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The in vivo pharmacokinetics/pharmacodynamics of 20-O-(2-methoxyethyl) (20-MOE) mod-

ified antisense oligonucleotides (ASOs), targeting apolipoprotein B-100 (apoB-100), were

characterized in multiple species. The species-specific apoB antisense inhibitors demon-

strated target apoB mRNA reduction in a drug concentration and time-dependent fashion in

mice, monkeys, and humans. Consistent with the concentration-dependent decreases in

liver apoB mRNA, reductions in serum apoB, and LDL-C, and total cholesterol were con-

currently observed in animal models and humans. Additionally, the long duration of effect

after cessation of dosing correlated well with the elimination half-life of 20-MOE modified

apoB ASOs studied in mice (t1/2 ffi 20 days) and humans (t1/2 ffi 30 days) following parental

administrations. The plasma concentrations of ISIS 301012, observed in the terminal

elimination phase of both mice and monkeys were in equilibrium with liver. The partition

ratios between liver and plasma were similar, approximately 6000:1, across species, and

thus provide a surrogate for tissue exposure in humans. Using an inhibitory Emax model, the

ASO liver EC50s were 101 � 32, 119 � 15, and 300 � 191 mg/g of ASO in high-fat-fed (HF) mice,

transgenic mice containing the human apoB transgene, and monkeys, respectively. The

estimated liver EC50 in man, extrapolated from trough plasma exposure, was 81 � 122 mg/g.

Therefore, extraordinary consistency of the exposure–response relationship for the apoB

antisense inhibitor was observed across species, including human. The cross-species PK/PD

relationships provide confidence in the use of pharmacology animal models to predict

human dosing for second-generation ASOs targeting the liver.
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1. Introduction

Applying pharmacokinetic and pharmacodynamic analyses to

guide and expedite drug development is well recognized and
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has received increasing interest in recent years [1]. Although

these principles are well accepted and widely used for low

molecular weight drugs and proteins, there have been a

growing number of reports describing pharmacokinetic and
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pharmacodynamic relationships with antisense therapeutic

agents [2–5].

The pharmacokinetics of 20-methoxyethyl (20-MOE) chi-

meric phosphorothioate antisense oligonucleotides (ASOs), or

second-generation ASOs, have been described in a number of

species including man [6–10]. The structure of the second-

generation ASOs is characterized by five 20-MOE modifications

on the ribose sugar at both 50- and 30-termini, flanking a 10-

nucleotide oligodeoxynucleotide gap (5-10-5 20MOE chimeras)

with phosphorothioate backbone. Although there are slight

sequence dependent differences, the pharmacokinetics of the

second-generation ASOs are remarkably similar and are

characterized by predictable distribution and prolonged tissue

elimination (14–30 days) as compared to first-generation

oligonucleotides.

Although, ASOs have been shown to be able to work by

multiple mechanisms once bound to the target RNA [11], all of

the 20MOE chimeric ASOs in development have been shown to

work by forming RNA–ASO duplexes that serve as a substrate

for RNase H1 [12,13]. RNase H1 cleaves the RNA to which the

ASO is bound, resulting in loss of the target RNA and

eventually the protein, both of which have been measured

as a direct means of evaluating pharmacodynamic effects.

Consequently, the ASO prevents the translation of the

encoded protein product in a highly sequence-specific

manner. Because of the unique mechanism of action of

antisense therapeutics, investigations of the pharmacological

effects of antisense oligonucleotide in vivo have focused

primarily on target mRNA reduction and the subsequent

reduction in protein translation and the downstream effects

resulting from target protein reduction, which are dependent

on the target studied. Moreover, establishment of the

correlation between plasma equilibrium concentrations with

the concentrations at the target sites is pertinent, enabling

plasma concentrations to be used as a surrogate in clinical

studies to establish the pharmacodynamics and pharmaco-

kinetics relationships. Translation of preclinical to clinical PK/

PD relationships require predictive pharmacokinetics and

reliable PD biomarkers that can be assessed in real time. In this

report, we present data from multiple species for potent

apolipoprotein B-100 (apoB-100) 20-MOE chimeric antisense

compounds that provides both of these prerequisites; pre-

dictable cross-species pharmacokinetics [9] and reliable

biomarkers, apoB itself and its related LDL-cholesterol

particles measured in serum in real time.

ApoB-100 is the protein component of atherogenic lipids

and triglycerides, including LDL-cholesterol. ApoB-100 is

synthesized and packaged into lipoprotein particles princi-

pally in the liver of all species [14–16]. Circulating LDL-C, which

typically constitutes 60–70% of serum cholesterol, is widely

recognized as a major risk factor for coronary heart disease

(CHD) and has been implicated in the inflammation associated

with the pathogenesis of atherosclerosis. Similarly, apoB-100

is now recognized as a risk factor for atherosclerosis. This led

to the development of an antisense inhibitor of the molecular

target, apolipoprotein B (apoB), for use in lowering apoB-100

and subsequent lowering LDL-C.

Since the sequence of mRNAs for apoB-100 differs

depending on the species and 20-MOE ASOs are highly specific,

we have used species-specific apoB-100 ASOs to demonstrate
potent dose-dependent reduction of apoB-100 mRNA and

protein in the liver of all species tested and concomitant

reductions in plasma apoB and apoB-100 containing lipopro-

teins [17,18]. Species-specific apoB antisense inhibitors had

been evaluated in multiple animals species, including mice,

hamsters, rabbits and monkeys (lean and HF-fed) and it had

been demonstrated that administration of the apoB-100

antisense inhibitor produced significant pharmacological

effects, i.e., significant reductions in mRNA and liver protein

with concomitant reductions in serum apoB, LDL-C, and total

cholesterol [18]. All the apoB antisense inhibitors evaluated

are 20-mer phosphorothioate oligonucleotide with 20-O-(2-

methoxy) ethyl (MOE) modification on the 5 nucleotides on

both 30 and 50 termini. MOE modifications provide enhanced

resistance to nucleases, a longer target organ half-life, and

reduced toxicity [19,20]. In addition, these modifications

increase the affinity of an antisense oligonucleotide for

complementary target mRNA, resulting in enhanced potency

and specificity [20–22].

ISIS 301012 (Mipomersen), the human specific apoB-100

antisense inhibitor, is currently in Phase 3 clinical develop-

ment in familial hypercholesteremia. ISIS 301012 has been

shown to produce consistent and predictable dose-dependent

and exposure-dependent reduction in serum atherogenic

lipids and lipoproteins in human subjects [23–26]. These dose-

and exposure–response correlations have been demonstrated

in all clinical subject populations studied to date, including

healthy volunteers, subjects with mild hypercholesterolemia,

polygenic hypercholesterolemia subjects on stable statin

therapy, and homozygous familial hypercholesterolemia

subjects on stable statin therapy.

In this paper, we present for the first time remarkable

cross-species correlates of PK/PD associations at the mole-

cular level for apoB-100 antisense oligonucleotides. Herein we

will summarize the pharmacokinetics and pharmacody-

namics of apoB antisense inhibitors in fat fed mice, transgenic

human apoB-100 mice, monkeys and humans using species-

specific apoB antisense inhibitors. The comparisons in

pharmacodynamics across species provide guidance in selec-

tion of predictive animal models for the development of future

antisense oligonucleotides in this chemical class.
2. Methods and materials

2.1. Materials and reagents

2.1.1. Oligonucleotides
ISIS 147764, ISIS 326358 and ISIS 301012 are 20-nucleotide

second-generation antisense oligonucleotides targeting apoB

mRNA in mice, monkeys and humans, respectively. All the

compounds have MOE modifications at positions 1–5 and 15–

20 (Table 1). ISIS 13866, a 20MOE -modified oligonucleotide at

positions 15–21 (underlined) with a sequence of 50-GCG TTT

GCT CTT CTTMCTTGMCG TTT TTT-30, was used as the internal

standard for quantitation of ASO in tissues. In addition, all the

cytosines of the compounds were modified to contain a 5-

methyl group (5-methyl cytosine, MC). The sequence of the

binding site in the monkey differs by only two nucleotides in

the region that binds the 30-MOE wing. Thus, ISIS 301012 is



Table 1 – Testing compounds targeting apoB mRNA across species.

Isis compound number Species Sequence (50 ! 03)

ISIS 147764 Mouse GTMCMCMCTGAAGATGTMCAATGMC

ISIS 326358 Monkey GMCMCTMCAGTMCTGMCTTTAMCAMCMC

ISIS 301012 Human GMCMCTMCAGTMCTGMCTTMCGMCAMCMC

Underline denotes 20-O-methoxyethyl-modification. The cytosines in the compounds were modified to contain a 5-methyl group (5-methyl

cytosine, MC).
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pharmacologically active in the monkey, albeit much lower

potency than the monkey-specific ASO, ISIS 326358.

All the studied ASOs were synthesized using an automated

DNA synthesizer Model 380B (Applied Biosystems, Inc., Foster

City, CA) and purified as previously described [22]. The purity

of the compounds used in this study was >90%.

2.1.2. Chemicals and reagents
Tween 20 and phenol:chloroform:isoamyl alcohol 25:24:1 was

obtained from SIGMA Chemical Co. (St. Louis, MO). Reacti-

BindTM NeutrAvidin coated polystyrene 96-well plates and

SuperBlock TBS Blocking Buffer were purchased from Pierce

(Rockford, IL). Tris–HCl and Na2HPO4 was obtained from J.T.

Baker, (Phillipsburg, NJ), NaCl from Fisher Scientific (Fair Lawn,

NJ), anti-digoxigenin-AP (conjugated with alkaline phospha-

tase, Fab fragments) was obtained from Roche Diagnostics

Corporation (Indianapolis, IN). The alkaline phosphatase

fluorescent substrate AttoPhos1 and its reconstitution solu-

tion were purchased from Promega Life Science (Madison, WI).

2.2. Animals and treatments

All animal studies were conducted utilizing protocols and

methods approved by the Institutional Animal Care and Use

Committee (IACUC) and carried out in accordance with the

Guide for the Care and Use of Laboratory Animals adopted and

promulgated by the U.S. National Institutes of Health.

2.2.1. Mice

2.2.1.1. HF-fed C57BL/6mice. Four to 6-week-old male C57BL/6

mice (Charles River Laboratories, Inc., Wilmington, MA) fed a

HF diet were administered ISIS 147764 5, 25, or 50 mg/kg or

control ASO at 50 mg/kg intraperitoneally (i.p.), twice weekly

for 6 weeks. Animals were sacrificed at 48 h and 1, 2, 4, and 6

weeks after the last dose. Oligonucleotide concentrations in the

liver, hepatic apoB mRNA and protein levels, serum apoB-100,

total-C, and LDL-C levels were measured at each time point.

2.2.1.2. Human apoB expressing transgenic mice. Six-week old

female human apoB expressing transgenic mice (C57BL/6

hemizygous for full length human gene-Taconic, Hudson, NY)

were administered ISIS 301012 at 2.5, 5, 10 and 25 mg/kg or

control ASO at 25 mg/kg i.p., twice weekly for 6 weeks.

Animals were sacrificed 48 h after receiving the last dose and

samples collected were measured for hepatic oligonucleotide

concentrations and human apoB mRNA expression.

2.2.2. Monkeys
2.2.2.1. Lean cynomolgus monkeys. ISIS 301012 was adminis-

tered to male and female cynomolgus monkeys (Macaca
fascicularis; Sierra Biomedical Animal Colony, Sparks, NV) at

4 mg/kg by 1-h i.v. infusion every other day for 4 doses (1

week). On Days 7, blood was collected for quantitation of ISIS

301012 in plasma by peripheral venipuncture into EDTA

containing vacutainers just prior to dosing and at 1, 2, 4, 8, 24

and 48 h following i.v. infusion. Following the 4th dose of

4 mg/kg ISIS 301012, monkeys were euthanized and addi-

tional plasma samples and liver samples were taken 3, 4, 8,

16, 32 and 48 days after the fourth dose to assess the

terminal elimination half-life in plasma and liver (1/sex/time

point).

2.2.2.2. High-fat-fed (HF-fed) cynomolgusmonkeys. The cyno-

molgus monkeys (M. fascicularis; Charles River Laboratories

Animal Colony, Sparks, NV) were fed an HF diet (�43.9% fat,

21.3% protein, and 35.2% carbohydrate), monkeys for 3 weeks

prior to treatment and continued throughout the study

period. Monkey-specific apoB antisense inhibitor, ISIS 326358

was administered subcutaneously (s.c.) at 5, 10 or 35 mg/kg/

week, to monkeys for 5 weeks. The oligonucleotide

sequences for ISIS 326358 and ISIS 301012 (human apoB

inhibitor) differ by only two bases. Doses were given on

alternate days for the first 3 doses (loading) and twice weekly

thereafter (maintenance). Oligonucleotide concentrations in

the liver, liver apoB mRNA/protein levels, serum apoB-100,

total-C, and LDL-C levels were measured at various time

points.

2.2.3. Humans
Healthy human volunteers received ISIS 301012 as a 2-h i.v.

infusion and s.c. injections at doses that ranged from 50 to

400 mg [9,26] in a Phase I clinical study. Briefly, 29 healthy

volunteer subjects in this study received either 50 mg (n = 8),

100 mg (n = 8), 200 mg (n = 9), or 400 mg (n = 4) per dose day;

seven subjects received placebo. The multiple-dose (MD)

period consisted of three i.v. infusions (on Days 1, 3 and 5) over

2 h every other day during the first week, followed by once

weekly s.c. injections for 3 weeks (total of 6 doses over 22 days

on Days 8, 15 and 22). Intensive pharmacokinetic blood

sampling occurred for 24 h following the first i.v. dose (at 0,

0.5, 1, 2, 2.25, 2.5, 3, 4, 6, 8, and 24 h), and again following the

last s.c. dose (at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 h).

Additionally, trough blood samples for determination of

elimination half-life were collected at 3, 17, 33, 47, 61, 75 and

89 days after the last s.c. dose. Serum lipoprotein and

cholesterol profiling was performed after fasting at pre-dose

on Days 1, 8, 15, and 22 and during all the follow-up time

points. Selected pharmacokinetic and pharmacodynamic

data from the Phase I study are included in this report to

compare with preclinical data.
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2.3. Methods

2.3.1. Sample extraction and analysis of oligonucleotide
concentrations in liver

Liver samples from mice and monkeys were analyzed using a

quantitative capillary gel electrophoresis method which is a

variation on the method reported previously [27]. The assay

was validated for precision, accuracy, selectivity, sensitivity

and stability of ISIS 301012 in liver tissues. Quantitation of the

other species-specific apoB antisense inhibitors in liver were

qualified but not fully validated. These analyses were

conducted at Southwest Bio-Labs (Las Cruces, NM) and Isis

Pharmaceuticals, Inc. (Carlsbad, CA). Briefly, liver samples

were weighed, homogenized in a Bio Savant (Bio 101, Inc.,

Vista, CA) and then the material was extracted as described

[27] with the exception that a phenyl-bonded SPE column

(Supelco Inc., Bellefonte, PA) was used. An internal standard

(ISIS 13866, a 27-mer 20-O-methoxyethyl modified phosphor-

othioate oligonucleotide) was added prior to extraction.

Extracted samples were analyzed by CGE using a Beckman

P/ACE Model 5010 capillary electrophoresis instrument (Beck-

man Instruments, Irvine, CA) with UV detection at 260 nm.

The limit of quantitation for this assay has been estimated to

be 1.52 mg/g oligonucleotide in liver.

2.3.2. Analysis of oligonucleotide concentrations in plasma

Plasma samples in mice, monkeys and humans were analyzed

using a quantitative, sensitive hybridization ELISA method

which is a variation on the method reported previously [28].

The assay was validated for precision, accuracy, selectivity,

sensitivity and stability of ISIS 301012 in plasma. Quantitation

of the other species-specific apoB antisense inhibitors in

plasma were qualified but not fully validated. Plasma sample

analyses were conducted at PPD Development (Richmond, VA)

and Isis Pharmaceuticals, Inc. (Carlsbad, CA). The assay

conducted with synthesized putative shortened oligonucleo-

tide metabolite standards showed no measurable cross-

reactivity confirming the assays specificity for the parent

oligonucleotide. The lower limit of quantitation (LLOQ) was

determined to be 1.52 ng/mL.

2.3.3. RNA isolation and RT-PCR analysis
Total RNAs were extracted from liver samples using the

RNeasy kit (Qiagen, Santa Clarita, CA). RT-PCR analysis was

performed using a Prism 7700 Sequence Detector (Applied

Biosystems, Inc., Foster City, CA). The species-specific primer

probe sets for apoB quantitation were used and values were

normalized to glyceraldehyde-3-phosphate dehydrogenase

(G3PDH) and/or Ribogreen levels.

2.3.4. Lipid and lipoprotein analysis
Serum lipoprotein cholesterol in animal studies was analyzed

using a Beckman System Gold 126 HPLC system, with 126

photodiode array detector (Beckman Instruments; Fullerton,

CA) on a Superose 6 HR 10/30 column (Pfizer; Chicago, IL).

VLDL, LDL, and HDL fractions were measured at a wavelength

of 505 nm and validated with a cholesterol calibration kit

(Sigma). For each experiment, a three-point standard curve

was performed in triplicate to determine the absolute

concentration of each lipoprotein fraction [18]. For clinical
samples, apoB levels were determined by an immunoturbi-

metric method (MDS PharmaServices, Belfast). Total choles-

terol, LDL-C, HDL-C and triglycerides were measured using

standard enzyme based colorimetric assays (MDS Pharma-

Services, Belfast; and LipoScience, Raleigh, NC) [26].

2.3.5. Pharmacokinetic analysis
Both compartmental and non-compartmental analysis meth-

ods were used for pharmacokinetic characterization of the

plasma concentration data (WinNonlin 4.0 or 5.0, Pharsight

Corporation, Mountain View, CA). First-order elimination rate

constants for apoB antisense inhibitors in plasma or liver were

calculated using non-compartmental nonlinear regression of

the decay curves for plasma or liver. Half-life was calculated

by dividing 0.693 by the first-order elimination rate. In

animals, the elimination of apoB antisense inhibitors from

liver was measured directly, and the liver concentration–time

data were analyzed using a non-compartmental model.

2.3.6. Pharmacodynamic analysis
The relation between apoB mRNA, serum apoB reductions and

liver concentrations or plasma trough concentrations of ASOs

was characterized using a pharmacodynamic model. ApoB

mRNA levels following apoB antisense inhibitor treatment

were normalized with the ApoB mRNA levels from control

animals (treated with saline):

E ¼mRNAtreatment

mRNAcontrol
� 100 (1)

Similarly, serum apoB levels following ASO treatment were

normalized with the baseline serum apoB levels of the same

animal or subject.

The relationship between inhibitory activity of apoB mRNA

or serum apoB (E) and liver concentrations or plasma trough

concentrations of ASOs was best described by adopting an

inhibitory sigmoidal Emax model:

E ¼ E0 �
EmaxCn

ECn
50 þ Cn (2)

where E0 is the baseline level; Emax is the maximum reduction

of apoB mRNA; EC50 is the concentration of ISIS 301012

required for half-maximal reduction of apoB mRNA; C is liver

concentrations or plasma trough concentrations of ASOs; and

n is the sigmoidicity factor.
3. Results

3.1. Pharmacokinetics

The clearance of apoB ASOs from tissues was slow in all

species studied. The elimination half-life for the mouse-

specific apoB antisense inhibitor, ISIS 147764 in mouse liver

was 20 days, while the elimination half-lives for ISIS 301012

were 24 and 34 days in mice and monkeys, respectively

(Table 2). Elimination half-life was not determined for ISIS

326358 because ISIS 326358 is a monkey-specific apoB inhibitor

and is not going to be developed for use in humans. The



Table 2 – Estimated elimination half-life (in days) of apoB ASOs in mice, monkeys and man.

Species Compound Dose Elimination half-life (days) Liver/plasma trough
concentration ratio

Plasma Liver

Mouse ISIS 147764 25 mg/kg NA 20 NM

Mouse ISIS 301012 2.5–25 mg/kg NM 24a 5861 � 2342

Monkey ISIS 301012 4 mg/kg 31.3 � 0.3b 34b 5825 � 2882

Human ISIS 301012 200 mg (�2.7 mg/kg) 31 � 11c NA NM

NA = not applicable; NM = not measured.
a Measured in CD-1 mice (internal data).
b Animals received 30 mg/kg/week doses of ISIS 301012 for 1 year. For determination of plasma elimination half-life, plasma samples were

collected at various time points up to 182 days after last dose (n = 3).
c Data presented are mean � standard deviation (n = 8).

Fig. 2 – Best fit inhibitory effect Emax model of ApoB mRNA

levels in liver as a function of liver concentrations of ISIS

147764 in HF-fed mice. Each data point represents a single

animal (n = 48). Solid lines represent predicted apoB mRNA

levels using nonlinear regression.
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monkey study with ISIS 326358 was to demonstrate pharma-

cology and evaluate target knock down-related toxicities. The

plasma concentration–time profile for ISIS 301012 was multi-

phasic with a rapid distribution phase and at least one

additional much slower elimination phase (Fig. 1). The plasma

concentrations of ISIS 301012 observed in the terminal

elimination phase in monkeys represent ISIS 301012 that is

in equilibrium with liver (Fig. 1) as well as other tissues and

thus, equilibrium plasma concentrations provide a measure of

tissue elimination rate. Because such a high fraction of the

administered dose is retained by the liver and kidney, the

majority of the oligonucleotide in circulation at equilibrium

should be proportional to the concentrations in those tissues.

Indeed, the elimination half-life of ISIS 301012 studied in

monkey liver of approximately 30 days was very similar to the

elimination half-life observed in monkey plasma, as well as in

human plasma (Table 2). Moreover, a similar partition ratio of

ISIS 301012 between liver and plasma at equilibrium was

observed across species, and was 5861 and 5825 in mice and

monkeys, respectively (Table 2). Therefore, it is reasonable to

assume this liver to plasma partition ratio at equilibrium in

humans would be similar, thus providing a surrogate for liver

exposure in the clinic. Taken together, these results suggest
Fig. 1 – Post-distributional phase plasma and liver

concentrations of ISIS 301012 in monkeys. Each tissue

data point represents average concentrations in two

animals. Note that both plasma and tissue concentrations

decay similarly over time following cessation of

intravenous administration.
that the pharmacokinetic behavior of ISIS 301012 in animals is

predictive of that in man.

3.2. Pharmacodynamics of ApoB ASO inhibitors in
various species

ApoB antisense inhibitors act as antagonists to apoB-100 mRNA

expression. To elicit their effect on mRNA, they must by

definition gain access to the target cell, in this case the

hepatocyte. ApoB antisense inhibitors bind to apoB mRNA via

Watson–Crick hybridization to form RNA–DNA duplex, subse-

quently, RNases H cleave apoB RNA strand of the duplex [12,13].

Therefore, the relationships between liver apoB mRNA levels to

ASO concentrations in the liver can be described by a typical

sigmoidal inhibitory effect Emax model after administration of

apoB-100 ASOs in animals. The obtained EC50 in high-fat-fed

mice administered ISIS 147764 was 101 � 32 mg of ISIS 147764

per gram of liver (Fig. 2). Furthermore, the duration of effect was

correlated with the tissue elimination half-life from liver (t1/

2 = 20 days) in this model (Fig. 3). Approximately 8 weeks after

cessation of treatment, apoB mRNA levels had returned to their



Fig. 3 – Pharmacokinetic/pharmacodynamic relationship of

ISIS 147764 in mouse liver following 6 weeks of treatment

with mouse specific ApoB antisense oligonucleotide ISIS

147764 (error bars representing standard deviation, n = 3).

Solid lines represent predicted concentrations in liver

using nonlinear regression.

Fig. 4 – Best fit inhibitory effect Emax model of ApoB mRNA

levels in liver as a function of liver concentrations of ISIS

301012 (a) or plasma trough concentrations of ISIS 301012

(b) in human ApoB transgenic mice. Each data point

represents a single animal (n = 20). Solid lines represent

predicted apoB mRNA levels using nonlinear regression.
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pre-dose levels inmice.Similarly, inthe human apoBtransgenic

mouse model, the relationship between human apoB hepatic

mRNA expression and concentrations of ISIS 301012 in the

mouse liver and in trough plasma (Cmin) was observed with

estimated EC50 of 119 � 15 mg/g in liver and 18� 4 ng/mL in

plasma (Fig. 4, Table 3). The ratio of the EC50 in liver to plasma

was consistent with the partition ratio of ISIS 301012 between

liver and plasma at equilibrium (Tables 2 and 3). The apoB

mRNA reductions in human transgenic mice treated with

human specific ISIS 301012 were specific for human apoB

mRNA, asno change in murine apoB mRNAwas observed inthis

model (Fig. 5). Additionally, in these animals, the reduction in

hepatic apoB mRNA also produced corresponding reductions in

liver apoB protein, serum apoB, LDL-C, and total cholesterol

(data not shown). In all experiments, control ASOs had no effect

on apoB mRNA in the liver, indicating that inhibition of apoB

expression was both target- and sequence-dependent.

The liver EC50 determined in high-fat-fed monkeys was

300� 191 mg/g of species-specific apoB ASO (ISIS 326358) per

gram of liver (Table 3, Fig. 6a). Although the estimate of EC50 was

two-foldhigher when comparedto the EC50 measured inmice, it

is not possible to assign a real difference because of the large
Table 3 – In vivo pharmacodynamics of ApoB antisense inhib

Species Isis compound
number

Mouse ISIS 147764

Human ApoB transgenic mouse ISIS 301012

Monkey ISIS 326358

Humana ISIS 301012

SE = standard error of the estimate; NM = not measured.
a Phase 1 healthy volunteer study.
b A liver/plasma partition ratio of 5800 was used.
standard error associated with the estimates. Treatment with

ISIS 326358, the monkey-specific ASO, produced a dose- and

liver concentration-dependent decrease in liver apoB mRNA,

with the corresponding downstream effects, such as serum

apoB (Fig. 6a and b) and LDL-C following 5 weeks of treatment at

doses ranging from 5 to 33 mg/kg/week. Indeed, by the end of
itors across species.

Liver EC50 (mg/g)
(estimate � SE)

Plasma EC50 (ng/mL)
(estimate � SE)

101 � 32 NM

119 � 15 18 � 4

300 � 191 52 � 33b

81 � 122b 14 � 21



Fig. 5 – Lack of inhibitory effects of control ASO (ISIS

141923) and ISIS 301012 treatment on mouse ApoB-100

mRNA in human apoB transgenic mice following 6 weeks

of treatment administered twice a week (error bars

representing standard deviation, n = 4). Fig. 7 – Best fit inhibitory effect Emax model of serum ApoB

(%baseline) as a function of plasma trough concentrations

of ISIS 301012 measured at the end of treatment (on MD25)

in healthy human volunteers. Each data point represents

an individual volunteer subject (n = 33). Solid lines

represent predicted apoB mRNA levels using nonlinear

regression.
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treatment, the meanreduction inserumapoBand LDL-C ranged

from 39% to 60% and 46% to 71%, respectively.

The exposure–response relationships were ultimately

studied in human volunteer subjects administered ISIS
Fig. 6 – Best fit inhibitory effect Emax model of ApoB mRNA

levels in liver as a function of liver concentrations of ISIS

326358 (a) and serum ApoB levels as a function of liver

concentrations of ISIS 326358 in HF-fed monkeys (b). Each

data point represents a single animal (n = 24). Solid lines

represent predicted apoB mRNA levels using nonlinear

regression.
301012 in a Phase 1 study in healthy volunteers with mildly

elevated LDL-C. ISIS 301012 demonstrated dose-dependent

exposure/responses as measured by reductions in both serum

apoB and LDL-C [26]. Because ISIS 301012 concentrations in

human liver cannot be directly measured easily, the correla-

tion between plasma and liver drug concentrations measured

in preclinical models was utilized to estimate the levels of ISIS

301012 in the livers of human subjects (Table 3).

The disposition relationship between ASO plasma trough

levels and liver levels were the same as observed in preclinical

animal models which led us to determine the relationship

between serum apoB levels and plasma trough levels in man.

The relationship between serum apoB levels and plasma

trough concentrations of ISIS 301012 were effectively

described with a sigmoidal inhibitory effect Emax model using

the data collected on PD14 (17 days after last treatment). The

estimated trough plasma concentration that produced 50% of

maximum effect (EC50) and predicted liver concentrations,

were 14 ng/mL (Table 3, Fig. 7). This plasma level corresponds

to an estimated liver exposure of approximately 81 mg/g.

The duration of effects on apoB and related lipids in plasma

following cessation of treatment was highly correlated with

the slow elimination of ISIS 301012 (Fig. 8). For example,

significant reduction (p < 0.02) of serum apoB levels from

baseline for the 200-mg treatment cohort was achieved for up

to 75 days after last dose, consistent with the slow elimination

of ISIS 301012 (elimination t1/2 of approximately 31 days)

(Table 2). Therefore, the pharmacologic effects were pro-

longed, consistent with the long tissue half-life of the drug.
4. Discussion

Because the direct pharmacological response of antisense

therapeutics is target mRNA reduction, establishment of the



Fig. 8 – Prolonged exposure–response relationships between ISIS 301012 trough plasma concentrations and serum ApoB

levels (%baseline) with time in human healthy volunteers during and following six (6) doses of ISIS 301012 at 200 mg per

injection. Trough plasma concentrations of ISIS 301012 were measured at I72 h from last dose. Data presented are

mean W standard error. Arrows represent dosing times. Last dose was administered on Day 22.
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correlation of target organ concentration and target mRNA

reduction is most widely used in studying the pharmacoki-

netic/pharmacodynamic relationships of antisense oligonu-

cleotides in animal models. The pharmacological effect of

antisense inhibitors occurs in cells when the antisense

inhibitor binds to its cognate mRNA and the RNA strand of

the heteroduplex is degraded by RNase H [13]. RNase H1

cleavage is very rapid, occurring within minutes [13]. There-

fore, a direct response pharmacodynamic model was used to

describe the liver concentration (exposure) relationship with

liver apoB mRNA expression (response) in all species.

We have previously reported that the pharmacokinetics of

ISIS301012 inmonkeys is predictive for man onthe basisofbody

weight. Thus a dose of 2 mg/kg ISIS 301012 in the monkey

results in similar plasma concentrations at the same dosage

(2 mg/kg) in man [9]. It is this remarkable similarity in

pharmacokinetics across species that allows for the prediction

of exposure from animals models and further, based on these

studies across species, allows prediction of response in humans

from the preclinical models. Additionally, the lack of impact of

mode of parenteral administration on the ultimate tissue

pharmacokinetics independent of species has been established

for multiple antisense oligonucleotide molecules in this

chemical class [8,9,29,30] as well as for ISIS 301012 [9]. The

predictive pharmacokinetic behavior of these molecules,

independent of there sequence, has been shown in these

published accounts to be primarily a consequence of their

common biopharmaceutical and physical chemical properties.

Similarities in the pharmacodynamics and potency of apoB

antisense inhibitors between species were observed for the

apoB-100 ASOs, including mice (both wild type and human

transgenic), monkeys, and humans. The observed similarities

in pharmacodynamics across species related to the previously

observed similarities in pharmacokinetics for ASOs across

species [10,31–33]. Peak plasma concentrations of the anti-

sense oligonucleotides like ISIS 301012 do not correlate with

drug effect as the effect is post-distribution and intracellular,

not in the plasma compartment. This is unlike small
molecules and protein therapeutics where plasma concentra-

tions (Cmax or AUC) directly correlate the drug response [34–37]

due to either a rapid equilibrium with intracellular compart-

ments or direct effects occurring in the circulation, Antisense

oligonucleotides rapidly and extensively transfer from plasma

to tissues following parenteral administrations. However,

distribution to the ultimate site of action within the cells of

interest takes hours with maximum activity seen 24–48 h after

administration [38]. Since the site of activity for the antisense

oligonucleotides is intracellular, ASO drug effects are closely

related with target tissue concentrations only after distribu-

tion from circulation [2–5,33]. Thus, the plasma concentra-

tions of ASO observed in post-distribution phase (plasma

trough ASO concentration) represent the ASO that is in

equilibrium with target tissue. Because tissue concentrations

in human are not usually accessible, establishing the relation-

ship of plasma trough concentration of ASOs with target tissue

concentrations (liver) is required to provide a surrogate of

target tissue drug exposure. As shown in mice and monkeys,

plasma trough concentrations directly correlated with target

organ (liver) concentrations with similar partition ratios. This

similarity across species provides confidence that similar

relationships may exist for humans. It is this relationship that

was used to estimate human liver concentrations based on

measured plasma trough levels in human clinical trials.

Comparison of the measured trough plasma EC50 values in

humans ultimately confirmed that data generated in animal

models are predictive of the potency of the human apoB

antisense inhibitor (ISIS 301012). Because the mechanism of

action and ADME characteristics are similar for other ASOs in

the same chemical class as ISIS 301012, these data further

provide confidence in the use of preclinical models for

prediction of clinical effect for other ASOs.

The strength of the human volunteer data has been

extended to hypercholesteremic subjects in multiple Phase

2 studies. Consistent with the Phase I healthy volunteer study,

similar exposure–response relationships in patients with

hypercholesterolemia, either used alone or when co-adminis-
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tered with statins, had been demonstrated in several Phase II

studies [23–25].

ISIS 301012 has a long tissue half-life in animals and

humans. The elimination half-lives observed in monkeys

were highly predictive of the half-lives measured in humans

(greater than 30 days). Consistent with the long elimination

half-life of ISIS 301012, it had a long duration of action in lipid

lowering effect. Based on the long half-life coupled with the

duration of action of ISIS 301012, current dosing regimens

being evaluated in clinical development involve once weekly

s.c. injection. Furthermore, the excellent relationship of

trough plasma levels to apoB-100 and other downstream

effects allows for the design of more complex PK/PD models.

As clinical experience with this compound grows, develop-

ment of predictive population models that further incorpo-

rate demographic or physiologic covariates should be

possible. The use of these models in clinical trial planning

and design has been widely adapted in novel drug develop-

ment strategies and shown to greatly expedite drug devel-

opment process [39].

In conclusion, these data demonstrated that apoB anti-

sense inhibitors have consistently exhibited exposure-depen-

dent reduction on liver apoB mRNA, as well as the

downstream effects such as serum apoB, LDL-C and total

cholesterol in multiple preclinical models and human. The

exposure–response relationships in HF-fed mice using the

mouse-specific apoB antisense inhibitor, ISIS 147764, in

human apoB transgenic mice using human-specific apoB

antisense inhibitor, ISIS 301012, and monkeys using monkey-

specific apoB antisense inhibitor, ISIS 326358, were predictive

of the effects of ISIS 301012 in man. The long duration of action

of apoB antisense inhibitors in animals and humans is

consistent with the prolonged tissue half-lives. These favor-

able PK/PD properties for apoB antisense inhibitors provide

guidance for clinical development and appear to support

infrequent dose administration.
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