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Abstract 
We optimized design of a Phase 2 clinical trial for a subcutaneously administered 
monoclonal antibody (mAb) in Relapsing-Remitting Multiple Sclerosis (RRMS) using 
Tessella’s FACTS software and a translational pharmacometric model based on historical 
clinical and non-clinical data.  The pharmacometric model included compartments 
describing the time course of the mAb concentration  within (1)  a subcutaneous depot, 
(2) systemic circulation and (3) peripheral tissue; (4) peripheral B cell production, 
proliferation and clearance; (5) trafficking and, (6) selective recruitment of pathogenic 
immune cells into cerebrospinal fluid (CSF) via adhesion at the blood brain barrier.  A 
statistical model linked the incidence of new inflammatory lesions with PK/PD model 
predictions of the count of pathogenic immune cells that have migrated from the 
periphery into CSF.  The new  inflammatory lesion counts were modeled by a negative 
binomial distribution with constant over-dispersion and their mean count was predicted 
by an inhibitory sigmoid Emax model derived from the PK/PD model that related 
cumulative dose to fractional reduction of new  inflammatory lesion count.  We 
confirmed the trial design using FACTS software based on the lesion count model with 
an external data file simulated by software including NONMEM VI and R. 
Key Words: nonlinear mixed modeling, pharmacometrics, clinical trial design,  
NONMEM, R, FACTS, translational research, multiple sclerosis 
 
 

1. Background 
Multiple sclerosis (MS) is a multifocal, , heterogeneous,  progressive neurological disease 
characterized by inflammation, demyelination, and gliosis of the central nervous system 
(CNS).  Although the etiology of MS remains unknown, convergent lines of genetic, 
immunological, and epidemiological evidence suggest that tissue injury results from a 
misdirected immune response triggered by "non-self" antigens that mimic constitutive 
peptides of myelin.  Relapsing Remitting Multiple Sclerosis (RRMS) is specifically 
characterized by unpredictable exacerbation of symptoms (relapse), followed by periods 
of remission, during which any deficits from the relapse may recover with or without 
sequelae. 
 
Ofatumumab is a novel IgG1�¸���O�\�W�L�F���P�R�Q�R�F�O�R�Q�D�O���D�Q�W�L�E�R�G�\�����P�$�E�����W�K�D�W���V�S�H�F�L�I�L�F�D�O�O�\���E�L�Q�G�V���W�R��
the human CD20 antigen of which expression is restricted to B lymphocytes from the 
pre-B cell stage to the plasmacytoid immunoblast stage only.  A recent trial with an anti-
CD20 mAb (rituximab) demonstrated that targeting B-cells reduces the number of 
gadolinium-enhancing (GdE) T1 lesions and the relapse rate in relapsing-remitting 
multiple sclerosis (RRMS).  Ofatumumab has been shown to be both well tolerated and 
efficacious in several diseases, including a small, placebo-controlled trial in RRMS 
known as OMS11502 (also known as GEN414) [Sorensen, 2010]. 
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The primary objective of the OMS115102 protocol was to investigate the safety of a 
range of doses (100mg, 300 mg, and 700 mg) of ofatumumab in RRMS subjects, using an 
IV formulation.  The treatment period for OMS115102 has been completed; there is 
currently 1 subject ongoing in the Individualized Follow up Phase.  In the Week 0 to 24 
period the majority of subject who were exposed to active treatment with ofatumumab 
(active/placebo) had CD19+ and CD20+ levels that were suppressed to zero; recovery 
started for the 100 mg and 300 mg active/placebo groups at, approximately, 12 and 20 
weeks after discontinuation of dosing with ofatumumab, respectively.  In the 700 mg 
active/placebo group, all but one subject had a persistent and complete CD19+ 
suppression at Week 24.  In the Week 24 to 48 period, when those who had previously 
been exposed to placebo were treated with ofatumumab (placebo/active), the majority of 
the subjects' CD19+ and CD20+ levels were suppressed to zero (mm-3) within one week.  
Recovery started for the subjects in the 100 mg placebo/active group after approximately 
16 weeks (from these subjects’ first infusion).  In the 300 mg and 700 mg placebo/active 
groups, all subjects except one (700 mg) had persistent and complete CD19+ suppression 
at Week 48. 

Study OMS112831 is a double-blind, placebo-controlled, parallel-group study that will 
investigate the safety and efficacy of a subcutaneous formulation of ofatumumab in the 
treatment of subjects with RRMS.  The primary objective of the study is to investigate 
efficacy as assessed by magnetic resonance imaging.  Other objectives will include 
evaluation of tolerability/safety, dose-response relationship, pharmacokinetics, 
pharmacodynamics, exposure-response, as well as other clinical endpoints. 
 

2. Rationale 
 
Multiple Sclerosis is an autoimmune disease of the central nervous system historically 
characterized as predominantly dependent upon dysregulation of T-cells.  Recent 
evidence, however, has caused a reassessment of the role of B-cells within the immune 
system.  B-cells have essential functions in regulating immune response and may 
contribute to disease pathogenesis by serving as cellular adjuvant for CD4+ T-cell 
activation [Bouaziz, 2007], by regulating T-cell function, and by promoting inflammation 
via cytokine production [Lund, 2008], in addition to producing autoantibodies.  In 
experimental autoimmune encephalomyelitis (EAE) mouse models of MS, B-cells are 
required for CNS autoantigen specific CD4+ T-cell generation and encephalitogenic T-
cell entry into the CNS during disease progression [Matsushita, 2009]. 
 
CD20 is a B-cell specific surface molecule first expressed at the transition from pre-B to 
immature B-cell.  Full expression of CD20 occurs in mature B-cell subsets, but is lost 
with differentiation to plasma cells.  CD20+ B-cell depletion does not deplete T-cells or 
other non-B-cell leukocytes, and serum antibody and established autoantibody levels are 
not affected [DiLillo, 2008].  CD20+ B-cell depletion dramatically suppress EAE 
progression in mice [Matsushita, 2009]. In humans, rituximab has provided definitive 
evidence of the therapeutic benefit of CD20+ B-cell depletion in RRMS. 
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Figure 1 Raw summary statistics for OMS115102 cumulative new T1 Gd-enhancing lesions. 
 
 
Fig. 1 shows raw summary statistics for ofatumumab study OMS115102 (GEN 414)  that 
highlight the minimal amount of observed new MRI lesion activity following 
administration of IV ofatumumab in both the Week 0-24 and Week 24-48 treatment 
periods.  Although driven largely by one subject with 88 lesions, the mean number of 
new T1-weighted GdE lesions for the overall placebo group was 9.69 lesions.  The effect 
of ofatumumab on total T1 enhancing lesions, new and/or enlarging T2 lesions, and new 
T1 hypointense lesions with very low MRI activity in treated subjects was similar to that 
seen on new T1 GdE lesions.   
 
The only available data on subcutaneous ofatumumab administered to human is from 
Study OFA110867 in Rheumatoid Arthritis (RA) patients.  The majority of Adverse 
Events (AEs) in OFA110867 were mild or moderate in intensity.  Post Injection Systemic 
Reactions (PISRs) were more frequent for the combined active (13/27; 48%) than 
placebo (2/8; 25%) group.  Overall, safety data indicate that doses up to 60mg SC single 
dose were well-tolerated with acetaminophen and antihistamine pre-treatment. 
 
At the relatively low doses projected in Study OMS112831, no lesion count dose-
response information is available for ofatumumab in any clinical or pre-clinical model.  
We designed the trial by clinical trial simulation by translating a pharmacometric disease 
model for subcutaneously administered ofatumumab from RA to RRMS. 
 
2.1 Pharmacometric model development 
Data from a Rheumatoid Arthritis (RA) single SQ dose study (Study OFA110867) and a 
pharmacometric model derived from models submitted to BLA 125,326 form the basis of 
dose predictions for this protocol. The RA study is the starting point for modeling for 
four reasons:  
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�x OFA110867 is the only subcutaneously administered ofatumumab study available;  

�x A unified PK/PD model has been developed from an IV model reported to the 
FDA for RA, CLL and FL indications, and this model well describes the 
relationships between dose, instantaneous concentration and peripheral CD19+ B 
cell count for the RA population; 

�x The OMS115102 concentration and CD19+ B cell data do not permit detailed 
modeling of this PK/PD relationship from OMS115102 data alone; 

�x The relationship between bioavailabilty and dose may be complicated by the 
likelihood that ofatumumab substantially depletes lymphatic B cells before entering 
systemic circulation.  

The choice of study OFA110867 as basis for modelling likely reflects a conservative 
viewpoint relative to RRMS.  First, the placebo cohort of the OFA110867 study shows 
peripheral CD19+ B-cell counts that increase with time and may not be in homeostasis 
because of systemic inflammation related to aggressive lymphoproliferation.  Therefore, 
the same dose to MS patients may result in somewhat higher systemic concentration of 
ofatumumab and more depletion of peripheral B-cells because the peripheral B-cells may 
not proliferate so rapidly in MS as in RA.   
 
Second, Fig. 2 shows that the 300mg and 700mg cohorts of ofatumumab administered by 
the intravenous route in study OMS115102 in RRMS exhibit systematically higher 
concentrations when compared with those reported at comparable time points in study 
GEN403 (a separate study that included IV use in subjects with RA).  

 
Figure 2 Pharmacokinetic profile for RA and MS patients dosed ofatumumab by the 
intra venous route, showing mean and inter-quartile r ange. 
 
Depleting the CD20+ B-cell subset reduces the supply of mature B-cells (including 
pathogenic B-cells) for migration across the blood brain barrier, clonal expansion, and 
differentiation into plasma or memory cells.   
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Kuenz et al reported that cerebrospinal fluid (CSF) B-cells correlated with early brain 
inflammation in multiple sclerosis including number of GdE lesions, while Petereit et al 
observed that reduction in lesion number correlated with reduction in CSF B-cell count  
[Kuenz, 2008; Petereit, 2009]. 
 
Kuenz et al further reported that “new focal white-matter lesions appear to develop 
following new waves of inflammation, involving immune cells which enter the brain 
from the peripheral blood and cause major blood brain barrier leakage mediated by 
matrix metalloproteinases (MMP).”  Sormani et al reported that the statistical distribution 
of new GdE lesions observed during a 24 week period was well described by a negative 
�E�L�Q�R�P�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���Z�L�W�K���H�[�S�H�F�W�H�G���Y�D�O�X�H���—� ���������� �D�Q�G���R�Y�H�U-dispersion para�P�H�W�H�U���,� ����������
in RRMS patients not required to have enhancing brain lesions at baseline with monthly 
MRI scanning over 24 weeks [Sormani, 2001].  
 
These observations support the notion that selective recruitment of immune cells across 
the blood brain barrier occurs in almost discrete events with an average inter-event 
interval of about 22 weeks, according to a Gamma-Poisson mixture model.  The Sormani 
et al model provides a statistical link for the mean rate of incidence of new GdE lesions 
and pharmacometric model predictions of the reduction in count of peripherally 
activated pathogenic B or T-cells that have migrated into the CSF. 
 
Petereit and Rubbert-Roth showed that the observed rituximab plasma: CSF 
concentration for subjects with a normal blood brain barrier is about 0.1%; the 
expectation for ofatumumab is similar [Petereit, 2009].  Normal healthy serum: CSF 
ratios are about 230:1 for albumin and 369:1 for IgG in the absence of intrathecal IgG 
synthesis [Tourtellotte, 1975].  Hence for subjects with moderate to severe impairment of 
the blood brain barrier corresponding to an albumin index of 14-30 [Cook, 2006], the 
ofatumumab plasma:CSF concentration ratio is predicted to be in the range of about 
0.87% to about 1.87%, based on the assumption that plasma:CSF ratios are reasonably 
close to serum:CSF ratios. 
 
The pharmacometric model therefore postulates a mechanism of lesion formation based 
on selective recruitment of a very small fraction of pathogenic immune cells across the 
blood brain barrier.  A key assumption of the kinetics argument is that, if peripheral B-
cells are implicated in production of the pathogenic immune cells, the production rate of 
pathogenic immune cells may reasonably be proportional to the instantaneous peripheral 
B-cell count.  If the pathogenic immune cells that have migrated across the blood brain 
barrier are implicated in the development of lesions, it is a reasonable kinetics assumption 
that the production rate of inflammatory (GdE) lesions be proportional to their count, so 
the cumulative number of inflammatory lesions may be proportional to the exposure to 
these pathogenic immune cells in CSF. 
 
The model assumes that the T-cells are antigen-primed CD4+ cells of CD45RO CCR7+ 

phenotype with mean proliferation and disappearance rates according to Table 2 of 
Macallan et al. [Macallan, 2004].  The uptake rate constants for pathogenic T- or B-cell 
migration across the blood brain barrier were based on the respective in vitro migration 
rates in the presence of both TNF-�.�� �D�Q�G���,�)�1-���� �F�\�W�R�N�Lnes reported by Alter et al. [Alter, 
2003].   
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The pathogenic memory B-cells are considered to turnover in CSF at the rate estimated 
for peripheral CD19+ B-cells in study OFA110867 and to be cleared by ofatumumab by 
the Antibody-Dependent Cell-mediated Cytotoxicity (ADCC) pathway at a rate 
corresponding to in vitro studies.  Fig. 3 shows the ofatumumab in vitro concentration-
effect relationship for Daudi B cells after Bleeker et al [Bleeker, 2007]. 
 
 

 
Figure 3 Ofatumumab in vitro concentration effect relationship for Daudi B cells  
 
The model assumes that pathogenic memory B-cells will not proliferate unless they 
encounter a specific antigen or non-specific infection that triggers proliferation via 
antigen binding or Toll-Like Receptor 9 (TLR9) pathways.  The model further assumes 
that the instantaneous mean incidence rate of GdE lesions is proportional to the count of 
peripherally activated pathogenic T- or B-cells present in CSF.  
 
The initial distribution of peripheral CD19+ B-cells is drawn from a lognormal 
�G�L�V�W�U�L�E�X�W�L�R�Q�� �Z�L�W�K�� �H�[�S�H�F�W�H�G�� �Y�D�O�X�H�� �—� �������� �*�,���/�� �D�Q�G�� �V�W�D�Q�G�D�U�G�� �G�H�Y�L�D�W�L�R�Q�� ������������ �R�Q�� �W�K�H��
logarithmic scale obtained by a maximum likelihood fit to the baseline peripheral CD19+ 
counts observed for the 100mg cohort of study OMS115102 in RRMS subjects. 
 
 
Fig. 4 shows the predicted geometric mean and standard error of new GdE lesions based 
on the reduction of pathogenic T- and B-cells present in CSF that have been selectively 
recruited across the blood brain barrier via adhesion, and the Negative Binomial 
distribution for RRMS patients not required to have enhancing brain lesions at baseline, 
as reported by Sormani et al [Sormani, 2001]. 
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Figure 4 Predicted geometric mean and standard error of deviation of cumulative new Gd-
enhancing lesion count over 24 weeks, based on predicted count of peripherally activated 
pathogenic B- or T-cells that have migrated into CSF 
 
 
The pharmacometric model may explain delayed relapse in terms of CSF pathogenic B or 
T cell proliferation triggered by specific antigen exposure or external event such as 
infection.  In principle, repopulation of peripheral immune cells is necessary but not 
sufficient for relapse to occur. An external stimulus may be required to trigger rapid 
proliferation and relapse even after repopulation of CSF B or T cells. 
 
A low uptake rate constant may explain delayed re-population of pathogenic immune 
cells in CSF including B cells and T cells.  The natural rate of central memory immune 
cell turnover may explain delayed eradication of pathogenic immune cells from CSF. 
 
2.2 Dose rationale 
 
Whilst the 3, 30, and 60mg single SQ doses were all well-tolerated in study OFA110867, 
the 3mg single dose was the most tolerable.  The OMS112831 study investigates the use 
of a single 3mg dose (“conditioning dose”) prior to a 30mg or 60mg dose in half of the 
subjects receiving those doses.  The intent of the single SQ 3mg conditioning dose is to 
reduce cytokine release reaction to subsequent larger doses by depleting peripheral 
CD20+ B-cells by about 50% over about 6-9 days, thereby enhancing tolerability. 
 
The purpose of the 3mg SQ arm is to explore the efficacy of sub-depleting doses (<95% 
depletion of peripheral B-cells) and to provide information helpful to dose-response and 
exposure-response modeling.   According to the predictive pharmacometric model, the 
expected reduction of new enhancing T1 lesion burden at Week 24 for subjects dosed 
with placebo at Week 0 and 3mg SQ at Week 12 is 55.2% with 90% confidence interval 
44.7% to 67.4%, a response that was observed with currently available first line MS 
disease modifying therapies in their Phase II studies.  Rituximab data suggest that 
efficacy in suppressing lesions was maintained through repletion to peripheral B-cell 
levels ~ 30% of LLN [Hauser, 2008]. 
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The choice of 30mg dosed quarterly was because it is the lowest quarterly dose which is 
likely to continuously maintain at least 95% peripheral CD20+B-cell depletion in at least 
90% of the subjects. 
 
The choice of 60mg as the upper dosing cohorts was based on findings that this dose 
displayed similar peripheral B-cell depletion to 100mg (the highest dose tested in 
OFA110867) while appearing to have better tolerability. 
For the 60 mg monthly cohort, the expected rate of peripherally activated T- and B-cell 
migration across the blood brain barrier is very small based on the predicted extensive 
peripheral B-cell depletion.  Although moderate B-cell depletion in the CSF (and perhaps 
CNS) is possible via ADCC in accordance with the sigmoid Emax model of Bleeker et al, 
the expectation is that it will not be robust or complete [Bleeker, 2007]. 
 
The 60mg and 30mg arms are expected to deplete peripheral B-cells to reduce activation 
of pathogenic T- and B-cells (via reduced antigen presentation or regulatory T-cell 
augmentation ) to levels similar to those expected for the efficacious dose in OMS115102 
100mg Q2Wx1).  Although the present study duration is only 24 weeks, Fig. 5 shows the 
predicted survival curve for the time to replete peripheral blood CD19+ B-cells to LLN 
(110 cells/�PL) after dosing RRMS subjects with SQ ofatumumab in a clinically realistic 
scenario of treatment discontinuation after one full year of real-world treatment, when 
steady state has been reached. 
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Figure 5 Predicted survival curve for the time to replete peripheral blood CD19+ B-cells to 
LLN (110 cells/µL) in a clinically realistic scenario of treatment discontinuation after one full 
year of real-world treatment. 
 
Note that for doses greater than 3mg SQ, the predicted time to repletion of peripheral 
CD19+ B-cells to Lower Li�P�L�W���R�I���1�R�U�P�D�O�����/�/�1�������������F�H�O�O�V�����—�/�����D�I�W�H�U���W�K�H���O�D�V�W���G�R�V�H���H�[�F�H�H�G�V��
(approximately) 20 weeks.  In study OFA110867, the shortest time to the start of 
repletion was about 43 days for the 3mg and 30mg doses and 57 days for the 60mg dose, 
comparable with typical life span of a mature circulating B-cell. 
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The OMS112831 doses support dose selection for Phase III studies.  The predictive 
pharmacometric  model supports a monotonic relation between mean reduction in new 
enhancing T1 lesion burden and cumulative dose, with 90% prediction interval including 
ofatumumab dosed 10mg Q3M SQ to 40mg Q3M SQ for the dose that results in >90% 
reduction in new enhancing T1 lesion burden. 
 
Repetition of these doses at three-month intervals, or the lesser of time to repletion of B-
cells to peripheral LLN, allows partial repletion of peripheral B-cells and may provide 
some level of adaptive immunity against infections (including JC virus variants) that may 
trigger relapse by opening the blood brain barrier or by activating pathogenic immune 
cells expressing TLR9. 
 

2. Clinical Trial Design 
 
OMS112831 is a global, multi-center, double-blind, placebo-controlled, randomized, 
parallel-group study.  In accordance with the above rationale, the study team selected a 
clinical trial design illustrated by Fig. 6. 
 

 
Figure 6 Study schematic 
 
The purpose of the Screening Phase is to assess subject eligibility.  The Treatment Phase 
will be 24 weeks.  Randomization into one of eight treatment arms occurs for subjects 
confirmed as meeting all inclusion and exclusion criteria. The primary endpoint occurs at 
Week 12 and subjects previously allocated to receive placebo are re-allocated to receive a 
3mg single subcutaneous dose of ofatumumab.  The 24 Week Follow-up Phase assesses 
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subject safety upon completion of the Treatment Phase or upon any premature 
discontinuation of the ofatumumab investigational product.  After completion of the 24 
Week Follow-up Phase, investigators will continue to monitor subjects if the subject has 
not started a disease-modifying therapy and CD19+ B-lymphocytes are below the lower 
limit of normal (LLN) or, circulating IgG, IgM or IgA levels are below LLN. 
 
During this Individualized Follow-up Phase, subjects will return to the clinic every 12 
weeks for a B-cell count and other safety assessments.  Subjects will remain in 
Individualized Follow-up until CD19+ B-lymphocyte counts recover to LLN or, if �•�� ����
years from last dose, circulating IgG levels are �tLLN or �t baseline values.  The 
Individualized Follow-up period is expected to last approximately 80 weeks.  Subjects 
who require the use of disease-modifying therapies will be withdrawn from the 
Individualized Follow-up.  We will not continue to follow these subjects due to the 
inability to determine the effect of the disease-modifying therapy on B-cell repletion.   
 
We simulated the clinical trial design using FACTS software (Tessella: MA) based on the 
lesion count pharmacometric model using an external data file simulated by software 
including NONMEM VI and R.  Fig. 7 shows that the proportion of simulations where a 
specified dose was selected as ED90, which is the dose that results in >90% reduction in 
new enhancing lesion burden, assuming 10% dropout for each arm. 
 

 
Figure 7 Proportion of simulations in which a specified dose was selected as the dose that 
results in > 90% reduction of new enhancing lesion burden. 
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