ARTICLE
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Domagrozumab in Pediatric Patients with
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Myostatin, a negative regulator of skeletal muscle growth, is a therapeutic target in muscle-wasting diseases.
Domagrozumab, a humanized recombinant monoclonal antibody, binds myostatin and inhibits activity.
Domagrozumab was investigated in a phase Il trial (NCT02310763) as a potential treatment for boys with Duchenne
muscular dystrophy (DMD). Pharmacokinetic/pharmacodynamic (PK/PD) modeling is vital in clinical trial design,
particularly for determining dosing regimens in pediatric populations. This analysis sought to establish the PK/PD
relationship between free domagrozumab and total myostatin concentrations in pediatric patients with DMD using

a prior semimechanistic model developed from a phase | study in healthy adult volunteers (NCT01616277) and
following inclusion of phase Il data. The refined model was developed using a multiple-step approach comprising
structural, random effects, and covariate model development; assessment of model adequacy (goodness-of-fit);

and predictive performance. Differences in PKs/PDs between healthy adult volunteers and pediatric patients with
DMD were quantitatively accounted for and evaluated by predicting myostatin coverage (the percentage of myostatin
bound by domagrozumab). The final model parameter estimates and semimechanistic target-mediated drug
disposition structure sufficiently described both domagrozumab and myostatin concentrations in pediatric patients
with DMD, and most population parameters were comparable with the prior model (in healthy adult volunteers).
Predicted myostatin coverage for phase Il patients with DMD was consistently >90%. Baseline serum myostatin was
~65% lower than in healthy adult volunteers. This study provides insights into the regulation of myostatin in healthy
adults and pediatric patients with DMD. Clinicaltrials.gov identifiers: NCT01616277 and NCT02310763.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

Myostatin, a negative regulator of skeletal muscle growth, isa
therapeutic targetin dystrophic muscle diseases. Domagrozumab
binds myostatin with inhibitory activity and was investigated as
a potential treatment for Duchene muscular dystrophy (DMD).
WHAT QUESTION DID THIS STUDY ADDRESS?
The pharmacokinetics and pharmacodynamics (PKs/
PDs) of domagrozumab in pediatric patients with DMD are
described and compared with a prior model developed from
healthy adult volunteers.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

In individuals with DMD, baseline serum myostatin was
~65% lower than in healthy adult volunteers. Myostatin

Duchenne muscular dystrophy (DMD) is a recessive X-linked
disease that affects approximately one in 5,000 newborn boys.
DMD is caused by mutations in the DMD gene, resulting in

coverage was consistently > 90% in individuals with DMD after
domagrozumab treatment. The final PK/PD model was gener-
ally consistent with the prior model, demonstrating translation
and evolution from early PK/PD models.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?
Sequestering systemic myostatin did not translate to clini-
cal efficacy in DMD, and modulating myostatin a site of action
(muscle) or other therapeutic targets should be investigated.

the absence, or substantial reduction, of the protein dystrophin.
Dystrophin is a rod-shaped cytoskeletal protein that forms part of
the dystrophin-associated protein complex, which is critical for the
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plasma membrane stability of muscle cells.! DMD is characterized
by skeletal and cardiac muscle degencration.2 Onset of symptoms
usually occurs in early childhood followed by the loss of ambula-
tion by 10-12 years of age and premature death at 20-40 years due
to progressive respiratory muscle and cardiac failure. >

Myostatin (growth differentiation factor-8 (GDF-8) is a nega-
tive regulator of skeletal muscle growth.5 Mutations in the GDF-8
gene have been associated with increased muscle mass in both an-
imals and humans.®” In mdx mouse DMD models, loss or inhibi-
tion of myostatin leads to increased muscle mass and strength, and
decreased fibrosis and fat substitution.® Inhibition of myostatin
has therefore been investigated as a therapeutic target in muscle-
wasting diseases, such as DMD.

Domagrozumab, a humanized recombinant immunoglobulin
G1 monoclonal antibody that binds myostatin with inhibitory
activity, has been investigated in a phase II trial as a potential treat-
ment for ambulatory boys with DMD (Study B5161002; Clini
calTrials.gov: NCT02310763).9 In clinical development, phar-
macokinetic/pharmacodynamic (PK/PD) modeling has a critical
role in the identification of relevant doses for carly phase trials,
bridging dosing between adult and pediatric patient populations,
and uncovering sources of variability in drug exposure or observed
outcomes.'’

A previous population PK/PD model semimechanistically
quantified the exposure-response relationship between domagro-
zumab and myostatin in healthy adult volunteers (described by
Bhattacharya ¢z 4/. and Tiwari ez al)."'* This model was used to
predict an appropriate domagrozumab dose in a target population
of pediatric patients with DMD, thereby providing maximal myo-
statin coverage. Coverage was defined as domagrozumab bound
to myostatin relative to free myostatin in the peripheral circu-
lation, and is hypothesized to represent the ability of domagro-
zumab to sequester myostatin from its site of action in the
muscles. Domagrozumab administered in the following sequence
gave a predicted myostatin coverage in the pediatric patients
with DMD population > 90% within the first 4 weeks of dosing:
5 mg/kg every 4 weeks for 16 weeks; followed by 20 mg/kg every
4weeks for 16 weeks, and 40 mg/kg every 4 weeks for 16 weeks.'?

The prior population PK/PD model served as a platform for
learning about the relationship between domagrozumab and
myostatin in healthy adult volunteers and was used to confirm
that target domagrozumab exposures, and the extent of myo-
statin coverage, was achieved upon completion of the phase II
study in pediatric patients with DMD. The present analysis
aimed to establish the relationship between free domagrozumab
and total myostatin concentrations in pediatric patients with
DMD using the prior semimechanistic model (developed from
a domagrozumab phase I study in healthy adult volunteers; Study
B5161001; ClinicalTrials.gov: NCT0161 6277) 13 following the
inclusion of data from the double-blind, randomized phase II
study in patients with DMD (Study B5161002). Differences in
PKs/PDs between healthy adult volunteers and pediatric patients
with DMD were quantitatively accounted for in the present it-
eration of the semimechanistic model, and the impact of these
differences was evaluated by predicting myostatin coverage in the

. . 11,1
I‘CSPCCUVC populatlons. 3
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METHODS

Study design

This analysis included data from both the phase I and phase IT domagro-
zumab studies. The complete details of the phase I study in healthy adult
volunteers have been previously described.”'® The phase I study was
a randomized, dose-escalating, parallel group, double-blind, placebo-
controlled study to evaluate the safety, tolerability, and PKs/PDs of
domagrozumab in healthy adult volunteers. Participants received single
ascending intravenous (i.v.) doses (2 = 8 per cohort, 6 active and 2 pla-
cebo) of 1mg/kg, 3 mg/kg, 10mg/kg, 20 mg/kg, or 40 mg/kg infused
over 2hours. There was also a single subcutaneous (s.c.) dose cohort of
3mg/kg (n = 8) and a repeat dose cohort where subjects (2 = 17, 11 active
and 6 placebo) received 10 mg/kg over 2 hours every 2 weeks for a total
of 3 doses.

The phase I study was a randomized, double-blind, placebo-controlled,
two-period (48 weeks each), multiple ascending dose study to evaluate the
safety, efficacy, PKs, and PDs of domagrozumab in ambulatory boys with
DMD. In period 1, patients with DMD were administered domagro-
zumab or placebo in a sequential dose escalation (5 mg/kg, 20 mg/kg, and
40 mg/kg), with each dose level administered every 4 wecks for a total du-
ration of 16weeks. In period 2, patients who received domagrozumab in
period 1 continued to receive the highest tolerated domagrozumab dose
or placebo. Patients who received placebo in period 1 received the same
domagrozumab treatment schedule as the active patients in period 1 (3
consecutive dose levels, cach level every 4 weeks for 16 weeks, for a total of
12 doses). Serum samples to evaluate domagrozumab and myostatin con-
centrations were obtained predose and 2 and 6 hours postdose. In both
studies, serum concentrations of free domagrozumab were assayed using
a validated enzyme-linked immunosorbent assay (lower limit of quanti-
fication (LLOQ) was 0.2 and 2.67 nM for phase I and phase II studies,
respectively). Total myostatin serum concentrations were assayed using a
validated immunoprecipitation liquid chromatography tandem mass spec-
troscopy assay (LLOQ was 0.04 and 0.008 nM for phase I and phase II
studies, respectively).

Both studies were conducted in accordance with legal and regulatory
requirements, as well as the general principles set forth in the International
Ethical Guidelines for Biomedical Research Involving Human Subjects,
guidelines for Good Clinical Practice, and the Declaration of Helsinki.
The protocols, amendments, and informed consent/assent documents
were approved by the institutional review board or ethics committee at
cach study center. Each adult subject and parent/legal guardian in the case
of pediatric patients with DMD provided written, informed consent.

Development of a population PK/PD model in pediatric

patients with DMD

The prior population PK/PD analysis of adult healthy volunteers
modeled free domagrozumab and total myostatin concentrations si-
multancously using a quasi-approximation of the steady-state target-
mediated drug disposition (TMDD) model."" The domagrozumab
PKs was best described by a two-compartment model with elimina-
tion described by both linear (first-order) and nonlinear (Michaelis—
Menten) mechanisms.'* In the phase I study, domagrozumab
concentrations were in excess compared with myostatin concentra-
tions; therefore, it was considered that binding of domagrozumab
to myostatin would not impact free domagrozumab concentrations.
Free domagrozumab concentrations and total myostatin concentra-
tions were modeled in natural log or linear domains, respectively.
Domagrozumab dose amounts and rates were input as nM/kg and
nM/kg/hour, respectively, inherently linearly scaling PK parameters
by total body weight. Allometric scaling approaches were also previ-
ously examined with four-species data for scaling clearance (CL) and
volume of distribution (V)."" Bascline body mass index (BMI) was a
significant covariate with a quantitative effect on the volume of the
central compartment. Final parameter estimates of the prior TMDD
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model and a description of the approximations examined to determine
final parameters are described in the studies by Bhattacharya ez al."!
and Tiwari ez al.'*

The objective of the population PK/PD modeling analysis described
herein was to confirm the structural parameterization of the prior TMDD
model’s ability to describe newly available data from pediatric patients with
DMD, and re-evaluate the random effects and covariate models (where
appropriate). NONMEM version VII Level 3.0 (ICON Development
Solutions, Ellicott City, MD) with the ADVAN13 subroutine (TOL = 9)
was used for model development.

Population parameter estimation used the first-order conditional esti-
mation method with interaction and individual parameters obtained from
empirical Bayes estimates (EBE).

Structural equations for the prior TMDD model are shown in Eqs. 1-6:

‘m]z—POT = Input,. — k, - DEPOT (1)
t
dCENT =Inputy, +k,-DEPOT —k,, - CENT +k,, - PERI—k,- CENT
t
_ Vi 'CONC @)
k, +CONC
@ =k, - CENT —k,, - PERI (3)
t
dMyo Myo
“a = Kan Ky Myo— (k;m - kdeg) -CONC- .+CONC (4)
CENT CL Q Q
CONC= Vi ;kezW5k12=W;kn:W;ksyn:BASE'kdeg (5)

DEPOT(0) = 0; CENT(0) = 0; PERI(0) = 0; Myo(0) = BASE (6)

DEPOT is the concentration of domagrozumab at the injection site
when administered s.c. (nM). CENT is the concentration of domagro-
zumab in the central compartment when administered iv. (nM). PERI
is the concentration of domagrozumab in the peripheral compartment
(nM). Myo represents total myostatin (free and drug-myostatin complex,
nM). CL is the clearance of domagrozumab (L/hour/kg). V1 is the vol-
ume of distribution of the central compartment (L/kg), V2 is the volume
of distribution of the peripheral compartment (L/kg). Q is the intercom-
partmental clearance between the central and peripheral compartments
(L/hour/kg). Inputy. is the amount of domagrozumab administered to
the injection site for s.c. administration (nM/kg). Inputy, is the rate of
drug administered to the central compartment when given as a 2-hour
infusion (nM/kg/hour), k_is the first-order absorption rate constant for
the movement of domagrozumab from DEPOT to CENT following s.c.
administration (hour™ ).

V.. is the maximum elimination rate of domagrozumab via nonlin-
car pathways (nM/kg/hour), k _ is the Michaelis-Menten constant (con-
centration of domagrozumab when 50% of V. s achieved, nM), BASE
is baseline concentration of myostatin (nM), k,__ is the first-order rate
constant for degradation (elimination) of myostatin (hour '), k _ is the
zero-order rate constant for synthesis of myostatin (nM/hour), k; is the
first-order internalization rate constant of the drug-myostatin complex
(hour™"), kg is the half-saturation/steady-state constant for the binding
of drug to myostatin (nM) and is assumed to be at equilibrium (where
k, _is considered to be slower than the dissociation rate for the binding of
domagrozumab to myostatin).

Interindividual variability (IIV) was assumed to be log-normally dis-
tributed for both PK and PD parameters. The suitability of additional
random effect parameters, and models with and without covariance for
random effects using an off-diagonal variance—covariance matrix, were
also re-investigated. Random unexplained variability for domagrozumab
concentrations was described using an additive error model in the natural
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log domain, and a proportional error model in the linear domain was used
for total myostatin concentrations.

Covariate analyses quantified the effects of key characteristics to im-
prove the predictive performance of the model. Baseline patient char-
acteristics investigated for covariate relationships included age, study
population, albumin, and race. Weight-based metrics, such as total
body weight and lean body weight, were not considered for covariate
testing on PK parameters as these parameters were inherently scaled by
weight in the model. However, the effect of baseline BMI on the vol-
ume of the central compartment, included in the prior PK/PD model,
was re-evaluated following incorporation of the phase II population.
Allometric scaling was only revisited as a comparison with the final
model with domagrozumab dose input in nM, and exponents of 0.75
for CL, Q, and V__, and 1 for V1 and V2, with reference to a 70kg
individual. Sex and presence of anti-drug antibodies were not tested for
covariate relationships as the entire phase II population was male gen-
der and all anti-drug antibody samples were negative or below the limit
of quantification.

Potential covariate relationships were initially inspected graphically by
plotting EBEs against the range of covariate values for the population.
Covariates with clear trends were carried forward into covariate model de-
velopment. The effect of a categorical covariate on a parameter was repre-
sented as a discrete relationship. For example, the effect of study population
(SPOP) on a parameter P, was described as:

1 if SPOP = Healthy Adult Volunteers
COVSPOP=
{ 1405popp if SPOP =DMD Pediatric Patients

P, =6, - ¢ - COVSPOP ®)

where O, pp is the estimable parameter for the effect of pediatric patients
with DMD on P.

The effect of a continuous covariate on a parameter was represented as
a power model referenced to the median of the observed data. For exam-
ple, the effect of age on P was described as:

AGE, \ %t
> ©)

P,=0,- -
AGE

where AGE, is the age (years) in the ith subject, AGE_,is the median age in
the observed population, and 0 GRS the parameter for the effect of age on P.

Assessment of model fit was performed using standard goodness-of-fit
diagnostic plots and the Akaike information criterion (AIC) to compare
non-nested models and candidate models with lower AIC values. The
square root of the ratio of the highest and lowest cigenvalues for a model
(condition number) was also used to compare models, where models with
condition numbers <100 were considered.' Covariate effect relation-
ships were retained if the addition of an estimable parameter reduced the
objective function value (OFV) by > 10.8 units (< 0.001 according to
the likelihood ratio test) and reduced IIV of the targeted parameter, and
in conjunction with a relative standard error (i.c., 95% confidence interval
of parameter estimates does not include 0).

The predictive performance of the final model was evaluated by a visual
predictive check (VPC) based on 1000 simulations of the analysis dataset.

ref

Simulation of myostatin coverage

The final parameter estimates of the final model were used to simulate
free domagrozumab concentrations, total myostatin concentrations, and
expected myostatin coverage (Eq. 10) for 500 pediatric patients with
DMD following the administration of (1) 5Smg/kg every 4wecks for
16 weeks, followed by 20 mg/kg every 4 weeks for 16 weeks, followed by
40mg/kg every 4weeks for 16 weeks, and (2) 0, 1, 2, 3, 5, 7, 10, 20, 30,
40, 60, and 80mg/kg every 4weeks for 48 weeks (to construct a dose-
myostatin coverage curve).
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Table 1 Analysis population baseline characteristics by
patient type

Phase | Phase Il
healthy adult pediatric patients
volunteers with DMD Total
Age, years
Median 37 9 10
Minimum 19 6 6
Maximum 61 15 61
Mean 37.7 8.72 19.7
SD 11.2 1.96 15.7
n Available 73 120 193
n Missing 0 0 0
BWT, kg
Median 76.9 28.9 39.2
Minimum 56.8 14.8 14.8
Maximum 99.8 86.4 99.8
Mean 76.9 31.8 48.9
SD 11.9 11.1 24.7
n Available 73 120 193
n Missing 0 0 0
LBW, kg?
Median 58.5 24.9 31.7
Minimum 42 141 14.1
Maximum 73 55.5 73
Mean 59.1 26.3 38.7
SD 7.5 6.77 17.4
n Available 73 120 193
n Missing 0 0 0
Body mass index, kg/m?
Median 25.1 19.2 21.5
Minimum 19 11.7 11.7
Maximum 30.1 39.7 39.7
Mean 25 19.9 21.8
sD 2.96 4.6 4.75
n Available 73 120 193
n Missing 0 0 0
Albumin, g/dL
Median 4.7 4.4 4.5
Minimum 4.2 3.7 3.7
Maximum 5.4 5 5.4
Mean 4.68 4.36 4.48
SD 0.252 0.279 0.311
n Available 73 120 193
n Missing 0 0 0
Total myostatin, nM
Median 0.134 0.0496 0.072
Minimum 0.06 0.025 0.025
Maximum 0.296 0.151 0.296
(Continued)
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Table 1 (Continued)

Phase | Phase I
healthy adult pediatric patients
volunteers with DMD Total

Mean 0.14 0.0548 0.09

sD 0.0468 0.0216 0.0543

n Available 73 104 177

n Missing® 0 16 16
Treatment Group, n (%)

1mg/kg Single i.v. 6(8.2) 0] 6(3.1)

10mg/kg Multiple i.v. 11 (15.1) 0 11 (5.7)

10mg/kg Single i.v. 12 (16.4) 0 12 (6.2)

20mg/kg Single i.v. 6 (8.2) 0] 6(3.1)

3mg/kg Single i.v. 6(8.2) 0] 6(3.1)

3mg/kg Single s.c. 6(8.2) 0 6(3.1)

40mg/kg Single i.v. 6(8.2) 0 6(3.1)

Placebo 20 (27.4) 0 20 (10.4)

Sequence 1° 0 41 (34.2) 41 (21.2)

Sequence 2° 0 39 (32.5) 39 (20.2)

Sequence 3° 0] 40 (33.3) 40 (20.7)
Sex, n (%)

Female 7 (9.6) 0] 7(3.6)

Male 66 (90.4) 120 (100) 186 (96.4)
Race, n (%)

Asian 3(4.1) 15 (12.5) 18 (9.3)

Black 22 (30.1) 2(1.7) 24 (12.4)

White 31 (42.5) 101 (84.2) 132 (68.4)

Other 17 (23.3) 2 (1.7) 19 (9.8)

BWT, total body weight; BHT, height; DMD, Duchenne muscular dystrophy;
LBW, lean body weight.

?Lean body weight was calculated using the James formula; Men,

LBW = (1.10-BWT)-(128-BWT2/BHT?); Women, LBW = (1.07-BWT)-(148-BWT%/
BHT2). bMissing baseline myostatin values were below the lower limit of
quantification of 0.008nM. °Sequence 1 = 5mg/kg every 4weeks for
16weeks, then 20mg/kg every 4weeks for 16 weeks, then 40mg/kg every
4 weeks for 16 weeks, then 40mg/kg every 4weeks. 9Sequence 2 = 5mg/kg
every 4weeks for 16 weeks, then 20mg/kg every 4weeks for 16 weeks, then
40mg/kg every 4weeks for 16 weeks, then placebo. °Sequence 3 = Placebo
for 48 weeks then 5mg/kg every 4weeks for 16 weeks, then 20mg/kg every
4 weeks for 16 weeks, then 40mg/kg every 4weeks for 16 weeks.

Domagrozumab, total myostatin concentrations, and myostatin cover-
age were calculated predose, and 2 and 6 hours postdose. The median and
95% prediction intervals of myostatin coverage were calculated for the
population according to Eq. 10 and were summarized at each sampling
time.

Myo-k

k,+CONC
M ={1—-|=—"=—"=1]-100 (10)
yOCoveragc B My N

The proportion of total myostatin at time (t) inhibited by domagro-
zumab as a function of the model predicted free myostatin at time (t)
and baseline myostatin (assumed to be 100% unbound prior to first
administration of domagrozumab), where BMyo is the baseline myo-
statin (nM), and all other parameters are as previously described in
Egs. 1-6.
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RESULTS

Demographics of healthy adult volunteers and pediatric

patients with DMD

37.0 (19.0-61.0) years in healthy adult volunteers and 9.0 (6.0—

15.0) years in patients with DMD. Baseline BMI also differed,

with a median baseline BMI (range) of 25.1 kg/m2 (19.0-30.1) and

The analysis dataset consisted of 193 individuals who contributed

5181 evaluable free domagrozumab and 8001 evaluable total myo-

statin concentrations. There were 5.79% of free domagrozumab
and 0.075% total myostatin concentrations below the LLOQ.
Demographic and baseline characteristics for adult healthy vol-

unteers and pediatric patients with DMD are summarized in
Table 1. There was an expected difference in median age (range);

19.2 kg/m2 (11.7-39.7) in adult healthy volunteers and pediatric
patients with DMD, respectively.

Final TMDD model

The structural model of the prior TMDD model with updated
parameter estimates with the addition of pediatric patients
with DMD adequately predicted free domagrozumab and total

(a) Covariate Model
Structural Model (Structural Model +
Study Population on Baseline)
1.5 1 1.5
)
‘®»
& 1.0- 1.0
271 :
c
o
B 05- 0.5
=
L
[m)
0.0 0.0 1
-1.0 -0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0
EBE on Baseline
b
®) Covariate Model
Covariate Model (Structural Model +
(Structural Model + Study Population on Baseline +
Study Population on Baseline) Study Population on Internalization/Degradation
Rate Constants)
1.25
2
@ 1.00- o4
)
Q 0.754
c
.0
5 0.50+ 14
2
— =
.-o@' 0.25
m)
OOO L T T T T T 0 L T T T
-2 -1 0 1 2 -0.4 0.0 0.4

0.8

EBE on Internalization/Degradation Rate Constants

[ ] DMD Pediatric Patients [ | Healthy Adult Volunteers

Figure 1 Distribution density of empirical Bayes estimates (EBE) for baseline and internalization/degradation rate constants parameters. (a)
Distribution density for EBEs on baseline. Red and blue lines are the distribution densities of individual random effects for baseline for healthy
adult volunteers and pediatric patients with DMD, respectively. (b) Distribution density EBE on internalization/degradation rate constants. Red

and blue lines are the distribution densities of individual random effects on internalization/degradation rate constants (k

deg ~ Ki,) for healthy

adult volunteers and pediatric patients with DMD, respectively. DMD, Duchenne muscular dystrophy.
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Table 2 Final parameter estimates of TMDD models (with and without allometric scaling)

Parameter Final model estimate (95% CI%) Model with allometric scalingb estimate (95% CI)
Objective function value -55597.41 -55939.59
Condition number® 14.8 17.4

Population parameter

Clearance (CL)

0.0000982 (0.0000935, 0.000103) L/
hour/kg

0.00644 (0.00618, 0.00670) L/hour

Volume of the central compartment (V1)

0.0415 (0.0395, 0.0436) L/kg

3.10 (2.95, 3.24) L

Inter-compartmental clearance (Q)

0.000306 (0.000283, 0.000329) L/
hour/kg

0.0219 (0.0202, 0.0237) L/hour

Volume of the peripheral compartment (V2)

0.0416 (0.0405, 0.0426) L/kg

2.85(2.77,2.93) L

First-order absorption rate constant (k,)

0.00769 (0.00544, 0.00994) hour™*

0.00820 (0.00521, 0.0112) hour™

Relative bioavailability for s.c.
administration (F)

0.858 (0.363, 1.35)

0.822 (0.267, 1.38)

Michaelis-Menten constant (k)

12.2 (10.9, 13.4) nM

12.3 (11.1, 13.4) nM

Maximum nonlinear elimination rate (V)

0.00251 (0.00191, 0.00311) nM/hour/
kg

0.111 (0.0769, 0.145) nM/hour

First-order degradation rate constant (kdeg)

0.0381 (0.0357, 0.0404) hour?

0.0385 (0.0360, 0.041) hour™

Baseline total myostatin (BASE)

0.156 (0.141, 0.171) nM

0.156 (0.141, 0.171) nM

Steady-state binding constant (kgg)

7.76 (7.37, 8.14) M

7.19 (6.82, 7.55) nM

First-order internalization rate constant (k)

0.00716 (0.0068, 0.00751) hour™

0.00730 (0.00693, 0.00767) hour™

Ratio of SD for nk. . relative to UL

int

-0.295 (-0.383, -0.208)

-0.182 (-0.254, -0.110)

Effect of DMD pediatric patients on BASE

—-0.641 (-0.685, -0.598)

-0.640 (-0.680, —0.600)

Effect of DMD pediatric patients on k
and K.,

deg

—-0.900 (-0.905, -0.895)

—0.904 (-0.909, -0.899)

Population parameter variability

wg, (% CV)

24.3 (20.8, 27.4); 7.77% shrinkage

21.0 (18.0, 23.6); 8.24% shrinkage

ayy (% CV)

23.4 (20.3, 26.0); 7.55% shrinkage

22.1 (19.0, 24.8); 7.73% shrinkage

oy (% CV)

max

104 (78.6, 124); 20.7% shrinkage

119 (84.9, 145); 24.3% shrinkage

Opase (% CV)

31.8 (27.5, 35.7); 2.23% shrinkage

Oksog=kim (% CV)

23.3 (19.8, 26.4); 10.5% shrinkage

32.2 (28.0, 35.9); 2.28% shrinkage
25.7 (21.8, 29.1); 10.3% shrinkage

Covariance

PoLvi 0.0363 (0.0243, 0.0482) 0.0247 (0.0162, 0.0332)
PcL-v,,, -0.0122 (-0.0726, 0.0481) 0.00383 (-0.0604, 0.0680)
Pvi-v,,, 0.00352 (-0.0643, 0.0713) —-0.00215 (-0.0715, 0.0672)
PeLBASE 0.0048 (-0.0105, 0.0201) 0.000591 (-0.0118, 0.0129)
Py1-BASE -0.00284 (-0.0187, 0.0131) -0.00392 (-0.0175, 0.00963)
PV, —~BASE —-0.0265 (-0.0924, 0.0394) —-0.0515 (-0.135, 0.0316)
PCL—Kgogking -0.024 (-0.035, —0.013) -0.0178 (-0.0277, —0.00787)
PV1—Kgogkin -0.018 (-0.0302, —-0.00577) -0.0172 (-0.0302, —0.00415)
PV, o —Kaogkint -0.00303 (-0.0642, 0.0581) 0.000371 (-0.0758, 0.0832)

PBASE—kyegk

int

-0.0216 (-0.0368, —0.00646)

—-0.0256 (-0.0423, —0.00889)

Random unexplained variability

G,qq (SD)

0.142 (0.141, 0.143)

0.137 (0.136, 0.138)

Gpro (% CV)

20.6 (20.5, 20.8)

20.7 (20.5, 20.9)

Cl, confidence interval; CV, coefficient of variation; DMD, Duchenne muscular dystrophy; TMDD, target-mediated drug disposition.

#95% Cl are calculated based on the standard error obtained from the variance—covariance matrix of parameter estimates assuming a normal distribution. PAllometric

scaling for body weight was applied to the following pharmacokinetic parameters referenced to a 70kg individual: CL (exponent 0.75), V1 (exponent 1), Q

(exponent 0.75), V2 (exponent = 1), V.
correlation matrix.
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myostatin concentrations as depicted by goodness-of-fit diagnos-
tics (Figures S1, S2).

Model diagnostics of the final structural model demonstrated
adistinct bimodal distribution for the EBEs of the BASE param-
cter (Figure 1a), because of differences between healthy adult
volunteers and pediatric patients with DMD. The addition of a
study population effect on the BASE parameter demonstrated
statistical significance (P value <0.001, 242 unit decrease in
OFV) and normalized the distribution of individual random ef-
fect parameters (Figure 1b). The addition of study population
to BASE, resulted in the emergence of bimodal distributions
for the EBEs of the random effect parameter for kdcg and k,_.
Subsequently, the effect of study population was tested on both
kdeg and kint as a single fixed effect parameter (Figure 1), and
demonstrated statistical significance (P value <0.001, 508 unit
decrease in OFV). Based on graphical inspection of goodness-
of-fit diagnostics, other covariate effects, such as age and body
weight, were not tested on population PD parameters to quan-
tify differences between healthy adult volunteers and pediatric
patients with DMD (Figure S3).

The effect of baseline BMI on V1 was present in the prior
TMDD model and was re-evaluated in the model after the incor-
poration of the study population covariate effects. The addition of

BMI to V1 in the model was not statistically significant and did
not improve the model fit from a graphical perspective. Therefore,
the effect of baseline BMI on V1 was not retained in the model.
The final parameter estimates for the final TMDD model and a
model with allometric scaling are presented in Table 2. An evaluation
of EBEs on CL vs. age and total body weight for the final model and
a model with allometric scaling is presented in Figure 2. Both mod-
els adequately account for differences in CL owing to body weight
between healthy adult volunteers and pediatric patients with DMD.

Final model predictive performance. VPCs of the pediatric
patients with DMD for free domagrozumab and total myostatin
concentrations are presented in Figures 3 and 4, respectively.
The final model’s VPC supports that the final model parameter
estimates and the semimechanistic TMDD structure sufficiently
describe both domagrozumab and myostatin concentrations in
pediatric patients with DMD.

Simulation of myostatin coverage. Population parameters and
IIV estimates for PK/PD parameters were comparable with
those of the prior model developed using data from healthy adult
volunteers only.'" Median and 95% prediction intervals (Pls)
of simulated myostatin coverage for healthy adult and pediatric

(a) Final Model Model with Allometric Scaling
(0]
o

3 il )

o o
& ° @ 8o o OoO
5 Qo oo & o B opuoms L
] RN S weg
) [ee] o ©
(@] o o o 8 o
& ° o
L

-0.5+ ¢S}
i b © i
o
(o}
T T T T T T
20 40 60 20 40 60
Age (years)

(b) Final Model Model with Allometric Scaling

EBE on Clearance

100 25

Body Weight (kg)

© DMD Pediatric Patient:

s O Healthy Adult Volunteers

Figure 2 Evaluation of empirical Bayes estimates (EBEs) on domagrozumab clearance vs (a) age (years) and (b) total body weight (kg) for the

final model and model with allometric scaling. Circles are the EBEs for
a model with allometric scaling (right). Blue circles represent pediatric
the healthy adult volunteers from the phase | study. Black solid lines a

clearance vs. age (a) and body weight (b) for the final model (left) and
patients with DMD from the phase Il study and red circles represent
nd shaded areas are the linear regression and 95% confidence interval,

respectively, for the relationship of EBEs vs. covariate values. DMD, Duchenne muscular dystrophy.
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Figure 3 Final TMDD model visual predictive check for free domagrozumab concentrations in pediatric patients with DMD. Visual predictive
checks are presented for time after first dose (a) and time after dose (b). Observed data are represented by blue circles and the black lines
(median (solid), 5th and 95th percentiles (dashed)). The simulated free domagrozumab concentrations for phase Il patients with DMD are
represented by the red line and red shaded ribbon (median and 95% prediction intervals (Pls) of the median, respectively), and the blue lines
and blue shaded ribbons (median and 95% Pls of the 5th and 95th percentiles, respectively). Yellow indicators are the times where observed
and simulated data are binned for summaries. DMD, Duchenne muscular dystrophy; TMDD, target-mediated drug disposition.

patients with DMD, using the final parameter estimates of
cither the prior or final TMDD models, are depicted in Figure
S. For the final model, the median (95% PI) for myostatin
coverage in pediatric patients with DMD for 5, 20, and 40 mg/
kg was 86.9% (69.1, 92.9), 96.6% (93.8, 98.2), and 98.3% (96.8,
99.1), respectively. Additional simulations constructing the
dose-response relationship of domagrozumab and myostatin
coverage demonstrated that doubling the highest dose of 40 mg/
kg to 80 mg/kg resulted in a < 1% increase in myostatin coverage
(median coverage for 80 mg/kg was 99.1%).

DISCUSSION

The modeling analysis presented is an example of utilizing
prior modeling knowledge and the need for informed deci-
sion making under an accelerated drug development paradigm

1298

for a rare disease such as DMD. The final TMDD model was
used to rapidly confirm (1) domagrozumab exposures in the
pediatric patients with DMD were as expected based on prior
modeling efforts in animals and the same healthy adult volun-
teers from the phase I study (Figure 3)," (2) domagrozumab
binds to myostatin in pediatric patients with DMD despite
downregulation when compared with healthy adult volunteers
(Figure 4), and (3) expected coverage as per the prior model
of the targeted biomarker, myostatin, was achieved (Figure S).
The final TMDD model in pediatric patients with DMD is a
final chapter in the book of the model-informed drug devel-
opment for domagrozumab in targeting myostatin in pediatric
patients with DMD.

Despite myostatin coverage being as expected and mostly ex-
ceeding 90% in pediatric patients with DMD from the phase II

VOLUME 112 NUMBER 6 | December 2022 | www.cpt-journal.com
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Figure 4 Final TMDD model visual predictive check for total myostatin in pediatric patients with DMD. Visual predictive checks are presented
for time after first dose (a) and time after dose (b). Observed data are represented by blue circles and the black lines (median (solid), 5th and
95th percentiles (dashed)). The simulated total myostatin concentrations for phase Il patients with DMD are represented by the red line and
red shaded ribbon (median and 95% prediction intervals (Pls) of the median, respectively), and the blue lines and blue shaded ribbons (median
and 95% Pls of the 5th and 95th percentiles, respectively). Yellow indicators are the times where observed and simulated data are binned for
summaries. DMD, Duchenne muscular dystrophy; TMDD, target-mediated drug disposition.

study, domagrozumab failed to meet its primary end point of mean
change in 4-stair climb time at week 49 vs. placebo.” The final
TMDD model demonstrated a significant role in determining that
the observed efficacy results were not associated with less than ex-
pected domagrozumab exposure or lack of target engagement in
the pediatric patients with DMD.

Several efforts led the timely analysis of domagrozumab and
myostatin data obtained from the pediatric patients with DMD
upon conclusion of the phase II study, and delivery of interpreta-
tions based on its results. These included the extensive structural
characterization of free domagrozumab and total myostatin in
healthy adult volunteers,'"'* and assessment of the impact of body
weight on domagrozumab PK parameters using preclinical data
and data from healthy adult volunteers."!

With the addition of data from pediatric patients with DMD,
herein we report that the final TMDD model was generally

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 6 | December 2022

consistent with the prior developed model.!! First, the final TMDD
model supported the relationship of total body weight and
domagrozumab PK parameters assumed by the prior model. For
example, Figure 2 depicts EBEs for CL vs. body weight and age (as
in a pooled adult and pediatric population, age and body weight
are highly correlated) for the final model with linearly scaled PK
parameters by body weight and a model with allometric scaling.
Both models adequately account for trends in CL with respect to
body weight. In context of model parameters for total myostatin,
the greatest parameter estimate change was for k , which increased
from 4.32 hour™ " in the prior model'’ to 7.76 hour " in the present
final model. This change is reflective of the inclusion of pediatric
patients with DMD to the overall analysis population. Figure 5
depicts slight differences in the predicted myostatin coverage be-
tween the prior model and the final present model as k_ is a vari-
able in the calculation of myostatin coverage (as given by Eq. 10).
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Figure 5 Simulated myostatin coverage. (a) The predicted myostatin coverage following 4 doses of each of 5mg/kg, 20mg/kg, and 40mg/
kg every 28days were simulated using the prior model for pediatric patients with DMD (green), the final model for healthy adult volunteers
(blue), and the final model for pediatric patients with DMD (red). Lines represent the median, and ribbons depict the 95% prediction intervals
(Pls) for a population of 500 subjects. (b) The predicted myostatin coverage following the administration of O, 1, 2, 3, 5, 7, 10, 20, 30, 40, 60,
and 80 mg/kg of domagrozumab every 4weeks for 48weeks using the final model for 500 pediatric patients with DMD. Lines represent the
median, and ribbons depict the 95% prediction intervals. DMD, Duchenne muscular dystrophy.

Total myostatin in pediatric patients with DMD from the phase
IT study were lower compared with healthy adult volunteers from
the phase I study, as might be expected. The lower myostatin con-
centrations in patients with DMD may be due to altered homeo-
stasis, where the level of circulating myostatin is hypothesized to be
a marker of muscle health."® Hence, lower levels of myostatin in pa-
tients with DMD could be a marker for the loss of functional mus-
cle in these patients.lé Whereas the DMD population in the phase
IT study was younger (aged 6-16yecars) and with a lower body
weight, age- and weight-related differences in the overall popula-
tion did not explain differences between patients with DMD and

1300

healthy adult volunteers in myostatin model parameters. Age and/
or body weight could be important explanatory variables for quan-
tifying the differences in myostatin between patients with DMD.
For the purpose of quantifying differences between pediatric pa-
tients with DMD and healthy adult volunteers, population status
on key myostatin model parameters was used (i.c., parameters as
product of synthesis, BASE, and degradation of myostatin, k deg)‘
Compared with the healthy adult volunteers, patients with DMD
were estimated to exhibit a 90% reduction in ky_, and conse-
quently, ksyn (Table 2). Additionally, k,_(first-order internalization
rate constant of drug-myostatin complex) was equally impacted in
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patients with DMD relative to healthy adult volunteers (Table 2).
These differences in myostatin homeostasis in the DMD popula-
tion are most evident at baseline and time to achieve an equilibrium
in myostatin coverage (Figure 3). Based on the final model, pedi-
atric patients with DMD had, on average, a 64.1% lower baseline
myostatin than healthy adult volunteers. This is consistent with
previous observations that demonstrated patients with DMD had
an ~69% lower serum myostatin compared with a <25-year-old
healthy control group.lé Despite differences in myostatin homeo-
stasis, predicted myostatin coverage in pediatric patients with
DMD using the final TMDD model confirmed expectations made
from the prior model based on healthy adult volunteers.

Median myostatin coverage predicted based on healthy adult
volunteer data and the prior model at the completion of each
dosing level, 5, 20, and 40 mg/kg, was 92%, 98%, and 99%, re-
spectively.11 For the final model, the median for myostatin cov-
erage in pediatric patients with DMD for 5, 20, and 40 mg/kg
was 86.9%, 96.6%, and 98.3%, respectively. Examination of the
dose-response curve for the domagrozumab-myostatin cov-
erage relationship demonstrated that further increases in dose
do not result in substantial increases in myostatin coverage
(Figure 5). Other clinical trials of myostatin inhibitors, includ-
ing bimagrumab (inclusion body myositis; ClinicalTrials.gov:
NCT01925209),17 ACE-083 (Charcot—Marie—Tooth Disease;
ClinicalTrials.gov: NCT03124459), and RG6206 (DMD;
ClinicalTrials.gov: NCT03039686) have also reported insuffi-
cient efficacy in muscle-wasting diseases to warrant further de-
velopment. It has been suggested that the lack of improvement
in muscle strength or physical function following treatment with
myostatin inhibitors in patients with muscle-wasting diseases
may be due to downregulation of myostatin and its pathway.15
The downregulation of myostatin signaling may be most evident
in patients affected by the most muscle atrophying diseases, such
as DMD." As skeletal muscle is the primary tissue source of
myostatin expression, lower circulating myostatin levels in pa-
tients with DMD may also reflect the inherent loss of functional
muscle mass with disease progression.16

Limitations of the final model include the appropriateness of
estimating myostatin inhibition by plasma levels, such that true
inhibition at the target in muscles is not known. The inhibition
of, or binding of domagrozumab to, myostatin in peripheral circu-
lation is expected to sequester the myostatin away from its site of
action, thereby less myostatin is available in the muscles to exert its
homeostatic effect, as evidenced by downregulation at the mRNA
and protein level. Additionally, it is not known if sensitivity to
myostatin mediates inhibition of myogenesis in patients with
DMD. Nevertheless, the TMDD model described herein pro-
vides insights into myostatin coverage in pediatric patients with
DMD as compared with healthy adult volunteers. Ensuring that
the appropriate dosing rationale and regimen are used in pediat-
ric clinical trials, as well as identifying potential patient subgroups
who may be more sensitive to treatment (in terms of efficacy and
safety), remains a challenge in pediatric drug development,lg’19 It
is therefore essential to accurately characterize the underlying PK/
PD relationships, especially in children as these are likely to change
as they age.
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The present analysis quantified variation in parameters defining
the disposition of domagrozumab and myostatin, and established
confidence in the use of PK/PD modeling in translating dosing of
myostatin modulators from healthy adult volunteers to pediatric
patients with DMD. The final model confirmed the hypothesis of
achieving greater than 90% myostatin coverage in pediatric patients
with DMD at the doses evaluated in the phase II study. However,
due to lack of efficacy, this mechanism of action may not be suitable
for altering the progression of disease in patients with DMD.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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