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ABSTRACT

Purpose Peptide-conjugated phosphorodiamidate
morpholino oligomers (PPMOs) have shown promise
in treating Duchenne muscular dystrophy (DMD). We
evaluated a semi-mechanistic pharmacokinetic (PK)
and pharmacodynamic (PD) model to capture the rela-
tionship between plasma and muscle tissue exposure/
response in mdxmice treated by mouse surrogate PPMO.
Methods A single or repeated (every 4 weeks for
20 weeks) intravenous PPMO dose was administered
to mdx mice (n=6/timepoint). A PK/PD model was
built to characterize data via sequential modeling. A
2-compartment model was used to describe plasma PK.
A simultaneous tissue PK/PD model was subsequently
developed: 2-compartment model to describe muscle
PK; linked to an indirect response model describing
stimulation of synthesis of skipped transcript, which was
in turn linked to stimulation of synthesis of dystrophin
protein expression.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.
1007/511095-021-03118-5.
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Results Model performance assessment via good-
ness-of-fit plots, visual predictive checks, and accurate
parameter estimation indicated robust fits of plasma
PK and muscle PK/PD data. The model estimated a
PPMO tissue half-life of 5 days—a useful parameter in
determining the longevity of PPMOs in tissue and their
limited accumulation after multiple doses. Additionally,
the model successfully described dystrophin expression
after single dosing and associated protein accumulation
after multiple dosing (increasing ~ twofold accumula-
tion from the first to last dose).

Conclusions This first PK/PD model of a PPMO in a
DMD disease model will help characterize and predict
the time course of PK/PD biomarkers in mdx mice. Fur-
thermore, the model framework can be used to develop
clinical PK/PD models and can be extended to other
exon-skipping therapies and species.
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AEBSF  4-(2-Aminoethyl)benzenesulfonyl fluoride
hydrochloride

ASO Antisense oligonucleotide

AUC Area under the plasma-time curve

BQL Below the limit of quantification

CI Confidence interval

CL Plasma clearance

Crax Maximum observed concentration

CPP Cell-penetrating peptide

Cv Coefficient of variation
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ddPCR Digital droplet polymerase chain reaction

DMD  Duchenne muscular dystrophy

HRP Horseradish peroxidase

HCI Hummel’s equivalence criterion interval

IDR Indirect response

IgG Immunoglobulin G

v Intravenous

NCA Noncompartmental analysis

PD Pharmacodynamics

PK Pharmacokinetics

PMO Phosphorodiamidate morpholino oligomer

PPMO  Peptide-conjugated phosphorodiamidate
morpholino oligomer

RSE Relative standard error

Ty 9 Elimination half-life

VPC Visual predictive check

V, Volume of distribution

SS

WwT Wild-type

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a rare,
X-linked, fatal, degenerative neuromuscular disease
affecting ~1 in every 3500 to 5000 males born world-
wide [1-4]. DMD is caused by mutations in the DMD
gene, resulting in little or no production of full-length
dystrophin [1, 5-7]. Dystrophin, a 427 kDa cytoskeletal
protein required for muscle fiber stability, links the sar-
comere and the extracellular matrix. In the absence of
dystrophin, the dystrophin-associated protein complex
is destabilized, resulting in repeated muscle degenera-
tion and regeneration, and replacement of muscle fib-
ers by fat and fibrosis. DMD manifests in patients as
progressive muscle weakness, with many patients losing
ambulation by age 8 to 14, and generally leads to life-
threatening complications including respiratory and
cardiac failure [8, 9].

Antisense oligonucleotide (ASO) therapy has
been approved by FDA for treatment of some popu-
lations of DMD, and is rationally designed to induce
skipping of specific exons at the pre-mRNA level to
restore the reading frame, producing truncated—yet
functional—dystrophin [5, 7, 10-12]. Phosphorodi-
amidate morpholino oligomers (PMOs), a class of
exon skipping therapies, are an established treat-
ment for patients with DMD; peptide-conjugated
PMOs (PPMOs) enhance cell permeability and
have also shown promise in treating these patients
[1, 13-17]. The time-courses of pharmacokinetics
(PK) and pharmacodynamics (PD) have been char-
acterized for other ASO classes, such as 2"-O-methyl

@ Springer

phosphorothioates targeting exon skipping [18,
19], 2'-0-(2-methoxyethyl) modified ASOs targeting
mRNA gene knockdown [20-22], and siRNA target-
ing aminolevulinate synthase 1 mRNA [23]. Here, we
report the first semi-mechanistic PK/PD model for
PPMO in mdx mice using RC-1001, a mouse-surro-
gate PPMO. RC-1001 induces skipping of DMD exon
23 containing a point mutation, resulting in a stop
codon in the DMD gene, restoring the reading frame
in mdx mice.

RC-1001 was used to develop a plasma PK model to
describe plasma concentration over time, and was also
used to develop an integrated plasma-tissue PK/PD
model to predict tissue concentration, dystrophin pro-
duction and its intermediate biomarker, skipped tran-
script. In patients with DMD, muscle biopsy for analysis
of treatment response is complicated and not feasible
for longitudinal sampling. A PK/PD model describing
time-course of tissue exposure and response would be
helpful in understanding and predicting the treatment
response in patients over time. Additionally, the cur-
rent model—when scaled to clinical settings—can be
used in simulations to inform the design of clinical
dosage paradigms of PPMO molecules.

MATERIALS AND METHODS
Chemicals

RC-1001, a mouse-specific surrogate PPMO, was manu-
factured at Sarepta Therapeutics, Inc. by conjugating a
proprietary cell-penetrating peptide to M23D (+7-18)
PMO sequence. All RC-1001 doses were formulated in
saline before administration.

Animals

mdx male mice (C57BL/1OSCSn-DMD’”d"/], stock
#001801; The Jackson Laboratory, n=3 per timepoint
for saline-treated control and n=6 per timepoint for
PPMO-treated groups) and male wild-type (WT) mice
(C57BL/6], The Jackson Laboratory, n=3 per time-
point) were housed at the Sarepta animal facility and
given food (Labdiet 5P76; ScottPharma Solutions) and
water ad libitum. After 3 days’ acclimation, 6- to 8-week-
old mice were randomized into treatment groups. All
procedures were approved by and conducted under
guidance from Sarepta’s Institutional Animal Care and
Use Committee.
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Animal Experiments
Single Dose to Measure Plasma PK

RC-1001 at doses of 10, 40, and 80 mg/kg was adminis-
tered to WT mice (n=3 per dose per timepoint) via tail
vein intravenous (IV) bolus injection. Blood samples of
0.5 mL were collected in KLEDTA tubes containing 10
pL of 200 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF) in total volume of 500 pL, with
a final concentration of 4 mM AEBSF. Blood samples
were collected from three animals at 5 and 30 min and
2,4, 8,12, and 24 h post-injection via cardiac puncture.
Each animal contributed to one datapoint. Samples were
mixed gently and centrifuged (10 min, 4 °C, 1400xg).
Resulting plasma was separated and stored at — 80 °C
until analysis.

Single Dose for Longitudinal PK/PD

RC-1001 was administered to mdx mice at doses of 0, 40,
and 80 mg/kg (n=6 and n=3 per dose per timepoint
in RC-1001- and control-treated groups, respectively).
Age- and sex-matched WT control mice received vehi-
cle control via IV bolus (n=3 per timepoint). Mice were
euthanized at1, 2,5, 7, 10, 14, and 28 days post-injection
by carbon dioxide inhalation/anesthesia, followed by
exsanguination. Each animal contributed to one corre-
sponding PK and PD datapoint. Tissue concentration was
measured in quadriceps, and exon skipping and dystro-
phin were measured in biceps. Tissue samples (quadri-
ceps and biceps) were collected, flash-frozen in liquid
nitrogen, and stored at — 80 °C until analysis.

Repeated Dose for Longitudinal PK/PD

mdx mice received repeated IV bolus injections of
RC-1001 at time zero, then at 4-week intervals for a
total of 20 weeks at 0, 40, and 80 mg/kg (n=3 and
n=6 per dose per timepoint in saline control- and
RC-1001-treated groups, respectively). Age- and sex-
matched WT control mice received once every 4-weeks
repeated bolus IV of saline control treatment (n=3
per timepoint). Mice that received 1, 2, 3, 4, 5, and 6
treatments were euthanized 28, 56, 84, 112, 140, and
168 days, respectively, after the first injection. Each
animal contributed to one corresponding PK and PD
datapoint. Quadriceps and biceps were dissected, flash-
frozen in liquid nitrogen, and stored at — 80 °C until
analysis. Tissue concentration was measured in quadri-
ceps after first and last dose (days 28 and 168); exon
skipping and dystrophin were measured in biceps at
each time point.

Measuring Plasma and Tissue Concentrations
of PPMO

A liquid chromatography-tandem mass spectrometry
method was developed to determine RC-1001 in mouse
Ko,EDTA plasma treated with 4 mM AEBSF; NG-12-0064
was the internal standard. RC-1001 and the internal
standard were extracted by solid-phase extraction and
filtration from mouse plasma. Reversed-phase high-
pressure liquid chromatography separation was achieved
with a Waters XBridge column and sample analysis in
TIS positive mode of SCIEX API 5000. The calibration
curve range was from 10 to 2000 ng/mL with low, mid
and high quality controls included. The lower limit of
quantification was 10 ng/mL, with the coefficient of vari-
ation (%CV) less than 15%.

RC-1001 tissue samples were collected and homog-
enized in 50 mM Tris-HCI pH 7.5 buffer. Homogenates
were then subjected to proteinase-K/Trypsin digestion
to convert all potential metabolites to one end product
of PMO-Gly before solid-phase extraction. Digested
homogenates and internal standard were loaded and
washed with ammonium acetate buffer, then eluted
with Hy,O/ACN/FA (70/30/5) twice in Waters HLB
SPE 96-well plates. The eluate was concentrated under
nitrogen gas, then injected to ultra-performance liquid
chromatography-high-resolution mass spectrometry, fol-
lowed by parallel reaction monitoring mass spectrometry
(Thermo Fisher Q Exactive Plus Hybrid Quadrupole-
Orbitrap) quantitation. Lower limit of quantification of
all tissues was 60-100 ng/g based on the type of tissue,
with the %CV less than 25%.

Measuring Exon Skipping Levels in Muscle Tissues

Tissue samples were homogenized using Matrix S by a
FastPrep-24 5G instrument (MP Biomedicals). Homoge-
nates were centrifuged (10 min, 4 °C, 12,000xg). Result-
ant supernatant lysates were loaded onto a 96-well Illus-
tra RNAspin 96 RNA isolation column (GE Healthcare
Life Sciences); total RNA was isolated per the manu-
facturer’s instructions. After eluting with 50 pL of
RNase-free water, total RNA concentration from each
sample was measured using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). 250 ng of
total RNA were reverse transcribed for cDNA using
SuperScript IV First-Strand Synthesis Kit (Invitrogen,
Cat#18091200) with random hexamers. The cDNA sam-
ples were diluted 1:5 with DNase- and RNase-free water;
3 pL diluted cDNA was added into each digital drop-
let polymerase chain reaction (ddPCR) using ddPCR
Supermix for Probe (Bio-Rad Laboratories, Inc.) with
these primer probe sequences: FW-GGATCCAGCAGT
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CAGAAAG, RV-ACCAACTAAAAGTCTGCATTG, FAM-
AGA CTC GGG AAA TTA CAG AAT CAC (skipped
transcript), and HEX-TTG AAG AGA TTG AGG GGC
AC (unskipped transcript).

After droplet generation (automated droplet genera-
tor, Bio-Rad QX200), PCR cycling was conducted by a
C1000 Touch thermocycler (Bio-Rad Laboratories,
Inc.) using these parameters: enzyme activation (95 °C,
10 min), denaturation (94 °C, 30 s), annealing/extension
(55 °C, 1 min), repeating for denaturation and anneal-
ing/extension for 60 cycles, enzyme deactivation (98 °C,
10 min), and holding at 4 °C until data acquisition by
a QX200 Droplet Reader (Bio-Rad Laboratories, Inc.).
Positive and negative droplet numbers were analyzed by
QuantaSoft Software (Bio-Rad Laboratories, Inc.); copy
number per microliter of skipped and unskipped tran-
script levels were quantified.

Measuring Dystrophin in Muscle Tissues

For protein extraction, frozen tissues were disrupted
in homogenization buffer (4 M urea, 125 mM Tris, 4%
sodium dodecyl sulfate) with one protease inhibitor
cocktail tablet (Roche Applied Science) using a cordless
pellet pestle (Kimble Chase Life Science). Protein con-
centrations were quantified using Pierce BCA Protein
Assay (Thermo Fisher Scientific) or RC DCProtein Assay
(Bio-Rad Laboratories, Inc.) kits, per the manufactur-
ers’ instructions.

For western blot analysis, 50 pg of protein from
each lysate or 15 pL of HiMark prestained high-molec-
ular—-weight marker (Thermo Fisher Scientific) were
loaded onto individual wells of 3% to 8% polyacryla-
mide Tris—acetate gels (Thermo Fisher Scientific; Bio-
Rad Laboratories, Inc.). Antibody dilutions were pre-
pared using anti-dystrophin ab15277, 1:500 (Abcam);
anti-alpha actinin (sarcomeric), 1:10,000 (Sigma-
Aldrich); horseradish peroxidase (HRP)-conjugated
goat anti-rabbit immunoglobulin G (IgG), 1:10,000
(Bio-Rad Laboratories, Inc.); and HRP-conjugated goat
anti-mouse IgG, 1:10,000 (Bio-Rad Laboratories, Inc.).
Images were captured and band intensities were ana-
lyzed using Chemidoc Imaging System and Image Lab
software v5.2 (Bio-Rad Laboratories, Inc.).

For dystrophin quantification, pooled protein lysates
from WT mice were used as positive controls and lysates
from mdx mice were used as negative controls. To quan-
tify dystrophin levels, a standard curve with an appro-
priate range was applied to each gel. The serial diluted
points of the standard curve were obtained by mixing
the same concentration of the WI' and DMD protein
lysates. The standard curve was used to determine per-
centage of WT dystrophin production.
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Noncompartmental Analysis

Noncompartmental analysis (NCA) of the averaged
plasma concentration per timepoint was performed
in Phoenix WinNonlin (v8.2; Certara USA) using a
linear log trapezoidal method. The area under the
plasma-time curve (AUC) was calculated with uniform
weighting. Elimination half-life (T 5) was calculated
by linear regression using logarithmic values of con-
centration—time data in the terminal phase. Maximum
observed concentration (C,,,.), plasma clearance (CL),
and volume of distribution at the steady state (V) param-
eters were also calculated.

Plasma PK Linearity Analysis

Dose-proportionality of plasma PK was assessed using a
power model to define the relationship between PK
parameter (y) and dose as follows: y = a « dose’, where
a and p correspond to proportionality constant and
exponent. The exponent fin the power model was esti-
mated by regressing the natural log-transformed dose.
To confirm dose-proportional PK, the estimated power
exponent should be close to 1 and a suitable confidence
interval (90% CI) should be contained within a pre-
specified interval (f;, f;;). This prespecified interval was
calculated using an equivalence criterion interval of
0.5-2 suggested by Hummel et al. for exploratory PK

In(¢b,.. In(¢y.) >’

linearity assessment as (f;, f;;) = (1 e I+ o0

where ¢; and ¢; are lower and higher Hummel’s equiv-
alence criterion of 0.5 and 2, and ris the ratio of the
highest- to lowest-tested dose levels [24]. Additionally,
to assess dose proportionality, plasma PK exposure
parameters AUC and C,,, were normalized to dose
level and ANOVA was used to test for a significant dif-
ference in dose-normalized PK exposures between dos-

ing groups.

PK/PD Modeling

The RC-1001 PK/PD model includes: (1) IV dosing, (2)
PPMO plasma disposition (distribution+elimination), (3)
uptake/distribution into skeletal muscle tissue, (4) target
engagement with pre-mRNA to generate exon skipping,
and (5) transcription of the skipped mRNA, producing dys-
trophin. Figure 1 provides detailed mechanisms built in the
model and corresponding parameters. Based on previous
work showing similar plasma PPMO exposure in WT and
mdx mice (unpublished data), the plasma PK model was
developed using WT mouse data. A sequential modeling
approach was used to link the plasma PK model to the
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Fig. | Integrated PK/PD model
for exon skipping and dystrophin
protein expression by PPMO.
Symbols are defined in Table |

Plasma

Doselvl

Periphery

Aper

tissue PK/PD model. A plasma PK model was first devel-
oped to fita dataset at 10, 40, and 80 mg/kg single IV bolus
dose. A plasma PK model and estimate parameters were
used to link plasma PK to tissue PK/PD in a subsequent
model. A linear 2-compartment model (Fig. 1) was used to
fit the plasma data (Egs. 1-3).

dA
7; =ky - Apy — (kg +kpy) <A, AL0) = Dose (1)
AC
G, = V. (2)
dA er
d[; = kIZ 'Ac - k21 'Aper Aper(o) =0 (S)

where A, represents drug amount in the central com-
partment, A,.,: amount in the peripheral compartment,
C,: plasma concentration, k;s and ky: first-order rate
constants for distribution from central to peripheral
compartments and vice-versa, k,: first-order rate con-
stant for elimination, and V. apparent volume of dis-
tribution in the central compartment (plasma). Total
plasma and intercompartmental clearances (CL and
CL,) and volume of distribution in peripheral compart-
ment (V,) were calculated as derived parameters from
model parameter estimates:

CL,

and V, = —
kay

CL = kel L4 VC’ CLd = k12 L4 VL"

Skeletal Muscle

—I]> sk.mRNA

—>
kin,s > kout,s
]
:SDys
&
—u> Dys
kin,Dys

l kout,Dys

Estimated parameters by the plasma PK model were
fixed for subsequent modeling.

A tissue PK/PD model was developed and fit to
mdx mice tissue PK/PD data from both the single and
repeated dose studies. Tissue (skeletal muscle) was mod-
eled as a “biophase” compartment to describe exposure
and PD. Plasma concentration is not detectable beyond
24 h, whereas tissue concentration is detectable 28 days
after dosing. Hence, tissues may act as a PPMO depot
where there is limited redistribution from tissues back
to plasma. A similar model was developed for other
ASO molecules by Shimizu et al. [21]. Tissue concen-
tration was characterized by a 2-compartment model to
describe the biexponential decline in tissue concentra-
tion (Egs. 4-7).

dA,
- = Ky Aotk - Ay — (ky +k)-A, A0)=0 (4)
At
C = v C,0)=0 (5)
t
dA

d_tlzktl ‘A —kp - A A(0)=0 (6)
Ci=A, s ki C,(0)=0 (7)
kpeV,

where A and A, are the amounts in the tissue central
and distribution (peripheral) compartments, C;: drug
concentration in the tissue peripheral (distribution)
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compartment, C: drug concentration in the tissue cen-
tral compartment, k: first-order elimination rate con-
stant in muscle, kpt represents first-order distribution
rate constant from the plasma central compartment
to the muscle’s central compartment, k; and k. first-
order tissue inter-compartmental rate constants, and V,:
volume of distribution in muscle central compartment.
PPMO molecules in target tissue organs (skeletal mus-
cle in this model) distribute to the nucleus and engage
with pre-mRNA to exert exon skipping. The concentra-
tion in the peripheral compartment (C;) was assumed
as the driver of measured PD effect (exon skipping).
Drug concentration in the peripheral tissue compart-
ment was used as the PD driver instead of the central
compartment due to observed hysteresis of exon skip-
ping in relation to measured tissue concentration; bet-
ter performance of the model using the peripheral
compartment as the PD driver; and suitability of the
PPMO’s mechanism of action, where the drug distrib-
utes to a tissue sub-compartment (nucleus) and comple-
mentarily binds with pre-mRNA to cause exon skipping.

The measured tissue concentration in quadriceps
muscle was assumed to be the concentration in the
central compartment of the skeletal muscle model.
Because biceps muscle tissue from a single mouse could
not yield sufficient homogenate to assess all biomarkers,
tissue concentration was measured in the quadriceps,
whereas PD biomarkers (exon skipping and dystro-
phin) were measured in the biceps. Based on previous
studies showing comparable tissue concentrations in
skeletal muscles (quadriceps and biceps; unpublished
data), quadriceps tissue concentration was used in the
current model and linked to PD effect (exon skipping
and dystrophin) in the biceps muscle after single- and
multiple-dose studies.

For the PD model, skipped mRNA message was mod-
eled with a semi-mechanistic indirect response (IDR)
model. The mechanism of action of the PPMOs used
in this study involves binding to pre-mRNA of a target
exon and alternatively splicing out the targeted exon.
The resultant mature mRNA with the skipped exon, also
referred to as “skipped transcript,” was characterized by
an IDR model representing a response resulting from
the stimulation of synthesis in the response variable (IDR
model 3) [25]. Baseline copy numbers for skipped mes-
sages were set to observed values from mdx mice receiv-
ing vehicle control.

Skipped transcript is transported to the cytoplasm for
translation of truncated but functional dystrophin. The
skipped transcript was used as the driver of dystrophin
synthesis. A linear IDR model 3 was used to describe
dystrophin. Because expressed protein in untreated
mdx mice is below limit of quantification of western
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blot, the baseline for dystrophin was estimated by the
model during early model development, and the esti-
mated value (0.1% WT) was fixed in the final model to
reduce the number of estimated parameters. This value
was close to %WT (0.07% WT) obtained when the sig-
nal in vehicle-treated mice is extrapolated beyond the
accurate limit of quantification. Differential equations
used to model PD data are presented in Eqs. 8-13.
Skipped transcript:

d[sk.mRNA] _ Sar * €7

— = ki ® <1 + W — Kour.s * [sk.mRNA] (8)

sk.mRNA(0) = sk.mRNA, (9)

kin,s = SkMRNAO ° kout,s (10)

Dystrophin:

d[g 3 5L ko (14 Sy + [skmRNA — sk.mRNA) ) = kouty, » [Dys]
(11)

Dys(0) = Dys, (12)

kin,Dyx = Dys() ® kout,Dys (13)

where k;;, g represents zero-order synthesis rate constant
for skipped message, k,, s: first-order rate constant for
turnover of skipped message, S, maximum drug-
induced effect on the production of skipped mRNA,
SC;: drug concentration that produces 50% of S, in
the muscle tissue. y;, is hill coefficient for skipped mes-
sage, k, . zero-order rate constant for synthesis of dys-
trophin, SDYS: the linear slope of translation of skipped
mRNA to protein, and K, p: firstorder rate constant
for turnover of dystrophin. sk. mRNA, sk.mRNAO’ Dys,
and Dys, represent change and baseline of number of

skipped transcript and dystrophin.
Data Analysis

A sequential modeling approach was used, in which
the plasma PK model was first developed and fixed
in the subsequent tissue PK/PD model. The plasma
PK model was fit to the single-dose dataset and the tis-
sue PK/PD model was fit to pooled data at each time-
point from both the single- and repeat-dose PK/PD
studies. All parameters were estimated using a maxi-
mum likelihood estimator (Stochastic Approxima-
tion Expectation—-Maximization algorithm) in Mono-
1lix2020R2 (Lixoft), allowing estimation of fixed effects
for each parameter and residual error modeling in
one step. Naive pooled analysis was performed where
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Table I NCA estimated

| PK 1 Dose (mg/kg) T\/Z max AUCimr CL \/ss
?s?jmj: ; parameters, mean (h) (Wg/mL) (h*ug/mL) (mL/h/kg) (ml/kg)
10 0.32 (0.15) 51.3(9.2) 167 (26.0) 608.8 (92.3) 1774 (52.8)
40 0.53 (0.05) 1675 (15.1) 68.1 (2.9) 587.9 (24.6) 2789 (39.3)
80 0.74 (0.05) 399.9 (30.3) 1882 (15.2) 426.8 (33.0) 2480 (10.7)

AUC, ¢ area under the concentration—time curve extrapolated to infinity, C

max Maximum observed concentra-

tion, CL clearance, n sample size, NCA noncompartmental analysis, PK pharmacokinetics, SE standard error of
mean, T, elimination half-life, V, volume of distribution at steady state

inter-individual variability was not estimated. Each
mouse corresponds with a single datapoint; therefore,
itis challenging to estimate individual variability. Data
at each dose-level group were treated as coming from
a single mouse. Either a proportional model or a com-
bined constant and proportional model was used to
describe residual uncertainty in the datasets based
on inspection of diagnostic plots. The proportional
residual error model assumes that the amount of noise
in data is proportional to observed data, whereas the
constant error model assumes a constant amount of
noise in every observation. The proportional residual
error model was used to evaluate plasma and tissue PK
data, and dystrophin data. The combined constant and
proportional error model was used to evaluate skipped
transcript data. An interval data-censoring method
built into Monolix was used to handle data below the

Fig. 2 Plasma PK linearity

analysis. (a, b) Plots of plasma

A

limit of quantification (BQL). This method, similar
to Method 4 in NONMEM, is based on simultaneous
modeling of continuous and categorical data, where
BQL data are treated as categorical data. The likeli-
hood of BQL observations are maximized with respect
to model parameters; and the likelihood of these obser-
vations is taken to be the likelihood that these data are
indeed BQL [26, 27]. The method censors the BQL
data and conditions their likelihood that these observa-
tions range from 0 and BQL value (60 ng/g in current
analysis). The likelihood of the uncensored data (above
BQL data) are conditioned that the observations are
greater than 0.

To determine the goodness of fit for the model,
predicted vs observed, individual/population fitting,
and other diagnostic plots (e.g., plots of residuals)
were assessed. Relative standard error (RSE) of each

exposure versus dose. Line: 5007 power exp:1.16 2507 Power exp:1.40
power model prediction; data 90% Cl:0.98-1.38 90% Cl: 1.20-1.64
points: Cyr.y (@) and AUC, ¢ (b) 4007 R2-0.98 3 2007 R2= 99
at shown dose levels. (c, d) Plots = £
: £ 300 2 150
of dose-normalized C,,, (¢) and = =
AUC, ¢ (d) at tested dose levels. % 200- 5;5 100
Plots show mean +SE, n=3. & g
Statistical significance tested 1004 < 504
by ANOVA between shown D
dose levels; *indicates statistical 0 I I T I . 0 I I I I .
significance (p-value <0.05). AUC 0 20 40 60 80 100 0 20 40 60 80 100
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fidence interval, C,,,, maximum
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Fig. 3 Plasma PK model fitting of PPMO plasma concentration after single IV bolus dose of 10, 40 and 80 mg/kg. Line: model prediction; dots: indi-

vidual observed plasma concentration (n=3 per dose per timepoint)

parameter was determined to assess accuracy, where
RSE <50% was considered an accurate estimate. For
model validation, visual predictive check (VPC) plots
were generated to assess the ability of the model to
regenerate data. 1500 simulations were compared with
observed data in VPC plots; the 10th, 50th and 90th per-
centiles of both observed and simulated data were calcu-
lated and compared.

GraphPad Prism 8 was used to analyze PK linearity/
dose-proportionality by the power model and test of
ANOVAs.

RESULTS

Noncompartmental Analysis

Plasma exposure parameters were determined for 10, 40,
and 80 mg/kg doses by NCA (Table 1). T, ,, ranged from

0.32 to 0.74 h, and V ranged from 177.4 to 278.9 mL/
kg. The systemic CL showed a trending decrease with
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increasing dose, with average CL of 608.8 mL/h/kg,
587.9 mL/h/kg and 426.8 mL/h/kg at 10, 40, and
80 mg/kg, respectively. This trend is consistent with the
slightly more-than-dose—proportional increase in AUC,
suggesting that an elimination mechanism is being satu-
rated as dose increases.

Plasma PK Linearity Analysis

As the NCA-estimated CL showed a decreasing trend
with increasing dose, plasma PK linearity was assessed
using a power model and ANOVA. To conclude lin-
ear PK, the power model estimated power exponent/
slope () value should be close to 1; the estimated 90%
CI around g should include 1 and be contained within
the calculated Hummel’s equivalence criterion inter-
val (HCI). The power model with critical equivalence
criterion shows that plasma PK is linear based on C,,,
with f=1.16, 90% CI 0.98-1.38, HCI 0.67-1.33 (Fig. 2A).
On the other hand, the plasma PK is nonlinear based
on AUC with p=1.40, and 90% CI 1.20-1.64 (Fig. 2B).
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Table 2 PK/PD model parameter estimates

Model Parameter Description Estimate RSE %

Plasma PK V.(mL) Volume of distribution in central compartment 58 62.8
ake, (1/day) Elimination rate constant from the central compartment 102.72 23
akm (1/day) First-order rate constant from central to peripheral compartment 21.53 39.1
ak2| (1/day) First-order rate constant from peripheral to central compartment 30.24 224
CL (mL/h) Total plasma clearance 24.0 -
°CLy (mUh) Intercompartmental clearance 52 -
oV, (mL) Volume of distribution in peripheral compartment 4.1 -

Muscle PK/PD k, (1/day) First-order rate constant for distribution from central compartment to tissue 0.023 1.7

compartment
k,; (1/day) First-order rate constant from tissue central to tissue peripheral compartment 0.37 391
k,, (1/day) First-order rate constant from tissue peripheral to tissue central compartment 026 395
k (I/day) First-order elimination rate constant from tissue 0.13 6.79
V, (mL) Volume of distribution in muscle central compartment 0.21 162
SCs; (Ng) Tissue drug concentration required to achieve 50% of S, 79528 10.6
S e Maximum stimulation effect of tissue PPMO on skipped transcript [4IE+04 167
ko5 (1/day) Degradation rate constant for skipped transcript 317 321
sk.mRNA fcopy#/30ng  Skipped transcript copy number at baseline 1.3 Fix
RNA)

Ys Hill coefficient for skipped transcript I.16 1.58
Dys, (%WT/day) Dystrophin at baseline 0.10 Fix
Spys Linear slope of skipped mMRNA translation to dystrophin 0.093 779
ki, pys (1/day) Degradation rate constant for dystrophin 0.044 1.8

PD pharmacodynamics, PK pharmacokinetics, PPMO peptide-conjugated phosphorodiamidate morpholino oligomer, RSE relative standard error

#Parameter units were converted from |/h to |/day to be fixed in the tissue PK/PD model

bParameters calculated as derived parameters from PK model parameter estimates

To further assess plasma PK dose-dependence, an
ANOVA test was performed on dose-normalized PK
exposure. Plots of dose-normalized C,,, show dose
proportionality, as there is no significant difference
between dose-normalized C, ,, at tested doses (10,
40, and 80 mg/kg) (Fig. 2C). By contrast, an ANOVA
test on dose-normalized AUC shows a significant dif-
ference between 80 mg/kg and other tested dose lev-
els (10 mg/kg, p=0.0108 and 40 mg/kg, p=0.0137),
suggesting nonlinearity at 80 mg/kg (Fig. 2D). These
results agree with power model analysis showing dose-
proportional increases plasma concentration based
on C, .. and greater-than-dose—proportional increases
based on AUC.

Plasma PK Modeling Analysis

Based on the possibility of nonlinearity from the plasma
PK linearity analysis, both linear and nonlinear models
were assessed. The nonlinear model showed poor data
fitting and parameter estimation compared with the
linear model. It is possible that the tested dose range
did not fully saturate the nonlinear elimination process.
The linear 2-compartment model indicated a robust fit

with plasma concentration data and accurately estimated
parameters (Fig. 3, Table 2). The high estimated distri-
bution and elimination rate constants correspond to fast
distribution and elimination of PPMOs, where plasma
concentration is not detectable 24 h post-dose in most
animals. This corresponds well with the quick plasma
half-life (<1 h) observed for these molecules. Due to
fast dissipation of plasma concentration relative to tissue
concentration (plasma undetectable at 24 h, while tissue
concentration is detectable up to 28 days post dose), the
distribution to tissue PK model was assumed to be a one-
way process through parameter k. The plasma-model
estimated parameters were fixed in the subsequent tis-
sue PK/PD model.

Semi-mechanistic Tissue PK/PD Model
Development and Validation

No tissue concentration was detected in control-treated
mice, hence not used in the analysis. Exon skipping
in control-treated mice was substantially lower than in
PPMO-treated mice. The average of these values were
fixed to baseline skipped copies (sk.mRNA,)) in the
model. Dystrophin expression in vehicle-treated mdx
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Fig. 4 Tissue PK/PD model fitting after single and multiple doses at 40 and 80 mg/kg. Muscle tissue concentration (a); skipped transcript (copy
numbers per 30 ng total RNA) (b); and dystrophin in percent of WT mice (c) over time. Lines represent model prediction; dots represent
observed data (pink: single dose; blue: multiple dose) at each timepoint (n=6). MD multiple dose, SD single dose, WT wild-type

mice was below the limit of detection of western blot.
Though undetectable by western blot, mdx mice express
low amounts of dystrophin, hence the baseline value
was first estimated and then fixed to the estimated value
(0.1%) in the final model. Additionally, when extrapo-
lated, the faint dystrophin signal in vehicle-treated mice
corresponded to approximately 0.07% WT, which is
close to 0.1. For tissue concentration, a 2-compartment
model was used to describe a bi-exponential decline in
observed tissue concentration.

A semi-mechanistic PK/PD model was constructed
based on data from single- and multiple-dose studies. IDR
models were used to characterize PD effects (skipped
transcript and dystrophin level), with skipped transcript
as an intermediate biomarker. The model described the
data reasonably well and accurately estimated parame-
ters, as indicated by low RSE values (Table 2). Concentra-
tion vs time plots show good agreement between model
prediction and observed data for tissue concentration,
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skipped mRNA transcript, and dystrophin levels (Fig. 4).
Additionally, plots of predicted versus observed show
good alignment around the line of identity (Fig. 1S).
Other diagnostic plots, including individual weighted
residuals versus time and individual weighted residuals
versus observed data, confirm good performance of the
model (Fig. 2S). Model validation through analysis of
VPC plots shows that the observed data generally align
with the simulated data (Figs. 5 and 3S). The VPC plots
show some outlier areas, but these are consistent with
the inherent variability associated with terminal sampling
at each timepoint. Some variability may be attributed to
the current datasets being from 2 different studies. Use
of tissue peripheral compartment concentration (C;)
instead of central compartment (C,) as the PD driver was
proven appropriate as we see good profile alignment of
C; and skmRNA (Fig. 4S). The plasma concentration
profile falls BLQ (10 ng/mL) 8 h post-dose. The model
estimated rate constant of elimination in the tissue PK
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Fig. 4 (continued)

model (k) suggests a tissue PPMO half-life of 5 days, relat-
ing to observed limited concentration accumulation after
multiple dosing. The dispassion rate constant of skipped
transcript (k,,s) corresponds to a half-life of 5 h, cor-
responding to no accumulation in this biomarker after
multiple dosing. On the other hand, the dissipation rate
constant for dystrophin expression (K, py) corresponds
to a half-life of 16 days, corresponding to observed dystro-
phin accumulation after multiple dosing (from 18%WT
to 44%WT at 40 mg/kg and from 50%WT to 80%WT at
80 mg/kg from first to 6 dose) and delay in reaching
steady state levels observed after the 6th dose.

DISCUSSION

This is the first PK/PD model for a PPMO. This
next-generation PPMO technology may offer
increased cell penetration, exon skipping, and
prolonged duration of dystrophin restoration in
patients with DMD with a mutation amenable to

exon skipping. Using this semi-mechanistic PK/
PD model built based on the mechanism of action
of PPMOs, we were able to link RC-1001 dosing to
plasma concentrations to muscle tissue distribu-
tion, then to exon skipping, and finally to dystro-
phin expression using single- and repeat-dose PK/
PD studies. Furthermore, the developed PK/PD
model may help describe the time course of the PK
and PD of future PPMOs for DMD and other dis-
ease states. Similar models were used to describe
the PK and PD of other ASOs, including an apolipo-
protein B-reducing ASO [21] and a survivin mRNA-
inhibiting ASO (LY2181308) [28]. With inhibitory
mechanisms of action, IDR models describing inhi-
bition of synthesis (IDR model 1) or stimulation of
dissipation (IDR model 4) were used to describe
their PD data. In contrast, PPMOs lead to synthe-
sis of skipped transcripts, which translate to a func-
tional protein. Therefore, IDR models describing
stimulation of synthesis (IDR model 3) were used to
describe skipped transcript and dystrophin.
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After IV administration of RC-1001, the estimated
plasma half-life was 0.32-0.74 h, which is typical for
arginine-rich CPP-conjugated PMOs [29]. The short
half-life of RC-1001 is due to quick renal excretion
[30], rapid drug distribution in different tissue organs,
and abundant peptidase enzymatic activity in plasma
that cleave the CPP. Additionally, absorption, distri-
bution, metabolism and excretion studies show that
more than 50% of administered PPMO molecules are
excreted in urine within 24 h of IV dosing (unpub-
lished data).

RC-1001 showed different dose-proportionality
behavior in plasma based on either total (AUC) or
maximum (C,,,) exposure. RC-1001 shows linear
plasma PK up to 80 mg/kg based on C,,,, but lin-
ear (dose-proportionality) plasma PK up to 40 mg/
kg based on AUC. The AUC was slightly more than
dose-proportional at 80 mg/kg, suggesting that
a possible elimination process is being saturated.
PPMO molecules are metabolized by proteases that
remove the peptide [29]. The linear 2-compartment
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plasma PK model showed superiority over nonlinear
PK despite the nonlinearity observation. It is pos-
sible that the tested dose range did not saturate the
nonlinear elimination process, thereby preventing
accurate estimation of nonlinear parameters. The
developed 2-compartment PK model characterized
bi-exponential decline in tissue concentration data
well, suggesting a barrier to distribution of PPMO
to a tissue subcompartment; possibly the nucleus,
where the molecule exerts its PD effect by binding to
pre-mRNA for exon skipping. The IDR models also
described both exon skipping (skipped transcripts)
and dystrophin levels. The model parameters were
well estimated by the current models as shown by
low RSE values.

The developed IDR model follows the mechanism
of action of exon skipping PPMOs; it characterizes the
synthesis/production of skipped transcript after mol-
ecules complementarily bind to a dystrophin pre-mRNA
sequence to alter splicing of exon 23, which translates
into truncated dystrophin.
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Fig. 5 Muscle PK/PD model validation by VPC of dystrophin. The blue and pink shaded areas represent 90% predictive interval around |0th (bot-
tom blue area), 50th (middle orange area) and 90th (top blue area) percentiles. The blue lines (and dots) represent linear connections of empirical
percentiles (10th, 50th, and 90th) of observed data. The black dashed lines represent linear connections of percentiles of simulated data between
selected time intervals (bins). Red dots and shading represent the outlier dots and areas. MD multiple dose, SD single dose, VPC visual predictive

check, WT wild-type

The estimated parameters reflect quick synthesis of
transcript as shown by a high k;, s value. This rapid syn-
thesis of skipped transcript was observed in other stud-
ies where skipping was measurable 2 h post-injection
(unpublished data). The estimated degradation rate
constant of skipped transcript reflects at a half-life of
5 h, which is close to the measured 16 h half-life of
human full dystrophin mRNA in fetal human myotubes
[31]. The difference between estimated and literature
half-life values may be explained by some discrepancies
between the current study and the literature: for exam-
ple, differences in metrics (PPMO-mediated exon 23
skipped transcript vs full-length transcript); study setup
(in vitro vs in vivo); and/or species (mouse model vs
human transcript).

The skipped transcript translocates to the cytoplasm,
where it is translated to a truncated, inframe dystrophin.
Dystrophin, a structural protein that links the intracel-
lular cytoskeleton to transmembrane components of the

dystrophin glycoprotein complex, is an important bio-
marker in DMD [32, 33]. This model described observed
dystrophin and accumulation of dystrophin in a monthly
dosing regimen. Unlike skipped transcript production,
dystrophin synthesis is a slow process, as reflected by
low ki, py, values. This was also reflected in other experi-
ments, in which dystrophin is not detectable until 2 days
post-injection [19]. The estimated rate constant of loss
of dystrophin led to an estimated dystrophin half-life of
approximately 15 days, which is lower than the >3-month
half-life described in the literature [19]. This may be due
to underestimation of half-life based on the short sam-
pling time in the current study, where the longest time was
28 days post-injection. Additionally, VPC plots show agree-
ment between observed and simulated data, further sup-
porting the potential of this model for predicting dystro-
phin production in mdx mice. Restoration of dystrophin
can be challenging to quantify in clinical settings, as this
assessment can require open biopsy. It is helpful to have
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a model that can describe the time-course of dystrophin
expression utilizing sparse biopsy data. The current model
is able to characterize the time-course of this important
DMD biomarker and can be used to predict dystrophin
levels after different dosing regimens. By applying inter-
species scaling methods such as allometric scaling or con-
comitant translational modeling incorporating preclinical
and clinical data, the current model scheme/framework
can be scaled to model and describe clinical exon skipping
candidate molecules in patients with DMD. Additionally,
the model supports that less frequent dosing (once every
4 weeks) may be feasible for PPMOs, despite their short
half-ife in plasma. In the clinical setting, less frequent dos-
ing has the potential to reduce patient burden for patients
with DMD and their caregivers.

CONCLUSION

This model characterizes PK/PD profiles of a PPMO
and dystrophin accumulation in muscle after single or
repeated monthly dosing, and provides a mechanistic
explanation for various phases of PK/PD responses
observed in mdx mice. This first PK/PD model of a
PPMO offers a framework for other PPMO molecules
and exon skipping ASOs. If applied to other species, it
has potential to inform development of future PPMO
clinical programs.

Acknowledgements

The authors are thankful to Stephanie Garcia, who performed
monitoring of the mice used in this study, and assisted with all
injections and tissue sample collections. Medical writing and edi-
torial support were provided by Katherine Alfond, PharmD, RPh
of Sarepta Therapeutics, Inc.; and Purvi Kobawala Smith, MS,
MPH, and Clare Sonntag, MA of Health & Wellness Partners,
LLC, Upper Saddle River, NJ, funded by Sarepta Therapeutics,
Inc.

Funding The current study was sponsored by Sarepta Thera-
peutics, Inc.

Declarations

Conflict of interest MC Mukashyaka, C Wu, K Ha, | Zhang, |
Wood, S Foley, B Mastis, N Jungels, H Sun, M Shadid, S Harri-
man, and JR Hadcock were employees of Sarepta Therapeutics,
Inc. at the time of this study and during manuscript preparation,
and may own stock/option in the company.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated

@ Springer

otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

REFERENCES

1. Aartsma-Rus A, Straub V, Hemmings R, Haas M, Schlosser-
Weber G, Stoyanova-Beninska V, et al. Development of
exon skipping therapies for duchenne muscular dystrophy:
a critical review and a perspective on the outstanding issues.
Nucleic Acid Ther. 2017;27(5):251-9.

2. Emery AE. Population frequencies of inherited neuro-
muscular diseases—a world survey. Neuromuscul Disord.
1991;1(1):19-29.

3. Mendell JR, Lloyd-Puryear M. Report of MDA muscle disease
symposium on newborn screening for Duchenne muscular
dystrophy. Muscle Nerve. 2013;48(1):21-6.

4. Mendell JR, Shilling C, Leslie ND, Flanigan KM, Dahhak
R, Gastier-Foster J, et al. Evidence-based path to newborn
screening for Duchenne muscular dystrophy. Ann Neurol.
2012;71(3):304-13.

5. Cirak S, Arechavala-Gomeza V, Guglieri M, Feng L, Torelli
S, Anthony K, et al. Exon skipping and dystrophin restora-
tion in patients with Duchenne muscular dystrophy after
systemic phosphorodiamidate morpholino oligomer treat-
ment: an open-label, phase 2, dose-escalation study. Lancet.
2011;378(9791):595-605.

6. Pane M, Mazzone ES, Sormani MP, Messina S, Vita GL,
Fanelli L, et al. 6 Minute walk test in Duchenne MD patients
with different mutations: 12 month changes. PLoS One.
2014;9(1):e83400.

7. Van Deutekom JC, Janson AA, Ginjaar IB, Frankhuizen WS,
Aartsma-Rus A, Bremmer-Bout M, et al. Local dystrophin
restoration with antisense oligonucleotide PRO051. N Engl
J Med. 2007;357(26):2677-86.

8. Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR,
Cripe L, et al. Diagnosis and management of Duchenne mus-
cular dystrophy, part 2: implementation of multidisciplinary
care. Lancet Neurol. 2010;9(2):177-89.

9. Bushby K, Finkel R, Birnkrant D], Case LE, Clemens PR,
Cripe L, et al. Diagnosis and management of Duchenne mus-
cular dystrophy, part 1: diagnosis, and pharmacological and
psychosocial management. Lancet Neurol. 2010;9(1):77-93.

10. Aartsma-Rus A, Bremmer-Bout M, Janson AA, den Dunnen
JT, van Ommen G-JB, van Deutekom JC. Targeted exon skip-
ping as a potential gene correction therapy for Duchenne
muscular dystrophy. Neuromuscul Disord. 2002;12:71.

11. Aartsma-Rus A, Fokkema I, Verschuuren J, Ginjaar I, Van
Deutekom J, van Ommen GJ, et al. Theoretic applicability of
antisense-mediated exon skipping for Duchenne muscular
dystrophy mutations. Hum Mutat. 2009;30(3):293-9.

12. Kole R, Krieg AM. Exon skipping therapy for Duchenne mus-
cular dystrophy. Adv Drug Deliv Rev. 2015;87:104-7.

13. Betts C, Saleh AF, Arzumanov AA, Hammond SM, Godfrey C,
Coursindel T, et al. Pip6-PMO, a new generation of peptide-
oligonucleotide conjugates with improved cardiac exon skip-
ping activity for DMD treatment. Mol Ther Nucleic Acids.
2012;1:e38.

14. Betts CA. Exon skipping peptide-pmos for correction of dys-
trophin in mouse models of duchenne muscular dystrophy:
University of Oxford; 2014.


http://creativecommons.org/licenses/by/4.0/

Pharm Res (2021) 38:1731-1745

1745

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gait M], Arzumanov AA, McClorey G, Godfrey C, Betts C,
Hammond S, et al. Cell-penetrating peptide conjugates of
steric blocking oligonucleotides as therapeutics for neuro-
muscular diseases from a historical perspective to current
prospects of treatment. Nucleic Acid Ther. 2019;29(1):1-12.
Hammond SM, Hazell G, Shabanpoor F, Saleh AF, Bower-
man M, Sleigh JN, et al. Systemic peptide-mediated oligonu-
cleotide therapy improves long-term survival in spinal muscu-
lar atrophy. Proc Natl Acad Sci U S A. 2016;113(39):10962-7.
Moulton HM, Moulton JD. Morpholinos and their peptide
conjugates: therapeutic promise and challenge for Duch-
enne muscular dystrophy. Biochim Biophys Acta Biomembr.
2010;1798(12):2296-303.

Bosgra S, Sipkens ], de Kimpe S, den Besten C, Datson N,
van Deutekom J. The pharmacokinetics of 2'-O-methyl phos-
phorothioate antisense oligonucleotides: experiences from
developing exon skipping therapies for Duchenne muscular
dystrophy. Nucleic Acid Ther. 2019;29(6):305-22.

Verhaart IE, Van Vlietvan Den Dool L, Sipkens JA, De Kimpe
S], Kolfschoten IG, Van Deutekom JC, et al. The dynamics
of compound, transcript, and protein effects after treatment
with 20MePS antisense oligonucleotides in mdx mice. Mol
Ther Nucleic Acids. 2014;3:e148.

Rosie ZY, Lemonidis KM, Graham M]J, Matson JE, Crooke
RM, Tribble DL, et al. Cross-species comparison of in vivo
PK/PD relationships for second-generation antisense oligo-
nucleotides targeting apolipoprotein B-100. Biochem Phar-
macol. 2009;77(5):910-9.

Shimizu R, Kitade M, Kobayashi T, Hori S-I, Watanabe A.
Pharmacokinetic-pharmacodynamic modeling for reduc-
tion of hepatic apolipoprotein B mRNA and plasma total
cholesterol after administration of antisense oligonucleotide
in mice. ] Pharmacokinet Pharmacodyn. 2015;42(1):67-77.
Geary RS, Rosie ZY, Watanabe T, Henry SP, Hardee GE,
Chappell A, et al. Pharmacokinetics of a tumor necrosis
factor-a phosphorothioate 2"-O-(2-methoxyethyl) modified
antisense oligonucleotide: comparison across species. Drug
Metab Dispos. 2003;31(11):1419-28.

Agarwal S, Simon AR, Goel V, Habtemariam BA, Clausen
VA, Kim JB, et al. Pharmacokinetics and pharmacodynam-
ics of the small interfering ribonucleic acid, givosiran, in
patients with acute hepatic porphyria. Clin Pharmacol Ther.
2020;108(1):63-72.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hummel J, McKendrick S, Brindley C, French R. Explora-
tory assessment of dose proportionality: review of current
approaches and proposal for a practical criterion. Pharm
Stat. 2009;8(1):38-49.

Dayneka NL, Garg V, Jusko WJ]. Comparison of four basic
models of indirect pharmacodynamic responses. ] Pharma-
cokinet Biopharm. 1993;21(4):457-78.

Bergstrand M, Karlsson MO. Handling data below the
limit of quantification in mixed effect models. AAPS ]J.
2009;11(2):371-80.

Beal SL. Ways to fit a PK model with some data below
the quantification limit. ] Pharmacokinet Pharmacodyn.
2001;28(5):481-504.

Callies S, Andre V, Patel B, Waters D, Francis P, Burgess
M, et al. Integrated analysis of preclinical data to support
the design of the first in man study of LY2181308, a second
generation antisense oligonucleotide. Br | Clin Pharmacol.
2011;71(3):416-28.

Amantana A, Moulton HM, Cate ML, Reddy MT, Whitehead
T, Hassinger JN, et al. Pharmacokinetics, biodistribution, sta-
bility and toxicity of a cell-penetrating peptide-morpholino
oligomer conjugate. Bioconjug Chem. 2007;18(4):1325-31.
Geary RS, Norris D, Yu R, Bennett CF. Pharmacokinetics,
biodistribution and cell uptake of antisense oligonucleotides.
Adv Drug Deliv Rev. 2015;87:46-51.

Tennyson CN, Shi Q, Worton RG. Stability of the human
dystrophin transcript in muscle. Nucleic Acids Res.
1996;24(15):3059-64.

Wilton SD, Fletcher S, Flanigan KM. Dystrophin as a thera-
peutic biomarker: are we ignoring data from the past? Neu-
romuscul Disord. 2014;24(6):463—6.

Uaesoontrachoon K, Srinivassane S, Warford J, Mekhssian
K, Montpetit H, Beauvois R, et al. Orthogonal analysis of
dystrophin protein and mRNA as a surrogate outcome for
drug development. Biomark Med. 2019;13(14):1209-25.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	PharmacokineticPharmacodynamic Modeling of a Cell-Penetrating Peptide Phosphorodiamidate Morpholino Oligomer in mdx Mice
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and Methods
	Chemicals
	Animals
	Animal Experiments
	Single Dose to Measure Plasma PK
	Single Dose for Longitudinal PKPD
	Repeated Dose for Longitudinal PKPD

	Measuring Plasma and Tissue Concentrations of PPMO
	Measuring Exon Skipping Levels in Muscle Tissues
	Measuring Dystrophin in Muscle Tissues
	Noncompartmental Analysis
	Plasma PK Linearity Analysis
	PKPD Modeling
	Data Analysis

	Results
	Noncompartmental Analysis
	Plasma PK Linearity Analysis
	Plasma PK Modeling Analysis
	Semi-mechanistic Tissue PKPD Model Development and Validation

	Discussion
	Conclusion
	Acknowledgements
	References




