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MyoKardia INC is seeking market approval for mavacamten, proposed trade name CAMZYOS,
as a treatment option for symptomatic obstructive hypertrophic cardiomyopathy (HCM) in
adults. HCM is a genetically determined cardiac muscle disease most often caused by mutations
in one of several sarcomere genes. The hallmark of HCM is left ventricular hypertrophy and
hypercontractility accompanied by reduced left ventricular compliance. Mavacamten is a small
molecule inhibitor of cardiac myosin. It reversibly inhibits the binding of cardiac myosin to
actin, stabilizing this off-actin state and reducing the number of myosin motors engaging the
actin filament. This results in reduced aggregate contractile force during cardiac systole and
reduced residual cross-bridges during diastole, providing a mechanistic basis to reduce
contractility, and improve diastolic relaxation as well as outflow tract obstruction in patients with
HCM. Mavacamten would be a first-in-class cardiac myosin inhibitor, should it be approved. We
agree with using “cardiac myosin inhibitor” as the Established Pharmacologic Class (EPC) for
mavacamten, as this term is supported by the mechanism of action of the drug, and it is clinically
meaningful and scientifically valid.

Dr. Jagadeesh, the primary nonclinical reviewer, concludes that the pharmacology and
toxicology data support approval of mavacamten. I concur with Dr. Jagadeesh’s assessment.

The mechanism of action of mavacamten has been demonstrated by in vitro, ex vivo and in vivo
pharmacology studies in multiple species, including healthy animals, animal models of HCM and
purified recombinant proteins of human HCM mutations. Mavacamten is slightly more potent in
the species used for general toxicological assessment, and comparable potencies were exhibited
by the recombinant wild type human beta cardiac myosin and five HCM mutants. The
pharmacologically active dose (PAD) obtained from a single oral dose study in telemetered
healthy rat was 1 mg/kg/day, which reduced fractional shortening (FS) by approximately 20%. In
the dog, 0.045 mg/kg mavacamten for 31 days produced approximately 11% reduction in FS.

In the toxicology studies, mavacamten elicited expected pharmacological effects from inhibiting
cardiac myosin, demonstrated by dose-dependent reduction in cardiac contractility culminating
in cardiac failure or unintended deaths. Mortalities occurred at progressively lower doses with
longer study durations. Additional findings in other organs were mostly secondary effects of
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heart failure. A no-observed-adverse-effect-level (NOAEL) was determined to be 0.3 mg/kg/day
and 0.06 mg/kg/day, respectively for the rat and dog, based on echocardiographic,
electrocardiographic, or histological endpoints in the heart in the chronic toxicity studies. It is
uncertain whether pharmacological activity was present at these NOAEL doses, though a
reduction in FS or ejection fraction of less than 10% may have been present in both species. At
the highest doses, which are in fact similar to or lower than clinical exposures, unequivocal
reductions were observed in cardiac contractility consistent with the intended pharmacologic
effect of mavacamten, which was tolerated in dogs but lead to heart failure-related deaths in rats
over a chronic period. Ejection fractions were reduced ~30% in both rats and dogs at this highest
dose level. There is a narrow therapeutic window between the NOAEL and higher doses that
substantially impacted cardiac contractility; in general, pharmacologically active doses largely
overlap with doses that produce some toxicities. The dog seems to be the more sensitive species
to the toxic effects of mavacamten, as the drug has higher bioavailability (87.1%) and longer
half-life (161 h) in this species.

Accumulation of the study drug was noted with repeated daily oral dosing, with accumulation
ratios up to 2.8-fold in rats and 9-fold in dogs. The elimination half-life (t1/2) was long for dogs
(161 h) and relatively short for rats (8 h), after a single oral administration. The slow rise in drug
concentration due to accumulation appeared to allow dogs to tolerate the cardiac effects of
mavacamten at a level that was less tolerated if experienced upon acute exposure. This suggests
an active process of compensation might occur as concentrations of mavacamten increase toward
a steady state.

Mavacamten was found to be teratogenic in both rats and rabbits at clinically relevant exposures
based on the maximum recommended human dose (MRHD, 15 mg/day). In all toxicity studies
(except carcinogenicity studies), plasma exposure (Cmax and AUC) at the NOAEL is lower than
that in humans at the MRHD (Table 1), suggesting potential risk at the therapeutic dose range.

The following summarizes key issues that arose during review of the nonclinical program of
mavacamten.

Cardiac effects

A consistent finding in all repeat-dose toxicity studies (up to 26 weeks in rats and up to 39 weeks
in dogs) was dose-dependent reduction in cardiac contractility. Cardiac toxicity resulting in heart
failure and death was noted at maximum plasma concentrations of 725 ng/ml (at a dose of 1.2
mg/kg/day in 26-week toxicity study, with an exposure margin of 0.8-fold relative to that in
human at MRHD) in rats and 911 ng/ml in dogs (at a dose of 0.45 mg/kg/day in 13-week toxicity
study, with an exposure margin of 0.8 to 1.1-fold relative to that in human at MRHD). The
cardiac toxicities were exemplified by markedly decreased blood pressure, elevated plasma
levels of NT-proBNP, greater absolute and relative heart weights, and echocardiogram findings
of increased heart size and reduced systolic functions. Histopathology findings of note included
myocardial degeneration, inflammation and/or hypertrophy, endocardial degeneration and
necrosis, osseous metaplasia of cardiac muscles, atrial thrombus, and dilation. The toxicities
observed in other organs (e.g., pulmonary edema, liver congestion with centrilobular necrosis,
pancreatic edema, pre-renal azotemia) were secondary effects of cardiac failure. All these
findings were reversible except for partial reversibility in the heart histopathology.

In vitro and in silico electrophysiological data indicate low torsadogenic/proarrhythmogenic risk
with mavacamten, as shown by the lack of an effect on hERG channel or any action potential
parameters. However, sustained exposure of rats and dogs to mavacamten (at levels producing
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moderate to marked functional cardiac depression for at least 7 days) were accompanied by
modest (P <0.05) and reversible QTc prolongation, at lower exposure (0.3 to 0.4-fold) than in
human at the MRHD (Table 1). This was speculated to be an electrophysiological adaptive
response to sustained myosin inhibition in ventricles, which seems plausible.

Both rat and dog studies show that mavacamten has a narrow separation (4-fold in rats and 2.5-
fold in dogs) between the NOAEL and the dose that caused heart failure and mortality, indicative
of a narrow therapeutic window. A plot between measured plasma concentrations and FS in rats
show a non-linear but dose-dependent FS with no plateau in effect, posing a risk of fast
deterioration of cardiac contractility as exposures increase. Interpretation of the
exposure/response demonstrated in the nonclinical studies needs to consider the following key
considerations when assessing human risk: firstly, mavacamten is slightly more potent in rats
and dogs compared to humans (~2-fold based on 1C50), suggesting a potential rightward shift in
exposure/response in human subjects, and secondly, the indicated patient population has a
hypercontractile myocardium and would likely tolerate a reduction in cardiac contractility to a
greater extent than in animals or humans with ‘normal’ cardiac contractility. Thus, while the
nonclinical studies clearly demonstrate that mavacamten is capable of disrupting myosin/actin
interactions in a dose- and time-dependent manner that, in excess, can precipitate heart failure, a
broader therapeutic window may be present in the intended patient population.

Reproductive effect

Mavacamten was shown to be teratogenic in both rats and rabbits in embryo-fetal developmental
studies. In rats, mavacamten increased post-implantation loss, lowered mean fetal body weight,
slightly reduced fetal skeletal ossification, induced heart malformations (total situs inversus), and
increased the incidence of skeletal malformations relative to control. In rabbits, increased
incidences of cleft palate, great vessel malformations (dilatation of pulmonary trunk and/or aortic
arch), and fused sternebrae in fetuses were observed at the same doses that caused maternal
toxicity. Based on these data, mavacamten has a high likelihood of being a teratogen when
administered during gestation in humans. It is not known whether mavacamten is secreted into
the milk. Mavacamten did not affect fertility of male or female rats or the fertility of F1 offspring
of female rats dosed with mavacamten during gestation. Plasma exposures in all reproductive
toxicology studies at the NOAEL is lower than those in humans at the MRHD (Table 1).
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Table 1. A summary of exposure margins based on pivotal toxicology studies with mavacamten.
Animal to human exposure ratios is calculated based on MRHD of 15 mg/day
(Adopted from the primary Pharmacology and Toxicology Review by Dr. Jagadeesh)

Species, | Dose, Effects PK data-Tox study Multiple,
GLP Tox | (mg/k Animal/human’
study g/day) Significant findings Parameter | Cmax AUC By Cmax | By AUC
(ng/ml) | (ng.hr/ml)
Rat, 0.3 NOAEL 120 1670 0.12X 0.1X
26-wk?
Deaths from HF, extensive
1.2 increase in heart size and a Death 725 10700 0.80X 063X
reduction in systolic function
Dog 0.06 NOAEL 120 1580 0.12X 0.09X
Jvi'éig' 0.18 QTc interval prolongation* M 388 | M 6220 0.40X 0.37X
F 288 F 3800 0.30X 0.22
Cardiac toxicity (severe M1040° | M 17200 1.10X 1.02X
0.45 ventricular dilation) resulting | Death F 7825 [ F 12300 0.81X 0.73X
in heart failure. QTc interval
prolongation*
Carcinogenicity
RasH2 M2 L. . NOAEL M 2230 | M 30000 2.30X 1.78X
mouse’ |F3 | Notumorigenicfindings F4280 | F50400 | 445X | 3.00X
Fertility
R 1.2 Fertility and early embryonic NOAEL NA NA - -
at : .
development to implantation
Embryo-fetal Development Toxicity
Rat? 15 Teratogenic potential® 1080 16500 1.12X 0.98X
0.75 Developmental NOAEL 356 5690 0.40X 0.34X
15 Maternal NOAEL 1080 16500 1.12X 0.98X
Rabbit? 1.2 Teratogenic potential 1100 16500 1.14X 0.98X
0.6 Maternal and developmental | NOAEL 516 7160 0.54X 0.42X
Pre- and Postnatal Development Toxicity
15 Fo Maternal, F1 NOAEL 1080 16500 1.12X 0.98X
Rat!0 developmental and
reproductive, F2 embryonic

Male and female combined mean Cmax and AUCO0-24 values were used unless specified. M: male; F: female
1: Based on EXPLORER-HCM study at a dose of 15 mg MYK-461 (mavacamten)/day for 10 days. Mean
Cmax: 962 ng/ml, AUCo-24 16,891 h*ng/mL used for calculating exposure multiples (Sponsor communication).
2: PK data measured on day 182

3: PK data from 13-week study, measured on day 73 for males at 0.45 mg/kg/day and the rest on day 86.

4: 39-week study: ECG evaluation showed prolongation (P <0.05) of QTc intervals in animals receiving = 0.18
mg/kg/day relative to predose and control values. Echocardiogram evaluations indicated substantial increases
in mean LV end-diastolic and a substantial reduction in mean LV ejection fraction.

5: Two males died/euthanized on days 70, 72

6: One female euthanized on day 93

7: TK measurements on day 182

8: Exposure data in reproductive toxicity were based on gestation day 12

9: At 1.5 mg/kg/day, increased post-implantation loss, altered fetal growth (such as lower fetal body weight and
reduced fetal ossification of bones (cervical and thoracic vertebrae and), visceral (heart) malformations and
skeletal malformations were observed.

10: Plasma concentrations of MYK-461 were not assessed in this study. Exposure multiples were based on the
PK data in Embryo-fetal development study in rats.
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Pregnancy and Lactation

Mavacamten was shown to cause visceral and skeletal malformations in both rats and rabbits and
to increase post-implantation loss in rats, when administered during organogenesis at exposures
close to the MRHD. In rats, the embryofetal toxicities were observed in the absence of maternal
toxicities, while in the rabbits, they were concurrent with maternal toxicities.

Due to the severity of these findings and their presence in two species at exposures close to that
at MRHD, the primary reviewer and I both consider these findings informative of human risk
and should be disclosed in the drug label, under Section 8.1 as part of the Risk Summary and
Animal Data, as well as under Section 5.4 “Fetal Toxicity” as part of the Warmings and
Precautions.

The suggested language relevant to embryofetal toxicities in Section 5.4 and 8.1 of the drug label
are included below:
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Genotoxicity and Carcinogenicity

A standard battery of genotoxicity studies (Ames assay, in vitro chromosome aberration assay in
human lymphocytes, and in vivo rat micronucleus assay in bone marrow) were all negative. A
26-week oral gavage carcinogenicity study was conducted in the RasH2 transgenic mouse to
determine the carcinogenic potential of mavacamten and the results show that there were no
drug-related neoplasms in either males or females in this study. This conclusion was concurred

by CDER Executive Carcinogenicity Assessment Committee and is included in Section 13.1 of
the drug label.

The Division has agreed the 2-year rat carcinogenicity study can be completed post-approval and
the study is currently ongoing.

The suggested language under Section 13.1 of the drug label related to genotoxicity and
carcinogenicity is included below:
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1 Executive Summary

1.1 Introduction (and Clinical Rationale)

Hypertrophic cardiomyopathy (HCM) is an autosomal dominant genetic disease, which
is defined clinically as unexplained left ventricle hypertrophy in the absence of known
causes such as pressure overload, systemic diseases or infiltrative processes (Gersh et
al., 2011). The hallmark of HCM is myocardial hypercontractility accompanied by
reduced LV compliance. Clinically, itis diagnosed as reduced ventricular chamber size,
supranormal ejection fraction and diastolic dysfunction (diminished relaxation capacity).
Histopathologically, it includes myocyte hypertrophy and disarray, microvascular
remodeling and fibrosis (Frey et al., 2012). In the general population, it is present in
approximately 1 in 500 individuals. Among them, approximately 50% of affected
individuals demonstrate point mutations in one of the structural genes of the sarcomere
(the contractile unit of cardiomyocyte). Further, 25-30% of pathogenic HCM variants are
found in the cardiac myosin gene, MYH7 (Maron 2012). Symptomatic patients most
commonly report exertional dyspnea, often in the absence of important LV outflow tract
(LVOT) obstruction and even without severe hypertrophy. This often limits activities of
daily living and can be debilitating. The patients are at increased risk for adverse clinical
events including overt heart failure prompting hospitalization, atrial fibrillation, syncope,
malignant ventricular arrhythmias, and sudden cardiac death (Gersh et al., 2011).
Currently, the treatment consists of off-label use of beta-adrenergic blockers, non-
dihydropyridine calcium channel blockers and disopyramide that indirectly blunt
sarcomeric hyperactivity, alleviate LVOT obstruction, and improve symptoms. No
available agent has been convincingly demonstrated to directly improve diastolic
function in HCM (Sherrid 2016) and none target the underlying pathophysiology of the
disease.

According to the applicant, at present there are no sarcomere-targeted therapies for
HCM developed or tested. In vitro biochemical analyses suggest that disease-causing
mutations in cardiac myosin increase force production relative to wild type by about
50% (Sommese et al., 2013). Thus, drugs targeting the disease at its source might
influence the downstream events to reverse left ventricle remodeling back towards
normal. In this direction, the sponsor contemplates that the investigative drug,
mavacamten (MYK-461), a first-in-class small molecule allosteric modulator of beta
cardiac myosin, selectively targets cardiac myosin and reversibly inhibits its binding to
actin. This reduces the aggregate force (and thus power output) of systolic contraction
and is predicted to facilitate diastolic relaxation (lusitropy or distensibility) and predicted
to improve dynamic LVOT obstruction in patients with HCM.
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1.2 Brief Discussion of Nonclinical Findings

Based on its intended mechanism of distensibility, mavacamten (MVA) has a high
potential to induce cardiac toxicity culminating in heart failure as a result of large
increase in heart rate, marked decrease in blood pressure followed by severe reduction
in cardiac contractility (decrease in fractional shortening [FS] of muscle, diastolic
relaxation). Both rat and dog studies show that the drug has a very narrow therapeutic
index. A mere 3-fold safety margin exists between the NOAEL and mortality. Dogs
could not tolerate a single i.v. dose over 1.2 mg/kg and a single oral dose over 7 mg/kg
(approximately 15 times the therapeutic concentration in humans at the MRHD). In
repeat dose toxicity studies, early mortality was noted in rats at 3 mg/kg/day and in dogs
at 1 mg/kg/day. A plot between measured plasma concentrations and FS shows a non-
linear dose-dependent FS with no plateau in effect, posing the risk of achieving
exposures above 1000 ng/ml that are not well tolerated. Sustained exposure of rats and
dogs to MVA (at levels producing moderate to marked functional cardiac depression for
at least 7 days) were accompanied by modest (P <0.05) QTc interval prolongation,
which is 0.08 to 0.1 times human exposure (AUC) at the MRHD (Table 146). Thus, MVA
has a low torsadogenic or proarrhythmic risk. The QTc changes were reversible upon
discontinuation of treatment. Beta-adrenergic agonists (isoproterenol and dobutamine)
oppose the effect by restoring the contractility to 60% of baseline. However, the reversal
is transient given the long-lasting effect of mavacamten on the heart. Thus, other
measures such as dialysis should be in place to overcome the sudden toxicity or
excessive dosage of mavacamten.

Other target organs of toxicity in both rats and dogs were liver (centrilobular necrosis,
congestion and vacuolation), lungs (increased alveolar macrophages and inflammation)
and thymus (decrease in size as a result of decreased cellularity). At supratherapeutic
exposures (beyond NOAEL), increases in BUN, creatinine, potassium and phosphorous
concentrations that were considered reflective of pre-renal azotemia were noted in the
rat and dog. Furthermore, edema and congestion were present in multiple organs and
body cavities. All of these findings were reversible except for partial reversibility in the
heart histopathology. Dogs are more sensitive than rats as the drug is highly
bioavailable with large volume of distribution especially left ventricle to plasma ratio > 20
and long-half-life (~7 days). Repeated dosing resulted in accumulation of test substance
(up to 2.8-fold in rats 9-fold in dogs).

Although MVA did not cause transgenerational reproductive effects or adversely affect
fertility of male or female rats; in embryo-fetal development study in rats, MVA
increased post-implantation loss, lowered mean fetal body weight, slightly reduced fetal
skeletal ossification, induced heart malformation (total situs inversus), and increased
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incidences of skeletal malformations relative to control. In rabbits, increased incidences
of cleft palate, great vessel malformations (dilatation of pulmonary trunk and/or aortic
arch), and fused sternebrae in fetuses were observed at the same doses that caused
maternal toxicity. Mavacamten has a high probability of being a teratogen when
administered during gestation. Exposure of the fetus, placenta, and amniotic fluid to
MVA was demonstrated in pregnant rabbits (on Gestation Day 12). MVA was distributed
in theses tissues, with individual embryonic tissue to plasma concentration ratios
ranging from 0.09 to 0.15 across the dose levels. It is not known whether MVA excretes
into the milk. Plasma exposure in all toxicology studies and reproductive toxicology
studies at the NOAEL is less than those in humans at the MRHD (Table 146).
Mavacamten was not mutagenic or genotoxic in in vivo and in vitro assays. No evidence
of carcinogenic potential has been identified in the 6-month transgenic mouse study,
and results from the 24-month rat study are pending.

1.3 Recommendations

1.3.1 Approvability

There are no approvability issues for mavacamten based on nonclinical toxicity testing
program.

1.3.2 Additional Non-Clinical Recommendations
None currently
1.3.3 Labeling

Recommendations and edits were made on the labeling document on SharePoint and
presented at the Division labeling meetings.
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2 Drug Information
21 Drug

CAS Registry Number: 1642288-47-8
Generic Name: Mavacamten

Trade Name: CAMZYOS®

Code Name: MYK-461

Chemical Name: 6-{[(1S)-1-phenylethyllamino}-3-(propan-2-yl)pyrimidine-
2,4(1H,3H)-dione

Molecular Formula/Molecular Weight: C15H19N3O3, 273.3

Structure or Biochemical Description: MYK-461 is a
highly permeable, white to off-white crystalline solid,
not hygroscopic, which is practically insoluble in

water. The drug substance is manufactured by [

Pharmacologic Class: Cardiac myosin inhibitor

2.2 Relevant INDs, NDAs, BLAs and DMFs
IND 121904, @

2.3 Drug Formulation

Mavacamten drug product is an oral immediate release capsule, supplied in four
dosage strengths, 2.5 mg, 5 mg, 10 mg, and 15 mg (maximum) in size 2 hard gelatin
capsules, differentiated by the color of the capsule caps and the imprint of dosage
strengths on the capsule.

2.4 Comments on Novel Excipients

No novel excipients are used in the manufacture of the mavacamten capsule
drug product.

2.5 Comments on Impurities/Degradants of Concern

Risk assessments have been conducted for possible contribution of ik

impurities from the excipients, drug substance, primary packaging material, and
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manufacturing process of mavacamten capsules. No change in the toxicological profile
of mavacamten was noted for the presence of two additional impurities (MYK-460 and
. ®9 (see section 10.1 for details). MYK-460, the enantiomer of mavacamten in
the drug substance is non genotoxic (see sections 7.2, 7.4). It has been shown to not
formed during manufacture and stability study of the capsule drug product, and its level
is controlled (-%) in the drug substance. Two degradation products
' of mavacamten capsule formulations were observed at up to| ®“% during
long-term and accelerated stability studies. Both are classified as non-mutagenic Class
5 impurities per ICH M7 guidance. Total levels of elemental impurities from excipients,
APl and drug product are below ICH specified control limits.

Table 1. Ingredients, quality standards, pharmaceutical functions, unit compositions for
mavacamten capsules

2.5 mg Capsules | 5 mg Capsules 10 mg Capsules | 15 mg Capsules

Quality Pharmaceutical Qty per Qty per Qty per Qty per
Ingredient Standard Function Unit (mg) % Unit (mg) % Unit (mg) % Unit (mg) %

Active Ingredient

Section )
Mavacamten 32541 Active 25 . 5.0 . 10.0 . 15.0

Inactive Ingredients

Silicon dioxide USP-NF. EP_ JP
Mannitol USP-NF, EP, JP
Hypromellose USP-NF. EP. JP

Croscarmellose sodium USP-NF, EP, JP

Mzgnesngn stearate USP-NF. EP, JP
(non-bovine)
Total Blend Weight per Capsule
Size 2 hard gelatin .
capsule shells for 2.5 mg. Seetn Capsule shell
32P41
5mg, 10 mg or 15 mg*
Total Capsule weight 161 261 221 301

2.6 Proposed Clinical Population and Dosing Regimen

MVA is indicated for the treatment of symptomatic obstructive hypertrophic
cardiomyopathy in adults to reduce left ventricular outflow tract obstruction and
ventricular filling pressures, improve symptoms, and increase exercise capacity. The
recommended starting dose is 5 mg orally once daily and the maximum recommended
dose is 15 mg once daily.

2.7 Regulatory Background

An IND for MYK-461 (subsequently MVA) (#121904) was submitted on October 17,
2014.
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3

8.

9.

Studies Not Reviewed

Long term effects of three test articles on human stem cell-derived
cardiomyocytes (field potential and impedance analysis). Report #NC-20-0038.
ScreenPatch® assay (lonWorks™ Barracuda Based Assay): Effects of three test
articles on hERG channels expressed in mammalian cells. Report #NC-20-0039.
hERG-Lite assay: Effects of Test articles on cloned hERG channel surface
expression in mammalian cells. Report #NC-20-0040.

Effects of test articles on cloned hKv4.3 channel surface expression in
mammalian cells. Report #NC-20-0042.

Evaluation of the uptake of MYK-461 by Human Hepatocytes — Substrate
Potential for Transporters. Report #NC-19-0014

Evaluation of MYK-461 as Inhibitor of Human Efflux Transporters P-gp, BCRP,
BSEP, and Human Uptake Transporters OATP1B1, OATP1B3, OCT1 and
OCT2. Report #NC-19-0017.

Evaluation of MYK-461 as an inhibitor of human MATE1, MATE2-K Efflux
Transporters and OAT1 and OATS3 uptake transporters. Report #NC-19-0015.
Time-Dependent Inhibition of CYP450 Enzymes by MYK-461 in Human
microsomes. Report #NC-17-0021.

Evaluation of Mechanism -based inhibition of CYP2C19 and CYP2D6. Report
#NC-19-0018.

10. Metabolic Stability of [14C]MYK-461 in Liver Microsomes. Report #NC-17-0019.
11. Metabolic Stability of MYK-461 in Hepatocytes. Report #NC-19-0021.

12. Caco-2 Cell Permeability Assay, NC-17-0022, NC-19-0016

13. Repeat Dose Exposures of MYK-461 in Male Mice. NC-14-0016

14. In vivo enantiomeric Ratio of MYK-461 in the rat and dog, 14-2402, 14-3222
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4 Pharmacology

Established Pharmacologic Class (EPC)

MVA is the first-in-class small molecule inhibitor of cardiac myosin. It reversibly inhibits
the binding of cardiac myosin to actin, stabilizing this off-actin state and reducing the
number of myosin motors engaging the actin filament. This results in reduced aggregate
contractile power during systole and reduced residual cross-bridges during diastole.
The proposed EPC for MVA is cardiac myosin inhibitor, which is a new EPC. This term
is based on the mechanism of action of MVA, which is supported by the following in
vitro, ex-vivo and in vivo pharmacology studies submitted in this application.

4.1 Primary Pharmacology

4.1.1. In vitro studies

4.1.1.1 Inhibition of myosin in various species and selectivity for cardiac versus skeletal
forms of myosin by MYK-461

This non-GLP study (#NC-14-0005) was conducted at MyoKardia, Brisbane, CA (dated
12/19/20020). MYK-461 was characterized in sarcomeric systems of increasing
complexity, ranging from acto-myosin systems to myofibrils derived from cardiac,
skeletal, and smooth muscles of various species. Also, to understand the effect of MYK-
461 on the individual kinetic steps of the myosin cycle, transient kinetic experiments
were performed to assess the effectson ATP binding, ADP release, weak-to-strong
transition, and phosphate release rates of myosin.

Methods

The following studies were conducted.

e Cardiac specificity (for bovine and human cardiac muscle) of MYK-461’s action
was established by evaluating its effect on other myosin isoforms fast-twitch
(rabbit psoas) and slow-twitch (bovine masseter) skeletal muscle as well as
smooth-muscle (chicken gizzard)

e Multiple mutant myosins (R403Q, R453C, R719W, R723G, and G741R) were
assayed

e Steady-state ATPase measurements in the presence of varying calcium
concentrations were determined for bovine, human, dog, rat, and mouse cardiac
myofibrils.

e The reversibility of mavacamten binding was performed using the actomyosin
version of the steady-state assay.
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e Transient kinetic experiments were performed on bovine cardiac S1 to assess
the effectson ATP binding, ADP release, weak-to-strong transition, and
phosphate release rates of myosin.

Results

The effect of MYK-461 on myosin in systems of varying complexity was evaluated by
measuring the steady-state myosin-mediated conversion of ATP to ADP (ATPase rate)
using a coupled-enzyme approach and standard Michaelis-Menten kinetic methods.
MYK-461 potently inhibited bovine cardiac myosin activity in basal (motor alone)
conditions (IC50, 0.27 uM), establishing the myosin-S1 motor domain as the minimal
functional unit of the sarcomere. Inhibition of ATP turnover was also noted in all more
complex systems tested, the acto-myosin system containing myosin-S1 and actin, MYK-
461 slowed ATPase activity to a similar degree (IC50, 0.47 pM). Similar observations
were made in two systems incorporating the Ca2+-dependent activation characteristic of
an intact sarcomere: cardiac myosin reconstituted with Ca2+-regulatory soluble thin-
filament proteins (IC50, 0.53 pM) and skinned ventricular myofibrils (IC50, 0.49 uM)
(Table 2). These inhibitory effects were reversible, as rapid dilution restored ATPase
activity in a bovine acto-myosin system.

Table 2. Half-maximal inhibitory concentrations (IC50 mean, uM £ SD) of MYK-461 on the
enzymatic activity (ATPase) of myosinin systems of varying com plexity

The cardiac specificity of MYK-461’s action was demonstrated against other myosin
isoforms, fast-twitch (rabbit psoas), slow-twitch (bovine masseter) skeletal muscle, and
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smooth-muscle (chicken gizzard) systems of varying complexity. Across all the systems
tested, MYK-461 markedly reduced enzymatic activity (ATPase) against fast-twitch
skeletal isoforms with IC50 values ranging from 4.71 uM (basal) and 5.85 pM (acto-
myosin) to 2.14 pM (Ca2+-dependent myofibrils) for rabbit psoas muscle. As a result of
slow-skeletal muscle sharing myosin isoform B with cardiac muscle, MYK-461 inhibited
slow-skeletal bovine masseter myofibrils with equal potency (IC50, 0.43 pM) as with
bovine cardiac myofibrils. The applicant contends that this inhibition does not have
functional (skeletal) effects in vivo (see Secondary Pharmacology, Section 4.2), and is
likely due to the complete recruitability of myosins from the super-relaxed state in
skeletal muscle. MYK-461 had no activity (IC50 > 50 yM) in smooth-muscle myosin-S1
in either basal or acto-myosin systems (Table 2).

The activity of MYK-461 on human cardiac myosin was slightly lower than that of bovine
cardiac myosin. It was confirmed using recombinant myosin-S1 in the basal (IC50, 0.52
MM), acto-myosin (IC50, 0.73 uM), and reconstituted Ca2+*-regulated soluble thin-
filament systems (IC50, 0.53 uM), as well as in cardiac myofibrils (IC50, 0.71 yM)
(Table 2, Fig. 1)). MYK-461 also inhibited ATPase rates with high efficacy in cardiac
myofibrils from various species. Incidentally, it is slightly less potent in human cardiac
myofibrils than is in rodents, canine and porcine (Table 3).

Figure 1. Inhibitory effects of mavacamten on the enzymatic activity (ATPase) of human myosin in
systems of varying complexity

Mavacamten inhibited the steady-state enzymatic (ATP turnover) activity of human cardiac (beta) myosin-
S1 (hcS1)inbasal (motor alone) (Panel A), and actin-activated subfragment-1 systems (Panel B) as well
as in ventricular myofibrils (hMF, Panel C).

Conditions: basal (myosin-S1 alone): 0.1 yM hcS1; acto-myosin (myosin-S1 + 14 yM actin): 0.25 yM
hcS1; skinned myofibrils: pCa 6.0, 1 mg/mL myofibrils. pCa: activating Ca2+ concentration.

Data are mean + SD of apparent IC50 (in uM).

MYK-461 was profiled against recombinant human beta cardiac myosin and five
hypertrophic cardiomyopathy (HCM) mutant myosins. MYK-461 inhibited wild type and
5 HCM mutant forms with comparable potencies (Table 4). The IC50 values suggest
that introduced mutations do not impact the inhibitory effect of MYK-461.
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Table 3. Half-maximal inhibitory concentrations (IC50 mean, uM % SD) of MYK-461 on the
enzymatic activity (ATPase) in cardiac myofibrils from various species.

Table 4. Summary of actomyosin dose responses on recombinant human cardiac myosin
(apparent IC50, mean, uM £ SD)

Protein IC50 (UM)
wild type 0.912 +0.0474
R453C 0.710+0.0146
R403Q 1.01£0.0199
R719W 1.31 +£0.506
R723G 1.04 £0.0615
G741R 0.653 £0.0329

MYK-461 inhibition of myosin was both noncompetitive for actin and uncompetitive with
respect to ATP. Transient kinetic experiments were performed on the effect of MYK-461
on the individual kinetic steps of the myosin cycle to understand its effectson ATP
binding, ADP release, phosphate (Pi) release rates of myosin, and weak-to-strong
transition of myosin in the ADP-Pi state of binding to actin. MYK-461 did not affect either
the kinetics of ATP binding to myosin or, once started, its hydrolysis. There appears to
be slight change in this rate between the DMSO control and the presence of
mavacamten, indicating that the rate of ATP hydrolysis appears unperturbed (Fig. 2
Left). Thus, there was no apparent change in the ATP binding or ATP hydrolysis rates
in the presence of mavacamten.

The rate of ADP release was measured in the actin-dissociated and actin-associated
states MYK-461 slowed basal ADP release (Fig. 2 Right) but preserved ADP release
rates in an acto-myosin system. MYK-461 inhibited the actin-associated Pi release (Fig.
3 Left) that accompanied the power-stroke (i.e., contraction) reflecting a reduction in the
number of myosin heads that are available to engage with actin in the strongly bound
state. The mechanistic hallmarks of HCM are excess cross-bridge formation and
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dysregulation of the super-relaxed state. MVA reduces or normalizes the probability of
force-producing (systolic) and residual (diastolic) cross-bridge formation. Thus, MVA
shifts the overall myosin population toward an energy-sparing super-relaxed state. The
amplitudes of the weak to strong transition affected in a dose dependent manner;
decreasing by 42% relative to DMSO, demonstrating that myosin S1 is being prevented

from binding to actin (relaxed state) (Fig. 3 Right).

Figure 2. Transient kinetic experiments.
Left: ATP binding. The dependence of the rate of ATP binding to bovine cardiac myosin-S1 (bcS1) on the
concentration of ATP. Final bcS1 concentration was 5 uM, and final ATP concentrations are those shown

on the X-axis of the plot. Rates were determined by monitoring the increase of intrinsic tryptophan
fluorescence of bcS1 as a function of time. Right: The effect of mavacamten on the ADP release rate
from bovine cardiac myosin-S1. Basal (actin-dissociated) bovine cardiac myosin-S1 ADP release
measured by mant (2/3-O-(N-Methylanthraniloyl))-ADP chase with ATP (1.25 yM bcS1, 1 yM mantADP,
1 mM ATP).

Figure 3. Transient kinetic experiments (continued).

Left: Phosphate release. Dose-response of mavacamten on bovine cardiac myosin-S1 (bcS1), measured
by MDCC-PBP fluorescence in a single turnover reaction by stopped-flow. Final bcS1 concentration was
1 uM, final ATP concentration was 1 yM, and the rates were determined by monitoring the increase of
MDCC fluorescence of PBP as a function of time. Right: Weak-to-Strong transition. DMSO normalized
fluorescence representing the change in amplitudes with treatment with mavacamten. The effect of
mavacamten on the weak-to-strong transition of bovine cardiac myosin-S1 (0.5 uM) in the ADP-Pi state
binding to pyrene labeled actin (0.5 yM) and 1 mM ADP in single turnover mode.
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4.1.1.2 Effects of MYK-461 In loaded and unloaded in-vitro motility assays

This non-GLP study (#NC-20-0045) was conducted at MyoKardia, Brisbane, CA (dated
11/23/20020). The objective of this biophysical study was to evaluate the effect of MYK-
461 on the ability of myosin to slow actin filaments movement in both an unloaded in-
vitro motility assay and a loaded in-vitro motility assay.

Methods

For in vitro motility (IVM) assay, a buffer solution containing fluorescently labeled
polymerized actin filaments (tetramethyl-rhodamine phalloidin with F-actin) was applied
to the bovine cardiac full-length myosin-coated surface in the presence of ATP, allowing
myosin motors to cycle. Induced actin filament movement was measured by
fluorescence microscopy. Dose responses on the effect of MYK-461 (O to 40 uM) for
filament velocity and length was analyzed.

For loaded in vitro motility assay (LIMA), utrophin, a strong actin-binding protein served
as a frictional load to actin. The utrophin concentration (0 to 0.4 uM) is proportional to
the frictional force. Since power = force x velocity, at each utrophin concentration, the
power (in arbitrary units) was calculated as [utrophin] x velocity. The power curve for
MYK-461 was collected at a single-concentration, at which the velocity was inhibited by
20% relative to the DMSO control (IC20), which was 62.5 + 12.5 nM.

Results

In IVM assay, MYK-461 dose-dependently inhibited/reduced actin gliding velocities with
an IC50 of 0.24 + 0.05 uM (Fig. 4A) This effect was proportional to preventing the
reduction of actin filament lengths (or increasing the actin filament length) with
increasing concentrations of MYK-461 (EC50 = 0.14 £ 0.05 yM) (Fig. 4B). The effect of
MYK-461 on the velocity (decreasing) and length (increasing) of actin filament is
suggestive of reduced cross-bridge mediated stresses on the actin filament.

In LIMA, the utrophin concentration was proportional to the frictional force. Power output
induced by utrophin was reduced by MYK-461 (at a single concentration, 1C20 = 62.5 +
12.5 nM) (Fig. 5). Reduced power resulted in a reduction in the number of cross-bridge
attachments or fewer active cross-bridges.
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Figure 4. Dose-Response of MYK-461 in the in-Vitro Motility Assay.
Using reconstituted synthetic thick filaments (made from full-length bovine cardiac myosin), MYK-461 A)
reduced actin gliding velocities with an IC50 of 0.24 + 0.05 uM, and B) increased the actin flament length

with an EC50 = 0.14 £ 0.05 uM. Data are expressed as Mean + SEM (N=3).

Figure 5. Loaded in-vitro motility assay.
Power curve was generated at varying concentrations of utrophin in the presence of 2% DMSO (control,

solid circle) and at an IC20 (62.5 + 12.5 uM) concentration of MYK-461 (open circle). The total power
reduction by MYK-461 (area under the curve) is 38 £ 7%. Data are expressed as Mean + SEM (N=4).
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4.1.1.3 Effects of MYK-461 on the super-relaxed state of cardiac myosin

This non-GLP study (#NC-20-0046) was conducted at MyoKardia, Brisbane, CA (dated
11/24/20020). The objective of the study was to relate the biochemical mechanism of
action of MYK-461 to its pharmacological effectin stabilizing the myosin heads in the
super relaxed (SRX) state. Myosin exists in 3 functional states a) <1s, ATP turnover
time, b) < 10s, DRX state, c¢) > 100s SRX state. Thus, the objective was to evaluate the
effect of MYK-461 on the distribution of myosin population among the disordered-
relaxed (DRX) state and SRX state of myosin using reconstituted synthetic thick
filaments (STFs) made of bovine and porcine full-length cardiac myosin.

Methods

Synthetic thick filaments (STFs) were generated from bovine and porcine cardiac full-
length myosin when the ionic strength of the buffer was reduced below 150 mM.

Following incubation of myosin preparations with 2'/3'-O-(N-Methylanthraniloyl) (mant)-
ATP and chased with excess unlabeled ATP, the release rates of fluorescent
nucleotides (inorganic phosphate (Pi) and mant-ADP) were measured. Studies were
performed in either DMSO or MYK-461 (0 to 50 uM). Fluorescence decay profiles
showed two distinct phases, an early fast phase (corresponding to myosin heads readily
available to interact with actin (and therefore, with intrinsically faster ATP turnover
rates)), and a late slow phase (associated with a “reserve” population of myosin heads
with ultraslow ATP turnover rates) corresponding to the activity of myosin heads in the
DRX and SRX states, respectively.

Besides ATP chase experiments, fluorescence decay profiles were also generated
using ADP chase in the presence of increasing concentrations of MYK-461. This
experiment was carried out in the same way as the ATP chase experiment except that
non-fluorescent ADP was used in the place of non-fluorescent ATP to chase mant-
nucleotides in the second step.

Results

MYK-461 induced a concentration-dependent rightward shift of the fluorescent decay
(Fig. 5A) indicating a slower release or decreased ATP turnover from myosin. In a dose-
dependent manner, it shifted the overall enzymatic activity of myosin heads from the
DRX state (e.g., in bovine, IC50: 0.40 pM, Fig. 5 B) toward the SRX state, suggesting a
progressive reduction in the number of myosin heads readily available to form cross-
bridges. MYK-461 stabilized (increased) the population of myosin heads in an energy-
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sparing SRX state (reduced ATP consumption), consequently decreasing the myosin
DRX population by the same amount (Fig. 5C). The potency (EC50) with which MYK-
461 induces myosin into the SRX state is similar in reconstructed synthetic thick
filaments from porcine (1.9 uM) and bovine (1.2 uM) full-length myosin. This increase in
myosin SRX population also coincided with a concentration dependent decrease in the
DRX ATPase rate with IC50 values of 0.3 and 0.4 uM in the respective systems. The
SRX effects of MYK-461 were partially reversible, as myosin-heads could be recruited
into the DRX state by addition of both ADP and calcium in the presence of MYK-461 (at
2 uM).

Figure 6. Effects of MYK-461 on the DRX enzymatic activity (ATPase) and the myosin states of
reconstituted myosin thick filaments

DRX: disordered-relaxed; IC50: half-maximal inhibitory concentration; MAVA: mavacamten; SRX: super-
relaxed.

Panel A: Representative single mant-ATP decay (following a nonfluorescent, ATP chase) in the absence
(DMSO) or presence of mavacamten (diagonal arrow mark, at increasing concentrations).

Panel B: Mavacamten dose-dependently decreased the activity of the DRX myosin heads, which are
otherwise readily available to interact with actin.

Panel C: Mavacamten shifted myosin heads from the DRX state toward the SRX state, favoring energy
sparing (reduced ATP consumption). Data, collected using reconstituted bovine myosin thick filaments
(full-length myosin), are expressed as mean + SEM.
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4.1.1.4 Effects of MYK-461 on the Pi release and ATPase rates of cardiac myosin

This non-GLP study (#NC-20-0050) was conducted at MyoKardia, Brisbane, CA (dated
11/24/20020). The study evaluated the effect of MYK-461 on the release of inorganic
phosphate, the rate limiting step of the myosin ATPase cycle, and ATPase activity of
actin-activated bovine cardiac myosin under both the steady-state and transient kinetic
conditions. The study helps in an understanding on the overall cycling behavior of
myosin in the presence of MYK-461

Methods

Steady-state ATPase assay was carried out with purified bovine cardiac myosin sub-
fragment-1 (myosin-S1) and bovine cardiac actin. ATPase activity measurements were
conducted with varying concentrations of MYK-461. Transient kinetic experiments were
performed to determine the effects of MYK-461 on myosin rates of phosphate release.

Results

In the steady-state ATPase assay, MYK-461 dose-dependently inhibited the actin-
activated myosin ATPase activity with an IC50 of 0.47 + 0.14 yM (Fig. 7). In the
transient kinetic experiments, MYK-461 inhibited the actin-associated phosphate
release rate in a concentration-dependent manner with a maximal inhibition of 95%
noted at the highest concentration tested (10 uM) and with an IC50 value of 0.46 £ 0.15
MM (Fig. 8A). These values
are consistent with the IC50
values obtained in an actin-
activated ATPase
assay. The observation that
MYK-461 slowed steady-
state ATPase rate correlated
with the single turnover Pi
release rate (Fig. 8B)
suggest the primary
mechanism of action for
MYK-461 is the inhibition of
the phosphate release step
in the chemo-mechanical
cycle.

Figure 7. Effect of MYK-461 in the steady-state ATPase activity, Mean = SEM
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Figure 8. Effect of MYK-461 in the transient kinetic actin-activated phosphate release.
A:IC50=0.46 + 0.15 uM. Data are expressed as Mean + SEM (n = 3). B: Reduction in Pi release rate
linearly predicts the decrease in steady state ATPase rate due to increasing MYK-461 concentration (n =
2; Pearson’s R2 = 0.98, P<0.05).

4.1.2. Ex vivo studies

4.1.2.1 Effectsof MYK-461 on the Pi release and ATPase rates of cardiac myosin

This non-GLP study (#NC-14-0006) was conducted at MyoKardia, Brisbane, CA (dated
11/24/20020). The effect of varying concentrations of MYK-461 was evaluated in adult
rat ventricular myocytes on the cellular contractility and calcium cycling for cellular
fractional shortening (FS).

Methods

Cardiac myocytes were prepared from male Sprague Dawley rats (body weight, 300 to
350 g). After an initial baseline period, contractility measurements were made in the
presence of MYK-461 (0.03 uM to 1 yM) to determine the cellular IC50. For FS, data
were normalized to basal values (basal equals 100%) and expressed as FS%. Myocyte
calcium homeostasis was evaluated in the presence and absence of MYK-461
determining whether the observed decrease in contractility has resulted from
modulating the calcium transient. To demonstrate that a B-agonist can restore MYK-461
induced inhibition, myocytes were treated with 0.02 uM isoproterenol in the presence of
0.25 uM MYK-461 and contractility measurements were obtained.
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Results

A concentration-dependent decrease in contractility/fractional shortening (ICso of 250
nM, Fig. 9) and contraction velocity (55% at 0.3 uM) was noted. A significant inhibition
of contractility was observed at the highest concentration, 1 uM (Table 5). Reduced
myocyte contractility is consistent with the mechanistic biochemical data suggesting
MYK-461 stabilizes
myosin in the “off-
actin” state, reducing
aggregate force
production. At
concentrations up to
1 UM, the cell length
at diastole (resting
length) remained
unchanged but
shortened the
relaxation (re-
lengthening) time,
RT50: -24% at 1 pM,
P < 0.05) (Table 5)
Figure 9. Effect of MYK-461 on cellular contractility in rat ventricular myocytes (Mean + SD)

Table 5. Concentration dependent effects in the presence of MYK-461 (Average + SD, n = 3-8 cells
per concentration)in cardiac myocytes

PRE: predose; RT50: re-lengthening/ relaxation time, time to reach 50% of the resting length;
Vshortening: shortening velocity; SF: fractional shortening during systole.

a Combined data for 0.3 (n = 4) and 0.25 uM (n = 4).

1, l:P<0.05vs PRE.

Data are mean + SEM, showing absolute value both pre-exposure/baseline (PRE) as well as at 5 min
post-exposure (MAVA); changes (from PRE) are shown in italics.
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The role of calcium in decreasing the contractility was studied by measuring calcium
transients in the presence and absence of 250 nM MYK-461. The study showed that
decrease in contractility (reduction in %FS) to MYK-461 is independent of calcium flux
as cytosolic Ca2+transients were preserved in the presence of MYK-461, confirming
that, unlike traditional negative inotropes that act by modulating calcium flux, its
inhibitory mechanism of action is Ca2* sparing (i.e., does not affect Ca2* fluxes) and,
therefore, unlikely to increase proarrhythmic risks. (see also section 4.1.2.2).

Beta-adrenergic agonists, e.g., isoproterenol (2 nM) and dobutamine, counteracted the
inhibitory effect of MYK-461 (40% inhibition at 250 nM) in adult rat ventricular myocytes
(Fig. 10). The opposing effects of MYK-461 and isoproterenol on contractility (measured
as fractional shortening) demonstrated that MYK-461 decreases the ability of ‘myosin’ to
bind to ‘actin’ in the strongly-bound state (i.e., stabilizes the 'weakly-bound' or ‘off-actin’
state of myosin), which translates to decreased contractile force of the myocardium. On
the other hand, isoproterenol stimulated the excitation-contraction coupling process in
162 the presence of 0.25 yM MYK-461 to
allow additional myosin heads to
overcome the inhibitory effect
imposed by MYK-461. Isoproterenol
recruits ‘off-actin’ myosin heads to
the ‘on-actin’ state, increasing
fractional shortening. The data are
summarized in Figure 10 and Table
6. Also, see the next section. A
similar study was done in vivo using
dobutamine instead of isoproterenol
Lsac (see sections 4.1.3.4 and 4.1.3.6).
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Figure 10. Isoproterenol recovery from MYK-461 modulation

Table 6. Isoproterenol countering the effect of MYK-461 (Mean * SD)

Reference ID: 4860971

Cell Fractional Time to Peak Contraction Time to
Length Shortening (% of basal) Velocity Baseline 75%
(% of (% of basal) (% of basal) (% of basal)
basal)
Basal 100 100 100 100 100
0.25uM 100.1 +/- 59.6 +/-5.7 928 +/-42 67.0+/-19.1 96.7 +/-8.6
MYK-461 0.7
0.25 yM 100.3 +/- 159.5 +/- 26.4% 91.7+/-1.0 187.9 +/-25.1* 86.7+/-4.8
MYK-461 + 0.5
0.02uM ISO
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4.1.2.2 Effects of B-adrenergic receptor stimulation on MYK-461-induced functional
depression of primary ventricular myocytes from healthy rats

This non-GLP study (#NC-20-0052) was conducted at MyoKardia, Brisbane, CA (dated
11/23/20020). The functional (contraction) and calcium handling (calcium-transient)
effects of MYK-461 were evaluated both at rest and in the presence of B-adrenergic
stimulation with isoproterenol in rat ventricular myocytes.

Methods
As detailed in the previous section, 4.1.2.1.

Cardiomyocyte calcium transient studies were made in the presence of vehicle
(pretreatment), MYK-461 and isoproterenol with or without MYK-461. Relevant
guantified measurements included: diastolic calcium, peak systolic calcium, calcium
transient amplitude (cycling calcium), transient decay time of return to 50% from peak
(RT50%, in seconds) and transient decay time of return to 75% from peak (RT75%, in
seconds). Sarcomere length (SL) signals were quantified for each treatment. The
measurements included diastolic (resting) SL (um), cell shortening % (percent of
contraction amplitude to diastolic SL), maximum SL contraction velocity (um/second),
SL time of return to 50% from peak systolic contraction (RT50%, in seconds) and SL
time of return to 75% from peak systolic contraction (RT75%, in seconds).

Results

MYK-461 treatment at 0.25 uM applied for 5 min significantly decreased (-62 = 7% vs.
control, P <0.05) cardiomyocyte cell shortening fraction, as measured by percent
change in sarcomere length from resting diastolic length (Fig. 11). Addition of
isoproterenol (2 nM for 3 minutes) at the peak level of inhibition, restored cell shortening
(-22 £ 11% vs. control, P > 0.05) to some extent (Fig. 11 and 12 Left) and could not
restore to pretreatment level. Nevertheless, it demonstrated the recruitability of the
mavacamten-induced inhibition of contractile functioning at the cellular level. Also, MYK-
461 markedly decreased (-58 = 8% v. CTRL, P < 0.05) contraction velocity that was
partially restored toward pretreatment levels with isoproterenol (-16 + 13% vs. control, P
= > 0.05) (Fig. 12 Right).

The experiment also showed that treatment with MYK-461 accelerated cardiomyocyte
re-lengthening times both at the mid (RT50%: -18 + 3% vs. control, P < 0.05, Fig. 13
Left) and late (RT75%: -18 + 4% vs. CTRL, P < 0.05) phases following peak contraction.
Treatment with isoproterenol maintained MYK-461-induced enhancement of relaxation
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(lusitropy) (RT50%: -16 *+ 3% vs. control, P < 0.05, RT75%: -19 + 3% vs. control, P <
0.05). MYK-461 accelerated relaxation dynamics, wherein it increased diastolic (resting)
SL (+2.2 £ 0.6% vs. CTRL, P <0.05) and prevented the characteristic isoproterenol-
induced reductions in diastolic SL (+2.6 + 0.6%, 1.88 £ 0.01 vs. 1.83 + 0.01 ym in
control + 1ISO, P < 0.05) (Fig. 13 Middle). As noted in previous studies, MYK-461
preserved systolic (Fig. 13 Right) and diastolic calcium-transient amplitudes. These
results lend evidence to support observations of MYK-461 to inhibit cardiomyocyte
contractility while preserving the B-adrenergic response and the lusitropic effects without
interfering with the calcium transient.

Figure 11. Effect isoproterenol (ISO) on MYK-461-induced functional depression of myocytes
showing reductions in twitch amplitudes and concomitant increase in resting lengths under MYK-
461 exposure as well as the functional rescue triggered by an overlapping ISO challenge.

Figure 12. Effect
isoproterenol (ISO)
on MYK-461
reduced
shortening fraction
(%) and
contraction
velocity.
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Figure 13. Effect isoproterenol (ISO) on MYK-461-induced inhibition of contractile function.

Left: MYK-461 hastened cardiomyocyte re-lengthening/relaxation times both at the mid (RT50%) and late
(RT75% (not shown) phases following peak contraction. MYK-461-induced enhancement of relaxation
was maintained with isoproterenol treatment while preserving intracellular Ca?* transients (systoli [Ca?'];
shown, Right panel) when compared with time-matched controls. Center: MYK-461 produced elongated
diastolic sarcomere lengths and prevented shortening of the diastolic sarcomere length with isoproterenol
challenge.

4.1.2.3 Effects of stretch and B-adrenergic receptor blockade on the cardiac effects of
MYK-461 in isolated rat hearts

This non-GLP study (#NC-20-0063) was conducted at MyoKardia, Brisbane, CA (dated
12/18/20020). The cardiac functional effects (systolic and diastolic responses) of MYK-
461 were evaluated both under control conditions and under B-adrenergic receptor (AR)
blockade in isolated Langendorff-perfused rat hearts.

Methods

Under surgical plane of anesthesia, the heart was removed from male Sprague-Dawley
rats (body weight, 300 to 450 g). The heart was placed in cold perfusate Tyrodes
solution and immediately cannulated retrograde via the aorta onto a Langendorff
perfusion system. The hearts were instrumented for the recording of ECG via two
surface epicardial electrodes and left ventricular pressures (LVP). Left ventricular
function (isometric/isovolumic) both at steady-state as well as during rapid stretch
challenges were studied before and after MYK-461 administration (0.3 uM) in two sets
of experiments: one under control conditions (n = 6) and the other after B-AR blockade
(metoprolol 0.1 yM + 10 nM of isoproterenol; n =7).

Results

In the isolated rat heart, MYK-461 at 0.3 uM decreased the peak-rate of systolic
pressure development (dP/dtmax, -15%) and developed pressures (DP, -16%) (both
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indicative of negative inotropy), while reducing EDP (1 vs.3 mm Hg, P < 0.05) and
improving end-diastolic stiffness (Eed: -7%, P < 0.05). Furthermore, MYK-461 hastened
relaxation by shortening the time-constant of relaxation (6.4 vs. 8.3 ms, P < 0.06, -22%).
(Fig. 14). These effects were observed free of any concomitant chronotropic effects.
The heart was responsive to isoproterenol-induced inotropic and chronotropic agonism
(dP/dtmax: 36 £ 6% and HR: 17 + 3%, both P < 0.05). Addition of metoprolol in the
presence of isoproterenol did not affectthe cardiac negative inotropy with concomitant
positive lusitropy of MYK-461. MYK-461 still decreased DP (-10%) and dP/dtmax
(-11%) while lowering EDP (-1 mm Hg). The pro-compliant and lusitropic effects of
mavacamten under B-AR blockade (Eed: -6% and tau: -31%, both P <0.05) were
similar to those observed under control conditions. In summary, direct myosin
attenuation with MYK-461 has a unique profile characterized by negative inotropy with
improved left ventricular compliance. This novel profile was preserved in the presence
of B-adrenergic blockade.

Figure 14. Left ventricular effects of MYK-461 (mavacamten) inisolated perfused rat hearts
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4.1.2.4 Biomechanical effects of MYK-461 in skinned ventricular muscle fibers from
healthy animals

This non-GLP study (#NC-20-0048) was conducted at MyoKardia, Brisbane, CA (dated
11/23/20020). The effect of MYK-461 on tension development and stiffness under
mechanical stress (length dependence) was evaluated in skinned ventricular papillary
muscle fibers from rats and pigs. In addition, the effects of MYK-461 were evaluated
under stretched conditions to resolve the state of myosin, the super-relaxed state (SRX)
and disordered-relaxed state (DRX) utilizing MANT-ATP dissociation kinetics. Skinned
muscle fibers are a permeabilized muscle assay designed to test muscle function in the
absence of cell membranes and Ca?* handling machinery. It preserves the architecture
of the cardiac sarcomere, allowing for measurement of force generation in response to
Ca?+.

Methods

Left ventricular papillary muscle fiber bundles from the hearts of male Sprague-Dawley
rats and male Yucatan mini-pigs were rapidly dissected and cut to approximately 4 mm
x 200 ym. The fibers were chemically skinned in high relax solution (100 mM BES, 10
mM EGTA, 6.57 mM MgCI2, 6.22 mM ATP, 5 mM NaN3, 10 mM creatine phosphate, 5
U/ml creatine phosphokinase, adjusted to 180 mM ionic strength with 41.89 mM K-
propionate, pH 7.0) containing 1% Triton X-100 prior to fitting with aluminum T-clips for
force and mechanical measures. Force was generated by exposing single muscle fibers
dissected from larger segments of tissue to increasing concentrations of calcium. For
each muscle fiber, force/pCa relationships were first measured in the absence (1%
DMSO) and presence of MYK-461 (dissolved in 1% DMSO). For length dependence
experiments, individual fibers were tested for the effects of stretch (i.e., sarcomere
length 2.0 stretched to 2.3 um) in the absence (1% DMSO) and presence of MYK-461
(in 1% DMSO). The role of the SRX of myosin on length dependent activation was
investigated by measuring the rate of MANT-ATP [(2'-(or-3")-(O-(N-Methylanthraniloyl
Adenosine 5’-Triphosphate] dissociation from pig skinned myocardial fibers.

Results

MYK-461 dose-dependently decreased the tension produced at each calcium
concentration (Fig. 15A), effectively reducing maximal tension/force (e.g., at 1 uM, 41.2
mN/mm2in control to 19.4 mN/mm2 (19% from basal) when treated, P < 0.05) without
affecting intrinsic thin filament properties such as Ca2*sensitivity (pCa50) or Caz*
cooperativity (Hill slope). Similar observations were made in porcine skinned fibers

36

Reference ID: 4860971



NDA #214998 Reviewer: G. Jagadeesh

(Table 7). This profile is consistent with a mechanism that removes myosin heads from
actin engagement, thus reducing force production at a given Ca2* concentration.

Table 7. Effects of MYK-461 on isometric tension development in skinned ventricular fibers from
rat and pig at varying calcium concentrations

In response to stretch (mechanical stress by increasing sarcomere length from 2.0 um
to 2.3 ym), skinned porcine muscle preparations showed a left-upward shift in the
tension/pCa relationship (Fig. 15B, left) with increased parameters of contractility.
Stretch was associated with robust increases in maximal force (99.3 to 111.8%, P <
0.05), Ca?*sensitivity (pCa50: 5.80 to 5.93, P < 0.05), and Ca2* cooperativity (Hill slope,
2.86 to 3.65, P < 0.05). Stretch also increased active stiffness at both systolic and pre-
activating/diastolic calcium levels (pCa 5.8 and 6.4, respectively) and accelerated the
MANT-ATP decay (at relaxed Ca?*, pCa 8.0), suggesting increased availability of
myosin heads (and higher ATP use) with stretch. Mechanical stress increased pre-
activating tension (at pCa 6.4), a potential surrogate for end-diastolic tension in vivo.
MYK-461 (at 1 uM) blunted the effects of stretch, preventing sarcomere activation
(sensitization) and diastolic tension development/stiffening (at pCa 6.4: -3.1 vs 131.4%
in control, P < 0.05) (Fig. 15B, right box) due to mechanical stress while slowing MANT-
ATP decay (diastolic ATP consumption). These observations are consistent with a
mechanism that mavacamten-induced inhibition of myosin and resulting reduction in the
number of myosin heads entering force production states effectively decreases

the probability of cross-bridge formation and translates to reductions in myofilament
tension generation at both systolic and diastolic Ca2*levels.
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Figure 15. Biomechanical effects of MYK-461 in skinned ventricular fibers: blunted response to
mechanical stress (stretch)
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4.1.2.5 Biomechanical effects of MYK-461 in skinned ventricular muscle fibers with
pathogenic HCM mutations

This non-GLP study (#NC-20-0064) was conducted at MyoKardia, Brisbane, CA (dated
12/18/20020). The biomechanical effects of MYK-461 were evaluated on skinned left
ventricular papillary muscle fibers from pigs carrying three different mutations in
sarcomeric proteins known to be pathogenic for hypertrophic cardiomyopathy (HCM) in
humans: 1) the R403Q point mutation in beta-myosin (MYH7 gene), 2) a truncating
mutation (E330X) in cardiac myosin binding protein C (MYBPC3 gene), and 3) the
R193H point mutation in cardiac troponin | (TNNI3 gene). Skinned muscle fibers are a
permeabilized muscle designed to test muscle function in the absence of cell
membranes and Ca2* handling machinery. It preserves the architecture of the cardiac
sarcomere, allowing for measurement of force generation in response to Ca2*. Also, the
ability of MYK-461 to normalize (reduce) the pool of myosin existing in a disordered-
relaxed state (DRX) ready to interact with actin, by stabilizing the SRX state, were
tested in LV tissues from R403Q MYH7 mutant pigs; this mutation has been shown to
alter cross-bridge kinetics by freeing (or dysregulating) excess myosin-heads from the
SRX “reserve” pool.

Methods

For the first study, left ventricular papillary muscle fiber bundles from the hearts of male
Yucatan mini pigs were prepared and setup for force and mechanical measures as
described in the previous section. All muscle fibers were tested against a range of
calcium in the untreated state followed by the treated state to determine the effect of
MYK-461 on each individual fiber.

For the second study, cardiac muscle tissue homogenates were prepared from left
ventricular muscle of 9-month-old WT and HCM-causing R403Q mutant pig lines.
Following the homogenization, the muscle samples were centrifuged and were
subjected to detergent skinning overnight. After centrifugation, the sample was
suspended and incubated with 2'/3'-O-(N-Methylanthraniloyl) (mant)-ATP and chased
with excess unlabeled ATP. During the single turnover chase phase, fluorescence
decay profiles (an early fast phase and a late slow phase) were acquired using varying
concentrations of MYK-461, ranging from 0 to 50 pM.

Results

In all skinned LV fibers (WT and 3 mutations), MYK-461 decreased the tension
produced at each calcium concentration (pCa), reducing maximal, sub-maximal (pCa
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6.0), and diastolic tensions, effectively blunting the effects of the mutations (Fig. 16).
MYK-461 also normalized Ca2* sensitivity. In ventricular myofibrils from both wildtype
and HCM pigs (R403Q MYH7 mutant), MYK-461 increased, and in disease restored,
the population of myosin heads in the SRX state in ventricular muscle fibers, restoring
the dysregulated (reduced) SRX population in HCM toward normal (Fig. 17).
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Figure 16. Tension/pCa curves for skinned ventricular fibers with the WT and the mutant (R403Q,
E330X, R192H) in the absence (gray) and presence of MYK-461 (1 uM, red).
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Figure 17. Myosin States in Wild-Type (WT) and HCM-Mutant (R403Q) Left-Ventricular Muscle (A),
and the Effects of MYK-461 on the SRX population (B).

Panel A: Overall myosin populations in the DRX and SRX states.

Panel B: Myosin SRX population as a function of MYK-461 concentration. Data are expressed as mean+
SEM (n = 12 fromthree hearts).
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4.1.2.6 Functional effects of MYK-461 on human induced pluripotent stem cell derived
cardiomyocytes

This non-GLP study (#NC-20-0049) was conducted at MyoKardia, Brisbane, CA (dated
11/24/20020). The study examined the effects of MYK-461 on the contractility of human
induced pluripotent stem cell derived cardiomyocytes. Contractility was demonstrated
via two independent measures, impedance and imaging-based sarcomere tracking
(SarcTrac).

Methods

Human iPSC-cardiomyocytes were obtained from two healthy volunteers. Contractility
was assessed using changes in monolayer impedance amplitude recorded with a
Cardio instrument. Following baseline measurements, CMs were treated with MYK-461
at 0.1, 0.2, 0.5, 1, and 2 pM in quadruplicate, in 0.25% DMSO as a vehicle. Following
treatment, impedance was recorded for 20s every 10 minutes starting at

5 minutes, for a period of 90 minutes. Vehicle- and MYK-461-treated iPSC-CMs were
then electrically paced at 1.5 Hz (90 beats/minute) to assess their contractile properties.

Results

MYK-461 decreased contraction amplitude in a dose- (IC50, 0.204 uM) and time-
dependent manner. It decreased contraction amplitude within 5 min of application at
concentrations higher than 0.5 uM. The maximal effect for all applied concentrations
was achieved within 20 minutes (Fig. 18 A, B, D). MYK-461 significantly decreased the
time to peak (CT100, Time to 100% of maximum contraction time), RT50 (relaxation
time to 50% of maximum relaxation time), RT slope, and IBD50 (Intermediate Beat
Duration from CT50 to RT50), relative to vehicle in both spontaneously-beating and
paced CMs. At the same time, MYK-461 increased beating rate of treated CMs at all
concentrations tested (up to 1 uM) (Fig. 18C) except at 2 uM as a result of complete
inhibition of contraction. Besides contractility, MYK-461 markedly and dose-dependently
reduced (IC50 = 0.1 uM) the degree of sarcomere shortening during both contraction
and relaxation of CMs. Also, it increased the sarcomere length of CMs at steady state
during systole (contracted sarcomere length) (Fig. 19 Left) and diastole (relaxed
sarcomere length) (Fig. 19 Right) relative to vehicle. Furthermore, MYK-461 decreased
the duration of contraction (time to peak contraction after peak relaxation) and hastened
relaxation (time to peak relaxation after peak contraction) transients.
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Figure 18. Effect of MYK-461 treatment on contraction of human iPSC-CMS in an impedance assay
A: Dose- and time-dependence of effects of MYK-461. B: Dose-response relationship for MYK-461 (IC50
= 0.204). C: Spontaneous beat rate of iPSC-CMs following treatment with MYK-461. D: MYK-461 effects
on impedance amplitude in electrically stimulated (1 Hz) iPSC-CMs. * indicates p < 0.05, **** indicates p <
0.0001, ns indicates nonsignificant differences. Panels A and D display impedance values normalized for
each sample to pre-drug baseline and post-drug vehicle treatment.

Figure 19. Effect of MYK-461 on sarcomere length during contracted and relaxed sarcomere
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4.1.3. In vivo studies

4.1.3.1 Pharmacodynamic study of single oral dose of MYK-461 to mice

This non-GLP study (#NC-20-0056) was conducted at MyoKardia, Brisbane, CA (dated
11/27/20020). The study evaluated the cardiac performance of a single oral dose of
MYK-461 in conscious healthy mice.

Methods
Healthy male 129s6/SvEv mice (20-30 g, > 8 weeks of age; @@ \vere assigned into
3 set of experiments with each animal receiving a single oral dose of MYK-461. All
dosing was performed at least 24 hours after the baseline assessments to minimize the
effects of anesthesia. For MO1 and MO3: vehicle solution was prepared with
dimethylacetamide (DMA), PEG400, and 30% B-cyclodextrin (dissolved in 20 ml of
water) in a 5:25:70 ratio. For M02: MYK-461 was homogenized into a 0.5%
methylcellulose solution and was administered as a 10 ml/kg suspension.

The first set of animals (MO1) received 5, 10, 15, and 20 mg/kg.

The second set of animals (M02) received 1.25, 2.5, 5, 7.5, and 20 mg/kg.

The final group of animals (M03) received 1.25, 2.5, 5, and 7.5 mg/kg.

Under isoflurane anesthesia, cardiac function was evaluated by high-resolution
transthoracic echocardiography (TTE) at 2 time points, once prior to dosing

(establishing baseline) and at three hours post-dosing (a time when exposures are
known to approach steady-state and peak). The measurements included LV internal
dimensions (LVID) as well as left-ventricular fractional shortening (FS), an index of
systolic performance, and the heart rate. FS was defined as the end-diastole normalized
change in internal dimensions/diameter of the left ventricle between end-systole (LVIDS)
and end diastole (LVIDd) (i.e., FS = 100- [LVIDd — LVIDs]/LVIDd). From these
dimensions, LV volumes were derived assuming a Teichholz model (LVV =7-[2.4+
LVid]-1-LVid3), and ventricular cardiac-output (COLV) was estimated from the derived
volumes (COLV = [EDV -ESV. In a subset of animals (M01), the diameter of the aorta
as well as the velocity time integral (VTI) at the level of the left-ventricular outflow tract
(LVOT) (via pulsed-wave Doppler) were used measure to derive forward-flow and
cardiac output (COaorta).

Following measurements, a blood sample was taken by direct cardiac puncture and the
animals were humanely euthanized. A sample of left ventricle was collected for the
determination of MYK-461 exposures in the heart. Additionally, in a subset of animals
(M01), samples of fast- (extensor digitorum longus) and slow-twitch skeletal muscles
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(soleus) were collected (flash frozen). Plasma and tissue samples were analyzed to
determine the MYK-461 concentrations.

Results

Following oral administration of MYK-461, dose-dependent reductions in fractional
shortening (Fig. 20 Right) that were linearly predicted by both circulating (Fig. 20 Left,
21 Left) and LV (Fig. 21 Right) exposures. At 2.5 mg/kg, MYK-461 led to exposures of
595 + 115 ng/mL, which corresponded with significant reductions in FS (-45% vs. pre-
dose). Reductions in FS reached statistical significance at doses = 2.5 mg/kg (Fig. 20
Right). Reduction in FS was associated with increased LV chamber dimensions in both
systole and diastole. Reductions in cardiac output were observed at doses greater than
5 mg/kg (Table 8).

Figure 20. Circulating plasma concentrations (left) and left-ventricular fractional shortening (right)
following oral administration of MYK-461 (MAVA) mice

Figure 21. Plasma (left) and left-ventricular (right) concentrations linearly predicted left-ventricular
FS following MYK-461 (MAVA) administration to mice
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Table 8. Cardiac effects of MYK-461 (mavacamten) (single oral dose) in healthy mice
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4.1.3.2 Acute and chronic effects of myosin inhibition on mouse models of thin-filament
pathogenic troponin mutations

This non-GLP study (#NC-20-0066) was conducted at MyoKardia, Brisbane, CA (dated
12/18/20020). The systolic and diastolic effects of myosin inhibition by MYK-461 was
evaluated in mice expressing mutations in the cardiac troponin complex (R92L, R92W
and R193H), linking to hypertrophic cardiomyopathy. The pathogenic HCM mutations in
troponin complex are presented with a marked diastolic dysfunction with minimal
fibrosis.

Methods

Two sets of studies were performed. 1) Acute effects of MYK-581, an analog of MYK-
461 in mice expressing cardiac troponin | (cTnl) where arginine (R) at position 193 had
been replaced with a histidine (H, R193H), a mutation linked to restrictive
cardiomyopathy in humans, and 2) a chronic experiment assessing the effects of MYK-
461 given orally for 6 months to mice expressing cardiac troponin T (cTnT) with
missense mutations linked to hypertrophic cardiomyopathy, replacing R at position 92
by either leucine (R92L) or tryptophan (R92W).

Study 1: Wild-type and transgenic cTnl R193H female mice (n = 7/group) were acutely
administered MYK-581 (0.3 and 1.0 mg/kg) or vehicle control; systolic and diastolic
cardiac function were measured via high-resolution echocardiography 2 h post-dose.

Study 2: WT and transgenic cTnT mice (both R92W and R92L) were either
administered MYK-461 (targeting 0.83 mg/kg/day in drinking water) for 6 months
(beginning at approximately two months of age) or served as untreated time-controls
(n =5 per genotype/group). Systolic and diastolic cardiac function were evaluated via
high-resolution echocardiography prior to dosing (i.e., baseline) and monthly during the
study period. This report summarizes echocardiographic observations taken at 3 and 6
months after the initiation of treatment.

Results

In comparison to WT, transgenic cTnl R193H mouse showed prolonged isovolumic
relaxation (IVRT), reduced early diastolic mitral annular tissue velocity (e’), and elevated
filling pressures (as estimated by the ratio of the peak E-wave, or early mitral inflow
velocity, to e’; E/e’) with preserved fractional shortening (FS), consistent with a primary
diastolic defect (Table 9). Acute treatment with MYK-581 (0.3 and 1.0 mg/kg) in
transgenic mice with a pathogenic HCM mutation in cardiac Troponin | (R193H), dose
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dependently shortened IVRT, increased e’, and lowered E/e’ suggesting improved
ventricular filing and decreased end-diastolic pressures. A modest reduction (p < 0.05)
in FS was observed at 1 mg/kg (Table 9).

Table 9. Cardiac effects of acute myosin-inhibition with MYK-581in WT and ¢Tnl R193H
transgenic mice

Transgenic cTnT mutant mice relative to WT showed hyperdynamic contraction
(increased FS) and impaired relaxation with markedly (p < 0.05) elevated E/e’ values
contributing to diastolic dysfunction (Table 10 and Table 11). In these animals,
treatment with MYK-461 induced reductions in left-ventricular filling pressures that were
likely mediated by a normalization of early filling patterns, as treatment e’ velocities, E-
wave deceleration times (DT), and E/A ratios, reflecting early (passive) to late (atrial)
mitral inflow patterns. These salutary diastolic effects were observed while preserving
FS. Plasma concentrations of MYK-461 ranged between 191 and 610 ng/mL (0.70 to
2.23 uM) (Table 10 and Table 11).

Table 10. Cardiac effects of chronic myosin-inhibition with MYK-461in cTnT R92W transgenic
mice

a7
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Table 11. Cardiac effects of chronic myosin-inhibition with MYK-461in cTnT R92L transgenic
mice

Footnotes for Tables 10 and 11

Data are means + SEM. *: p<0.05 vs. WT; #: p<0.05 vs. CTRL.

FS: left-ventricular fractional shortening; E/e’: ratio of early peak mitral flow velocity to early mitral annular
tissue velocity (during diastole); e’: early diastolic mitral annular tissue velocity; DT: early peak mitral flow
velocity (E-wave) deceleration time; E/A: ratio of early (E) and late/atrial (A) peak mitral flow velocities.
WT: wild type. CTRL: untreated, and MAVA: receiving MYK-461 at ~0.83 mg/kg/d for 6 months (drinking
water; targeted) reaching 1.42 + 0.07 ng/mL and 1.39 + 0.23 ng/mL for R92W; and 1.42 + 0.08 ng/mL and
1.15+0.13 ng/mL for R92L and at 3- and 6-months. cTnT: cardiac troponin T.

4.1.3.3 Pharmacodynamic study of single oral dose of MYK-461 to rats

This non-GLP study (#NC-20-0055) was conducted at MyoKardia, Brisbane, CA (dated
11/24/20020). The study evaluated the cardiac performance, and systemic and left-
ventricular hemodynamics of a single oral dose of MYK-461 in conscious and
anesthetized (via invasive catheterization) healthy rats.

Methods

Healthy male Sprague Dawley rats were chronically instrumented (telemetered) for the
assessment of systemic (arterial) and left-ventricular pressures. A subset of animals
assigned to intravenous study were chronically instrumented with an indwelling femoral
venous catheter and under isoflurane anesthesia received continuous intravenous
infusion of MYK-461 (results of this study are not described except for a single report,
see Fig. 22B). Under isoflurane anesthesia, cardiac function/geometry were recorded
non-invasively using high-resolution transthoracic echocardiography (TTE) at two
separate time-points/days: once prior to dosing (i.e., at baseline) and at 3 hr postdosing
(day 0), a time when exposures are known to approach steady-state and peak
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responses are expected. A set of conscious rats received MYK-461 orally at 3 dose
levels, LOW (1 and 2 mg/kg), MID (4 mg/kg), or HIGH (8 and 10 mg/kg).

Samples of the left-ventricle, fast- (extensor digitorum longus) and slow-twitch skeletal
muscles (soleus) were collected (flash frozen) for the determination of mavacamten
exposures in the heart and skeletal muscles (results of this study are not given).
Plasma, tissue, and blood samples were analyzed to determine the mavacamten
concentration(s).

In another set of conscious telemetered rats, cardiovascular responses to acute myosin
modulation were studied in the presence of MYK-461 at one of two dose-levels (1 or 2.0
mg/kg, oral) and its modulation with B-adrenergic receptor blockade by metoprolol
succinate (50 mg/kg, oral). In these experiments, systemic/LV hemodynamics were
recorded continuously via telemetry in conscious free-roaming animals both prior to (up
to 1 hour) and following (up to 22 hours) each dosing (circadian variations).

Results
In healthy conscious rats, MYK-461 dose-dependently (1to 10 mg/kg) induced myosin
inhibition resulting in both significant reductions in systolic contractile indices (reduction

in fractional shortening and functional (dP/dt max) depression) and increased ventricular
chamber dimensions (end diastolic volume) (Fig. 22).
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Figure 22. Effect of MYK-461 on cardiac function and hemodynamics following acute
administration to healthy rats.

Panel A: Oral administration of MYK-461 (MAVA) dose-dependently decreased fractional shortening (FS,
top) and recruited preload (EDV, middle), despite mild/moderate cardio-acceleration (HR, bottom).
Panel B: MAVA plasma exposure increased with escalating doses (inset) and predicted the degree of
induced functional attenuation. Panel C: Mean systemic (MBP) and LV end diastolic (EDP) pressures
were preserved (no changes) following 1 and 2 mg/kg MAVA administration, despite marked functional
(e.g., dP/dtmax) depression (and increased EDV, see A). LOW (1 and 2 mg/kg PO, n=7 and 5,
respectively, red with closed circle; 0.8 mg/kg/h IV red with open circles), MID (4 mg/kg PO, n=7; blue),
or HIGH (8 and 10 mg/kg PO, n = 6/each; white). Dataare mean + SEM, showing either absolute values
or changes (vs. baseline, PRE) at 3 hours postdosing. dP/dtmax: peak rate of left ventricular pressure
development during systole; HR: heart rate; EDV: (estimated) left ventricular end-diastolic volume; MBP:
mean systemic (arterial) pressure; EDP: left-ventricular end-diastolic pressure; LV: left ventricular; PRE:
predose; CTRL: vehicle. *: P <0.05 vs PRE or CTRL.

Plasma exposure increased with increasing doses (245 + 33, 658 *+ 40, and 1019 + 55
ng/mL respectively at low, mid and high doses with an estimated 1C50 of 679 ng/mL)
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and predicted the degree of induced functional attenuation. At 1 and 2 mg/kg, end-
diastolic pressures were preserved following MYK-461 administration, despite marked
functional depression and increased EDV (Table 12).

Table 12. Cardiac effects of MYK-461 (single oral dose) in conscious healthy rats

Similar observations were noted in the 2nd set of experiments (conscious telemetered
rats). At the 3-hours post-dosing, MYK-461 (at 1 to 2 mg/kg, oral) dose-dependently
decreased dP/dtmax, increased heart rate (Fig. 23A) (-19 + 3%, P < 0.05) while
preserving EDP and mean systemic blood pressure (Fig. 23 B) (Table 13) (+2+1
mmHg, N.S.). Beta adrenergic blockade with metoprolol decreased heart rate and
systemic pressures (Fig. 23B).
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Figure 23. Hemodynamic effects of MYK-461in conscious telemetered healthy rats.

Panel A: In healthy conscious telemetered rats, oral low-dose MYK-461 (MAVA) administration preserved
mean systemic pressures (MBP, top) and dose-dependently decreased the peak rate of LV pressure
development (dP/dtmax, middle) with mild/moderate cardio-acceleration (HR, bottom). Panel B:
Comparative effects (at +3 hours postdosing) of MAVA and metoprolol (MET) on heart rate (HR), mean
(MBP) and diastolic systemic pressures (DBP), as well as in LV end-diastolic pressures (EDP) and peak-
rates of pressure change (dP/dtmax and dP/dtmin); at matched reductions in dP/dtmax, MAVA preserved
systemic hemodynamics. Data are mean + SEM, showing either absolute values both predose and
postdosing (DOSE) or changes (vs PRE) at 3 hours postdosing. dP/dtmax and dP/dtmin: peak rates of
left ventricular pressure increase or decrease during systole and diastole (respectively), LV: left
ventricular; PRE: predose; VEH: vehicle.*: P < 0.05vs PRE.
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Table 13. Acute hemodynamic effects of MYK-461in conscious telemetered healthy rats

Additionally, the effect of MYK-461 on circadian (24 hr duration)-induced autonomic
activation was studied in the absence and presence of B-adrenergic receptor blockade
in telemetered rats. The onset of the dark photo-period (night) triggered marked
increases in heart rate, as well as in the peak rates of left-ventricular pressure
development (dP/dtmax) and decay (dP/dtmin), consistent with circadian autonomic
activation and functional recruitment (Fig. 24). MYK-461 administration preserved the
intrinsic chronotropy-dependent circadian (light-cycle induced) recruitment of systolic
function while facilitating diastolic recruitment (i.e., dP/dtmax and dP/dtmin increased
with heart rate). On the other hand, B-adrenergic blockade with metoprolol blunted
functional chronotropic recruitment. As a result, the onset of the dark photo-period post-
dosing triggered negligible EDP changes in vehicle- (+1 £ 1 mm Hg) and MYK-461-
treated rats (-1 £ 1 mm Hg, not significant), thus led to detectable elevations (+4 £+ 1 mm
Hg, P < 0.05) in B-AR blocked animals (Fig. 24). According to the sponsor, these
observations could have important implications for the recruitability of cardiac function
during exercise in HCM.

53

Reference ID: 4860971



NDA #214998 Reviewer: G. Jagadeesh

Figure 24. Hemodynamic effects of MYK-461in conscious telemetered healthy rats.

Panel A: In healthy conscious telemetered rats, the onset of the dark photo-period (night) triggered
marked increased in heart rate (HR, top), as well as in the peak rates of left ventricular pressure
development (dP/dtmax, middle) and decay (dP/dtmin, bottom), consistent with circadian autonomic
activation and functional recruitment. Panel B: Changes in dP/dtmax (systolic function) and dP/dtmin
(diastolic function) were predicted by chronotropic changes. Panel C: MYK-461 (MAVA) treatment (1 to 2
mg/kg PO), preserved the intrinsic circadian heart rate changes, but facilitated diastolic recruitment, as
indicated by steeper slopes of the dP/dtmin vs. HR relationships. In contrast, metoprolol (50 mg/kg PO)
blunted chronotropic and functional recruitment.
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4.1.3.4 Effects of dobutamine and levosimendan on cardiac performance on depressed
ventricular performance induced by MYK-461 in rats

This non-GLP study (#NC-20-0057) was conducted at MyoKardia, Brisbane, CA (dated
12/18/2020). The study evaluated the cardiac performance as evaluated by high-
resolution transthoracic echocardiography (TTE) of a single oral dose of MYK-461 in
conscious healthy rats. Additionally, the study evaluated the ability of two inotropes,
dobutamine and levosimendan (a phosphodiesterase-3 inhibitor) in counteracting MYK-
461-mediated inhibition of LV contractility in rats.

Methods

Healthy male Sprague Dawley rats (300-400 g) were chronically instrumented with an
indwelling femoral venous catheter for receiving intravenous doses of dobutamine and
levosimendan. Under isoflurane anesthesia, cardiac function/geometry were recorded
non-invasively using high-resolution transthoracic echocardiography (TTE) predosing
(baseline), three hours following a single oral dose of MYK-461 (4 mg/kg in 0.5%
methylcellulose solution), and before and at steady-state during the inotropic challenge.
Dobutamine (10 ug/kg/min IV for 10 min) or levosimendan (0.3 umol/kg IV over 20 min)
challenges were given approximately 3 hours following the administration of MYK-461.
Blood samples were collected for the purpose of circulating exposure determination. In
addition, samples of the left-ventricle as well as of fast- (extensor digitorum longus) and
slow-twitch skeletal muscles (soleus) were collected (flash frozen) for the determination
of MYK-461 exposures in the heart and skeletal muscles (results not given).

Results

In healthy conscious rats, single oral dose of MYK-461 (4 mg/kg) produced significant
and consistent reductions in fractional shortening (-54% vs. pre-dosing, P < 0.05) and
ventricular stroke volume (SV, -40% vs. pre-dosing, P < 0.05). These effects were
observed at circulating plasma concentration of 417 £ 77 ng/mL. The MYK-461-induced
reductions in systolic cardiac performance and forward flow were accompanied by
marked increases in both end-systolic and end-diastolic dimensions/volumes with a
moderate (P > 0.05) increase in heart rate (Table 14).

Intravenous infusion of both dobutamine (Table 15) and levosimendan (Table 16)

restored cardiac function indices of systolic function depressed (>50% reduction in
ejection fraction) by MYK-461 (Fig. 25).
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Table 14. Left-ventricularresponses to MYK-461 (Mava, 4 mg/kg PO) in healthy rats

HR LVIDs | LVIDd ESV EDV SV EF FS co
BPM Mm mm uL uL uL % % mL/min
PRE 363+9 | 42202 [ 73202 | 7927 | 284=17 | 208=11 | 731 431 75+4
62+ 77+ 200+ 316=
MAVA 386+ 9 o7 = 15 fas 11329% | 3724% | 1922+ | 4424+
%vs. PRE | 7%3 49%5 6=1 | 15719 | 143 | -40=5 | 46t4 | -54=4 | _36=5

Data are mean = SEM relative (%) change vs. paired pre-dosing values in italics. *: P < 0.05 vs PRE. MAVA:
Approximately 3-hours after mavacamten administration at 4 mg/kg PO (oral gavage), resulting in plasma concentrations of
417 =77 ng/mL.

Table 15. Acute effects of dobutamine (DOB) on the MYK-461-induced functional cardiac

depression in healthy rats

HR | LVIDs | LVIDd | ESV EDV sV EF FS co
BPM Mm mm uL pL uL % % ml /min

PRE 378+12 | 40202 | 71203 | 71+10 | 269+22 | 204+15 | 75+2 | 4522 | 76+3
DOSE 383213 | 58204 | 75202 | 3% | IE | IBE | 4345 | 2a3e | 47250
% vs. PRE 2x4 487 62 15530 134 -38=8 437 516 -38x7
+DOB 5 | 45203 | 70203 | oax14r | 260222 [ 176215 | 6524 | 3723+ | T1s6
%vs.PRE | 156 | 1224 | -1%3 | 3311 | -2%7 | 1326 | -14%3 | 1924 | -6%5
pots | B | 232 | 723 | 4exp | dazs | 502130 | 2265 | 862280 | 2427

Table 16. Acute effects of levosimendan (LEVO) on the MYK-461-induced functional
cardiac depression in rats

HR | LVIDs | LVIDA | ESV EDV sV EF FS co
BPM Mm mm oL ) ul % % | mi/min

PRE 346212 | 44202 | 75203 | 89=11 | 301226 | 21217 | 7122 | 42=1 | 74=8
DOSE 300212 | 66203 | 78202 | S1F | 32=2 | NF | 3124 | 15220 | 3024
%vs. PRE | 1324 | 52%5 | 523 | 166%20 | 1226 | -5027 | -56%6 | 6325 | 4229
FLEVO | 375214 | 50205 | 72203 | 129228 | 274227 | 145£9% | 5526 | 304 | 54=5
%vs. PRE| 93 | 1610 | -4+3 | 48%26 | -8+7 | -30%=5 | 228 | 2710 | -24%7
1)9?);2: 3x4 | 24x5% | 9x3* | 468 | -18:6* | 58=29% | 24x4# |109:27| 15t6
#LEVOF | 375+8 | 52204 | 77203 | '35 | 319225 | 186+14 | s9xa | 3323 | 6925
%vs. PRE| 923 | 18%6 | 323 | 5118 | 726 | -1028 | -16%6 | 2127 | 2%10

Data are mean = SEM; relative (%) change vs. paired pre-dosing values m italics. *: P < 0.05 vs PRE (LVID, and

EF not studied); #: P < 0.05 vs DOSE (t-test). DOSE: Approximately 3-hours after mavacamten administration at
4 mg/kg PO (oral gavage), resulting in plasma concentrations of 322 = 38 ng/mL. +LEVO: Acute levosimendan

challenge in the setting of mavacamten 0.3 pmol’kg IV over 20min); +LEVO/F: acute volume expansion under

+LEVO (0.9% NaCl at 30 mL/kg/hr IV).
HR: heart rate; LVIDs and LVIDd: left-ventricular internal dimensions at end-systole and end-diastole
(respectively); ESV and EDV: derived (calculated) lefi-ventricular volumes at end-systole and end-diastole
(respectively); SV: calculated left-ventricular stroke volume; FS: left-ventricular fractional shortening;
CO: calculated cardiac output.
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Figure 25. Acute effects of dobutamine (DOB) or levosimendan (LEVO) on the MYK-461-induced
functional cardiac depression of healthy rats
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