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Abstract. In vivo analyses of pharmacological data are traditionally based on a closed
system approach not incorporating turnover of target and ligand-target kinetics, but mainly
focussing on ligand-target binding properties. This study incorporates information about
target and ligand-target kinetics parallel to binding. In a previous paper, steady-state
relationships between target- and ligand-target complex versus ligand exposure were derived
and a new expression of in vivo potency was derived for a circulating target. This
communication is extending the equilibrium relationships and in vivo potency expression
for (i) two separate targets competing for one ligand, (i) two different ligands competing for
a single target and (iif) a single ligand-target interaction located in tissue. The derived
expressions of the in vivo potencies will be useful both in drug-related discovery projects and
mechanistic studies. The equilibrium states of two targets and one ligand may have
implications in safety assessment, whilst the equilibrium states of two competing ligands for
one target may cast light on when pharmacodynamic drug-drug interactions are important.
The proposed equilibrium expressions for a peripherally located target may also be useful for
small molecule interactions with extravascularly located targets. Including target turnover,
ligand-target complex kinetics and binding properties in expressions of potency and efficacy
will improve our understanding of within and between-individual (and across species)
variability. The new expressions of potencies highlight the fact that the level of drug-induced
target suppression is very much governed by target turnover properties rather than by the
target expression level as such.

KEY WORDS: drug disposition; drug-target interaction; multi-drug target binding; multi-target drug
disposition.

INTRODUCTION pioneering papers of Wagner (3), Sugiyama et al. (4) and Levy
(5). We also refer to the seminal papers by Michaelis and
Menten (6), Mager and Jusko (7), Mager and Krzyzansky (8),
Gibiansky et al. (9) and Peletier and Gabrielsson (10). In Fig. 1,
we show schematically the basic TMDD model: Ligand is
supplied to the central compartment where it binds a receptor
(the targer) resulting in a ligand-receptor complex, which
internalises to produce a pharmacologial response. In addition,
ligand is cleared from the central compartment and exchanged
with a peripheral compartment. Target is synthesised by a zeroth
order process and degrades by a first-order process.

In this paper, we extend the results for this TMDD

Background

In this paper, we continue our study of in vivo potency of
drug-target kinetics begun in Gabrielsson, Peletier et al. and
Hjorth et al. (1,2) in the framework of Target-Mediated Drug
Disposition (TMDD), an ubiquitous process in the action of
drugs that has been extensively studied ever since the
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model obtained in (1) to three generalisations of the TMDD
model in which (i) the drug can bind two receptors (cf. 11),
(ii) two drugs can bind one receptor (cf. 12) and (iii) the dug
is supplied to the central compartment, but the receptor is
located in the peripheral compartment (cf. 13).
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Fig. 1. Schematic description of the model for Target Mediated Drug
Disposition involving ligand in the central compartment (L.) and in
the peripheral compartment (L) binding a receptor (R) (the target),
yielding ligand-target complexes (RL)

Mathematically, the basic TMDD model, depicted in Fig. 1,
can be formulated as a set of four differential equations, one for
each compartment.

d;tc — ‘I/_’Z—konLc ‘R + kot RL + % (Lp=Le)~ Céf) L
% - %” (LeLy) 1)
f;_f: = keyn—kdegR—konLe - R + kot RL

% = konLc - R—(kott + ke(rr))RL

Here, L. and L, denote the concentrations of ligand (or
drug) in, respectively, the central and the peripheral com-
partment with volumes V. and V,. Concentrations of target
and target-ligand complex in the central compartment are
denoted by R and RL. Drug infusion takes place into the
central compartment, with constant rate /n where it binds to
the target with rates k., and k.g. Ligand is removed through
non-specific clearance Cl(;) and exchanged with the periph-
eral compartment through inter-compartmental distribution
Cl,. By internalisation, ligand-target complex leaves the
system according to a first-order process with a rate constant
kecrr)- Finally, target synthesis and degradation are modelled
by, respectively, zeroth- and first-order turnover with rates
ksyn and Kgeg.

We recall the analysis presented in (1) for the one-
compartment TMDD-model shown in Fig. 1. There, relations
between steady-state concentrations of target R, ligand L and
complex RL were derived, and a new expression of the
in vivo potency, denoted by Ls,, was established, particularly
suited for Open Systems. Whereas the classical definition of
potency is primarily based on the binding constants (cf. Black
and Leff (14), Kenakin (15,16), Neubig ef al. (17)) and target
expression, in the definition of, in vivo potency drug and
target kinetics, such as the degradation rate kgcg, are also
incorporated. These concepts were further discussed from an
open and closed system perspective in (2).

In this paper, we present three generalisations of the
classical TMDD model: (i) a single ligand that can bind two
receptors Ry and Ry, (ii) two ligands, L, and L,, that compete
for a single receptor and (iii) a ligand that is supplied to the
central compartment and distributed to the peripheral
compartment where the target is located.

The AAPS Journal (2018) 20: 69

Steady States

In (1), it has been established how for the model shown
in Fig. 1, the steady-state values of ligand (L), receptor (R)
and ligand-receptor complex (RL), in the central compart-
ment, are related to one another:

L Lsy
and R=Ry —2 2
L+ Ls T YLy )

RL=R"-

where the baseline Ry, the maximal impact R* and the in vivo
potency ECs, (denoted by Lsg) are given by

kxyn

k
R syn
Ke(RL)

— R = d Ly =
kdeg7 an 50

kdeg
- Ky, 3
Ke(rL) ®)

and K,,, = (Kogt + Ke(rr))/kon i called the Michaelis-Menten
constant. Here, it is implicitly assumed that the constant rate
infusion, In, is fixed at the appropriate value. In (1), the
required infusion rate is also computed.

The definition of the in vivo potency, Ls,, expresses both
the impact of rate processes of the target (kqeq, Ke(rr)) and
those of the binding dynamics (kog, kon), On the drug
concentration (L) required to achieve the desired efficacy.

The resemblance of Eq. (2) with the Hill equation
(below) is striking.

c

E=FEy+ Eppy—— .
0 NECH 4 C

The Hill equation is often used in vivo and also contains
a baseline parameter E, in addition to the maximum drug
induced effect E,,x and the potency ECsy. Equation (2) has
intrinsically the baseline in terms of Ry. The E,,x parameter
is equivalent to IRLy.x— Rol, and the potency parameter
ECs is expressed in Eq. (3) as Ls.

The exponent ny of the Hill equation is interpreted as a
fudge factor allowing the steepness of the Hill equation at the
ECs value to vary. In our experience ny is not necessarily an
integer and varies typically within the range of 1-3. We have
observed with high and variable plasma protein binding that
ny will change depending on whether unbound or total
plasma concentration (respectively C, and Cy,) is used as
drivers of the pharmacological effect.

Remark. 1t is interesting to note that Eq. (3) yields the
following relation between the baseline target concentration,
Ry, the maximal ligand-target concentration, R’, and the
in vivo potency Lso:

Lsy-Ry =K, - R (4)

This means that if the baseline of target, the maximum ligand-
target concentration and K,, are obtained experimentally,
then the in vivo potency Ls, can be predicted. Thus, K,,, can
be located either to the right or to the left of the in vivo
potency, depending on the relative magnitude of R, and R".

In Fig. 2, we show graphs for RL and R versus L for two
parameter sets, one taken from Peletier and Gabrielsson (10)
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(left) and one from Cao and Jusko (18) (right) (cf. Appendix
2; Tables T and 1I).

The values of Ry, R* and Ls, that appear in Eq. (2) are
for these two references given by

Ry =12, R" =36 Lsy=0.13 Peletier and Gabrielsson [10]
(5)
Ry=10 R* =33 L5y =0.10 Cao and Jusko [18]

Thus, remembering that initially, R = Ry and RL =0, it is
evident that over time, the system settles into a steady state,
in (10) where total target concentration exceeds Ry and in
(18) where target concentration is less than target baseline.

It is interesting to note that despite similar in vivo
potency’s (Lsy’s) of Cao and Jusko and Peletier and
Gabrielsson, the target-to-complex ratios differ by one order
of magnitude due to the comparable difference in k.(rp).

The proposed framework with a dynamic target protein
may also be applicable to enzymatic reactions which may
enhance the in vitrolin vivo extrapolation of metabolic data
(cf Pang et al. 19,20).

Discussion and Conclusions

Egs. (2) and (3) summarise what is needed to apply and
explain target R, ligand-target RL and ligand L interactions
when both ligand and target belongs to the central (plasma)
compartment. Equation (3) clearly demonstrates that in vivo
potency, a central parameter in pharmacology, is a conglom-
erate of target turnover, complex kinetics and ligand-target
binding properties.

In the following three sections, we discuss generalisations
of the basic TMDD model discussed in “INTRODUCTION”
and derive generalisations of the functions RL =f(L) and R =
g(L) applicable to these models.

50

RL & Rss
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TWO DIFFERENT RECEPTORS COMPETE FOR ONE
LIGAND

Background

When one ligand, L, can bind two receptors, R; and R»,
two complexes are formed and internalised to form two
different ligand-receptor complexes R;L and R,L; it is of
great value to determine their relative impact on the
pharmacological response, and it is important to determine
how the responses of these two complexes are related. For
instance, when one receptor mediates a beneficial effect of a
drug and the other one mediates an adverse effect, one
wishes to know the relative impact of the latter target and
whether the two potencies ECs, 1 and ECs, , are sufficiently
well separated so that a dose can be selected with minimally
adverse effect. Figure 3 gives a schematic description of the
model.

Mathematically, the model shown in Fig. 3 can be
described by the following system of ordinary differential
equations:

dL
v kinfus—ke(L)yL—kona L - Ry + kor;n R1 L
—konpL - Ry + kogro Ry L
dR
Ttl = ksyn;l_kdeg;lRl_kon;lL . Rl + koff;lRlL
(6)
dR\L
T kona L - Ri—(kott1 + Ke(r,1)) R1L
dR
d_tz = ksyn;Z_kdeg;ZRZ_kon;ZL "Ry + koff;ZRZL
dR, L
di = konaL - Ry— (Kot + ke(ryr)) Ro L

in which the parameters are defined as in the system (1) and

In ClL
ke() = ()

kinfus = VL Vc (7)

For a related model, with a corresponding system of

SS

Fig. 2. RL,, and Ryversus L, for the parameter values of Peletier and Gabrielsson (10) (left) and Cao and Jusko (18)
(right). The parameter values are given in Tables I and II in Appendix 2
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Fig. 3. Schematic description of a model for the one-compartment two-target system in which ligand binds
with two receptors R; and R,, each forming a complex denoted by, respectively, RiL and R,L. The

definition of parameters is the same as in Fig. 1

equations, we refer to (11). By adding the equations for free
receptors Ry and R; to the equations for the associated bound
receptors R{L and R,L, we obtain two balance equations for,
respectively, Ry and R;:

d

U (Ri+ RiL) = kgynji—kdeg1 R1—ker,1)R1L @®
d

pr (R + RoL) = ksynp—kaegoRo—ke(r,r)RoL

For ligand, free or bound to one of the two receptors, we
obtain the balance equation:

d
E (L + RiL + R2L) = kinf_ke(L)L_ke(RlL)Rl L_ke(RzL)RZL (9)

Steady States

As in the case of a single target, it is possible to obtain
expressions for the concentrations of ligand-target complex
and free target, i.e. for R;L and R; (i=1,2) in terms of the
ligand concentration L.

120

L (nM)

Following the steps taken in Gabrielsson and Peletier
(1), it is possible to show that for the receptors individually,
the expressions such as shown in (2) hold

Lso;
L + Lsp;

L

R; = Ro; - =
o L + Lsp;

and R.L=R'- (10)

fori=1andi=2.

The baseline receptor concentrations Ry_;, the maximum
values R; of the receptor-ligand complexes and the in vivo
potencies Ls, ; are given by

Kgoni
x _ Isymi
R} = ——

! : Km'i
ke(r.L) ’

(11)

)

fori=1andi=2.
where K, = (Kofti + ke(r;1)) /Koni- Details of the derivations
of the formulas above are presented in Appendix 1.1.
Figure 4 shows the target suppression and complex
formation of the two targets versus ligand concentration at
equilibrium together with their respective Ls, values. These
graphs are useful in discriminating between two targets and
deciding which target contributes most to complex formation
at different ligand concentrations. The left figure shows the

25 T T
—ARL [
AL .
20| ° L
— 50;1 1_._1
% - I‘50-2 bt
~ S > 1 1
« 15 Vo
— [
o 1o
~ 10¢ 1
— 1
o 1/
5r |
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1 |
O L 1 1
1072 10° 102
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Fig. 4. Target suppression (/eff) and ligand-target complex (right) versus ligand concentration for two receptors Ry and R,.
The parameter values for the two receptors are given in Table I in Appendix 2. The dashed lines indicate the corresponding

values for Lsg: Lso;1 =4.34 nM and Lsy, =2.18 nM
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two target suppression curves Ry and R,versus ligand and the
right figure the two ligand-target complexes R;L and R,L
versus ligand L. The parameter values are chosen fictitiously
in order to clearly highlight the differences (Table III,
Appendix 2).

The model shown in Fig. 3 has been used as a two-state
model to fit the data for the total free target concentration
that were given in Gabrielsson and Weiner (PD2) p. 729 (21).
The total free target concentration, i.e. R;+ R,, can be
computed from Eq. (10) and (11) and is seen to be

Lsoq Lsop
Ricestot =R1+ Ry =Roi - ————+Rop - —F+— (12
free;tot 1 2 01 L+ Lso 02°T + Lsoo (12)

Evidently, in the absence of ligand, Ryree; 1ot = Ro.1 + Ro2,
while Rpee: o — 0 as L — oo,

In Fig. 5, we see how the model is fitted to data obtained
from an experiment involving four total target concentrations
(Ri0t=8050, 6510, 3540 and 1590 nM). As the ligand
concentration increases, the first receptor kicks in at the
lowest in vivo potency (0.025 nM), taking the free receptor
concentration down to a lower intermediate plateau. Then, at
the higher in vivo potency (37 nM), the free receptor
concentration drops further and eventually converges to zero.

Remark. The parameters kgeg, ke(r1), Kon and ko are not
given here since only equilibrium data from the experiments
were available. Due to parameter unidentifiability, the model
was parametrised with potencies Lsp, ; and Lsp, 2 as
parameters and not functions of their original determinants.
One may also need other sources of information to fully
appreciate the actual values of kgeg, ke(rr), kon and K.
In vitro binding experiments may yield ko, and kg In vivo
time courses of circulating free ligand, target and ligand-
target are necessary in order to estimate k(). Information

7000
6000
5000 -

4000

3000

2000

1000 -

Total free target concentration (nM)
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about the kq., parameter may be found in the literature for
commonly studied targets.

Discussion and Conclusion

Here, Eq. (10), (11) and (12) summarise what is needed
to apply and explain target R;, ligand-target R;L and ligand L
interactions when ligand and both targets belong to the
central (plasma) compartment. Equation (11) demonstrates
again the complexity of in vivo potencies Ls, ; involving both
turnover of the two targets, complex kinetics and ligand-
target binding properties.

The explicit expressions for the ligand-receptor com-
plexes R;L, the free receptor concentrations R; and the
in vivo potencies Lsg, ; (cf. (12)), together with Figs. 4 and
5, provide valuable tools when assessing the individual
contribution of each target and specifically the impact of
target turnover and internalisation.

TWO DIFFERENT LIGANDS COMPETING FOR ONE
RECEPTOR

Background

A common situation, for instance in combination ther-
apy, is that not one but two ligands L; and L, bind a single
receptor R. This results in two different complexes, RL; and
RL,, with different internalisation rates. For instance, one of
the ligands is produced endogenously, and the other is a drug
which is supplied in order to inhibit or stimulate the
pharmacological effect caused by the endogenous ligand (cf.
Benson et al. 22,23).

Recently, several authors have derived different drug-
drug interaction models associated with TMDD with a

0 T T

5 4 3 2

T T T 1

1 0 1
Ls.

Log Ligand concentration (nM)

Fig. 5. Total free target level Riogtree =Ry + R, and model predicted graphs (solid lines) of
Ryoiweeversus L for four total receptor concentrations (Ryo = 8050, 6510, 3540 and 1590 nM)
and Ry = Ryot - F and Ry = Ry¢ - (1 — F) with F =0.6 Note the wide discrepancy between the
two in vivo potencies Lsq;; (denoted in the figure by ICsg1)(0.025 nM) and Lsy,, (denoted in the
figure by ICsy,2) (37 nM). The high affinity drug is the target for therapeutic effect, and the low
affinity drug is responsible for an adverse effect (cf. Gabrielsson and Weiner, PD2, page 729 21)



69 Page 6 of 15

different focus and often directed towards the situation when
a constant target level prevails (cf. Koch et al. (24,25) and
Gibiansky e al. (26)). In order to describe open, in vivo,
processes, it is necessary to include target turnover,
internalisation and drug clearance. This is done in the model
shown in Fig. 6 in which two ligands, distinguished by
subscripts i=1 and 2, are supplied by constant-rate infusions
In; to the central compartment, each having its own volume of
distribution V,;, nonspecific clearance Cl;,, binding and
dissociation rate kon. ; and ko ;, and its own internalisation
rate ke(rr,)-

Mathematically, the model shown in Fig. 6 can be
described by the following system of differential equations
for the two ligands, L; and L,, the target R and the two
ligand-target complexes RL; and RL, (see also (12)):

dL
Ttl = kinfus;1 =Ke(1,) L=Kon;1 L1 - R + kogr;1 RLy
dL
d—zz = Kintusp—Ke(1,)L—Kon2 L2 - R+ koo RL
dR

dt = ksynfkdengkon;lLl -R+ koff;lRLl
(13)
~kona Lo - R+ koo RL,

dRL
n 1 _ kon;lLl . R_(ko[[;l + ke(RLl))RLl
dRL
0 2 _ kona Ly - R=(kott2 + ke(re,)) RL2
where
In; Clu,
kin[us,i - VC[ and ke(L,) = ‘;c : ’ (l B 1’2) (14)

Each of the ligands is present in free form (L;) and in
bound form (RL;) (i=1,2). For the total amount of the two
ligands, we then find two balance equations, one for L; and
one for L,:

In, In,
' '
(L% IV
v V1 Ko 7 V2
Cl(Ly), | JaLy)
R
ol | : 'f,,/;)
‘\(o“x kdeg ‘gffe
RL, RL,
ke (RLy) ke (RL)

Fig. 6. Schematic description of the competitive-interaction model in
which a single target R binds two ligands L; and L,, forming two
complexes denoted by, respectively, RL, and RL,

The AAPS Journal (2018) 20: 69

d

7 (L1 + RL1) = kinfusi—ke(r) L1—kere,) RLA 1s)
d

o (L2 + RL2) = kintusp—ke(r,) Loa—ke(rr,) RL2

The receptor is present in free form (R) and in bound
form (RL;). Adding the last three equations of the system
(Eq. (13)), we obtain the following balance equation for the
receptor:

d

—(R+ RL RL
dt( + RL, + RL,)
= ksyn—kdeg R=Ke(r,) RL1—ke(rp,) RL2 (16)

These balance equations will be useful for analysing
steady-state concentrations, when the left-hand sides vanish
and we obtain three algebraic equations.

Steady States

We deduce from Eq. (16) that the steady-state concen-
trations R, RL; and RL, are related by the equation

ksynfkdengke(RLl)RLlfke(RLz)RLZ =0 (17)

This allows us to express R in terms of the concentrations
of the two complexes, RL; and RLj:

1
R = K {ksyn—ke(rr,)RL1—ke(rr,)RL } (18)
or
1
R = . (ksy,ersz). (19)
deg
when we use the short-hand notation
X1 = ke(RLl)RLl and Xz = ke(RLg)RL2 (20)

We substitute the expression for R in Eq. (19) into the right-
hand side of each of the last two equations of Eq. (13) to
obtain:

X
Ly- r (ksyn7X17X2) = 1<m;1ki1
deg e(RLy) (21)
L ken—X1-X3) = Kpp——
2 kdeg ( syn 1 2) m’zke(RLz)
where
Koy = Rett & Ketir

kon;i
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This is an algebraic system of two equations with two
unknowns, X; and X5, which can be solved. Translating these
solutions back to the original variables, we obtain the
following expressions for RL; and RL,:

Ly
RL, =R
! "Ly +60- Ly + Lsoy ”
2 @)
RL, =R}——
Ly +6" - Ly + Lsop
where Lso, 1 and Lsy, , are given by
Kae ke Lsp;
L5 = s . Km'i7 R = 8 and 0=—- 23
% Kerey) i " kerey Lsop )

fori=1andi=2.

The expressions for the complexes RL; and RL, can be
used in Eq. (18) to derive an expression for R in terms of the
two ligand concentrations:

L L
R=Ry[1- ! - 2 (24)
Li+0-Ly+Lspqg Ly+0" L+ Lsop

where 0= Lsg, 1/Lso. . Thus, the impact of the two ligand
combined is seen to be additive.

Details of the derivations of the equations above are
given in Appendix 1.2.

In the expressions for RL; in Eq. (22), one can interpret
the term (0 - L, + Lsp. 1) in the numerator as a shift of potency
Lso. 1, and similarly in the expression for RL,, the term ((97l :
Ly + Lsp, ») can be viewed as a shift of potency Ls, ,. Thus,
the modifications of the potencies Lso. 1 and Lsy. » (equivalent
to ECsg, 1 and ECs, ;) depend on the ligand concentrations in
the following manner:

ECso, 7

L,”

when

100

60

R (nM)

40

50

L1 (nM) 100 0 10 20 30
L, (M)

40
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ie. ECsy, iincreases when Ljincreases. Similarly, ECsg,
increases when L increases.

Note that by Eq. (22), when L, is arbitrary but fixed,
then

0 as
RL,—R] as

L1—>O

Li—x

RL, (Ll,Lz)—>{ (25)

In the context of an endogenous ligand (L) and a drug
(L,) which is administered to reduce the effect of the
endogenous ligand, Eq. (22) is of practical value. Assuming
that receptor occupancy RL, is a measure for the effect of L,
it tells by how much the effect of L; is reduced by a given
concentration of L,.

Finally, we observe that

Ly

RI [ , / SR as [,—0

1( 1 2) 1 I ) [ st 2 ( )
RIL,(Lq, L —>R*72 a L1—0

2( b 2) 2 L2 LSO;Z s !

These limits are consistent with the expression in Eq. (2)
for a single receptor shown in “INTRODUCTION”. Plainly,
RLI(LL Lz) =0 when Ll =0and RLz(Ll, Lz) =0 when L2 =0.

It is illustrative to view the two complexes and the total
free drug concentration as they depend on both ligand
concentrations: L; and L,. This is done in Fig. 7 where 3D
graph of R versus L; and L, is shown as well as the
corresponding Heat map. In both graphs, Ry=100, Lsy, 1 =
50 and Lsg, » =25 are taken so that 6 =2.As we see

—Ry =100 as
—RL1(0,L;) =0 as

(le L2)_>(0’ O)
L1—>0 ’

27)

{ R(Ly, L)
R(Ly, L)

L, (M)

0 10 20 30 40 50 60 70
L, (M)

Fig. 7. Graphs of R versus Ly and L, according to Eq. (24). Here, Ry =100, Lsoq =50 and Lsg, =25 so that 8 =2. Note that

the level curves are straight lines with slope Ly/L= —2
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These limits are in agreement with the Eq. (22) for RL,
and Eq. (25) for R.

Discussion and Conclusion

Equations (22), (23) and (24) summarise what is
needed to apply and explain target R, ligand-target
complex RL; and ligand L; interactions when two ligands
interact with one centrally located target. Equation (23)
clearly demonstrates that in vivo potency is a conglomerate
of target turnover, complex kinetics and ligand-target
binding properties.

TARGET IN THE PERIPHERAL COMPARTMENT

Background

When ligand and target are located in the central
compartment of the TMDD model, the steady-state relations
of ligand, target and ligand-target complex have been derived
in Gabrielsson and Peletier (1) and briefly summarised in the
“Introduction” (cf Egs. (2) and (3)). In this section, we
generalise this situation to when ligand is supplied to the
central compartment, but target is located in the peripheral
compartment so that ligand has to be cleared from the central
compartment into the peripheral compartment before it can
bind the target.

We assume active transport between the two com-
partments, as may be caused by blood flow or trans-
porters, and denote clearance from the central
compartment by Cl,, and from the peripheral compart-
ment by Cl,s These two processes allow concentration
differences to build up across the membrane separating
the two compartments..

The objective is here to derive expressions for the
concentration of free receptor R and ligand-receptor complex
RL, in the peripheral compartment and the ligand concen-
tration L. in the central compartment.

Figure 8 gives a schematic description of the model we
study.

The AAPS Journal (2018) 20: 69

The system (1) now becomes

ch Ini 1 Cl
& =yt (Clply~CluL)- V‘“ L
dLy 1(ClLClL)kL R+ kot RL
— = (Claalc=Claglp)=KonLyp - f
dLIi.é v, c p) Kontp o P (28)
ar = ksynfkdengkoan R+ koffRLp
dRL
L =KoLy R- (Kot + k(e ) RLp
For convenience, we shall often write
In; CI(L)
Kinfus = 7: ke(L) = ch (29)
~ Clyy _ Clgg
kcp = 767 kpc = V—p .

The system (28) yields the following balance equations
for the target and the ligand:

. For the target, which involves free target R and
bound target RL,: By adding the third and fourth
equation of Eq. (28), we obtain

d
— (R -+ RLP) = ksyn_kdegR_ke(

7 (30)

RL,) RL,

. For the ligand, which involves L., L, and RL,:
By adding the first equation in Eq. (28) and the sum
of the second and the fourth equation multiplied by
u="V,V., we obtain

d
ar {Le+u(Ly+RLy)} = Kinfus—Kaeg R—t- ke(RL,,)RLp (31)

Steady States

An expression for the concentration of ligand-target
complex in terms of the ligand concentration in the peripheral
compartment L, can be derived in a manner which is

Peripheral target Binding
l /- TTTETETEEETT = \
I
in I ksyn :
cl da : kon |
L, V. Tl Lp, Vp R - RLp 1
dp [ koff :
‘ |
I
lC/(L) : ¥ kdeg v ke(RL) !
Non-specific S - = - -7
Internalisation

elimination

Fig. 8. Schematic description of the model for Target Mediated Drug Disposition involving
ligand in the central compartment (L.) and in the peripheral compartment (L,) binding a
receptor (R) (the target), located in the peripheral compartment yielding ligand-target

complexes (RLj)



The AAPS Journal (2018) 20: 69

analogous to the one employed before for the one-
compartment model and yields the following equation:

kdeg

e(RL,)

ksyn Lp

RL,=—"———
g ke(RL,,) Ly + Lpso

, where L5 =

K (32)

Note that the expression for L, 5o is the same as the one
defined for Lsy in Eq. (3).

Next, we replace L, in the expression for RL, by L.. By
adding the second and the fourth equation of the system (Eq.
(28)), we express L, in terms of L. and RL,:

1
L= {1 kep Lok, RLy |-

(33)

When we use this equation in Eq. (32) to replace L, by L.,
we arrive at an expression which only involves L. and RL,,.
Specifically, putting X = k o(R LP)RLP, we obtain

kpc kdeg Km . X
ke(RL,,) ksyn—X

Le=f(x)< k’c‘p (X + (34)

Equation (34) provides an expression for L. as a function
of X, ie. L.=f(X). It is seen that the function f(X) is
monotonically increasing so that it can be inverted to give an
expression of X in terms of L. and so yield the desired
expression of RL,, in terms of L..

In order to invert the function f(X), we multiply Eq. (34)
by (ken —X) and so obtain a quadratic equation in X:

X?—(ksyn + aLc + b) X + akgynLe =0 (35)
in which
k kpck
a="2 =k, and b= 2"k,
e(RL,)

The roots of this equation are

Xi= {(ksyn +al. + b) + \/(ksyn +alL.+ b)2_4a ksyn LC}

(36)

N =

Obviously, we need the root which vanishes when L. =0,
i.e. we need X_. Therefore

RLp = {(ksyn +alL.+ b)_\/(ksyn +al.+ b)2_4a ksyn Lc}

2 ke(RL,,)
37)

The corresponding expression for target depression in
terms of the ligand concentration in plasma (L.) is found to
be given by

Page 9 of 15 69

{(aLC +5)=\/ (kgn + aLe + b)*~4a - kg LC}
(38)

A more detailed derivation of these expressions for the
concentration of ligand-receptor complex in terms of the
ligand concentration in plasma can be found in the Appendix
1.1 (A3 and A 4).

On the basis of the implicit expression (34) of X (i.e.
RL,) in terms of L, it is also possible to define L. so. Plainly,
at L. s, we have X=ky,/2, ie. RL,=R"2. When we
substitute this value for X into Eq. (34), we obtain the
following formula for L., so:

k? n k Ck €
LC:SO = L > + ZpeZdeg K (39)
ke \ 2 ke(RL,,)

or, when we replace the rates k., and k. by clearances again,
we obtain

Ksyn n Clyp I

Clau/V, " Clgy 7 (40)

1
Leso = =
350 2

where we have used the definition of L,, 5o in Eq. (32).

Passive Transport Between Central and Peripheral
Compartment

If distribution between the two compartments is passive,
i.e. Cly, = Clyg= Cl,, then the expression for L. 5o reduces to

1 ksyn

Lesp = ———2"
T2 ¢V,

+ Lp;SO

Observation. Equation (40) immediately implies that

Clyg > Clgw = Leso > Lpso (41)

If target-synthesis is small compared to in- and out-flow
of ligand between the two compartments, the reverse
inequalities are seen to hold as well.

It follows from this expression that L. spincreases when
transport from the central towards the peripheral compart-
ment becomes harder (Cl,,”) and vice versa, it decreases
when it becomes easier (Clgp™).

If kgyn is small, more specifically, if
Ko o Kaeg_ Clp

” 42
2 ky )v,,K (42)

RL,

then, the expression (Eq. (40)) reduced to a particularly
simple relation between L. so and L, so:



69 Page 10 of 15

Cl
_lﬁ LP;SO‘

Leso=
> C o

(43)

in which the relative impact of the two clearances becomes
very transparent.

The expression (Eq. (37)) for RL,, in terms of L, is fairly
complex and not so easy to grasp. However, it is possible to
derive a few properties of the dependence of RL, on L.
without going to the details of an explicit computation based
on Eq. (37). Below we give a few examples.

1. It follows from Eq. (37) that 0 < X < kgy,. Therefore,
remembering that X =k o(R L,,)RLP’ it follows that

kxyn

_ym Ry
ke(RL,,)

RL, < (44)

regardless of the ligand concentration L. in the central
compartment.

2. It is clear from Eq. (34) that L. is an increasing
function of X. Therefore, RL, is an increasing
function of L.:

RL,(L:.)7R" as L.—»

(45)

Note that in Eqs. (44) and (45), the active transport
between the central and the peripheral compartment (the
parameters o and ) do not come into the upper bound and
the limit for large L..

In Fig. 9, we show graphs of R and RL,versus L. for
three values of the clearance into the peripheral compartment
Clyy (2=0.001, o =1 and o =100), whilst reverse clearance,
from the peripheral compartment into the central compart-
ment is fixed. As predicted by Eq. (40), the potency L.,

16

—alpna=0.1
L —alpha=1 ||
4 ——alpha=10

121
10+

oC 8y

1072 10° 102

L

C
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sodecreases as o increases and hence when k., decreases. Of
course, this is understandable: When transport to the
peripheral compartment becomes easier, drug reaches its
target more easily, less of it is required to achieve the same
effect and the in vivo potency increases.

Comparing the graphs of the concentration of the ligand-
target complex RL,versus the ligand concentration in the
central compartment L. in Figs. 2 and 9, the latter, when
target is located peripherally, shows up to be (i) asymmetrical
and (ii) to exhibit a shift between the central and peripheral
concentrations.

Discussion and Conclusions

Equations (32), (37), (38) and (39) summarise what is
needed to apply and explain target R, ligand-target complex
RL, and ligand L (L. and L,) interactions when the target is
peripherally located. The effect of the permeability of the
membrane between central and peripheral compartment and
the volumes of these compartments show up explicitly in the
expression for the in vivo potency given in Eq. (39) in
combination with target turnover and ligand-target binding
properties. This explicit expressions make it possible to give
quantitative estimates.

DISCUSSION AND CONCLUSIONS

In Vivo Potency—the Role of Target Dynamics

The new concept of potency discussed in this paper
departs from the previous one, based on the assumption
that the actual expression level of target rather than its
turnover rate will determine the potency. Thus, looking at
the data of two individuals with the same target expres-
sion level (concentration), one would assume that the two
individuals would require the same drug exposure. In
these papers, we have shown that in fact, this need not be

50

——alpha=0.1
45} ——alpha=1

——alpha=10
40 + g

351 3
301 1
251 1

RL

20t .
15} .
10} .
5. 4

0

1072 10° 102

L

¢

Fig. 9. Sensitivity graphs of R and RL,versus L., on a semi-logarithmic scale, with regard to the clearance rate from the
central to the peripheral compartment aCl; where a=0.1,1,10 and the clearance rate from peripheral to central
compartment BCy is fixed (3 =1). Other parameters are listed in Table I
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true. Instead, according to the definition of Ls,, the
subject with the higher target elimination rate (kqe,) Will
need more drug compared to a subject with a slow target
turnover rate, whilst the subject with the higher
internalisation rate (kegy)) will require less drug.

kdeg;A < kdeg;B:LSO;A < LSO;B

Expressed mathematically, we demonstrated how the
potency Lsq is given in open as opposed to closed systems by
the definitions

ko k.
Lsy = Kaeg  Kopr + Ke(re) Open systems
ke(RL) kon (46)
k,
Lsyy = B if Closed systems
on

When target baseline levels are the same in two subjects,
i.e. Ry, o =Ry, B, but one subject, say B as in Fig. 10 has a
higher synthesis rate than A, ie. kgyn, B>ksyn, a, the
potency of drug in subject B will be numerically higher
than in subject A, because kqcg; B> Kdcg; A-

Non-symmetric Drug Distribution Between Central and
Peripheral Compartment

We have seen that when target is located in the
peripheral rather than the central compartment, the
in vivo potency L. so will depend in the distributional
rates between the two compartments, especially when they
are not equal. Indeed, if Cl,, denotes clearance out of the
central compartment and Cl,s clearance into the central
compartment, then, we have shown that if the synthesis
rate of target kg, is small, the in vivo potency with
respect to the ligand concentration in the central com-
partment L. 5o and the in vivo potency with respect to
the peripheral compartment L, so are related by the
simple formula
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Clug

Leso = 24 [ 5. 47
50 =y Loso (47)

Thus, if Cly, > Clys relatively easily and high receptor
occupancy will be reached for lower ligand concentrations in
the central compartment, i.e. Lso. will be relatively small.

On the other hand, when Cl,, < Cl; ligand has difficulty
reaching the target and the potency, Lso, . will now be larger.

We make two observations about the three graphs in
Fig. 10.

1. The graphs appear to be translations of one another
with a constant shift.

2. All three graphs have a larger radius of curvature for
lower values of RL,, and a smaller radius of curvature
for higher values of RL,,.

As regards the first observation, it follows from Eq. (47)
that
Clap

log (L.s0) = log (—) +log (Lpso),

. (48)

so that the graph shifts by log (Cl,5/Cly,) as we move from
one curve to the next in Fig. 10.

Overall Conclusions

This analysis has focused on the necessity of using an
open systems approach for assessment of in vivo pharmaco-
logical data.

The major difference between potencies of closed and
open systems is that the expression of the latter (Lso in
Eq. (3)) shows that target turnover rate (kqc,) rather than
target concentration (R,) will determine drug potency.
The efficacy (typically denoted Eay/Imax) Of a ligand is,
on the other hand, dependent on both target concentra-
tion and target turnover rate. When target is located
peripherally, the ratio of inter-compartmental distribution
(CL4/CL4p) impacts the potency derived for a centrally
located target.

Derived expressions are practically and conceptually
applicable when interpreting data translation across individ-
uals, species and studies are done, and also for communica-
tion of results to a biological audience.

Subject A Subject B
e Slow target turnover g Rapid target turnover i
k k :
3 _ _symnA<B > I — _synA<B o
‘é """""""""" RO — k é RO = k - 2
3 deg,A<B Il deg,A<B &
2 3 8
& 8 E
- - Z.
Time lime Log Concentration (L,,)
L5()A L5()B
Kdeg;a < Kdeg;B g Lso.a < Lso;B

Fig. 10. Left: Schematic illustrations of the consequences of two subjects with same the baseline target concentration (Rg 4 =R g), but
different target turnover rates and losses. Right: Relationships between ligand concentration and normalised target occupancy when target
baseline concentration is similar, but fractional turnover rates are different
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APPENDIX 1

Appendix 1.1. Calculations for two targets

When ligand can bind two receptors, R; and R, the
way the steady-state concentrations of the two complexes
RiL and R,L depend on the ligand concentration L can
be derived in a manner which very similar to the one
used when only one receptor is present. Thus, we deduce
from the steady-state equations for R; and R, in the
system (6) that

1

Ry =—(ksyn1—X
1 kd;g;l ( syn:1 1) (Al)
R, = @ (ksyn:Z_XZ)

where we have written X; = k,g,)R;L (i=1,2). Putting the
expression for R; into the right-hand side of the equation for
dRL/dt in Eq. (6), and equating it to zero, we obtain

Kaeg
deg;1 Xl

L (ksyn;l_Xl) = Km;l k
e(RiL)

(A2)

where

koﬁ';l + ke(R1 L)

Km'l =
' kon'l

Solving this equation for X; yields

ki o1
X1 = koyns1 - where Lspj = ——2—.

L + Lspy ke(r 1)

from which we obtain for R;L and R;:

kyo L

RiL = _—
ker,1) L+ Lso;

(A3)

and

Lso,
L + Lsoa

ke
Ry = Ro;l—ﬁRlL = Roa

deg;1

the desired expressions given in Eq. (11).
Those for R,L and R, are derived in a similar fashion.

Appendix 1.2. Calculations for two ligands

When two ligands can bind a single receptor, the
dynamics is described by the system (Eq. (13)), which yields
the following balance equation for ligand at steady state (cf.
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Eq. (16)):

ksyn_kdegR_ke(RL1)RL1 _ke(RLZ)RLZ =0 (AS)

As before, we can express R in terms of RL; and RL,:

1

R=—
kdeg

(ksyn_Yl_YZ) (A6)

where we now write Y; = kerp \RL; (i=1,2).

We substitute this expression for R into the right-
hand sides of each of the last two equations of the full
system (Eq. (13)). Then, we obtain from the one but last
equation in Eq. (13):

1 Y,

Ly — (kyn=Y1-Y2) = Kp: A.
1 kdeg ( syn 1 2) m;1 ke(RLl) ( 7)
and for the last equation of Eq. (13):
1 Y,
Ly — (ksyn=Y1=Y2) = Kpp; . A8
: kdeg ( Y ! 2) ’zke(RLz) ( )

Equations (A.7) and (A.8) are linear in Y; and Y, and
can be solved explicitly. Their solution is

_ Ay _ Ay
Y1 = ksynm and Y2 = ksynm (Ag)
where
L  kerr) .
A= L Ker) A10
Ko teg (i ) (A.10)

Writing A; = L/Lsy. ; (i=1, 2), the expressions for Y; and
Y, in (A.10) yield the following relations between RL; and L;:

Ly
RLi =R}
1 1L1+9-L2+L50;1 (All)
. L, '
RL; =R; =
Ly+6"-Li+ Lsy
where fori=1, 2,
kde i ks n LSO'I
Lsp; = —2*  Kpi, Ri=—2_ and 0=-—"- (A.12
0 Kerry " kerLy) Lsop ( )

Remark. In the expression for RL;, one can interpret the
term (0 - L, + Lsp, 1) as a “potency” related to Ly, and in the
expression for RL,, the term (0’1 L1+ Lso, ») can be viewed
as a “potency” related to L,.
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Appendix 1.3. Calculations when target is in the peripheral
compartment

The four steady-state concentrations L., L,, R and RL,

solve the following set of four algebraic equations:

kinfus + :ukchp_kchc_ke(L)Lc =0

# kepLe—kpeLy=konLp - R+ kot RL, =0 (A13)
ksyn—kdch—koan R+ koffRLp =

KonLy - R—(koft + ke(rr)) RL, =0

where we recall from “TARGET IN THE PERIPHERAL
COMPARTMENT?” section that

In Cl
Kintus = — V¢ ke(L) = V(L) ) (A14)
 Cla, Cly VY,
kcp = 7 kpc v, n= V.

We now proceed in two steps: (i) We derive a relation
between the concentrations of complex and ligand in the
peripheral compartment, and then (ii) we derive a compara-
ble relation but between concentrations of the complex in the
peripheral compartment RL, and ligand in the central
compartment L..

RLp IN TERMS OF L,

The first equation of Eq. (A.13) yields a relation between
the ligand concentrations in the two compartments:

kinfus + u kchp_(kcp + kg(L))LC =0. (A15)
Thus,
Le=a L, +b kg, (A.16)
0 ukpe Cbe 1

kcp + ke(L) kcp + ke(L)

We use this expression to eliminate L. from the second
equation in Eq. (A.13) and so reduce the system to

ksyn_kdegR_koan ‘R + kof[RLp

(akcpfﬂkpc)Lp +b kcpkin[us + .u(fkoan “R+ koﬂ'RLp) =0
koan “R- (koﬂ' + ke(RL))RLp =0

Adding the first and u times the third equation of Eq.
(A.18), we obtain

(akcp_.ukpc)Lp +b kcp kinfus_,uke(RL)RLp =0 (AlS)
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and adding the second and the third equation yields

ksyn = ke(RL)RLp + kdegR (A.19)

We use (A.19) in the fourth equation of Eq. (A.13).
Dividing by ko, and multiplying by k4, yields

Ly - (ksn—ke(ri)RLy) = kaegKm RL,.

When we now divide by k.zr) and rearrange the terms,
we obtain

k. L kg
RL, =t fo o = N g
P kerr) Lp + Lp:so 20 ke(rL)

(A.20)

Note that this expression for L. 5o is the same as the one
for Lsy in Eq. (3).

RLp IN TERMS OF L¢

Whereas in the previous part of Appendix 1.3 we
eliminated L., R and K We now eliminate L,, R and
kinfus- In fact, as before, ki,ps is eliminated by means of Eq.
(A.16).

(i) Adding the second and the fourth equation of Eq.
(A.13), we obtain an expression for L, in therms of
L.and RL,:

v,

V (A21)

1 -
Lp -7 {.u 1kcp Lc_ke(RL)RLp}7 H=
kpe

and, as before,

(ii) Adding the third and fourth equation of Eq. (A.13)
we obtain, as in Eq. (A.19), for R:

1

R=—
kdeg

{keyn—ke(rr)RLp } (A22)

Finally, we put the expressions for L, and for R into the
fourth equation of Eq. (A.13) and obtain, after division by
kO]’l’

1 4 B L 3 K
oy LX) % e} =

X (A23)
e(RL)
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where X = kg )RL,. Therefore,

- Kaegk, X
1 €8 pe
kep Le =X+ K, - A24
M Kep “RL) KX ( )
or
u kdggkpc X )
L.= X+ K, - A25
kcp ( ke(RL) ksynfx ( )

Equation (A.25) provides an expression for L. as a
function of X, i.e. of RL,. Below, we invert this expression
and derive a formula for RL, as a function of L. by
multiplying Eq. (A.25) by (k¢n—X) and so obtain the
quadratic equation for X:

X?—(ksyn + aLc + b) X + akgynLe =0 (A.26)
where
a= L) and b= Kaeghpe K,

e(RL)

This is a quadratic equation in X with roots

X, = % { (keyn +aL¢ +b) £ \/ (Ksyn + aLe +b)*~4a - kyy LC} (A27)

Because, we need the root which vanishes when L.=0,
i.e. we need X_. Thus,

RL, = {(ksy“ +al.+ b)—\/ (kgyn + aLe + b)’~4a - kyn L(}

2 ke(rr)
(A.28)

Using Eq. (A.22), we deduce the corresponding target
depression.

kyn 1

. {(aLC + b)—\/(ksyn +al,+ b)2—4a  ksyn LL}

R—
2 2

(A29)
APPENDIX 2. DATA

For completeness, we add here the data used in different
simulations. Thus, in Fig. 2, we use the data from Peletier and
Gabrielsson (10) given in Table I and we use them from Cao
and Jusko (18) given in Table II.
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Table II. Parameter Values of Cao and Jusko (18)

ke(L) kun kuff ksyn kdeg ke(RL) RO R« \4
0.00038 0.1 0.001 0.1 0.01 0.03 10 33 26
h! {aM)h}" b (aM)h h' h! nM nM L

The data that have been used in studying the competi-
tion between two targets for a single ligand in Fig. 4 have
been chosen artificially in order to highlight differences
binding coefficients, elimination rates and concentrations of
the two targets. They are given in Table III.

Table III. Parameter Values for Fig. 4

R() kon ko[[ ksyn kdeg ke(RL) R
Receptor 1 100 0.753 146 69.4 0.694 393 17.6
Receptor 2 50 1.5 146 35 0.694 393 89

nM {(nM)day}! day' nM day' day! day' nM

Open Access This article is distributed under the terms
of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in
any medium, provided you give appropriate credit to the
original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were
made.

Table I. Parameter Values of Peletier and Gabrielsson (10)

kon koff ksyn kdeg CI(L) Cld ke(RL) RO R Vc‘ Vt
0.091 0.001 0.1 0.0089 0.001 0.003 0.003 12 36 0.05 0.1
(Likg)h 1/h (mg/L)/h 1/h (mg/L)/h (mg/L)/h 1h mg/L mg/L Likg Likg
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