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Pharmacokinetics of a Cholesterol-conjugated Aptamer
Against the Hepatitis C Virus (HCV) NS5B Protein

Chang Ho Lee', Soo-Han Lee?, Ji Hyun Kim', Yook-Hwan Noh3, Gyu-Jeong Noh*® and Seong-Wook Lee!

Hepatitis C virus (HCV) is the major cause of progressive liver disease such as chronic hepatitis, cirrhosis, and hepatocellular
carcinoma. Previously, we reported that a 29 nucleotide-long 2’-F pyrimidine modified RNA aptamer against the HCV nonstructural
protein 5B efficiently inhibited HCV replication and suppressed HCV infectious virus particle formation in a cell culture system.
In this study, we modified this aptamer through conjugation of cholesterol for in vivo availability. This cholesterol-conjugated
aptamer (chol-aptamer) efficiently entered the cell and inhibited HCV RNA replication, without any alteration in gene expression
profiling including innate immune response-related genes. Moreover, systemic administration of the chol-aptamer was well
tolerated without any abnormalities in mice. To evaluate the pharmacokinetics of the chol-aptamer in vivo, dose proportionality,
bioavailability, and pharmacokinetic parameters were evaluated by noncompartmental analyses in normal BALB/c mice.
Population analysis was performed using nonlinear mixed effects modeling. Moreover, the pharmacokinetics of two different
routes (intravenous, IV, versus intraperitoneal, IP) were compared. Cholesterol conjugation showed dose proportionality,
extended the time that the aptamer was in the plasma, and enhanced aptamer exposure to the body. Noticeably, the IV route was

more suitable than the IP route due to the chol-aptamer remaining in the plasma for a longer period of time.
Molecular Therapy—Nucleic Acids (2015) 4, e254; doi:10.1038/mtna.2015.30; published online 6 October 2015
Subject Category: Nucleic acid chemistries Aptamers, Ribozymes and DNAzymes

Introduction

HCV infection affects more than 170 million people world-
wide and is the source of 27% of liver cirrhosis cases and
25% of hepatocellular carcinoma cases.'2 Until recently, HCV
infection has been treated with a combination of pegylated
interferon-o. (PEG-IFNo) and ribavirin. However, this therapy
is associated with many side effects, and also has numer-
ous contraindications in the case of genotype 1, with only
roughly 50% of patients being able to support a sustained
viral response.® In 2011, FDA approval of telaprevir (Incivek)
and boceprevir (Victrelis), direct-acting antivirals targeting
the HCV NS3 protease, gave confidence in conquering HCV
infection, however both drugs still require combination treat-
ment with PEG—IFNo and ribavirin, and are also prone to
the appearance of drug resistance viruses.*> Moreover, the
sale and distribution of telaprevir was discontinued in the
United States by October 16th, 2014 (http:/freepdfhosting.
com/f75f8bac14.pdf), and boceprevir is also expected to be
discontinued by December 2015 (http://www.fda.gov/down-
loads/drugs/drugsafety/drugshortages/ucm430818.pdf)
because of available alternative treatments and the diminish-
ing market demand. Although additional direct-acting antivi-
rals are now on market or being developed, more specific,
effective, and safe direct-acting antivirals are required.

RNA aptamers have been considered attractive alterna-
tives to small molecule- and antibody-based drugs. RNA

aptamers can be used in clinical areas due to their excel-
lent specificity, high affinity, ease of large-scale synthesis by
chemical methods, pharmaceutical amenability, and poor
immunogenicity.®” Aptamers can be evolved by systematic
evolution of ligands by exponential enrichment (SELEX), an
iterative selection method, and can bind target proteins with
high affinity and specificity via the formation of complemen-
tary three-dimensional structures.®® DNA or RNA aptamers
that target HCV proteins such as NS3,'-'3 NS5B, 18 E1E2,1°
or viral RNA2°2" have previously been reported. However,
most of these have only been tested in a cell culture sys-
tem and were not tested in animal models. Previously, we
have shown that a 29 nucleotide length 2’-F modified RNA
aptamer against the HCV non-structural protein 5B (NS5B)
could efficiently inhibit HCV replication of both 1b and 2a
genotypes, and suppress HCV infectious virus particle for-
mation without the generation of escape mutant viruses and
cellular toxicity in a cell culture system.’® Moreover, we have
delivered a therapeutically amenable amount of the aptamer
in vivo, to liver tissue in mice.’® However, it should be exam-
ined whether the aptamer has the desired pharmacokinetic
properties for its pharmaceutical application.

There are three major hurdles of drug metabolism and
pharmacokinetics (DMPK) in the systemic administration
of oligonucleotides including aptamers, such as metabolic
instability, rapid renal filtration and elimination of non—pro-
tein-bound oligonucleotides, and rapid biodistribution from
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the plasma compartment into the tissues.?? To overcome
these limitations of DMPK, the aptamer should be modified
and optimized by various in vitro and in vivo methods, and
pharmacokinetic analysis is important to accomplish these
modifications and optimization.2® Pharmacokinetic analysis is
essential to describe the movement and action of a drug in
the body compartments such as blood, interstitial bodily fluid,
and tissue/organs. For instance, noncompartmental analysis
for pharmacokinetics can provide drug exposure, bioavail-
ability, and total clearance, and compartmental analysis can
describe and predict the concentration—time relationship
using kinetic models.?*

In the current work, we examine the ability of a choles-
terol-conjugated 29 nucleotide-long 2’-F modified aptamer
against HCV NS5B on internalization and inhibition of
HCV replication in a cell culture system. In addition, using
microarray, we investigate whether any undesirable altera-
tion in the gene expression pattern may be induced by the
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treatment of the conjugated aptamer. Moreover, we assess
the toxicity of the conjugated aptamer by a dose escalation
study and 100 mg-kg~"' intravenous injection of the aptamer
twice a day for 2 weeks in a chimeric mouse with a human
liver (PXB-mouse). Finally, we evaluate the pharmacoki-
netics of this cholesterol-conjugated aptamer by noncom-
partmental and population analyses, and also compare
intravenous (IV) with intraperitoneal (IP) administration in
normal BALB/c mice.

Results

A cholesterol-conjugated aptamer efficiently internalized
and inhibited HCV replication

To develop RNA aptamer against HCV NS5B' as a thera-
peutic agent, it is important to achieve intracellular deliv-
ery to target organs and tissues using modifications that
would allow the aptamer to persist in the body for prolonged
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Figure 1 Chol-aptamers efficiently internalize into Huh-7 and hepatitis C virus (HCV) replicon cells and inhibit HCV replication.
(a) Structure of the cholesterol and inverted d(T)-conjugated aptamer. (b) Internalized chol-aptamers were detected using qRT-PCR. Averages
of three independent measurements are shown with SD. (¢) Huh-7 and HCV-replicon cells were incubated with 4 pmol/I chol-aptamer for
48 hours. Cells were then fixed and the chol-aptamers were detected using a PNA probe, and the HCV NS5A proteins were visualized with
an anti-NS5A monoclonal antibody. (d) HCV subgenomic RNA levels in the chol-aptamer- or mutant (mt) chol-aptamer-treated cells were
analyzed using gRT-PCR and expressed relative to the level in untreated cells. Averages of 3 independent measurements are shown with SD.

*P<0.05;**P<0.01; **P < 0.002.
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systemic exposure. To this end, we conjugated a cholesterol
moiety at the 5’ end of the 2’-F modified 29 nucleotide long
RNA aptamer against the HCV NS5B protein, since cho-
lesterol conjugation of oligonucleotide molecules has been
reported to increase the plasma half-life through association
with plasma lipoproteins, and to promote hepatic cell uptake
viareceptor-mediated endocytosis.?>>” Moreover, we further
modified this aptamer by attaching inverted d(T) to the 3’end
in order to increase the stability of the aptamer through the
prevention of degradation by cellular RNases?® (Figure 1a).
Cholesterol and inverted d(T)-conjugated aptamers (chol-
aptamers) were internalized into HCV 1b subgenomic
replicon cells dose-dependently, and ~35 pg chol-aptam-
ers (corresponding to ~2.1x107 aptamer copies) were
detected per 1 pg total RNA at a concentration of 4 ymol/l
chol-aptamer in treated HCV-replicon cells (Figure 1b).
Huh-7 and HCV-replicon cells were treated with 4 pmol/l
chol-aptamer to directly visualize internalized chol-aptam-
ers through in situ hybridization (Figure 1c). Although not
quantitatively measured, the chol-aptamer signal was read-
ily detected in both cell lines, and more chol-aptamer was
detected in HCV-replicon cells than in naive Huh-7 cells
(Figure 1c, compare line 2 and 4). Moreover, the HCV
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NS5A protein signal was significantly reduced in the HCV-
replicon cells showing chol-aptamer signal (Figure 1c,
compare line 3 and 4). Of note, in contrast with no effects
by the mutant chol-aptamers as control, chol-aptamers
efficiently inhibited the replication of the HCV type 1b sub-
genomic replicon dose-dependently (Figure 1d) by up to
~80% at a concentration of 4 pmol/l. Taken together, these
data suggest that chol-aptamers can efficiently internalize
into HCV-replicon cells and inhibit HCV replication.

Chol-aptamers do not induce cellular toxicity

To determine whether treatment of cells with the chol-aptamer
induces unwanted changes in the global gene expression
pattern, we studied the gene expression profile using two
independent sets of oligonucleotide microarray experiments
(Figure 2). Changes in the mRNA levels were analyzed
by comparing cholesterol-, aptamer-, and chol-aptamer-
treated samples with control (saline treated) samples. To
find mRNAs that could be specifically affected by the chol-
aptamer, we compared chol-aptamer-treated samples with
cholesterol- or aptamer-treated samples, each RNA level
of which was normalized to the mock-treated sample. When
compared with cholesterol- or aptamer-treated samples, the
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Figure 2 Chol-aptamer effect on gene expression response and cell viability. Scatter plot analysis of normalized microarray expression
data from Huh-7 cells treated with cholesterol, aptamer, or chol-aptamer (a—c). (d) Huh-7 cells were treated with increasing amounts of poly
(I:C), cholesterol, or chol-aptamer. Two days later, a cell viability test was performed using Celltiter 96 Aqueous one solution reagent (Promega)

and estimated by assessing the absorbance at 490 nm.
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Figure 3 In vivo tolerability test of chol-aptamers in PXB-mice. (a) To determine the tolerability of chol-aptamers, mice were intravenously
injected twice a day (BID) with an exponentially-increasing dose for 7 days. The group composition and injection schedule is indicated (Upper).
The first day of administration was set as day 0. At each administration, individual body weights were examined (Bottom). (b) To evaluate
the tolerability of the chol-aptamers, mice were intravenously injected with 100 mg-kg~' chol-aptamer twice a day for 2 weeks. The group
composition and injection schedule is indicated (Upper). The first day of administration was set as day 0. At each administration, individual
body weights were also observed (Bottom). Numbers 101 to 105 indicated individual mouse.

chol-aptamer-treated sample did not induce any notable
changes in the gene expression profile (Figure 2a—c). Fur-
thermore, we could not observe any innate immune-related
genes showing >2-fold changes compared with cholesterol-
treated samples when using a P < 0.05 data set. Moreover,
we validated microarray data using quantitative reverse tran-
scriptase polymerase chain reaction (QRT-PCR) analysis of
innate immune genes such as IFNA-2, IFNB, TLR-3, MDAS5,
RIG-I, PKR, OAS-1, and MX-1 (data not shown).'® Coinci-
dently with the microarray data, the chol-aptamer did not
affect cell viability up to a concentration of 5mg/ml, compared
to poly (I:C) transfection which induces innate immune gene
response'® and thereof affects cell proliferation® (Figure 2d).
Consequently, these data suggest that the chol-aptamer nei-
ther induced any change in the cellular gene expression pro-
file including innate immune-related genes nor in cell viability.

In vivo toxicity test of the chol-aptamer

To test the tolerability of the chol-aptamer in an in vivo model,
we used a uPA**/SCID-based chimeric mouse with a healthy
and functional liver that has been 70-90 percent repopulated
by human hepatocytes (PXB-mice).>* Chol-aptamers were
intravenously administered twice a day with an exponentially-
increasing injection dose for 7 days (Figure 3a, Upper).
During injection periods, there were no abnormalities in the
general condition of the mice, such as appearance, activ-
ity, body temperature, and perianal region, and no apparent
change was observed in body weight (Figure 3a, Bottom,
and Supplementary Table S1). When 100 mg-kg~' chol-
aptamer were intravenously injected twice a day for 2 weeks
(Figure 3b, Upper), we also did not observe any abnormali-
ties in the general condition of the mice or a change in body
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weight (Figure 3b, Bottom, and Supplementary Table S2).
These results, including the in vitro toxicity data, suggest that
the chol-aptamer has suitable properties for in vivo applica-
tion in respect to in vivo safety.

Noncompartmental pharmacokinetic analyses

Since PXB-mice have abnormal cholesterol and lipoprotein
levels in their blood compared with normal mice (data not
shown), they are not appropriate for studying pharmacoki-
netics of cholesterol-conjugated oligonucleotides, which use
plasma lipoproteins to increase the plasma half-life and for
hepatic cell uptake.?>2” Therefore, in order to evaluate in vivo
pharmacokinetic properties of the chol-aptamer, 1, 10, and
100 mg-kg~' chol-aptamer, or 100 mg-kg™" non-cholesterol-
conjugated aptamer were administered to male BALB/c
mice intravenously through the tail vein or 100 mg-kg~" chol-
aptamer were intraperitoneally injected. Using the destruc-
tive sample technique, venous blood samples were collected
immediately before administration (0O hour) and at 0.25, 0.5,
1,2, 4, 8, 12, and 24 hours after administration. Figure 4a,b
shows the average plasma concentration—time profiles for the
chol-aptamer after IV and IP administration in mice. Table 1
shows the pharmacokinetic parameters of the aptamer that
were calculated by noncompartmental methods. In the lin-
ear regression between the log transformed total dose and
AUC, , the slope was 1.103 (95% Cl = 0.8528-1.354) for the
chol-aptamer IV group. As shown in Figure 4c, the 95% Cls
of the slopes were close to 1, suggesting dose proportionality.
These linear pharmacokinetics were also demonstrated by
finding that the areas under the plasma concentration—time
curves from time 0 to infinity, normalized by dose (AUC,_/dose)
for the dose of 1, 10, and 100 mg-kg~' chol-aptamer, were
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Figure 4 Noncompartmental pharmacokinetic analyses of the chol-aptamer. (a) The time course of plasma aptamer concentrations following
IV administration at a dose of 1, 10, and 100mg kg™' chol-aptamers (Chol), or 100 mg kg~' non-cholesterol aptamer (Non-chol). (b) The time course
of plasma aptamer concentrations following IP administration at a dose of 100 mg-kg~' chol-aptamer was compared with IV administration. Data
are presented as the mean + SD (n = 3 for each administration). (¢) The relationship between the area under the curve from administration to

infinity (AUC.

inf?

2.6+1.8,1.3+0.39, and 3.9+0.39 hour-ug-ml-'-mg-", respec-
tively (P = 0.072). The T__ after IV administration was 0.25
hours with both cholesterol-conjugated and non-cholesterol-
conjugated administration, however the T__ after IP admin-
istration (0.67 +0.29 hours) increased 2.7 times relative to IV.
The C_, after IV administration was 6.7 times higher than
after IP administration (728+47 versus 109+45 pg-ml-'),
and the chol-aptamer showed a seven to eight times higher
C,., than the non-cholesterol-conjugated aptamer (728 +47
versus 97 £8.7 pg-ml-"). The half-lives after IV administration
of the chol-aptamers were about 10 to 14 hours, and half-
life of non-cholesterol-conjugated aptamer (5.8+2.1 hours)
was approximately half of that of the chol-aptamer. Interest-
ingly, the half-life after IV administration was approximately
five to six times longer than after IP administration (2.4+0.62
hours). AUC,_, after IV administration (382+40 hour-ug-ml')
was two to three times larger than after IP administration
(160+103 hour-pg-ml-'), indicating that drug exposure to the
body was two to three times larger when the aptamer was
administered by IV route, compared with IP route. AUC__
of the chol-aptamer was eight times larger than that of the

pg-hour-ml-') and the total dose (mg) of the chol-aptamer after log transformation. Cl, confidence interval.

non-cholesterol-conjugated aptamer (Table 1). Relative bio-
availability of non-cholesterol-conjugated administration over
cholesterol-conjugated administration was 8.51% (Figure 4a).
The absolute bioavailability of the aptamer was calculated as
40.52% for IP administration (Figure 4b).

Population

chol-aptamer
The pharmacokinetic characteristics of the chol-aptamer
were best characterized using a two-compartment linear
model (Figure 5a). Goodness-of-fit and conditional weighted
residuals are depicted in Figure 5b,c, respectively. Popu-
lation pharmacokinetic parameter estimates and median
parameter values (2.5-97.5%) of the nonparametric boot-
strap replicates of the final models for the chol-aptamer are
summarized in Table 2. The dose was determined based
on the body weight of each individual. The inclusion of body
weight as a covariate did not contribute additional informa-
tion to explain pharmacokinetic variability based on improve-
ment of the objective function value in hierarchical models,
model convergence, and diagnostic graphics. Therefore, no

pharmacokinetic analyses for the
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Table 1 Noncompartmental pharmacokinetic parameters of cholesterol and non-cholesterol aptamer following intravenous (IV) or intraperitoneal (IP) adminis-

tration in mice

Cholesterol aptamer

Non-cholesterol aptamer

Parameter 1 mg-kg™ (IV) 10 mg-kg™ (IV) 100 mg-kg™ (IV) 100 mg-kg™' (IP) 100 mg-kg™' (IV)
t,, (hours) 10+5.8 14+10 11+12 2.4+0.62 58=+2.1
t . (hours) 0.25+0.00 0.25+0.00 0.25+0.00 0.67+0.29 0.25+0.00
C. o (Hg-mlT) 2.7+0.60 46+12 728+47 109+45 97+8.7
AUC,, (Hg-hour-ml) 2.0£1.1 13+3.9 382+40 160+103 4617
AUC,, (ug-hour-ml) 26+1.8 13+3.9 385+39 161+103 4617
AUC, ..o (%) 21:8.0 0.57+0.62 0.58+0.72 0.10£0.16 0.03+0.01
V, (kg™) 5.9+0.89 17+15 4.4x45 2.9+1.8° 21+14
Cl (I-hour'-kg™) 0.50+0.27 0.81+0.26 0.26+0.025 0.78+0.372 2.4+0.86
MRT,_, (hours) 6.2+1.0 0.38+0.05 0.64+0.07 1.3+0.14 0.53+0.21
V., (I-kg") 57+1.4 0.61+0.53 0.25+0.12 — 1.2+0.01

Data are expressed as mean + SD (n = 3 for each administrations).
AUC

last’

area under the curve from administration to the last measured concentration; AUCW, area under the curve from administration to infinity; AUC,

%Extrap’

percentage of the extrapolated area under the curve at the total area under the curve; C,__, maximal concentration; Cl, clearance volume of the plasma cleared

of the aptamer per unit time; MRT __,
V,, volume of distribution; V_, volume of distribution at steady state.

Mean residence time to the last measured concentration; ¢, ,, terminal half-life; t .o time at maximal concentration;

aVolume and clearance for IP administration are actually volume/F or clearance/F where F is the fraction of dose absorbed.

covariate was included in the final population pharmacoki-
netic model. Importantly, the available data for this investiga-
tion contained a relatively small number of subjects and a
limited age range, thus, formal hypothesis (significance) test-
ing for covariate effects did not find any significant covariates.
The percentage of data distributed outside the 95% predic-
tion intervals of the predictive check is 1.39%, and the visual
predictive check plots are shown in Figure 5d.

Discussion

In the present study, we chemically conjugated cholesterol
and inverted d(T) to the previously described 29 nucleotide,
2'-F-modified aptamer against HCV NS5B'® for in vivo appli-
cation, and characterized its pharmaceutical properties. The
modified aptamers are efficiently internalized and inhibit geno-
type 1b HCV subgenomic RNA replication in human liver cells
(Figure 1), without induction of cellular toxicity or alteration of
gene expression profiling (Figure 2). Similar to the cell cul-
ture system, chol-aptamers do not induce any abnormalities
in mice intravenously injected twice-daily using the following
two protocols: (i) starting with 0.5 mg-kg™', the administration
dose of chol-aptamer was exponentially increased for 7 days
(Figure 3a); (i) 100 mg-kg~' chol-aptamer was administered
for 2 weeks (Figure 3b). These results strongly suggest that
the cholesterol-conjugated aptamers inhibit HCV replication
without nonspecific binding to cellular proteins or induction of
innate immunity.

In order to be used as a therapeutic agent, the aptamer
should have characteristics such as remaining in the plasma
compartment for an extended period of time. Furthermore,
the aptamer must be modified to increase metabolic stabil-
ity, slow distribution from the central compartment, and slow
renal filtration and elimination.? In the present study, we eval-
uated the pharmacokinetics of the cholesterol-conjugated
aptamer against HCV NS5B using noncompartmental and
population pharmacokinetics. The difference in pharmaco-
kinetics between the IV and IP route was compared, and
the efficiency of cholesterol-conjugation of the aptamer was

Molecular Therapy—Nucleic Acids

evaluated by comparison to a nonconjugated aptamer. The
half-life of the cholesterol-conjugated aptamer was longer
than that of the non-cholesterol-conjugated aptamer, and in
accordance, cholesterol conjugation reduced the clearance
(cholesterol-conjugated versus non-cholesterol-conjugated,
0.26+0.025 versus 2.4+0.86 I-hour-'-kg-') by appoximately
nine times (Figure 4 and Table 1). Steady state refers to the
dynamic equilibrium between the overall intake and elimina-
tion of a drug after regular dosing.* The steady-state con-
centration of antisense oligonucleotides can be predicted
on the basis of half-life only, and the steady state or near
steady-state concentration can be reached when three to five
times the half-life is passed after administration.?? Here, the
predicted time to attain the steady state was approximately
33-55 and 17-29 hours for the cholesterol-conjugated and
non-cholesterol-conjugated aptamer, respectively, according
to the half-lives of each aptamer after IV administration of
100 mg-kg' (cholesterol-conjugated versus non-cholesterol-
conjugated, 11+12 versus 5.8+2.1 hours). It is thought that
cholesterol conjugation of an aptamer can induce delay in
the time taken to reach a steady state, but it can also extend
the time that the aptamer remains in the plasma, shown
here by the cholesterol-conjugated aptamer having a longer
half-life (cholesterol-conjugated versus non-cholesterol-con-
jugated, 11+12 versus 5.8+2.1 hours) and less clearance
(cholesterol-conjugated versus non-cholesterol-conjugated,
0.26+0.025 versus 2.4+0.86 I-hour-'-kg~') than the non-
cholesterol-conjugated aptamer after IV administration of
100 mg-kg™". In addition, the cholesterol-conjugated aptamer
showed fast k., (2.7 hour) and slow k,, (0.0023 hour)
population pharmacokinetics, which strongly suggests that
the aptamer is likely slowly released once it is rapidly trans-
ferred from the central compartment (e.g., plasma) to periph-
eral compartments (e.g., tissue and organ) (Figure 5 and
Table 2). According to the comparison of AUC__ between
the cholesterol-conjugated (382+40 pg-hour-ml-') and non-
cholesterol-conjugated aptamer (46+17 pg-hour-ml-"), and
the relative bioavailability of the non-cholesterol-conjugated
aptamer over the cholesterol-conjugated aptamer (8.51%),
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Figure 5 Population pharmacokinetic analyses of the chol-aptamer. (a) Diagram of the population pharmacokinetic model of the RNA
aptamer. 1V, intravenous administration; A(1), drug amount in the central compartment; A(2), drug amount in the peripheral compartment;
k,,, elimination rate constant from the central compartment; k,,, transfer rate constant from the central compartment to the peripheral
compartment; k,,, transfer rate constant from the peripheral compartment to the central compartment. (b) Goodness-of-fit plots for the final
model. Observed (LNDV, natural log of data) versus population predicted (PRED) concentrations (left panel). LNDV versus individual predicted
(IPRED) concentrations (right panel). Dashed line is a line of identity. (¢) The conditional weighted residuals (CWRES) as a function of time
for the final population pharmacokinetic models of the chol-aptamer. The dashed line is a line of identity. (d) Predictive checks of the aptamer
in the plasma based on 1,000 datasets for IV administration. A small portion of data (1.39%) was distributed outside the 95% prediction
intervals, indicating that the final pharmacokinetic model for both formulations were adequate to describe the time-courses of the aptamer
plasma concentrations. The gray filled area represents the model’'s 95% prediction interval.

Table 2 Population pharmacokinetic parameter estimates, interindividual cholesterol conjugation enhanced aptamer exposure to the
variability (IIV, %CV), and median parameter values (2.5-97.5%) of the body (Table 1).
nonparametric bootstrap replicates of the final pharmacokinetic model of Dose proportionality is a desirable property as it makes

the chol-aptamer after intravenous administration

predicting the effects of dose adjustments easier.?! It may be

Parameter Estimates (RSE) Median (2.5-97.5%) mainly affected by dose range, but not by species or size.
v, (mi) 330 (18.1) 8.16 (2.01-4.67) The cholesterol-conjugated aptamer showed dose propor-
kio (hour™) 0.967 (94.0) 1:22 (0.256-2.73) tionality in the ANOVA of dose-normalized AUC, , values and
Vo (%) 53.00 (52.3) 76.20 (41.5-141) the power model, meaning that increases in the adminis-
Ky, (hour™) 2.70 (49.6) 2.34 (0.321-3.87) tered dose of the aptamer are accompanied by proportional
IV, , (%) 187.1(16.3) 136.0 (102-154) increases in the measurements of exposure. In agreement,
k,, (hour™) 0.00232 (78.4) 0.00378 (0.00101-0.0295) the C_,, increased approximately 16 times according to a 10
¢ 0.585 (9.8) 0.557 (0.400-0.656) times increase in the IV dose of the cholesterol-conjugated
Interindividual random variability and residual random variability were aptamer (2.7+0.60, 46+12, and 728 +47 hour-ug-ml-* for 1,
modeled usinlg log-normal modgl and additive error mocfel, respectively. 10, and 100 mg-kg", respectively) (Figure 4 and Table 1).

Nonparametric bootstrap analysis was repeated 1,000 times. . As mentioned above, the dosing method, which can result
k,,, transfer rate constant from the central compartment to the peripheral . = . i .

compartment; k,,, transfer rate constant from the peripheral compartment in the plasma concentration remaining for an extended period
to the central compartment; 62, variance of residual random variability; of time, may be beneficial in aptamer administration. Sev-
RSE, relative standard error = standard error/mean x 100 (%); eral studies have described pharmacokinetic characteristics

V,, central volume of distribution; k., elimination rate constant from the

10 of aptamers by nonintravenous routes such as subcutane-
central compartment.

ous, intravitreal, and IP administration.®*-%¢ In general, drugs
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administered by non-intravenous route have a longer half-life
than that by 1V administration.®” Drugs administered by subcu-
taneous route show lower plasma concentrations and shorter
elimination time than IV drugs because of slow absorption
rate from the administered site and low bioavailability,?® and
IP administration is regarded as the same with similar rea-
sons. However, aptamer has longer half-life when given by
IV versus subcutaneous® or |IP administration.®* Moreover,
here, IV administration of the cholesterol-conjugated aptamer
showed a longer half-life and a smaller clearance than IP
administration (Table 1). IV administration route extended the
remaining time of the aptamer in plasma and IP route has
smaller aptamer exposure to the body regarding the smaller
AUC,_ and bioavailability. Therefore, we can hypothesize that
a cholesterol conjugated-aptamer should be administered via
intravenous route to ensure it remains in the plasma compart-
ment for an extended period of time.

In conclusion, we have demonstrated the pharmacokinetic
properties of a cholesterol-conjugated aptamer using a two-
compartment model, and have shown the dose proportion-
ality. Cholesterol conjugation may extend the time that the
aptamer remains in the plasma, thus enhancing aptamer
exposure to the body. In addition, an IV administration route
of a cholesterol-conjugated aptamer is more suitable than an
IP route, due to the aptamer remaining in the plasma for a
longer period time. Therefore, cholesterol-conjugated RNA
aptamer against the HCV NS5B could be pharmaceutically
useful for in vivo therapeutic purposes especially via IV
administration route.

MATERIALS AND METHODS

Cells. Huh-7 human hepatoma cells were cultured in Dulbec-
co’s modified Eagle medium (HyClone, Thermo Fisher Sci-
entific, South Logan, UT) with 10% fetal bovine serum. For
the generation of a HCV replicon cell line, the HCV genotype
1b subgenomic replicon construct, pFKI389neo/NS3-3/5.1,
carrying two cell-culture adaptive mutations in NS3 and one
in NS5A,% was used. HCV replicon RNA was synthesized by
in vitro transcription with the Asel and Scal-digested replicon
plasmid, and used to transfect Huh-7 cells as described pre-
viously."® The HCV 1b subgenomic replicon cell line was
generated using previously-described methods.*

Chemical synthesis of the aptamer. The chemically synthe-
sized cholesterol- and inverted d(T)-conjugated HCV NS5B
aptamer was purchased from ST Pharm Co., LTD (Seoul,
Korea).The sequence of the aptameris 5’-UUGAACGAUUGG
UAGUAGAAUAUCGUCAG-3’, where 2’-deoxy-2’-fluoro-
pyrimidine nucleotides are denoted by italics. The sequence of
the mutant aptamer is 5-UUGAACGAUUAAGAUGAUGG UA
UCGUCAG-3’, where italics indicate 2’-deoxy-2’-fluoro-
pyrimidine nucleotides.

Real-time PCR. Real-time PCR was performed as previously
described.*! For the analysis of the HCV replicon RNA in
the aptamer- or mutant aptamer-administered HCV 1b rep-
licon cells, total RNA was isolated and reverse transcribed
with a 3 primer specific for the negative strand of HCV
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cDNA (5"-CGTAACACCAACGGGCGCGCCATG) or a ran-
dom primer for 18S cDNA. The resultant cDNAs were sub-
sequently amplified using a real-time PCR premix (Solgent,
Daejeon, South Korea) with primers specific for the neomycin
resistance marker gene of the HCV replicon construct. PCR
was performed using the Rotor-Gene (Corbett, Valencia,
CA) and the SYBR green PCR method. The threshold levels
obtained from the HCV assay were adjusted to the threshold
levels found in the 18S PCR to correct for minor variations
in cDNA loading. For the detection of the chol-aptamer, total
RNA was reverse transcribed with the 5-GTGTCGGTGTGT-
GTGTGTGTGT-3’ reverse primer using MultiScribe Reverse
Transcriptase (Applied Biosystems, Carlsbad, CA) according
to the manufacturer’s protocol. PCR was performed using
the Rotor-Gene (Corbett) and KAPA SYBR FAST Universal
2x gPCR Master Mix (#KK4602; Kapa Biosystems, Woburn,
MA) with the 5-TTGAACGATTGGTAGT-3’ (italics indicate
LNA nucleotides) forward primer and the aforementioned
reverse primer.

Fluorescence in situ hybridization. In situ hybridization
was performed as previously described* with some modifi-
cations. Briefly, HCV-replicon or Huh-7 cells (10* per cham-
ber) were seeded onto Lab-Tek Il chamber slides (Nunc,
part of Thermo Scientific, Rochester, NY). The following
day, 4 pmol/l chol-aptamer was added to the HCV-replicon
or naive Huh-7 cells. After 48 hours, the cells were fixed
with 4% paraformaldehyde solution for 15 minutes at room
temperature. The slides were washed twice with DEPC-
PBS for 3 minutes and PBS containing 0.5% tween-20
solution was added for 10 minutes at room temperature
to permeabilize the cells. After washing twice with PBS for
3 minutes, hybridization buffer {50% (vol/vol) formamide,
5x SSC, 500 pg/ul yeast tRNA, and 1x Denhardt’s solution
in DEPC-treated water} was added to the slides and incu-
bated for 30 minutes at 48 °C in a humidified chamber. The
hybridization buffer was removed and fresh hybridization
buffer containing 5 pmoles biotin-conjugated PNA probe
(Panagene, Daejeon, Korea) was added and incubated
for 1 hour at 48 °C in a humidified chamber. The slides
were then washed three times with 0.1x SSC solution at 52
°C for 10 minutes and once for 5 minutes with 2x SSC at
room temperature. After washing, the slides were treated
with 3% (vol/vol) H,O, to block endogenous peroxidases,
washed three times for 5 minutes per wash with TNT buffer
{0.1 M Tris-HCI, pH 7.5, 0.15M NaCl, 0.5% (vol/vol) tween-
20}, and blocked with TNB buffer {0.1 M Tris-HCI, pH 7.5,
0.15M NaCl, 0.5% (wt/vol) blocking reagent, 0.5% (wt/vol)
BSA} for 1 hour at room temperature. To simultaneously
visualize the chol-aptamer and the NS5A HCV protein, an
anti-NS5A (#MAB8694; Millipore, Billerica, MA) antibody
was added for 1 hour at room temperature. The slides were
then washed with TNT buffer three times for 5 minutes
per wash and treated with Alexa Fluor 488 donkey anti-
mouse IgG (H+L) (#A-21202, Invitrogen, Carlsbad, CA) for
30 minutes. To amplify the aptamer signals, slides were
treated with the TSA BIOTIN SYSTEM (#NEL704, Perki-
nElmer, Santa Clara, CA), mounted with a mounting solu-
tion (Slowfade gold antifade reagent with DAPI, Invitrogen),



and observed using a fluorescent microscope (Carl Zeiss,
Thornwood, NY).

Microarray analysis. Huh-7 cells were seeded in 100mm
plates at a density of 2x 10° cells/plate. The following day, 4
pmol/l cholesterol, aptamer, or chol-apatmer was added for
48 hours. The total RNA was then purified, amplified, and
labeled with Cy3-dCTP (Mock-treated sample) or Cy5-dCTP
(cholesterol, aptamer, or chol-aptamer-treated sample) using
an Agilent Low RNA Input Linear Amplification kit PLUS,
according to the manufacturer’s protocol. Cy3- or Cy5-labeled
cDNA was hybridized to the Agilent Human Whole Genome
4x44K Microarray kit (Agilent, Santa Clara, CA). Scanning
and image analysis was performed using the Agilent DNA
microarray scanner and Feature Extraction software. The
data was analyzed using the Agilent Gene Spring software.

Cell toxicity assay. Huh-7 cells were seeded in 96-well plates
at a density of 2x10* cells/well and incubated overnight at
37 °C. Triplicate wells were treated with cholesterol, chol-
aptamer (range from 51.2 pg to 500 pg/ml) or transfected
with poly (I:C) (range from 100 pg to 10 pg/ml) (Invivogen,
San Diego, CA) using lipofectamin 2000 (Invitrogen). Cell
toxicity assays were performed 48 hours after aptamer treat-
ment using Celltiter 96 Aqueous one solution reagent (Pro-
mega, Madison, WI) according to manufacturer’s instruction.
Cell viability was estimated by assessing the absorbance at
490 nm. All experiments were performed in triplicate.

Animal toxicity assay. The animal toxicity assay was per-
formed with SCID-AIb/uPA mice that were transplanted with
human hepatocytes. All experiments were carried out by
PhonixBio (Higashi-Hiroshima, Japan)

Animals. The present study was reviewed and approved (No.
2010-14-033) by the Institutional Animal Care and Use Com-
mittee (IACUC) of the Asan Institute for Life Sciences, Asan
Medical Center (Seoul, Korea). The committee abides by
the dictates of the Institute of Laboratory Animal Resources
guide.®® Eighteen-week-old male BALB/C mice (weight:
mean =+ SD, 25.55+0.65@; range 24.2-26.8g) were used in
the study, and obtained from Orient Bio (Sungnam, Korea).
Mice were allowed to acclimate to their new environment for
at least 1 week before study initiation. Mice were housed with
a controlled light-dark cycle (light on between 8:00 AM and
8:00 PM), an ambient temperature of 21-22 °C, and unlim-
ited access to standard laboratory mouse diet and water.

Aptamer administration, blood sample acquisition, and
measurement of aptamer concentration in animals. The
cholesterol-conjugated aptamer (1, 10, and 100 mg-kg,
n = 3 at each dose) was administered intravenously through
the tail vein of nine mice, intraperitoneally (100 mg-kg™") in
three mice, and the non-cholesterol-conjugated aptamer
(100 mg-kg~") was administered intravenously in three mice.
Venous blood samples were collected immediately before
administration (0 hour) and at 0.25, 0.5, 1, 2, 4, 8, 12, and 24
hours after administration. Samples were collected in tubes
coated with ethylenediaminetetraacetic acid (BD micro-
container tubes with K.EDTA, BD Biosciences, San Jose,
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CA) and centrifuged for 30 minutes at 252x g. The plasma
was stored at —80 °C until the assay. For the detection of
aptamers in mouse blood, 1 pl plasma was directly reverse
transcribed using MultiScribe reverse transcriptase (Applied
Biosystems, Carlsbad, CA) according to the manufacturer’s
protocol. The aptamer concentrations in the plasma samples
were then analyzed by real-time quantitative PCR analysis
using the Rotor-Gene (Corbett) and Kapa SYBR fast univer-
sal 2x qPCR master mix (Kapa Biosystems) as previously
mentioned.

Noncompartmental analyses of pharmacokinetics. The
pharmacokinetic parameters were calculated by noncom-
partmental methods (WinNonlin Professional 5.2; Pharsight
Corporation, Mountain View, CA). The area under the curve
from the time of administration to the last measured con-
centration (AUC,_) was estimated by linear trapezoidal inte-
gration (linear interpolation). The area under the curve from
administration to infinity (AUC, ) was calculated as the sum of
AUC,_ . +C /A, inwhich C__ is the last measured concentra-
tion and A, is the apparent terminal rate constant estimated
by unweighted linear regression for the linear portion of the
terminal log concentration—time curve. The half-life of the ter-
minal phase (t,,) was calculated using f,, = 0.693/Az. The
maximal concentration (C__ ) and the time to reach C__ (t )
after administration of the aptamer were determined from the
observed data. Summary statistics were determined for each
parameter. To evaluate dose proportionality, dose-normal-
ized AUC,, values of each cholesterol-conjugated aptamer
IV administered group were compared using one-way analy-
sis of variance.®" If the differences among the cholesterol-
conjugated aptamer IV administered groups are statistically
insignificant, we are able to conclude that pharmacokinetics
showed dose proportionality. In addition, we used a power
model and a confidence interval (Cl) criteria approach as
follows®":

PK = £, - Dose” (1)

where dose proportionality implies that 3, = 1 in equation
(1) and PK denotes a pharmacokinetic variable (AUC, ; in this
study).

Absolute bioavailability (F) of IP administration of the cho-
lesterol-conjugated aptamer was calculated from the ratio
of the areas under the plasma aptamer concentration curve
after IP and IV administration, respectively, indexed to their
respective dose:

F (%) = (AUC» x Dose,,) | (AUC,, x Dose;p)x100 (2)

Relative bioavailability of the non-cholesterol-conjugated
aptamer administration over the cholesterol-conjugated
aptamer administration was calculated from the ratio of the
areas under the plasma aptamer concentration curve after
non-cholesterol-conjugated and cholesterol-conjugated
aptamer administration, and indexed to their respective dose:

F (%) = (AUCnon—cholesIerol x D Osecholesterol) / (3)
(AUCchoIesterol X D 0S enon—cholesterol ) x1 00

Population pharmacokinetic analyses for the cholesterol-

conjugated aptamer. A total of 72 plasma concentration data
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of the cholesterol-conjugated aptamer from nine mice, which
was administered intravenously, were analyzed by mixed
effects modeling using NONMEM 7.3.0 (ICON Development
Solutions, Dublin, Ireland). The pharmacokinetic parameters
were estimated with NONMEM subroutine ADVANS using
the first order conditional estimation method with interaction
terms. The parameters for a specific subject were described
by equation (4):

P, = Pry xexp (77) )

where P, is the typical value of the parameter and 7, is
a normally distributed variable with zero-mean. The residual
error model was characterized by the additive error model as
described by equation (5):

Cobs = Cpred +& (5)

where C_ and Cpre , are the observed and predicted
plasma concentrations of the aptamer, respectively, and ¢ is
a normally distributed variable with zero-mean.

Various compartmental and error models were assessed
and guided by a graphical assessment of optimum fit prop-
erties and statistical significance criteria. A p-value of 0.05,
representing a decrease in objective function value of 3.84
points, was considered statistically significant (chi-square
distribution, degrees of freedom = 1). Standard diagnostic
plots including the observed values of the dependent vari-
able versus the individual predicted values or the popula-
tion predicted values and the individual weighted residuals
or conditional weighted residuals versus time were used for
the diagnosis of optimum fit capabilities. Body weight was
considered as a covariate, and covariate screening was per-
formed. The R software (version 3.0.3; R Foundation for Sta-
tistical Computing, Vienna, Austria) was used for graphical
model diagnostics.

For the final pharmacokinetic model, a nonparamet-
ric bootstrap analysis was performed as an internal model
validation method, using the software package Wings for
NONMEM (WiN; Nick Holford, Version 733, Auckland, New
Zealand). Briefly, 1,000 bootstrap replicates were generated
by random sampling from the original data set with replace-
ment. The final model parameter estimates were compared
with the median parameter values and the 2.5-97.5 percen-
tiles of the nonparametric bootstrap replicates from the final
model. Visual predictive check was performed by simulating
1,000 iterations and by comparing the simulated prediction
interval to the original data.
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