WHITEPAPER

Advancements |n CRISPR Cas9 Gene

PRESENTED BY: PUBLISHED BY:

MEDPANCE. ’FIERCE

Biotech




JULY 2023 PRESENTED BY: PUBLISHED BY:

MEDPRCE | ZFIERCE

<4 Biotech

Advancements in CRISPR-Cas9 Gene

Editing for Cardiovascular Disorders

PO—

CONTENTS:

CRISPR Qaining traCHION .o 3
ClINICAI ETTAIS 1ottt ettt 4
The first CRISPR-based therapy under regulatory rEVIEW .........cocviouioiiiiieieeeeeeeeeee e 4
Identifying disease-Ccausing MULATIONS ..o 5
CRISPR-based therapies for rare CVDS ... 6
Importance of monitoring on- and off-target effeCtS ..o, 7
Regulatory framewWork €VOIVING ... e, 8

Operational and regulatory efficiencies

nNeed Careful CONSIAETATION ..ottt 10
Non-clinical disease Models are lIMITEG. . .c.ioiiiiii e 11
Multifunctional/multidiSCIPIINANY TEAMS ...t 11
Research networks, data analytics, and assay development ..., n
CRO-pharma: @ CoNesiVe PartNerSNID ..o oo 12

B N O S e 13



Recent developments surrounding CRISPR-Cas9
gene editing technology

CRISPR gaining traction

Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-Associated 9 (CRISPR-Cas9)
technology has become the most widely used gene editing technology in recent years due to its
simple design, low cost, high efficiency, and straightforward operation, compared to ZINC Finger
Nucleases (ZFN) and transcription-activator-like effector nucleases (TALENS; Figure 1). CRISPR-
Cas9 is an adaptive immune response found in bacteria and unlike other gene editing techniques,
it can utilize both viral and non-viral platforms to deliver proficient genome editing in double-strand
breaks (DSBs) in a wide range of organisms and cell types.! CRISPR-Cas9 technology is being
rapidly adopted into all fields of biomedical research, including the cardiovascular (CV) field, where
it has facilitated a greater understanding of cardiovascular disorders (CVDs), cardiomyopathies,
electrophysiology, and lipid metabolism, as well as creating a variety of cellular and animal models
for the evaluation of new therapies.?

Figure 1: Pros and cons of gene editing tools
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Importantly, CRISPR has many applications both in vitro and in vivo

and as a potential route for fixing faulty genes associated with certain
ilinesses. CRISPR allows researchers to study loss-of-function (LOF)

or gain-of-function (GOF) mutations whereby mutations in a single
gene that encodes for a protein product can either result in the protein
structure changing so it no longer functions effectively as LOF mutation,
or it generates a new protein isoform that can perform a new and
important function, i.e., a GOF mutation. Thus, CRISPR technology
provides researchers with a high degree of flexibility allowing the
generation of gene knockouts (CRISPRn), interference (CRISPRI) or
activation (CRISPRa), the regulation of endogenous gene expression,
live-cell labeling of chromosomal loci, addition of single-stranded

RNA, and high-throughput gene screening as well as the generation of
CRISPR-based disease models.*

Clinical trials

In recent years, extensive studies have been conducted to improve the
gene-editing specificity of CRISPR-Cas9 nucleases to reduce off-target
effects such as RGEN (RNA-guided endonuclease)-induced mutations
(at sites other than the intended on-target site)® and improve genome
and tissue targeted delivery.® Technological advances have led to

the development of a plethora of potential gene editing therapies.
According to TOPRA (The Organisation for Professionals in Regulatory
Affairs), there are currently 87 active clinical trials involving gene-
editing’ in a wide variety of genetic disorders, including inherited blood
disorders, malignancies, and metabolic disorders.®

The first CRISPR-based therapy under regulatory review

The first gene editing product Exa-cel (exagamglogene autotemcel,
formerly CTXO0O01) developed by Vertex Pharma and CRISPR Therapeutics
is expected to be approved by the regulators by the end of 2023 for the
treatment of severe sickle cell disease (SCD) and transfusion-dependent
beta-thalassemia (TDT). This CRISPR-based treatment induces the
expression of fetal hemoglobin (HbF) via non-viral, ex vivo CRISPR/Cas9
gene editing, which restores hemoglobin levels in individuals with SCD
and beta-thalassemia.® In phase lll trials, Exa-cel met primary and key
secondary endpoints in trials for both disorders.
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In TDT, almost 89% of patients did not require blood transfusions for
at least 12 months. In sickle cell disease, 94% of patients remained
free from vaso-occlusive pain crises typical of the disorder for at
least one year. In January 2023, the European Medicines Agency
(EMA) and the Medicines and Healthcare Regulatory Agency (MHRA) o,
validated its Marketing Authorization Applications (MAAs) and the
U.S. Food and Drug Administration (FDA) accepted a rolling biologic
license application (BLA) in June and assigned a Prescription Drug
User Fee Act (PDUFA) target action date of December 8, 2023 for 87 active clinical
SCD, and March 30, 2024 for TDT.'©

There are currently

trials involving

Benefits and challenges of utilizing gene-editing in
CRISPR gene editing as therapies for

cardiovascular diseases

a wide variety of

genetic disorders,

Identifying disease-causing mutations

including inherited
Cardiovascular diseases (CVDs) are associated with several risk

factors including lifestyle habits, environmental factors, and genetic blood disorders,
predisposition." CRISPR-Cas 9 techniques have greatly accelerated i . q
the identification of disease-causing mutations and led to the malignancies, an
development of patient-specific induced pluripotent stem cells metabolic disorders.
(iPSCs) and murine models for a variety of CVDs.??" There are
more than 100 monogenic inherited CVDs, such as hypertrophic
cardiomyopathy, Marfan syndrome, and familial pulmonary
hypertension whereby a single mutation can result in a lethal clinical

manifestation.”®

Single genetic mutations responsible for cardiomyopathies, such as
arrhythmogenic cardiomyopathy (ACM),’ dilated cardiomyopathy,”
hypertrophic cardiomyopathy (HCM),”® *® Barth syndrome,?° long-

QT syndrome,?' and Duchene Muscular Dystrophy (DMD),?? have
been corrected by genome editing in patient-specific iPSC-derived
cardiomyocytes.?? For instance, Atmanli and colleagues generated
iPSC lines from a DMD patient and his healthy brother and then used
adenoviral delivery of CRISPR Cas9/gRNA to correct dysfunctional
cardiomyocytes in DMD mice models.?*
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CRISPR-based therapies for rare CVDs

CRISPR gene editing and pluripotent stem cell technology have enabled a new class of cell
replacement therapies to come to the fore. Several CRISPR-based gene-editing therapies are
progressing through research and development and entering early clinical development for CVDs.

¢ NTLA-2001is a CRISPR therapy candidate developed by Intellia Therapeutics in
collaboration with Regeneron to treat transthyretin amyloidosis (TTA), which results
in amyloid deposits accumulating in multiple tissues, leading to polyneuropathy and
cardiomyopathy. NTLA-2001 deploys lipid nanoparticles (LNPs) to deliver sgRNAs
targeting transthyretin (TTR) and mRNAs for Cas9 to permanently knock out TTR in the
liver. Preliminary Phase I/ll data showed that NTLA-2001 treatment at two different doses
achieved mean reductions of 86% and 93% in serum TTR levels by day 28.2°

* Intellia Therapeutics is also evaluating NTLA-2002 in Phase I/l for the treatment of
Hereditary Angioedema (HAE) (NCT05120830). NTLA-2002 is a systemically administered
LNP therapy designed to inactivate the target gene kallikrein B1 (KLKB1) to reduce plasma
kallikrein activity and thus prevent HAE attacks; the estimated completion date for this
study is 15 April 2024.

e CRISPR Therapeutics are evaluating two pre-clinical candidates, CTX310 and CTX320,
targeting angiopoietin-related protein 3 (ANGPTL3) and lipoprotein(a) (Lp(a)), respectively,
two validated targets for CVD.2¢ 27 In preclinical studies in non-human primates (NHP) a
single dose of CTX310-ANGPTL3 results in a significant and prolonged reduction in serum
ANGPLT3 protein and triglycerides by 89% and >50% from baseline, respectively. Similarly,
CTX320, Lp(a) 3mg/kg dose reduces Lp(a) levels by up to 92% from baseline. CST310 is
scheduled to enter clinical trials during 2023 followed by CTX320.28

e CRISPR therapies may also play a role in cardiomyopathy associated with DMD. In August
2022, the FDA approved the first-in-human dosing of Cure Rare Diseases, CRD-TMH-001
investigational CRISPR therapy to treat DMD.?° CRD-TMH-001 targets mutations in the
promoter region and exon 1 of the DMD gene and the aim is to stabilize or reverse the
progression of the disease by upregulating a dystrophin protein isoform to reduce muscle
weakness and wasting as well as cardiomyopathy associated with the later stages of
the disease. Unfortunately, the first patient treated with the therapy died four months
after receiving treatment; however, the cause of death is unknown but may be due to an
adverse reaction to the viral vector.3°
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https://clinicaltrials.gov/study/NCT05120830?cond=Cardiovascular%20Diseases&term=CRISPR&rank=5

Importance of monitoring on- and off-target effects

Despite these initial successes and promising developments, the path to CRISPR-based therapies
has not been a smooth one. CRISPR-Cas9 gene editing can result in significant on-target
mutagenesis, such as large deletions and more complex genomic rearrangements at the targeted
sites and the Cas9 protein can evoke off-target immunogenic effects by binding to MHC binding
epitopes. In addition, the DSBs induced by Cas9 may also be toxic to cells and induce apoptosis.?®
Thus, it is essential to optimize CRISPR—Cas9 design, delivery, and outcomes to ensure safety,
specificity, and efficacy before it's used in clinical trials to correct genetic CVDs (Figure 2).3'

Figure 2: Application of CRISPR in cardiovascular disease
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Regulatory considerations for the use of gene
editing in treating cardiovascular conditions

Regulatory framework evolving

Steady progress has been made by the regulators in the publication of
guidelines regarding conducting human clinical trials in rare diseases
and the use of cellular or gene-based therapies®? and have established a
framework to review and approve these life-changing therapies and their
respective companion diagnostics (CDx) or in-vitro diagnostic device
(IVD). Despite these changes, the regulators have limited experience
with the clinical evaluation of medicinal products manufactured with the
CRISPR-Cas9 system and current regulatory knowledge in gene editing
comes from experience with previous gene editing methods. It will take
time for the regulators to learn, adapt, and harmonize guidelines and it :
will be essential for the regulatory authorities to share information with Cardiovascular
other stakeholders to move the field forward. ** In the meantime, the diseases (CVDS)
lack of formal interaction between regulators and limited harmonization
across regions for clinical development poses a significant challenge for are associated with
sponsors; however, programs like Project Orbis coordinated by the FDA
and MHRA alongside several other regulatory agencies and the recent
announcement by FDA of their plan to launch an Operation Warp Speed- including Iifestyle
style pilot program for rare disease cell and gene therapies, should help
to facilitate the development of innovative cell and gene therapies.®

several risk factors

habits, environmental

factors, and genetic

Currently, the FDA considers any use of CRISPR/Cas9 gene editing in
humans to be gene therapy and is subject to regulation by the FDA's predisposition.45
Center for Biologics Evaluation and Research (CBER). Therefore,
clinical studies of gene therapy in humans require the submission of

an investigational new drug application (IND) before their initiation in
the U.S., and marketing of a gene therapy product requires submission
and approval of a BLA. In addition, companies developing CRISPR
therapies can request regenerative medicine advanced therapy (RMAT)
designation concurrently with the submission of their IND or as an
amendment to an existing IND, providing the therapy meets the criteria
as a regenerative medicine therapy that is intended to treat, modify,
reverse, or cure a serious or life-threatening disease or condition, and
clinical evidence indicates it has the potential to address an unmet
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medical need. RMAT is a designation specifically for regenerative
advanced therapy products and provides all the advantages of a
Breakthrough Therapy designation, including early interactions with the
FDA and also the potential for accelerated approval.

The EMA follows a stepwise process for the approval of cell and

gene therapies in the European Union (EU). This involves preclinical
and clinical studies, submission of an MAA, and evaluation by the
Committee for Advanced Therapies (CAT). Like the FDA, the EMA
offers mechanisms such as conditional approval and priority medicines
(PRIME) designation to expedite access to therapies with high potential
for public health benefit.>®* The EMA evaluates gene editing medicines
including CRISPR/Cas9 products for in vivo use under advanced
therapy medicinal products (ATMP) regulation (Council Regulation
[EC]1394/2007 of 13 November 2007 on ATMPs and amending
Directive 2001/83/EC and Regulation [EC] 726/2004). In addition, for
some genome-editing products in the EU, the genetically modified
organisms (GMO) regulation and requirements may apply (Directive
2001/18/EC on the deliberate release into the environment of GMOs;

7 Directive 2009/41/EC on the contained use of genetically modified
microorganisms®®). In January 2022, the European Union (EU) initiated
a new legal framework Clinical Trial Regulation 536/2014 (EU-CTR) to
increase transparency and harmonize the submission, assessment, and
supervision processes for clinical trials. This is expected to facilitate the
clinical development of novel products for rare CVDs.*

Ethical issues will also need to be addressed, in particular for

human heritable/germline editing, as any potential use for functional
enhancement of people and unconventional trial designs may or

may not be acceptable for different stakeholders. “°In addition,
placebo-controlled trials are often not possible due to ethical reasons;
regulators and the industry are reliant on the use of natural history
data, although for some (ultra) rare diseases this type of data may not
be readily accessible or available. Similarly, the inclusion of pediatrics
generates additional challenges as the benefit/risk ratio may not be
favorable or clear during the initial stages of the clinical development
where there is limited efficacy and safety data. For instance, off-target
effects are of greater concern with in vivo editing compared to ex vivo
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editing. Consequently, companies will need to ensure they undertake appropriate risk-benefit
assessments to ensure that they are fully aware of the potential risks associated with the different
methods of gene editing and to put in place protocols/procedures to mitigate risks that could
impact clinical trial development.

Therefore, the timely development of these innovative medicinal products requires regulatory
oversight and changes to the regulatory framework to clarify the definition and classification

of genome-editing products as well as international harmonization is one of the key
recommendations of the EU-IN Horizon Scanning Report on genome editing (EMA/319248/2020).
Moving forward, regulators will require a better understanding of how novel methods will affect
immunogenicity, dosing, long-term clinical efficacy, and safety and whether repeat administration
is beneficial.

Operational and regulatory efficiencies need careful consideration

During the development of a gene-editing therapy, CDx is often used to help define the
population for inclusion in the gene therapy trial, and therefore clinical research organizations
(CROs) need to be able to identify the regulatory pathways available for the device component in
parallel to the clinical trials. The simultaneous development of therapy and diagnostics requires
careful consideration by developers, specifically in terms of the timing of two different regulatory
pathways; one for their gene editing product and another for a CDx/IVD where the goal is that
these are completed around the same time to ensure the CDx is available at time of the product
launch, thereby maximizing market access and reducing barriers to entry.

For example, the FDA recently approved BioMarin’s Roctavian (valoctocogene roxaparvovec),

an adeno-associated virus vector-based gene therapy for the treatment of adults with severe
hemophilia A without pre-existing antibodies to adeno-associated virus serotype 5 detected by an
FDA-approved test AAV5 DetectCDx.* In the U.S., a CDx can be made available through labs that
are certified under the Clinical Laboratory Improvement Amendments (CLIA) whereas in the EU,
developers are advised to use an EU-based lab to ensure that the device is developed in line with
IVDR to minimize potential regulatory hurdles during clinical development.

In addition, there are logistical and operational considerations that a CRO and study sponsor
need to consider when using in vivo gene editing versus ex vivo editing. For instance, impeccable
planning is required for the transportation of patient cells to the manufacturer within a given
timeframe, and site licenses are required to retrieve cells from patients and transport the product
following manufacturing for ex vivo editing.
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Non-clinical disease models are limited

Given the infancy of CRISPR technologies, relatively few non-

clinical disease models are currently available to test gene editing
products and there is also limited regulatory guidance on the use of
these models to support product development. In addition, the data
generated in available models may not be translatable to human
studies in terms of mechanism of action, safety, or efficacy. Therefore,
it is important to determine what the aim behind using a specific model
is and whether it can address the questions that the sponsor/CRO

is trying to answer. Overall, gene-editing therapies present unique
challenges in terms of long-term safety and efficacy, delivery, and
operational complexity; therefore, CROs must be prepared for these
challenges and be ready to work with study sponsors to solve them.

Choosing the right CRO partner for
cardiovascular and gene therapy clinical
development

Multifunctional/multidisciplinary teams

When it comes to conducting clinical trials in cardiology, choosing the
right CRO can make a huge difference in terms of accelerating the drug
development process, reducing operational complexity, and ensuring
regulatory compliance.*? Biotech/pharma must partner with a CRO
with a proven track record that has access to multifunctional (e.g. drug
metabolism and pharmacokinetics (DMPK), toxicology, bioanalysis,
translational medicine) and multidisciplinary teams (e.g. medical,
regulatory, and operational leadership, as well as experienced certified
cardiologists) with global experience in drug and device studies. *

Research networks, data analytics, and assay development

Access to a global cardiovascular research network is critical to driving
patient recruitment and retention. Early engagement with regulators,
innovative clinical trial design (virtual and hybrid), and adequate post-
market confirmatory studies to monitor the long-term risks are all
essential when performing gene therapy studies. Ideally, the CRO will
have comprehensive knowledge and expertise in designing custom
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genomic assays and have access to technological platforms that can support the quantitation of
on-target and off-target effects. The CRO will also need experience in developing validated GLP
assays and have a track record for getting these assays CLIA-certified to support gene therapy
trials should sponsors seek to develop a CDx.

CRO-pharma: a cohesive partnership

A new era of gene-editing therapies is dawning; these treatments have the potential to revolutionize
the treatment of CVDs with high unmet medical needs.** However, the unique nature of these
therapies poses many challenges to regulators and developers, and therefore stakeholders need to
work together to develop a regulatory framework that will ensure the delivery of safe and effective
therapies in the future. Medpace works closely with pharma partners to provide high-quality
integrated services, medical and scientific expertise, operational support, and regulatory guidance
to help mitigate developmental risks, overcome regulatory uncertainties, and ensure long-term

data management that demonstrates the value that these life-changing CVD therapies bring to
those in need.

MEDPACE

Full-service clinical development

Medpace is a scientifically-driven, global, full-service clinical contract research organization (CRO) providing
Phase I-IV clinical development services to the biotechnology, pharmaceutical and medical device industries.
Medpace’s mission is to accelerate the global development of safe and effective medical therapeutics through
its high-science and disciplined operating approach that leverages local regulatory and deep therapeutic
expertise across all major areas including oncology, cardiology, metabolic disease, endocrinology, central
nervous system and anti-viral and anti-infective.
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