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ABSTRACT

Purpose Romiplostim is a novel thrombopoiesis-stimulating
peptibody that targets the thrombopoietin c-Mpl receptor,
resulting in increased platelet production. The pharmacodynamic-
mediated disposition (PDMDD) and its stimulatory effect
on platelet production in Sprague-Dawley rats, rhesus
monkeys, and cynomolgus monkeys following IV bolus
and SC administration at various dose levels were
determined.

Methods The pharmacokinetic (PK) profile was described
by a PDMDD model that accounts for romiplostim binding
to the c-Mpl receptor. The PD model contained a series of
aging compartments for precursor cells in bone marrow
and platelets. The stimulatory function was described by an
on-and-off function operating on the fractional receptor
occupancy (RO). The threshold effect, ROy, and Kp
parameters were determinants of drug potency, whereas
Smax reflected drug efficacy.

Results The model implicated that receptor-mediated clear-
ance was negligible. ROy, estimated occupancies were
0.288, 0.385, 0.771 for rats, rhesus, and cynomolgus
monkeys, respectively. The analogous estimated values of
Ko were 4.05, 2320, and 429 ng/mL, implying that romi-
plostim was much more potent in rats, which was confirmed
by a dose-response (ratio of peak platelet count to baseline)
relationship.

Conclusions The model adequately described romiplostim
serum concentrations and platelet counts in rats, rhesus monkeys,

and cynomolgus monkeys, and quantified linear clearance,
PDMDD, and potency of romiplostim.
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ABBREVIATIONS
AUCo_o area under the curve from
0 to infinity

BaF3-Mpl cells  Mpl-transfected cells

CFU colony-forming unit

CL clearance

cv coefficient of variation

Dy intravenous dosing

ELISA enzyme-linked immunosorbent assay
eTPO endogenous TPO

lgGl human immunoglobulin G subtype |
TS iterative-two-stage

rHu-TPO recombinant human thrombopoietin
TPO thrombopoietin
INTRODUCTION

Megakaryocytopoiesis is a continuous developmental
process of platelet production regulated by a complex
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network of hematopoietic growth factors. In this process,
hematopoietic stem cells undergo proliferation, differen-
tiation, and maturation, generating megakaryocytes and
platelets. Platelet production is controlled by signaling
through the hematopoietic c-Mpl receptor (1). The li-
gand for this receptor is thrombopoietin (TPO), a he-
matopoietic growth factor produced in the liver and
marrow stroma, which is the primary regulator of
megakaryocyte development and subsequent platelet for-
mation (2). Upon binding to c-Mpl receptor, TPO trig-
gers several cellular signal transduction processes, which
involve the JAK-STAT and tyrosine kinase pathways,
the mitogen-activated protein kinase pathway, the phos-
phatidylinositol 3-kinase pathway, and the nuclear factor
kappa B pathway (3,4). Early recombinant forms of
TPO showed promising clinical results when adminis-
tered in human. However, later studies failed to meet
the clinical endpoints, because the recombinant proteins
generated antibodies that cross-reacted with c-Mpl
ligands and resulted in paradoxical thrombocytopenia
(5,6). Further clinical development of most of these
molecules was therefore suspended (7).

Romiplostim (Nplate®, previously known as AMG 531)
1s a novel biological TPO stimulating agent developed to
overcome the problem of cross-reacting antibodies by use
of a random peptide sequence to activate the c-Mpl
receptor. Structurally, romiplostim is a 59 kD fusion pro-
tein that consists of c-Mpl binding domain covalently
linked to the N-terminus of the carrier Fc domain (8).
The c-Mpl receptor binding domain contains two peptide
chains each with two units of a novel TPO mimetic
peptide. The four copies of the TPO mimetic peptide
stimulate megakaryocytopoiesis in the same ways as
TPO, and bear no sequence homology with TPO, thus
further reducing the potential for the generation of anti-
TPO antibodies. In vitro, romiplostim competes with TPO
for the binding to c¢-Mpl receptor on normal platelets and
Mpl-transfected cells (BaF3-Mpl cells). Upon binding to
the c-Mpl receptor, romiplostim activates JAK-STAT
and other pathways similarly to TPO (3). When co-
cultured with the murine bone marrow cells, romiplos-
tim promotes the growth of CIFU-megakaryocytes and
promotes the proliferation as well as the maturation of
megakaryocytes (3). During preclinical development
romiplostim evidenced robust platelet responses in mice,
rats, rabbits and monkeys (data on file). Currently,
romiplostim has been approved in the USA, EU and
other countries for the treatment of patients with immune
thrombocytopenia (9).

Similarly to TPO (10), romiplostim binds to the c-Mpl
receptor (11) and exhibits target-mediated drug disposition
(TMDD), which occurs when the time course of the drug
concentration is influenced by the interaction between the
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drug and its pharmacological target (12). General pharma-
cokinetic models have been developed to account for drug-
receptor binding, internalization and degradation, as well as
the receptor turnover (13,14). These models are particularly
useful in analysis of hematopoietic growth factors and newly
emerging targeted therapies that are highly specific, very
potent and effective at much lower drug concentrations than
small molecule agents. TMDD models have been applied to
describe pharmacokinetics of hematopoietic growth factors,
such as erythropoietin (15), pegfilgrastim (16), and TPO-
stimulating agents (17-19), and other biological drugs such
as monoclonal antibodies (20-22) and cytokines (23,24).
Clearance of these receptor-mediated compounds saturates
at higher concentrations originating non-linear pharmaco-
kinetics, which is dependent on free receptor expression. At
the same time, free receptor expression is determined by the
receptor turnover in individual cells and the turnover of cells
expressing the target receptor. Because romiplostim induces
an increase of the number of megakaryocytes and platelets
that carry receptors capable of clearing romiplostim and
TPO, a self-regulating cycle is formed, which leads to a
strong interaction between the non-linear pharmacokinetics
and the pharmacodynamics of romiplostim. This phenom-
enon known as pharmacodynamic-mediated drug disposi-
tion (PDMDD) has been recently described for romiplostim
in healthy subjects (19).

The objective of this study was to determine the
pharmacokinetics and the stimulatory effect of romiplos-
tim on platelet production in rats, rhesus monkeys, and
cynomolgus monkeys. We applied combinations of previously
published PK/PD models describing receptor-mediated
drug disposition (14,19,25) and stimulation of platelet produc-
tion (26) to quantify the PDMDD of romiplostim in these
animal species.

MATERIALS AND METHODS
Study Drug

Romiplostim and vehicle were manufactured by Amgen
Inc. (Thousand Oaks, CA). Dosing solutions were prepared
by diluting the romiplostim with vehicle at appropriate
concentrations and volumes to achieve the intended doses.

Animal Experiments

All procedures used in the studies adhered to the Principles of
Laboratory Animal Care. Animals were treated humanely in
accordance with the USDA Animal Welfare Act (9 CFR, Parts
1, 2, and 3) and the conditions specified in the Guide for Care
and Use of Laboratory Animals (ILAR publication, 1996,
National Academy Press). Sprague-Dawley rats, rhesus
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monkeys and cynomolgus monkeys were used in the experi-
ments. Animals were maintained under laboratory standard
conditions on a 12 h light/dark cycle, and in a temperature-
and humidity-controlled room. Animals received Harlan
Teklad Certified Rodent or Primate Diet and ad hbitum access
to water. The same formulation was used for IV and SC dosing
i all the studies described below.

Rat Study

Twenty-four male Sprague-Dawley rats (250 to 350 g) were
divided into six groups and received a single intravenous (IV)
bolus or subcutaneous (SC) dose of romiplostim at 0.03, 0.1 or
0.3 mg/kg. To evaluate the pharmacokinetics, an alternative
sparse sampling schema design was selected. Approximately
0.35 mL of whole blood was collected from a jugular cannula
or a tail vein at predose, 5 and 20 min, 2, 8, 16, 30, 42, 56, and
96 hours postdose from two animals in each dose group. From
two other animals, whole blood was collected at predose,
10 min, 1, 4, 12, 24, 36, 48, 72, and 120 h postdose. To
determine the platelet count, approximately 0.15 mL of whole
blood was collected at predose and then daily up to 21 days
postdose from 4 rats in each group.

Rhesus Monkey Study

Eighteen male rhesus monkeys (3.0 to 3.7 kg) were divided
into six groups and received a single IV bolus or SC dose of
romiplostim of 0.5, 2.0 or 5.0 mg/kg. Whole blood samples
(approximately 0.75 mL) were collected for PK analyses via
venipuncture at predose, 5, 15, and 30 min, 1, 2 4, 8, 12, 24,
48, 72,120, 168, 240, 288, 312, 336, 360, 408, 456, and 504 h
postdose in all dose groups. In addition, blood was collected at
192 (0.5-mg/kg and 5.0-mg/kg dose groups only) hours post-
dose; 216 and 264 (0.5-mg/kg and 2.0-mg/kg dose groups
only) hours postdose; 552 (2.0-mg/kg dose groups only) hours
postdose; and at 576 and 648 (5.0 mg/kg dose groups only)
hours postdose. To determine the platelet count, approxi-
mately 0.5 mL of whole blood was collected at predose, 3, 5,
7,10, 12, 13, 14, 15, 17, 19, and 21 days postdose in all six
groups. Additional sampling was performed at 8, 9, and
11 days postdose in the 0.5-mg/kg dose groups; at 23 days
postdose in the 2.0-mg/kg dose groups; and at 24 and 27 days
postdose in the 5.0-mg/kg dose groups.

Cynomolgus Monkey Study

Nine male cynomolgus monkeys (2.7 to 3.6 kg) were divided
into three groups and received a romiplostim single IV bolus
of 0.5 or 5.0 mg/kg or SC dose of 5.0 mg/kg. Whole blood
samples (approximately 0.75 mL) were collected for PK anal-
yses via venipuncture at predose, 5, 15, and 30 min, and at 1,
2,4,8,12,24,48,72,120, 168, 216, 264, 312, 360, 408, 456,

and 504 h postdose. In addition, approximately 0.5 mL of
whole blood samples were collected for platelet count deter-
mination at predose, 3,5,7,8,9,10,11,12,13, 14, 15,17, 19,
21, 24, 27, and 30 days postdose.

Bioanalytical Methods

Serum concentrations of romiplostim were determined by
use of a modified colorimetric enzyme-linked immunosor-
bent assay (ELISA) as previously described (7). The lower
limit of quantification was 18 pg/mL and the total coefh-
cient of variation (CV) ranged from 7 to 17% across the
validated range of concentration, which extended up to
500 pg/mL. Platelet counts were determined using routine
hematology laboratory methods.

Noncompartmental Analysis

To evaluate the nonlinearity in romiplostim pharmacokinet-
ics, the Ciay, AUC( 0, and CL parameters were calculated
for each animal using the noncompartmental approach
implemented in WinNonlin (Pharsight Corporation,
Mountain View, CA). The nonlinearity was evaluated by
proportionality of these parameters with IV dose. To deter-
mine if the nonlinearity was related to receptor binding, a
relationship between volume of distribution (V) and IV dose
was also examined (14). Due to the sparse sampling design
in rat studies, the non-compartmental parameters for rats
were calculated based on the composite mean concentra-
tion—time data; whereas for the other animal species, they
were calculated for individual animals because serial PK
samples were collected from each animal.

Pharmacokinetic Model

Romiplostim is a fusion protein with TPO mimetic pep-
tides that have similar binding affinity to c-Mpl receptor
as TPO. Therefore, a target-mediated disposition model
was considered to analyze romiplostim pharmacokinetics.
Consequently, an open two-compartment model with the
receptor mediated binding, non-specific distribution to
extravascular tissues (Q)), and first-order (CL) elimination
pathway was selected (Fig. 1). The internalization process
was initially considered and eventually neglected due to
consistently small estimates of the internalization rate
constant k;, for all animal species, possibly due to the
romiplostim high molecular weight and steric hindrance.
To avoid estimation of the binding (k,,) and dissociation
(ko) constants, the quasi-equilibrium between romiplos-
tim free concentration and c-Mpl receptors was assumed
as previously described (14,25). Four c-Mpl receptor
molecules can potentially bind to one molecule of romi-
plostim. However, because c-Mpl is a membrane
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Fig. 1 Schematic diagram of a PK/PD model of romiplostim’s effects on platelet counts in rats and monkeys that accounts for c-Mpl receptor binding.
Symbols, processes, and model operation are explained in “Materials and Methods”.

receptor and the romiplostim concentration is generally
in excess relative to c-Mpl in the body, the stoichiometry
binding was assumed to be 1:1. In addition, the SC
absorption of romiplostim was represented by the first-
order absorption rate, k,. Absolute bioavailability (F) was
estimated by simultaneously analyzing the data obtained
after IV and SC administration. Therefore, the differen-
tial equations describing the pharmacokinetics of romi-
plostim were as follows:

dASC
— —F . k{l . A . ;v 1
dt 5 m

dez_F'ka'AS<:_(CL+Q)'C+Q'Cp

(2)

dt Vd Vd Vd

a6 _ Q

——==-(C-( 3
G2 (¢ )

where, Ag¢ was the amount of romiplostim in the absorp-
tion site; V and V,, were the volumes of the central and
peripheral compartments, respectively; C was unbound
romiplostim serum concentration; G, was the total romi-
plostim serum concentration; and C;, was the unbound
romiplostim concentration in peripheral compartment.
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The unbound romiplostim serum concentration was calcu-
lated from the equilibrium Equation (25):

1
€= E sz — Ry — I{D + \/(sz — Ry — KD)2 +4- KD . sz
(4)

The total c-Mpl receptor density (R,,) was assumed to be
proportional to the platelet and megakaryocyte counts and
was described by the following equation (19):

R, =& (PLT +1n- MK) (5)

where & represents the number of c-Mpl receptors per
cell. Here PLT denotes platelet counts in blood and
MK megakaryocytes counts in bone marrow. The factor
n=4000 denotes the conversion factor equal to the
average number of platelets shed by a megakaryocyte
during thrombopoiesis. The variables PLT and MK are
described below in the PD model. The absolute recep-
tor occupancy, DR, was calculated as follows:

o Rtt)t -G

DR =
Ep+C

(6)

where the dissociation equilibrium constant is denoted as Kp.
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Pharmacodynamic Model

Megakaryocytopoiesis is mostly regulated by endogenous
thrombopoietin (¢€TPO) that simulates proliferation and mat-
uration of platelet progenitors, which included high
proliferative-potential megakaryocytes, burst-forming-unit
megakaryocytes, colony-forming-unit megakaryocytes, prome-
gakaryoblasts, megakaryoblasts and mature megakaryocytes.
Each mature megakaryocyte releases several thousand platelets
to the circulation. Circulating platelets are removed from the
blood by various mechanisms involving random destruction
and programmed cell death. c-Mpl receptors are expressed
on megakaryocyte progenitors, megakaryocytes, and platelets.
Binding to c-Mpl receptors followed by degradation is consid-
ered a major machenism for clearance of ¢ TPO (10). Although
romiplostim competes with ¢ TPO for the same c-Mpl receptors
and exerts the same pharmacological effect, €TPO concentra-
tions were not incorporated into the PK-PD model because
they were not consistently measured experimentally and were
relatively low compared to the romiplostim serum concentra-
tions achieved after drug administration and, consequently, the
amount of ¢ TPO bound to c-Mpl receptor is negligible relative
to the amount of romiplostim bound to that receptor, particu-
larly in the animal experiments described herein, in which
thrombocytopenia was not present. The model assumes that
after binding to the c-Mpl receptor, romiplostim generates a
stimulus (messenger), which is proportional to the fraction of
receptors occupied by the drug (equation 7).

DR e-C

S: . —
“Ru EptC

(7)

where e is the proportionality factor denoting the power of the
romiplostim to produce the stimulus. Furthermore, the stimulus
activates the production rate of megakaryocyte precursors
according to a step function represented by an on-and-off
function:

_ Smaxa tlf S > St/zr

H(S)_ {07 ZfSSSt}” (8)
where S, is the maximal stimulus, and Sy, denotes the
threshold stimulus triggering the maximal stimulus. According
to equation 7, Sy, equals the product e'ROy,,, where ROy, 1s
the threshold receptor occupancy triggering S,... The model
assumed that the production rate of megakaryocyte
precursors was a zero-order process quantified by kj,.
Therefore, the differential equation describing the effect
of romiplostim on the production rate of megakaryocyte
precursors, P, was as follows (equation 9):

dPl NP
Sl ek (L+HES)) ==L P
di km ( + (S)) TP 1 (9)

The pharmacodynamic model depicted in Fig. 1 applied
the concept of a maturation-structured cytokinetic model
previously introduced (26), which detailed the development
and maturation of platelet precursors in the bone marrow and
platelets in blood. The same concept has been exploited
further to deal with the dynamics of neutrophils and red blood
cells following the administration of pegfilgrastim and eryth-
ropoietin, respectively (16,27). Briefly, the precursors were
represented by a series of aging compartments (Np=10) with
the first-order transition rates Np/Tp, where Tp denotes the
mean life span of precursor cells in bone marrow.

dP; Np .
—=—" (P = P), =2,...,N 10
L UREY SN ' (10)

Similarly, platelets are represented by a series of sequen-
tial aging compartments (Npr=10) with the transition rates
Nprr/ Tprr, where Tppy 1s the mean lifespan of a circulat-
ing platelet.

dPLT; nN, Nprr
=Lt . Py — -PLT 11
o T, e 1 (11)
dPLT;  Nppr .
= -(PLT;,_; — PLT; =2....,N, 1
al TPLT ( j—1 J) J 27 s LVNPLT ( 2)

The platelet count (PLT) was the sum of platelet counts
in each of aging compartment

PLT = PLT; + ...+ PLTxpr (13)

and the megakaryocyte count was represented as the sum of
precursor cells in each aging compartment

MK = P, +...+ Pyp (14)

The number of 10 compartments was arbitrarily selected
in order to have a large enough number of compartments
that result in a smoothed distribution of cell lifespan by
reducing the variability in the cellular transit time (28). In
addition, it is assumed that the only loss of cells in the
sequential aging compartments is into the next compart-
ment. Consequently, the random loss of both precursor
and platelets was assumed to be negligible in order to avoid
identifiability problems and, therefore, the estimated life-
span of precursor and platelets becomes apparent. Baseline
(steady-state) values were used as the initial conditions as

follows:
P(0) = v prr, =1,...,N, (15)
[ _T]NPTPLT 05 t=1,...,INp
PLT, .
PLT;(0) = ¢ j=1,...Npyp (16)
PLT

@ Springer



660

Krzyzanski et al.

The baseline platelet count, PLT,, was used to calculate
k;,, as a secondary parameter according to equation 17:

. _ PLTy
" nTppr

(17)

Statistical Analysis

A non-linear mixed effects analysis was performed for each
animal species independently and a simultaneous analysis of
PK and PD data within each animal species (19) was con-
ducted in NONMEM® Version 7.2.0 (Icon Development
Solutions, Ellicott City, MD, USA) with a GFortran 4.5 com-
piler. The ADVANI13 subroutine and the first-order condi-
tional estimation method with interaction (FOCEI) were used
for the key intermediate model analysis. The stochastic ap-
proximation expectation maximization (SAEM) method was
used to provide the parameter estimation of the final model
(29). After 1000 iterations, the objective function value (OFV)
and standard error were obtained by running the iterative-
two-stage (ITS) method with the final parameter estimates.
Graphical data visualization, evaluation of NONMEM® out-
puts, construction of goodness-of-fit plots and graphical model
comparisons were conducted using TIBCO Spotfire S
+Version 8.2.0 (TIBCO Software Inc., Palo Alto, CA, USA).
The between animal variability of selected PKPD parameters
was described by the exponential model:

P =0p-exp(np) (18)

where P is the individual parameter value, Op is its population
geometric mean (or typical value), and np is an independent
random variable normally distributed with zero mean and
standard deviation wp. The exponential model of the residual
error was also applied to both drug serum concentration and
platelet count data:

Y =Y -exp(e) (19)

where Y is the observation, ¥ is the corresponding model
prediction and € is assumed to be an independent and nor-
mally distributed random variable with the zero mean and
standards deviation 6. Model performance was evaluated by
means of the visual predictive check (30).

Model-Based Simulations

A series of simulations were performed to compare the
differences in PK and PD romiplostim time profiles between
three animal species. The fractional receptor occupancy was
plotted as a function of romiplostim serum concentrations.
Additionally, the PLT profiles were simulated for an array
of doses and the peak values, PLT,,,,, were determined.
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The ratio PLT,,,,«/PLT, was plotted against doses to obtain
dose-response relationship for each species. The typical
model parameter values were used for simulations.

RESULTS

The results of noncompartmental analysis are shown in
Table 1. The ratios Cy,,,/ Dy and CL did not differ between
dose groups for rats and monkeys, implicating linear clearance
of romiplostim for those species. On the other hand, V
(V+V,) decreases with increasing Dpy for rats and monkeys.
This pattern is consistent with a target-mediated disposition
where the drug-receptor complex internalization rate is negli-
gible (14) and implies that the estimates of the k;,, would be
small. This was confirmed by fitting the naive pooled data for
each species with the PK/PD model, which resulted in ki,
estimates close to 0. Subsequently, the internalization process
was not included in the PKPD model.

The rat, rhesus, and cynomolgous monkeys PKPD data
were fitted to the semi-mechanistic model that incorporates
the c-Mpl receptor-mediated disposition. The model pa-
rameter estimates are presented in Table II. The observed
PK and PD profiles for individual animals together with the
corresponding model predictions are displayed in Figs. 2, 3
and 4.

Rat Model

The PK model adequately described the romiplostim serum
concentrations observed in individual rats after IV and SC
administration (Fig. 2a and b). The observed romiplostim
serum concentrations show a bi-exponential pattern. The
mean V and CL of romiplostim was 0.0550 L/kg and
8.09 mL/h/kg, respectively. The V|, was estimated to be
0.0622 L/kg. The estimate Kp, reported in mass/volume
units and then converted to molar units using the romiplostim
molecular weight of 59 kD, was 68 pM. A conversion factor of
£=0.0682 fg/cells resulted in an estimate of 696 c-Mpl mol-
ecules per platelet. This number is comparable to the reported
value of 233 receptors per cell (31).

In rats, the observed mean platelet data exhibited a lag
time of 48 h, after which the platelet responses increased to
reach the peak values of 2370, 3530, and 3520- 10°cells/mL
for IV doses of 30, 100, and 300 ng/kg, respectively. The
peak times also increased with doses and were 7, 9, and
10 days, respectively. Notably, a similar time course of
platelet counts was observed after SC administration of the
same dose levels, except for the platelet peak following the
SC 100-mg/kg dose, which was higher to the peak obtained
following the SC 300-mg/kg dose. The individual time
courses of platelet counts were well described by the model.
The Tp estimate is consistent with its interpretation as a
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Table I Summary of Mean (SD) Non-compartmental Pharmacokinetic Parameters Following a Single IV or SC Dose of Romiplostim in Rats, Rhesus

Monkeys, and Cynomolgus Monkeys

Species Dose (mg/kg) Route Parameter
Crnax (ng/mL) Trax () AUCy.. (hng/mL) CL or CL/F (mL/rkg)  V (mLAg) Ve (mL/kg)
Rats 0.03 v 687 0 2850 7.72 32 139
0.1 v 2680 0 12500 6.33 29.5 118
0.3 v 7240 0 35600 8.44 41.4 14
0.03 SC 18.9 16 793 27.7 NA NA
0.1 SC 83.5 8 3350 235 NA NA
0.3 SC 234 12 7310 41.0 NA NA
Rhesus Monkeys 0.5 \% 8970 (790) 0 67200 (1920) 7.44 (0.22) NA 196 (17.4)
2.0 \% 34100 (3530) 0 283000 (90300)  7.63 (2.69) NA 184 (35.4)
5.0 \% [ 17000 (48200) 0O 660000 (11900)  7.76 (1.55) NA 184 (4.01)
0.5 SC 1450 (219) 8 49500 (4820) 10.2 (1.05) NA NA
2.0 SC 4080 (1670) 8 135000 (57000) 17.0 (7.80) NA NA
5.0 SC 14900 (6550) 4 294000 (44400) 17.3 (2.85) NA NA
Cynomolgus Monkeys 0.5 \% 6580 (173) 0 25600 (5390) 20.1 (4.13) 76 (2.02) 198 (20.7)
5.0 v 88100 (24700) O 291000 (30100) 17.3 (1.82) 60.2 (18.8) 110 (21.1)
5.0 SC 3020 (1880) 4 56000 (20500) 99.2 (41.2) NA NA

NA not available

precursor maturation time. Similarly, the Tpp;p estimate is
consistent with the platelet lifespan in rats (32). The maxi-
mal increase in the production rate for platelet precursors
due to romiplostim stimulation is about 2.91-fold in rats and
the threshold receptor occupancy that triggers the stimulus,
ROy, indicates that almost 29% receptors need to be
activated by romiplostim in order to elicit pharmacological
effect. Between animal variability in model parameters was
relatively low, except for the S, .x.

Rhesus Monkey Model

Following an IV bolus dose, the PK profiles rapidly
descended to a slower phase that started for all doses at
about 24 h. The slower decline for romiplostim serum con-
centrations ended in a yet slower phase at a different time
depending on the dose. The terminal slopes of the romi-
plostim serum concentration were also dose-dependent.
Interestingly, the post-absorption phases of the romiplostim
PK profiles after SC administration were similar to those
observed following IV dosing. The estimates of V and CL
(normalized by body weight) were very similar to those
estimated for rat. The estimate of bioavailability F was at
the boundary and was subsequently fixed at 1. The k, was
higher for rhesus monkeys compared to rats (Table II). The
estimate of Kp, 39.3 nM, was 573-fold higher than the value
estimated for rats. The estimate of the number of c-Mpl
receptor per platelet was 1.39-10°.

As it was observed in rats, the mean platelet responses
following IV dosing in rhesus monkeys exhibited a lag time
of 72 h followed by a rapid increase to a peak value of 680,
857, and 1260-10° cells/mL for increasing doses, respectively.
However, the pre-dose mean platelet counts differed between
dose groups: 450, 417, and 516-10° cells/mL for the 0.5-, 2-,
and 5-mg/kg doses, respectively. The peak for the lowest dose
mean platelet data occurred at the latest time of 216 h owing
to a flat peak region. The remaining peak times were 168 and
192 h for the 2- and 5-mg/kg doses, respectively. Notably, the
observed time course of platelet count following IV dosing was
similar to that observed after SC administration of the same
dose level. The model predicted platelet responses well, except
for the middle SC dose where the median predictions were
slightly larger than the observations. The Tp and Tp esti-
mates for rhesus monkeys were 4.6 days and 7.6 days, respec-
tively. The Tp estimate reflects the average lag time before the
individual platelet counts start to increase. The S, and
ROy, estimates were 9.31 and 0.385, respectively. This
implies that the maximal increase in the production rate for
platelet precursors due to romiplostim stimulation is about
9.3-fold. Between animal variability in model parameters was
relatively low, except for the S, and k,.

Cynomolgus Monkey Model
Similar to what was observed in rhesus monkeys, the time

course of romiplostim concentration initially declined to
reach a slower decay rate at 24 h. This phase lasted up to
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Table Il The Estimates of the Fixed and Random Effects Parameters Together with Their Relative Standard Errors

Parameters  Units Rat Typical Value Interindividual~% Rhesus Typical Value Interindividual~%CV ~ Cynomolgus Typical  Interindividual~%
(RSE) CV (RSE) (RSE) (RSE) Value (RSE) CV (RSE)

CL L/h/kg 0.00809 (5.64)  9.61 (55.8) 0.00726 (23.0) 23.0 (38.4) 0.0197 (131) 14.9 (50.2)

\% Likg 0.0550 (8.96) 10.4 (90.5) 0.051 (23.5) 20.0 (50.0) 0.0709 (506) 60.6 31.1)

Q L/h/kg 0.00484 (22.1) 0.000194 (17.3) 0.000912°

Vo L/kg 0.0622 (13.1) 0.0517 (14.9) 0.336°

ks h™! 0.0686 (15.0) 153 (4.94) 0.118(29.9) 66.6 (49.5) 0.0374°

F 0.304 (20.8) 26.3 (72.9) | 0.375°

Ko ng/mL 4.05 (12.9) 2320 (29.0) 429°

g fg/cell 0.0682 (15.8) 13.6 (40.6) 27.3 (50.9) 1.33°

Te h 47.8 (6.36) 11 (7.52) ['14 (255)

Teir h 148 (8.38) 18.9 (8.6) 183 (13.2) 12.8 (31.2) 171 (119) 24.2 (67.3)

PLTo 10° cells/L 869 (9.60) 17.4 (3.00) 392 (15.4) 1.7 (28) 441 (125) 18.4 (72.9)

Senax 291 (24.1) 45.2 (1.95) 9.31 (77.3) 54.0 (28.8) 18.9 (338) 35.5(62.5)

RO 0.288 (9.72) 0.385 (17.4) 0.771°

NTPLT-PLTO —0.0157 (5.93) 0.00399 (67.9)

NTPLT-Smax 0.0642 (3.01) 0.0368 (38.3)

NPLTO-Smax —0.0660 (1.47) —0.014 (89.3)

Residual variability (%6CV)

oc’ 15.8 (629) 35.2 (284) 39.0 (257)

OpLr” I'1.4(876) 13.0 (769) 17.0 (588)

® parameter was fixed
P RSEs were not obtained

216 h, when the terminal phase with a much smaller slope
started. The model adequately described the observed indi-
vidual romiplostim serum concentrations. The mean esti-
mate of V was similar and CL was 2.7-fold higher than the
corresponding (body weight normalized) estimate values for
rhesus monkeys. The Q and V,, was 4.7- and 6.5-fold larger
than the corresponding parameter obtained in rhesus
monkeys. The k, was lowest of the studied species. The
estimate of Kp, 7.27 nM, was approximately 18.5% of the
value for rhesus monkeys. The estimate of the number of c-
Mpl receptor per platelet was 1.36- 10",

The mean platelet count after a lag time of about 48 h
climbed to a peak value 686-10° cells/mL, and 1490-10°
cells/mL for increasing IV doses at 168 h, and returned to
baseline at 384 h. In addition, the baseline platelet counts
were different between the dosing groups. All individual
platelet counts for cynomolgus monkey were adequately
described by the model. The estimate of the Tp parameter
was 4.8 days and the estimate of Tpr1 was 7.1 days. The
Smax and ROy, estimates were approximately 2-fold higher
than for rhesus monkeys.

Model-Based Simulations

The ratio PLT,,,./PLT, as a function of dose, stratified by
route of administration, is shown in Fig. 5. The shape of the
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dose-response curve for rats is different from those for
monkeys. The hyperbolic increase starts at lower doses (i.c.
<0.01 mg/kg) and continues until reaching a plateau of 3.9.
The dose-response curves are similar for rhesus and cynomol-
gus monkeys. They start to increase at higher doses than rats
(i.e. 0.1-1 mg/kg) and increase without reaching a plateau in
the simulated dose range. The maximal PLT,,./PLT value
predicted by the model was equivalent to the 1+S,,,,, which
was achieved for rats. The mean observed values of PLT ../
PLT at the highest administered doses of 0.3, 5, and 5 mg/kg
were 4.5, 2.4, and 2.7 for rats, rhesus monkeys, and cynomol-
gus monkeys, respectively. Similar trends were observed after
SC romiplostim administration.

The relationships between the romiplostim serum con-
centration and the fractional receptor occupancy (RO) for
the three species are graphically presented in Fig. 6. The
RO was calculated as DR/R,, from Eq. 6 and plotted
against C. The curve for rats lies to the left of the curves
for rhesus and cynomolgus monkeys, which are close to each
other. Since the Ky, value represents the romiplostim serum

Fig. 2 Romiplostim serum concentrations (upper panels) and platelet counts >
(lower panels) in rats following IV bolus (@) and SC (b) administration. Symbols
represent the observed data. The solid line represents the median of the
model predictions whereas the shaded region is limited by the 5™ and 95™
percentile of the simulated model predictions. Parameter estimates are shown
in Table II.
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Fig. 3 Romiplostim serum concentrations (upper panels) and platelet
counts (lower panels) in rhesus monkeys following IV bolus (a) and SC
(b) administration. Symbols represent the observed data. The solid line
represents the median of the model predictions whereas the shaded
region is limited by the 5™ and 95" percentile of the simulated model
predictions. Parameter estimates are shown in Table II.

concentrations achieving 50% of receptor occupancy and
the Kp ratios were 573 for rhesus monkeys to rats and 106
for cynomolgus monkeys to rats, the data indicate that
romiplostim is by far more potent in rats than in monkeys,
which is consistent with the dose-response relationships pre-
sented in Fig. 5. These relationships permit calculation of
the romiplostim serum concentrations corresponding to the
threshold of the fractional occupancy ROy,,. These were
1.638, 1452, and 1444 ng/mL for rats, rhesus, and cyno-
molgus monkeys, respectively.

DISCUSSION

Romiplostim target-mediated disposition was indicated
by a dose-dependent decrease in Vg based on the non-
compartmental analysis. Since a significant fraction of the
drug amount, relative to the dose, is bound to the receptors,
and the pharmacological response to romiplostim, con-
trolled by the drug receptor interaction, results in a dose-
dependent increase in platelet counts and c-Mpl receptors, a
simultaneous estimation of the PK and PD model parame-
ters was performed by analyzing jointly PK and PD data in
Sprague-Dawley rats, rhesus monkeys, and cynomolgus
monkeys as previously suggested (19).

The estimates of the V were similar for all species (0.051—
0.071 L/kg) and comparable to the blood volumes of 0.1 L/

Cynomolgus
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Fig. 4 Romiplostim serum concentrations (upper panels) and platelet counts (lower panels) in cynomolgus monkeys following IV bolus and SC

administration. Symbols represent the observed data. The solid line represents the median of the model predictions whereas the shaded region is limited
by the 5™ and 95" percentile of the simulated model predictions. Parameter estimates are shown in Table II.
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Fig. 5 Simulated (lines) 6
romiplostim dose - response IV Rat

relationships for rats and monkeys
by route of administration: IV
bolus (upper panel) and SC
dosing (lower panel). The
symbols represent the observed
data for individual animals: rat
(gray open), rhesus (black open),
cynomolgus (black solid). The
parameter values used for
simulations are the population 2
estimates shown in Table II.
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1

= =— = IV Rhesus
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SC Rat

PLT, . /PLT,
1

= = = SC Rhesus
SC Cynomolgus

10

kg corrected by a hematocrit of 40% (33) and the estimates
obtained in humans (19). The total CL for studied animals
was similar and ranging 7.26 to 19.7 ml/h/kg. The linear
elimination of romiplostim is due to the cellular uptake of
the peptibody and binding to the FcRn receptor, as well as
the elimination through the reticuloendothelial system. The
Fc carrier domain of romiplostim contains the CH2 and
CH3 regions of human immunoglobulin G subtype 1
(IgGl). IgGl1 is a ligand for the FcRn receptor, which
protects romiplostim from endosomal degradation and
recycles it back to the circulation (34). As demonstrated in
studies with FcRn knock-out and wild-type mice, romiplos-
tim binds to the FcRn salvage receptor and undergoes
endothelial recirculation, resulting in a substantially longer
half-life than the TPO mimetic peptide alone (11). The
parent molecule and clipped products undergo reticuloen-
dothelial elimination, and smaller proteins are often filtered
by the glomeruli and undergo tubular reabsorption and
elimination (35). Therefore, the clearance mediated by
FcRn is a major catabolic pathway for antibodies (36) and
romiplostim, although the elimination rate is relatively slow.
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The influence of FcRn on IgG tissue distribution has
been studied by using physiologically-based PK models
(37,38). In addition, a PK model of IgG disposition has been
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Fig. 6 Simulated fractional receptor occupancy as a function of romiplos-

tim serum concentration for rats and monkeys. The receptor occupancy
was calculated as DR/R. from Eq. 4.
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previously developed, in which cellular uptake is repre-
sented by a first-order process, the fraction of bound drug
1s recycled to the plasma, and the free endosomal fraction is
degraded at a first-order rate (39,40). In our analysis, a
noticeable difference was observed between the estimates
for the distributional clearances for rats and monkeys. Low
values of these estimates for monkeys and their high coeffi-
cients of variation indicate a negligible impact of the distribu-
tion to a peripheral compartment on the romiplostim PK for
applied doses. The volumes of the peripheral compartment
were similar to the volumes of the central compartment for
rats and rhesus monkeys. For the cynomolgus monkeys the
former was 4.7 higher than the latter. This indicates a possi-
bility of romiplostim tissue distribution and/or nonspecific
binding. The peripheral volume of distribution for humans
was larger than the V (19). Relative to humans, the absorption
rate is 2.7-, 4.6-, and 1.5-fold faster for rats, rhesus, and
cynomolgus monkeys, respectively, while the SC bioavailability
was 39% lower, 100% higher, and 25% lower for rats, rhesus
and cynomolgus monkeys, respectively, relative to humans.

The romiplostim to c-Mpl receptor binding model was
developed using a minimal number of parameters to ac-
count for this process. A rapid binding assumption was
implemented to avoid estimation of k,,, and kg, but esti-
mates Kp as k,g/k,,. The estimate of rat Ky, (68.6 pM) is
close to the n vitro values reported for eTPO for both
platelets (100-200 pM) and megakaryocytes (749 pM), and
was also slightly higher than the & viwo recombinant human
thrombopoietin (tHuTPO) Kp estimated using modeling
techniques (45 pM) (3,17,41,42); however, it is much higher
than the i vitro romiplostim Ky, value determined for rats
(4 pM) and the Kp estimate for romiplostim in healthy
subjects (2.2 pM), which indicates that romiplostim has a
high affinity for rat c-Mpl receptor. However, the estimate
of Kp in rhesus and cynomolgus monkeys (39.3 and
7.27 nM, respectively) indicates that romiplostim has a
lower affinity for monkey c-Mpl receptor and, consequently,
is a more potent drug in rats than in monkeys by an order of
100. In that regard, the romiplostim pharmacokinetics and
pharmacodynamics in rat is more similar to human than
that observed in monkeys.

The proposed model extends the previously model for
romiplostim in humans by introducing more mechanistically
sound processes (19). Since the general TMDD model also
includes receptor turnover (14), the previous assumption
that the number of total receptors was proportional to the
platelet counts has been extended to the number of platelets
and megakaryocytes. This implies that c-Mpl receptor turn-
over is no longer solely driven by platelet lifespan. Rather, it
is estimated based on T}, and Tpy1 across the species ana-
lyzed, although the precision of these estimates is not opti-
mal given the lack of direct c-Mpl measurements. The
calculated values of the baseline total c-Mpl receptors based

on Eq. 5 were 1.33 nM, 136 nM and 16.6 nM for rat, rhesus
and cynomolgus monkey, respectively. The analogous value
for humans calculated from Eq. 1 in (19) was 0.91 nM.

Similar to other TPO-stimulating agents, the estimated
value of ki, was negligible (18) as expected from the romi-
plostim molecular weight, which could prevent the internal-
ization mediated by c-Mpl. However, it implies that a
romiplostim clearance pathway related to elimination of
platelets from the circulation was ignored. This hypothesis
should be cautiously interpreted because of the lack of
information about the internalization process. It could be
just an artifact due to the lack of information on the data
with respect to the binding process. In fact, the sensitivity
analysis performed on a general quasi-equilibrium approx-
imation of TMDD model indicates that the drug concen-
tration profiles below the Kp value provide the most
information about ki, (43). These points were hardly pres-
ent in the analyzed rat data, although they are available
from monkeys.

The estimates of Tpp;; ranged from 6.2 to 7.6 days and
were close to the reported values of 5 days for rat and 6.5 days
for monkey (44,45). The estimated values of Tp were deter-
mined by the lag time in the platelet responses, which implies
that Tp reflects the time required for precursor cells to mature
before they release platelets into the circulation. The delay in
the time to peak platelet response and a prolonged duration of
the PD effect with increasing romiplostim dose can be attrib-
uted to nonlinearity in PK, because in the current model, the
romiplostim stimulatory effect is driven by receptor occupan-
cy rather than the romiplostim serum concentration. The PK
nonlinearity resulted from saturation of the receptor occupan-
cy, which leads to a longer maximal stimulation of platelet
production. Its impact on PD is an increase in the time to
achieve maximum platelet counts and to return to baseline
values across the species analyzed.

Consequently, the differences in the Kp estimates across
species are reflected in the dose-response relationships for all
three species, in which a 100-fold difference between rats
and monkeys was required to elicit a 2-fold increase in
platelet counts. All species exhibit an on-and-off stimulatory
effect with the threshold receptor occupancy determined by
the ROy, parameter that was estimated in the range 39—
77% for monkeys, which implies that a relatively large
percentage of c-Mpl receptors need to be occupied to pro-
duce the PD effect. However, in rats, only 29% of c-Mpl
receptors need to be occupied to produce the PD effect.
This suggests an indirect relationship between binding to the
c-Mpl receptor and drug effect (41), consistent with the
spare receptor theory (46) and the biochemical cascade in
receptor signaling (4). Previously, we estimated that a recep-
tor occupancy of 28% is required to achieve 50% of the
maximal stimulatory effect of romiplostim in healthy sub-
jects. These values were similar to the value previously
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reported by Samtani ¢ al. with data from another com-
pound, and differ substantially from the value estimated
for rhesus monkeys. The maximal stimulus in monkeys
ranges from 9.3 to 18.9, which is similar to the previously
estimated value in healthy subjects, 11.2 (19).

Taken together, these results confirm the high potency of
romiplostim and explain why platelet responses were similar
after IV and SC administration at the same dose levels,
despite the large differences in the PK exposures across the
species. The limited number of TPO receptors can be
readily saturated with the relatively high concentrations
achieved after IV administration of romiplostim, which
may lead to considerable dose wastage and a reduction of
drug efficiency relative to the SC route, in which the pro-
longed absorption provides relatively lower serum concen-
trations leading to reduced receptor saturation but longer-
lasting effects than after IV administration. This increase in
drug efficiency may also compensate for the incomplete SC
bioavailability observed in rat and cynomolgus monkey.

In summary, the established PDMDD model adequately
described romiplostim serum concentrations and platelet
counts in rats, rhesus monkeys, and cynomolgus monkeys
following IV bolus and SC administration. The model
quantified the contribution of linear clearance and c-Mpl
receptor-mediated binding to the disposition of romiplos-
tim. Romiplostim is much more potent in rats than in rhesus
and cynomolgus monkeys. The model served to simulate
dose-response relationships in the animals studied.
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