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Abstract

Introduction Cladribine Tablets (MAVENCLAD®) selectively reduce absolute lymphocyte counts (ALCs) in patients with
multiple sclerosis. The recommended cumulative dose of Cladribine Tablets is 3.5 mg/kg over 4-5 days in months 1 and
2 of treatment years 1 and 2, followed by prolonged efficacy with no additional treatment. After the cladribine-induced
reduction, ALCs recover to normal within each treatment year in most patients. Those patients with slow ALC recovery can
develop Grade 3—4 lymphopenia, especially those patients with Grade > 2 lymphopenia at the start of year 2. Guidelines
allowing treatment postponements during year 2 have been proposed for patients with a low ALC, subsequent to CLARITY,
the pivotal clinical trial.

Methods A virtual population was generated using characteristics from CLARITY patients. A clinical trial simulation was
performed to determine the impact of alternative treatment scenarios on ALC and relapse rate, by postponing treatment
in year 2 to allow for longer ALC recovery time in patients who required it. Should a patient not recover to normal ALC
(Grade 0) or Grade 1 lymphopenia within the period defined in the treatment algorithm, treatment in year 2 was suspended.
Results Results were similar across considered scenarios, which implemented different postponement durations. Specifically,
~ 92% of virtual subjects did not require treatment postponement and < 1% discontinued due to Grade 2—4 lymphopenia at
the end of the maximally permitted postponement. Less severe lymphopenia was observed during year 2 when a treatment
algorithm was applied. The effect on relapse rate over 2 years was negligible.

Conclusions Results support treatment guidelines to decrease the risk of severe lymphopenia following treatment with
Cladribine Tablets, while preserving efficacy.

Trial Registration CLARITY; ClinicalTrials.gov: NCT00213135.
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This clinical trial simulation was performed using a
virtual population based on characteristics from the
CLARITY study to determine the impact of alterna-
tive treatment scenarios on absolute lymphocyte count
(ALC) and relapse rate.

Our results indicate that 92% of patients will not require
their treatment to be postponed, but by allowing a
6-month delay, ~ 99% of patients would be eligible for
their second-year course of treatment.

Implementation of ALC-based treatment guidelines
would reduce the occurrence of Grade 3—4 lymphopenia
at any time, without having a negative impact on the risk
of relapse over 2 years.

1 Introduction

Multiple sclerosis is a chronic disorder of the central
nervous system, where lymphocyte-driven inflamma-
tion causes demyelination and axonal damage, ultimately
resulting in progressive disability [1]. Cladribine Tablets
(MAVENCLAD®; Merck Serono Europe Ltd) were recently
approved in Europe for the treatment of adults with highly
active relapsing multiple sclerosis [2]. The mechanism of
action of cladribine, a nucleoside analogue of deoxyadeno-
sine, is the selective depletion of B and T lymphocytes.

Due to the mechanism of action, lymphopenia is an
expected event after treatment with Cladribine Tablets. How-
ever, severe lymphopenia is associated with an increased
risk of infections [3] and should be avoided. In the pivotal
phase ITII CLARITY (CLAdRIbine Tablets treating multiple
sclerosis orallY) study, lymphopenia severity was graded
using the Common Terminology Criteria for Adverse Events
(CTCAE) version 3.0 [4]. Grade 3 and 4 lymphopenia at
any time in the study was observed in 24.9% (107/430) and
0.7% (3/430) of patients, respectively, during treatment with
a 3.5 mg/kg cumulative dose of Cladribine Tablets over
2 years [5].

The recommended cumulative dose of Cladribine Tab-
lets is 3.5 mg/kg body weight (BW) over 2 years, adminis-
tered as one treatment course of 1.75 mg/kg per year. Each
treatment course consists of two treatment weeks, one at
the beginning of the first month and one at the beginning
of the second month of the respective treatment year. Each
treatment week consists of 4 or 5 days on which a patient
receives 10 or 20 mg as a single daily dose, depending
on BW [2]. Cladribine Tablets have a durable effect, with
clinical data showing that the proportion of patients free
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from sustained disability progression was maintained for
more than 2 years after the last dose of active treatment
[6].

The overall objective of the clinical trial simulation work
presented herein was to investigate the impact of alterna-
tive treatment rules driven by sustained lymphopenia at the
beginning of the second year on the occurrence of qualifying
relapses in patients with relapsing-remitting multiple scle-
rosis (RRMS) versus nominal treatment rules for Cladribine
Tablets. The nominal dosing strategy in this analysis was
no postponement of treatment in the second year regardless
of the patient’s absolute lymphocyte count (ALC), with the
alternative rules imposing a range of postponement dura-
tions to allow for ALC recovery before the second year of
treatment. Two previously developed population pharmaco-
dynamics (popPD) models, namely a repeated time-to-event
(RTTE) model of relapse rate (RR) and an ALC dynamics
model, were used to obtain projections for RR and ALC fol-
lowing treatment postponements or suspension [7].

2 Methods
2.1 Patient Population

A virtual population was generated by considering partic-
ipants of the CLARITY trial [5] who received a 3.5 mg/
kg cumulative dose of Cladribine Tablets, as described in
Sect. 2.2. This ‘CLARITY scenario’, which consisted of
2 annual courses that were each comprised of 2 treatment
weeks—1 at the start of the first month and 1 at the start of
second month of each year—was considered as the refer-
ence scenario. Full details of the dosing schedule used in
the CLARITY study have been reported previously [5, 8].
A qualifying relapse was defined as an increase of 2 points
in at least 1 functional system of the Expanded Disability
Status Scale or an increase of 1 point in at least 2 functional
systems (excluding changes in bowel or bladder function or
cognition) in the absence of fever, lasting for > 24 h and pre-
ceded by > 30 days of clinical stability or improvement [5].
To generate a virtual population that would comply with
the risk-minimisation measure of not initiating Cladribine
Tablets in year 1 (Y1) in patients with lymphopenia, patients
with a baseline ALC below 1 x 10° cells/L (i.e. Grade 1-4
lymphopenia) were excluded from the analysis of the base
scenario and treatment scenarios. This exclusion criterion
was not applied to the original CLARITY scenario, primar-
ily used to validate the workflow, in order to accurately rep-
resent observations at baseline in the CLARITY trial (where
this risk-minimisation measure had not been enforced).
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2.2 Covariate Distribution Model

Patient characteristics that were previously identified as sig-
nificant explanatory covariates, and included in the pharma-
codynamic models as a covariate effect, were sampled from
distributions observed in the CLARITY study (N = 1319,
including patients from all treatment arms) and assigned to
each virtual patient. Covariance among considered charac-
teristics was taken into account.

As sex was found to be a significant explanatory covariate
for the parameter describing cladribine potency in the ALC
model [7], distributions of such patient characteristics were
assessed by sex to ensure that sampled covariates would
be physiologically realistic and consistent with observa-
tions. Then, for each considered subgroup, the number of
relapses in the 12 months preceding study entry (referred
to as EXNB) associated with each virtual patient was sam-
pled by considering the observed proportions. Similarly,
creatinine clearance (CLR) and BW were sampled from a
multivariate log-normal distribution characterised by mean
values and dispersion measures from distributions observed
within each subgroup.

2.3 Simulation Workflow

The previously developed popPD models for ALC and RR
were used to simulate the ALC and RR dynamics for each
patient in the virtual population [7]. A four-step simulation
workflow was used:

1. Exploratory and graphical analyses were performed to
identify possible correlations between ALC and RR
parameters, and to assess whether uncertainty had to be
taken into account in case of a low precision of param-
eter estimates.

2. Patient covariates were generated for the virtual popula-
tion by considering the distributions observed in CLAR-
ITY.

3. As a validation step, the clinical trial simulation was
run to reproduce the CLARITY scenario by consider-
ing an initial population of 5000 patients, which was
found to be a suitable number to reproduce the CLAR-
ITY population in terms of the proportions of patients
within each lymphopenia grade as well as proportions
of virtual patients not experiencing a certain number of
relapses.

4. The clinical trial simulation was then performed to simu-
late alternative treatment rules.

2.4 Input-Output Model

The simulation workflow included the model describing
ALC dynamics and the RTTE model of RR [7]. An overview

of these models is also provided in Electronic Supplemen-
tary Material Online Resources 1 and 2. An exploratory
analysis was performed to first assess whether any correla-
tion between models had to be taken into account. According
to the decision tree shown in Online Resource 3, Figure 1,
the precision of fixed-effect parameter estimates was also
assessed for the 2 models. Based on results from this step,
the 2 models were then used to perform the simulations.
Specifically, for each tested scenario, ALC dynamics of vir-
tual patients were simulated by applying dosing algorithms.
Corresponding projections of RR were then obtained for
each scenario to assess the impact of the individual dosing
algorithms on the occurrence of qualifying relapses.

2.5 Trial Execution Model

No deviations (e.g. patient non-compliance, patient drop-
out) from the CLARITY study protocol were considered or
reproduced in the simulated scenarios.

2.6 Treatment Algorithms

ALC and RR dynamics were simulated for each virtual
patient according to predefined treatment rules. In the base
scenario (nominal dosing regimen), all virtual patients
received 2 treatment courses of Cladribine Tablets 1.75 mg/
kg per year for a cumulative dose of 3.5 mg/kg. Each treat-
ment course consisted of 2 weekly treatments: 1 at the
beginning of the first month and 1 at the beginning of the
second month of the respective treatment year. The differ-
ence between the CLARITY (reference) scenario described
in Sect. 2.1 and the base scenario described here was the
definition of year duration, which was 48 and 52 weeks,
respectively.

Three dosing algorithms with different definitions of
postponement blocks were investigated, with the first weekly
treatment of year 2 (Y2) being postponed if the patient had
Grade 2—4 lymphopenia at the start of Y2. For each sce-
nario, ALC dynamics were simulated at the patient level by
allowing individualised treatment postponements during Y2
according to the rules described in Table 1. Regardless of
whether the first weekly treatment of Y2 had to be postponed
due to lymphopenia or not, the subsequent treatment week
always followed it by 1 month. Treatment was stopped in a
given virtual patient if, after 3 postponements, his/her ALC
had not recovered to within a lymphopenia range of Grade
0-1. Additional scenarios allowing postponements only in
patients with Grade 3—4 lymphopenia were also explored
(data not shown).

Hence, individual dosing regimens resulting from apply-
ing treatment rules were used to obtain the resulting occur-
rence of qualifying relapse for each virtual patient, and then
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Table 1 Treatment algorithms to postpone treatment at the start of
year 2 in patients with Grade 2—4 lymphopenia

Treatment
scenario

Postponement block
duration (months)

Maximum post-
ponement duration®
(months)

3
6
9

Lymphopenia graded by the National Cancer Institute Common Ter-
minology Criteria for Adverse Events version 3.0 [13]; Grade 2: 0.5
to < 0.8 x 10° cells/L; Grade 3: 0.2 to < 0.5 x 10 cells/L; Grade 4:
< 0.2 x 107 cells/L

*Maximum delay was three blocks in each scenario

derive the predicted time-varying probability distribution of
relapse-free survival in the virtual population.

2.7 Software

The statistical package R (version 3.2.1; https://www.r-proje
ct.org) was used in the analysis. The model simulations
themselves were performed using the mIxR 2.2.0 package
[9], with models encoded in Mlxtran [10].

3 Results
3.1 Patient Characteristics

In total, 1319 observations were used to determine the distri-
bution and covariance among patient characteristics included
in the models as covariates. In the CLARITY study, 32% of
patients were male and 68% were female [5]. Mean (standard
deviation [SD]) CLg was 114.65 (0.22) mL/min for male
patients and 101.96 (0.26) mL/min for female patients in
the observed CLARITY population. Mean (SD) BW was
75.02 (0.17) kg for observed male patients and 64.54 (0.21)
kg for observed female patients. The correlation between
observed CLz and BW was 0.645 and 0.680 in male and
female patients, respectively. The probabilities associated
with experiencing between 0 and 5 relapses in the preced-
ing 12 months (EXNB) ranged from O for no relapses in the
previous year to 0.7 for 1 relapse in the previous year. The
virtual population was first generated by maintaining the
observed proportions of male and female patients. Then,
covariates (EXNB, CL~g and BW) were sampled for each
subgroup for a total population size of 5000 virtual patients.
Sampled characteristics closely mimicked those observed
for both male and female patients in the CLARITY study
(Fig. 1b). The EXNB distributions were also very similar
to those observed in the 2 subgroups (Fig. 1a). By applying
the exclusion criteria described in Sect. 2.1, a total of 180
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subjects with baseline ALC below 1 x 10? cells/L (i.e. Grade
1-4 lymphopenia) were excluded from the virtual popula-
tion, which was used in the base and alternative treatment
scenarios.

3.2 Model Parameters

The adoption of the models for ALC and RR was based
on the decision tree presented in Electronic Supplementary
Material 3, Figure 1, where potential correlations between
models and precision of parameter estimates were assessed.

As no dependency (correlation less than 30%) among the
estimated random effects of the 2 models was observed, no
further complexities had to be considered at this stage and
the models could be used separately. Subsequently, based on
the decision tree, fixed-effect parameters and inter-individual
variability parameters of the model for ALC were fixed to
the final estimates of the previously developed model, given
that less than 2 fixed-effect parameter estimates showed poor
precision (percentage relative standard error above 25%).
In contrast, parameter uncertainty was taken into account
in the RTTE model for RR by resampling the parameters
from a normal distribution with mean set to point parameter
and dispersion to the variance—covariance matrix precision
of those parameter estimates. The obtained parameter val-
ues were then used to perform model simulations for RR.
Individual parameters obtained from both model simulations
were preserved across scenarios. No intra-patient variability
or assay variability were considered.

3.3 Evaluation of Simulation Framework: CLARITY
Scenario

The 5000-patient virtual population (more than 10 times
larger than the original sample) was found to be a suitable
size to reproduce the target population of CLARITY. Given
that the pre-set criterion of negligible correlations between
models was met, models were considered separately. Based
on the decision tree, individual parameters were generated
by using final parameter estimates for the ALC model and
resampled parameters for the RTTE model of RR, to account
for uncertainty of the estimates.

Simulation of ALC dynamics was first performed. The
percentages of virtual patients within each lymphopenia
grade at the end of Y1 were comparable with the percentages
observed in the CLARITY trial (refer to Electronic Sup-
plementary Material 3, Table 1). The study size was then
increased by blocks of 2000 patients, but this did not provide
a better estimation as percentages were already stabilised on
values obtained using the initial study size.

The occurrence of qualifying relapses for virtual patients
was then simulated with the RTTE model of RR. The per-
centages of virtual patients not experiencing between 1 and
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Fig. 1 Distribution of sampled (a)
covariates. a Probability distri- 1.0
bution of experiencing a differ-
ent total number of relapses in
the 12 months preceding study
entry in simulated and observed
patients. b Probability density
functions of both resampled
and observed creatinine clear-
ance and body weight for
female (top) and male (bottom)
subjects. The density of each
resampled covariate (green
area) well reproduces the cor-
respondent observed density
(orange area), as shown by area
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6 relapses by the end of Y1 and Y2 were comparable with
those observed in patients treated with a Cladribine Tablets
3.5 mg/kg cumulative dose in the CLARITY study (refer to
Electronic Supplementary Material 3, Table 2). The simula-
tion framework could therefore be considered valid within
its context of use.

3.4 Proportion of Patients with Postponed
Treatment in Year 2

Following the assessment of the simulation workflow, the
base scenario and treatment scenarios were simulated as

BW

described. Individual parameters obtained from model simu-
lation under the CLARITY scenario along with resampled
patient characteristics were preserved across scenarios to
allow comparisons among the tested treatment rules.
Proportions of patients were similar across treatment
scenarios that allowed postponements in patients with
Grade 2-4 lymphopenia at the beginning of the second
year, regardless of whether postponement blocks were 1,
2 or 3 months (refer to Electronic Supplementary Material
3, Table 3). In particular, the majority of virtual patients
(~ 92%) required no postponement of treatment. Few
patients (~ 7%) required 1 to 3 treatment postponements
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(postponement of 1-9 months in duration depending on the
dosing algorithm) before starting the second year of treat-
ment, and < 1% discontinued due to lymphopenia (i.e. they
did not recover to Grade O or 1 after the last postponement,
and hence did not receive the second-year treatment course).
Results from scenario 2, consisting of 2-month blocks, are
reported in Fig. 2.

Fewer instances of severe (Grade 3—4) lymphopenia were
observed at any time during Y2 when a treatment algorithm
was applied than in the base scenario, supporting treatment
guidelines in preventing the potential risk associated with
the development of severe lymphopenia. In those patients
who qualified for postponements (8% of virtual patients), the
proportion reaching Grade 3—4 lymphopenia at some time
in the study was decreased (from 85 to 76% for treatment
scenario 2) when the mitigation rule was applied (refer to
Electronic Supplementary Material 3, Table 3).

3.5 Effect of Treatment Rules on Relapse Rate

There was a negligible effect of treatment rules on the prob-
ability of experiencing a qualifying relapse in the 2-year
study, regardless of which postponement scenario was
used. The probability distribution of predicted relapse-free

2 months delay (N=253)

survival is shown for both the base scenario and treatment
scenario 2 in Fig. 3. In addition, the relapse-free survival
Kaplan—Meier curves obtained for both scenarios are shown
in Electronic Supplementary Material 3, Figures 2 and 3.
Differences in relapse outcomes appear very small, suggest-
ing that treatment postponements during Y2 do not lead to
a clinically meaningful loss of efficacy. In Electronic Sup-
plementary Material 3, Table 4, the proportions of subjects
not experiencing 1 to 6 relapses at the end of Y2 are reported
for the base and treatment scenarios. The model predictions
obtained for the effect compartment exposure, hazard, cumu-
lative risk for experiencing a first relapse over time, as well
as the model-predicted relapse-free survival (i.e. 1 — cumu-
lative risk) for a typical patient (weighing 69.3 kg, with
a CLqg of 104.5 mL/min, and an EXNB of 1) receiving
Cladribine Tablets at a total cumulative dose of 3.5 mg/kg
over 2 years according to different treatment postponement
durations are shown in Fig. 4.

4 months delay (N=73)

ALC (X10°/L)

Time since first dose (months)

16 20 24
Time since first dose (months)

12 16 20 24 0 4 8 12

No treatment during year 2 (N=29)

No delay (N=4450)
5_.
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—_ - |
4 &
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o |
;:' <
0 4 8 12 16 20 24 0 4 8
Time since first dose (months)
6 months delay (N=15)

54 5
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& 3 8 3
X %
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< <

0 4 8 12
Time since first dose (months)

Fig.2 Absolute lymphocyte count time-course profiles (treat-
ment scenario 2). The blue dashed line denotes the upper limit
for Grade 1 lymphopenia (1.0 x 10° cells/L). The red dashed lines
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16 20 24 0 4 8

12 16 20 24
Time since first dose (months)

denote upper limits for Grades 2, 3 and 4 lymphopenia (0.8, 0.5 and
0.2 x 10° cells/L, respectively). ALC absolute lymphocyte count
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4 Discussion

The objective of this analysis was to investigate, in patients
with RRMS qualifying for treatment postponement (i.e.
patients with Grade 2—4 lymphopenia at the beginning of
Y?2), the impact of postponement or discontinuation of treat-
ment with Cladribine Tablets in the second year on the time
to occurrence of a qualifying relapse. Given that Grade 2—4
lymphopenia after cladribine treatment affects only a small
proportion of patients, this is difficult to achieve as part of
a clinical study. Instead, a clinical trial simulation approach
was chosen so that multiple treatment scenarios could be
tested based on data from the same virtual patient popula-
tion [11].

Treatment in Y2 could be postponed 3 times in blocks
of between 1 and 3 months in duration. The proportions of
patients requiring any postponement or discontinuation of
treatment during the second year were similar across con-
sidered treatment scenarios. In particular, in scenarios that
permitted treatment postponements in patients with Grade
2—-4 lymphopenia, approximately 92% of virtual patients
would require no delay in the second-year course of Clad-
ribine Tablets. An additional 7% of patients would start the
second year of cladribine treatment within 3 postponements,
and less than 1% of patients would require treatment sus-
pension because their ALC did not recover to > 0.8 x 10°
cells/L within 3 simulated postponements. These simulation
results are in agreement with the results from an analysis of
the CLARITY and CLARITY Extension studies that ret-
rospectively applied the ALC-based treatment guidelines
to patients that had received a Cladribine Tablets 7 mg/kg
cumulative dose over 4 years (in CLARITY and CLARITY
Extension, 1 year was defined as 48 weeks). At the end of the
first year, 89% of patients had Grade 0-1 lymphopenia and
would therefore still have met the criteria for treatment in
the second year (without any postponement) had the ALC-
based treatment guidelines been enforced in these trials [12].

The appropriateness of the treatment guidelines in mini-
mising the potential risk of developing severe lymphopenia
was further confirmed by the observation of less Grade 3—4
lymphopenia at any time during Y2 when applying the re-
dosing algorithms. Specifically, in the 8% of virtual patients
qualifying for postponement (i.e. with Grade 2—4 lympho-
penia at the beginning of Y2), the proportion of patients
not experiencing Grade 3 or 4 lymphopenia during Y2 was
increased when the mitigation rule was applied; this gain
ranged from 8 to 12%, depending on the postponement block
definition (refer to Electronic Supplementary Material 3,
Table 3). Following the RTTE model simulations for each
considered scenario, practically no impact of treatment rules
was observed on the mean predicted relapse-free survival
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and its probability distribution over time. Furthermore, com-
parable percentages of patients not experiencing a certain
number of relapses (between 1 and 6) were obtained across
the various scenarios.

In clinical practice, the decision to initiate treatment
with Cladribine Tablets in Y1 and in Y2 is now based on
ALC guidelines to minimise the risk of severe sustained
lymphopenia [2]. It is recommended that ALC be meas-
ured prior to the start of treatment with Cladribine Tablets
in each treatment year, and 2 and 6 months after start of
treatment in each treatment year. If ALC is observed below
0.5 x 10° cells/L, ALC should be actively monitored until
values increase. Treatment guidelines within the European
Summary of Product Characteristics for Cladribine Tablets
recommend delaying the second-year course of treatment
for up to 6 months in patients whose ALC has not recovered
to at least 0.8 x 10° cells/L (Grade 1 lymphopenia or bet-
ter) [2]. A treatment course consists of 2 weekly treatments
separated by 1 month. Thus, regardless of whether the first
weekly treatment of Y2 has to be postponed due to lympho-
penia or not, the subsequent treatment week always follows
the first treatment week by 1 month.

5 Conclusion

ALC-based treatment guidelines are supported by the results
of the analysis presented here. Our results indicate that 92%
of patients will require no delay of the second-year course
of treatment, but by allowing a 6-month delay, ~ 99% of
patients would be eligible for their second-year course of
treatment. Implementation of ALC-based treatment guide-
lines would reduce the occurrence of Grade 3—4 lymphope-
nia at any time, without having a negative impact on the risk
of relapse over 2 years.
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