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Executive Summary

Duchenne muscular dystrophy (Duchenne) is a serious, rare genetic disease, affecting primarily boys. It
is characterized by progressive muscle degeneration that results in loss of function and early death due
to respiratory or cardiac failure.! Limited treatment options are available, predominantly for small
subsets of the patient population; thus, Duchenne is a disease with large unmet medical needs.

The adeno-associated virus (AAV) vector is the leading gene delivery system for treating inherited
neuromuscular diseases.?® The gene encoding the full-length dystrophin protein is too large to be
accommodated into a single AAV vector.*® Hence, gene therapy based on AAV delivery of shortened yet
functional genes (microdystrophin genes) has emerged as a promising treatment.®”’

This white paper seeks to explain the rationale for use of the accelerated approval pathway to advance
AAV gene therapy development for Duchenne patients. In addition, it identifies two surrogate endpoints
reasonably likely to predict clinical benefit—muscle fat fraction (FF) obtained by magnetic resonance
(MR) methods and microdystrophin—that could be evaluated in clinical trials to support accelerated
approval of AAV gene therapies. Finally, it discusses some aspects that are important for approval of
medical products generally (e.g., supportive evidence and benefit-risk considerations) and others that
are unique to medical products pursuing accelerated approval (i.e., confirmatory data to verify and
describe clinical benefit).
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Use of the Accelerated Approval Pathway in Duchenne

Duchenne Muscular Dystrophy and Related Therapies

Duchenne is a recessive, X-linked neuromuscular disorder caused by mutations in the dystrophin gene,
which spans approximately 2.4 megabases and includes 79 exons.'® These mutations lead to little or no
dystrophin production (typically <3% of the normal quantity of dystrophin).® Dystrophin is a protein
critical in physically stabilizing the membranes of muscle cells. Patients with Duchenne experience a
near-total absence of full-length dystrophin production, resulting in progressive muscle degenerations
that manifest primarily as muscle weakness impairing walking, other motor functions, breathing, and
cardiac function,® with the most common cause of death being cardiorespiratory failure.'* Although the
pace of symptom progression is heterogenous in the Duchenne population, muscle weakness typically
begins between ages 3 and 5 years, with loss of ambulation usually occurring by age 12. Duchenne
predominantly affects males, with an estimated incidence of about 16 live male births per 100,000 in
the U.S.22 Rarely, females are also affected by Duchenne, with around 8% of female carriers having some
degree of muscle weakness or cardiomyopathy.?3

The US Food and Drug Administration (FDA) has approved five treatments for Duchenne: deflazacort,
eteplirsen, golodirsen, viltolarsen, and casimersen. Deflazacort is a glucocorticoid that was granted
traditional approval, while the rest are exon-skipping drug products that were granted accelerated
approval based on a mean increase in internally truncated dystrophin® production in skeletal muscle
(quantified using Western blot). The four exon-skipping products showed a mean change from baseline
(% normal dystrophin) of 0.28%—5.3% (0.28% for eteplirsen, 0.92% for golodirsen, 5.3% for viltolarsen,
and of 0.8% for casimersen).*! These four latter therapies are indicated for treatment of only a small
fraction of Duchenne patients, however, based on the specific genetic subtype studied. Specifically, the
approved exon-skipping drugs—eteplirsen, golodirsen, viltolarsen, and casimersen—are indicated only
for a combined 29% of all Duchenne patients (13%, 8%, 8%, and 8% of Duchenne patients, respectively —
with both golodirsen and vitolarsen being approved for the same subpopulation with gene mutations
amenable to exon 53 skipping).*® The only approved therapeutic option for the remaining 71% of
Duchenne patients is deflazacort, as these patients are not eligible for treatment with the approved
exon-skipping drugs.

Several types of medical products are currently under development for Duchenne. One direct way of
treating this disease would be to restore the expression of dystrophin. Gene therapy based on AAV-
mediated delivery of microdystrophin® genes has emerged as a promising method, since the gene
encoding the full-length dystrophin protein is too large to fit inside a single AAV vector.”
Microdystrophin genes are designed to be small enough to fit into an AAV vector while retaining the key
functionality of the full-length dystrophin protein by being rationally designed to include the most
critical protein domains. AAV vectors can transduce cells that are not actively dividing, and they are
minimally-integrating, nonpathogenic, and less immunogenic than gene therapies that use other
delivery mechanisms.? Trials are now studying the safety and efficacy of systemically administered AAV
vectors to deliver different forms of microdystrophins to slow or stabilize the loss of muscle function
throughout the body.®

b |n this document, the term “internally truncated dystrophin” refers to the de novo dystrophin proteins with
intact N- and C- terminal regions, but missing internal regions, which the FDA has accepted as a surrogate endpoint
in evaluation of exon-skipping drugs.

¢ Throughout this document we use the term “microdystrophin” to be consistent; the term mini-dystrophin has
also been used in other settings or interchangeably.



FDA’s Accelerated Approval Pathway

The accelerated approval provisions included in the FDA Safety and Innovation Act (FDASIA), amending
section 506(c) of the Federal Food, Drug, and Cosmetic Act (FD&C Act), provide that FDA may grant
accelerated approval to:

“...a product for a serious or life-threatening disease or condition...upon a determination that the
product has an effect on a surrogate endpoint that is reasonably likely to predict clinical benefit, or
on a clinical endpoint that can be measured earlier than irreversible morbidity or mortality, that is
reasonably likely to predict an effect on irreversible morbidity or mortality or other clinical benefit,
taking into account the severity, rarity, or prevalence of the condition and the availability or lack of
alternative treatments.”?

FDA has issued final guidance on available programs to expedite the development of drugs and biologics
for serious conditions (FDA’s Expedited Guidance).? In addition to other programs, this guidance
discusses the use of the accelerated approval pathway. FDA notes that when a product has received
accelerated approval, “FDA has determined that an effect on the endpoint used to support approval—a
surrogate endpoint or an intermediate clinical endpoint—is reasonably likely to predict clinical benefit.”
The guidance acknowledges the risks of the accelerated approval pathway, including that the product
may ultimately not show a clinical benefit and that information may be lacking regarding rare or delayed
adverse events because the data supporting accelerated approval often include fewer trials of shorter
duration with fewer patients. For these reasons, there are specific qualifying criteria for the use of the
accelerated approval pathway, namely for drugs “intended to treat a serious condition and that appear
to provide a meaningful advantage over available therapy.”?!

Serious Condition

As stated in the FDA regulations in 21 CFR part 312, Subpart E,?? the Agency has committed to
facilitating and expediting the availability of new therapies to patients with serious conditions, especially
when no satisfactory alternative therapies exist, while preserving appropriate standards for safety and
effectiveness. The Subpart E regulations specifically recognize that patients and physicians “...are
generally willing to accept greater risks or side effects from products that treat life-threatening and
severely-debilitating illnesses...” than they would for less serious diseases.

In its Expedited Guidance, FDA provides a definition of a serious disease or condition as:

“. .. associated with morbidity that has substantial impact on day-to-day functioning. Short-lived
and self-limiting morbidity will usually not be sufficient, but the morbidity need not be
irreversible if it is persistent or recurrent. Whether a disease or condition is serious is a matter
of clinical judgment, based on its impact on such factors as survival, day-to-day functioning, or
the likelihood that the disease, if left untreated, will progress from a less severe condition to a
more serious one.”*

Duchenne is clearly a serious condition consistent with FDA’s definition. Therefore, a drug that is
intended to have an effect on Duchenne or on a serious aspect of Duchenne, such as a direct effect on a
serious manifestation or symptom, would be eligible for accelerated approval, if other criteria were met.



Meaningful Advantage Over Available Therapy

FDA’s Expedited Guidance?! clarifies the flexibility provided by section 506 of the FD&C Act, as amended
by FDASIA, which requires FDA to “. . .tak[e] into account . . . the availability or lack of alternative
treatments.” Meaningful advantage over available therapies could include “...an alternative therapy
with efficacy comparable to available therapy, but with a different mechanism of action, [that] could be
of added clinical value in a disease setting in which a significant number of patients may respond
differently to the new therapy.” In addition, the guidance explains that there are “...situations where a
drug could be shown to provide a meaningful advantage over available therapy, including some in which
there may not be a demonstrated direct efficacy or safety advantage.”?!

The guidance defines the term “available therapy” as a therapy that “...is approved or licensed in the
United States for the same indication being considered for the new drug® and is relevant to current U.S.
standard of care (SOC) for the indication.”?! It also states that “...a drug would not be considered
available therapy if the drug is granted accelerated approval based on a surrogate endpoint or an
intermediate clinical endpoint and clinical benefit has not been verified by post-approval studies.”
Based on these definitions, Duchenne does have available therapy, but the exon-skipping approaches
currently approved via the accelerated approval pathway would not be considered available therapy. As
a result, Duchenne continues to have a significant unmet medical need.

FDA’s Expedited Guidance defines the term “unmet medical need” as “...a condition whose treatment or
diagnosis is not addressed adequately by available therapy.”?! Examples provided in the guidance of a
new treatment that would address an unmet medical need include a product that:

e “Has an effect on a serious outcome of the condition that is not known to be influenced by
available therapy (e.g., progressive disability or disease progression when the available therapy
has shown an effect on symptoms, but has not shown an effect on progressive disability or
disease progression)

e Has an improved effect on a serious outcome(s) of the condition compared with available
therapy (e.g., superiority of the new drug to available therapy when either used alone or in
combination with available therapy (i.e., as demonstrated in an add-on study))

e Has an effect on a serious outcome of the condition in patients who are unable to tolerate or
failed to respond to available therapy

e Can be used effectively with other critical agents that cannot be combined with available
therapy

e Provides efficacy comparable to those of available therapy, while (1) avoiding serious toxicity
that occurs with available therapy, (2) avoiding less serious toxicity that is common and causes
discontinuation of treatment of a serious condition, or (3) reducing the potential for harmful
drug interactions

4 There may be many approved therapies with varying relevance to how a serious disease is treated in the U.S.,
including therapies that are no longer used or are used rarely. Only in exceptional cases will a treatment that is not
approved for the indicated use or is not FDA-regulated (e.g., surgery) be considered available therapy. In those
cases, FDA may consider an unapproved or unlicensed therapy to constitute available therapy if the safety and
effectiveness are supported by compelling evidence, including extensive evidence in the literature (e.g., certain
well-established oncologic treatments).



e Provides safety and efficacy comparable to those of available therapy but has a documented
benefit, such as improved compliance, that is expected to lead to an improvement in serious
outcomes...”*

AAV gene therapies could provide a meaningful advantage over available therapy, consisting of the
regular use of steroids. This includes deflazacort, a corticosteroid that reduces inflammation and activity
of the immune system and that improves muscle strength in patients with Duchenne.?® The ongoing use
of steroids carries with it the risk of serious complications such as altered endocrine function,
immunosuppression and an increased risk of infection, altered cardiovascular/renal function, and
behavioral and mood disturbances.?* Meaningful advantage over available therapy could be based on
effects that target the underlying cause of Duchenne, effects that are superior or additive to those of
steroid therapy, or providing treatment options to patients unable to tolerate or unresponsive to steroid
therapies.

Endpoints

The final criterion for the use of the accelerated approval pathway is the use of an endpoint, either a
surrogate or an intermediate clinical endpoint, that is reasonably likely to predict clinical benefit. FDA’s
Expedited Guidance states that “...[a]n application for accelerated approval should also include evidence
that a proposed surrogate endpoint or an intermediate clinical endpoint is reasonably likely to predict
the intended clinical benefit of a drug. Determining whether an endpoint is reasonably likely to predict
clinical benefit is a matter of judgment that will depend on the biological plausibility of the relationship
between the disease, the endpoint, and the desired effect and the empirical evidence to support that
relationship.”#

A surrogate endpoint used as the basis for accelerated approval is not one that has been validated to
show clinical benefit. Validated surrogate endpoints are known to predict clinical benefit and can be
used for traditional approval. FDA noted in its Final Rule on the Accelerated Approval Regulations that
“...Iw]lhether a given endpoint is, in fact, reasonably likely to predict clinical benefit is inevitably a matter
of judgment. FDA, using available internal and external expertise, will have to make informed judgments
in each case presented, just as it does now. The agency acknowledges that there are well-recognized
reasons for caution when surrogate endpoints are relied on... A sponsor must persuasively support the
reasonableness of the proposed surrogate as a predictor and show how the benefits of treatment will
outweigh the risks. Such presentations are likely to be persuasive only when the disease to be treated is
particularly severe (so that considerable risk is acceptable) and/or when the surrogate endpoint is well
supported. In addition, it will be the sponsor’s clear obligation to resolve any doubts as to clinical value
by carrying out definitive studies.”®

This paper will describe the evidence demonstrating that two surrogate endpoints—muscle FF obtained
by MR methods and microdystrophin—are each reasonably likely to predict clinical benefit for an AAV
gene therapy in the treatment of Duchenne.

Current Outcome Measures

In 2018, FDA issued final guidance on the development of drugs for the treatment of Duchenne and
related dystrophinopathies.?® The guidance notes that “FDA has no defined set of required or
recommended clinical outcome measures for studies in dystrophinopathies...” and suggests that existing



or novel outcome measures® that can measure clinically meaningful effects may be appropriate. Much
work has been done, and more is ongoing, around identifying endpoints that can show meaningful
clinical improvements in patients with Duchenne.

North Star Ambulatory Assessment

The North Star Ambulatory Assessment (NSAA) is a test that evaluates 17 activities, each graded on a
scale of 0-2, to assess functional motor abilities in ambulatory Duchenne patients. The subjective test is
used clinically to evaluate disease progression, within studies documenting natural history, and as part
of interventional clinical trials designed to demonstrate efficacy.?’32 The activities included in the NSAA
are those thought to be critical to preserving ambulation, those thought to be most clinically relevant,
and those that reflect disease burden.3*3* When administered with proper training, the NSAA has been
shown to be reliable, reproducible, valid, and accessible in various settings.33%3>3 |ts use has been
validated in patients over age 5, and it can also be used in patients who are 4 years old.® A revised
version of the NSAA suitable for boys between the ages of 3 and 5 years has been developed and tested,
and results suggest that it can “...assess early functional changes and obtain information on how young
[Duchenne] boys acquire new abilities with increasing age and how this correlates with their peers.”3° In
addition, NSAA has shown consistency across multiple placebo arms, natural history, and real-world
data sources in terms of 48-week change after accounting for known prognostic factors.*’ As a part of
the postapproval requirements for the accelerated approval of eteplirsen, NSAA is the primary endpoint
for the confirmatory trial to verify and describe the predicted clinical benefit.*

6-Minute Walk Test

The 6-Minute Walk Test (6MWT) is used to assess the submaximal level of functional capacity by
measuring self-paced walking distance, as a reflection of the exertion required for activities of daily
living.*? The subjective test is a global evaluation that incorporates “...all the systems involved during
exercise, including the pulmonary and cardiovascular systems, systemic circulation, peripheral
circulation, blood, neuromuscular units, and muscle metabolism.”*? Although the 6MWT was not
specifically developed for use in patients with Duchenne, it has been adapted and shown to be reliable,
valid, and reproducible and can be used to monitor disease progression and as an endpoint in natural
history studies and clinical trials for patients with Duchenne.?293143-58 |n 3ddition, BMWT has shown
consistency across multiple clinical trial placebo arms and natural history data sources in terms of 48-
week change.* In a regulatory context, the 6MWT is included in the labeling of eteplirsen,® is the
primary endpoint for the confirmatory trial to verify and describe the predicted clinical benefit for
golodirsen®! and casimersen,®? and was the basis for EMA’s conditional approval of ataluren.>*53

Fat Fraction

This section describes the evidence that muscle FF obtained by MR methods meets the criteria of a
surrogate endpoint reasonably likely to predict clinical benefit (i.e., improved motor function) in patients
with Duchenne. This section describes what FF is, the biological plausibility of its relationship to
Duchenne, how it is measured, and the data supporting its use as a basis for accelerated approval.

€ One example is stride velocity 95th centile measured at the ankle (SV95C). The European Medicines Agency's
Committee for Medicinal Products for Human Use (CHMP) has adopted this measure as an acceptable secondary
endpoint in pivotal or exploratory drug trials for regulatory purposes, when measured by a valid and suitable
wearable device, as an indicator of maximal performance for ambulant Duchenne patients >5 years old.
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Overview

Muscle FF provides an objective quantitative measure of the extent of muscle replacement by fat in
patients with muscular dystrophies, including Duchenne.® Muscle FF has been measured and monitored
using both magnetic resonance spectroscopy (MRS) and a quantitative imaging approach, referred to as
chemical shift-encoded (CSE) or Dixon imaging. MR-measured muscle FF is a sensitive, objective marker
for disease progression and surrogate endpoint for studies of patients with Duchenne.®5%®

Magnetic Resonance Measurements
Muscle FF measured by Dixon imaging is highly correlated with results of MRS over the disease
spectrum.®” Both methods have been shown to be reliable and reproducible across sites.-%°

FF measures in patients with Duchenne have shown high intersite and interobserver reliability and
repeatability when implementing robust quality assurance procedures. Such measures include rigorous
training of each MR operator in standardized procedures, standardization of sequence parameters and
spectroscopy voxel or scan location, centralized quality control inspection of the data, monitoring of MR
system performance, and centralized data management and data processing.%®7%7! Similarly,
investigators of a multicenter study using standardized MRI and MRS methods across centers to
examine lower extremity skeletal muscles in ambulatory children with Duchenne have shown
exceptional correlation in quantitative MRI and MRS results both within and between centers.®®

Clinical Outcome Predicted by Fat Fraction

The evidence outlined in this paper supports that changes in fat fraction of muscle is a surrogate
endpoint reasonably likely to predict changes in motor function that reflect a clinical benefit for patients
with Duchenne. As noted elsewhere in this paper, postapproval studies will verify and describe the
predicted clinical benefit.

Biological Plausibility

Increases in FF of muscles in Duchenne patients reflect key characteristics of disease pathology. The
absence of dystrophin leads to the progressive wasting of skeletal muscles that is the predominant
pathology in Duchenne.”? In patients with Duchenne, impaired muscle regeneration leads to
degenerating muscle fibers being progressively replaced by fat and fibrotic tissue, resulting in loss of
functional muscle tissue.>

As detailed in studies discussed later, robust evidence suggests that a treatment that slows the increase
in FF is reasonably likely to predict clinical benefit and that the predictive value relates to both current
functional status and future clinical outcomes. Treatment with corticosteroids, known to be effective in
delaying functional decline, results in a meaningful difference in FF.5%73 This has also been observed with
promising experimental treatments.”*”> Altogether, this evidence leads to the conclusion that a change
in FF predicts a change in functional measures.

Rationale for Use as Surrogate Endpoint

In addition to the biological plausibility described above, the use of FF as a surrogate endpoint provides
a variety of valuable benefits. It is more sensitive than clinical measures when evaluating disease
progression, therefore allowing for reduced trial sample sizes,®>7® a critically important element for
studies in rare diseases.



Unlike some of the functional endpoints currently used in trials, the use of an objective biomarker such
as FF eliminates the impact of motivational factors that can influence performance and other biases
(e.g., observer or physician observations). Risk of bias is a challenge FDA has identified in guidance
regarding the use of these endpoints.?® As an objectively measured endpoint, FF reduces external
factors that can impact the results of clinical outcome assessments.””’® Meanwhile, its strong correlation
with functional measures provides validity.

The use of this surrogate endpoint also allows for a reduction in study duration. It can predict changes in
function (e.g., ambulatory function and loss of ambulation), which allows for optimized clinical trial
design.”>7982 Moreover, impact from treatment occurs rapidly; studies have shown effects of
corticosteroid therapy on FF within 3—6 months.®

Finally, FF measurement is a noninvasive approach that can provide critical longitudinal insight into
muscle histopathology without the need for repeated muscle biopsies. Biopsies, in addition to being
invasive procedures with limits on the amounts of tissue that can be collected and how frequently they
can be repeated, can be unreliable due to small sample volumes and the heterogenous nature of fatty
replacement and Duchenne histopathology in general.® In addition to other advantages mentioned,
imaging measures can cover a much larger region of muscle than can biopsies, increasing the likelihood
of a reliable result.

Relationship of Fat Fraction to Motor Function

Natural History Studies in Duchenne
Below is a brief overview of the natural history studies in Duchenne, including results derived from
placebo arms in interventional studies.

Leg muscle FF in Duchenne patients is higher than that in healthy individuals
Patients with Duchenne have significantly higher FF levels in leg muscles than do age-matched healthy
individuals, across age groups.8+*° For example, vastus lateralis (VL) FF is higher in Duchenne boys
compared with healthy boys:

e 27.3% in Duchenne vs. 13.7% in healthy controls (Duchenne patients n=42, mean age 9.9)°*

e 25.6% in Duchenne vs. 2.3% in health controls (Duchenne patients n=58, mean age 7.5)°

e 18.8% in Duchenne vs. 11% in healthy controls (Duchenne patients n=13, mean age 8.8)%3

e 18.7% in Duchenne vs. 2.4% in health controls (Duchenne patients n=104, median age 8.6)"*

e 17.4% in Duchenne vs. 4.3% in healthy controls (Duchenne patients n=21, mean age 9.5)%

Variation in muscle FF across muscles in Duchenne patients

Cross-sectional studies have shown considerable heterogeneity in muscle FF across leg muscles in
patients with Duchenne, consistent with clinical features of disease progression. In general, proximal
muscles such as the gluteal and thigh muscles display higher FF values than do the lower leg muscles.
For example, one study in 20 Duchenne patients ages 5—15 years (mean age 8.6) reported the highest FF
in the gluteus maximus at 46.3%, compared with the lowest FF found in gracilis muscle, at 2.7%.%¢ In
another study of 13 patients ages 6—17 years (mean age 8.9), FF values within the thigh were highest in
the gluteus maximus at 52.2% and lowest in the sartorius at 18.5%.%” A study of 19 patients ages 6-14
years (mean age 10.5) showed that the lateral gastrocnemius muscle had the highest FF at 28.4%, and
the posterior tibialis muscle had the lowest FF at 8.2%.%®
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FF increases over time

Muscle FF increases with age in Duchenne patients.?>%396-97.99 While most studies have compared
baseline FF with the FF value at 1 year, at least one showed that in a group of Duchenne boys ages 5—
12.9 years, even a 3-month change in FF was statistically significant.®®

The rate of the age-related increase in FF appears to vary across different muscles. For example, in the
ImagingDMD study, the rate of age-related increase (from age 5 to age 16) in VL FF was about twice that
in soleus FF based on a cohort of 160 patients.?!

Some studies have observed or estimated the increase of FF over time; below are several examples:

e Anincrease of 8.8 + 11.2%/year for VL FF and 3.1 + 4.4%/year for soleus FF in 23 patients (mean
age ~6 years)'®

e Anincrease of 7+ 7% for VL FF and 3 + 4% for soleus FF in 12 months in 109 Duchenne patients
ages 5-12.9 years (mean age 8.7)%

e Anincrease of 6.9%/year for VL FF in 9 patients ages 4—13 years (mean age 8.6)'%

e Anincrease of 5%/year in the FF of major leg muscle groups, including quadriceps femoris and
hamstrings, in 20 patients ages 5-23 years (mean age 11.2)%

Characterizing the increase in FF over time

Several studies have examined the age-related increase in FF in patients with Duchenne.
example, a study of 104 Duchenne boys ages 4.2-16.9 years (median age 8.6) showed that the increase
in FF follows a sigmoid curve; i.e., FF increased slowly early in the disease when the patients were
young, accelerated in preadolescent years, and progressed slowly in later stages of disease.”%7379-80,95103

71,73,79 For

A study of 20 Duchenne patients ages 5-23 years (mean age 14.9) reported that ambulant individuals <7
years old had an annual increase of 3.2% in thigh muscle FF, while those >7 years of age (also ambulant)
had annual increases of 9.1%.7¢

A longitudinal study over 48 months in 160 patients showed that the average rate of progression over
12 months depends on the baseline FF. Individuals with very low FF (VL FF <0.10) tended to have small
increases in FF over the next 12 months (VL FF change <0.05). The largest increases were noted in
individuals with a VL FF between 0.10 and 0.50 (mean annual change 0.10) (Figure 1).8!

Figure 1. Progression of MR-Measured fat fraction (FF) in the vastus lateralis (VL) and soleus (SOL)

muscles with increasing age. Reprinted from Barnard et al.®
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Modeling approaches have been used to characterize the changes in leg muscle FF over time at both the
individual and population levels. A nonlinear mixed-effect model based on a normal cumulative
distribution function was used to capture the time dependence of muscle FF change in the soleus and VL
of 100 Duchenne patients. Disease progression modeling showed that the average age at which half the
muscle was replaced by fat occurred 4.8 years earlier in the VL than in the soleus, reflecting more rapid
disease progression in VL. The muscle FF disease progression model also showed the effect of chronic
corticosteroid treatment on the muscle FF disease trajectory.”

Cross-sectional relationship between FF and functional outcomes

Numerous studies have reported an inverse correlation between baseline leg muscle FF and ambulatory
functional outcomes commonly used in clinical trials in Duchenne, as discussed below. The strongest
correlations are found with FF measures in rapidly progressing proximal muscles.
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NSAA

A study of 120 Duchenne patients ages 6—15 showed a correlation coefficient of -0.57 between baseline
thigh muscle FF and NSAA score.®

In a study of 23 Duchenne patients with a mean age ~6 years, the annualized rate of change in the NSAA
score (-4.37 £ 9.29/year) corresponded to the annualized rates of change in VL FF and soleus FF of 8.8 +
11.2% and 3.1 *+ 4.4%, respectively.1®

6MWT

Several studies have reported an inverse correlation between baseline FF and 6MWT. For example, the
ImagingDMD study found that in 136 Duchenne patients ages 4-14 years, the correlation coefficient
between muscle FF and 6MWT was -0.68 for VL FF and -0.59 for soleus FF.%

Two studies showed an inverse correlation between thigh muscle FF and 6MWT: a study of 120
Duchenne patients ages 6—15 noted a correlation coefficient of -0.57,'% and a study of 47 patients ages
6.5-10.8 years (mean age 8.2) reported a correlation coefficient of -0.423.1%

In a study of 13 Duchenne boys ages 6—14 years (mean age 8.8), the 6MWT was strongly and inversely
correlated with FF in all thigh muscles; subjects with <20% VL FF walked >400 m, and conversely, those

with >20% VL FF walked <400 m.%

As shown in Figure 2 below, 6BMWT distance decreases progressively with increasing FF, until a certain FF
threshold is reached, after which distances drop drastically.??

Figure 2. Correlation between fat fraction in the vastus lateralis (VL) and the 6-minute walk test distance
(6MWD). Reprinted from Barnard et al.??
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Loss of ambulation

Sentinel events such as loss of ambulation are important milestones in the progression of Duchenne and
are used as endpoints in clinical trials. The ImagingDMD study showed that in 136 patients ages 4-14
years, the loss of the ability to perform functional skills was strongly associated with FF in the leg
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muscles, particularly the VL muscle. Once VL FF was 260%, over 50% of participants were
nonambulatory.®?

Similarly, Fischmann et al. reported that loss of ambulation was associated with a mean FF of >50% for
the quadriceps, hamstrings, and adductors combined.?

Predictive association between FF and future function

Baseline FF levels can serve as a useful prognostic biomarker (e.g., in 12—24 months) as well as loss of
ambulation. For example, the ImagingDMD study showed that the probability of functional stability or
improvement over the next 12 months was >50% in individuals with very low baseline VL FF (<10%),
while the probability of declining or losing function over the same period was highest above an FF of
40%.8! In addition, those with a baseline VL FF <20% were likely to retain the ability to walk, climb stairs,
and rise from the floor over the next 12 and 24 months, whereas those with a baseline VL FF >30% were
more likely to lose functional ability over 24 months, with >50% of them losing the ability to walk (Figure
3).81

Figure 3. Kaplan-Meier plot for loss of 3 functional skills (supine-to-standing [STS], stair climbing, and
ambulation) in relation to vastus lateralis (VL) fat fraction (FF). Reprinted from Barnard et al.?!
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A study of 38 Duchenne patients (mean age 9.2 and 11.2 years across two cohorts) showed that a higher
FF at any age increases the risk of losing ambulation, indicating that a higher FF is a risk factor
independent of the age of the patient. A hazard ratio analysis showed that a 10% higher VL FF at any age
corresponded to a 4.11-fold increase in the instantaneous risk of loss of ambulation.”

A study of 20 Duchenne patients (mean age 11.2 years) found that a 50% cutoff for FF (in the quadriceps
and hamstrings) predicted loss of ambulation with a sensitivity of 100% and a specificity of 91%.%2
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The magnitude of 12-month change in VL FF has also found to be associated with the likelihood of
functional improvement, stability, decline, or loss of ability. More than half of individuals with negligible
or small changes in VL FF (change <2%) in one study either remained stable or had improved functional
test performance over 12 months; in contrast, nearly 90% of those with increases in VL FF >15%
declined in function or lost function.®!

Finally, the ImagingDMD study showed that VL muscle FF predicts loss of ambulatory function. A Kaplan-
Meier curve for loss of functional skills as a function of VL FF illustrates the range of values over which
loss of function is most likely. The odds of losing ambulation within 12 months increased >10 times with
a 20% increase in VL FF. Of note, FF provides an added risk over age to lose ambulation. This can be
appreciated in Figure 4, which shows that depending on which percentile of FF the patient is, the risk of
losing ambulation at any age is increased.”

Figure 4. Growth charts and survival curves based on patient data of the relationship between level

vastus lateralis fat fraction (A) and preserved ambulation (B) with increasing age. Reprinted from
Naarding et al.”
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Other functional outcomes

Timed functional tests

These tests often include supine-to-standing (STS) time, 10-meter or 30-feet walk/run, and four-stair
climbing time. The ImagingDMD study found that of the Duchenne patients who remained ambulatory
with a VL FF 260%, STS time averaged >12 sec, stair climb time averaged >9 sec, and 10-meter walk/run
time averaged >11 seg, illustrating significantly diminished function.??

Several studies also have reported positive correlations between FF of leg muscles (including VL and
peroneal muscles) and time needed to run 10 meters or 30 feet.8”°19194 |n addition, a study of 120
Duchenne patients ages 6—15 showed correlation coefficients of 0.53 and 0.60 between thigh muscle FF
and STS and four-stair climbing times, respectively.1%*

Motor function scores

The Motor Function Measurement (MFM) is a quantitative scale that measures motor function abilities
in persons with neuromuscular disease. It comprises 32 items that assess a range of abilities across three
functional domains: standing and transfers, axial and proximal motor function, and distal motor
function.1%

In a study of 20 Duchenne patients ages 5-23 years (mean age 14.9), a strong inverse correlation was
found between MFM scores and thigh muscle FF values at baseline and 1-year follow-up, and between
the annual changes in MFM and FF.”®

Two studies reported strong inverse correlations between the D1 component of MFM (standing position
and transfers) and the FF of leg muscles (quadriceps and hamstrings) in a study of 20 patients (mean age
11.2 years)'® and thigh muscle FF in a study of 47 patients ages 6.5-10.8 years (mean age 8.2 years).1%®

In addition, functional grade (as measured by the Brooke scale) was found to be strongly inversely
correlated with FF measured across several leg muscles in 9 patients ages 4-13 years (mean age 8.6).1!
Arm FF in Duchenne

Upper extremity (e.g., forearm, deltoid, and biceps) FF is higher in patients with Duchenne than in
healthy participants, and it increases with age.1°>1%7-11° One study also reported a steeper slope of FF
increase in the arms of Duchenne patients after loss of ambulation.®

In addition, FF levels in the upper extremities inversely correlate with function. For example, two studies
(n=119 and n=22 patients) showed that FF measures in the deltoid and biceps brachii were strongly
correlated with the Brooke Upper Extremity scale and the total performance of upper limb (PUL)!° and
with PUL, grip, and pinch.1%®

Two studies (n=25 and n=40 patients) reported inverse correlations between FF in the upper limbs (e.g.,
flexor muscles of the forearm) and functional outcomes such as grip, pinch, and MFM total score.8111

A study of 20 patients that investigated the relation between hand-to-mouth movement and elbow
flexor FF reported a hazard ratio that corresponds to a 3.13-fold increase in the instantaneous risk of
loss of hand-to-mouth movement in patients with a 10-percentage point higher elbow flexor FF at any
age.!% Thus, similar to the data shown for the VL, upper extremity muscle FF can predict future function.
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Finally, a study of 15 nonambulant Duchenne boys observed a progressive increase in forearm FF over
12 months, reaching significance from 6 months on, accompanied by a significant loss in pinch strength
at 6 months and a loss of upper limb function and grip force over 12 months.%’

Summary of Duchenne natural history data and implications for trial design

e Muscle FF increases with disease progression in patients with Duchenne, with the most rapid
rates initially of progression in proximal leg muscles.

e Muscle FF levels in patients with Duchenne are inversely related to muscle function and can
predict changes in future function and clinical milestones.

e Forclinical trials designed to investigate product efficacy in the treatment of Duchenne, it is
scientifically justifiable to recruit patients with a range of muscle FF that corresponds to the
accelerated phase of disease progression.

e Compared with functional tests such as 6MWT, FF is objective and more sensitive in detecting
disease progression. Thus, the use of FF may reduce the number of participants needed to
detect stabilization of disease progression. For example, 13 subjects per group would be needed
to detect a 1-year difference in VL FF with 80% power. In comparison, 68 subjects per group
would be needed to detect a difference in 6MWT. The difference is most striking in the age
group of 7.0-8.9 years: n=9 needed for VL FF vs. n=83 for 6MWT.%¢ Others note that thigh
muscle FF is the most sensitive and powerful marker of Duchenne disease progression, with a
sample size of 4 at 1-year follow-up, followed by the D1 domain of MFM (standing and transfer
function) with a sample size of 12.112

e Stage of disease and the therapeutic being investigated will influence selection of the muscles
that should be evaluated. For example, in younger boys, muscles with fast progression rates
such as the VL may be more preferable. In older patients, more slowly progressing muscles may
be preferable. Further, although much work has focused on lower extremity muscles in
Duchenne, monitoring disease progression in upper extremity muscles may be of greater
interest in studies of patients who are late-ambulatory or nonambulatory, as these muscles are
still crucial to many basic functions (e.g., eating, hygiene, using a computer, or writing) and thus
have important consequences for quality of life. Investigators of a multicenter study have shown
progressive involvement of upper extremity muscles (both the deltoid and biceps brachii) in
Duchenne and the feasibility of measuring FF to help track disease progression over a wide
range of ages.!® However, successfully measuring arm muscles across multiple sites may
present challenges.

Clinical Data

Multiple microdystrophin gene therapy candidates are being evaluated in Phase 1, 2, and 3 clinical
studies for systemic treatment of Duchenne. Although the first patients in these studies were dosed
within the last few years, encouraging results have emerged that support the potential benefit of
treatment, especially compared with the natural history of the disease. As is common in Duchenne
trials, the primary endpoints for each of these studies have focused on either the production of
microdystrophin, as the primary mechanism of action of a microdystrophin gene therapy, or
assessments of motor function. Microdystrophin protein levels have been shown to increase in a
generally dose-dependent manner in dose-ranging studies, and motor function has been shown to be
either stable or improved across longer-term assessments.

Among the more classical functional endpoints included in the studies, the evaluation of FF has been
either listed as a secondary endpoint or reported in preliminary reports by a number of sponsors. Pfizer
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was one of the first companies to present 1-year data from their Phase 1b study of PF-06939926, an
AAV9 microdystrophin, which Pfizer terms mini-dystrophin. In addition to dose-dependent
microdystrophin production, FF levels in treated patients were also decreased when compared with
baseline, in contrast to the functional declines observed in an external control cohort.”* These data
support the observed trends in improved motor function, especially as patients were in an age range
that would be expected to show both declines in function and increases in FF over a 1-year duration.
Sarepta Therapeutics, developing the AAVrh74 microdystrophin candidate SRP-9001, has also presented
and published data on their Phase 1/2 study. At the single dose level evaluated, treated patients had
better motor function and lower FF levels in leg muscles at the 1-year timepoint compared with natural
history.”® Although these results were not compared with baseline assessments and patients were
generally younger, the low levels of FF observed at the posttreatment timepoint supports the overall
improvements in motor function and muscle pathophysiology described as a potential result of
treatment. Additional sponsors, such as Solid Biosciences, have included the assessment of skeletal
muscle MRI in their study protocols but have not yet shared data. The older ages of patients included in
such studies may provide important information related to the expected changes in FF levels with
treatment over time and to differences observed as a result of age. In addition to the early-stage
studies, Phase 3 studies are also underway. These could provide additional information in blinded,
placebo-controlled settings about the differentiation of these therapies compared with well-matched
control subjects.

Prior to the evaluation of microdystrophin gene therapies, additional therapeutic approaches were
evaluated for Duchenne that, while failing to meet their primary endpoints, provided data on the natural
progression of FF within this population and utility of its assessment in clinical trials. Pfizer’s
domagrozumab, a monoclonal antibody therapy designed to inhibit myostatin, included FF as a
secondary endpoint along with multiple additional MR assessments. Recent publication of the results
from the placebo cohort in this study showed that efficient protocols were established and maintained
across sites around the globe, and an inverse correlation between changes in FF and motor function was
noted. The authors concluded that the results supported the use of MRI as a biomarker of disease
progression for Duchenne.® Similarly, a study by Catabasis of the NF-kB inhibitor edasalonexent
showed that MRS-based measurements of FF in lower limbs of control patients showed increases
consistent with natural history, and corresponding decreases in motor function.® A study of
corticosteroid therapy in Duchenne found that over 1 year, corticosteroid-naive boys (n=6, mean age
6.4) had greater increases in FF in both the VL and soleus muscles compared with boys receiving
corticosteroid treatment (n=9, mean age 6.2). In addition, boys receiving corticosteroid treatment
showed greater knee extensor muscle strength and better performance on the 10-meter walk, supine to
standing, and stair-climbing tests compared with corticosteroid-naive boys; however, ankle plantar
flexor peak torque and the average 6MWT did not differ between the two groups.®

Together, these results provide evidence that FF could be used effectively across sites through
establishment of defined protocols and centralized analyses, and they support the results of natural
history studies in both open-label and blinded, placebo-controlled clinical trials in characterizing
increases in FF that inversely correlate with functional declines.

Conclusions for Appropriate Use of the Surrogate Endpoint Fat Fraction

The use of FF as a reasonably likely surrogate endpoint is supported by the evidence provided above.
The data suggest that FF could be used as a surrogate endpoint to support accelerated approval for
patients with Duchenne. Specifically, clinical trials could be designed to:
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e enroll and recruit patients with a range of muscle FF that corresponds to accelerated phase of
the disease progression;

e assess FF levels in appropriate muscles in patients with Duchenne for disease progression; and

e show an effect of a therapeutic on FF (e.g., change in trajectory or stabilization of disease
progression).

Currently, most data have expanded our understanding of changes in the upper leg over 1 year,
specifically in the VL. Additional data are being collected that can broaden the use of FF for assessment
during other points of disease burden for patients with Duchenne. For example, this could include using
other muscles (e.g., the soleus and muscles of the upper extremities) that are impacted later in the
course of disease. In addition, the ImagingDMD program at the University of Florida is developing a
modeling-based clinical trial simulation (CTS) tool that focuses on MRS-based muscle FF and functional
outcome measures in Duchenne. In partnership with the Critical Path Institute’s Duchenne Regulatory
Science Consortium, this drug development tool is being evaluated via the FDA’s Fit-for-Purpose
initiative. When complete, this CTS tool will be made publicly available and will enhance efforts by
sponsors and investigators to improve patient selection and optimize clinical trial design in Duchenne.

Microdystrophin

Overview

As mentioned previously, it is not possible to administer the full-length dystrophin gene in an AAV
vector to treat patients with Duchenne because the size of its coding sequence (about 11.5 kb) greatly
exceeds the approximately 5-kb AAV packaging capacity. This problem was solved with development of
microdystrophin genes constructs <4 kb, created to be shortened but functional versions of the full-
length dystrophin.'® These constructs include genetic sequences that have been curated to include
coding for elements identified as most critical from a full-length dystrophin. Various gene therapy
candidates aim to improve the Duchenne phenotype by delivering vectors expressing microdystrophin
complementary DNA (cDNA), which will in turn produce a microdystrophin protein that will function
similarly to full-length dystrophin by linking the subsarcolemmal cytoskeleton with the extracellular
matrix and recruiting primary members of the dystrophin-associated protein complex (DAPC) to stabilize
the muscle. The rationale is that production of microdystrophin will result in improved muscle function,
just as production of internally truncated dystrophin from the four products granted accelerated
approval by FDA for patients with Duchenne was considered reasonably likely to predict clinical benefit.
For the purpose of this white paper, unless otherwise noted the terms “dystrophin” and
“microdystrophin” refer to the proteins, not the gene or construct (e.g., microdystrophin construct,
microdystrophin cDNA).

Clinical Outcome Predicted by Microdystrophin

The evidence outlined in this paper supports the use of expression of microdystrophin in muscle as a
surrogate endpoint reasonably likely to predict changes of muscle function that reflect a clinical benefit
for patients with Duchenne. As noted elsewhere in this paper, postapproval studies will verify and
describe the predicted clinical benefit.
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Biological Plausibility

As FDA has repeatedly asserted, “...[t]he role of dystrophin is well-characterized in the pathophysiology
of DMD.”f Dystrophin is a critical muscle protein that is reduced or absent in patients with Duchenne.
Dystrophin’s critical role is linking the subsarcolemmal actin cytoskeleton to the extracellular matrix via
the DAPC.1*114 This link helps reduce muscle stress generated during contraction, while its absence
leads to muscle cell injury, subsequent degeneration, and a gradual loss of muscle cells.*?®

Microdystrophin gene constructs produce versions that are shorter than the full-length dystrophin
normally produced endogenously, yet they remain functional. The expressed microdystrophin is
considered therapeutic when the expression is durable and the protein is appropriately membrane-
localized, recruits members of the DAPC, and stabilizes or increases muscle force generation, resulting in
increased muscle strength and prevention of muscle cell necrosis.1t611°

Protein size alone does not always correlate with the clinical phenotype in muscular dystrophies. In fact,
some individuals with shorter dystrophin (due to large deletions involving multiple exons) have milder
diseases compared with those with longer dystrophin.!? In addition, disease severity of
dystrophinopathy is determined not by the size of the gene but rather by the quantity, as well as the
quality, of the dystrophin produced. Specifically, patients with severe Duchenne have <5% of the normal
quantity of dystrophin, whereas patients with dystrophin levels between 5% and 10% of normal,
regardless of protein size, have an intermediate phenotype [mild Duchenne or severe Becker Muscular
Dystrophy (Becker)]. In contrast, patients with mild to moderate Becker phenotype usually have protein
levels above 20%.1%

Regulatory History of Shortened Dystrophin as an Endpoint for Accelerated Approval
FDA has accepted a statistically significant increase in a shortened version of dystrophin as a surrogate
endpoint supporting accelerated approval of four products thus far:

e Exondys 51 (eteplirsen), Sept 2016
e Vyondys 53 (golodirsen), Dec 2019
e Viltepso (viltolarsen), Aug 2020

e Amondys 45 (casimersen), Feb 2021

For each of these four accelerated approvals, FDA relied upon demonstration of a small increase in de
novo (internally truncated) dystrophin protein in skeletal muscle. Although there was public
disagreement about whether the magnitude of expression was meaningful, the consensus was that
increased dystrophin production in skeletal muscles was reasonably likely to predict clinical benefit and
therefore was an acceptable surrogate endpoint for accelerated approval. Thus, the production of a
shortened version of dystrophin resulting from treatment is established as an FDA-accepted surrogate
endpoint to support accelerated approval of a product intended to treat Duchenne.

Rationale for Use as a Surrogate Endpoint

In addition to the regulatory precedent and biological plausibility described above, the use of
microdystrophin as a surrogate endpoint provides a variety of valuable benefits. Unlike functional
endpoints currently used in trials, microdystrophin—as an objectively measured endpoint—reduces

f FDA has repeatedly noted this in its summary reviews for the four Duchenne products granted accelerated
approval, which rely on increased production of an internally truncated version of dystrophin protein.
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external factors that can impact the results of clinical outcome assessments, a challenge FDA has
identified in guidance regarding the use of these endpoints.?®”7-78 Additionally, the use of this surrogate
endpoint allows a reduction in study duration. Clinical studies have reported that protein expression has
been seen as early as 2 months after treatment with increased expression at 12 months, supported also
by previous preclinical work,11&122-126

In addition, because all microdystrophin constructs used in clinical evaluation have been designed to
produce controlled and consistent protein expression across muscle cells, the similarities between
microdystrophins are closer than the variations induced by mutations in exon-skipped internally
truncated dystrophin. For example, the eteplirsen approval was based on six different Duchene
mutations amenable to exon-51—skipping therapy, although additional mutations are known to exist.
FDA noted that there may be some differences in functionality of the protein produced from exon-51—
skipped transcripts, and that the different internally truncated dystrophins produced in patients with
different mutations could also confound interpretation of possible effects on clinical course based on
differences in dystrophin levels.1?12 As an example, while exon skipping typically removes a single exon
from the transcript, each spectrin-like repeat (SR) in the dystrophin rod domain is encoded by about two
exons. Thus, in many cases when an exon is skipped, the encoded protein carries only part of one of the
SRs, which can impact the stability of the resulting internally-truncated protein.'”12° More stable
proteins result from maintaining properly phased SRs, which has become a gold-standard design
strategy to produce the synthetic microdystrophins.’

Rational Design of Functional Microdystrophin

The rational design and development of functional microdystrophins has been based on naturally
occurring mutations in BMD patients and repeated studies in Duchenne animal models, in which
nonfunctional microdystrophin constructs are readily distinguished from functional versions through
durability of expression and improved functional outcomes, 116118130

Preclinical Studies

Published studies have consistently shown that restoring dystrophin in muscles improves muscle
morphology, strength, and resistance to contraction-induced injury. This was initially shown in 1993 by
Cox et al., who expressed a full-length dystrophin in striated muscles of transgenic mdx mice.® In
treated mice, expression levels up to 50 times normal restored DAPC localization, muscle histology and
strength without any associated toxicity. This proof-of-concept study revealed that gene therapy had
the potential to treat patients with Duchenne.

Similar results were obtained in 1993 and 1995 by different groups. First, minimized dystrophin was
delivered by adenovirus-mediated transfer to mdx mice intramuscularly. In this study, expression of the
truncated protein protected the fibers efficiently against the muscle degradation process.'*? Then two
groups generated additional transgenic mdx mice expressing either full-length or Becker-like
dystrophins, the latter of which were based on a patient with a 1 MB deletion (of exons 17-48) and who
remained ambulatory until his death in his late 70s.1° Very mild phenotypes have been associated with
deletion of exons 13—-48, an even larger deletion.'®® In these studies, dystrophic pathology was
eliminated in muscles that expressed >20% of normal levels of full-length dystrophin, and higher levels
of uniform expression did not further increase strength beyond normal.'**13> The Becker-like
dystrophins did not restore quite as much strength as the full-length dystrophin did, although they
completely halted ongoing necrosis and regeneration and led to largely normal muscle morphology.*3®
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These results provided the basis to develop even smaller microdystrophins with normal SR repeat
phasing that could be administered using AAV vectors.

The first studies of functional microdystrophins small enough to be carried by AAV vectors were
published starting in 2000. These microdystrophins are encoded by cDNAs smaller than ~4 kb.17137 |n
one study, three different microdystrophins were expressed in mdx mice by intramuscular injection of
AAV vectors. All three of these vectors produced microdystrophins, although in different amounts, and
improved muscle morphology. Since delivery was localized, no measurements of strength were
performed.'® In the second study, a variety of full-length dystrophins and microdystrophins were
compared in transgenic mdx mice, and three different microdystrophins were further analyzed after
intramuscular injection into a single muscle of mdx mice.'?” As in earlier studies, the larger dystrophins
were often, but not always, better at restoring normal strength, although all showed a significant
benefit.!'” With microdystrophins, maximally functional activity came from designs that preserved SR
phasing and that favored the use of subdomains normally adjacent to each other in the native protein.
These smaller proteins also retained the major protein-interaction domains within dystrophin and were
assessed in multiple muscles and at various ages of the dystrophic mice. The critical elements identified
in these studies are all incorporated in the design of the microdystrophins currently in clinical
development. Finally, an earlier study tested IM injection of vectors carrying between 1 and 3 SR
domains, but these constructs had minimal functional benefit leading to the conclusion that a minimum
of 4 SRs is needed for significant functional benefit.1:137-139 Together these various studies highlighted
both the striking functionality of small dystrophins and that expression up to normal levels improved or
eliminated dystrophy. In addition, these studies were the basis for identifying critical domains needed
for functional microdystrophin constructs.

Subsequent studies by many groups moved towards testing systemic delivery of AAV vectors expressing
various microdystrophin in striated muscles of mdx mice, and later, the canine model of Duchenne.
These studies showed the ability of microdystrophin in adult mammals to prevent and reverse pathology
and increase strength.* The degree of phenotypic improvement was also shown to depend on the dose
of AAV vector delivered (and hence the amount of microdystrophin produced). Early systemic AAV
delivery studies revealed the ability to deliver microdystrophin gene constructs to all striated muscles in
a dose-dependent manner.'?>'* Lower doses led to dystrophin expression in a mosaic pattern, which
partially improved morphology and strength, whereas higher doses led to more uniform levels of
dystrophin and a more complete rescue of the dystrophic phenotype in mice.?*2 Phenotypic reversal
was also observed in old mdx mice (up to 2 years old).1*81%3-145 Microdystrophin has been similarly
effective in canine models of Duchenne,122125146-149

Critical elements of functional microdystrophin

The ability to express functional microdystrophins from coding sequences small enough to be carried by
AAV vectors is based on 1) studies of deletions that removed various domains from dystrophin and their
effects on functionality of the protein, as discussed under Biological Plausibility, and 2) the knowledge
gained from natural deletions occurring in Becker muscular dystrophy patients.** The critical functional
elements of dystrophin are described below:

1. N-terminal actin-binding domain
Truncations of the N-terminal actin-binding domain (N-ABD) have not resulted in favorable
outcomes; consequently, the entire actin-binding domain (ABD) is retained in all
microdystrophins constructs. The primary reason is that such truncations greatly reduce the
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stability of dystrophin.’>¥1%¢ Dystrophin also has a central ABD,*”**° and as long as the N-ABD is
present and functional, the central ABD can be deleted.!7151,157,160-161

2. Cysteine-rich/beta-dystroglycan—binding domain
The beta-dystroglycan—binding domain (Dbd) is composed of a WW domain within hinge 4 and
the cysteine-rich domain.'®%%62-165 Essentially all mutations or deletions in this Dbd have been
observed to inactivate dystrophin completely; hence this region is present in all functional
microdystrophins constructs,12%:166-169

3. Rod domain with hinge 1, hinge 4, and at least four SRs
Shortened dystrophins lacking all SRs are nonfunctional.'’” Hinge 1, hinge 4 and at least four SRs
are needed to prevent dystrophy and increase strength in mdx mice,117-118:130137-139,170-171 p|
microdystrophin and mini-dystrophin constructs in clinical testing have either four or five SRs.

4. Choice and relative order of SRs
The various microdystrophin constructs in clinical testing with AAV vectors carry either four or
five SRs,117-118130,137.170,172-173 Gjnce full-length dystrophin has 24 SRs, many combinations of SRs
can be used to generate a protein expressed by a coding sequence small enough for packaging
into AAV vectors.’* Most microdystrophin constructs published to date have retained the first
and last SRs, as these blend the central rod domain into the adjacent ABD and Dbd domains and
are presumed to have a unique structure. Together these studies indicate that several
combinations of four or five SRs can generate microdystrophins that are stable and that support
normal muscle function.®

Relationship of Microdystrophin to Muscle Function

Several clinical studies have quantified microdystrophin in muscle biopsies from patients who received
AAV-microdystrophin therapy. The expressed microdystrophin was appropriately membrane-localized
and recruited members of the DAPC, demonstrating the clinical proof of concept for delivering
functional microdystrophin. For example, interim results were presented from an ongoing Phase 1/2
study of a single infusion of SGT-001 (an investigational AAV-microdystrophin gene therapy) at a dose of
5x 10 or 2 x 10% vg/kg. In three patients receiving the higher dose, biopsies of skeletal muscle taken 3
months later showed widespread distribution of microdystrophin-positive muscle fibers with
colocalization of neuronal nitric oxide synthase (nNOS) and B-sarcoglycan.'’”® Long-term biopsy data
collected from these three patients, taken 2 years, 1.5 years, and 1 year after dosing, indicate evidence
of durable and widespread expression of the microdystrophin.’® In addition, the NSAA score was stable
with minimal change and the 6MWT distances were maintained at 1.5 years after treatment, suggesting
clinical benefit compared with trajectories typically observed in natural history cohorts. Clinical data
available at 24 months following infusion revealed continued patient benefit in maintaining motor
function, as assessed by 6MWT and NSAA, when compared to natural history declines.””

One-year data from a Phase 1b study of an investigational AAV9 mini-dystrophin gene therapy (PF-
06939926) showed that for the three patients in the low-dose cohort (1 x 10** vg/kg), the mean
proportion of muscle fibers expressing dystrophin was 28.5% at 2 months and 21.2% at 12 months after
dosing.”® For the 6 patients in the high-dose cohort (3 x 10** vg/kg), these measures were between
48.4% and 50.6% (n=3), respectively. The patients also showed a functional improvement from baseline
NSAA scores after 1 year compared with an external control group: an increase of 1 point for the study
patients (n=19) vs. a median loss of 4 points for the external control group (n=66; p<0.005).1%

Finally, in a Phase 1/2a study, four Duchenne patients received a single dose of 2 x 10 vg/kg
recombinant AAVrh74-microdystrophin gene therapy. Transduction was confirmed in all patients,
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indicating successful delivery to skeletal muscle. At 12 weeks after treatment, 81.2% of muscle fibers
expressed microdystrophin with a mean intensity of 96% at the sarcolemma. Western blot showed a
mean expression of 74.3% without fat or fibrosis adjustment and 95.8% with adjustment.
Microdystrophin expression also resulted in an increase in B-sacroglycan, a critical component of the
DAPC, suggesting that microdystrophin can promote restoration and reconstitution of the DAPC. In
addition, functional outcomes (e.g., NSAA score) were improved in these patients up to 1 year after
treatment.!®

Quantity and Distribution of Microdystrophin

Several factors must be considered when assessing microdystrophin expression, including quantity
produced, distribution to skeletal muscles throughout the body, and distribution amongst muscle cells
within a given muscle type. The exact quantity of dystrophin or microdystrophin required to improve
clinical phenotype is not known. Levels of dystrophin in healthy humans vary widely, with differences of
3- to 5-fold observed across sampled levels.817° Additionally, some deletion mutations, such as exons
3-7 or 3-9 deletion, can lead to a low-level expression of shortened dystrophin with a milder phenotype,
implying that any increase in internally truncated dystrophin could be beneficial.®18 Animal studies
have also shown improvements in muscle function when dystrophin levels were increased from low
levels.’® While not curative, these improvements might affect patient quality of life and stabilize disease
progression, both of which would be clinical benefits for patients living with Duchenne.

In addition to the total quantity of expressed dystrophin or microdystrophin, the importance of the
distribution of such expression is not fully understood. For example, the clinical benefit of 10% of fibers
positive (on tissue section) with 50% total dystrophin (in whole muscle lysate) versus 50% fibers positive
(on tissue section) with 10% total dystrophin (in whole muscle lysate) is not known. Studies in transgenic
mdx mice expressing full-length dystrophin or microdystrophins, or in mdx mice injected with an AAV-
microdystrophin vector, have revealed that some protection from dystrophy occurs even if expression is
nonuniform, i.e., mosaic.}'713413618 However, these studies also reveal that uniform expression is more
protective than mosaic expression. Further, low-level expression of microdystrophin in a uniform
pattern tends to be more protective against necrosis than high-level mosaic expression, 134184186190

Another consideration is body-wide distribution. In nonclinical studies, multiple tissues can be evaluated
to interrogate distribution of expression. AAV-microdystrophin gene therapy treatment in animal
models has been shown to result in robust body-wide protein expression. It is not feasible or ethical to
perform biopsies on multiple muscles to clinically assess systematic expression in patients with
Duchenne. Preclinical data have shown the presence of microdystrophin in skeletal and cardiac muscles
after administration of AAV microdystrophin gene therapy in both dystrophic dogs and mice, confirming
body-wide expression. Data from dystrophic dogs show protein expression in both skeletal and cardiac
muscle.1?>148149, Data from dystrophic mouse models reinforce the findings of widespread protein
expression seen in dystrophic dogs.123137.139,141,144-145,173, 191 Gimj|arly, skeletal and cardiac expression was
seen with administration of AAV reporter gene in a dystrophic dog model.'?

Biopsy and Measurement Methods

A muscle biopsy is required to quantify dystrophin and microdystrophin levels in Duchenne patients.
These biopsy and assay methods have been used not only in clinical practice but also as the basis for
approval for treatments for Duchenne. The techniques for obtaining, freezing, and handling samples to
ensure that the tissue is appropriate for analysis have been well documented.'%%1%3 Techniques have
improved in recent years, limiting the amount of tissue needed to reduce the burden on patients.
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Multiple techniques, beyond the scope of this paper, have been developed to characterize and quantify
dystrophin and microdystrophin. These include Western blot (WB), capillary-based WB, mass
spectrometry (MS), and immunofluorescence staining (IF), and they each provide critical yet limited
information about the presence of dystrophin or the transduced microdystrophin. Collectively, they can
provide complementary evidence of the appropriate localization of microdystrophin (IF), protein
integrity and relative quantitation (WB, capillary-based WB), and absolute amount (MS). 179194198 p||
validated techniques have demonstrated dystrophin or microdystrophin expression, dose response, and
sarcolemmal localization.

Conclusions for Appropriate Use of the Surrogate Endpoint Microdystrophin

The use of microdystrophin as a reasonably likely surrogate endpoint is supported by the evidence
provided above. The use of microdystrophin is based on the biological relationship and the primary
defect of patients with Duchenne, which is the lack of dystrophin. Microdystrophin is rationally designed
to incorporate critical elements of a full-length dystrophin protein so that it is functional, correctly
localized to the muscle cell membrane, recruiting members of the DAPC, and stabilizing the muscle.
Based on preclinical and clinical data, microdystrophin can be evaluated as a surrogate endpoint as early
as 2 months after dosing to support accelerated approval for patients with Duchenne.

Supportive Evidence for Accelerated Approval

In 2019, FDA issued a draft guidance, Demonstrating Substantial Evidence of Effectiveness for Human
Drug and Biological Products (Substantial Evidence Guidance).®® In the Federal Register notice
accompanying this guidance, FDA acknowledged that “FDA must reach the conclusion that there is
substantial evidence of effectiveness to approve a drug; however, the degree of certainty supporting
such a conclusion may differ, depending on clinical circumstances (e.g., severity and rarity of the disease
and unmet medical need).”?®

In the case of accelerated approval, there must be evidence supporting a determination that a surrogate
endpoint is reasonably likely to predict clinical benefit, as well as substantial evidence of effectiveness
based on a treatment effect on that surrogate endpoint. But as the preamble to the final rule on
accelerated approval notes, reliance on a surrogate endpoint “...almost always introduces some
uncertainty into the risk/benefit assessment, because clinical benefit is not measured directly and the
quantitative relation of the effect on the surrogate to the clinical effect is rarely known.” 2%

This section addresses how additional data, here referred to as supportive evidence, can provide
support to allow a conclusion of substantial evidence of effectiveness. FDA has stated that it is a matter
of judgment whether an endpoint is reasonably likely to predict clinical benefit. This judgment considers
factors including the biological plausibility of the relationship between the disease, the endpoint, and
the desired effect and the empirical evidence to support that relationship. Similarly, supportive evidence
can leverage other measures (e.g., biomarkers) that can provide further confidence that the treatment
effect seen with a reasonably likely surrogate endpoint is substantial evidence of effectiveness. For
example, supportive evidence can include objective measures or other endpoints that are not
necessarily clinical benefits included in clinical trials as secondary or exploratory endpoints. These
endpoints do not have to be prespecified or statistically significant, as they are intended to provide
more confidence surrounding the accelerated approval.
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While this paper does not discuss specific endpoints that could be considered for supportive evidence to
include in a BLA, resources are available. In 2014, Parent Project Muscular Dystrophy (PPMD) issued a
guidance to assist sponsors in developing medical products for the treatment of Duchenne.?®? In 2018,
FDA issued a guidance for developing treatments for Duchenne and other related dystrophinopathies.?®
Both of these documents discuss endpoints that could be useful in demonstrating effectiveness in
different stages of disease and could also be considered supportive evidence. In addition, PPMD has an
ongoing project to update its 2014 guidance to better reflect emerging science related to disease
progression and clinical development, including AAV gene therapy candidates for patients with
Duchenne.?®® When completed, this updated guidance will provide an additional resource for sponsors
to better identify potential endpoints that could provide supportive evidence as part of a BLA
submission.

Postapproval Studies to Verify and Describe Clinical Benefit

All products granted accelerated approval are subject to certain requirements, which may include
postapproval studies® to verify and describe clinical benefit.242% The importance of postapproval
studies being conducted with due diligence, as required by the law and regulations,?%>-2% is paramount
to the success of the accelerated approval program. Sponsors must ensure that the required

postapproval studies are well designed and completed in a timely manner. These trials are intended to
verify and describe the clinical benefit of the product or indication, particularly important in areas such

as gene therapy, where exposure is by definition long-term.

FDA’s Expedited Guidance discusses various approaches that can be used to verify and describe clinical
benefit in postapproval studies. Most often, these trials should enroll the same patient population as
the preapproval studies and evaluate an endpoint that directly measures clinical benefit. In Duchenne,
proposed surrogate endpoints such as microdystrophin and FF obtained using MR methods could be
used to support accelerated approval, and measurements obtained later in the same population during
postapproval studies could be used to verify and describe the anticipated clinical benefit. It is possible to
use the same trial that supported accelerated approval to verify and describe clinical benefit, which may
also allow this part of the trial to be nearly complete at the time of the accelerated approval. However,
the protocol and statistical analysis plan should clearly account for an analysis of the surrogate endpoint
data being used to support the accelerated approval, with continuation of the trial to obtain data on the
clinical endpoint that will be the basis for verifying the clinical benefit.

When this is not possible (e.g., due to commercial availability after accelerated approval, which has, in
some cases, made enrollment challenging), a different but related population may be used, although
this may impact the indication and population ultimately granted traditional approval. This could include
patients at a different stage of disease process. For example, if the original population studied in the
trial that resulted in accelerated approval was ambulatory, further studies to verify and describe the
anticipated clinical benefit could enroll nonambulatory patients.

&ln this paper we use the term “postapproval studies” for those required after a product has been approved under
the accelerated approval pathway, to verify and describe the predicted effect on irreversible morbidity or mortality
or other clinical benefit. This terminology is consistent with 21 U.S. § 356(c). We note, however, that other
terminology is used in FDA’s regulations at 21 CFR 314.50 and 21 CFR 601.41 (“postmarketing studies” and
“postmarketing clinical study”) and in FDA’s 2014 Guidance for Industry Expedited Programs for Serious Conditions

» u » o«

— Drugs and Biologics (“postapproval confirmatory trials”, “confirmatory trials”, “postmarketing confirmatory

” u

trials”, “postmarketing studies or trials”, and “postapproval studies or trials”).
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If a gene therapy is designated as Regenerative Medicine Advanced Therapy (RMAT), postapproval
requirements may be met by “...postapproval monitoring of all patients treated with such therapy prior
to approval of the therapy, ...” 1° among other methods, such as the use of real-world evidence (RWE)
not explicitly available to other products.

As noted, postapproval studies must be well-designed and completed in a timely manner. FDA’s
Expedited Guidance states that the FDA and the sponsor should agree on the design and conduct of any
postapproval studies before approval, that the protocol should be developed as early as possible, and
that timelines for the trial should be specified, including (for example) enrollment and trial completion.
In addition, FDA states that sponsors that are planning to seek accelerated approval before submission
of the marketing application should have postapproval studies underway at the time the marketing
application is submitted.

Gene therapies approved using the accelerated approval pathway have the opportunity to leverage
long-term follow-up (LTFU) studies—required to identify and mitigate long-term risks associated with
the therapy—to also verify and describe the predicted clinical benefit. As discussed in FDA’s guidance on
this topic, the “...LTFU protocol for gene therapy trials is primarily designed to capture delayed adverse
events in study subjects as well as to understand the persistence of the GT product. As a sponsor, you
may consider designing the LTFU protocol to assess the long term clinical efficacy, and durability of your
product.”?!! This approach will allow efficient assessment of patients for both safety and efficacy and
help ensure timely completion of postapproval studies required under accelerated approval.

Both the law and regulations allow expedited withdrawal of approval if an applicant fails to conduct a
required postapproval study with due diligence, the postapproval study fails to verify the predicted
clinical benefit, or other evidence shows that the product is not safe or effective under the conditions of
use, 298209212 \withdrawal of an accelerated approval may be initiated by the Agency?%82%%212 or by the
applicant.?'321 Indeed, the integrity of and confidence in the accelerated approval program rests on the
assurance of not only timely completion of postapproval studies but also the prompt withdrawal from
the market if clinical benefit is not confirmed. Therefore, applicants must embrace these responsibilities
and conduct adequate and well-controlled postapproval studies with due diligence, and request
withdrawal of the accelerated approval immediately if they become aware that the postapproval study
has failed to verify the predicted clinical benefit or when they become aware of other evidence showing
that the product is not safe or effective under the approved conditions of use.

Benefit-Risk Framework Considerations

All FDA approvals of marketing applications for new drugs and biologics, including accelerated
approvals, are based on a benefit-risk assessment. This assessment considers the evidence of safety and
effectiveness submitted in an NDA or BLA, as well as factors such as the nature and severity of the
condition intended to be treated or prevented, available therapies for the condition (and benefits and
risks associated with them), and potential risk-management tools that might help ensure that benefits
outweigh a product’s risks. When potential serious safety risks are identified or expected to exist, a
product’s benefits and risks must well characterized, and FDA must determine that the benefits to the
indicated population are likely to outweigh these risks. FDA employs a Benefit-Risk Framework to
identify and assess the important issues and considerations of the requisite benefit-risk assessment
(Figure 5).2%5
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Figure 5. FDA’s Benefit-Risk Framework for New Drug and Biologic Review?*®

Dimension Evidence and Uncertainties Conclusions and Reasons

Analysis of
Condition

Current Treatment
Options

Benefit

Risk and Risk
Management

Conclusions Regarding Benefit-Risk

AAV gene therapy has some unique factors that should inform the benefit-risk determination. For
example, due to naturally occurring anti-AAV antibodies and those developed after gene therapy
administration, repeat dosing of gene therapies is currently thought not to be possible. Thus, AAV gene
therapy is anticipated to be a one-time administration.?%® Although this is an advantage for patient
compliance, it makes durability an important issue. It also makes selection of gene therapy treatments
critical for patients.

Below we discuss each dimension of FDA’s Benefit-Risk Framework. We have included excerpts from this
framework for the approval of casimersen (the most recently approved product for patients with
Duchenne)?’ to highlight some of the considerations factored into FDA’s benefit-risk assessment.

Analysis of Condition (Figure 6)

A detailed analysis of Duchenne has been addressed previously in this paper. It is a serious disease that
leads to progressively worsening symptoms and, ultimately, untimely death.

Figure 6. Analysis of Condition Section from Casimersen Approval

Dimension Evidence and Uncertainties Conclusions and Reasons

® DMD is a rare progressive X-linked neuromuscular disorder caused by mutations in | DMD is a serious and life-threatening disease. The
the dystrophin gene. Lack of dystrophin results in degeneration of muscle fibers, loss of muscle strength in DMD is progressive,
inflammation, and ultimately replacement of muscle by fibrotic and adipose tissue. | leading to loss of ambulation in the teens, followed

e The disease causes progressive and profound muscle weakness and degeneration. | by decline in respiratory and cardiac function,
Muscle weakness typically begins between ages 3 to 5 years, with loss of resulting in death typically in the third decade.
ambulation usually occurring by 12 years of age. Death typically occurs before age
30 years, generally from respiratory and/or cardiac muscle involvement. The
disease prevalence is estimated to be 1.4 per 10,000 males ages 5 to 24 years.
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Current Treatment Options (Figure 7)

Discussion of current treatment options for Duchenne also has been presented previously in this paper.
We underscore here that current treatment options for Duchenne are limited, and a very strong unmet
medical need exists for disease-modifying treatments that are well tolerated and that can slow or stop

disease progression.

Figure 7. Current Treatment Options Section from Casimersen Approval

» Emflaza (deflazacort) is a glucocorticoid approved for treatment of
Duchenne muscular dystrophy (DMD) in patients 2 years of age and older.

» Exondys 51 is approved for the treatment of Duchenne muscular dystrophy
(DMD) in patients who have a confirmed mutation of the DMD gene that is
amenable to exon 51 skipping.

» VVyondys 53 and Viltepso are approved for the treatment of Duchenne
muscular dystrophy (DMD) in patients who have a confirmed mutation of
the DMD gene that is amenable to exon 53 skipping.

Deflazacort, the only drug with full approval for the
treatment of DMD, has a modest response rate,
and there is evidence that a substantial proportion
of DMD patients are not using steroids, in part
because of their safety profile. There are no
therapies targeted to mutations amenable to exon-
45 skipping.

FDA’s Benefit-Risk Framework for any new treatment for Duchenne would also include casimersen’s

approval in its analysis of current treatment options.

Benefit (Figure 8)
FDA’s analysis of this dimension will of course be product-specific.

Figure 8. Benefit Section from Casimersen Approval

o Truncated dystrophin quantification by western blot showed a mean change in
dystrophin levels from 0.9% of normal at Baseline to 1.7% of normal at Week 48 in
the casimersen group, compared to a mean change from 0.5% of normal at
Baseline to 0.8% of normal at Week 48 in the placebo group. The casimersen
group had a statistically significantly greater increase in dystrophin protein levels
from Baseline to Week 48 compared to the placebo group (mean difference of
0.5%4%; p = 0.004).

e Exon 45 skipping was confirmed by measurement and sequence verification of
exon 45 skipped mRNA. The casimersen group had a statistically significantly
greater increase in percent exon-skipping from Baseline to Week 48 than the
placebo group (mean difference of 1.599; p < 0.001).

The applicant has demonstrated a small, but
statistically significant increase in de novo
(truncated) dystrophin protein with casimersen
compared to placebo in DMD patients with a
genetic mutation amenable to exon 45 skipping.
Although there remains uncertainty regarding the
level of dystrophin that would be likely to confer
clinical benefit, the increase in dystrophin levels
demonstrated for casimersen is similar in size to
that established for eteplirsen and golodirsen,
drugs that received accelerated approval based on
a conclusion by CDER that the increase in
dystrophin level was reasonably likely to predict
clinical benefit.

As noted, the use of the accelerated approval pathway does result in greater “...uncertainty into the
risk/benefit assessment, because clinical benefit is not measured directly and the quantitative relation
of the effect on the surrogate to the clinical effect is rarely known.”? However, FDA recognizes that
regulatory flexibility is warranted in certain cases, including for serious diseases with unmet medical
need such as Duchenne. In the draft guidance on Demonstrating Substantial Evidence of Effectiveness
for Human Drug and Biological Products, FDA discussed areas where flexibility is available, noting that
there are many “...characteristics of the evidence supporting effectiveness that can vary (notably, trial
designs, trial endpoints, statistical methodology), and evidence that varies in such ways potentially can
provide substantial evidence of effectiveness but because of these characteristics may provide greater
or lesser certainty.”** The Agency holds a longstanding position of flexibility around types of data and
evidence that can meet the substantial evidence requirement, and although any approval must be
supported by a finding of substantial evidence of effectiveness, as FDA has explained, “...the degree of
certainty supporting such a conclusion may differ, depending on clinical circumstances (e.g., severity and
rarity of the disease and unmet medical need)”. In particular, with regard to life-threatening and
severely debilitating diseases, FDA has explained that its Subpart E regulations “...call for FDA to exercise
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its broad scientific judgment in applying the evidentiary approval standards to drugs for life-threatening
and severely debilitating diseases, especially where there is no satisfactory alternative therapy.”*°

Risk and Risk Management (Figure 9)
Again, FDA’s analysis of this dimension must be product-specific.

Figure 9. Risk and Risk Management Section from Casimersen Approval
_ e At the time of the NDA submission, there were 76 patients exposed to

I Qverall, the most frequent adverse events I

casimersen, with 59 patients with >48 weeks of exposure, and 19 patients
with >120 weeks of exposure.

*The most common adverse reactions (incidence >20% and 5% higher than
placebo) were upper respiratory tract infections, cough, pyrexia, headache,
arthralgia and oropharyngeal pain.

#Renal toxicity was the primary toxicity ohserved in nonclinical studies. No
serious renal adverse reactions or events of acute renal toxicity were
observed in the clinical studies. Compared to patients on placebo, more
patients who received casimersen had increases in urine protein > 1+. The
potential for kidney toxicity will be described in the Warnings and
Precautions section of labeling.

#There is also a risk of infection and other complications related to the
indwelling catheters that may be used to administer casimersen, but this risk
is not specific to casimersen.

sThere is inadequate data to assess the potential for QT prolongation and
immunogenicity.

observed with casimersen were mild; none caused
substantial or permanent harm to patients. Upper
respiratory tract infections, cough, pyrexia,
headache are the most common adverse events.

Nonclinical studies indicate a potential for renal
toxicity in humans, but no serious renal adverse
reaction have been observed in clinical studies. The
seriousness of the indication, along with the unmet
medical need, make the risk for serious renal
toxicity acceptable. It will be important to inform
patients and prescribers about the risk, and a
warning regarding the potential for kidney toxicity
will be included in labeling. Additional
pharmacovigilance for kidney toxicity will also be
requested.

Because of limitations due to the small number of
patients exposed and duration of exposure in the
clinical trials, it is likely that adverse reactions not
identified to date, or of a magnitude not observed
to date, will occur in the postmarketing setting.

Risk management can be achieved through clear
product labeling and routine postmarketing
surveillance, plus additional pharmacovigilance for
kidney toxicity.

The applicant will be required to assess the
immunogenicity of casimersen, and evaluate the
potential for QT prolongation as post-marketing
requirements.

FDA has acknowledged that “...what is a feasible and sufficient safety assessment is a matter of scientific
and regulatory judgment based on the particular challenges posed by each drug and disease, including
patients’ tolerance for risk in the setting of unmet medical need.”?'” With respect to rare diseases, the
FDA has explained that “...[t]he goal of safety evaluation during drug development is to characterize the
drug’s safety profile in a reasonable number of patients over a reasonable duration of time, consistent
with the intended use of the drug.”?' For rare diseases, however, “reasonable” requires
“...consideration of feasibility challenges posed by the limited number of patients with the disease.”?' In
its guidance on Duchenne Muscular Dystrophy and Related Dystrophinopathies, FDA noted that “Drugs
shown to provide an important benefit will generally need less safety data to provide adequate
assurance that benefits outweigh risks.”?® FDA has also explicitly said that when considering the benefit-
risk framework and making regulatory decisions regarding drugs and biologics for dystrophinopathies, it
will “...consider patient and caregiver tolerance for risk and the serious and life-threatening nature of
these conditions. For example, patients may be willing to tolerate substantial risk of harm if a drug might
delay loss of important abilities such as ambulation. However, tolerance for risk may vary among
individuals and be affected by disease stage and severity; FDA would consider this heterogeneity in
regulatory decisions.”?®
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Patients and their caregivers are generally willing to tolerate risks with gene therapies to treat
Duchenne. In 2018, PPMD and RTI International conducted a stated-preference survey to assess patient
and caregiver treatment preferences for potential emerging gene therapies. The study included
measuring “maximum acceptable risk (MAR) of mortality” in exchange for a noncurative benefit for a
finite duration.?'® The study found a high tolerance for the risk of mortality for treatments that were
noncurative, and risk tolerance increased with disease progression. The study also showed that patients
and caregivers have similar preferences for benefits and risks.2*®

Although AAV vectors are known to be less immunogenic than gene therapies that use other delivery
mechanisms, there are other potential risks to consider. A Cellular, Tissue and Gene Therapies Advisory
Committee (CTGTAC) Meeting held in September 2021 took a closer look at some of the specific safety
concerns around AAV vector-based gene therapy products.?!® Several potential concerns and ways to
mitigate these potential risks were discussed, in addition to ways to better understand whether these
issues are actual risks to patients. Specific topics raised in the CTGTAC'’s discussions that are potentially
relevant to AAV vector-based gene therapy products for Duchenne that use the systemic route of
administration included adverse events such as dorsal root ganglion (DRG) and peripheral nerve
toxicities, thrombotic microangiopathies (TMAs), and hepatotoxicities.??

It is important to better understand the clinical relevance of the toxicities that have been noted,
especially in cases where they have been observed only in animal models. For example, the CTGTAC
noted that questions remain regarding the mechanisms of DRG toxicity and their relevance to humans.
Even if they are clinically relevant, the severity of the risk must be balanced with the risk of not
providing access to a therapeutic option that is potentially life sustaining or lifesaving to patients with
Duchenne. In considering the risk of potential DRG toxicity—which may result in numbness of the hands,
for instance—its relative weight would need to be compared with the known risk of a child with
Duchenne’s condition worsening and leading to death in the absence of treatment. When inputting the
potential DRG toxicity risk into the Benefit-Risk Framework, the data collected by PPMD regarding risk
tolerance in the Duchenne community (referenced above) suggest this is a risk many patients and
caregivers would be willing to accept in exchange for therapeutic benefit from a noncurative gene
therapy.

There is experience from approved AAV gene therapies that supports the safety of AAV vector-based
gene therapy products and the ability to mitigate risks discovered post approval. At the CTGTAC
meeting, it was shared that four patients with spinal muscular atrophy (SMA) out of the 1,400 who had
received Zolgensma® to date experienced TMA, a rare disorder that can cause low platelet counts,
organ damage, other serious issues, and, in some cases, death.?'>?2! These findings led to a revision of
Zolgensma'’s label.??2 The meeting attendees discussed mitigation steps, such as screening for TMA
early, and potential treatments for the conditions that could be implemented.?? In fact, current AAV
gene therapies for Duchenne have reported a few cases of thrombocytopenia associated with TMA-like
complement activation in clinical trials. To mitigate this risk, product labeling—including appropriate
monitoring recommendations—should be developed for approved products.

Similarly, hepatotoxicities observed in SMA, X-linked myotubular myopathy, and hemophilia were also
discussed. This hepatotoxicity often presents as liver enzyme elevation. Corticosteroids have been used
to dampen AAV-mediated hepatotoxicities.?'® The Zolgensma label includes both instructions on
administration of systemic corticosteroids as well as a Boxed Warning to alert prescribers to the
possibility of acute serious liver injury and elevated aminotransferases.??? Thus, this risk can also be
mitigated through product labeling and monitoring.
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Overall, in its discussion, the CTGTAC noted?? that benefit-risk assessments of AAV gene therapy
products should be made on a case-by-case basis, taking into account elements such as alternative
available treatments, the patient’s age at the time of gene therapy, pre-existing conditions, and route of
administration.

Finally, more recently, four companies with clinical trials for Duchenne AAV gene therapies shared that
there may be a class effect causing serious adverse events. These events, characterized by muscle
weakness (some with cardiac involvement), shared a similar presentation and duration across the
various therapies in clinical development. Through analysis of relevant case information, the companies
hypothesize that these events are related to a T-cell-mediated immune response to the transgene
protein. This collaborative effort has resulted in identification of risk factors and development of
strategies to mitigate the risks.??*
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