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To develop a novel combined viral dynamics/operational model of (ant-)Jagonism that describes the pharmacodynamic effects of

maraviroc, a noncompetitive CCR5 inhibitor, on viral load.

METHODS

A common theoretical framework based on receptor theory and the operational model of (ant-)agonism has been developed to
describe the binding of maraviroc to the CCR5 receptor and the subsequent decrease in viral load. The anchor point of the operational
model in the differential equations of the viral dynamic model is the infection rate constant; this is assumed to be dependent on the

number of free activated receptors on each target cell.

RESULTS

The new model provides one explanation for the apparent discrepancy between the in vivo binding of maraviroc to the CCR5 receptor
(Kb =0.089 ng ml™") and the estimated in vivo inhibition (ICs, =8 ng mI™') of the infection rate. The estimated K value of the operational
model indicates that only 1.2% of free activated receptors are utilized to elicit 50% of the maximum infection rate.

CONCLUSIONS

The developed model suggests that the target cells, when activated, express more receptors (spare receptors) than needed. In the
presence of maraviroc these spare receptors first require blocking before any decrease in the infection rate, and consequently in the
viral load at equilibrium, can be detected. The model allows the simultaneous simulation of the binding of maraviroc to the CCR5
receptor and the change in viral load after both short- and long-term treatment.

Introduction

Maraviroc (UK-427 857), a selective and reversible CCR5
coreceptor antagonist, has been shown to be active in vitro
against a wide range of clinical isolates (including those
resistant to existing drug classes) [1]. In human immuno-
deficiency virus type 1 (HIV-1)-infected patients, maraviroc
given as monotherapy for 10 days reduced HIV-1 viral load
dose dependently by up to 1.6 logio copies, consistent with
currently available agents that comprise the cornerstone
of highly active antiretroviral therapy (e.g. protease
inhibitors, non-nucleoside reverse transcriptase inhibitors,
nucleoside reverse transcriptase inhibitors) [2]. An excel-

lent safety and tolerability profile has been demonstrated
after dosing for up to 28 days at 300 mg b.i.d. [3].

A pharmacokinetic-pharmacodynamic (PK-PD)
disease model has been developed previously to aid
design and analyse short-term monotherapy with maravi-
roc in naive HIV-1-infected patients [4, 5]. The model was
used to aid selection of maraviroc doses for clinical Phase
2b/3 studies [5]. The PD effect of maraviroc (on viral load
reduction) was modelled empirically using an inhibitory
maximum effect (Emax) equation acting on the infectivity
rate of the virus in the integrated PK-PD disease model.
Originally, in the absence of any in vivo data, the value of
the 1Cso parameter (concentration that results in 50%
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functional inhibition), 0.38 ng ml™', was obtained from in
vitro experiments of viral growth inhibition [4]. After in vivo
data on maraviroc monotherapy in HIV-1-infected patients
became available, the ICs, parameter was estimated to be
about 8 ng ml™ which best described the observed drop in
viral load [5].

In parallel, data on maraviroc CCR5 receptor occupancy
were also obtained in healthy volunteers and HIV-1-
infected patients [6]. A PK-PD model-based analysis of
the receptor occupancy data led to the estimation of the
in vivo affinity of maraviroc for the CCR5 receptors of
0.089 ng ml™' (expressed as dissociation constant Kp) [6].
Simulations based on the PK-PD disease model and this Kp
value of the mean viral load reduction were higher than
the mean measured viral load reduction, as if the receptor
occupancy measurements had led to an overestimation of
the true degree of CCR5 receptor occupancy in the body.
Those results were interpreted to mean that measurement
of ex vivo receptor occupancy would not be useful for
routine monitoring as a biomarker for viral load depletion
[6].

The identification of biomarkers that can both aid deci-
sion making during drug development and facilitate
monitoring of therapy is an area that has received much
attention over the years, especially in the field of HIV [7, 8].
A biomarker must be predictive of clinical outcome if it is
to be useful. The potential link between biomarker and
clinical outcome may not always be direct, in which case a
model-based approach may be utilized to tease out the
relationship in order to put it to use [9].

This paper describes the development of a PD model,
based on receptor theory [10, 11] and the operational
model of (ant-)agonism [12],in order to explain the appar-
ent discrepancy between the affinity of maraviroc for the
CCR5 receptor and its in vitro and in vivo potency, and to
predict the effect of maraviroc therapy on viral load. The
anchor point of the operational model in the differential
equations of the viral dynamic model is the infection rate
constant; this is assumed to be dependent on the number
of free activated receptors on each target cell.

Methods

The paper describes the development of a model and its
application to describe the mechanism of action of maravi-
roc and the consequential effect on viral load. The clinical
data used to develop the model have been published pre-
viously [2, 5]. Approvals from local ethics committees were
obtained and written informed consent was obtained from
all subjects.

The analytical methods used to quantify maraviroc
plasma concentrations, receptor occupancy [13] and viral
load have been summarized elsewhere in this Supplement
[6]. Briefly, plasma maraviroc concentrations were analysed
using high-performance liquid chromatography with
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tandem mass spectrometry; the lower limit of quantifica-
tion for maraviroc plasma concentrations was 0.5 ng m|™
or 0.1 ng ml™" (for the 3- and 10-mg doses). Receptor occu-
pancy was reported as the percentage of cell-surface-
expressed CCR5 on peripheral blood lymphocytes (PBLs)
that could not be downregulated when PBL-enriched
plasma from patients was incubated ex vivo with recombi-
nant chemokine (MIP-1f3). Plasma HIV-1 RNA levels were
evaluated using the Roche Amplicor v1.5 reverse-
transcriptase polymerase chain reaction assay (Roche
Diagnostics, Basel, Switzerland).

The published maraviroc PK-PD disease model will be
reviewed first [4] and then the development of the new
viral and operational model of (ant-)agonism will be
described. The Results section will present the application
of the new model to describe the effect of maraviroc on
viral load.

Published maraviroc PK-PD disease model

The PK model was a population model that described the
concentration-time profiles of the drug. For simplicity, the
Equivalent Constant Concentration (ECC) approach was
used [ECC is the constant drug concentration that has the
same average PD effect as the time-varying concentration
profile over a time (e.g. dose) interval] [5].

The effect of maraviroc was modelled using an inhibi-
tory Emax model in the PD model (Equation 5) acting on
the infection rate constant of the virus and target
cells (Equations 1-4). With this parameterization, it was
assumed that the antagonistic effect of maraviroc is non-
competitive, which is consistent with recent in vitro find-
ings [14, 15].

The major component of the maraviroc PK-PD disease
model is the disease (viral dynamic) model. It is based on
the prey and predator principle introduced by Volterra [16]
and adapted for viral dynamics by Bonhoeffer [17-19].This
model describes the interaction between the virus and the
target cells (Figure 1) by use of differential equations
(Equations 1-4).

Target cell (activated CD4+ cells):

ﬂzb—d1~T—(1—lNH)~i-V~T (M
dt
Actively infected cells (short-lived):
%=f1~(1—INH)~i~V-T—d2-A+a'L )
Latently infected resting cells (long-lived):
%=f2-(1—INH)i-V~T—d3-L—a-L (3)

Infectious virus (copies HIV-1 RNA):

v
Z—t:pA—c-V (4)
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Figure 1

Semimechanistic PD model for maraviroc BJCP
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Schematic representation of the viral dynamic model used in the existing PK-PD disease model. In the model the persistently and defectively infected cells

were omitted

where:

+ b is the activation rate constant of healthy target cells (7).

« d; is the death rate constant of T cells.

« i is the infection rate constant of T cells.

+ Vis the number of virus particles.

« f; is the fraction of healthy T cells which become short-
lived infected T cells (A).

* d, is the death rate constant of short-lived infected T cells.

«L,=(1—f) is the fraction of healthy T cells which become
long-lived infected T cells (L).

* d; is the death rate constant of latently infected resting
cells.

+a is the reactivation rate constant of latently infected
resting cells.

«p is the viral production rate constant of short-lived
infected T cells.

« ¢ is the death rate constant of virus.

C

NH= e+ 0 )

where:

+ Cis the plasma concentration of maraviroc.

*ICso is the plasma concentration of maraviroc that results
in 50% inhibition.

*INH is the inhibition of the infection rate.

The viral dynamic model has the advantage of being able
to describe viral load-time profiles for short- as well as for
long-term treatments.

Development of the combined viral dynamic
and operational model for maraviroc
In terms of receptor theory and an operational model of
drug action, the viral replication process can be seen as a
binding-stimulus-response cascade in which the virus
acts as an agonist. For example, in pharmacology, a drug-
receptor interaction (site 1) can be followed by activation
of G-proteins (site 2), the production of second messenger
that can be viewed either directly (site 3) or through
reporter genes and/or proteins (site 4), and finally by the
production of cellular/tissue responses (site 5) [10]. Analo-
gously, the binding of the virus to the CD4 and CCR5 co-
receptors can be followed by the virus fusion/entry into
the cell (site 1), uncoating and reverse transcription giving
the viral DNA (site 2), genome integration and replication
giving copies of the HIV RNA genome (site 3), protein syn-
thesis giving viral proteins (site 4), protein cleavage and the
new virus assembly and spread (site 5). Consequently, due
to the similarities in these two cascades, it seemed attrac-
tive to investigate if receptor theory and an operational
model of drug action could be applied to viral dynamics.
Mathematical models that describe the binding-
stimulus-response relationship have been proposed by
Stephenson (stimulus or spare receptor model [20]) and

Br J Clin Pharmacol / 65:Suppl. 1 / 97



BJCP P. Jacgmin et al.

Black (operational model of drug action [12]). These
models can be summarized as follows:
In a first step, the agonist binds to the receptor. This
interaction is described by Clark’s equation [21]:
[RrIID]

D-R]=———
[ 1 D1+ K, (6)

where:

+[D] is the concentration of drug.

* [R7] is the total concentration of receptor.

[D —R] is the complex drug-receptor.

* Kp is the ratio between the dissociation (k,) and associa-
tion (k) rate constants (ky/k;) and is the concentration of
D that gives half maximum binding.

In the second step, a stimulus (messenger) is produced,
which is proportional to the number of receptors occupied
by the drug:

s= e-[D—R] _ e-[D]
[Rr] [D]+Kp

(7)
where:

+ e is the proportionality factor denoting the power of the
drug to produce the stimulus.

In the third step, the stimulus activates a secondary system
to give the observed effect/response. In Stephenson’s
approach, the response is some undefined function of
stimulus, the only requirements being that it be monotonic
and continuous:

b

M

(8)

=f(5)=f[ e[D] } eg o3

[D]+Kp Ew S+5Ss

where:

* Ep is the measured effect of the drug D.
* Ey is the maximum operational effect.
* Sso is the stimulus that elicits half the maximum effect.

In Black’s approach, which can be seen as a particular
case of Stephenson’s approach, the response model is
restricted to a hyperbolic function (as in the example given
in Equation 8) and the second step (stimulus production) is
not explicitly described, the stimulus being coupled to the
number of occupied receptors:

Er __[D-R] [Rr I-[D]

Ew Ke+[D—R] Ko-Ke+(Rr1+Ke)ID]

9)
where:

* Kz is the value of [D —R], which elicits half the maximum
tissue response.
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It can also be demonstrated that:

KE=SLO (10)
e
and
1”1
Eu=pt (a1
SR
Ke

Figure 2 shows some graphical representations of the
binding-stimulus-response model as described in Equa-
tions 6-11.

This binding-stimulus-response model introduces two
important concepts:

1 The ‘spare receptor’ concept or ‘system efficiency, where
the maximum observable effect does not require
maximal receptor occupancy by the drug. This is illus-
trated in graph E of Figure 2, which shows that only 50%
receptor occupancy is required to elicit almost maximum
effect. As a consequence, receptor occupancy >50% will
not notably influence the level of effect. In addition, the
apparent ECso, the concentration of drug that elicits half
the maximum effect, can be much lower than Kp, the
concentration of the drug that leads to 50% receptor
occupancy (Figure 2, graph E), leading to an apparent
higher potency (or ‘sensitization’).

2 The ‘amplification’ concept: the response can be ampli-
fied after receptor occupancy. In case of sequential
multiple steps, this amplification factor can become very
large.

Application of the model to viral replication
and CCR5 antagonists

Viral replication can be seen as a sequential cascade of
events where each critical point (e.g. where antiviral drugs
interact) can conceptually be described by an operational
model of drug action. Figure 3 shows the results of a theo-
retical simulation based on this approach. In this hypo-
thetical simulation (i.e. Kr values of each step have been
arbitrarily fixed to a value of 0.5), a low viral binding (e.g.
20% in step 1) can elicit maximum viral production (about
100% in step 5), indicating that spare capacity exists in this
theoretical example.

If it is assumed that the simulation presented in
Figure 3 is a fair qualitative and quantitative representa-
tion of viral replication, it could be asked what would
happen to the viral production (i.e.step 5) if a drug such as
a CCR5 antagonist that blocks the binding of the virus to
the receptor (i.e. step 1) is added to the system. This has
been evaluated theoretically by simulation, the results of
which are presented in Figure 4. In this simulation, it is
assumed that about 80% of the receptors are occupied by
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Simulation of the binding-stimulus-response (operational) model for three different scenarios of parameters (table within the figure). Graph A: receptor
occupancy in function of drug concentration (Equation 6). Graph B: stimulus production in function of receptor occupancy (Equation 7). Graph C: observed
effect in function of the stimulus (Equation 9). Graph D: observed effect in function of drug concentration (combination of Equations 6, 7, 9). Graph E:
receptor occupancy (Equation 6) and effect (Equation 9) in function of drug concentration for the third scenario (red curves)

the virus in the absence of CCR5 antagonist; in our theo-
retical example only 20% occupancy is enough to reach
the maximum viral production by the system. Assuming
noncompetitive antagonism, increasing drug concentra-
tions gradually decrease the binding of the virus to the
CCR5 receptor.However, and in agreement with the results
of Figure 3, it is only when the binding of the virus drops
below 20% (i.e. step 1) that a significant decrease in viral
production (i.e. step 5) can be observed. This system char-
acteristic leads to a highly nonlinear relationship between
receptor occupancy by an antagonist (blockade of step 1)
and inhibition of viral production (measured/observed
effect, step 5). Viral production is hardly inhibited at
antagonist occupancy of the CCR5 receptor up to 80%,
whereas at antagonist occupancy between 80 and 100%,
viral production begins to be drastically inhibited (right
graph of Figure 4).

Combined operational (ant-)agonism and viral
dynamic model for maraviroc

In the previous sections, we have shown how a viral
dynamic model or an operational model of (ant-)agonism

can be used to describe the effect of maraviroc on viral
load. The viral dynamic model has the advantage of being
able to describe viral load-time profiles for short- as well
as for long-term treatments, whereas the operational
model of (ant-)agonism can describe the viral load only at
equilibrium under long-term treatment. On the other
hand, the operational model of (ant-)agonism has the
potential advantage of being able to better describe/
explain the working mechanism of the compound. There-
fore, a model that combines the advantages of both
approaches seems attractive. Such a model has been
developed for maraviroc and is presented in this section.
The main question when building such a model is where
to anchor the operational model of (ant-)agonism of
maraviroc in the differential equations of the viral
dynamic model. The answer to this question is given by
examining Equation 12.
£=b—d1-T—i-V-T
dt
In Equation 12, which describes the target cells in the
absence of drug, V (the number of virus particles) and T

(12)
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T, .
[s,]= [Tmax]-[V]
Ky +[V]
[Tmax] =1
N L e
. Kg, +[S4] Kv =10
S
s=— 2 |
Kgz + [S2] Kg| = Kgz = Kgz = Kgg =0.5
[Ss]
SJ=——>
[Sd] Kgq + [S3]
[S4]
Sl=—— -
[Ss Kes + [S4]
b
v
&
W
]
3
&
i

0.1 | 10 100
[Virus] (RNA copies/mL)

1000

Theoretical simulation of viral replication as a cascade of operational model of agonism.[Tiax] is the maximum concentration of activated target cells, which
can beinfected.[V]is the virus concentration.K, is the theoretical concentration of viruses that elicits half the maximum binding to the activated receptors on
the target cells. Kex is the theoretical stimulus (Sx) that elicits half the maximum response (Sx.1).Step 1 (@); Step 2 (—); Step 3 (—); Step 4 (—); Step 5 (—)

(the number of activated cells) can be seen as the quanti-
tative players of the infection, whereas i (the infection rate)
can be seen as the qualitative aspect of the infection and
which depends on the virus type and the number of recep-
tors activated on each cell. This is where maraviroc is
expected to play its role.

Assume that the number of activated receptors for one
target cell (that will drive the infection rate) can be
described by the following equation:

[RrI-[P]
P-R]=———
[ ] Ko +1P] (13)
where:
«[P—R] is the activated receptor concentration on the

target cell.
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* [R7] is the maximum possible activated receptor concen-
tration on the target cell (fixed to 1 in the simulation).

+ Pis a virtual endogenous off/on activator of the receptor.

* K» is the concentration of P that gives half maximum acti-
vated receptors.

Note it will be assumed later that this activation step is a
slowly reversible off/on process at the cell level (i.e.when a
target cell is activated, all its receptors undergo a confor-
mation change and remain in the activated state for a long
time) (Figure 5).

If the infection rate constant depends on the number of
activated receptors present on the target cell, one may
write the following operational equation:

ip

i» __[P=R]

imax _KE+[P_R] (14)
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Theoretical simulation of viral replication as a cascade of the operational model of agonism and its inhibition by a CCR5 antagonist. [V] is the theoretical
virus concentration. [A] is the antagonist concentration. K| is the antagonist concentration that elicits half the maximum binding to the activated receptors
on the target cells. [Tin] is the free activated receptor concentration on the target cell in the presence of a non-competitive antagonist. Sxa is the effect

at step X in the presence of an antagonist. Sy is the effect at step X in the absence of antagonist. Step 1 (®); Step 2 (—

5()

where:

* K¢ is the concentration of activated receptor that gives
half maximum infection rate.

*ip /imax is the fraction of the maximum possible infection
rate in the presence of the endogenous receptor activator
p.

[Rr]
iMAX:—RKE
(e

E

(15)

Now, let us assume that, when activated, target cells
express more receptors than needed to become infected
[i.e. (P —R) is significantly higher than Kel. If this is true, then
the infection rate of activated cells should be close to the

); Step 3 (—); Step 4 (—); Step

maximum allowed by the system (the ‘X’ depicted on
Figure 5). Physiologically, it is almost impossible to verify
this assumption, since the activation of the receptor on the
target cells is a difficult process to modulate/investigate
(agonist approach; blue curve in Figure 5; Equation 13).
However, maraviroc is a pharmacological tool that can
block the activated receptors and gradually decrease their
number on the target cells (antagonist approach). By anal-
ysing the relationship between the gradual blockade of
the activated receptor by maraviroc (e.g. decrease of the
blue curve in Figure 5) and the corresponding decrease
in the infection rate (e.g. decrease in the red curve in
Figure 5), it is possible to verify this assumption.

As mentioned in the Introduction, information on the in
vivo inhibition of the infection rate and on the CCR5 recep-
tor occupancy by maraviroc is available:

Br J Clin Pharmacol / 65:Suppl. 1 / 101
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Simulation of a hypothetical operational model of agonism describing
the relationship between the receptor activation on a target cell (blue
curve) and the resulting infection rate of the target cell (red curve). The
simulation is based on Equations 13 and 14 with parameters [R{]=1;
Kp:1;KE:0.012

*From the PK-PD disease model analysis of the viral

load-time profiles in HIV-1-infected patients treated
with maraviroc short-term monotherapy, an in vivo
ICso of about 8 ngml™ plasma has been estimated
[5].

*From a PK-PD analysis of the CCR5 receptor occupancy
by maraviroc in healthy volunteers and HIV-1-infected
patients, an in vivo Kp of 0.089 ng mI™' plasma has been
estimated [6].

Based on this information, binding to the CCR5 recep-
tor and inhibition of the infection rate by maraviroc have
been simulated (Figure 6). By applying the operational
model described in Equations 13-15, the apparent dis-
crepancy between the ICs, of the infection rate and the Kp
of the binding to the CCR5 receptor has been potentially
explained.The estimated value of K (Equation 14) that rec-
onciles the binding of maraviroc to the CCR5 receptor (and
the mirror curve of the remaining free activated receptors)
with the estimated inhibition of the infection rate (i.e.
moves the blue dash line to become the red line that over-
laps the green line) is about 0.012. This means that only
1.2% free activated receptors on the target cell are utilized
to elicit 50% of the maximum infection rate. This suggests
that target cells express significant amounts of spare
receptors, which require a high percentage of blockade
before any effective decrease in the infection rate can be
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Simulation of the fraction of activated CCR5 receptors occupied by
maraviroc. [Blue curve: (M-R) based on (6)], remaining free activated CCR5
receptors on a target cell [blue dash curve: (P-R)=1-(M-R)], in vivo
estimated inhibition of the infection rate [green curve: 1-INH of
Equations 1-4 based on (5)] and operational inhibition of the infection
rate based on Equation 17 and a K¢ value of 0.012 [P-R]/cell (red curve)].
M = maraviroc

observed (Figure 6),and it explains why 98.8% of the CCR5
receptors need to be blocked by maraviroc to inhibit the
infection rate by 50%.

Results

By using the combined model, the binding of maraviroc to
the CCR5 receptor and the viral load-time profile can be
simultaneously simulated for any duration of treatment.
The model equations can be summarized as follows:

[M]
P—Rly=[P—Rlyu | 1- —2
[ In=I ]MAX( KD+[M]) (16)

where:

[P —Rlu is the concentration of activated receptors on a
target cell in the presence of maraviroc.

*[P—Rlmnax is the maximum concentration of activated
receptors on a target cell after endogenous activation
and in the absence of maraviroc (assumed to be Rr and
fixed to 1 in the simulation).

« [M] is the concentration of maraviroc.

* Kp is the concentration of maraviroc that gives 50% occu-
pancy of activated receptors.



op;_’lzﬂ
imax  Ke+[P—Rly

where:

* im/imax is the fraction of the infection rate constant in the
presence of maraviroc [also called the operational factor
(OF) of the infection rate].

[P —Rluax
iMAX:—KE (18)
[P—:’]MAX 1
where: E
* K¢ is the fitting operational constant that equals OF to
(1-INH) from Equations 1-5.
dr

—=b-d,-T-0OF:i-V-T 19
p 1 ! (19)

where:

« iis the infection rate constant of T cells by the virus V after
endogenous activation of the target cells and in the
absence of inhibitors.

Actively infected cells (short-lived):

%zﬂ-OF~i~V—T—d2-A+a~L (20)
Latently infected resting cells (long-lived):
ﬂ=fz-OF-,tv.T—a!g-L—a.L @21
dt
Infectious virus (copies HIV-1 RNA):
dv
—=p-A-cV 22
pm p (22)

Figure 7 shows the results of the simultaneous simula-
tion of maraviroc binding to the CCR5 receptor and corre-
sponding viral load at equilibrium using Equations 16-22,
the viral dynamic parameters estimated with maraviroc [5]
and a Kg value of 0.012.

Discussion

Models are developed for a purpose; in the current case
they are being used to aid in the selection of the optimal
dosage regimen for maraviroc. An earlier PK-PD disease
model had been developed to aid design and analysis of
short-term monotherapy studies with maraviroc in naive
HIV-1-infected patients [6]. It was also used to aid selection
of maraviroc doses for Phase 2b/3 clinical studies [5]. The
major component of that model was the disease (viral
dynamic) model, which was based on the prey and preda-
tor principle introduced by Volterra [16] and adapted for
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Simultaneous simulation of maraviroc binding to CCR5 receptor (blue
curve) and effect on viral load at equilibrium (red curve) using a com-
bined operational model of (ant-)Jagonism and viral dynamic model

viral dynamics by Bonhoeffer [17,18, 19]. The viral dynamic
model described the interaction between the virus and the
target cells by means of differential equations and could
be used to predict individual viral load-time profiles after
short- as well as long-term treatments.

However, the viral replication process can also be seen
as a binding-stimulus—response cascade in which the virus
is an agonist.Therefore, receptor theory and an operational
model of (ant-)agonism could also be applied to the
dynamics of the HIV virus. In contrast to the viral dynamic
model, however, the operational model of (ant-)agonism
can only describe the viral load at equilibrium (after long-
term treatment).

In order to combat this shortcoming of the otherwise
intuitively appealing operational model of (ant-)agonism,
the present work has been performed. We have described
how the existing viral dynamic model can be combined
with an operational model of (ant-)agonism that takes into
account the working mechanism of the antiviral drug.The
anchor point of the operational model in the differential
equations of the viral dynamic model is the infection rate
constant. This is assumed to be dependent on the number
of free activated receptors on each target cell. With this
combined model, viral load after both short- and long-
term treatment can be predicted and the effect of drugs
(with different mechanisms of action) on various viral rep-
lication steps can be better mechanistically described.The
combined model was used to simulate simultaneously the
binding of maraviroc to the CCR5 receptor and the result-
ing effect on viral load after short- and long-term treat-
ment (Figure 8). The model also provides a possible
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Simultaneous simulation of maraviroc plasma concentration, CCR5 receptor occupancy, operational factor and viral load-time profiles after short (four top
graphs, full profiles) or long (four bottom graphs, trough values) term oral administration of maraviroc in a typical HIV-positive patient. LOQ indicates the
limit of quantification of RNA copies. 25 mg bid (—); 100 mg bid (—); 300 mg bid (—);
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explanation for the apparent discrepancy between the
in vivo binding of maraviroc to the CCR5 receptor
(Kp=0.089 ng ml™") and the estimated in vivo inhibition
(ICso=8ngml™”) of the infection rate. The operational
model introduces the assumption that the target cells,
when activated, express more receptors (spare receptors)
than needed. In the presence of an antagonist, these
spare receptors need to be blocked first before any
decrease in the infection rate (and the viral load) can be
detected, hence the higher estimated in vivo inhibition
ICso value when compared with the in vivo CCR5 binding
Ko value. The estimated Kt value from the operation
model of (ant-)agonism part of the model indicates that
only 1.2% of the activated receptors are utilized to elicit
50% of the maximum infection rate. It also explains why
98.8% of the CCR5 receptors need to be blocked by
maraviroc to inhibit the infection rate by 50%. Since the
viral dynamic system is characterized by a turnover
process and cell infection is an irreversible process, the K¢
value can also be interpreted as being the fraction of free
receptors that give rise to 50% probability for an acti-
vated target cell to be infected during its life span.
Bearing this in mind, the apparent low fraction of free
receptors required for cell infection might be due to the
fact that the CCR5 receptor is a co-receptor. Indeed, the
main steps in the viral entry process are (i) attachment of
the viral gp120 to the CD4 T-cell receptor, (ii) binding of
the gp120 to CCR5 or CXCR4 co-receptors, and (iii) fusion
of the viral membrane and cellular membranes [22].
Another possible explanation is that maraviroc is an allos-
teric modulator (noncompetitive antagonist) of the CCR5
receptor, which might lead to permissive antagonism [23]
that would require higher receptor occupancy than a
competitive antagonist to reach the same level of inhibi-
tion. In this case, the actual fraction of free CCR5 receptor
required for 50% of the maximum infection rate might be
higher than that derived from the receptor occupancy by
maraviroc.

Use of the operational model of agonism within the
field of pharmacometrics is not new. Van der Graaf et al.
used the operational model of agonism to predict the
tissue-dependent efficacy of adenosine A1 receptor ago-
nists in rats [24]. Zuideveld et al. used such a model and
combined it with a previously described semimechanistic
PK-PD model to predict the in vivo intrinsic efficacy of
5-HT:a agonists on body temperature in rats [25]. The
present work extends the use of the operational model of
agonism by applying it to describe viral infection where
the virus is the agonist and the antiviral drug is the
antagonist. It can be anticipated that this new combined
viral dynamic and operational model of (ant-)agonism
can be developed further and be applied to other
classes of antiviral agents, including reverse tran-
scriptase, integrase, and protease inhibitors. Data on in
vivo enzyme inhibition would help in building such
models.

Semimechanistic PD model for maraviroc BJCP

Conclusions

The use of the operational model of (ant-)agonism to
explain the discrepancy between the estimated in vivo 1Cso
and the ex vivo receptor affinity of maraviroc introduces
the assumption that the target cells, when activated,
express more receptors (spare receptors) than needed. In
the presence of an antagonist, these spare receptors first
need to be blocked before any decrease in the infection
rate and consequently in the viral load at equilibrium can
be detected. However, taking into consideration the
possibility of permissive noncompetitive antagonism, this
mechanistic interpretation remains open to debate.
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