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Genes as Medicines: Gene Therapy

TARGET AUDIENCE: Pharmacists and pharmacy technicians interested in gene
therapy’s potential and mechanism of action.

ABSTRACT: Gene therapy is a relatively new class of medicine that is rapidly
evolving, and that brings hope for a cure to patients with genetic diseases. This
continuing education activity will introduce learners to the diverse approaches
that researchers and clinicians use to correct genes, including in vivo and ex vivo
gene therapies. Adeno-associated virus (AAV) vector-based in vivo gene therapy,
one of the most common approaches, is the focus of this learning activity. This
activity describes the biology of AAV, vector design and production, toxicities,
and FDA-approved AAV-based gene therapies. Finally, a look to the future in-
cludes new AAV-based therapies that are in development and a discussion of im-
mune system-related hurdles that must be conquered before AAV-based gene
therapy can reach its full potential in maximizing patient efficacy and safety.

FACULTY: Sandra Casinghino, MS, is a retired drug development biologist in Connecticut
FACULTY DISCLOSURE: Ms. Casinghino’s financial relationships have been resolved.

DISCLOSURE OF DISCUSSIONS of OFF-LABEL and INVESTIGATIONAL DRUG USE: This activity may con-
tain discussion of off label/unapproved use of drugs. The content and views presented in this educa-
tional program are those of the faculty and do not necessarily represent those of the University of
Connecticut School of Pharmacy. Please refer to the official prescribing information for each product
for discussion of approved indications, contraindications, and warnings.

INTRODUCTION

Gene therapy is a medical approach to replace missing genes or correct dysfunc-
tional genes in patients with genetic diseases. Gene therapies are best suited for
patients who have well-defined, single (monogenic) mutations."> Many are rare
diseases for which there are few, if any, treatment options. Therapeutics to cor-
rect gene mutations are biologics with the potential to cure a variety of previous-
ly incurable diseases such as muscular dystrophy, hemophilia, cystic fibrosis, and
some types of blindness. Scientists are also developing gene therapies to stop
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cancer-causing genes and boost immune responses against tu-
mors.

The term “gene therapy” encompasses multiple broad strategies
that can be separated into two general approaches: in vivo (per-
formed inside an organism) and ex vivo (cells that are removed
from the organism, genetically modified, and then returned to
organism).3 Within these approaches, multiple techniques and
delivery systems are currently used or in development*®:

e Viral vectors (in vivo or ex vivo)

e Non-viral delivery particles (in vivo or ex vivo)

e Gene editing (in vivo or ex vivo)

e Cell engineering (ex vivo only)

The entire field of gene therapy is beyond the scope of this activ-
ity. This activity’s focus will be in vivo gene delivery via engi-
neered adeno-associated virus (AAV), with some discussion of
gene therapy’s basics and background. This is valuable informa-
tion for pharmacists and pharmacy technicians as this complex

biologic class matures and more gene therapies become avail-
able to patients.

BASICS OF GENE THERAPY

Gene Therapy Terminology

People outside of the field may be unfamiliar with many terms
used to describe gene therapies. Table 1 (below) defines com-
mon terms.

We have used brand drug names preferentially throughout this
activity because generic names for gene therapies are complex
(See Sidebar on the next page).
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Table 1. Common Terms Used to Describe Gene Therapy®’?

Term Definition

In vivo gene therapy

Administered directly into patients by injection

Ex vivo gene therapy

Cells are removed from patients, genetically modified, and re-introduced into patients

Adeno-associated virus (AAV) vector

Genetically modified virus commonly used to deliver gene therapy in vivo

Capsid Outer icosahedral (20 roughly triangular facets arranged in a spherical or spherical-like
manner) protein shell of the virus/viral vector

Serotype Distinct variation between viral capsids within a species based on surface antigens (e.g.,
AAV serotype 9 [AAV9])

Host Gene therapy recipient

Tropism A virus’s specificity for a particular host tissue, likely driven by cell-surface receptors on

host cells

Target tissue

Tissue/organ/cell type intended for genetic correction

Gene of interest (GOI)/transgene

Gene that needs to be fixed

Expression cassette

GOl plus DNA sequences to make it function, including a promoter

Inverted terminal repeat (ITR)

DNA sequences that flank the GOI as part of the expression cassette; required for ge-
nome replication and packaging; the ITR-flanked transgene forms a circular structure (ep-
isome)

Episome Self-contained and self-replicating circular DNA that contains the expression cassette;
stays in the cell’s cytoplasm and does not become part of the cell’s chromosomes

cap Gene that encodes the proteins comprising the virus capsid

rep Gene that encodes replicase proteins required for virus replication and packaging

Neutralizing antibodies (NAb)

Antibodies that bind to specific areas of viral vector capsids to block uptake by host cells

body weight (vg/kg)

Vector genomes/kilogram of patient

Common terminology for vector dosing; sometimes referred to as genome copies (gc)
per kilogram

DNA, deoxyribonucleic acid.
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SIDEBAR: What’s in a Name? How Are Gene Therapies Named?°'°

For in vivo gene therapies, the generic names are composed of two words:

e First word corresponds to the gene component
o Prefix: random element to provide unique identification

o Infix: element to denote the gene’s pharmacologic class (gene’s mechanism of action)

o Suffix: element to indicate “gene”
e Second word corresponds to the vector component

o Prefix: random element to provide unique identification
o Infix: element to denote the viral vector family
o Suffix: element to identify the vector type (non-replicating, replicating, plasmid)
o A4-letter distinguishing suffix: devoid of meaning and attached to the core name with a hyphen
Example: voretigene neparvovec-rzyl (Luxturna)
vo-reti-gene ne-pawu-vec-rzyl
random gene random non-replicating
viral vector
unigue suffix
retinal pigment ALV (parvovirdae

dependovirus)

The Pros and Cons of Gene Therapy
Patients and/or caregivers considering gene therapy should con-
sider several factors!-13:

e Duration of efficacy

U PRO: Potential exists for permanent correction
of a disease state. If successful, patients may
not need lifelong treatments/medications.

U CON: Gene therapy is relatively new and long-
term efficacy data is lacking. If gene expression
wanes over time, patients may need redosing
(which may be impossible) or alternative treat-
ments.

e Safety

U PRO: Regulatory agencies have approved sever-
al products, and safety data is available.

U CON: Complete understanding of adverse ef-
fect mechanisms is lacking, and long-term safe-
ty information doesn’t exist.

e Cost

U PRO: A curative gene therapy may be more
cost-effective than a lifetime of other
medications/treatments.

U CON: Available gene therapies are very expen-
sive, $2.9 to $3.5 million for the AAV in vivo
therapies approved in 2022 and 2023.

The History of Gene Therapy

Gene therapy is a relatively new field. Clinicians ran the first clini-
cal trial in 1990. Scientists made several advancements in the
1990s and early 2000s, and progress has rapidly accelerated
since then.'* (See Sidebar on the next page).
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Gene Therapy Systems

Viral Vectors

Prototypical gene therapy is an in vivo approach to curing genetic
diseases. It uses a delivery vehicle, such as an engineered virus
that encapsulates the gene of interest (GOI) for injection into a
patient by various routes, such as intravenous (IV), intraocular,
or intrathecal.?® This method takes advantage of a virus’s natural
ability to enter mammalian cells efficiently. Once the delivery ve-
hicle enters host cells, the encapsulated gene drives production
of the missing or faulty protein. Clinicians use this approach for
diseases such as muscular dystrophies, where mutations in the
dystrophin gene cause progressive weakness and muscle-wast-
ing, and cystic fibrosis, where mutations in the cystic fibrosis
transmembrane conductance regulator gene impair lung func-
tion.

Non-viral Delivery Vehicles

Non-viral delivery vehicles, such as nanoparticles, can also deliv-
er genes or gene editing systems in vivo. These particles use bio-
compatible materials such as polymers and lipids to carry genes
or nucleic acids into cells.3 Researchers can customize a particle’s
physiochemical properties to target the intended cell types bet-
ter and evade immune responses. Non-viral particles are less ef-
ficient than viruses at entering cells but may have several other
advantages. It’s likely that most patients are immunologically na-
ive to manufactured particles and lack pre-existing antibodies
that may prevent successful uptake by cells. Non-viral particles
may also be easier to manufacture and purify, making them
more cost-effective to produce than viral vectors.*?

Text continues on page 5.
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SIDEBAR: Gene Therapy Over the Years

1990s

18-year-old clinical trial patient, Jessie
Gelsinger, died from severe immune reaction to
Ad-based gene therapy vector

1990

First clinical trial using viral vector technology®

1999

2000s 3660

China approved the world's first commercially
available gene therapy (Ad-based) for treatment
of squamous cell carcinoma®®

Four of 10 patients with SCID developed
leukemia after treatment with a gamma
retrovirust?18

2003

2010s —

EMA approved first gamma retroviral-
engineered HSC-based gene therapy for
treatment of ADD-SCID#*

2017

First clinical trial (Europe) using CRISPR/Cas3 for
treatment of beta hemoglobinopathies®

EMA approved the first AAV gene therapy for
treatment of lipoprotein lipase deficiency®

2016

-FDA approved first in vivo AAV gene therapy
for inherited retinal dystrophy®

-FDA approved the first CAR T cell therapies: LV
vector for ALL, retroviral vector for DLBL®-%

2018

-FDA approved first AAV gene therapy for SMAZ

2013 -EMA approved a LV gene therapy to treat TDT*
2020s FDA approved multiple CAR T cell therapies for
2020-2022 B cell leukemia and lymphoma, and multiple

FDA approved first 2 autologous HSC therapies
for CALD and p-thalassemia®*

2022-2023

FDA approved an HSC-based therapy for SCD*

2023

1
J
J

m?erﬂma}_‘u.lilﬂji

2022

FDA approved 3 additional in vivo AAV gene
therapies (hemophilia A, hemophilia 8, and
DMD}R.EE,!E

2023

FDA approved the first CRISPR/Cas9-based H5C
therapy for SCD and TDT3"*

ABBREVIATIONS: AAV, adeno-associated virus vector; Ad, adenovirus; ADD, adenosine deaminase deficient; ALL, acute lym-
phoblastic leukemia; CALD, cerebral adrenoleukodystrophy; CAR T, chimeric antigen receptor; Cas9, CRISPR-associated protein
9; CRISPR, clustered regularly interspaced palindromic repeats; DMD, Duchenne muscular dystrophy; EMA, European Medi-
cines Agency; FDA, Food and Drug Administration; HSC, human stem cells; LV, lentivirus; DLBCL, diffuse large B-cell lymphoma;
SCD, sickle cell disease; SCID, severe combined immunodeficiency disorder; SMA, spinal muscular atrophy; TDT, transfusion-

dependent thalassemia.
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Recent gene therapy clinical trials using nanoparticles or lipid
nanoparticles include the following*'-3;
® Reqorsa: contains a tumor suppressor gene encapsulat-
ed in a lipid nanoparticle for treatment of several types
of lung cancer
o NTLA-2001: contains a gene editing system encapsulat-
ed in a lipid nanoparticle for treatment of hereditary
transthyretin amyloidosis (a disease which deposits ab
normal protein [amyloid] in organs)

Gene Editing Systems

Gene editing systems, which can be in vivo or ex vivo approach-
es, can provide precise, targeted gene modifications. Gene edi-
tors are engineered nucleases (enzymes) that produce
double-stranded breaks at a specific target site. These breaks
stimulate the cell’s natural DNA repair mechanisms, resulting in
the repair of the break by homology-directed repair or non-ho-
mologous end joining. With these systems, target-specific DNA
insertions, deletions, modifications, or replacements are all
possible.344

Many gene editing tools exist, including3**
e clustered regularly interspaced short palindromic re-
peats (CRISPR) Cas-associated nucleases
e transcription activator-like effector nucleases (TALENS)
e zinc-finger nucleases (ZFNs)
® meganucleases (MNs)

Gene editing ex vivo systems are a fast-growing area with many
programs in development.*! In vivo gene editing is rife with chal-
lenges, especially those concerning delivery to the intended cells.
Gene editing systems are an evolving cutting-edge platform re-
viewed in much more detail elsewhere.3444>

Ex Vivo Gene Therapy

In ex vivo gene therapy, medical and/or laboratory personnel re-
move a patient’s cells from the body, genetically modify them
(using viral vectors, non-viral delivery particles, or gene editing
systems), and then re-introduce them into the patient. Alterna-
tives to the use of a patient’s cells include genetically modified
cell lines or cells from another donor. The use of autologous (pa-
tients’ own) cells avoids the need to find an immuno-compatible
donor. Examples of systems include chimeric antigen receptor
(CAR) T cells and engineered hematopoietic stem cells (HSC). CAR
T cells are T lymphocytes that are modified to recognize tumor
antigens, such as the B lymphocyte antigen Cluster of Differentia-
tion-19 (CD-19) and B-cell maturation antigen (BCMA). Once ge-
netically modified, the CAR T cells bind to cells expressing the
tumor antigen and subsequently kill them. HSC have the ability
for self-renewal and to differentiate into multiple cell lineages,
therefore engineering them to correct genetic flaws such as en-
zyme deficiencies and hemoglobinopathies (inherited disorders
affecting hemoglobin, the molecule that transports oxygen in the
blood) makes them a promising approach.
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Several products have received regulatory approval in the United
States (U.S.)%:
* Autologous CAR T cells#->0

O CD19-directed autologous T cell immunothera-
pies for the treatment of various types of B cell
lymphomas include the following:

v’ Yescarta (axicabtagene ciloleucel) —
approved 2017

v Kymriah (tisagenlecleucel) — approved
2017

v’ Tecartus (brexucabtagene autoleucel)
—approved 2020

v’ Breyanzi (lisocabtagene maraleucel) —
approved 2021

U BCMA-directed autologous T cell immunother-
apies for treatment of relapsed or refractory
multiple myeloma include the following®52;

v Abecma (idecabtagene vicleucel) — ap-
proved 2021
v’ Carvykti (ciltacabtagene autoleucel) —
approved 2022
e Autologous HSC-based gene therapies include the
following®3-56:

U Skysona (elivaldogene autotemcel) — slows
neurological dysfunction in cerebral adrenoleu-
kodystrophy by inducing synthesis of adreno-
leukodystrophy protein — approved 2022

O Zynteglo (betibeglogene autotemcel) — corrects
B-thalassemia by adding functional copies of a
modified B-globin gene into the patient’s HSC —
approved 2022

U Casgevy (exagamglogene autotemcel) — first
FDA-approved CRISPR/Cas9 gene-editing thera-
peutic; corrects sickle cell disease (SCD) and
transfusion-dependent B-thalassemia by add-
ing functional copies of a modified B-globin
gene into the patient’s HSC — approved 2023

U Lyfgenia (lovotibeglogene autotemcel) — cor-
rects SCD by adding functional copies of a mod-
ified B-globin gene into the patient’s HSC —
approved 2023




CART cell gene therapy is an effective treatment for several
types of cancers but comes with many challenges to patients,
medical professionals, and pharmacy personnel. Product manu-
facturing, administration, and adverse effect mitigation are more
complex than for many other treatment types. Medical, labora-
tory, and/or pharmacy personal carry out the following key steps
at specialized medical centers*”->0;
1. Collect the patient’s white blood cells (leukapheresis)
2. Manufacture the CAR T cells in a laboratory with a typi-
cal time frame of two to four weeks
U Patients may need to travel to and remain near
the center while they wait for the cells
U If the process fails, then personnel must repeat
the cell collection and CAR T cell manufacturing
3. Administer chemotherapy to deplete the patient’s lym-
phocytes, two to 14 days prior to CAR T cell infusion,
which makes room for the CAR T cells
4. Administer the CAR T cells to the patient by slow infu-
sion to minimize infusion-related adverse reactions
5. Monitor the patient for at least four weeks, likely requir-
ing the patient to stay at or near the treatment center

This therapy class carries Boxed Warnings:
* CD-19 directed therapies*’->0:57

U Cytokine release syndrome (CRS): over-activa-
tion of the immune system with release of
large amounts of cytokines (immune system
proteins); this is a common, potentially life-
threatening adverse event

U Neurotoxicity: the mechanism by which this oc-
curs is not well understood, but it is common
and can be life-threatening

* BCMA-directed therapies®3>*

O CRS and neurotoxicity as listed for CD-19 di-
rected therapies

U Hemophagocytic
lymphohistiocytosis/macrophage activation
syndrome: a hyperinflammatory immune re-
sponse that can be life-threatening

O Prolonged cytopenia (low numbers of blood
cells) with bleeding and infection; can be life-
threatening

Ex vivo gene therapy with autologous HSC is also a complex pro-
cess with multiple challenges and toxicities.>*** For these thera-
pies, medical personnel pretreat patients with
granulocyte-colony stimulating factor to increase production and
release of HSCs from bone marrow. Laboratory staff then collect
and purify HSC from the patient’s blood. Staff may need to col-
lect cells more than once to amass the required number of cells
or in cases where manufacturing fails. Laboratory staff genetical-
ly modify the patient’s HSCs, typically with a lentiviral vector, to
express the GOI. The cell manufacturing process can take up to
three months. The modified cells require cryopreservation and
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liquid nitrogen storage conditions, adding to the process’s com-
plexity.

When the cells are ready, medical personnel administer lympho-
cyte-depleting chemotherapy to the patient to remove HSCs that
are making the faulty protein and to make room in the bone
marrow for the genetically modified HSCs. Next, medical person-
nel infuse the thawed HSCs to the patient intravenously. After
infusion, patients may need to stay at the medical center for sev-
eral months for recovery and monitoring.

The prescribing information lists toxicities including prolonged
cytopenias, serious infections, and an increased risk for lentiviral
vector-mediated oncogenesis (development of a new cancer). It
recommends patient monitoring for 15 years to life for hemato-
logic malignancies. Skysona and Lyfgenia have Boxed Warnings
for hematologic malignancy.>3>%

The overview above describes how the field of gene therapy is
broad and encompasses multiple approaches. New and evolving
approaches include non-viral delivery, gene editing, and ex vivo
cell engineering; they have recently started to become available
to patients. This is an exciting and hopeful time for patients with
genetically-linked diseases, and it is likely that many more effec-
tive and approved therapies will be available soon.

AAV-BASED IN VIVO GENE THERAPY

Although researchers are developing viral vectors based on many
types of viruses (e.g., adenovirus, gamma retrovirus, herpes sim-
plex virus, lentivirus) adeno-associated virus (AAV) has emerged
as the leading viral vector for in vivo gene therapy with five cur-
rent regulatory approvals in the U.S. and many more programs
under development.*>*® Its favorable characteristics include not
causing human disease, inability to replicate in the host without
a helper virus, and ability to elicit a low host immune response
relative to many other viruses. Since the expression cassette is
typically maintained on an episome, scientists expect AAV-based
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vectors to have a low frequency of integration into the host ge-
nome, conferring a minimal risk of cancer.*® In addition, at least
one serotype of AAV (AAV9) can cross the blood-brain barrier
making AAV a suitable choice for neurologic diseases without in-
vasive local administration of the vectors into the brain. Re-
searchers find AAV-based vectors to be attractive, versatile tools
with suitable properties and utility for a wide variety of diseases.

AAY Biology

Naturally occurring AAVs are small, non-enveloped viruses that
belong to the Parvovirus family. They have a linear single-strand-
ed DNA genome of approximately 4.7 kilobases, including rep
and cap genes that encode for replication and capsid proteins,
respectively.? Figure 1A (below) illustrates the genomic structure
of a wild type (naturally occurring) AAV.

In engineered AAVs used for gene therapy, developers remove
the rep and cap genes and replace them with an expression cas-
sette, as illustrated in Figure 1B (also below). The expression cas-
sette contains the GOI, regulatory elements
(promoter/enhancer), and poly-adenosine tail (to stabilize the
messenger RNA and facilitate translation into protein) flanked by
inverted terminal repeats (ITRs; required for genome replication
and packaging). The expression cassette replaces approximately
96% of the native genome.3

AAV capsids in both the wild type AAV and engineered AAV vec-
tors are composed of three viral proteins (VPs) named VP1, VP2,
and VP3. Sixty molecules of these proteins, estimated to exist in
a 1:1:10 ratio (VP1:VP2:VP3), assemble into each icosahedral
capsid (Figure 2 on the next page). The VP sequences overlap,
with VP1 being 137 amino acids longer than VP2, which is 57
amino acids longer than VP3. Differences in VP sequences distin-
guish one AAV serotype from another.>®

AAV exists as at least 11 natural serotypes, which share about
51% to 99% sequence identity in their VP3 protein.®%%! Sequence
comparisons between different AAV serotypes identified nine
variable regions situated on the capsid surface. The specific ami-
no acid sequences of these regions impact AAV binding to host
cell receptors, thus determining cell- and tissue-specific tropism
(affinity for a specific tissue or cell type). These variable sequenc-
es also function as binding sites (epitopes) for AAV-specific anti-
bodies, thus influencing host immune responses.®?

An AAV serotype can be tropic to multiple cell types and tissues,
and multiple serotypes can be tropic to the same cells/tissues.
Researchers isolate serotypes from non-human primates and de-
velop synthetic serotypes using protein engineering to alter tro-
pisms and/or evade pre-existing AAV-specific antibodies.!

PAUSE AND PONDER: If your child had a life-shortening
genetic disorder and a new AAV9-based therapy became avail-
able, how would you feel if your child had a high anti-AAV9 neu-
tralizing antibody titer that excluded them from clinical trials or
treatment?

Neutralizing antibodies (NAbs) are naturally occurring antibodies
that bind to AAV surface epitopes and block uptake into target
cells. NAb binding to the AAV capsid can induce rapid clearance
of the gene therapy by the patient’s immune system. Clinical per-
sonnel must screen patients for pre-existing NAbs. Trial protocols
and prescribing instructions often exclude patients with NAbs
specific for the gene therapy’s serotype.

Older children and adults tend to have a high prevalence of pre-
existing antibodies against commonly circulating (wild type) AAV
serotypes because of previous exposure to these viruses over the
course of their lives. For example, studies showed that approxi-
mately 40% of humans have NAbs to AAV serotypes 5, 6, 7, 8,

Figure 1. Genomic Structure of Wild Type AAV and Engineered AAV Vector
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Engineered AAV vector
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cap, capsid gene; GOI, gene of interest; ITR, inverted terminal repeat; rep, replicase gene.
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Figure 2. Protein Structure of the AAV Capsid
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L

VP, viral protein.

and 9.%% Between 6% and 95% of individuals with hemophilia A
and B have AAV-specific antibodies based on AAV serotype and
assay used.®* In addition, due to the high degree of conservation
of capsid protein amino acid sequences, pre-existing antibodies
to one serotype may cross-react with other serotypes, further
limiting the availability of a therapy for a patient. Patients with-
out NAbs prior to gene therapy will develop high titers of NAbs
following vector administration, rendering them ineligible for ad-
ditional rounds of gene therapy with the same vector or a cross-
reactive serotype.1,63-6>

Vector Design

To create a vector for a particular disease, drug developers try to
target an AAV vector to the specific cell or tissue type where
gene correction is needed. The capsid serotype choice signifi-
cantly influences this decision.

AAV2, AAVS5, AAV6, AAVS, and AAV9 account for a majority of
the ongoing AAV gene therapy clinical trials.?®5¢ Commonly,
AAV2 or AAVS is the choice for ocular therapies; AAV2, AAVS5,
AAVS, and AAV9 are best for liver targeting; and AAV2 and AAV9
are preferred targeting muscle or the central nervous system.
Some researchers are also using AAV serotypes isolated from
rhesus monkeys, such as rh74.5%67 As discussed, AAV9 can cross
the blood-brain barrier, allowing IV administration of this sero-
type to target brain tissue while avoiding invasive intrathecal
injections.5%%8 Therefore, AAV9 is a popular vector to treat many
diseases affecting the nervous system.

Developers derive the capsids of AAV vectors either from natural
AAV viruses or by engineering capsids through rational design,
directed evolution, or computer-guided strategies. The impetus
to develop AAV vectors with capsids from less common AAV se-
rotypes or novel engineered AAV capsids serves to improve or
modify tissue targeting and circumvent immune recognition.®®
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Considerations for vector design include®..62

e Choosing the best AAV serotype to target the intended
cell type or tissue, using the desired route of administra-
tion

e Potential for tissue-specific promoters (e.g., targeting
the muscle for muscular dystrophy or the liver for he-
mophilia) rather than constitutive promoters (that will
drive gene expression in a wide range of tissues and per-
haps result in off-target toxicity)

e Whether an enhancer is needed to boost expression in
the target tissue to achieve desired therapeutic effect

o Modifying capsid epitopes to reduce
recognition/response from the host immune system

Vector Production and Purification

Once developers choose the best capsid serotype and design the
vector, they proceed to the manufacturing step. Gene therapies
are complex biologics, and manufacturing and purification are of
utmost importance for efficacy, safety, and product stability.
Regulatory agencies require good manufacturing practice
compliance.”

Scientists commonly use mammalian cell lines to propagate engi-
neered AAV vectors and then purify the vectors from cell lysates.
Rigorous purification is essential. As the science of gene therapy
matures, drug developers continuously improve purification
methods. Contaminants from the engineered AAV cultivation
process are a potential source of toxicity and can induce unwant-
ed immune responses. Release testing of the final product in the
U.S. must comply with a series of FDA-established requirements
and predetermined specifications to determine product safety,
purity, concentration, identity, potency, and stability.”* Charac-
terization of the final product includes a determination of the vi-
ral genome (vg) titer, infectious titer (potency), product identity
(AAV capsid and genome), and therapeutic gene identity
(expression/activity).”?
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Gene therapy developers follow these steps to manufacture
AAV-based therapies’37>;

1. Use conventional recombinant DNA technology in bac-
terial systems to produce the plasmids

2. Use mammalian cell lines, such as human embryonic
kidney 293 cells, or insect cell lines, such as the
baculovirus/insect cell system, to produce the vectors

3. Transfect (introduce genetic material into a cell) three
plasmids into the cell line

o arecombinant AAV plasmid containing the ex-
pression cassette (see Figure 1b on page 7)

o0 an adenovirus-based helper plasmid supplying
genes needed for virus replication

o a plasmid containing the essential rep and cap
genes needed for virus replication and capsid
formation

4. Collect produced vectors from the cells and purify them.
Complex purification processes require multiple meth-
ods that may be specific for each individual contami-
nant. Rigorous purification minimizes patient risk (see
Sidebar to the right). Examples of purification process
steps (and techniques used) include the following:

o Cell lysis to release the viral particles (deter-
gent, mechanical stress, hypertonic shock,
freeze-thawing)

o Removal of nucleic acids (nuclease treatment),
cell fragments and proteins, cell culture con-
taminants (centrifugation, filtration, chroma-
tography)

o Separation of full vector particles from empty
particles (cesium chloride gradient ultracentrif-
ugation or chromatography)

5. Formulate vectors after purification for administration
to the patient. Formulation optimization prior to manu-
facture is not trivial. Some considerations are’37>:

o Formulation chemical composition must be op-
timized for intended route of administration

o Formulation must be sterile and have low en-
dotoxin concentration

o Formulation must minimize product degrada-
tion to avoid aggregation and loss of efficacy
due to product instability

Toxicities/Adverse Events

Although AAV gene therapy is generally considered safe, multiple
treatment-emergent serious adverse events have occurred fol-
lowing gene therapy administration to patients. These include
severe hepatoxicity and thrombotic microangiopathy (TMA).
Other potential toxicities and identified risks include myocarditis,
neurotoxicity (dorsal root ganglion [DRG] degeneration), oncoge-
nicity, and immunotoxicity.%®

In general, AAV vectors administered IV first travel to the liver.
Liver enzyme increases denoting liver damage commonly occur
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SIDEBAR: Patient Safety: The Importance of Puri-
fication of AAV®:74

Non-vector sequences (including plasmid DNA, helper virus DNA,
and DNA from the cell line used to produce the vector) can unin-
tentionally be packaged into the capsids. AAV vector genomes
can recombine with non-vector DNA, resulting in AAV vectors
that contain chimeric (mixtures of DNA from different sources)
sequences. The behavior of these unintended sequences is un-
predictable in patients.

Capsids containing the complete intended therapeutic gene, par-
tial sequences, unintended chimeric sequences, or no genetic
sequence material at all (empty capsids) are all possible out-
comes of vector manufacturing. Administering a mixture of dif-
ferent forms of the therapeutic to patients may result in a partial
effective dose, thus lowering potency and necessitating adminis-
tration of higher overall numbers of AAV particles to achieve effi-
cacy. The higher the number of AAV particles, the higher the risk
of toxicities and immune system activation.

and corticosteroid treatment is often effective. On occasion,
acute serious liver injury, liver failure, and death have occurred.
Although the mechanism is not completely understood, more se-
vere liver injury appears to correlate with higher vector doses.
Severe liver injury following AAV vector administration for spinal
muscular atrophy (SMA) and X-linked myotubular myopathy ge-
netic diseases has occurred.®%7¢

TMA is a pathological condition characterized by formation of
thrombi (clots) in small blood vessels, following endothelial cell
injury. TMA’s clinical presentation often includes complement
activation, cytokine release, thrombocytopenia (decreased plate-
lets), and kidney injury/failure. Several cases of TMA have been
reported in patients or clinical trial participants following AAV
gene therapy for SMA and Duchenne muscular dystrophy (DMD).
Treatments for affected patients included hemodialysis, platelet
transfusion, and the complement inhibitor eculizumab. As with
severe liver injury, TMA development appears to be related to
high vector doses.””"78

Several patients in DMD clinical trials have developed myocardi-
tis, which was fatal in one patient. A hypothesis is that pre-exist-
ing inflammation in DMD patients’ muscles, including heart
muscle, worsened upon local expression of dystrophin. Steroid
treatment successfully resolved myocarditis in some cases.”

DRG degeneration/toxicity is an identified potential risk of AAV
gene therapy. DRGs are collections of sensory neurons that relay
impulses from the periphery to the central nervous system. Re-
searchers have observed AAV vector-induced DRG toxicity mainly
in non-clinical studies with pigs and non-human primates. Direct
administration of AAV into cerebral spinal fluid and high vector
doses were contributing factors. Pathology studies have detected
DRG degeneration in autopsy samples from humans who re-
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ceived AAV gene therapy. Scientists do not completely under-
stand DRG toxicity’s underlying mechanisms in animals or the
significance of clinical translation to humans.8°

Oncogenicity due to insertional mutagenesis (introducing foreign
DNA into a person’s genome) is a potential risk of gene therapy.
Studies in mice that received AAV vectors revealed integration
events and hepatocellular carcinoma. Hepatocyte clonal expan-
sion occurred in dogs following AAV vector administration al-
though tumors were not found. AAV vector genome integration
into chromosomes has been detected in humans, but so far AAV-
associated oncogenesis has not been reported.>® Due to the po-
tential risk, regulators expect long-term monitoring after vector
administration.5%81

Although immune responses to wild type AAV are low relative to
other viruses, AAV can engage all arms of the immune system
and can do so robustly especially when high vector doses are ad-
ministered. The immune response to AAV gene therapy is com-
plex, and poorly understood, and can contribute to loss of
efficacy and adverse effects. Local (rather than systemic) dosing,
use of tissue specific promoters, and increasing the vector’s po-
tency (increasing promoter strength/achieving higher levels of
expression per AAV particle) may effectively minimize
toxicity_65,76,82,83

Immune responses to AAV gene therapy include the
following®5:66.79,82;

e Innate immune responses: may lead to cytokine induc-
tion and/or activation of the complement cascade (e.g.,
toll-like receptor recognition and signaling in response
to capsid proteins and nucleic acids)

o Humoral responses: antibody binding to AAV capsid
may activate complement and immune cells and re-
move the vector from circulation before it can reach its
target tissue. After gene therapy administration, the
body generates new antibodies that can be specific for a
capsid or transgene product.

e Cellular immune responses: may lead to inflammation
and elimination of the cells producing the disease-cor-
recting protein (e.g., activation/expansion of capsid- or
transgene- product-specific cytotoxic T lymphocytes)

APPROVED IN VIVO GENE THERAPIES
As of December, 2023, the FDA approved eight in vivo gene ther-
apies, five of which are AAV based.*

Non-AAV-Based Therapies

Three of the FDA-approved in vivo gene therapies are non-AAV
based; they are adenovirus (Ad)-based or herpes simplex virus
(HSV)-based. None are systemically administered, but instead are
administered locally to the skin or bladder.

Vyjuvek (beremagene geperpavec-svdt) is a live, replication defi-
cient HSV type 1 (HSV-1) vector genetically modified to express
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human type VIl collagen. Vyjuvek is indicated for wound treat-
ment in patients with dystrophic epidermolysis bullosa with
mutation(s) in the collagen type VIl alpha 1 chain gene. Topical
application to wounds induces production of the mature form of
type VIl collagen leading to wound healing.?*

Adstiladrin (nadofaragene firadenovec-vncg) is a non-replicating
adenoviral serotype 5 vector genetically modified to produce hu-
man interferon a-2b (IFNa-2b). Adstiladrin is indicated for pa-
tients with high-risk Bacillus Calmette-Guérin-unresponsive
non-muscle invasive bladder cancer with carcinoma in situ with
or without papillary tumors. Intravesical (within the bladder) in-
stillation results in local expression of IFNa-2b protein that is an-
ticipated to have anti-tumor effects.®®

Imlygic (talimogene laherparepvec) is a live, attenuated HSV vec-
tor genetically modified to replicate within tumors and to pro-
duce the immune stimulatory protein granulocyte-macrophage
colony-stimulating factor (GM-CSF). Imylgic is indicated for local
treatment, by intralesional injection of unresectable cutaneous,
subcutaneous, and nodal lesions in patients with melanoma re-
current after initial surgery. Imylgic causes tumor lysis followed
by release of tumor-derived antigens, which together with virally
derived GM-CSF may promote an antitumor immune response.
However, the exact mechanism of action is unknown.8¢

AAV-Based Therapies

Luxturna (voretigene neparvovec-rzyl) is a genetically modified
non-replicating AAV2 expressing the human retinoid isomerohy-
drolase (RPE65) gene approved in 2017. It’s used to treat pa-
tients with confirmed biallelic RPE65 mutation-associated retinal
dystrophy, a condition causing progressive retinal degeneration
and dysfunction, which can lead to vision loss and blindness over
time. Retinal pigment epithelial (RPE) cells produce RPE65. Muta-
tions in this gene result in vision impairment, so Luxturna aims to
correct these mutations. A clinician administers 1.5 x 10! vg of
Luxturna subretinally (directly into the space beneath the retina)




to each eye on separate days, at least six days apart. Patients
typically take systemic oral corticosteroids starting three days
before its administration and continuing with a tapering dose for
10 days. Preparation of Luxturna for administration is complex
and includes thawing, dilution, and preparation of syringes for
injection. Warnings and precautions include endophthalmitis
(infection/inflammation of the inner structures of the eye), per-
manent decline in visual acuity, retinal abnormalities, increased
ocular pressure, intraocular air bubble expansion, and cataracts.
Immune responses to Luxturna were mild in clinical trials, per-
haps due to corticosteroid administration.?

Zolgensma (onasemnogene abeparvovec-xioi) is a genetically
modified non-replicating AAV9 expressing the human survival
motor neuron (SMN) protein. The FDA approved it in 2019 for
treatment of patients younger than 2 years of age with spinal
muscular atrophy (SMA) with bi-allelic mutations in the SMN1
gene. SMN protein is key for muscle development and move-
ment and Zolgensma aims to correct these mutations to treat
the disease. After Zolgensma is thawed, a clinician administers
1.1 x 10 vg/kg of Zolgensma intravenously by slow infusion. Pa-
tients typically take systemic corticosteroids starting one day be-
fore Zolgensma administration and continuing for a total of 30
days. Serious adverse effects described in the Boxed Warning in-
clude acute liver injury and failure with fatal outcomes. Other
warnings and precautions include systemic immune response,
thrombocytopenia, TMA, and elevated troponin (a protein in-
volved in muscle contraction).8’

Hemgenix (etranacogene dezaparvovec-drlb) is a genetically
modified non-replicating AAV5 expressing human coagulation
Factor IX (Padua variant), under control of a liver-specific pro-
moter. Approved in 2022, it is employed to treat male patients
with hemophilia B (congenital Factor IX deficiency). The Padua
variant has an 8-fold higher specific activity relative to wild type
Factor IX, and Hemgenix would ideally correct the disease by pro-

Figure 3. AAV-based gene therapy clinical trials
for different disease indications as a percentage of
all AAV-based clinical trials for therapies not yet
approved for marketing*!
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viding circulating Factor IX activity. Clinicians administer 2.0 x
10%3 gc/kg of Hemgenix by slow intravenous infusion. Hemgenix
is a refrigerated suspension that requires dilution into normal
saline. The prescribing information recommends corticosteroids,
not prophylactically, but only if the liver enzyme aspartate amin-
otransferase (AST) increases to twice the patient’s baseline val-
ue. Warnings and precautions include infusion reactions
(including anaphylaxis), hepatotoxicity, and hepatocellular carci-
nogenicity (theoretical risk if vector DNA integrates into the host
cell genome).88

Elevidys (delandistrogene moxeparvovec-rokl) is a genetically
modified non-replicating AAVrh74 (originally isolated from rhe-
sus monkeys) expressing human micro-dystrophin. The FDA ap-
proved it in 2023 for treatment of ambulatory 4- to 5-year-old
patients with DMD with a confirmed mutation in the dystrophin
gene. The vector’s promoter/enhancer drives transgene expres-
sion predominantly in skeletal and cardiac muscle. The dystro-
phin protein’s micro version consists of selected domains of
dystrophin that confer function to muscle cells. After Elevidys is
thawed, clinicians administer 1.33 x 104 vg/kg by intravenous
infusion using a syringe infusion pump. The prescribing informa-
tion recommends prophylactic corticosteroids following a com-
plex administration and tapering schedule, which is further
complicated in patients with DMD already on a corticosteroid
regimen. Warnings and precautions include acute serious liver
injury, immune-mediated myositis, and myocarditis.%?

Roctavian (valoctocogene roxaparvovec-rvox) is a genetically
modified non-replicating AAVS5 expressing the B-domain-deleted
form of human coagulation Factor VIl (the smallest active form
of Factor VIII) under control of a liver-specific promoter. Ap-
proved in 2023 for treatment of male patients with severe hemo-
philia A, clinicians administer Roctavian after thawing at 6.0 x
103 vg/kg by intravenous infusion using a syringe infusion pump.
The prescribing information recommends corticosteroids, not
prophylactically, but only if liver enzymes increase to 1.5 times
the patient’s baseline or to above the upper limit of normal.
Warnings and precautions include infusion reactions (including
anaphylaxis), hepatotoxicity, and thromboembolic events.*°

PAUSE AND PONDER: The prescribing information for
Hemgenix and Roctavian do not recommend these gene thera-
pies for women. Why?

A LOOK TO THE FUTURE

As discussed above, the FDA has approved five AAV-based gene
therapies, Figure 3 (to the left) illustrates disease indications be-
ing studied in AAV-based clinical trials including 90 ongoing, in-
terventional studies.*!

Ophthalmology and neurology represent the highest percentage

of forthcoming therapies. Within the ophthalmology category,
multiple trials are underway for achromatopsia (color blindness),
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amaurosis (complete vision loss without visible eye damage; typi-
cally, an optic nerve disease), and retinitis pigmentosa (progres-
sive vision loss due to retina deterioration), among others. The
neurological disease category includes trials for Alzheimer’s dis-
ease, Huntington’s disease, Parkinson’s disease, and others. He-
matological and musculoskeletal clinical trials are highly focused
on hemophilia and muscular dystrophies, respectively. The meta-
bolic disease category is diverse containing a few trials each for
numerous genetic diseases.*!

Controlling the immune response to AAV vectors is one of the
biggest hurdles for future therapeutics. The human immune sys-
tem is complex and very efficient. Often, it has a back-up plan in
case an organism escapes the first round of attack and usually a
back-up plan for the back-up plan. It becomes impossible for an

AAV vector (a virus in sheep’s clothing) to go unnoticed, especial-
ly when the doses are greater than 1 trillion vg/kg of body
weight. Thus, a patient’s immune system will go into action start-
ing shortly after receiving gene therapy and mount a multi-
pronged attack.

New and improved strategies to control immune responses will
greatly benefit patients. Researchers are diligently pursuing
strategies (Table 2 below) that target the vector itself or immune
system components.®1%3 Success will probably use a combination
of strategies.

Perfection of technologies to remove pre-existing NAbs would
allow many more patients to be eligible for gene therapies. Curb-
ing antibody production in the days following the gene therapy

Table 2. Strategies to Control or Circumvent Immune Responses®-%4

Strategy Rationale Potential Advantages Potential Disadvantages
AAV capsid engineering | Remove or alter NAb-binding | @ Allow dosing with pre-existing e Complex, expensive, lengthy
epitopes NAb process
e Allow redosing e May alter tropism to target tis-
sue
e May require patient screening
to determine what epitopes to
modify
Direct administration to | Minimizing systemic expo- ® Reduced toxicity after gene e Not possible for all indications
appropriate tissue sure may minimize immune therapy administration
response

Reduce amount of allimmu- | e
noglobulins in a patient

Plasmapheresis

Allow dosing with pre-existing
NAb
o Allow redosing

e Invasive procedure

e Not specific for capsid antibod-
ies

e May increase infection risk due
to reduced circulating antibody

Capsid decoys

Pretreat patient with empty
capsid to ‘absorb’ capsid-spe-
cific antibodies

Allow dosing with pre-existing
NAb
Allow redosing

Depending on clearance time
for empty capsid-NAb complex-
es, may increase the total
capsid burden and enhance im-
mune response

IdeS

Degrades all IgG

Allow dosing with pre-existing
NAb

e Allow redosing
o Good safety profile in transplant

patients

Patient may have pre-existing
antibodies to IdeS that could
induce an immune response
Patient may develop antibodies
to IdeS, so may not be able to
be used more than once

e Not specific for anti-AAV IgG
e Increased infection risk due to

reduced circulating 1gG

Immunosuppression

Overall or cell type-specific
suppression of the immune
response

Reduced toxicity after gene
therapy administration

Can have adverse effects, espe-
cially if used long term
Increased infection risk

ABBREVIATIONS: AAV, adeno-associated virus; IdeS, immunoglobulin G-degrading enzymes of Streptococcus pyogenes; IgG, immunoglobulin type

G; NADb, neutralizing antibody
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may boost efficacy, reduce toxicity, and allow patients to remain eligible for more than one round of AAV gene therapy if needed.
Methods to control T cell-mediated responses would prevent destruction of the cells producing the transgene product, increasing
the persistence of the curative gene expression.

Early clinical studies took a reactive approach to immune responses to AAV; they used medications such as corticosteroids following
observation of increases in liver enzymes or signs of inflammation. More recently, efforts to identify drugs and combinations of
drugs that will suppress the immune response prophylactically have accelerated®-%3:
e Corticosteroids (e.g., methylprednisolone): general anti-inflammatory
Tacrolimus: inhibits T cell proliferation and differentiation
Rituximab: depletes B cells to block antibody production
Rapamycin (sirolimus): disrupts cytokine signaling resulting in inhibition of B cell and T cell activation
Mycophenolate mofetil: inhibits B cell and T cell proliferation
Eculizumab: complement inhibitor
Hydroxychloroquine: inhibits toll-like receptor-9-mediated responses to viral DNA and antigen presentation

Researchers must investigate other key variables: the timing of immunosuppression initiation and the requisite treatment duration.

Many clinical trials have employed corticosteroids, but corticosteroids alone are insufficient to control immune responses. Regula-
tors have approved the immunosuppressants listed above for indications other than gene therapy, and their safety profiles are
known, making them logical choices to investigate for gene therapy indications. Future work must maximize safety and efficacy of
AAV gene therapy while balancing adverse effects of the immunosuppressive regimens.*?

SUMMARY

Gene therapy is a relatively new, complex, and evolving field in medicine that offers hope to patients with previously incurable ge-
netic diseases. The information presented here is intended to introduce a topic that pharmacists and pharmacy technicians may not
have been previously exposed to, and perhaps inspire them to read more. Figure 4 summarizes key points.

Figure 4. Covering the Pros and Cons of Gene Therapy

Best
OBe COMMUNITY CHAMPIONS and whenever possi-
ble, attend community events and state hearings about
advances in gene therapy (or follow them in the news)
@Encourage discussion with patients as they prepare
for gene therapy, and review the process with them
9Counse| comprehensively, meaning discuss the likeli-
hood of cure, adverse effects (some of which are un-
known), and cost

Better
0 Stay abreast of toxicities associated with gene ther-
apy and discuss them with patients using patient-fei
language

eReport adverse events related to gene therz
through the United States Food and Drug Administration
Adverse Event Reporting System (FAERS) '
e Acknowledge that cell line proteins are contaminat-
ed that can induce an immune response

Good

OBe familiar with contraindications for gene therap
tients with NAb to the AAV serotype would
QKnow that gene therapy may be ex vi in vivo; cur-

rently, only AAV is systemically administered in vivo e O R S A e ST
9 Remember that just like drugs, some gene therapy prod-

ucts have Boxed Warnings in their approved labeling
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