis presented here demonstrated no significant dif-
ference in isatuximab exposure due to renal or hepatic
impairment, or age (< 75 years old and > 75 years old),
and therefore no dose adjustment for these populations is
recommended.

CONCLUSION

Due to a mechanism-based disease-drug interaction,
patients secreting IgG M-proteins showed approximately
twofold lower drug exposure compared with patients with
non-lgG. Although the impact on drug exposure was sig-
nificant, no dose adjustment is required based on MM
Ig type because both IgG and non-IgG subpopulations
demonstrate comparable safety profiles with no gain in
efficacy for non-lIgG patients. An average 50% decrease
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in linear CL from initial treatment to steady-state was
predicted. This decrease correlated with the response
to isatuximab treatment and was slower for patients with
IgG MM. These findings suggest that the time-dependent
effect of isatuximab is likely mediated by a combined
factor of both disease state improvement and the pertur-
bation of the FcRn-mediated recycling pathway. Further
development of a mechanistic-based time-dependent
model is warranted by including the mutual interplay be-
tween time-dependent PK and the longitudinal variation
of serum M-protein.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology
website (www.psp-journal.com).
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