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ABSTRACT

Purpose To characterize the pharmacokinetic (PK) and phar-
macodynamic (PD) properties of a monoclonal antibody direc-
ted against the B-cell activating factor (BAFF) receptor 3 (BR3),
following intravenous (IV) and subcutaneous (SC) administration
in mice.

Methods Single IV doses of 0.2, 2.0 and 20 mg/kg and a single
SC injection of 20 mg/kg of anti-BR3 antibody was administered
to mice. Serum drug and BAFF concentrations and splenic B-cell
concentrations were measured at various time points. Pooled PK
profiles were described by a two-compartmental model with
time-dependent nonlinear elimination, and BAFF profiles were
defined by an indirect response model. Fractional receptor occu-
pancy served as the driving function for a competitive reversible
antagonism model to characterize B-cell dynamics.

Results Noncompartmental analysis revealed a decrease in
drug clearance (31.3 to 7.93 mlL/day/kg) with increasing IV
doses. The SC dose exhibited slow absorption (T, .=2 days)
and complete bioavailability. All doses resulted in a dose-
dependent increase in BAFF concentrations and decrease in
B-cell counts. The proposed model reasonably captured com-
plex PK/PD profiles of anti-BR3 antibody after IV and SC
administration.

Conclusions A mechanistic model was developed that
describes the reversible competition between anti-BR3 anti-
body and BAFF for BR3 receptors and its influence on B-cell
pharmacodynamics.

Electronic supplementary material The online version of this article
(doi: 10.1007/s1 1095-012-0813-6) contains supplementary material, which is
available to authorized users.

KEY WORDS B-cell activating factor - B-cell activating factor
Receptor 3 - mathematical modeling - pharmacodynamics -
pharmacokinetics

INTRODUCTION

Therapies targeting B cells are currently in clinical develop-
ment for a variety of autoimmune diseases and hematolog-
ical malignancies. Rituximab, an anti-CD20 monoclonal
antibody (Genentech, South San Francisco, CA; Biogen-
IDEC, Gambridge, MA; Roche, Basel, Switzerland) effec-
tively produces B cell depletion through antigen- dependent
cell-mediated cytotoxicity (ADCC), complement-mediated
cytotoxicity (CDC) and apoptosis. Success of this drug in
the treatment of non-Hodgkin’s lymphoma has given impe-
tus to investigation of novel targets directed towards B cell
depletion (1-5).

A key component for the survival of mature B cells is B
cell activating factor (BAFF), a protein belonging to the
tumor necrosis factor (TNF) family. BAFF binds to three
receptors of the TNF family, BR3 (BAFF receptor 3), TACI
(transmembrane activator and calcium modulator and
cyclophylin ligand interactor) and BCMA (B cell maturation
antigen) (1,6). Among these, the BAFF/BR3 interaction is
most critical for survival signaling in B cells by upregulation
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of anti-apoptotic molecules (7,8). BAFF and BR3 knockout
mice show significant loss in peripheral B cells while over-
expression of BAFT leads to symptoms associated with auto-
immune diseases. Increased levels of BAFF is observed in
patients with rheumatoid arthritis, Sjorgen syndrome and
systemic lupus erythematosus (6—-10). BAFT also promotes B
cell metabolic fitness and prepares them for antigen-induced
proliferation (11). Thus, strategies for blocking BAFF are
currently under investigation. Belimumab (LymphoStat-B;
Human Genome Sciences, Rockville, MD) a monoclonal
antibody and BR3-Fc (Genentech, South San Francisco,
CA; Biogen-IDEC, Cambridge, MA), a fusion protein that
binds to BAFF, block the BAFF-BR3 signaling pathway and
have shown promising results in non-human primates
(12,13).

Antibodies directed against the BR3 receptor are being
developed that utilize a dual mechanism of action for B cell
depletion. These antibodies bind to the BR3 receptor with
high affinity and block BAFF/BR3 binding, thus inhibiting
the BR3 survival signaling pathway. In addition to this com-
petitive reversible antagonism, antibodies are also engineered
to induce cell killing via Fe-mediated cytotoxicity, thereby
incorporating the features of both anti-CD20 antibodies and
BR3-Fc proteins in one compound. Mice treated with such
antibodies show significantly larger B cell depletion in certain
subsets and qualitatively distinct outcomes compared to BR3-
Fc or anti-CD20 treated mice (14,15).

The PK/PD analyses of anti-BR3 antibody using quan-
titative modeling approaches have not been reported. The
purpose of this study is to characterize the pharmacokinetics
of an anti-BR3 antibody over a range of dose levels in mice.
The time course of BAFT is characterized using an indirect
response model. A mechanistic competitive reversible an-
tagonism model that simultaneously utilizes the drug and
BAFF concentrations is developed to characterize the time
course of B cell dynamics.

MATERIALS AND METHODS
Study Design and Bioassay

Single IV doses of 0.2, 2.0 and 20 mg/kg and a single SC
injection of 20 mg/kg of anti-BR3 antibody was adminis-
tered to 4 groups of BALB/c mice. There were 12 animals
each in the 0.2 and 2 mg/kg dose groups, and 18 animals
each in the 20 mg/kg IV and SC dose groups. Blood
samples for PK and BAFT analysis were collected at the
following timepoints: 0.0833, 0.5, 2, 4, 8 and 24 h on day 1
and at 2,4, 7, 10, 14, 17, 21, 28, 36, 56, 63, 73, 77, 85, 92
100, 109 and 119 days post-dose. A staggered sampling
strategy was used such that each mouse was bled a total of
3 times, once each using retro-orbital eye bleeds, followed

by a terminal bleed at necropsy. Balb/c mice were pur-
chased from Charles River labs. All protocols were reviewed
and approved by the Genentech IACUC committee, and all
studies were conducted at Genentech.

The serum concentrations of anti-BR3 antibody and
BAFT were determined using Enzyme Linked Immuno-
Sorbent Assay (ELISA). In brief, for the measurement of
anti-BR3 antibody concentration, recombinant human BR3
extracellular domain (ECD) (Genentech) was coated on 96-
well microplate plates and goat anti-human IgG conjugated
to horseradish peroxidase (HRP) was used as the detection.
The minimum dilution of serum samples was 1/100, and
the standard curve range was 0.5—32 ng/mL. The mini-
mum quantifiable concentration of anti-BR3 antibody was
75 ng/mL. To determine serum concentrations of BAFF,
anti-recombinant human BAFF (thBAFF) monoclonal anti-
body A (Genentech) was coated on 96-well microplate
plates, and Biotin-conjugated anti-rhBAFF monoclonal
antibody B (Genentech) and HRP-Streptavidin (Amdex;
Amersham Pharmacia Biotech, Piscataway, NJ) were used as
the detection. The minimum dilution of the serum sample was
1/20, and the standard curve range was 3.1—-200 pg/mL. The
minimum quantifiable concentration of BAFF was 100 pg/mL
using thBAFT as a relative standard. For both assays, three
matrix controls containing low, middle, or high concentration
of the analyte within the standard curve range were assessed
for accuracy and precision during assay development. The
overall percentage coefficient of variation (GV) of inter- and
intra-assay precision was under 20% for the anti-BR3 antibody
assay and under 30% for the BAFF assay. The accuracies of
the anti-BR3 antibody and BAFT assays were within 80-120%
and 70-130%, respectively.

B cell counts in the spleen were measured at pre-dose,
0.5, 2, 4 and 24 h on day 1 and at 4, 7, 14, 21, 28, 36, 42,
49, 109 and 119 days post-dose. Spleens from three mice
per time point per group were collected (terminal time
points) and single-cell suspensions were prepared for B cell
analysis. FACS analysis of total B cell (B220") count
was conducted on a FACSCalibur™ (Becton-Dickinson;
Sunnyvale, CA) with flurochrome conjugated anti-mouse
B220 antibody (13).

PK/PD Model

A non-compartmental analysis was conducted to ascertain
whether anti-BR3 antibody exhibited linear or non-linear
pharmacokinetic properties and thereby aid the model
building process. Several pharmacokinetic models were
evaluated according to standard model fitting criteria, and
the time-course of serum anti-BR3 antibody was ultimately
characterized using a two-compartmental model with
Michaelis-Menten kinetics (Fig. 1). Drug in the central com-
partment undergoes linear distribution to a non-specific
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Fig. I Competitive reversible
antagonism PK/PD model for
anti-BR3 monodlonal antibody after
IV-and SC administration in mice.
Drug upon administration into the
central compartment (A, V) after
IV dosing or after being absorbed
from the subcutaneous site (k,) after
SC dosing undergoes nonlinear
elimination (Vinay, Km) and linear
distribution (kyt, ki) to a non-specific
peripheral compartment (A). The
turnover of BAFF is described by
synthesis (ks,r,) and degradation
(kgeg) rate constants with drug
inhibiting its degradation. B cell
turnover is described by production
(ki) and loss (ko) rate constants
with occupancy of BR3 receptors
stimulating production. Detailed
equations are provided in the PK/PD
Model section of Materials and
Methods.

DRUG

BAFF

RESPONSE

peripheral compartment and non-linear elimination, which
was suggested by the non-compartmental analysis (see
Results). The drug is directly administered into the central
compartment with IV dosing, whereas it is absorbed from
the subcutaneous injection site by a first-order rate process
(k,) with SC dosing. The equations used to describe the
pharmacokinetics are as follows:

M]z _ Vmax

In(t) ——F——— -4/ V.) —ky -4y + k-4
o, = () Kot (4,/7) (Ap/ Ve) = by - Ay + by - A
(1)
dA
T;—:kﬁt.Aﬁiktﬁ.AT (2)

where Ap and A are the amounts of the drug in the central
and peripheral compartments, V, is the volume of the
central compartment, A, and kg, are the first-order rates of
distribution between the compartments, V. 1s the maxi-
mal zero-order elimination rate constant, and K, represents
the affinity of the antibody for the target receptor. In(#) is 0
for IV dosing and equal to Fk,D.exp(-k,f) for SC adminis-
tration, where F is the bioavailability of the drug. V.. 1s
assumed to be a time dependent function for the lower doses
(0.2 and 2.0 mg/kg):
Emaxtn

max] t = (3)

Vmax =
BTt + 0

where V.« 1 the zero-order elimination rate constant at
t=0. It is assumed that the capacity increases with time and
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{ Gaddum relation for
i competitive antagonism

Kin kout

saturates at a value of V,,.x1+ Eppay for longer times. The £75
is the time at which there is 50% of the maximal increase in
capacity, and 7 is the Hill coefficient. This assumption was
needed to characterize the pharmacokinetic data and could
represent an increase in capacity due to receptor up-regulation.
A time-dependent V], function was also applied for the high-
est dose, but it failed to improve model fitting criteria and also
worsened model fitted profiles. Thus, for the highest dose, it
was determined that the capacity remains constant at V..
The initial condition for Eq. 1 was set to 0 for SC and equal to
the dose administered for IV dosing. The initial condition for
Eq. 2 was set to 0 for both routes of administration.

BAFF dynamics was described by a basic indirect
response model (Fig. 1) (16,17). This model assumes that
anti-BR3 monoclonal antibody has an inhibitory action on
the degradation rate of BAFT, possibly due to competitive
inhibition of receptor mediated clearance of BAFF. The rate
of change of BAFF over time was defined as:

Imax : C
_ 7/’> .B (4)
G50 + G

dB
E = ky’n - kdeg‘ . <1

where B is the concentration of BAFF in the serum, Cp
(=A4,,/ V) is the free drug concentration in the central com-
partment, £, is the apparent zero-order production rate of
BAFF, kyeq s the first-order rate constant of degradation or
loss, I,.x 1s the maximal fractional extent of inhibition, and
1G5 is the drug concentration producing 50% of maximal
inhibition. The initial condition for Eq. 4 was set to the
steady state baseline value of BAFT (Bgs), which is the ratio

of ksyn and kdt-,g (BSS = ksyn /kdeg)-
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B-cell dynamics in the spleen was described by a com-
petitive reversible antagonism model as both BAFF (agonist)
and anti-BR3 (antagonist) bind reversibly to the alpha-BR3
receptor (Fig. 1). Splenic B-cells were assumed to be more
therapeutically relevant and utilized for modeling. B-cell
data in the peripheral blood were found to be highly vari-
able and not useful for model building purposes (data not
shown). It is assumed that BAFF and drug compete for the
same target site on the receptor. Such competitive antago-
nism can be described by a relation that was derived by
Gaddum (18,19) for rapid-binding, equilibrium conditions:

B
B+ Ky (14 G/kp)

p (5)
with p representing the fractional occupancy of the alpha-
BR3 receptor by BAFF, and Ay and A} are the apparent
equilibrium dissociation constants of BAFF and the drug.
The fractional occupancy is defined as the ratio of the
concentrations of BAFF-BR3 receptor complex and the
total BR3 receptors (free and bound), where the bound
species would include the receptors bound to both BAFF
and the drug. The Gaddum relation suggests that increasing
concentrations of the drug would decrease receptor occupancy.
The pharmacodynamic model assumes that the response is a
function of receptor occupancy, and the rate of change of
B-cells over time was defined as:

%: in'p_kout'N (6)
where N is number of B cells represented by absolute B220
counts, %, is the apparent zero-order production rate, and £y,
is the first-order rate constant of loss of B-cells. B220 is an
isoform of CD45R with a molecular weight of 220 kDa and
is an established surface marker predominantly found on B
cells. This equation suggests a decrease in the receptor occu-
pancy would result in a decrease in the production of B cells.
The 1nitial condition for Eq. 6 was set to the steady state
baseline value of B-cells (Nsg).

Data Analysis

The two-compartmental model with Michaelis-Menten
kinetics (Fig. 1; Eqgs. 1-3) was fitted to pooled anti-
BR3 monoclonal antibody serum concentration-time
profiles. The PK parameters to be estimated included:
kas koo (& kip)y Ve Ky Vimaxl, Fmax, and ETso. The
bioavailability /" was fixed to 1 based on the calculations from
non-compartmental analysis. The value of the Hill coefficient
(n) was also fixed to 5 to account for the sharp decline in
concentrations as revealed by the lower two doses.

The indirect response model (Fig. 1; Eq. 4) was fitted to
the pooled BAFTI serum concentration-time profiles. The

parameters that were estimated included kqeg, Imaxs 1Cs0,
and Bss. The PK parameters were fixed in the model, and
the production rate, £yn, was calculated to maintain steady-
state baseline conditions (Ay, = kgegBss ). The molecular
weight of BAFF was used in the calculation of receptor
occupancy and to obtain BAFF concentration in molar
units. All modeling was conducted in molar units and then
output concentrations were converted to units of the ana-
lytical assay. The molecular weight of BAFF was measured
to be 51 kDa (data not shown), which is in good agreement
with reported values (20—-22).

The competitive reversible antagonism PD model
(Fig. 1; Egs. 5—6) was fitted to the pooled spleen B-
cell concentration-time profiles. The parameters £y,
N, K3 and KAp were estimated, whereas the PK and
the BAFF profiles were fixed. Similar to BAFF turnover,
kyn was calculated to maintain steady-state baseline con-
ditions (kz'n = Rout 'NSS/pSS)~

All fittings were performed using the ADAPTS (beta-
version) computer program (23) by the maximum likelihood
estimation method. The variance model was defined as:

VAR; = (01 + 03 - 1;)* (7)

where VAR; is the variance of the M data point, o, and oy are

the variance parameters, and 1; is the model predicted con-
centration or response. Separate variance models were used
by fixing g to 0.0001 and 0 for PK and PD data. The goodness
of fit was assessed by system convergence, Akaike Information
Criterion, Schwarz Ciriterion, examination of residuals, and
visual inspection of the fitted curves.

RESULTS
Pharmacokinetics

Non-compartmental analysis of the mean pharmacokinetic
data revealed a dose related decrease in the total clearance
(CL) of the drug for increasing IV dose levels suggesting non-
linear disposition (Table I). The steady state volume of
distribution (V) of the drug also showed a decrease with
increasing dose, with V of the intermediate dose being
atypically low. The terminal half-life and mean residence
time (MRT) increases with dose. For SC dosing, the maxi-
mum plasma concentration (Cp,,,) occurs at 2 days (7.,
post-dose. The drug exhibits complete bioavailability with a
calculated apparent value of 1.28.

The pooled serum concentration-time profiles of ant-
BR3 monoclonal antibody and fitted curves after three
single IV doses and a single SC dose in mice are shown in
Fig. 2. The profiles show a polyexponential behavior and
slow absorption for the SC dosing. The proposed two-
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Table I Noncompartmental Analysis of Anti-BR3 Monoclonal Antibody Pharmacokinetics in Mice

Dose (mg/kg) Tm# (day)  Chax ug/mL)  Tha(day) AUC (ug-day/mL) ClLor CLF" (mL/day/kg)  Vssor \/SS/F* (mLkg)  MRT (day)
0.2 v 3.13 3.67 - 6.38 31.3 99.3 3.17
2 v 2.62 39.9 8 15 17.4 60.9 3.50
20 iv 7.37 509 8 2523 7.93 77.1 9.73
20 sc 8.56 313 2.0 3219 621" 757" 12.2

# Represents terminal half-life

*For SC dosing the clearance (CL/F) and steady state volume of distribution (Vss/F) are adjusted for bioavailability

#Not applicable

compartmental model with Michaelis-Menten kinetics and a
time dependent I, for the lower two doses characterized
the plasma concentrations of the drug reasonably well. A
time-dependent V., was needed to account for the sharp
decline in plasma concentrations for the lower two doses.
This could suggest an increased binding capacity due to
receptor up-regulation. The final estimated parameters are
listed in Table IT and low CV% values were obtained. Initial
estimates of £, and k,, were similar, and the two rate con-
stants were assumed to be the same to reduce the number of
parameters in the model and increase the precision of the
final estimated parameters. The estimated volume of the
central compartment (0.0551 L/kg) is approximately equal
to the plasma volume of mice. The bioavailability (F) was
fixed to 1 in the model based on the non-compartmental
analysis (NCA) results. The calculated apparent value of
bioavailabilty from NCA is 1.28, and the reasonable fit of
the final model to the data further supports the assumption
of complete bioavailabilty. The value of the Hill coeflicient
(n) for the time-dependent V., function was fixed to 5 to
reflect a sharp concentration-cffect relationship based on
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Fig. 2 Pharmacokinetic profiles of anti-BR3 monoclonal antibody after
simultaneously fitting the pharmacokinetic model to pooled data of three
single IV doses of 0.2 (blue inverted triangle), 2.0 (green square), 20 mg/kg
(red triangle), and a single SC dose of 20 mg/kg (gray circle). Symbols
represent experimental data and lines represent model-fitted profiles. The
inset shows data and profiles for initial time points.
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preliminary runs where estimation of n resulted in large
values and CV%. The model predicts the concentration-
time profiles reasonably well; however, even with the time
dependent increase in V.., the concentrations were over-
predicted for the 2.0 mg/kg dose in the terminal phase. An
alternative model with a time-dependent decrease in V..
for the highest dose level, instead of a time-dependent
increase for the lower doses, was also tested. The model fits
were comparable to the proposed model (Figure S1 in
supplementary materials). These modeling efforts suggest
either an up-regulation of the receptor for lower doses or
receptor down-regulation for the highest dose level. Thus, it
1s difficult to distinguish between these two processes with
the given data. Clearly additional experiments would be
needed to test these hypotheses and understand the compli-
cated pharmacokinetics of anti-BR3 monoclonal antibody.
In the absence of further experimental evidence to support
either process, the proposed PK model with a time-
dependent increase in V., for the lower doses was used
for fitting the pharmacodynamic markers of anti-BR3 anti-
body exposure.

Pharmacodynamics

The time-course of the pooled concentrations of BAFF in
serum, B-cells in spleen and their fitted curves after three
single IV doses and a single SC dose in mice are shown in
Fig. 3. The overall BAFF profile shows an increase in concen-
tration, which can be attributed to a decrease in receptor

Table Il Pharmacoki-

netic Parameter Estimates Par;meter Fi”?' V%

for Anti-BR3 Monoclonal (units) Estimate

Antibody in Mice
ks (day™") 133 12.6
Koy, kip (day™ ") 3.84 14.6
Ve (Lkg) 0.0551 4.99
Ko (UM) .28 19.4
Vinaxi (Umole/kg/day)  0.0148 154
Ernax(umole/kg/day) 0.0217 20.7
ETso (day) 0.37 13.5
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Fig. 3 Concentration-time profiles
of (@) BAFF in serum and (b) B-cells
in spleen after simultaneously fitting
the pharmacodynamic model to
pooled data for three single IV doses
of 0.2 (blue inverted triangle), 2.0
(green square), 20 mg/kg (red
triangle), and a single SC dose of
20 mg/kg (gray circle) of anti-BR3
monodlonal antibody. BAFF and
B-cell concentrations were fitted
sequentially. Symbols represent
experimental data and lines are
model-fitted profiles.
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mediated clearance as a result of binding of the drug to BR3
receptors. This is followed by a smooth decline in concentrations
to baseline as the drug is washed out from the system. The
indirect response model reasonably captures the time-course of
BAFF concentrations (Fig. 3a), and low CV% values were
obtained for the final estimated parameters (Table III). There
was significant variability in the data, and peak concentrations
for the highest dose IV and SC) were under predicted. The
concentration is over predicted for the 0.2 and 2 mg/kg dose
during the return phase which is reflective of the over prediction
m the PK driving function.

The overall B-cell profiles show a decline due to the inhib-
ition of BAFF-BR3 binding caused by the anti-BR3 antibody. A
subsequent increase in B220 counts to baseline is observed as the
antibody is cleared. The competitive reversible antagonism
model describes the pharmacodynamic data reasonably well
especially the 20 mg/kg IV and SC doses (Fig. 3b). However,
this model does not capture the apparent rebound phenomena
observed only for the lower two dose levels in this study. Such
rebound phenomena were not observed for similar studies con-
ducted in monkeys and humans (data not shown). The final
estimated parameters are listed in Table III, and low CV%
values were obtained for all but one (Ap) of the fitted parameters.

Table Il Pharmacody-

namic Parameter Parameter Final CV%
Estimates for Anti-BR3 (units) Estimate
Monoclonal
Antibody in Mice BAFF dynamics
kaeg (day ") 2.18 14.1
ICs0 (NM) 0.991 16.3
[ max (dimensionless) — 0.835 [.2
Bo (ng/mL) 143 4.07
B-cell dynamics
kout (day ™" 0.101 8.88
No (x 109 28.0 5.57
Kg (nM) 0.0603 122
Ko (nM) 2.72 334

40 60 80 100 120
Time (days)

0 20 40 60 80 100 120
Time (days)

One explanation for the high CV% for Ky is that the concen-
tration range for BAFF is relatively limited and may influence
the ability to estimate the parameter reliably. The estimated
value of the apparent equilibrium dissociation constant of BAFTF
(Ap) was 0.0603 nM and is consistent with an estimate (~0.1 nM)
reported in the literature (24). Similarly, the estimated apparent
equilibrium dissociation constant of 2.72 nM for the anti-BR3
antibody (Ap) lies within the range of values (0.6-7.9 nM)
obtained experimentally (14).

The simulated occupancy of the BR3 receptor by BAFF
shows a sharp decline in the receptor occupancy and subsequent
return to baseline (Fig. 4). A slight rebound phenomenon is
observed for all four profiles, suggestive of increased occupancy
due to elevated levels of BAFF in the serum which binds to the
BR3 receptors after the drug is removed from the system. The
model predicts the steady state baseline value of occupancy to be
0.318 mmplying that at steady state only 31.8% of the BR3
receptors are occupied by the agonist. The occupancy declines

1.0
>
e
S 08
o
t
o 0.6
(@]
S 04
o .
Q
o 02
e o
0.0

0

20 40 60 80 100 120
Time (days)

Fig. 4 Simulated occupancy of the BR3 receptor using the competitive

reversible antagonism PK/PD model for three single IV doses of 0.2 (blue),

2.0 (green), 20 mg/kg (red), and a single SC dose of 20 mg/kg (gray) of anti-BR3
monoclonal antibody.
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to approximately O (less than 1%) for the 2 and 20 mg/kg doses
suggesting that all BAFF is displaced from the receptor by the
antibodly.

DISCUSSION

The primary objective of this study was to characterize the
pharmacokinetic and pharmacodynamic profiles of anti-
BR3 monoclonal antibody using a mechanism based model.
To this end, the pharmacokinetics of the drug was described
by a two compartmental model with non-linear elimination,
and the concentration-time profiles of BAFF, the natural
ligand of the BR3 receptors, were described by an indirect
response model. A mechanism-based competitive reversible
antagonism model was used to describe the time course of B
cells in spleen (Fig. 1). Considering the complexity of the
preclinical profiles, this model adequately described the
experimental data (Figs. 2 and 3). In addition, the PK/PD
model not only describes the plasma concentrations of the
antibody, but also its natural ligand, and subsequently trans-
lates both to occupancy of the pharmacological target in
order to drive the pharmacodynamic response. This repre-
sents a fundamental approach to model the mechanism of
action of antibodies and is not only pertinent to this study
but might be for other antibodies as well. Abciximab competes
with endogenous agonists like thrombin for the glycoprotein
IIb/IIa platelet-surface integrin that mediate platelet aggre-
gation (25). Similarly, Cetuximab competes with natural
ligands for the epidermal growth factor receptors, thus inhib-
iting the downstream signals important for growth (26). There
are several other examples of antibodies where competitive
reversible antagonism is critical (27).

Noncompartmental analysis of the plasma concentration
profiles of the anti-BR3 monoclonal antibody showed an appa-
rent trend for decreasing clearance (CL) with increasing dose
(Table I). The observed relationship between dose and TV is
atypical with the intermediate dose having the lowest V. These
nonlinear properties might be attributed to saturable binding
with BR3 receptors. A time-dependent increase in V., for the
lower dose levels was needed to account for the very sharp
decline in the pharmacokinetic profile of the drug (Fig. 2). Our
preliminary modeling efforts with a time-invariant V;,,, sub-
stantially over predicted the concentrations for the lower doses
(data not shown). Considering the complexity of the non-linear
PK profile, the proposed model adequately described the data.
An alternative model that utilized a time-dependent decrease
i V. for the highest dose provided comparable fits to the
data (Figure S1). Significant depletion of B cells for the highest
dose could be partly attributed to the reduction in receptor
capacity, as BR3 receptors are present on B cells. Thus, it is
difficult to distinguish between such processes and to fully
understand the complicated pharmacokinetic behavior of

@ Springer

anti-BR3 antibody with the current data. Further experimen-
tation is clearly needed to test these hypotheses. Another model
permutation included a linear clearance term added to the
proposed clearance model. However, parallel linear elimina-
tion failed to significantly improve model performance (data
not shown). Thus for parsimony, the proposed model with only
non-linear clearance was retained.

The concentration-time profiles of BAFF in the serum were
adequately described by an indirect-response model with the
drug inhibiting its degradation (Fig. 3a) indicative of a decline in
receptor-mediated clearance of the BAFF-BR3 complex.
Decrease in receptor mediated clearance has been reported as
one of the possible mechanisms for an increase in serum BAFTF
concentrations in mice lacking B cells or in patients with
depleted B cells after rituximab treatment (15,28). This is con-
sistent with target-mediated disposition, and future models
might be constructed based on such principles should additional
receptor level dynamics become available (29,30).

The Gaddum equation (18,19) was implemented to
describe the time course of B-cell concentrations in the
spleen (Fig. 3b). It was assumed that the occupancy of the
BR3 receptor stimulates the production of B cells (i.e., linear
transduction of target occupancy). While there is no evidence
that BAFF directly induces B cell proliferation, it is shown that
BAFF promotes B cell metabolic fitness and prepares them for
antigen-induced proliferation (11). The proposed PD model
described the data reasonably well. Inclusion of the Fe-
mediated cytotoxic effect in the model did not improve the
model fitting criteria and reduced the precision of the esti-
mated parameters (data not shown). Since it is known that
BAFT promotes B cell survival by upregulating anti-apoptotic
molecules (7), a pharmacodynamic model where the binding
of the BAFF and BR3 receptor inhibits the loss of B cells was
also conducted. In this model the turnover of B cells was
described as dN/dt = ky — kowN/p. While this model
behaved similarly to the proposed model for the highest dose,
it significantly under predicted the B cell concentrations for
the lower dose levels. Our model focuses on splenic B cells as
studies suggest that B cell response in lymphoid tissues better
represents the cell population that should be targeted (i.e.,
slowly recirculating cells) for treating autoimmune diseases
and hematologic neoplasms (13,31).

The proposed PD model can potentially predict a
rebound in response which is evident from the rebound in
the simulated profiles of receptor occupancy (Fig. 4). This
rebound suggests increased occupancy when BAFTF at high
concentrations binds to BR3 receptors as the drug is cleared.
Such a rebound is likely to be pronounced in the response
profiles for drugs with very high clearance relative to endog-
enous ligand turnover.

In summary, the current study is the first model-based exami-
nation of the pharmacokinetic and pharmacodynamic proper-
ties of an anti-BR3 monoclonal antibody. The complex non-
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linear disposition of the drug was adequately characterized using

a model with time and concentration dependent non-linear

clearance. Overall, the proposed pharmacodynamic model is

mechanistic in nature reflecting alterations in cellular dynamics

due to a reversible competition between the antibody and

endogenous ligand for the pharmacological target.
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