Irreversible Binding (I1B) and Michaelis-Menten (MM) Approximations of the Target-Mediated Drug Disposition (1 MDD) Model

ABSTRACT

Purpose:

To derive the IB and MM approximations of the TMDD equations; to
Investigate parameter ranges where these approximations can be used for
description of TMDD data and for estimation of target production rate and
free target suppression.

Methods:

The IB approximation was derived assuming that the drug-target binding Is
Irreversible. The MM approximation was derived assuming that the free
target concentration is much smaller than the drug concentration. A
population PK dataset (3355 observations from 224 subjects) was
simulated using the TMDD model. The MM approximation was used to
describe the simulated data. Predicted drug concentrations were compared
with the true (simulated) values. Bias and precision of the parameter
estimates were Investigated.

Results:

The IB equations for a drug that is described by a two-compartment model
and administered intravenously (D,) and subcutaneously (D,) are
presented below:
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Here C,~=C — R; C and R are the concentrations of the free (unbound)
drug and the target in the central compartment, k Is the linear elimination
rate, Kon, Kgeqr Kint Ksyn @re the binding, degradation, internalization, and the
target production rate; V Is the central compartment volume; Ry=Kq/Kgeq 1S
the baseline target concentration.

The IB approximation is valid for high-affinity (large k) drugs In cases
where the drug-target dissoclation rate K Is either small or much smaller
than k; .. If R, << C, C = C and the IB Is described by the model with
Michaelis-Menten elimination (V.,=Kq,n, Ky=Kig, Ry =0). A discrepancy
between the true and MM solutions does not exceed R,,. In the simulation
study for a system with R, << C, the MM model precisely estimated all
relevant TMDD parameters with less than 5% bias and less than 5%
relative standard error, and provided unbiased population and individual
predictions of the unbound drug concentrations C and the target production

rate Ky,

Conclusions:

The new IB and MM approximations of the TMDD equations were
derived. The simulated examples demonstrated validity of these
approximations and their ability to estimate the TMDD parameters. The
results extend the parameter range where the Michaelis-Menten
approximation can describe the TMDD data.
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Figure 1: Free drug and target concentrations: Case 1

Irreversible Binding Equations
When binding is irreversible, k.= 0. Then TMDD Eqgs. [1] result in
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Irreversible Binding Quasi-Steady-State Equations

When k_, Is large and assuming quasi-steady-state:
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Alternative form: time derivative of C . can be computed as:
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Irreversible Binding Michaelis-Menten Equations
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These coincide with the Michaelis-Menten equations where

Vmax: ksyn’ KM — KIB'

RESULTS: Simulated PK Study

Cases 1 and 2: Target concentration << drug concentration

= Single-subject and rich population PK data for 224 subjects were simulated

fromthe T

MDD model (Table 1: True);

= Single-subject simulations of the typical dosing regimens indicated that TMDD

model and

IB, QSS-1B and MM approximations would provide similar

description of the PK data (Figure 1);

=  Population

PK model using QSS-IB approximation was able to recover the true

model parameters (Table 1. QSS-1B) and correctly estimate the drug and target
concentrations;

=  Population

PK model with Michaelis-Menten approximation was able to

recover the true model parameters (Table 1: MM) and describe the individual

free drug c

oncentration-time profiles;

= Estimate of K, parameter of the MM model was much closer to the Irreversible

binding co

quasi-steady-state constant Keo= (K ¢ +ki )/K

Table 1. Case
esti

nstant K g=Kge,/K,, than to the dissociation constant Kp= K ¢/K,,, Or
(Table 1 Case 1).

Orl

s 1 and 2: Parameters of the true TMDD model and parameter
mates of the QSS-I1B and MM approximations

Values In round and square brackets indicate percent relative standard error and
percent bias of the parameter estimates, respectively.

Case 1: k,,=5, k,=0.1, ki =5, Case 2: k,,=5, k=1, ki =10,
Keyn=1, Kgeg=1 Keyn=2, Kgeg=1

True| QSS-IB MM True| QSS-IB MM
CL | 0.3 [0.296(2)[1]]/0.299(2)[0]] 0.3 | 0.299(2) [O]] 0.306 (2) [2]
V, 3.0 13.04 (2)]1]113.02 (2)]1]| 3.0 | 3.01 (2) [O]] 2.97 (2) [1]
Q 0.2 10.197(3)[1]] 0.201 (2) [0]| 0.2 | 0.201 (2) [0]| 0.207 (2) [3]
V, 3.0 1297 (1] 299 (2)[0]] 3.0 | 3.01 (1) O] 3.07 (1) I21
Fec | 0.6 |10.597(2)[1]]0.598 (2) [0]] 0.6 | 0.598 (1) [0]| 0.602 (1) [O]
K, 1.0 11.08 (3)[8]1/10.975(2) 311 1.0 | 1.04 (3) [4]10.891 (2) [11]
R, 1.0 10.91(19) 9] - 2.0 | 1.34 (11) [33] -
Koo 11.0 1101 2)[1]] 1 (2)[0]] 2.0 | 2.01 (2) [0]] 2.0 (2) [O]
Ke 0.2 [0.185(4)[7]10.206 (4) [3]| 0.2 | 0.205(2) [3]| 0.215(2) [71
Ko | 0.02 0.2
Kes | 1.02 2.2
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Figure 2: Free drug and target concentrations: Case 3
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Cases 3: Drug and baseline target concentrations are comparable

Single-subject simulations of the typical dosing regimens (Figure 2)
Indicated that:

= TMDD and IB models provided identical description of the PK data;
= |B-QSS diverged from TMDD only at the very low concentrations;

= |B-MM may diverge from TMDD when the drug and baseline target
concentration are comparable.

Population simulation study Indicated that 1B-QSS approximation correctly
estimated model parameters while MM model parameter estimates were
strongly biased.

DISCUSSION

TMDD equations [1] and Its approximations [2-4] were Investigated.
Important case of irreversible binding was considered. I1B-QSS
approximation was obtained using QSS condition of the equation that
describe free (rather than total as in [3-4]) target concentrations. Obtained
IB-MM approximation is in agreement with the results discussed In [3].

CONCLUSIONS

=  [rreversible binding limit of TMDD equations has been suggested. It Is
valid when the drug-target binding is Irreversible, or when the
Internalization rate constant is much larger than the dissociation rate
constant.

=  The quasi-steady-state approximation of the irreversible binding
equations has been suggested. It Is valid when target concentration Is at
steady-state.

= [tis shown that the Michaelis-Menten equation can be derived as an
approximation of the irreversible binding equations. It Is valid when
the baseline target concentration is much smaller than the drug
concentration.

= Relation between irreversible binding and Michaelis-Menten equations
explains why Michaelis-Menten equations are often sufficient to
describe pharmacokinetics of therapeutic monoclonal antibodies.

REFERENCES

[1] Mager DE, Jusko WJ. General pharmacokinetic model for drugs
exhibiting target-mediated drug disposition. Journal of Pharmacokinetics
and Pharmacodynamic s(2001) 28: 507-532.

[2] Mager DE, Krzyzanski W. Quasi-equilibrium pharmacokinetic model for
drugs exhibiting target-mediated drug disposition. Pharmaceutical Research,
(2005) 22 (10): 1589-1596.

[3] Gibiansky L, Gibiansky E, Kakkar T, Ma P: Approximations of the
TMDD model and identifiability of model parameters. Journal of
Pharmacokinetics and Pharmacodynamic (2008) 35(5): 573-91.

[4] Gibiansky L, Gibiansky E: TMDD Model: Approximations,
|dentifiability of Model Parameters, and Applications to the Population PK-
PD Modeling of Biologics. Expert Opinion Drug Metabolism and
Toxicology, 5(7) 20009.

[5] Grimm HP, Gaining insights into the consequences of target-mediated
drug disposition of monoclonal antibodies using quasi-steady-state

approximations, Juurnal of Pharmacokinetics and Pharmacodynarnics
(2009), 36(5):407-20.



