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Abstract Second-generation antisense oligonucleotides
(ASOs) demonstrate excellent biological stability and
in vitro/in vivo potency, and thus are considered to be
attractive candidates for drugs to treat various diseases. A
pharmacokinetic—pharmacodynamic (PK-PD) model of
ASOs 1is desired for the design of appropriate PK and
pharmacological studies. The objective of this study was to
develop a PK-PD model to accurately simulate hepatic
ASO concentration and its efficacy from plasma ASO
concentration. After single subcutaneous administration of
an ASO targeting hepatic apolipoprotein B (Apo-B) mRNA
to mice, the ASO was absorbed rapidly and showed
biphasic decline with time from the plasma and liver (t;:
1-3 and 81-183 h, Ty.x: 0.25-0.50 and 4-8 h). After
administration, hepatic Apo-B mRNA and plasma total
cholesterol began decreasing at 4-8 and 8-24 h, and their
Tiax values were observed at 24-72 and 72 h. To develop
the PK-PD model based on the mechanisms of ASOs, we
described the plasma and hepatic ASO concentration with
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linear two-compartment models. In addition, we inserted
two indirect response models for mRNA and plasma total
cholesterol. Model predictions from plasma ASO concen-
tration gave excellent fits to the observed values of hepatic
ASO concentration, Apo-B mRNA and plasma total cho-
lesterol after single or multiple subcutaneous administra-
tions. Our PK-PD model could accurately predict hepatic
ASO concentrations and their efficacies from plasma ASO
concentrations. This PK-PD model could be a useful tool
for suggesting PK and pharmacological study protocols for
various liver-targeted second-generation ASOs.

Keywords PK-PD model - Antisense oligonucleotides -
Apolipoprotein B - Time-delay

Introduction

Antisense oligonucleotides (ASOs) are short synthetic
single-strand nucleotide polymers (typically of 7-30
nucleotides in length) that are designed to specifically
hybridize to their target RNA via Watson—Crick base
pairing and to prevent expression of the encoded “disease-
related” protein product [1]. In particular, second-genera-
tion ASOs with protective nucleotides, such as locked
nucleic acid (LNA) [2], 2’O-methoxyethyl [3] and amino
bridged nucleic acid [4], have led to dramatic advances for
biological stability, which consequently provided longer
half-lives in target tissues compared to conventional ASOs.
Second-generation ASOs have a gapmer structure which is
designed with a central DNA segment (6—10 nucleotides)
that is flanked at each molecular terminus by 2-5 protective
nucleotides. The gapmer structure efficiently induces the
cleavage of the target RNA by recruiting endogenous
ribonuclease H (RNase H) as a major pathway to
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translational inhibition [5, 6], resulting in potent pharma-
cological actions with fewer side-effects.

Following subcutaneous injection of second-generation
ASOs, they are rapidly and well absorbed from a subcu-
taneous injection site [1, 7]. After reaching the C,,.x, the
plasma concentration shows multi-phasic decline with a
fast initial distribution phase that dominates the plasma
exposure (AUCy_o4 1, or AUC(_45 1, represent 90 % or more
of total AUC), and a slow terminal elimination phase that
consists of very low plasma concentration. Little or no
accumulation of C.,, and total AUC is observed by
repeated administrations. After systemic circulation, sec-
ond-generation ASOs are almost completely taken up by
tissues such as the liver and kidney via endocytosis. In the
tissues, second-generation ASOs are slowly metabolized
by nucleases and as a consequence, remain for a long time.
Second-generation ASOs and their metabolites are ulti-
mately eliminated via excretion primarily in urine. The
pharmacokinetics of second-generation ASOs appear to be
very similar and independent of sequence, facilitating
potentially more rapid clinical drug development compared
to low-molecular compounds. Clinical trials of second-
generation ASOs are on-going for the treatment of various
diseases such as hyperlipidemia [8] and cancer [9].

While there have been some reports on the pharmaco-
kinetic—pharmacodynamic (PK-PD) analysis of second-
generation ASOs, most of them have only been on the
relationship between the ASO concentration and mRNA
reduction in the target tissue [5, 10]. Only a few studies
have tried modeling the in vivo PK-PD relationship of
ASO. Yu et al. reported for the first time, an in vivo PK-PD
model for ASO with an indirect response model assuming
that ASO would induce degradation of the target RNA by
stimulation of RNase H, and could subsequently predict
reduction of the target RNA from the ASO concentration of
hepatocytes after single or multiple administration [11].
However, the ASO concentration of hepatocytes that they
used was not precisely quantitated, and their model did not
include the plasma ASO concentration and the therapeutic
biomarker response, which are clinically available. Callies
et al. reported a PK-PD model for human ASO exposure
and therapeutic biomarker response from preclinical PK
and pharmacological data [12]. They could predict the
plasma ASO concentration, but not the tumor ASO con-
centration, target RNA and protein in human because the
model that was integrated from preclinical PK and phar-
macological data could not be physiologically interlocked,
and its estimated parameters were not relevant physiolog-
ical values in human. For drug development, it is important
to include the plasma ASO concentration and the thera-
peutic biomarker response, which are clinically available,
into the model for accurate prediction of tissue ASO
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concentration, target RNA and therapeutic biomarker
response.

Straaup et al. reported that LNA gapmers of ASO
designed to target the hepatic apolipoprotein B (Apo-B)
mRNA, which is important for cholesterol metabolism,
remained in the liver for a long time and improved the
plasma total cholesterol level via reduction of Apo-B mRNA
in mice after administration [5]. In this investigation, we
used this ASO as a model compound for second-generation
ASOs and measured the plasma and hepatic ASO concen-
tration, hepatic Apo-B mRNA, and plasma total cholesterol
after single or multiple subcutaneous administration to mice.
The objectives of this study were to develop a PK—PD model
for ASO based on the mechanism of ASO, and to accurately
simulate the hepatic ASO concentration and its efficacy
from the plasma ASO concentration.

Methods
Chemicals

The ASO was purchased from GeneDesign, Inc. (Osaka,
Japan). The sequence of the ASO is 5'-GCattggtatTCA-3’
(gapmer oligonucleotide with LNA (capital) and DNA
(plain font);. all internucleoside linkages are phosphoro-
thioated), which has the highest affinity and potency for
Apo-B mRNA [5]. Saline was purchased from Otsuka
Pharmaceuticals (Tokyo, Japan). RNAlater was purchased
from QIAGEN, (Hilden, Germany). TE buffer (pH 8.0)
was obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). All other reagents and solvents were
commercial products of reagent grade.

Animals

Animal care and all experimental procedures were per-
formed with the approval of the Institutional Animal Care
and Use Committee of Shionogi in terms of the 3R
(replacement/reduction/refinement)  principle. =~ Female
C57BL/6]J Jcl mice were purchased at 7 weeks of age from
CLEA Japan Inc. (Osaka, Japan). After quarantine for a
week, the mice were acclimated for several days in the
animal compartment. The mice were used for the experi-
ments at 8§ weeks of age (body weight 18-20 g). During the
acclimation and experimental periods, the mice were
placed under the conditions of room temperature of
20-26 °C, relative humidity of 30-70 %, and lighting for
12 h (light [8:00-20:00]/dark [20:00-8:00]) and allowed
free access to tap water and solid laboratory food (CE-2,
CLEA Japan, Inc.).
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Animal experiments

ASO was dissolved in saline which was used as the control
and subcutaneously administered to mice (n = 3/time point)
at single (1, 5 and 10 mg/kg) or multiple (5 mg/kg/week,
4 weeks) doses. For determination of plasma ASO concen-
tration, blood samples were collected via the inferior vena
cava with a syringe attached to a needle containing heparin
and EDTA-2K under isoflurane anesthesia at 0.083, 0.25, 1,
4, 8 and 24 h. For the determination of plasma total cho-
lesterol concentration, they were collected at 0, 1, 4, 8, 24,
72, 168, 336, 504 and 672 h. After blood collection, liver
samples were collected for determination of hepatic ASO
concentration at 0.083, 0.25, 1, 4, 8, 24, 72, 168, 336, 504
and 672 h or for determination of Apo-B mRNA at 0, 1, 4, 8,
24, 72, 168, 336, 504 and 672 h. In the multiple adminis-
tration study, blood and liver samples were collected at 168,
336, 504 and 672 h. The blood samples were centrifuged at
1,600 g for 10 min at 4 °C. The isolated plasma and liver
samples were stored frozen at —80 °C until analysis.

Determination of plasma and hepatic concentration
of ASO, hepatic Apo-B mRNA and plasma total
cholesterol

The concentrations of ASO in plasma and liver samples
were determined by liquid chromatography/tandem mass
spectrometry (LC-MS/MS) using APIS000 (AB SCIEX,
Foster City, CA, USA) by a previously reported procedure
with slight modifications [13]. In brief, liver samples were
homogenized in extraction buffer (0.5 % Nonidet P-40,
25 mM ethylenediaminetetraacetic acid, 100 mM sodium
chloride, 25 mM tris hydroxymethyl aminomethane,
0.5 mg/mL proteinase K, pH 8.0) and incubated at 37 °C
for 3 h. ASO in plasma and liver homogenate samples was
extracted by a liquid-liquid extraction method using phe-
nol/chloroform (1/1, v/v), followed by solid-phase extrac-
tion (Oasis HLB, 10 mg, Waters Inc., Milford, MA, USA).
The eluent was evaporated to dryness under nitrogen and
reconstituted in 10 uM H3PO, in TE buffer (pH 8.0)/
methanol (9/1, v/v). After the reconstituted solution was
filtrated through a 0.22 pum pore size filter, 5 pL of filtrated
solution was injected into the LC-MS/MS system. Chro-
matographic separations were performed at a flow rate of
0.2 mL/min on ACQUITY BEH C18 (2.1 mm x 50 mm,
1.7 um, Waters Inc., Milford, MA, USA) for 8 min. A
binary gradient was used to perform the separations.
Mobile phase A consisted of 400 mM HFIP and 15 mM
TEA in water, and mobile phase B consisted of mobile
phase A/methanol/acetonitrile (2/1/1). The column tem-
perature was maintained at 60 °C using a column heater.
The range of calibration standards were from 0.03 to
30 pg/mL for plasma and from 0.03 to 30 pg/g for liver.

Total RNA was extracted from liver homogenates using
RNeasy 96 Universal Tissue Kit (QIAGEN). One ng of
total RNA was converted to cDNA using SuperScript™ III
First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen,
Camarillo, CA, USA), according to the manufacturer’s
instructions. Quantitative PCR was performed with
SYBR® Premix Ex Taq II (Takara Bio, Otsu, Japan) using
Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Apo-B
mRNA levels were normalized to GAPDH and are pre-
sented relative to the saline control.

Plasma total cholesterol concentration was determined
by the colorimetric method with T-cholesterol E-test Wako
kits (Wako Pure Chemical Industries, Ltd.).

Non-compartment analysis

Pharmacokinetic analysis of the averaged plasma and
hepatic concentration per time was performed by Win-
Nonlin Professional (ver 5.0.1, Pharsight Inc.) based on a
non-compartment model with uniform weighting. The area
under the plasma and hepatic concentration—time curve
(AUC) was calculated by the trapezoidal rule. The elimi-
nation half-life (t;,) was calculated by linear regression
using logarithmic values of appropriate points. The other
pharmacokinetic parameters were as follows: maximum
plasma and hepatic concentration (C,.x), time to reach
maximum plasma and hepatic concentration (Tp,.x).

PK-PD modeling

Figure 1 presents a PK—PD model for ASO. As the plasma
concentration of second-generation ASOs shows multi-
phasic decline [1], the plasma concentration of ASO was
described by a linear two-compartment open model as
follows:

%: —ka- Ay M
ijz’—’tw =ka-Asx —kip - Apla + ka1p - Aper — kep - Apia

(2)
d’j;;er = ki2,p - Apia — k21, - Aper ®)
Coia = ’%{’: @

where A, Ap, and A, are the ASO amount (mg/kg) in
the subcutaneous, plasma and peripheral compartment; Vd,
is the distribution volume of ASO in the plasma compart-
ment (L/kg); ka and ke, are the first-order rate constants for
absorption from the injection site and elimination from
plasma compartment (/h); ky, p and k; p are the first-order
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Fig. 1 PK-PD model for the
reduction of hepatic Apo-B
mRNA and plasma total
cholesterol by ASO

Injection
site

Subcutaneous
administration

_—

kin.mRNA

rate constants for plasma to peripheral and peripheral to
plasma compartment (/h). C,j, is the plasma ASO con-
centration (pg/mL).

In the modeling of the hepatic behavior of ASO, the
“sub-compartment” was incorporated into the proposed
PK model to accurately calculate the hepatic ASO con-
centrations at the terminal phase. Therefore, a linear two-
compartment model was used as follows:

dA iv
d; =kep - Apla — k1oL - Al + ko1 p - Ag, — kep - Ay

(5)

dAYM
d b= kior - Ay — ko1 n - Asup (6)

t

Aliv

Civ = 7
™ Vd, JF ™)

where Ay, and Ay, are the ASO amount (mg/kg) in the
liver and sub-compartment; Vdy is the distribution volume
of ASO in the liver compartment (kg of live/kg of body
weight); F is the distribution ratio of ASO from the plasma
compartment to the liver compartment; k> and ky; ;. are
the first-order rate constants from the liver to the sub-
compartment and from the sub-compartment to the liver
compartment (/h); ke, is the first-order rate constant (/h)
for elimination from liver compartment; and Cj;, is the
ASO concentration (ug/g of liver) in the liver compart-
ment. Due to the lack of sensitivity of LC-MS/MS, we
could not adequately characterize the elimination phase in
the plasma and liver.
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In the pharmacodynamic model structure, the change in
the hepatic Apo-B mRNA expression was determined by a
zero-order rate constant (ki, mrna, % of control/h) for the
synthesis of mMRNA and a first-order rate constant
(Kourmrnas/h) for the degradation of mRNA. The drug-
effect relationship between ASO amount in the sub-com-
partment and Koy mrna could be described by an indirect
response model as follows:

dR,,
d—fNA = kinmrna — Kour mrna -+ S(t) - Riugna (8)
S max,grya - Asub
St)=14——""—"— 9
e ©)
Rlﬂ
SmaXmRNA = R RNAD 1 (]O)
mRNA ,ss

where R, rna 18 the mRNA expression (% of control) in
the Apo-B mRNA compartment; Smax,gna 1S the maxi-
mum reducing effect of mRNA (% of control); and
SC50,,rna 18 the ASO concentration in the sub-compart-
ment (mg/kg) reducing 50 % of Smax,rna.- Rmrnao
shows the basal level of Apo-B mRNA (% of control) and
Rmrnass 18 the maximum potency of Apo-B mRNA
reduction at steady state. In the indirect response model,
the Smax,,rna is determined by Eq. (10). To minimize the
number of parameters to be estimated, Smax,rna Was
fixed as 100 in the modeling. The basal level of R rna
before ASO administration was maintained as Ryrna .0,
which was determined as Kin mrnA = Kout,mrNA - RmrNA 0-

As Apo-B mRNA causes production of very low-density
lipoprotein (VLDL) in the liver, an additional indirect
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Table 1 Non-compartment analysis of ASO concentration versus
time profiles in mice

Matrix Dose (mg/kg) Tip(h)  Thax () Chax AUC?
Plasma 1 1.15 0.25 0.358  0.740
5 3.05 0.50 2.09 3.89
10 2.46 0.25 4.48 8.43
Liver 1 81.2 8 1.60 128
5 183 8 7.33 671
10 173 4 12.9 1,506

? pg/mL for plasma concentration, pg/g for hepatic concentration
® h x pg/mL for plasma, h x pg/g for liver

response compartment was inserted. In this model struc-
ture, the change of VLDL in the compartment and plasma
cholesterol concentration was demonstrated as follows:

dR
% = kinvror - Rmrna/Rmrnao — kou,vipr - Rvipr
(11)
Imaxeho - (Rvipro — Rvipr)’
Echa = Echa,O - ( - ) (12)

ICSOéhO + (RVLDL,() - RVLDL)V

where Ry pr is the value (% of control) of the VLDL in
the VLDL compartment; Ry pr o is the basal level (% of
control) of VLDL; Imaxcy, is the maximum hypocholes-
terol effect (mg/dL) of the VLDL; IC50¢y, is the Ry pr. (%
of control) reducing 50 % of Imaxcpo; Ecnoo 18 the basal
level (mg/dL) of plasma total cholesterol; and v is the Hill
function. The change in the VLDL was determined by a
zero-order rate constant (ki, vipr, % of control/h) for the
synthesis of VLDL and a first-order rate constant
(Kout,vLpL,/h) for the degradation of VLDL. The basal level
of Ryrpr before ASO administration was maintained as
RyirpLo, which was determined as Ki, vipr = Kout,viDL"

RvipL -
Data analysis

ASO concentrations in plasma and liver after subcutaneous
administration of ASO to mice represent the mean =+
standard deviation (SD) as shown in Supplemental Table 1.
All parameters were estimated by fitting the PK-PD
models to the average of the observed data at each time
point using WinNonlin Professional althouh the elimina-
tion phase in the plasma and liver could not be adequately
characterized. We selected normal distribution error as the
error model and sequential approach. Correlation analysis
for the observed versus predicted values was also per-
formed to determine the goodness of fit for the model
compared to lines of identity (y = Xx). Repeated simula-
tions were carried with the PK—PD model by NONMEM

(ver 7.2.0) because WinNonlin Professional could not
simulate the repeated dose expected for built-in models.

Results

Pharmacokinetic analysis for plasma and hepatic ASO
concentration

Figure 2 shows the plasma and hepatic ASO concentrations
after subcutaneous administration of ASO at 1, 5 and
10 mg/kg. ASO was rapidly absorbed and showed biphasic
decline with time from plasma. The ASO of plasma could
not be detected at 24 h after administration at all dosing.
The plasma t, values after administration at 1, 5 and
10 mg/kg were 1.15, 3.05 and 2.46 h, and T, values were
0.25, 0.50 and 0.25 h (Table 1). Hepatic ASO concentra-
tion showed biphasic decline with time, and hepatic t;,,
values were 81.2, 183 and 173 h, and T,,,x were 8, 8 and
4 h. Since linearity was shown by AUC, and slow elimi-
nation at late time points was observed, we selected linear
two-compartment models to describe the plasma and
hepatic ASO concentration (Egs. 1-7). The model
appeared to provide a reasonable fit of the observed con-
centrations with reasonable variability in parameter esti-
mation although the coefficient of variation (CV) values of
kiop and ky; p were slightly large (Fig. 2 and Table 2).

PK-PD analysis for hepatic Apo-B mRNA and plasma
total cholesterol

Hepatic Apo-B mRNA began decreasing between 4 and
8 h after administration in a dose-dependent manner. The
time of the maximum reduction level for hepatic Apo-B
mRNA expression ranged from 24 to 72 h. In fact, there
was a time lag between hepatic ASO concentration and
Apo-B mRNA expression level, and a typical counter-
clockwise hysteresis was observed (data not shown). To
describe the time-course of the hepatic Apo-B mRNA, an
indirect response model was applied to the PK-PD model
as shown in Fig. 1 and Eqs. 8-10. As a result, the opti-
mized model nicely predicted the Apo-B mRNA expres-
sion as shown in Fig. 3a, even at an early phase of the
reduction (Fig. 3b).

As a therapeutic biomarker response of Apo-B mRNA
reduction, plasma total cholesterol concentration was
monitored in mice following subcutaneous administration
of ASO at 1, 5 and 10 mg/kg. For the dosing of 1 mg/kg,
the concentration was less potently reduced with a maximal
20 % decrease. However, stronger reduction (60-80 % at
maximal level) was observed after the administration of 5
and 10 mg/kg, and this was retained over 672 h. Plasma
total cholesterol concentration showed the maximum
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Fig. 2 ASO concentrations in (a) (b)

plasma (a) and liver (b) after 10 r 100

subcutaneous administration of ry ] S [

ASO. Each observed value %, B m ?_:L» 10

represents the mean £+ SD 8 = 1 JAY 8 = gl

(n = 3) at 1 mg/kg (diamonds), : s e Mo ﬁg ] 2 A\;

5 mg/kg (triangles) and 10 mg/ £ ‘_é' Y. 58 ,ir\.\’ "“\._\ .

ke (squares) and each predicted SE 04 Sc P e .

value represents the line at o § g o01e * A

1 mg/kg (solid), 5 mg/kg g 8 I

(dashed) and 10 mg/kg (gray) 0.01 0.01 1 + 1 )
0 0 168 336 504 672

Time (hr) Time (hr)

Table 2 Pharmacokinetic parameters estimate after subcutaneous administration of ASO in mice

Parameters Description Estimates CV (%)

ka (/h) Absorption rate constants 8.5 27

ki p (/h) First-order rate constants from plasma to peripheral compartment 0.18 55

ko1 p (/h) First-order rate constants from peripheral to plasma compartment 0.22 117

kep (/h) Elimination rate constants plasma compartment 0.86 25

Vdp (L/kg) Distribution volume of ASO in the plasma compartment 1.8 16

kiop (/h) First-order rate constants from the liver to the sub-compartment 0.012 38

koy L (/h) First-order rate constants from the sub-compartment to the liver 0.014 49

ker, (/h) Elimination rate constant from liver compartment 0.012 8.5

Vd, /F (kg of liver/kg of body weight) Distribution volume of ASO in the liver compartment 0.66 4.6

reduction at 72 h, which was a slightly later response model-simulated profiles of hepatic ASO concentra-

compared with Apo-B mRNA (T,.x = 24-72 h). To
describe the time-course of the plasma total cholesterol
concentration, an additional indirect response model
including the VLDL compartment was applied to the PK—
PD model as shown in Fig. 1 and Egs. 11-12. The opti-
mized model nicely predicted the plasma total cholesterol
concentration as shown in Fig. 3c, even in an early phase
of the reduction (Fig. 3d). These data showed that the PK—
PD model could describe both the Apo-B mRNA and
plasma total cholesterol reduction from the plasma ASO
concentration.

PK-PD model evaluation

The correlation analysis between the observed and pre-
dicted values for plasma ASO concentration, hepatic ASO
concentration, hepatic Apo-mRNA, and plasma total cho-
lesterol was visualized (Fig. 4). These results indicated that
the predicted value corresponds well to the observed one.

Subsequently, we simulated the time-course of hepatic
ASO concentration, hepatic Apo-B mRNA and plasma
total cholesterol after repeated subcutaneous administration
of ASO at 5 mg/kg/week for 4 weeks using estimated PK
and PD parameters (Tables 2, 3) for external validation of
the model. The solid lines shown in Fig. 5 represented the
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tion,Apo-B mRNA expression level and plasma total cho-
lesterol level. Simulated trough values for each index were
quite close to the original data. Consequently, we were able
to validate the present PK—PD model.

Discussion

In the present study, we developed a PK-PD model to
characterize hepatic ASO concentration, hepatic Apo-B
mRNA expression level and plasma total cholesterol level
from plasma ASO concentration. In order to validate the
model, we evaluated its simulation of pharmacological
activities following multiple dosing of ASO. There were
two key points in the development of this model:
(i) description of the plasma and hepatic ASO concentra-
tions using linear two-compartment models and (ii) inser-
tion of two indirect response models to describe the
reduction of mRNA and plasma total cholesterol based on
the pharmacological mechanism of ASO.

In general, following subcutaneous injection of second-
generation ASOs, they are rapidly and well absorbed from
the subcutaneous injection site, and after reaching the C,x,
the plasma concentration shows a multi-phasic decline with
a fast initial distribution phase and a slow terminal
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Fig. 3 Changes in hepatic Apo-
B mRNA (a, b) and plasma total
cholesterol (¢, d) after
administration of ASO. Each
observed value represents the
mean £ SD (n = 3) at control
(circles), 1 mg/kg (diamonds),
5 mg/kg (triangles) and 10 mg/
kg (squares) and each predicted
value represents the line at
control (dotted 0 h), 1 mg/kg
(solid), 5 mg/kg (dashed) and
10 mg/kg (gray). b, d Shows a
magnification for the early
phase of a, ¢

Fig. 4 Correlation analysis for
the observed and predicted

plasma ASO concentration (a),
hepatic ASO concentration (b),
hepatic Apo-B mRNA (c), and
plasma total cholesterol (d). The
dashed lines are lines of identity

(y=1x)

—
Q
~

hepatic Apo-B mRNA
expression (% of control)
H O
o O o
7]
P
@~
\
\
‘\
F—l- e
\\
\
‘\
>

336
Time (hr)

(¢)
T~
83
05
§§,
S5
S8
e
23
n <
238
0
(@ ¢
£ 5
Ee)
= 4
(]
=
T 3
®
2 2
[}
2 1
o
(c)
120
100
$=
TS 80
2 5
® O 60
€%
&= 40
o
20

0

504

336
Time (hr)

N

0 1 2 3 4 5 6
Predicted value (pg/mL)

0 20 40 60 80 100 120
Predicted value
(% of control)

_
(=
N

hepatic Apo-B mRNA
expression (% of control)

—_
o
~

Plasma total cholesterol
concentration (mg/dL)

_
(=3
g

Observed value (ug/g)

(

(=}
~

Observed value (mg/dL)

140 ¢
2
A
T

100 {§eF— g

o ) \‘é\
60 | ey

a0 | el ¢
20 | TTeee—e A
0 u

100

80

60

40

20

15

10

80

60

40

20

Time (hr)

"
[ [

L

i i i I i J

0 4 8 12 16 20 24

Time (hr)

w*

0 5 10 15

Predicted value (pg/g)

i A ! J

0 20 40 60 80

Predicted value (mg/dL)

@ Springer



74

J Pharmacokinet Pharmacodyn (2015) 42:67-77

Table 3 Pharmacodynamic parameters estimate for the reduction of hepatic Apo-B mRNA expression and plasma total cholesterol concen-

tration after subcutaneous administration of ASO in mice

Parameters Description Estimates CV (%)
Kout.mrna (/h) Degradation rate constant of mRNA 0.067 22
SC50,rNA (mg/kg) ASO concentration in the sub compartment reducing 50 % of Smax;,rna 17.3 9.9
Smaxrna (%) Maximum reducing effect of the mRNA 100 Fixed
Kout,vLpL (/h) Degradation rate constant of VLDL 0.16 30
1C504,0 (% of control) Ry1pr reducing 50 % of Imaxcp, 73 3.1
Imax.,, (mg/dL) Maximum hypocholesterol effect of VLDL 64.9 Fixed
v Hill function 3.6 14
Fig. 5 Comparison of (a) (b)
simulated values (solid line) 10 _ 120
with the observed values < ° i
(triangles) of hepatic ASO 3 g zE 100
concentration, Apo-B mRNA o g ES g0
expression and plasma total Nec ¢ mo
. <o o
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elimination phase [1, 7]. Most of the ASOs are taken up by
tissues such as the liver and kidney from the systemic
circulation. In this study, the ASO after subcutaneous
administration showed biphasic decline from the plasma,
and quickly distributed to the liver (Fig. 2), as reported
previously [11]. The plasma and hepatic ASO concentra-
tions could be analyzed with two-compartment models, and
the model appeared to provide a reasonable fit of the
observed concentrations. However, the CV values of ky,p
and ky; p, which were first-order rate constants between
plasma and peripheral compartments, were slightly large
because the terminal elimination phase of plasma at 24 h
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could not be adequately evaluated due to limitation of the
analytical method (the lower limit of quantification of LC—
MS/MS: 30 ng/mL). As a method for analyzing ASO,
hybridization ELISA has very high sensitivity (sub-ng/mL
level) and can evaluate the terminal elimination phase of
plasma, but it can not distinguish full-length ASO
(unchanged form) from the metabolites, resulting in cross-
hybridization and overestimation of the unchanged ASO
concentration [14, 15]. In this study, we used LC-MS/MS
because of its high sensitivity (ng/mL level) and selectiv-
ity. We considered it to be appropriate for the PK—PD
modeling of unchanged ASO in the plasma and liver.
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However, at present, LC-MS/MS can not detect sub-ng/mL
levels [13, 15, 16]. We also could not characterize the
equilibrium between plasma and liver although Yu et al.
suggested that the plasma concentration of ASOs in the
terminal phase represents the equilibrium with the liver
[10]. We could not also characterize the elimination from
the plasma compartment. The predicted values with our
PK-PD model correspond well to the observed ones (Fig. 4
and 5), suggesting that deleting these parameters has only a
small impact on this analysis. Therefore, additional studies
are required to evaluate the elimination phase of plasma,
the equilibrium between plasma and liver and the elimi-
nation from the plasma compartment in order to adequately
understand the PK—PD model when the sensitivity of LC—
MS/MS can be improved.

We described the amount of ASO in the sub-compart-
ment for the promotion of mRNA degradation. Regarding
the mechanism of intracellular trafficking of ASO, there are
the two distinct pathways of the productive uptake pathway
and the non-productive uptake pathway [17, 18]. The
productive uptake pathway, which delivers ASO to the
target mRNA cellular component (nucleus), physiologi-
cally means that part of the ASO after cellular uptake
escapes from endosomes via endocytosis and enters the
nucleus, while the non-productive uptake pathway, which
does not deliver ASO to the target mRNA, physiologically
means that other ASO after cellular uptake move to the
lysosome via endocytosis and are eventually degraded. We
represented the sub-compartment as the productive uptake
pathway to enter the nucleus, hybridize mRNA and pro-
mote mRNA degradation by RNase H. The non-productive
uptake pathway was considered to be a degradation path-
way in the liver, and included part of the elimination (ke; )
from the liver compartment.

The distribution volume of ASO in the liver compart-
ment was represented as Vd; /F, which was the value of the
liver volume adjusted for the distribution ratio of ASO
from the plasma compartment to the liver compartment.
We represented it as Vdi/F because the value of Vd
adjusted by F (approximately 10 % of the dosing in this
study) was similar to that of the physiological liver volume
of the mouse (0.065 L/kg) [19], and the bioavailability of
second-generation ASOs after subcutaneous administration
is generally very good [1].

Regarding the pharmacological mechanism of ASO,
hepatic Apo-B mRNA expression was well described by an
indirect response model (Fig. 3a, b). Two mechanisms are
known for translational inhibition of ASO: (i) induction of
cleavage of the target RNA by RNase H and (ii) blockage
of the translational apparatus [20]. In this study, we used
the LNA gapmer which induces cleavage of the target
RNA by recruiting RNase H as a major pathway to trans-
lational inhibition [5, 6]. We incorporated only the former

into the model and described the indirect response model,
as did previous reports [11, 12]. The predicted profiles
could also be described precisely at an early phase
(Fig. 3b).

With respect to the plasma total cholesterol profiles, it
was necessary to insert an additional compartment, the
VLDL compartment, in order to describe the time lag
between Apo-B mRNA and plasma cholesterol concen-
tration with an indirect response model (Fig. 3c, d). As
Apo-B is known to causes production of VLDL in the liver,
its reduction suppresses VLDL production, and the reduc-
tion of VLDL subsequently causes the reduction of LDL
and eventually affects the reduction of the plasma total
cholesterol level. Therefore, the currently obtained time lag
for the Apo-B mRNA expression and plasma cholesterol
concentration might indicate such processing events to
form total cholesterol in plasma. We considered this PD
model to be more intuitive although we did not measure the
profiles of VLDL and LDL after ASO administration. By
introducing the VLDL compartment, the time-course of
plasma total cholesterol could also be described precisely
at an early phase (Fig. 3d). The IC50,, value was esti-
mated to be 73 %, indicating that the maximum effect of
the reduction does not lead to zero plasma total cholesterol
because reduction of Apo-B mRNA expression does not
affect high-density lipoprotein, which constitutes part of
the plasma total cholesterol [5]. The Hill function was
estimated to be 3.6 (Table 3), indicating that plasma total
cholesterol increases steeply with a change in the hepatic
Apo-B mRNA expression. Such pharmacometric approa-
ches would be useful for understanding the pharmacolog-
ical mechanism of ASO and designing an effective
pharmacological study. Thus, we were able to analyze
hepatic Apo-B mRNA and the plasma total cholesterol by
inserting appropriate compartments of the pharmacological
mechanism. On the other hand, some disparities between
the observed and simulated values were observed in the
plasma total cholesterol after administration at 10 mg/kg.
Such disparities may be reduced by using detailed analysis
of LDL because reduction of Apo-B directly suppresses the
production of VLDL and LDL. In addition, we consider
that an appropriate value for Imax.p,, may be determined by
detailed analysis of LDL although we have expedientially
fixed the Imax.p, at 64.9 mg/dL which is the basal level of
control. In order to accurately predict its efficacy and set
the appropriate value of Imax., additional studies are
required to develop the PK-PD model based on detailed
analysis of cholesterol.

Yu et al. reported an in vivo PK-PD model for ASO
with the indirect response model assuming that ASO
induced the degradation of the target RNA by stimulation
of RNase H, and could subsequently predict the reduction
of the target RNA from the ASO concentration of
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hepatocytes after single or multiple administration [11].
They described a two-compartment model of hepatocytes
and non-parenchymal cells in the liver. The ASO concen-
tration of hepatocytes could not be precisely quantitated
because ASOs preferentially accumulate in non-parenchy-
mal cells, and the concentration was affected by the dosing
amount and time after dosing [11, 21]. On the other hand,
we described a liver two-compartment model with sub-
compartments for intracellular trafficking and develop-
mentally added the plasma ASO concentration and the
therapeutic biomarker response, which are clinically
available, into the model for accurate prediction of the
hepatic ASO concentration and better efficacy. Callies
et al. reported a PK-PD model for human ASO exposure
and therapeutic biomarker response from preclinical PK
and pharmacological data [12]. They could predict the
plasma ASO concentration in human. However, they could
not predict the tumor ASO concentration, target RNA and
protein in human because the model integrated from pre-
clinical PK and pharmacological data could not be physi-
ologically interlocked, and its estimated parameters of the
model were not relevant physiological values in human. In
addition, anti-tumor efficacy of human is different from
that of the preclinical tumor model. We developed the PK—
PD model using the physiologically interlocked PK and
pharmacological data. However, our model has only been
applied to the mouse and remains untested in non-rodents
and humans. In order to accelerate translational research
for ASOs, additional studies are required to evaluate the
feasibility of this PK-PD model for chimeric mice with
humanized liver, other animal species and humans.

In the estimation of pharmacokinetic parameters, ka was
relatively large (8.5/h). The ka of second-generation ASOs
in mice would be relatively large because the ASOs are as
water-soluble and metabolically stable as antibiotics, and
the ka of antibiotics in mice was relatively large (20.5/h)
[22]. The kep was approximately 72 times larger than key ;
this was reasonable because the t;,, of the liver calculated
by non-compartment model analysis was 6071 times lar-
ger than that of the plasma. In addition, our PK—PD model
was developed based on reasonable data because Straarup
et al. reported the t;,, (9—14 days) of liver and the hepatic
ASO concentrations at 24 h after administration (1, 5 and
10 mg/kg: approximately 0.7, 5 and 8 pg/g), and these
values were comparable to those of our study. In the esti-
mation of pharmacodynamic parameters, the value
(17.3 mg/kg) of SC50,,rna Was converted into 1.5 pg/g of
liver adjusted by the physiological liver weight of the
mouse (87.5 g of liver/kg of body weight) [19]. It was
similar to the value (<10 pg/g liver) of hepatic ASO con-
centration reducing 50 % of Apo-B mRNA [5]. The value
(10.3 h) of the half-life calculated by Koy mrna Was com-
parable to the value (16 h) of half-life for degradation of

@ Springer

Apo-B mRNA [23]. These findings suggest the reason-
ableness of the SC50,,rna and Kouemrna calculations.

After repeated administration of ASO, the simulated
values of our PK-PD model showed a close fit with the
observed values (Fig. 5). Our PK-PD model could capture
the initial distribution phase following administration, as
above stated. In general, the plasma exposure of the initial
distribution phase dominates the total plasma exposure, and
little or no accumulation of C,,,, and total AUC is observed
by repeated administrations [1]. Therefore, except for the
terminal elimination phase following administration, our
PK-PD model could be applied to multiple dose conditions
and be useful for designing various types of pharmaco-
logical studies. This PK—PD model might be adaptable to
various liver-targeted ASOs because the pharmacokinetics
and pharmacological mechanism of the second-generation
ASOs appear to be very similar [1, 7].

In conclusion, we successfully developed a PK-PD
model to predict the hepatic ASO concentration and its
efficacies from plasma ASO concentration in mice. To
develop a PK-PD model based on the mechanisms of
ASOs, we described the plasma and hepatic ASO con-
centration with linear two-compartment models. In addi-
tion, we inserted two indirect response models for mRNA
and plasma total cholesterol. This PK-PD model could be a
useful tool for suggesting PK and pharmacological study
protocols for various liver-targeted second-generation
ASO:s.
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