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Abstract Target mediated drug disposition (TMDD) describes the phenomenon
where high affinity binding of a drug to its pharmacological target (enzymes or
receptors) significantly alters the pharmacokinetic profile of the drug. A rapid
binding model replaces the often inestimable binding micro-constants (k,,, and ko)
of TMDD models with the equilibrium dissociation constant (Kp) by assuming rapid
binding of the drug to its target. The purpose of this study is to examine the validity
of the rapid binding assumption and the pharmacokinetic properties of this model.
Temporal profiles of free drug in plasma and a non-specific distribution site, free
receptor, and the pharmacodynamically relevant, drug-receptor complex obtained
from the rapid binding model compared favorably with the full TMDD model for
small values of the parameter ¢, which represents the ratio of the time required for
drug-receptor binding relative to the time required for drug to be cleared from the
system. The effect of escalating drug doses on the temporal characteristics and the
comparison between the two models has been numerically investigated. A closer
match between the full and rapid binding models is observed for high doses.
Analysis for very large doses (Dose/V,) relative to endogenous steady-state receptor
concentration (Ry), reveals that the rapid binding model reduces to a standard two
compartmental model with a plasma compartment with linear drug elimination and
a peripheral compartment. Decreasing clearance with increasing dose and
decreasing R indicates that for drugs exhibiting TMDD, the relative ratio of Ry
and dose is an important determinant of the pharmacokinetic properties rather than
the individual parameters alone. An analytical solution derived for clearance shows
that the primary elements of the apparent clearance of the drug are the linear
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clearance given by k. V., the non-linear clearance due to drug-receptor complex
internalization (k;,), and the ratio of AUC values of the receptor complex to that of
free drug. Overall, simulations and analytical techniques applied here provide a
better understanding of the validity of the rapid binding model and provide
guidelines for its application.

Keywords Nonlinear pharmacokinetics - Drug-receptor binding -
Target mediated drug disposition

Introduction

Target mediated drug disposition (TMDD) is a phenomenon where binding of a
drug with high affinity to its pharmacological target (receptor or enzyme)
significantly influences the apparent pharmacokinetic properties of the drug,
typically resulting in a decrease in the steady state volume of distribution (V) with
increasing dose levels [1]. A decrease in clearance (CL) may also be observed when
the binding process initiates a major drug elimination pathway [2], such as receptor
mediated endocytosis, which is important for many polypeptides and hormones [3].
These pharmacokinetic parameters approach a limiting value with dose, owing to a
saturable capacity limitation of the pharmacological target. Target-mediated
disposition is now recognized as a major determinant of the distribution and
elimination of various proteins, peptides, and monoclonal antibodies that interact
with specific high-affinity biological targets [4, 5].

A general pharmacokinetic model of TMDD was proposed to better understand
the behavior of such systems [2]. This model has been applied to characterize the
disposition of several drugs, ranging from small to macro-molecules, and has been
reviewed elsewhere [6]. The approach has been extended to nonlinear mixed effects
modeling as well to analyze and interpret population PK/PD data [7, 8]. One major
limitation of the model is that the drug binding micro-constants (k,, and k.g) that
are included in the model may not be easily estimated from routine pharmacokinetic
data. Thus, a model was introduced which replaces these micro-constants by an
equilibrium dissociation constant (Kp) by assuming rapid binding of the drug to its
target [9]. The rapid binding model was successfully tested against previously
published data of leukemia inhibitory factor (LIF) in sheep which was earlier
characterized by the TMDD model [10].

Mathematical approximations to complex models are common in the analysis of
biological and pharmacological systems, particularly when the numerical identifi-
ability of specific parameters becomes untenable. The classical Michaelis—Menten
approximation is extensively used in biochemistry and pharmacology to understand
the non-linear kinetics of enzymatic reactions and specific and non-specific protein
binding. Various forms of the Michaelis—Menten equation have also been success-
fully used to characterize aspects of some TMDD systems [11-13]; however, some
pharmacological processes, such as drug-target turnover, may necessitate a TMDD
model [14]. Other study design and assay characteristics can also influence the
selection between Michaelis—Menten and TMDD systems, such as the range of dose
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levels and the lower limit of quantification [15]. Whereas significant work has been
done to understand the limitations and domain of validity of the quasi-steady state
approximation in enzyme kinetics [16—18], to our knowledge, similar techniques have
yet to be applied to the rapid-binding approximation to TMDD models.

The purpose of this study is to numerically test the validity of the rapid binding
assumption. Computer simulations were performed to compare the temporal profiles
of the free drug concentration in plasma, the drug in a peripheral tissue
compartment, the free receptor concentration, and the drug—receptor complex from
the rapid binding model and the TMDD model for a range of parameter values (&)
representing different time scales for drug—receptor binding. The effect of several
kinetic parameters and dose on the accuracy of the approximation is also examined.
The simultaneous effect of the dose and the endogenous receptor concentration on
drug clearance was evaluated. The limits for clearance and steady-state volume of
distribution of the drug at large doses relative to receptor concentration were
analytically derived. Thus, simulations and analytical mathematical techniques in
this study provide a better understanding of the validity and the pharmacokinetic
properties of the rapid binding model.

Theoretical

A general pharmacokinetic model of TMDD was proposed and is illustrated in
Fig. 1 [2]. The model assumes that drug on reaching the central compartment (C)
binds at a second order rate (k,,) to free receptor (R) to form the drug-receptor
complex (RC), which in turn, dissociates by a first-order rate process (ko). The
internalization and degradation of the drug-receptor complex, which can reflect
receptor mediated endocytosis [3], is included as a first-order rate process (kiyy).
Drug in the central compartment undergoes linear distribution to a non-specific
tissue compartment (Ar) by first-order processes (kp, ki) as well as first-order
elimination (k). Receptor turnover is modeled by zero-order production (kgy,) and
first-order degradation (kqe,). Whereas various functions are available for routes of
drug administration, this paper considers only bolus intravenous (IV) injection. The
model equations are as follows [2]:

ac At

— =" (et + k) C + kip v, ~ kenR - C + kottRC (1)
% = kpCV, — kAt (2)

‘(11_1: = keyn — konR - C — kaegR + kot RC (3)
% = konR - C — (kott + kin)RC (4)

where V. denotes the volume of the central compartment. It is assumed that no free
drug is present endogenously prior to the IV bolus, therefore the initial conditions
for Eqs. 1-4 are defined as:
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Fig. 1 Pharmacokinetic model of target mediated drug disposition. Drug administered as an IV bolus
(Dyv) into the central (plasma) compartment (C, V.) reversibly distributes (ky, k) to a non-specific tissue
compartment (At), reversibly binds to a pharmacological target (R) to form a drug—receptor complex
(RC) and gets eliminated from the plasma (k.;). The model includes the synthesis (kqy,,) and degradation
(kaeg) of the pharmacological target and the internalization (ki) of the drug-receptor complex

C(0) = Dose/V. (5a)
Ar(0) =0 (5b)
R(0) = Ry (5¢)
RC(0) =0 (5d)

where R is the steady-state endogenous free receptor concentration (i.e., Kgyn / kdeg)-

A major challenge in implementing the TMDD model is the estimation of the
second-order association rate constant, k., and the first-order dissociation rate
constant, kog. Thus, a rapid binding model was derived which replaces these
microconstants with the equilibrium dissociation constant, Kp [9]. The rapid
binding assumption provides a correlation between the free drug concentration in
the plasma (Cy,), the free receptor concentration (Ry,), the drug-receptor complex

concentration (RCy,), and K as given by:
Rrb . Cr

—— =K 6

RC., D (6)

The subscript rb represents rapid binding. The system is parameterized based on
total drug and receptor concentrations (Cyorp and Ry ), Which are defined as:

Ctot,rb = Crb + RCrb (7)
Rlot,rb = Rrb + RCrb (8)

Thus, the set of differential equations describing the rapid binding model are as
follows:
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dCiors A
tot,rb — —kintctotﬁrb - (kel + kpt - kim) Cwp + ktp T,rb (9)
dr V.
dAr
drl; b = ptCrch — ktpATmb (10)
dR
(tjot[,rb = ksyn - (kim - kdeg) (Ctot,rb — Crb) - kdegRtot,rb (11)

1 2
Cyp = E (Ctot,rb - Rtot,rb - KD) + \/(Ctot,rb - Rtot,rb - KD) +4KDCt0t,rb (12)

where the free drug concentration Cy, (Eq. 12) is the solution to a quadratic equation
obtained by substituting Cyo . and Ryo b in Eq. 6:

[Rtot,rb - (Ctot,rb - Crb)} - Crp _

Cou — Cro Kp (13)
The initial conditions for Eqgs. 9-11 are similar to Eq. 5:
Ciotsn(0) = Dose/V, (14a)
At (0) =0 (14b)
Riotb(0) = Rss (14c)

Scaling

In order to perform a detailed numerical validation of the rapid binding model, the
governing equations of the full TMDD model and the rapid binding model were
scaled. Such scaling facilitates the comparison of temporal profiles of key variables
from the two models. It also enables the linear independency of the parameters. The
dimensionless variables for the TMDD model are defined as:

r= ti (152)
o) = e (15b)
()= g (154)

re(x) = %h(:r) (15¢)

where fipars Cepar and Repa, represent the scaling variables. The dimensionless
variables for the rapid binding model are similarly defined as:

@ Springer



204 J Pharmacokinet Pharmacodyn (2009) 36:199-219

t

T = :
Tchar
Cuoto (1
Clotpb (T) = lOCfrhb( )
char
At (t
arm(t) = CTh_b(V)
Ry (2
Fiotb(T) = %b()
RC(t
rcrb(’f) = R h( )
char
Cr(2
Crb(f) = Cih()
char

(16a)

(16b)

(16¢)

(16d)

(16e)

(16f)

Appropriate choices for C.p, and Rep,, would be Dose/V. and Ry as they
represent the maximum possible ligand and free receptor concentration in the
system. 1/k, was considered as an appropriate choice for ., as it directly

correlates with linear clearance.

Scaled TMDD model equations

The governing equations of the TMDD model (Egs. 1-4) in terms of the

dimensionless variables (Eq. 15) and parameters are:

d or-
—C:—(1+[5)c+yaT— re

dt
d
dr r-c Arc
—=K———KI+—
dt I &
dre r-c JArc
—_— =—————urc
dt e e
where
ﬁ = kpt/kel
Y= ktp/kel
5= A
kgeg(Dose/ V)
K= kdeg/kel
~ (Dose/V.)
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n= kint/ke] (21f)
kel
= 21
¢ kon(Dose/V¢) (21g)

The dimensionless initial conditions for the above differential equations from Eq. 5
are:

c(0) =1 (22a)
a(0) =0 (22b)
r(0) = (22¢)
re(0) =0 (22d)

Scaled rapid binding model equations

The governing equations of the rapid binding model (Eqs. 6-12) in terms of the
dimensionless variables (Eq. 16) and parameters (Eq. 21) are:

I'th * Crb
=] 23
rCrp ( )
dclot,rb
3 = —licory — (1 4+ f — wew + yarm (24)
dar

= h — ! 1 25
0 ey, yar (25)

drog —K
(tio’; o =K — (# 5 ) (Ctot,rb - Crb) — Klot,rb (26)

1 2

Cip = E (Ctot,rb - 5rt0[,rb - }) + \/(Ctot,rb - 5rtot,rb - }) +4)~Ctot,rb (27)

where cior s, and rio 1 are represented as:
Crotib = Crb + Orce (28)
Totrb = T1b + FCrp (29)

The dimensionless initial conditions for the above differential equations are:

Ctot,rb(o) =1 (303)
arw(0) =0 (30b)
rtol,rb(o) =1 (SOC)

Rapid binding assumptions

Based on these characteristic scales, k.,(Dose/V,) represent the first-order rate of
receptor pool depletion and its reciprocal, tg = 1/(k,,(Dose/V.)) represents the mean
residence time of the receptor in the receptor compartment before binding to the
drug. For many ligands, receptor binding tends to occur in time scales on the order
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of seconds, whereas, much longer times are required for drug elimination.
Mathematically, the binding is fast if 15 < 1/ke or the ratio, t5/(1/ke) = keitp =
& < 1 is small. The accuracy of the model is also dependent on the assumption that
the steady-state endogenous level of free receptor (R,s) is comparable to Dose/V..
Mathematically, this is represented as Rss = O(Dose/V¢) or 6 = O(1) [9].

Methods

Simulations were performed to compare the temporal profiles of key variables from
the TMDD and the rapid binding model using MATLAB (The Mathworks Inc.,
Natick, MA). Differential equations were solved numerically using ODE solver
odel15s. The effect of increasing values of parameters (¢, f3, 7, d, , 4, and u) on the
match between the dimensionless concentration-time profiles of the free drug (c,
cw), free receptor (7, 1), the drug receptor complex (rc, rcp,) and drug in the tissue
compartment (ar, ar ) from both models was assessed. The state variables, c, r, rc
and ar were obtained by numerically solving Eqs. 17-22. ¢, is calculated using
Eq. 27, where the variables cy b, @1 and ry ., are obtained by numerically
solving Eqgs. 24-26. rcy (: {Ctotsb — Crb} / 5) and ry, = (rlm,rb - rcrb) are obtained
by rearranging Eqs. 28-29. Similarly, the effect of increasing IV doses of leukemia
inhibitory factor (LIF) on the temporal profiles of free drug (C, Cy,), free receptor
(R, Ryp,), the drug receptor complex (RC, RC,,) and drug in the tissue compartment
(AT, A1) Was compared between the two models. State variables C, R, RC and At
were obtained by numerically solving the dimensional Eqs. 1-4. C,, was calculated
using Eq. 12, where the variables Ciotp, AT and Ry were obtained by
numerically solving Eqs. 9-11. RCy (= Cotsp — Crv) and Rip = (Riotss — RCr)
were obtained by rearranging Eqs. 7-8. The base model parameters were obtained
from the literature [9] and are listed in Table 1. It is assumed that the drug is not
endogenously present in all simulations.

Table 1 Base model parameter values used for simulations of the dimensional model

Parameter Abbreviation Units Base value
First-order elimination rate constant from the central ke 1/h 1.49
compartment

First-order tissue distribution rate constant kpes kyp 1/h 0.389
Receptor degradation rate constant kdeg 1/h 0.670
Receptor-complex internalization rate constant Kint 1/h 3.16
Equilibrium dissociation rate constant Kp nM 1.22
Second-order association rate constant kon 1/(nM h) 11.3
Initial receptor concentration Ry nM 8.19
Volume of the central compartment Ve mL/kg 51.2

Values obtained from Mager and Krzyzanski [9]. The value of k,, was obtained from Segrave et al. [10].
Molecular weight of the drug is 19710 Da

@ Springer



J Pharmacokinet Pharmacodyn (2009) 36:199-219 207

Simulations were also conducted to calculate the apparent clearance [19] of the
drug (CL) for varying doses and the concentration of endogenous receptor
concentration (Rgs) using the rapid binding model. The apparent clearance is defined
in terms of the dose and the area under plasma concentration-time curve of the free
drug ((AUC)gy,) as:

o0
Dose

CL = m, where (AUC) = / Crpdt (31)
0

The dose was varied from 1 to 500 pg/kg corresponding to a variation of the

initial drug concentration in plasma C; (= Dose/V.) from 0.991 to 496 nM. Ry, was

varied from 0.01 to 500 nM. These represent an extreme variation in the two

parameters which may not be physiologically relevant; however, the goal of this

study was to more fully understand the behavior of the non-linear target mediated

system and its effect on pharmacokinetic parameters (CL).

Results
Validity of the rapid binding model

The rapid binding model assumes that the drug—receptor binding is much faster than
other processes in the system and requires that the dimensionless parameter ¢ to be
small (¢ < 1) [9]. A comparison between the dimensionless concentration-time
profiles of the rapid binding model and the TMDD model for increasing values of ¢
is shown in linear and log scales in Figs. 2 and S1. Since ¢ does not feature in the
scaled equations for the rapid binding model (Egs. 23-30), a single solution from
this model is depicted in the figure, whereas different temporal profiles were
obtained from the TMDD model for increasing values of ¢. Decreasing values of &,
representing smaller binding times, results in lower free drug in the plasma as drug
elimination through binding is increased (Figs. 2a and S1A). Thus during the initial
time points (0 < 7 < 1), the TMDD model predicts a faster decrease in plasma
concentrations from an initial value for small values of ¢. At T = 0, the plasma
concentration predicted by the rapid binding model is lower than the actual value
predicted by the TMDD model. However, the rapid binding solution asymptotically
approaches the TMDD solution at later time points. The time (t,,) required for the
rapid binding solution to match the TMDD solution increases with increasing ¢. For
¢ values of 0.01 and 0.1, 7., is very small (<0.6) suggesting a close match between
the two models.

The temporal profile of the drug-receptor complex obtained from the TMDD
model shows an initial rapid increase in concentration followed by a slower decline
to baseline at later time points (Figs. 2b and S1B). The rapid binding model closely
matches the temporal profile from the TMDD model at later times for small values
of ¢. However, as expected, it fails to capture the initial rapid increase in the drug—
receptor complex and starts at a higher value. Decreasing values of ¢ in the TMDD
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Fig. 2 Comparison between the rapid binding (solid curve) and full TMDD models (dashed curve) for
increasing values of the parameter ¢ (0.01, 0.1, 1.0 and 10). Simulated dimensionless concentration—time
profiles of a free drug in plasma [c, ¢;]. b the drug-receptor complex [rc, rcy]. ¢ free receptor pool [r, 1]
and d drug in tissue [ar, ar ] The right panels in each panel represent profiles during the initial time. All
other parameter values were fixed to 1 except for 4 = 0.1
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model, again representing smaller binding times, results in an increase in formation
of the drug-receptor complex.

In the case of the free receptor, effects opposite to those described for the drug—
receptor complex were observed. The temporal profile of the free receptor obtained
from the TMDD model shows an initial rapid decrease in its concentration followed
by a slower increase to baseline at later time points (Figs. 2c and S1C). The rapid
binding model closely matches this temporal profile at later times for small values
of &. However, as expected, it fails to capture the initial rapid decline in the free
receptor and starts at a lower value. The temporal profile of the tissue compartment
shows that decreasing values of ¢ in the TMDD model also results in decreased drug
accumulation in the tissue compartment (Figs. 2d and S1D). Overall, there was
good agreement between the two models for small values ¢ (0.01 and 0.1), with
slight deviations at early time points, for each state variable.

Effect of parameter variation on the rapid binding model

Simulations using scaled equations were performed to assess the effect of other
model parameters on the agreement between the rapid binding and TMDD models
(Figs. 3, 4, S2 and S3). Each parameter f3, 7, 9, k, 4, and u was varied from 0.01 to
10, one at a time, while the values of ¢ and 4 were fixed to 0.1 and other parameters
to 1. Overall, there was good agreement between the temporal profiles of free drug
in plasma over the entire range of parameter values with slight deviations at early
time points, as seen in Figs. 3 and 4 that show the simulated curves in the linear
scale. Differences between the rapid binding and TMDD models for large times in
the logarithmic scale become smaller if the parameter values decreased from 0.1 to
0.01, except for y and A. The profiles from the rapid binding model reasonably
approach the solution from the TMDD model within 7 < 1 as observed in the linear
scale. Similar results were obtained for the drug-receptor complex, free receptor,
and drug in the tissue compartment (data not shown).

Effect of dose on the rapid binding approximation

For nonlinear systems, dose is an important variable that can significantly alter drug
exposure and consequently the response. The temporal profiles for free plasma LIF
concentrations for increasing doses (12.5-500 pg/kg), using parameter values in
Table 1, are shown in Figs. 5a and S4A. The profiles exhibit poly-exponential
behavior with an initial distribution phase followed by an intermediate non-linear
receptor saturation phase and a prolonged terminal elimination phase. Slight
deviations are observed between the two models only during the initial time points
(0 <t < 0.05 h). The rapid binding model under predicts the drug concentrations
initially, and this effect is more pronounced for low doses. For this case, the free
drug plasma profiles are well predicted by the rapid binding model even at low drug
concentrations during the terminal phase (Fig. S4A).

The simulated temporal profiles of the drug-receptor complex from the TMDD
model shows an initial rapid increase from baseline due to the fast binding of the
drug to the receptor and a subsequent decline, which is indicative of much slower
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Fig. 3 Comparison between the rapid binding (solid curve) and the full TMDD models (dashed curve)
for increasing values of linear distribution parameters. Simulated dimensionless concentration-time
profiles of free drug in the plasma [c, c] for increasing values (0.01, 0.1, 1.0 and 10) of a f and b y. The
right panels in each represent profiles during the initial time. The value of ¢ and 1 were fixed to 0.1 and all
other parameters to 1

internalization, degradation and the dissociation of drug-receptor complex at later
times (Figs. 5b and S4B). The profiles from the rapid binding model capture all
these essential features except the initial rise in concentrations from ¢ = 0 to about
0.05 h. The profiles in the rapid binding case, although start at high values,
asymptotically approach the TMDD profiles after initial time points.

The simulated temporal profiles of the free receptor from the TMDD model show
a sharp initial decline due to drug—receptor binding and a subsequent steady increase
in the receptor concentration toward baseline value owing to slower receptor
synthesis (Figs. 5c and S4C). As observed for the drug-receptor complex, the
profiles from the rapid binding-model capture all the essential features except the
initial decline in concentrations from # = 0 to about 0.05 h. The profiles from the
rapid binding model start at low values, and agreement with the profiles from the
TMDD model was observed only after the initial time points. Close agreement
between temporal profiles of the drug concentration in tissues is observed for all
dose levels (Figs. 5d and S4D).

These simulations show that the rapid binding model closely approximates the
exact solution of TMDD for a range of physiologically relevant doses. This is of
particular significance because dose can represent a critical design consideration in
pharmacokinetic studies.

@ Springer



J Pharmacokinet Pharmacodyn (2009) 36:199-219 211

A.S 1.0 §-0.01 1.0 -
® | §-0.1 l\
£ 08 510 0.8 -
g 0.6-| —5-10 0.6 - |\
S 04 - 0.4 \
g 02 0.2 - -
[7]
S 0.0 A 0.0 - \
0 5 10 15 00 02 04 06 08 10
Bs 1.0 - x-0.01 1.0
® l k—0.1 \
£ 081 10 0.8 -
§ 0.6 - | K- 10 0.6 - \
S 04 0.4 \
E 021 2] e
(7]
S 0.0 - 0.0 -
o
0 5 10 15 00 02 04 06 08 10
CS 10] A-001 1 -
] 0.6 A-0.1 08
£ — A-10 -
8 06 — A-10 064 ~
c
S 04 - 0.4 -
g 0.2 - 0.2 -
(7]
< 0.0 - 0.0 -
o ; ; ; .
0 5 10 15 00 02 04 06 08 1.0
c
Ds 40/ u-001 10
® l p-0.1 \
£ 081 w_10 0.8 -
§ 0.6 - l — u-10 0.6 - \
S 04 - 0.4 1 \
g 021 0.2 M
(2]
n_‘“_ 0.0 1 0.0 - —
0 5 10 15 00 02 04 06 08 1.0
Time (1) Time (1)

Fig. 4 Comparison between the rapid binding (solid curve) and full TMDD models (dashed curve) for
increasing values of nonlinear binding parameters. Simulated dimensionless concentration-time profiles
of free drug in the plasma [c, ¢, for increasing values (0.01, 0.1, 1.0 and 10) of a 6, b k, ¢ 4 and d p. The
right panels in each represent profiles during the initial time. The value of ¢ and A were set to 0.1, and all
other parameters in each case were fixed to 1

Effect of dose and receptor density on clearance

The apparent clearance (CL) of drugs exhibiting target-mediated disposition
decreases with increasing dose levels [1, 2] when binding of the drug invokes a

@ Springer



212 J Pharmacokinet Pharmacodyn (2009) 36:199-219

A g 10 12.5 ugkg 10% 1
'-g 103 25.0 ug/kg
k= —— 100 pg/kg
§ = 102 —— 250 pglkg 10° 1
g B 10" — 500 pg/kg
oo J 4
o =10 102
5 1071
8
o 102 10" - , , , : :
0 5 10 15 20 25 0.00 001 0.02 003 0.04 0.05
B 3 10- 10 -
g 8- 8 |
8 [
o~ 6 T 6 1
Ss
BE 4 4 ,
]
(7] 2 2 ,
i+
2 o 0
E T T T T T 1
0 5 10 15 20 25 0.00 0.01 0.02 0.03 0.04 0.05
(o] 10 - 10 1
P 8 7 8 1
] I
6 6
8s |
©F 4 4
Q
° 2 | 2 |\
[T
0 0
0 5 10 15 20 25 0.00 001 002 003 004 0.05
D 4 - 0.5 -
3] 0.4 -
0@ 0.3 -
2227
» £ 0.2 1
FE, ]
0.1 -
0 1 0.0 -
0 5 10 15 20 25 0.00 001 0.02 0.03 004 0.05
Time (hr) Time (hr)

Fig. 5 Comparison between the rapid binding (solid curve) and full TMDD models (dashed curve) for
increasing doses (12.5, 25, 100, 250, and 500 pg/kg). Simulated concentration-time profiles of a free drug
in plasma [C, Cy,]. b drug-receptor complex [RC, RCy]. ¢ free receptor pool [R, Rp], and d drug in tissue
[At, Ar,pl. The right panels in each represent profiles during the initial time. Model parameters
correspond to those previously determined for leukemia inhibitory factor [9] shown in Table 1

major elimination pathway. The rapid binding model can be used to show that both
the linear clearance from the central compartment, given by k. V., and the non-
linear clearance due to the internalization of the drug-receptor complex (ki,)
contribute to the apparent clearance of target mediated drugs:
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(A UC) RCrb

CL = kelvc + kinth (AUC)
Crb

(32)
where (AUC) ¢, and (AUC)gc,, Tepresent the area under concentration versus time
profiles of the free drug and drug-receptor complex. The derivation of Eq. 32 is
provided in Appendix 1. This relationship suggests that for the limiting case of large
doses, (AUC)gc,, Would be negligible compared to (AUC),, and thus apparent CL
would approach the linear clearance component. Simulations of signature temporal
profiles of Cy, and RCy, (Fig. 5) show that the ratio (AUC)gcy/(AUC)qy, varies
from 1.55 for the low dose (12.5 pg/kg) to 0.0565 for the high dose (500 pg/kg)
confirming a decrease in clearance with increasing dose levels as expected.
Equation 32 supports the concept that degradation/internalization of the drug—
receptor complex is required to observe a decrease in apparent clearance with
increasing dose [2]. In absence of internalization of the drug—receptor complex (i.e.,
kine = 0), apparent CL is the same as linear clearance.

Since binding of the drug is capacity limited by the endogenous level of the
receptor pool (Ry), possibly influencing (AUC)gcy,, Rss Would be expected to
influence the pharmacokinetic properties of the drug. Simulations were performed to
calculate the apparent clearance by varying the two critical parameters, Dose and Ry
simultaneously and plotting a 3-dimensional map of CL versus Ry versus Dose/V.,
where Dose/V, (= C;) is the initial free drug concentration in the central
compartment (Fig. 6). Dose/V, was plotted on the y-axis as it is reflects both the
administered dose and maximal plasma concentration (initial concentration for this
case) and has units of concentration (nM), which is consistent with R. Dose and the
initial free drug concentration C; have been used interchangeably in the text below.

Simulations show that the clearance varied from 1.25 to 1051 mL/min/kg by
simultaneously varying Ry (from 0.01 to 500 nM) and dose (from 500 to 1 pg/kg).
Corresponding variation in Dose/V, is from 496 to 0.991 nM. These extreme
variations, although not physiological, were critical for understanding the properties
of this non-linear system. In Fig. 6, clearance is encoded in terms of gray color,
increasing from black — gray. Drug clearance was shown to be high for the highest
Ry, (=500nM) and the lowest dose (=1 nM) in a 3-D plot (Fig. 6a) and its
projection (Fig. 6b). For a given receptor density R, increasing dose causes the
clearance to decline owing to receptor saturation. Similarly, at a particular dose
level (represented by constant Dose/V,.), decreasing R, exhibits the same qualitative
effect of decreasing clearance given the likelihood of saturating lower levels of
receptors.

The accuracy of the rapid binding is dependent on the assumption of comparable
or lower level of receptor concentration than drug concentration, given by the
relationships 0 = O(1) or Ry = kgn /kde‘g = O(Dose/V¢) [9]. This assumption
states that the ratio (Ry/(Dose/V()) is bound by a constant without specifying the
value of the constant. However, this is only partly maintained for these calculations.
In order to determine the region of applicability of the rapid binding model, it is
assumed that the value of the constant is 1. Although the actual value can be greater
than 1, it is conservatively assumed to be 1 for these calculations. In Fig. 6¢ only the
region where Ry /(Dose/Vc) <1 has been represented. The black color of the map
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Fig. 6 Effect of the endogenous receptor concentration and dose on clearance. a 3-D map of clearance
[CL] with dose [Dose/V,] and the endogenous receptor concentration [Rg]. b 2-D projection of the map
on the x — y ([Rs] — [Dose/V,]) plane. ¢ 2-D projection with boundary defining the region of validity of
the rapid binding model. d 2-D projection map for varying clearance in the region confirming the
assumptions of the rapid binding model

gives an impression that the clearance remained constant in this region. However, it
is important to note that the clearance varied significantly from 1.25 to 92.4 mL/
min/kg in this region and for better visualization, it is plotted on a reduced scale in
Fig. 6d. The overall pattern of CL is conserved and declines with increasing dose or
decreasing Ry

In Appendix 2 we show that as the small parameter § (= Ry/(Dose/V,)

kg / kdeg
" (Dose/V,)
compared to dose, the rapid binding model reduces to a two compartmental linear
model comprising of a central and a tissue compartment [19]. The clearance in such
cases (i.e., large dose relative to free receptors) thus approaches the standard linear
clearance from the central compartment given by k¢ V.. Clearly 6 can approach zero
either due to a very large dose that saturates the receptors or the presence of very
low levels of receptors.

The expected profile of decreasing clearance with increasing dose levels is shown
by simulation in Fig. 7. The limit of clearance for high doses as defined by k. V.
closely approximates the simulated curve. The vertical line in Fig. 7, at a dose that
is equivalent to the endogenous receptor concentration (Rg), defines the domain of

— 0) approaches zero, which represents very low receptor levels
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Fig. 7 Effect of increasing dose (Dose/V.) on clearance (CL). The thick solid line was obtained
numerically by solving the rapid binding model. The dashed horizontal line represents the linear
clearance (k. V,) for the limiting case of high dose relative to receptor concentration. The dotted vertical
line at a dose that is equivalent to the endogenous receptor concentration (Ry) defines the domain of
validity of the rapid binding model. This region lies to the right of the vertical line

validity of the rapid binding model. The valid domain consistent with the underlying
assumption, Ry = kgyn / kaeg = O(Dose/V¢), lies to the right of the vertical line.

Discussion

This study provides a numerical validation of the rapid binding approximation of a
TMDD model. The assumption of rapid-binding ¢ — 0, implies that ¢ must be small
for the rapid binding approximation to be appropriate. This was confirmed
numerically by simulations where close agreement between the rapid binding model
and TMDD model was observed for smaller values of ¢ (0.01 and 0.1) when all
other model parameter values were fixed to 1 and 4 to 0.1 (Figs. 2 and S1). Also, the
time required for the rapid binding solution to match the TMDD solution decreases
significantly with decreasing e.

The values of the parameters ¢ and 6 were calculated using Eq. 21 for six
different drugs that exhibit target mediated drug disposition (Table 2). ¢ values were
less that 0.1 for all drugs for intermediate and high dose levels. At low dose levels,
LIF, TRX1 (an anti-CD4 monoclonal antibody), and interferon-f have ¢ < 0.1,
whereas values of ¢ range between 0.246 and 0.552 for erythropoietin, imirestat and
bosentan. The calculated values of & for these drugs range between 4.32 x 10~ and
12.5.

The choice of using 1/k, as the scaling parameter for time is reasonable;
however, for some TMDD pharmacokinetic models (e.g., thrombopoietin), k¢ is O
suggesting negligible linear elimination (e.g. renal) of the drug from the plasma
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Table 2 Calculated values of ¢ and ¢ for selected TMDD drugs at varying dose levels

Drug/ ¢ low dose ¢ intermediate ¢ high dose  J low dose ¢ intermediate ¢ high dose
parameter dose dose

LIF 1.14 x 1072 143 x 107> 2.86 x 107 4.45 x 107" 556 x 107> 1.11 x 1072
TRX1 648 x 107* 130 x 107* 648 x 107> 3.43 x 107! 6.87 x 1072 3.43 x 1072
EPO 552 x 1071 123 x 1072 1.36 x 1072 1.75 x 10° 3.89 x 1072 4.32 x 1073
IEN-$ 7.06 x 1072 235 x 1072 7.06 x 1073 1.83 x 10° 6.10 x 107" 1.83 x 107!

Imirestat 246 x 107! 246 x 1072 9.82 x 107 125 x 10" 1.25 x 10° 499 x 107!
Bosentan  4.63 x 107" 1.85 x 1072 6.18 x 1073 233 x 10° 9.3 x 1072 3.1 x 1072

Values of ¢ and 0 were calculated according to Eq. 21 using previously determined parameter values for
LIF, leukemia inhibitory factor, in sheep [10], TRX1, an anti-CD4 monoclonal antibody, in humans [8],
EPO, erythropoietin, in rats [21], interferon (IFN)-f in cynomolgus monkeys [22], and imirestat and
bosentan in healthy volunteers [2]

[20]. In such cases, k;,; can be used as an alternative time scale as one of the
elimination pathways must be present to have an output from the system.

The robustness of the rapid binding model was also challenged by varying the
values of each of the model parameters (f, 7y, d, k, 4,and u) from 10 to 0.01 while
fixing the value of ¢ and 4 to 0.1. Close agreement was observed for the rapid binding
and TMDD models for these simulations (Figs. 3 and 4) with some discrepancies
observed only in the logarithmic scale that diminish with decreasing parameter
values (Figs. S2 and S3). Similar results were obtained for escalating doses with
closer agreement between the two models for higher doses (Figs. 5 and S4).

Decreasing clearance with increasing dose and decreasing R (Fig. 6) indicates
that for drugs exhibiting TMDD, the relative ratio of the endogenous receptor
concentration and dose is an important determinant of the pharmacokinetic
properties (CL), rather than the individual parameters, and should be carefully
accounted for in experimental designs. The derived limit of clearance for large
doses relative to R, closely matched the numerical value (Fig. 7). At large doses,
the rapid binding model reduces to a two-compartmental linear model comprising of
a central and tissue compartment and the clearance in such cases approaches the
standard linear clearance. Overall, this study provides better understanding of the
validity of the rapid binding model and its mathematical properties pertinent to
effective implementation of the model for drugs exhibiting target mediated drug
disposition.

Acknowledgements This study was supported by Grant GM57980 (for D.E.M. and W K.) and funds for
a postdoctoral fellowship from Amgen, Inc. (to A.M.).

Appendix 1
Derivation of apparent clearance for the rapid binding model

In order to obtain an analytical solution for clearance of the rapid binding model,
Egs. 9 and 10 are integrated:
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[dc i A
/ tot, rb / <—kimC[0t7rb - (kel + kpt kml) rb + klp ‘jrb) dr (33)
0
oodA ) o
[ a= [ (i~ kpna)ar (34)
0 0

Multiplying Eq. 33 by V. and adding to Eq. 34 yields the following relation:

o0 [o¢]

Dose = kel Vc/ Crbdt + kimvc / (Clot,rb - Crb)d[ (35)
0 0

Here, fooc Cipdt represents the area under the plasma concentration-time curve of the
free drug ((AUC)gy). Substituting Eq. 7, in [;° (Ciouy — C)dt yields the
term, f(;’o (RCyp)dt, which represents the area under the concentration-time curve of
the drug-receptor complex ((AUC)gc,,)- Dividing Eq. 35 by the (AUC)¢,, gives
the apparent clearance of the target mediated drug as:

(A UC) RCrb

CL= keIVc + kinth (AUC)
Crb

(36)

Appendix 2
Large dose approximation of the rapid binding model

It is important to understand the limiting behavior of the rapid binding model for
very large dose level compared to the endogenous receptor concentration. For the
limiting case of very large dose relative to Ry (= kgyn/kgeg), the dimensionless
parameter, 0 given by Eq. 21 is a small parameter. Mathematically, this is
represented as:

k
b=—-"" ___«1 37
kgeg(Dose/Ve) < (37)

Egs. 23 and 29 imply that

Ttot,ibCrb
=— 38
rem =~ o (38)
Consequently, Eq. 26 can be transformed to a ¢ free form
driot,m (.u - K)rtot tbCrb
LA el A 39
ar K I+ o KT'tot,rb ( )

Since the solution of the system of differential Eqs. 23-26 continuously depend
on J, one can obtain the large dose approximation by letting 6 — 0. Thus, Eqs. 27
and 28 show that the free drug concentration is equal to the total drug concentration
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Ctot,rb = Crb (40)

Substituting Eq. 40 in Eqgs. 24 and 25 results in the following set of differential
equations that represent the governing equations of a two compartmental linear
model with linear elimination only from the central compartment:

deg -
dr

_(1 +ﬁ)crb +yaT,rb (41)

dar s
dr

The clearance (CL), and steady-state volume of distribution (V) of a two com-
partmental linear system has been well established [19] and in dimensional form,
they are as follows:

= Pew — varm (42)

CL = V.ky (43)

Ve = Ve (1 + —) (44)
k[p
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