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Abstract We aimed to develop a cell-level pharmacody-
namics-mediated drug disposition (PDMDD) model to
analyze in vivo systems where the PD response to a drug
has an appreciable effect on the pharmacokinetics (PK). An
existing cellular level model of PD stimulation was com-
bined with the standard target-mediated drug disposition
(TMDD) model and the resulting model structure was
parametrically identifiable from typical in vivo PK and PD
data. The PD model of the cell population was controlled
by the production rate k;, and elimination rate k,,, which
could be stimulated or inhibited by the number of bound
receptors on a single cell. Simulations were performed to
assess the impact of single and repeated dosing on the total
drug clearance. The clinical utility of the cell-level
PDMDD model was demonstrated by fitting published data
on the stimulatory effects of filgrastim on absolute neu-
trophil counts in healthy subjects. We postulated repeated
dosing as a means of detecting and quantifying PDMDD as
a single dose might not be sufficient to elicit the cellular
response capable of altering the receptor pool to visibly
affect drug disposition. In the absence of any PD effect, the
model reduces down to the standard TMDD model. The
applications of this model can be readily extended to
include chemotherapy-induced cytopenias affecting
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clearance of endogenous hematopoietic growth factors,
different monoclonal antibodies and immunogenicity
effects on PK.
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Introduction

Target-mediated drug disposition (TMDD) occurs when a
drug binds with high affinity to pharmacological targets
(e.g., receptors) such that this interaction is reflected in the
pharmacokinetic (PK) characteristics of the drugs [1]. If the
binding elicits a pharmacological effect that in turn affects
the size of the target pool which leads to appreciable
changes in the drug disposition over time, then this system
is said to exhibit pharmacodynamics-mediated drug dis-
position (PDMDD) [2]. The most prevalent systems
exhibiting PDMDD are populations of cells expressing
membrane-bound receptors, which are activated by the
drug and result in changes in the cellular concentration,
subsequently changing the receptor pool size.

The concept of the PDMDD has been established for
hematopoietic growth factors. The clearance of the agonists
of the granulocyte colony stimulating factor (G-CSF)
receptor, filgrastim and pegfilgrastim, changes over time
with the changing absolute neutrophil count (ANC) in
response to treatment [3]. Consequently, an increase in
ANC upon multiple doses coincides with a decrease of
filgrastim area under the curve between the doses. A
decrease of ANC in the chemotherapy induced neutropenia
correlates with an increase in the level of the endogenous
G-CSF of cancer patients [4]. Similar behavior has been
observed when pegfilgrastim was administered to
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nonhuman primates both with and without radiation
exposure. At equivalent doses, pegfilgrastim was shown to
have a higher exposure when administered to irradiated
animals experiencing neutropenia versus non-irradiated
animals [5]. In another example, the clearance of c-Mpl
receptor agonists has been shown to be related to platelet
counts. Escalating intravenous (IV) bolus doses of romi-
plostim administered to healthy subjects, animals and
patients resulted in decreased clearances and increased
peaks of platelets count [6, 7]. Also, an inverse relationship
was reported between levels of endogenous thrombopoietin
and platelet nadir in patients with acute myeloid leukemia
undergoing dose intensive chemotherapy [8]. Furthermore,
the clearance of erythropoiesis stimulating agent, epoetin
o, increases after multiple doses in healthy subjects [9, 10].

The PDMDD phenomenon has also been reported for
some monoclonal antibodies. For instance, peaks and
troughs of plasma concentration of a monoclonal antibody
alemtuzumab targeting the CD52 antigen, a glycoprotein
found on the cell surface lymphocytes and monocytes,
increase following multiple doses in patients with chronic
lymphocytic leukemia with a parallel decrease in the white
cell blood counts [11]. Tocilizumab is a humanized anti-
interleukin-6 (IL-6) receptor monoclonal antibody that has
demonstrated efficacy in the treatment of rheumatoid
arthritis (RA). IL-6 receptor (IL-6R) is present as soluble
and membrane bound species expressed on cells of the
immune system such as neutrophils and lymphocytes as
well as on hematopoietic precursors. Tocilizumab has been
shown to exhibit PDMDD and cause the suppression of
neutrophils, white blood cells, and platelet counts follow-
ing multiple infusions in RA patients [12]. In addition, the
development of immune response and the generation of
antidrug antibodies following the administration of mono-
clonal antibodies such as adalimumab or infliximab gen-
erate an increase of drug clearance that is consistent with
the PDMDD concept [13].

PK/PD models of systems exhibiting PDMDD must
account for the nonlinear concentration- and nonstationary
clearance, in addition to the other relevant nonlinear PK/
PD processes. Models applying the Michaelis—Menten
mechanism for saturable clearance often relate the V.
term to the cell count response [11, 14]. This allows one to
correlate the drug clearance with PDs. Also, for models
employing TMDD equations, it is common to assume that
the total receptors are proportional to the cell count
response [2, 15]. As a result, the binding capacity of the
receptor pool is directly determined by the cell number
expressing the receptors, which is the key feature of the
PDMDD. Therefore, the kinetics of the total receptor pool
is entirely controlled by the cell dynamics, and ignores the
contributions of the receptor synthesis, degradation, and
internalization of the drug-receptor complex [16, 17].
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These simplifications are useful to develop explanatory
models, however, they limit the predictive power because
the dynamic interaction between the PK and PD is not
intrinsically accounted for. Therefore, PDMDD models
require simultaneous analysis of the PK and PD data, and
the model structure must include the intrinsic interaction
between PK and PD [2].

Cell-level models have been developed to describe
receptor binding, intracellular trafficking, and degradation
[18]. The drug-receptor complex is internalized via endo-
cytosis and embedded in the lysosome. Inside the lyso-
some, the drug dissociates from the receptor and is sorted
for recycling or degradation. The recycled drug is secreted
back into the extracellular matrix as intact ligand. The cell-
level model was also linked with a PD model of the cell
population to account for the receptor-mediated drug
clearance [19, 20]. Such models can be considered
PDMDD models according to the definition presented
above. Cell-level models contain a number of parameters
describing intracellular processes, which can be only
identified from in vitro data. These cell-level models
become problematic from an identifiability perspective
because in vivo clinical data typically includes only drug
plasma concentrations and cellular responses.

Our objective was to incorporate the salient aspects of
the cell-level model developed by Sarkar and Lauffen-
burger [19] into the traditional TMDD model developed by
Mager and Jusko [21] such that PD impacts on exposure
could be fully characterized. A structurally parsimonious
cellular-level PDMDD model was developed such that the
parameters impacting clearance and efficacy could be
identifiable from typical in vivo PK/PD data. To demon-
strate the utility of this model in a clinical setting, the cell-
level PDMDD model was used to describe published data
on the stimulatory effect of filgrastim on ANC in healthy
subjects.

Methods
Model structure

To account for the PDMDD we modify the general TMDD
model [21] by partitioning the free (R) and bound (B)
receptor pools into the single cell and the cell population
components as shown in Fig. 1. The major assumption is
that the number of free and bound receptors in the central
compartment is the product of the number of free (r) and
bound (b) receptors on a single cell and the number of cells
(N), yielding the following equations for the receptor
concentrations:

R=¢-r-NJ/V. and B=¢-b-NJV,, (1)
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Fig. 1 Schematic diagram for a general cell-level PDMDD model.
N represents the population of cells with free () and bound
(b) receptors on a single cell. The free receptors are synthetized
(ksyn) and degraded (k). They bind to drug molecules (k,,) and form
bound receptors. The bound receptors dissociate (k,q) yielding free
receptors and free drug, and are internalized (k;,). The bound
receptors control the production (k;,) and elimination (k,,,) of the
cells. The open (4) and solid (—) symbols represent stimulation and
inhibition, respectively. The compartment Ap is the drug amount in
available for binding to the cell receptors (e.g., drug in the plasma).
The compartment A7 is the amount of drug not available for binding
the cells (e.g., peripheral tissue). The drug can be eliminated (k,;) or
distributed to and from Az (k,, and k). The In(?) is the input of the
drug into the central compartment Ap accounting for an arbitrary
administration route

where V, is the volume of central compartments and ¢ is
the scaling factor converting the units of cell cellular
concentration to nanomolar amounts. The free drug part of
the TMDD model remains the same.

Pharmacokinetic model

The relationships in Eq. (1) can be incorporated to the
equations for the amount of free drug in the central (Ap)
and peripheral (A7) compartments as defined by the general
TMDD model [21]:

dA

sz = In(t) — (ket + kpr) - Ap + ks - Ar
_(k(m'r'AP/Vc_ oﬂb)éNv (2)

dA

d—f:k,,t -Ap — ky - Ar, (3)

where the free drug concentration in the central compart-
ment, C, is
— AP

C .
Ve

(4)

Cell-level model

To describe the turnover and drug binding by receptors
expressed on a single cell, the approach applied previously

by Shankaran et al. was adopted [22]. Free receptors
expressed on the cell membrane are synthetized at the zero-
order rate ki, and degraded at the first-order rate k.
Receptors bind drug molecules at the second-order rate k,,
forming the drug-receptor complexes (bound receptors)
that dissociate at the first-order rate k,; The bound
receptors are internalized via endocytosis at the first-order
rate k;,, and they are subsequently degraded in the cellular
endosomes. For simplicity, we assume that there is no
recycling of the drug-receptor complex:

d
z:zksyn—kg,eg-r—ko,,-;«c+koﬁc.b, (5)
db
= kon - C = (kop +kin) - . (6)

Pharmacodynamic model

Similar to Sarkar et al. we assume that the cell population
is controlled by the production rate k;, and elimination rate
ko.: €ach of which can be stimulated or inhibited by the
drug [19]. However, instead of the drug concentration C as
a driver of the effect, we propose that the number of bound
receptors/cell represent the pharmacological stimulus,
which is further transduced to elicit the effect on turnover
rate of the cell population:

dN
E = kin : (1 +Hm(b)) - kout ' (1 +Hout(b)) ~N, (7)

where four drug effect functions are considered according
to the basic mechanisms for indirect response models [23]:

Smaxb 0
Sbsy + b’ ’
( B Iblmafb’ 0) ’
(Hin(b), Hou(b)) = il (8)
max
( " Sbso +b )7
Imaxb
0, — __max¥
< ’ Ibso + b > ’
where S,,.. >0 and 0 < [,,, <1 denote the maximal
effects and Sbsy and Ibs are the number of bound recep-

tor/cell eliciting half of the maximal stimulatory or inhi-
bitory effect, respectively.

Initial conditions

It is assumed that drug is input to the central compartment
by means of the input function In(#), and, initially, there is
no drug present in the system.

A0)=0 and A7(0)=0. (9)
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We also assume that, prior to the drug administration;
the system was at the steady-state with a nominal number
of cells, free and bound receptors:

kin ks n

NO) =" #0)=-2" and b(0)=0. (10)
kouz deg

Simulations

A series of simulations has been performed to explore free
drug concentrations in the plasma and receptor numbers on
a single cell after single dose administration, and the cel-
lular response on the drug clearance following repeated
doses.

Single and repeated doses

The impact of a single IV bolus dose versus repeated daily
IV bolus doses of 10,000 pmol was considered for each of
the models described by (4).

In(t) = Doseyy - 6(t) or In(t) = ZDoselv S0t —1),

- (11)

where 0(¢) is the Dirac delta function and t; = 1, ..., n are
the dosing times. Single and repeated dosing was consid-
ered because the cellular response to stimulation typically
occurs on a timescale which is much longer than that of the

drug kinetics. As such, the number of cells () accumulate
following repeated doses, which has an impact on the
receptor pool (R), and consequently, on the clearance of the
drug. To characterize the interactions of these aspects of
the system, time course of the free drug concentration,
cellular response, as well as the total drug clearance were
simulated and compared to the scenario where the drug has
no PD effect.

Model parameters

In order to focus on the PDMDD phenomena being studied
a single set of parameters were selected to exemplify the
studied features for all of the cases in Fig. 1. These
parameters, summarized in Table 1, were used to perform
simulations. The system was constructed in Ubiquity [24]
and simulations were performed in Matlab (2012b, The
Mathworks, Natick, MA).

Case study

Data from two previously published filgrastim Studies
930240 [14] and 91770 [25] were selected to study the
PDMDD phenomena. Filgrastim is a G-CSF analog that
stimulates neutrophil synthesis and maturation by binding
to the G-CSF receptor. For each study, filgrastim was
administered to healthy volunteers and both PK and PD
(ANC) measures were recorded. Data from Study 930240
was selected to characterize the PK/PD relationship

Table 1 Parameter values used for simulations of the time courses of the model variables shown in Figs. 2 and 3

Parameter (unit) Definition Value
Dosepy (pmol) IV bolus dose 10,000
k, (h™h First-order rate constant for systemic elimination of the drug 0.53
V. (L) Volume of the central compartment 1.81
ko ) First-order rate constant for drug distribution to the tissue space 0.1

kip ) First-order rate constant for drug distribution from the tissue space 0.2

k;, (10° cells/h) Zero-order production rate constant for the cell population 0.3
Kowe (171) First-order elimination rate constant for the cell population 0.02
kgyn (receptors/cell/h) Zero-order synthesis rate constant for free receptors expressed on the cell membrane 15,000
Kaeg (h_l) First-order degradation rate constant for free receptors expressed on the cell membrane 3.54
kon (PM™'/h) Second-order binding rate constant for free receptors and drug molecules 0.12
kogr t™h First-order dissociation rate constant for drug-receptor complexes 18.0
ki (871 First-order internalization rate constant for bound receptors 6.0

Scaling factor converting the units of cell cellular concentration to nanomolar amounts 0.00166*

¢ [pmol/(10°receptor)]
Dnax

Somax

1bs, (receptors/cell)
Sbso (receptors/cell)

Maximal inhibitory effect
Maximal stimulatory effect
Number of bound receptor per cell eliciting half of the maximal inhibitory effect

Number of bound receptor per cell eliciting half of the maximal stimulatory effect

| (IDR 1, IDR 2)
2 (IDR 3) 5 (IDR 4)
50 (IDR 1), 25 (IDR 2)
50 (IDR 3, IDR 4)

N4 Avogadro’s number
3£ =10%(10""2 Nyp)

@ Springer



J Pharmacokinet Pharmacodyn (2016) 43:513-527

517

associated with a single dose of filgrastim. Sixteen subjects
received a single IV infusion of 375 mg over 25 min fol-
lowed by a 14 day washout period, then followed by the
administration of a SC dose of 375 mg. Collected data
included 454 G-CSF serum concentrations and 416 ANC
measures. In Study 91770, the PDMDD effects of repeated
dosing was characterized by a cohort (n = 4) of subjects
receiving 300 mg of filgrastim SC QD for 10 days. Pre-
dose samples were taken each day and intensive sampling
was performed on days 0 and 9. A total of 102 serum
G-CSF concentration records and 120 ANC measurements
were available for the analysis.

Structural model

The structural model was based on a granulopoiesis model
previously developed [26, 27], which was modified by
incorporating cellular level expression of receptors as
described in Fig. 1. The resulting system is shown in Fig. 2.

Subcutaneous absorption

The absorption of filgrastim from the subcutaneous injec-
tion site was modeled with first-order transport &, and a lag
time 74,

dASC m

7 = ZF'DOSéSC . 5(1‘ — 1 — tlag) —k,-Asc and
i=1

Asc(0) =0,
(12)

where Agc is the drug amount in the subcutaneous site to
be absorbed by the first-order rate k, with the bioavail-
ability F. The injections at times t; (i =1, ..., m) are
described by the delta functions Dosesc-0(t — t; — t140).

Disposition and receptor binding

First-order processes are used to characterize the distribu-
tion to (k,) and from (k,,) the tissue space as well as
systemic elimination (k,;) of the drug. Second-order asso-
ciation and first-order dissociation rate constants k,, and
ko are used to describe the interaction between the G-CSF
and the cell surface receptors (G-CSFRs).

dAp n
= Kend + > Dosery - 0(t — t;)+kq - Asc — kp - Ap
=1
+kpt “Ar — ket - Ap — kon 'Ap ’R+koﬁ"'B’ Ve
and AP(O) :Apo,
(13)
dA
d—f:k,,, ‘A, —kyp-Ar and  A7(0) = Ag, (14)

where k,,, is the constant production rate of the endoge-
nous G-CSF, V. is the volume of the plasma compartment,
Apy and Apy are the endogenous G-CSF amounts in the
plasma and peripheral compartments, respectively. R and
B denote the plasma concentration of free and bound
G-CSFRs.

The G-CSFR kinetics at the cellular level are described
by Egs. (5)-(6) with the baseline conditions (10) modified
to account for non-zero bound receptors due to the pres-
ence of endogenous G-CSF:

kS'I‘l
I"(O) =T :_}7
deg

and b(0) = by. (15)

The G-CSFRs are expressed on the circulating neu-
trophils (N) and neutrophil precursors in the bone marrow
(P;, i =1, 2, 3, 4). The concentration of free and bound
receptors in the plasma and bone marrow can be calculated
as

R=¢-r-(Pr+P,+P3+Ps+N)/V, (16)
B=¢-b-(Py+Py+Ps+Py+N)/Ve. (17)

Here, we assumed that the plasma volume (V) repre-
sents the binding space for all of the drug and receptors
present in the system (plasma and bone marrow). The
constant ¢ represents the receptor density in nanomole
amounts (nmol)/cell count (109 cells).

G-CSF effect on granulopoiesis

The G-CSF stimulates proliferation and accelerates matu-
rations of the neutrophil precursors in the bone marrow.
The proliferating progenitors (P;) are assumed to be pro-
duced at the zero-order rate k;, and transition to the mat-
urating cells (P,) at the first-order rate k,. The maturation
process in the bone marrow is further modeled by addi-
tional P5 and P, transit compartments with the same transit
rate constant k, resulting in the production of the circu-
lating neutrophils N:

dP
d—t‘: kin - Sp(b) — kyy - Su(b) - P;and  P1(0) = Py,
(18)
dP,
P>(0) = Pay,
dP;
P3(0) = P3,
dP,
W_ktr'sm(b)'P3_klr'Sm(b)'P4 and (21)
P4(0) = Py.
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The neutrophils undergo margination and diapedesing to
the extravascular tissues, and are removed from the system
at the first-order rate k,,,;:

dN
_:ktrSm(b)P4

= — ko N and N(0) =Ny. (22)

All cellular responses are assumed to be at their baseline
levels Py, P»o, P30, P49 and Ny prior to drug treatment. The
stimulatory effects of G-CSF associated with cellular pro-
liferation [S,(b)] and maturation [S,,(b)] are described by
the sigmoid functions of the number of bound receptor on a
single cell

maxp b Smaxm . bim
S,(b) = 1+ﬁ and S, (b) =1+ 5 ———,
b, + b b5, + b
(23)

where S, and S,,,, are the maximal drug effects on
proliferation and maturation processes, respectively, and
bsop and bsg,, are the numbers of bound receptor/cell
eliciting 50 % of the maximum drug effect on proliferation
and maturation processes, respectively, and y, and y,, are
the Hill factors associated with drug effects on proliferation
and maturation processes, respectively.

Baselines

The baseline relationships between model parameters and
variables are obtained from the steady-state equations for
differential equations (5)—(6), (13)—(14), and (18)—(22):

knn : CpO

by = —— 1y, 24
0 koﬁ‘ + kint 0 ( )
ksyn = kdeg 70 + ki - b07 (25)
_ ke
Ao = T Apo, (26)
p
P1o = Pyy = P3p = P4y = Ny, (27)
kena = ke - Ao + kins - bo - E(P1o + P20 + P3o + Pao + No),
(28)
kuut . NO
kipn = ————. 29
Sp(bO) ( )
Reparameterization

The first-order elimination rate constant k,; was replaced by
the clearance parameter:

kg =CL-V,, (30)

and, the transit rate constant k,. by the mean transit time
(MTT) in bone marrow:

@ Springer

ky = 4/MTT. (31)

Additionally, the baseline ANC (ANCy) and the
endogenous G-CSF plasma concentration Cpy were used to
calculate Ny and Ag:

N() = ANC() . VC and Ap() = Cp() . VC. (32)

Results

The cell-level PDMDD model was studied by means of
mathematical analysis, computer simulations, and fitting to
clinical data. The major focus was on the comparison with
the TMDD models with respect to the nonlinear concen-
tration-dependent PK and quantifying the impact of the
time-dependent change in the PD (the cell count) on the PK
of the drug (nonlinear non-stationary PK). For that reason,
one can consider the differential equations for the free
(R) and bound (B) receptors present in the classic TMDD
model [21]. These can be obtained by differentiation of (1)
and substituting for the time derivatives of r, b, and, N

e"d °
ktp
In(t) F tlag

Bone Marrow

kln ktr ktr ktr ktr out

Fig. 2 Schematic diagram using the cell-level PDMDD model to
describe the effects of filgrastim dosing on neutrophils. The general
components and parameters are described in Fig. 1. In adapting the
model five separate populations were considered: precursor cells (P;)
are produced at a rate k;,, mature at a rate k, through the catenary
compartments (P,—P,), and become measurable as neutrophils
(N) which are eliminated at a rate k,,. Endogenous G-CSF is
produced at a rate k,,,. Filgrastim is administered into the subcuta-
neous compartment (A;.) and is adsorbed into the plasma space at a
rate k,, with a lag time f,, and a bioavailability F. Bound
receptors/cell (b) stimulate both the production (S,) and maturation
(S, of k;, and k,,, respectively
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Fig. 3 Simulated time courses of free drug plasma concentrations C(¢) (thick, red) and cell counts N(#)/V,. (thin, black) described by the models
(2)—(10) following a single IV bolus dose of 10,000 pmol of drug for four types of the PD responses. The broken lines represent time courses

where the cells are not affected by the drug treatment (/,,,x = Spax = 0)

R _CNdr CordN o dB & Ndb EbdN
dt V. dt V. dt dt V. dt V. dt’
(33)

The immediate benefit of Eq. (33) is the ability to
quantify the effect of the change of the cell population size
(PD) on the receptor kinetics. Namely, the terms in
Eq. (33) with the derivative dN/dt describe the contribution
of the change of N to the change of R and B. The same
rationale applies to quantifying the contribution of the
change of the cell population size on the time course of the
total receptors R, and the total drug C,,. Consequently,
after the relevant substitutions:

dR kin-E-1

== Kon —kou - C- Rt ko - B — kaeg - R+
: (l + Hm(b)) - kout : (1 + Hout(b)) : R7
(34)
dB kin-E-b
E:kon'C’R* (kint+koﬁ) B+7£
: (1 + Hm(b)) - kout : (1 + Haut(b)) . B, (35)

where the synthesis rate for free receptors Kjy, is the pro-
duct of the synthesis rate of free receptors/cell ky,,-¢ and
the concentration of cells in the central compartment N/V.:

_ksyn'é'N

Ko = =21 (36)

Absence of PD effect

If the drug does not affect the turnover of the cell popu-
lation [H;,(b) = H,,(b) = 0), then the cell response
remains constant and equal to the baseline:
kin

kout '

Then (34) and (35) become identical with the differen-
tial equations in the classic TMDD model:

dR
= = Kon —kon - C-Rot- kg - B~ kueg - R, (38)
dB
= = kon € R — (ki + kog) - B, (39)

where the synthesis rate of the free receptors Kj,, is con-
stant and equal to (36) with N = N,. Reciprocally, by
reducing the differential equations for R and B to the
classic TMDD model with Ky, defined by (3), then (34)
and (35) imply that dN/dt = 0, and the cell count must be
constant. Consequently, the classic TMDD model is a
subset of the PDMDD model presented here and represents

@ Springer
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Fig. 4 Free drug plasma concentrations (thick, red) and correspond-
ing cell count responses (thin, black) for QD IV bolus doses of
10,000 pmol for 5 days. The continuous lines correspond to the drug

the case where the drug does not alter the cell turnover and,
subsequently, the target pool. This statement is true
regardless the mathematical form for the stimulatory and
inhibitory effects (8) and implies the absence of time-de-
pendent PK.

Single dose

Figure 3 shows the mean predicted time courses of the free
drug concentration in the central compartment in the
absence of the PD effect superimposed with the predicted
time courses altered by PD response described by all four
models (8). A single dose of 10,000 pmol altered the cell
counts by 24, 30, 42, and 70 % of the baseline values for
models IDRs 1, 2, 3, and 4, respectively, however only a
moderate change in the free drug concentration levels was
predicted. In the predictions, the concentration increased
when the cell-level decreased, and decreased with the
increased cell response, consistent with the change in the
total receptor pool size. These simulations show that the
impact of the PD response on the receptor-mediated
clearance following a single dose might not be substantial.
Therefore the following series of simulations were per-
formed to address the changes in the receptor-mediated

@ Springer

Time (hours)

effects on the cell counts described by models IDR [-4, and the
broken lines represent predictions where cell responses are not
affected by the drug

clearance after repeated doses where the PD response
accumulates and reaches a new dynamic steady-state.

Repeated doses

A single dose PD response returns to the baseline after the
drug clears from the system resulting in a transient PD
impact on the disposition of the drug. After repeated dos-
ing, a periodic PD response develops (defined by the dos-
ing interval) with a trough cellular concentration that can
be significantly different from the pre-dose baseline. This
also implies that a complementary periodic shift will be
seen in the free drug PK. Simulations of multiple dosing
scenarios (Fig. 4) indicate that the time to reach a consis-
tent periodic response for N(f) and C(¢) coincide, because
the receptor density is assumed to be constant over time.
Additionally, upon repeated dosing, the predicted PD
response increases and elicits larger effect on the clearance
of drug than the loss due to cellular interactions after a
single dose. When comparing the PK of subsequent doses
in each model described in (8), the peak concentrations
remain indistinguishable (due to the nadir being several
orders of magnitude different from the peak), while the
pre-dose troughs shift with time. As a result of the non-
stationary PK profiles for the models differentiated by
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Fig. 5 Time courses of the total drug clearance for repeated doses of
10,000 pmol IV bolus QD for 5 days. The CL,,, was calculated using
Eq. (40). The continuous lines correspond to the drug effects on the

Table 2 Summary of

cell counts described by models IDR [-4, and the broken lines

represent the clearance where cell responses are not affected by the
drug

. D Single dose
observational statistics for &

single dose and multiple

G-CSF C.x (nM)
dose cohorts

G-CSF tyax (h) ANCax (10° cells/L) tancmax (h)

v 10.6 £ 2.2
SC 1.6 £0.6

0.6 £0.2
41+£05

259 £55 12
262 £4.0 12

Multiple dose

G-CSF Cpux (MM)  G-CSF Cay ("M)  ANCpae (10° cells/L)  AUCq 4
(nM-h)

First dose 0.9 £+ 0.4 0.01 + 0.004 222463 74 +26

Tenth dose 0.2 & 0.1 0.005 = 0.001 48.1 £ 11.7 57+ 15

Subjects given 375 mg of G-CSF as single an IV infusion (15 mg/min) and a single SC bolus dose,

separated by a 14 day washout period and multiple dose cohorts (300 mg SC QD for 10 days). Data are
presented as the mean + standard deviation

Eq. (8), temporal changes in exposure are also predicted.
When increasing the dosing interval, exposure (AUCs)
increases for the IDR 1 and IDR 4 scenarios and decreases
for the IDR 2 and IDR 3 scenarios. There was no change
between AUC(_»4 and AUCyq_;5¢ for the free drug plasma
concentrations that did not affect cell counts (i.e.,
Simax = Inax = 0). However, the percent change between
AUC(_»4 and AUCyg_150 Were 21, —16, —15, and 26 % for

IDR 1, 2, 3, and 4, respectively. This implies that the PD
effect significantly changes drug exposure and clearance
upon multiple dosing, resulting in nonlinear time-depen-
dent PK.

To quantify the total clearance of the drug from the
body we combined the differential equations for C,,, and

R,: (“Appendix 17) resulting in the

following
relationship:
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Fig. 6 Neupogen plasma concentrations and ANC (symbols) and model predicted values (lines) following administration of a single IV and SC
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IV and SC doses of 375 pg, dashed line the line of identity, solid line least squares regression

elimination rate
CLlot =

C
kint : Vc B

V.-B
= el'Vc+ C .

C
(40)
For the different corresponding scenarios captured in

Fig. 4, the time course of total clearance is shown in
Fig. 5.

+ kout : (1 + Haut(b)>
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Case study

Summary information for typical metrics used to quantify
PK/PD systems is shown in Table 2. In Study 930240, the
single dose cohorts show the maximum G-CSF and ANC
levels, and corresponding times, for the different routes of
administration. Statistics for Study 91770 demonstrate the
change in PK/PD measures with increasing dose. The
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PDMDD model (13)—(22) was simultaneously fitted to
G-CSF and ANC data obtained from two clinical studies in
healthy volunteers. The data and fitted curves are shown in
Fig. 6a, b and the observed versus predicted values are
presented in Fig. 7.

The single dose study yielded G-CSF plasma concen-
trations that started at the pre-dose endogenous level that
was below the limit of quantification, reached a peak and
returned to the baseline. The rate of onset and offset was
larger for the IV than SC plasma concentrations, and the
time to reach the baseline was approximately 24 and 48 h
following the dosing event, respectively. The correspond-
ing ANC responses exhibited similar patterns with an
increase from the baseline, reaching the peak, then gradu-
ally return to the baseline. The model adequately predicted
the observed single dose data. The time courses of the
predicted ANC peaked at 12 and 16 h for IV and SC routes,
respectively. The multiple SC doses of 300 mg/kg QD
resulted in gradual increases in the ANC values at trough
PK sampling times. These corresponded to decreasing

G-CSF trough levels. The model accurately described the
evolution of PDMDD for both PK and PD measures
through the duration of the study with the predicted ANC
and G-CSF trough levels reaching a new steady-state after
four doses as shown in Fig. 6. The model slightly under-
predicted the peaks of G-CSF and ANC after the 10th dose.
The predicted G-CSF concentration and ANC time courses
following the last dose returned to the baseline.

The parameter estimates are presented in Table 3. The
model parameters were estimated with good precision
(<24 % CV).The baseline value, ANC,, was fixed at the
mean pre-dose measurement to reduce the number of
model parameters. Difficulties with estimation of the
remaining set of parameters were resolved by fixing the
following parameters to the literature-reported values:
Kp = 0.045 nM [28] and kg4, = 0.215 h~! [29]. Since the
baseline G-CSF plasma concentration was below the limit
of detection, it was fixed at the reported level of endoge-
nous G-CSF for healthy humans Cy = 0.00064 nM
(11.94 pg/mL) [30]. The estimates of CL and V. are very

Table 3 Parameter estimates for the PDMDD model of G-CSF effect on neutrophils

Parameter (unit) Definition Estimate CV%
CL (L/h) G-CSF plasma clearance 0.132 24.4
V. (L) Volume of the plasma compartment 1.75 34
ks (h_l) First-order rate constant for G-CSF distribution to the tissue space 0.123 114
kyp (h’l) First-order rate constant for G-CSF distribution from the tissue space 0.0224 18.6
k, (b7 Filgrastim first-order absorption rate constant 0.20 34
tiag (h) Filgrastim absorption lag time 0.225 1.7
F Filgrastim bioavailability 1.0 FIX
Cpo (nM) Endogenous G-CSF plasma concentration 0.00064 FIX
ro (receptors/cell) Baseline free G-CSFR per cell 27,000 10.3
Kp (nM) G-CSF equilibrium disassociation constant 0.045 FIX
ko (1) Second-order binding rate constant for free G-CSFR and G-CSF 0.107 10.7
Kaeg ) First-order dissociation rate constant for bound G-CSFR 0.215 FIX
ki (871 First-order internalization rate constant for bound G-CSFR 0.189 6.3
¢ (nmol/receptor) Scaling factor converting the units of cell cellular concentration 0.00000166" FIX
to nanomolar amounts
Kour (hfl) Neutrophil first-order elimination rate constant 0.0480 5.3
MTT (h) Mean transit time for neutrophil maturating precursors 267 11.2
ANCy (109 cells/L) Baseline absolute neutrophil count 3.59 FIX
Sinaxp Maximal G-CSF effect on proliferation process 14.2 6.8
Sonaxm Maximal G-CSF effect on maturation process 13.1 5.3
Sbsg, (receptors/cell) Number of bound G-CSFR per cell eliciting half of the maximal 7190 15.7
stimulatory effect on cell proliferation
Sbsom (receptors/cell) Number of bound G-CSFR per cell eliciting half of the maximal 14,400 8.9
stimulatory effect on cell maturation
Yp Hill factor associated with G-CSF effect on cell proliferation 20 FIX
Vi Hill factor associated with G-CSF effect on cell maturation 20 FIX

N4 Avogadro’s number
2 £ =10%(107° N,p)
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similar to the ones reported previously [14]. Compared to
previous estimates of the distribution parameters, current
estimates of k,, and k,, are 5-fold smaller and 8-fold larger,
respectively [14]. Due to approaching boundary during
estimation, the bioavailability F was fixed at 1. Addition of
the absorption lag time significantly improved the fittings,
but the estimated value of 7,,, was small relative to the
observed t,,,.. The estimated absorption rate constant k,
was similar to the absorption rates in the dual absorption
model [14] and the dissociation rate constant, k,z was
about 10-fold smaller than previous reports [19], but sim-
ilar to an estimate obtained by a TMDD model for fil-
grastim previously reported [29]. The estimated number of
G-CSFR/cell is about 54-fold larger than the value of
50-500 reported in the literature [31]. Such a high number
is necessary to eliminate rHu-G-CSF by the receptor-me-
diated endocytosis and loss of neutrophils. This over-esti-
mate might compensate for G-CSFR pools that were not
included into the model. The mean residence time for the
circulating neutrophils calculated as I/k,,, = 20.8 h is
close to the circulating neutrophil lifespan 10 h [32]. The
estimate of the MTT in the bone marrow (11.1 days) was
consistent with the literature reported values of 8—15 days
[32]. The estimates of the maximal stimulation of the
proliferation precursor Sy, and acceleration of the mat-
uration S,,,,.,, were similar and they resulted in a little more
than 10-fold increase for large doses. A 2.4-fold difference
was observed between Sbsg, and Shsg, indicating that
G-CSF is more potent when stimulating the proliferation
than accelerating the maturation of the neutrophils pre-
cursors, consistent with previous analysis [33].

Discussion

Typically, TMDD effects can be detected from single
ascending dose data by observing the change in the steady-
state volume of distribution and clearance (via non-com-
partmental analysis) with changing dose levels [21]. Our
simulations show that multiple doses may be required in
order for the cellular response to fully develop such that its
contribution to the target-mediated disposition is maxi-
mally observable. Therefore in order to detect the presence
of PDMDD from PK data alone, a repeated dosing study is
recommended. The change in clearance between the doses
is a strong indication of the impact of PD on the drug
disposition. In this case, non-compartmental assessment of
the change in clearance involves calculation of AUC for
the dosing time intervals and observing the change fol-
lowing consecutive doses. If PK is linear such AUCs will
be equal [34]. Since changes in AUC values might be
caused by factors not related to cellular response, it is
recommended that the selection of time spans of the AUC
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values be related to the time course of PD in order to
establish a causal relationship.

Existing approaches to account for PDMDD applied
rather crude assumptions about the relationship between
the pool of receptors and the cell count. In essence, the
concentration of the total receptors is assumed to be pro-
portional to the number of cells expressing them [2, 14].
This may bias the TMDD model by neglecting the turnover
of the receptors (production and degradation). More
importantly, it is very difficult to quantify the drug clear-
ance resulting from receptor binding, since one would have
to calculate the elimination rate of the drug-receptor
complexes, which are removed with the cells. Including the
cell-level model of drug—target binding alleviates both of
these limitations. Expressing the pool of receptors as the
product of receptors/cell and the cell number allows one to
describe the receptor turnover as well as precisely quantify
the contribution of internalization and changes in cell
number to the overall drug clearance. The assumption that
target expression is same for all cells is less restrictive and
can be justified by averaging the receptor number/cell over
the cell population and using it as an approximation of the
actual number. In this formulation, the cell-level PDMDD
model offers more mechanistic description of the receptor
pool dynamics. However, to fully characterize the hetero-
geneity of the receptor distribution among cells requires
additional mathematical tools, such as physiologically
structured population models [35], to be further
investigated.

The introduced cell-level PDMDD model has exactly
the same set of binding parameters as the standard TMDD
model (a subset of the PDMDD model). The primary dif-
ference is that parameters associated with the target syn-
thesis and maintenance (k;, and 7y) have units of
numbers/cell rather than the absolute number or concen-
tration. Therefore, the issue of the parameter identifiability
is the same as for the standard TMDD model with the
additional problem of the identifiability of the some PD
model parameters. Based on available PK data, further
simplifications of the TMDD model have been introduced
to reduce the number of model parameters [16]. Analogous
simplifications can be proposed of the cell-level receptor
binding model with almost no modification. In “Appendix
2”, we provide the rapid binding approximation [16] of the
cell-level model that is valid under the assumption that the
binding and dissociation of the drug to the target are faster
than all other processes described by the model. Conse-
quently, one can replace the binding parameters k,,, and k
with a single equilibrium dissociation parameter Kp,
reducing the model dimensionality by one.

The PD model being an intrinsic part of the PK model of
TMDD is the key feature of the PDMDD model. This
implies that it is necessary to analyze both PD and PK data
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jointly in order to characterize the system. This is an
important difference between PDMDD and TMDD models
where the latter can be successfully identified from PK data
alone. Absence of PD data in analysis of systems exhibiting
PDMDD can manifest in presence of the time-varying
covariates accounting for time-varying drug clearance [36].
One can also erroneously attribute the time-varying clear-
ance to between-occasion variability, particularly when this
variability is not random with time. For compounds where
PDMDD is expected to impact development, studies can be
designed to characterize these properties (e.g., multiple
doses and measures to quantify the PD evolution). How-
ever because of sampling limitations it may not be possible
to quantify changes in the affected cellular populations. In
these settings it may only be possible to analyze the system
using a more traditional TMDD or Michaelis—Menten
model, with empirical time dependent functions, and
accept the limitations of these model predictions.

G-CSF and neutrophils are a well-documented system
for studying PDMDD. Therefore, we selected G-CSF
serum concentrations and ANC in healthy subjects as data
sets to test the PDMDD model. The model adequately
described the data and the estimated parameter values were
within the physiological ranges or agreed with similar
parameters reported in the literature. In addition to
explaining the neutrophil-mediated disposition of G-CSF,
the model described the kinetics of the eG-CSF. The
PDMDD of eG-CSF has been suggested as a feedback
mechanism underlying the rebound in ANC following
chemotherapy induced neutropenia in cancer patients
[4, 37]. Although tuned for the stimulatory effect of
G-CSF, the presented PDMDD model is capable of quan-
tifying the rebound effect in ANC due to accumulation eG-
CSF in neutropenic patients. eG-CSF serum concentrations
and ANC in cancer patients with chemotherapy induced
neutropenia would be another data set to test the utility of
the cell-level PDMDD model.

Identification of appropriate dose and dosing schedule
can be challenging for drugs that exhibit PDMDD, since it
leads to a time- and concentration-dependent clearance and
results in a complex interaction between drug PK and
target dynamics. Daratumumab, a CD38 IgGlk mono-
clonal antibody recently approved to relapsed and refrac-
tory multiple myeloma patients, exhibits PDMDD since it
is expected to have slower clearance over time due to the
drug-induced depletion of the CD38 cells, as well as slower
clearance at higher drug concentrations when the target
becomes saturated [38]. The currently approved dose reg-
imen of daratumumab manages to provide rapidly maximal
efficacy with weekly administration of 16 mg/kg for eight
consecutive weeks and then maintain an exposure range
that warrants target saturation thereafter, thus reducing the
risk of disease progression at the less frequent biweekly

(for 16 weeks) and monthly administration. Although the
concentration of daratumumab tended to decrease follow-
ing the biweekly and monthly dosing until reaching steady
state, the reduction in concentration over time observed in
clinical studies was not associated with higher risk of
disease progression. Furthermore, lowering the dose below
16 mg/kg would likely result in reduced efficacy because
the reduction on target occupancy, whereas increasing the
dose would not provide further improvement of the bene-
fit-risk profile [39]. The modeling approach described in
this paper provides a framework that could be applied to
the assessment of the dose selection for other mAbs in
clinical development that exhibit PDMDD, such as obin-
utuzumab [40].

Conclusion

Four types of PDMDD models were studied for their
impact on PK following single and repeated dosing. Our
major finding was that a single dose might not be suffi-
cient to elicit the cellular response capable of altering the
receptor pool to visibly affect drug plasma concentrations.
We demonstrated that repeated dosing as a means of
detecting and quantifying PDMDD may be necessary and
consequently should be considered when designing studies
where PDMDD is expected. The model equations pro-
vided mathematical relationships partitioning the drug
clearance into linear, endocytotic internalization and
degradation, and cell elimination. The TMDD model was
shown to be a subset of the PDMDD model when the
pharmacological effect does not significantly impact the
number of target expressing cells in the system. The model
was applied to describe the relationship between G-CSF
concentration and ANC in healthy subjects receiving sin-
gle and repeated doses of filgrastim. Among several other
utilizations, future applications of this cell-level model
may include chemotherapy induced cytopenias affecting
clearance of endogenous hematopoietic growth factors,
different monoclonal antibodies and immunogenicity
effects on PK.
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Appendix 1: Clearance of total drug

Since A,,; = Ap + BV, one can combine Egs. (2) and (35)
to obtain a differential equation
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dAy,
# = In(t) — (ket + kpt)Ap + kp - Ar — King - B+ Ve + ki

: é : b(l + Hm(b)) - kout : (1 +Hout(b))B : Vc-
(41)

Therefore the elimination rate of the total drug from the
body is

elimination rate = k,; - Ap + kijyy - B - V.
+ kout(l + Hout(b))B . VC' (42)

Dividing (42) by C yields (40).

Appendix 2: Rapid binding approximation

In many instances receptor binding and dissociation are
much faster than the remaining processes described by
the model. This results in the inability to uniquely
identify the binding parameters. To resolve this problem
the rapid binding approximation of the full model (2)—(8)
can be applied based on the quasi-equilibrium assump-
tion [16]:

C-r ko
- = =K. 43
b kg D (43)

To be able to eliminate the binding parameters k,,, and
ko from the model equations new variables are introduced,
the total receptor number/cell (r,,,) and total amount of the
drug in the central compartment (A,,):

roe=r+b and A, =Ap+E-b-N. (44)

Then the model equations become:
dAl()T

= In(1) = (ket + ki )C - Ve + ki - Ap — kig - &b+ N
dN
N
+¢ I
(45)
dA
d—tT:kpt'C'Vc_ktp'ATv (46)
drior
dt = ksyn - kdeg “Tror + (kdeg - kim) : b7 (47)
where the derivative dN/dt is defined by (7),
ot * C
b= (48)
Kp+C
and

1
c=3 (Cuor =Rt = Kp+ v/(Coor— R — Kp) +4 Ko Cu ).
(49)

The total drug and total receptor concentrations in the
central compartment are defined as follows

@ Springer

Ciot =

Asor rm[.(:.N:RJrB.

—=C+8B d Ry =
V. + an ot

& &

(50)

Given that In(f) describes the input rate to the A,
compartments (including bolus doses), the initial condi-
tions for (45)—(47) are

kv n kin
A(0) =0, Ar(0) =0, ru(0)= = , N(0)=
kdeg kuut
(51)
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