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Abstract

Introduction: We previously reported on the United States’ regulatory environment evolving to accommo-
date an emerging boom in gene therapy research. Several important developments have transpired in the
2 years since that article was published, including the coronavirus disease 2019 (COVID-19) pandemic and
the drive for large-scale testing of vaccines containing recombinant or synthetic nucleic acid molecules. This
report highlights key developments in the field with a focus on biosafety and issues of note to biosafety
professionals with responsibilities over clinical research.

Discussion: We provide guidance for performing risk assessments on the currently approved gene therapy
products as well as the most utilized types of investigational products in clinical trials. Areas of focus include
the prominent approaches utilized in the three major areas of research: oncology, infectious diseases, and
rare diseases.

Conclusion: The COVID-19 pandemic has created several opportunities for continued growth in gene therapy.
National vaccination campaigns will result in greater public acceptance of gene therapy research. Technological
advancements that made the vaccine race possible will spur the next generation of research. Advancements
born in the developed world set the stage for the creation of therapeutics to treat greater numbers in the de-
veloping world and have the potential for massive benefits to global public health. Biosafety professionals and
Institutional Biosafety Committees play key roles in contributing to the safe evidence-based advancement of
gene therapy research. Biosafety professionals responsible for clinical research oversight must be aware of
emerging technologies and their associated risks to support the safe and ethical conduct of research.

Keywords: gene therapy, Institutional Biosafety Committee (IBC), NIH guidelines, Food and Drug Administration
(FDA), investigational new drug (IND)

Introduction

We previously reported on the United States’ regulatory
environment evolving to accommodate an emerging
boom in gene therapy research.' In that study, we
reported on factors contributing to the surge in gene ther-
apy research despite earlier setbacks at the turn of the
century. Researchers focused on improving the wealth
of knowledge on gene transfer technology and redesign-
ing vectors for increased safety along with incorporating
additional safeguards as recommended by Food and Drug
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Administration (FDA) guidance. The National Institutes
of Health (NIH) Office of Science Policy (OSP) sequen-
tially loosened the regulatory requirements for gene ther-
apy research over subsequent versions of NIH guidelines
as the regulatory oversight focus shifted to the FDA.>"
As the FDA is tasked with assessing the safety and
efficacy of therapeutic products and regulating their ap-
proval, it is a logical progression for that agency to
have an increased role in overseeing clinical trials involv-
ing recombinant or synthetic nucleic acid molecules as

Some of the data were presented at the Southeastern Biosafety Association (SEBSA) annual symposium. The symposium took place virtually on May 6-7, 2021.
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the field matures and the technology becomes main-
stream. The FDA took several steps to aid this transition,
including the creation of various guidance documents re-
garding the manufacture of gene therapy products as well
as the design of clinical trials for such products. Although
several tracks already exist for prioritized review of inves-
tigational new drugs (INDs), the FDA created the Regen-
erative Medicine and Advanced Therapies designation to
allow for expedited review of biologics, such as ‘“‘gene
therapies, including genetically modified cells, which
lead to a durable modification of cells or tissues,” specif-
ically used to treat serious or life-threatening diseases
where preliminary clinical evidence indicates that the
drug has the potential to address unmet medical needs.*

The Coronavirus Disease 2019 Pandemic Aided
in the Transition Toward Clinical Use
of Recombinant DNA Becoming Mainstream
Within the past decade, use of recombinant or synthetic
nucleic acid molecules in clinical trials has gone from
limited to early phase trials utilizing small numbers of
major academic medical centers to large late phase trials
with each utilizing tens or hundreds of sites across the
United States and globally. As of this writing, all coronavi-
rus disease 2019 (COVID-19) vaccines with FDA emer-
gency use authorization were produced with recombinant
DNA technology containing either messenger RNA
(mRNA) derived from recombinant plasmids or a recombi-
nant adenovirus as the active ingredient. To date, >300 mil-
lion doses have been administered in the United States as
the population strives toward herd immunity.” COVID-19
vaccine are currently administered at community vaccina-
tion sites, chain pharmacies, and even athletic stadiums.®™
Since our earlier report, several major developments
have transpired within the field of gene therapy research
with significance to biosafety and biosafety professionals
with responsibilities over clinical trials. The highlights
are outlined here with a focus on the changing regulatory
environment, emerging science, and the biosafety chal-
lenges they represent.

The Number of IND Applications for Gene Therapy
Products Has Remained Strong Despite COVID-19

The number of IND applications submitted to the FDA for
gene therapy products set records each year from 2017 to
2019 (Figure 1A).? The data plateaued in 2020 as the
COVID-19 pandemic caused unprecedented widescale
disruptions in the clinical research sector.'®"'? The disrup-
tion was most severe in April 2020 when the number of
non-COVID-19-related new trials was 50% of the number
reported in January 2020 (pre-COVID-19). April 2020
also set the high-water mark for reported trial suspensions
on clinicaltrials.gov with >1000 clinical trial suspensions
citing COVID-19 as the principle cause.’ When discussing

the state of gene therapy research during COVID-19, Peter
Marks, Director of the FDA Center for Biologics Evalua-
tion and Research (CBER) stated, ‘‘Although the 2020
[gene therapy IND] number is essentially flat, that flatness
needs to be interpreted in the setting of COVID-19. I actu-
ally take the number of submissions during this COVID-19
time to be somewhat remarkable.” "

Gene Therapy Research Drove a Surge

in Institutional Biosafety Committee

Registrations with the NIH

The inflection point in IND submissions to the FDA took
place in 2016 (Figure 1A, arrow), which also coincided
with a similar inflection point in the number of Institu-
tional Biosafety Committee (IBC) registrations submitted
to the NIH OSP (Figure 1B, arrow)."* As gene therapy
studies progress to later phase trials, the studies require
larger numbers of research subjects meeting the inclusion
and exclusion criteria of the various trials, which inevita-
bly requires larger numbers of research sites.

As later phase studies searched beyond major academic
medical centers for sites with pools of research subjects
with the diseases being studied, smaller research sites with-
out existing IBCs were inevitably required. This phenome-
non drove a surge of IBC registrations for clinical research
sites utilizing commercial services to externally administer
IBC reviews (Figure 1C). Between 2019 and 2021, exter-
nally administered IBCs went from a minority (35%) to
the majority of IBCs (60%) registered with NIH OSP."

Independently administered IBCs are following in the
footsteps of the rapid growth of independent central Insti-
tutional Review Boards (IRBs) in the 1980s and 1990s. As
more clinical research moved from the halls of academia
into small private research sites without their own re-
search oversight structures there was a growing need for
an independent option that sites could use. Various inde-
pendent IRBs grew rapidly in the 1980s and 1990s during
a time where late phase clinical trials were moving into
privately owned small research sites. Independently ad-
ministered IRBs, where a commercial entity administers
the board reviewing research, demonstrated several bene-
fits in the form of faster study initiation, greater consis-
tency, and more effective review of multisite research.

By 2006 the transition to commercially administered
IRBs was proving so successful that the FDA issued spe-
cific guidance to industry on how to work with central
IRBs and academic centers who used to be the nucleus
for IRB review determined use of an independent com-
mercially administered IRB improved study start-up
time even within the academic setting.'®'® The central
IRB review concept was considered so beneficial that
the NIH instituted a single IRB policy for NIH funded
studies (effective January 25, 2018). The Federal govern-
ment followed suit with revisions to the Common Rule
(45 CFR 46), the rule of ethics in the United States
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Figure 1. Gene therapy research caused a growth in IBCs registered with the NIH. (A) Gene therapy IND
applications submitted per year to the FDA. Data adapted with permission from Peter Marks, Director, FDA
CBER. (B) IBC registrations approved by the NIH OSP per year. Data adapted with permission from Kathryn
Harris, NIH OSP. (C) Change in local versus externally administered IBCs registered with NIH OSP. CBER,
Center for Biologics Evaluation and Research; FDA, Food and Drug Administration; IBCs, Institutional
Biosafety Committees; IND, investigational new drug; NIH, National Institutes of Health; OSP, Office of
Science Policy.
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regarding biomedical and behavioral research involving
human subjects, to require a single IRB of record for all
federally funded research (effective January 20, 2020).

The NIH allows institutions to utilize multiple IBCs,
creating a situation where an institution can rely on an
externally administered IBC with reviewer expertise in
the clinical environment and human gene transfer re-
search, whereas retaining their locally administered
IBC for basic science research involving laboratories
and animal models."’

If we want a glimpse at the future of IBC review for mul-
tisite clinical trials we only need to look at the transition
from local to independent IRB administration for the past
20+ years. Having a single entity perform the reviews
poses several potential benefits in the form of faster study
initiation, greater consistency in reviews across research
sites, and easier management and regulatory oversight of
multisite research. Likely as more gene therapy trials
enter later phase, the need for and utilization of indepen-
dent commercially administered IBCs will increase in kind.

The FDA Is Approving Diverse Types of Products
Containing Recombinant or Synthetic Nucleic

Acid Molecules

The FDA approved the first product containing recom-
binant DNA in 2015, an oncolytic herpesvirus ap-
proved for use in melanoma. Since then the FDA has
issued 15 approvals for therapeutics containing re-
combinant or synthetic nucleic acid molecules.
Table 1 lists the FDA-approved products, describes
the recombinant or synthetic nucleic acid molecules
and provides risk information from the FDA-approved
package inserts.?~%?

When the products are categorized by disease indica-
tion, we can gauge the level of progress gene therapy
has made in each type of disease. Seven of the eight ap-
proved oncology products are chimeric antigen receptor
(CAR) T cells against B cell malignancies. Six FDA ap-
provals have been issued for infectious disease vaccines,
although four of them are emergency use authorizations
for vaccines against SARS-CoV-2 intended to quell the
COVID-19 pandemic. Two adeno-associated virus
(AAV)-based gene transfer vectors have been approved
for use in diseases caused by rare inherited mutations.
Luxturna was approved for subretinal injection to treat
retinitis pigmentosa, a disease caused by mutations to
the RPE65 gene that causes night blindness in children
and progress to complete blindness in adolescence. Zol-
gensma was approved to treat spinal muscular atrophy,
a neuromuscular disease caused by mutations to the
SMNI1 gene that typically results in children being unable
to control the muscles required for breathing and dying
by 2 years of age.

Six FDA-approved products comprise viral vectors.
AAV-based vectors are currently the only FDA-approved

gene transfer vectors intended to treat diseases caused
by rare inherited mutations. Viral vectors based on
replication-deficient human adenovirus 26 as well as rep-
lication competent yellow fever strain 17D204 and the
Indiana strain of vesicular stomatitis virus have been ap-
proved for use as infectious diseases vaccines.
FDA-approved drugs contain a package insert describ-
ing the drug, associated risks, and handling instruc-
tions. Requirements for the format and content of this
document are outlined in 21 CFR 201. Table 1 lists infor-
mation pertinent to biosafety professionals from the
package inserts for all FDA-approved products contain-
ing recombinant or synthetic nucleic acid molecules.
The information provided is not comprehensive, so
drug and site-specific risk assessments are still prudent
practices. More detailed methodology for mitigating
risks in the clinical setting are discussed elsewhere.>* ¢

Multiple Revolutions Taking Place Simultaneously
Unprecedented levels of success are simultaneously tak-
ing place in different disease indications. The major de-
velopments are summarized as follows.

Revolution 1: Clinical Applications

of mRNA-Based Technology

mRNA-based technology came to the forefront in the
Spring of 2020 as the Pfizer/BioNtech and Moderna
COVID-19 vaccines were among the first to enter clinical
trials. Moderna Therapeutics was the first to publicize the
speed by which these vaccines could be produced.
Table 2 shows the timeline of events for the research,
development, testing, and approval of Moderna’s
mRNA-based vaccine, and compares it with the timeline
for Janssen’s (Johnson and Johnson) adenovirus-based
vaccine.”” ™ Whereas research and development of a
vaccine can last years or decades, Moderna and the
National Institutes of Allergy and Infectious Diseases
collaboratively developed a vaccine in 2 days once the
SARS-CoV-2 sequence was posted online. Within 6
weeks Moderna was able to produce and ship the first
batch of vaccine for testing at the NIH.

Whereas the speed with which mRNA vaccines can be
developed and produced was remarkable, the efficacy
was equally impressive as both Moderna and Pfizer’s
clinical trial data both showed efficacy at ~95%.*® The
first vaccines to receive FDA emergency use authoriza-
tion were both mRNA based. As of this writing (July 5,
2021), 67.1% of adults in the United States have received
at least one dose of a COVID-19 vaccine, 96% of which
were mRNA-based vaccines.’

When interviewed on COVID-19 vaccines, Dr. Peter
Marks said, ‘I think anyone involved in vaccinology,
when we saw how effective these mRNA vaccines
were against COVID-19, it was a surprise. We were
expecting them to be ‘okay effective,” but to see them



Table 1. Food and Drug Administration-approved products containing recombinant or synthetic nucleic acid molecules

Name Manufacturer Indication Recombinant DNA Approval date

IMLYGIC Amgen Melanoma Herpes simplex virus 1 October 2015

based oncolytic therapy,
expressing GM-CSF*

Biosafety-related guidance in package insert:

Accidental exposure may lead to transmission of IMLYGIC and herpetic infection. Accidental needle stick and splash back to the
eyes have been reported in healthcare providers during preparation and administration of IMLYGIC.

Healthcare providers, close contacts (household members, caregivers, sex partners, or persons sharing the same bed), pregnant
women, and newborns should avoid direct contact with injected lesions, dressings, or body fluids of treated patients. Healthcare
providers who are immunocompromised or pregnant should not prepare or administer IMLYGIC. Caregivers should wear protective
gloves when assisting patients in applying or changing occlusive dressings and observe safety precautions for disposal of used
dressings, gloves, and cleaning materials.

In the event of an accidental exposure to IMLYGIC, exposed individuals should clean the affected area thoroughly with soap and
water and/or a disinfectant. If signs or symptoms of herpetic infection develop, the exposed individuals should contact their
healthcare provider for appropriate treatment.

Patients should avoid touching or scratching injection sites or their occlusive dressings, as doing so could lead to inadvertent transfer
of IMLYGIC to other areas of the body.

In clinical studies, herpetic infections (including cold sores and herpetic keratitis) have been reported in patients treated with
IMLYGIC. Disseminated herpetic infection may also occur in immunocompromised patients. Patients who develop suspicious
herpes-like lesions should follow standard hygienic practices to prevent viral transmission. Patients or close contacts with suspected
herpetic infections should also contact their healthcare provider to evaluate the lesions. Suspected herpetic lesions should be reported
to Amgen at 1-855-IMLYGIC (1-855-465-9442); patients or close contacts have the option of follow-up testing for further
characterization of the infection.

IMLYGIC is sensitive to acyclovir. Acyclovir or other antiviral agents may interfere with the effectiveness of IMLYGIC. Therefore,
consider the risks and benefits of IMLYGIC treatment before administering antiviral agents to manage herpetic infection.

If the patient becomes pregnant while taking IMLYGIC, the patient should be apprised of the potential hazards to the fetus and
neonate. Women of childbearing potential should be advised to use an effective method of contraception to prevent pregnancy during
treatment with IMLYGIC.

If a pregnant woman has an infection with wild-type HSV-1 (primary or reactivation), there is potential for the virus to cross the
placental barrier and also a risk of transmission during birth due to viral shedding. Infections with wild-type HSV-1 have been
associated with serious adverse effects, including multiorgan failure and death, if a fetus or neonate contracts the wild-type herpes
infection. Although there are no clinical data to date on IMLYGIC infections in pregnant women, there could be a risk to the fetus or
neonate if IMLYGIC were to act in the same manner.

VAXCHORA PaxVax Cholera vaccine (serogroup Live, attenuated, orally June 2016
01, Inaba strain 569B) administered Vibrio
cholerae bacteria, ctxA
deleted

Biosafety-related guidance in package insert:

A marker was inserted into the hlyA to enable differentiation of the vaccine strain from wild-type V. cholerae O1.

VAXCHORA may be shed in the stool of recipients for at least 7 days. There is a potential for transmission of the vaccine strain to
nonvaccinated close contacts (e.g., household contacts). Use caution when considering whether to administer VAXCHORA to
individuals with immunocompromised close contacts.

Inactivate any spilled vaccine and clean any nondisposable equipment used in the preparation of VAXCHORA with 70% isopropyl
alcohol or 10% bleach solution.

The vaccine strain may be shed in the stool of the vaccinated mother for at least 7 days, with a potential for transmission of the
vaccine strain from mother to infant during vaginal delivery.

KYMRIAH Novartis Refractory B cell acute CAR T cells—lentivirus August 2017

lymphoblastic leukemia/ transduced. Targeting
(r/r) B cell lymphoma CD19

Biosafety-related guidance in package insert:

KYMRIAH contains human cells genetically modified with a lentivirus. Follow local biosafety guidelines applicable for handling
and disposal of such products.

Patients treated with KYMRIAH may develop secondary malignancies or recurrence of their cancer. Monitor lifelong for secondary
malignancies. In the event that a secondary malignancy occurs, contact Novartis Pharmaceuticals Corporation at 1-844-4KYMRIAH
to obtain instructions on patient samples to collect for testing.

Owing to the potential for neurological events, including altered mental status or seizures, patients receiving KYMRIAH are at risk for
altered or decreased consciousness or coordination in the 8 weeks after KYMRIAH infusion. Advise patients to refrain from driving and
engaging in hazardous occupations or activities, such as operating heavy or potentially dangerous machinery, during this initial period.
HIV and the lentivirus used to make KYMRIAH have limited short spans of identical genetic material (RNA). Therefore, some
commercial HIV NATSs may yield false-positive results in patients who have received KYMRIAH.

It is not known if KYMRIAH has the potential to be transferred to the fetus. Based on the mechanism of action, if the transduced cells
cross the placenta, they may cause fetal toxicity, including B cell lymphocytopenia.

continued
183 . 4



Table 1. (Continued)

Name Manufacturer Indication Recombinant DNA Approval date
YESCARTA Kite (Gilead) (r/r) large B cell lymphoma CAR T cells—retrovirus October 2017
transduced. Targeting
CD19

Biosafety-related guidance in package insert:

e Effects on ability to drive and use machines: Advise patients to refrain from driving and engaging in hazardous occupations or
activities, such as operating heavy or potentially dangerous machinery, for at least 8 weeks after receiving YESCARTA.

e YESCARTA contains human blood cells that are genetically modified with replication incompetent retroviral vector. Follow
universal precautions and local biosafety guidelines for handling and disposal to avoid potential transmission of infectious diseases.

e It is not known if YESCARTA has the potential to be transferred to the fetus. Based on the mechanism of action, if the transduced
cells cross the placenta, they may cause fetal toxicity, including B cell lymphocytopenia.

e Patients treated with YESCARTA may develop secondary malignancies. Monitor lifelong for secondary malignancies. In the event
that a secondary malignancy occurs, contact Kite at 1-844-454-KITE (5483) to obtain instructions on patient samples to collect for
testing.

LUXTURNA Spark Therapeutics Retinitis pigmentosa AAV vector (serotype 2) December 2017
designed to express the
RPE65 gene®

Biosafety-related guidance in package insert:

e Treatment with LUXTURNA is not recommended for patients younger than 12 months of age, because the retinal cells are still
undergoing cell proliferation, and LUXTURNA would potentially be diluted or lost during cell proliferation.

e Peak levels of vector DNA were detected in the tear samples on day 1 postinjection, after which no vector DNA was detected in a
majority of the subjects (8 of 13). Three subjects (10%) had vector DNA in tear samples until day 3 postinjection, and two subjects
(7%) had vector DNA in tear samples for around 2 weeks postinjection. In another two subjects (7%), vector DNA was detected in
tear samples from the uninjected (or previously injected) eye until day 3 postinjection. Vector DNA was detected in serum in 3/29
(10%) subjects, including two with vector DNA in tear samples up to day 3 after each injection.

DENGVAXIA Sanofi Pasteur Dengue serotypes 1-4 Yellow fever 17D204 May 2019
vaccine strain encoding
prM and E proteins
from dengue 1 to 4*

Biosafety-related guidance in package insert:

e In persons not previously infected by dengue virus, an increased risk of severe dengue disease can occur after vaccination with
DENGVAXIA and subsequent infection with any dengue virus serotype.

e There is no FDA-cleared test available to determine a previous dengue infection.

e Vaccination with DENGVAXIA may not protect all individuals. It is recommended to continue personal protection measures against
mosquito bites after vaccination.

e Vaccine viremia can occur 7-14 days after vaccination with a duration of <7 days. The potential for transmission of the vaccine virus
from mother to infant through breast milk is unknown. Vertical transmission of dengue virus, including potentially through breast
milk, has been reported.

ZOLGENSMA Novartis Spinal muscular atrophy ~ AAYV vector (serotype 9) May 2019
designed to express the
SMN1 geneb

Biosafety-related guidance in package insert:

e Vector shedding after infusion with ZOLGENSMA was investigated at multiple time points during the completed clinical trial.
Vector DNA was shed in saliva, urine, and stool after infusion of ZOLGENSMA, with much higher concentrations of vector DNA
found in stool than in saliva or urine. The vector DNA concentration in saliva was low on day 1 after infusion and declined to
undetectable levels within 3 weeks. In urine, the vector DNA concentration was very low on day 1 after infusion and declined to
undetectable levels within 1-2 weeks. In stool, the vector DNA concentration was much higher than in saliva or urine for 1-2 weeks
after infusion and declined to undetectable levels by 1-2 months after infusion.

e Temporary vector shedding of ZOLGENSMA occurs primarily through body waste. Advise caregivers on the proper handling of
patient feces; recommended procedures include sealing disposable diapers in disposable trash bags and then discarding into regular
trash. Provide instructions to caregivers and family members regarding proper hand hygiene when coming into direct contact with
patient body waste. These precautions should be followed for 1 month after ZOLGENSMA infusion.

(continued)
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Table 1. (Continued)

Name Manufacturer Indication Recombinant DNA Approval date

ERVEBO Merck Ebola vaccine VSV-based vector, VSV- December 2019
G deleted and replaced
with Ebola Zaire
envelope glycoprotein®

Biosafety-related guidance in package insert:

e Vaccinated individuals should continue to adhere to infection control practices to prevent Zaire ebolavirus infection and transmission.

e Vaccine virus RNA has been detected in blood, saliva, urine, and fluid from skin vesicles of vaccinated adults; transmission of vaccine
virus is a theoretical possibility.

o Shedding of vaccine virus into the urine or saliva was evaluated in 299 subjects enrolled in seven clinical studies who were vaccinated
with ERVEBO or lower dose formulations. Vaccine virus RNA was detected by RT-PCR in the urine or saliva of some subjects at time
points ranging from days 1 to 14 postvaccination. In the two studies that assessed shedding at day 28, no samples tested positive. Vaccine
virus RNA was detected by RT-PCR in vesicular fluid samples from some subjects. In one subject, a sample collected 20 days after
vaccination tested positive for vaccine virus RNA by RT-PCR.

TECARTUS Kite (Gilead) (r/r) mantle cell lymphoma CAR T cells—retrovirus July 2020
transduced. Targeting
CD19

Biosafety-related guidance in package insert: Comparable with Yescarta, Differences hereunder.
e In the event that a secondary malignancy occurs, contact Kite at 1-844-454-KITE (5483) to obtain instructions on patient samples to
collect for testing.

Pfizer-BioNTech Pfizer COVID-19 vaccine mRNA encoding SARS-  “December 2020
COVID-19 vaccine CoV-2 spike protein (adults), “May 2021
(12-15 YO)

Biosafety-related guidance in package insert: None

mRNA-1273 Moderna Therapeutics COVID-19 vaccine mRNA encoding SARS- “December 2020
CoV-2 spike protein

Biosafety-related guidance in package insert: None

Janssen COVID-19 Janssen Vaccines COVID-19 vaccine Human adenovirus 26 “February 2021
vaccine (Johnson and encoding the SARS-
Johnson) CoV-2 spike protein®
Biosafety-related guidance in package insert: None
BREYANZI Bristol Myers Squibb  (r/r) large B cell lymphoma CAR T cells—lentivirus February 2021
transduced. Targeting
CD19

Biosafety-related guidance in package insert: Comparable with Kymriah. Differences hereunder.

o Patients treated with BREYANZI may develop secondary malignancies. Monitor lifelong for secondary malignancies. In the event
that a secondary malignancy occurs, contact Bristol-Myers Squibb at 1-888-805-4555 for reporting and to obtain instructions on
collection of patient samples for testing.

e In vitro studies with BREYANZI manufactured from healthy donors and patients showed no evidence for transformation and/or
immortalization and no preferential integration near genes associated with oncogenic transformation.

YESCARTA Kite (Gilead) (t/r) follicular lymphoma  CAR T cells—retrovirus March 2021
transduced. Targeting
CD19

Biosafety-related guidance in package insert: See Yescarta entry earlier

ABECMA Bristol Myers Squibb (r/r) multiple myeloma CAR T cells—lentivirus March 2021
transduced. Targeting
BCMA

Biosafety-related guidance in package insert: Comparable with Breyanzi. Differences hereunder.

e CMV infection resulting in pneumonia and death has occurred after ABECMA administration. Monitor and treat for CMV
reactivation in accordance with clinical guidelines. HBV reactivation, in some cases resulting in fulminant hepatitis, hepatic failure,
and death, can occur in patients treated with drugs directed against plasma cells. Perform screening for CMV, HBV, HCV, and HIV in
accordance with clinical guidelines before collection of cells for manufacturing. Consider antiviral therapy to prevent viral
reactivation per local institutional guidelines/clinical practice.

“Denotes replication competent viral vector.

®Denotes replication-deficient viral vector. Package inserts referenced.?®?

“Denotes emergency use authorization rather than traditional FDA approval.

AAV, adeno-associated virus; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; CMV, cytomegalovirus; ctxA, cholera toxin A gene;
E, envelope; FDA, Food and Drug Administration; GM-CSF, granulocyte and macrophage colony stimulating factor; HBV, hepatitis B virus; HCV, hep-
atitis C virus; hlyA, hemolysin gene locus; HSV-1, Herpes Simplex Virus Type 1; mRNA, messenger RNA; NATS, nucleic acid tests; prM, pre-membrane;
1/t, relapsed or refractory disease; RT-PCR, reverse transcriptase polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome corona virus 2
(the virus that causes COVID-19); VSV, vesicular stomatitus virus; VSV-G, glycoprotein from vesicular stomatitus virus.
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Table 2. Comparison of timelines for the research, development, testing, and approval of Moderna’s messenger RNA-based
vaccine and Janssen’s adenovirus-based vaccine against SARS-CoV-2

Event

December 31, 2019: WHO office in China picks up
reports of “‘viral pneumonia’” in Wuhan, China®’

January 11, 2020: China publishes the SARS-CoV-2 Moderna (mRNA-based vaccine)

genetic sequence

Vaccine research and development

January 13, 2020: NIAID

Janssen (adenovirus-based vaccine)

January 2020: Research and development

and Moderna design vaccine begins
February 24, 2020: Moderna ships March 2020: Lead vaccine candidate
first batches of vaccine to NIH identified

Phase I trial

Phase 1I trial

Phase III trial

File with FDA for EUA

Review by FDA advisory committee
FDA issues emergency use authorization

Total time from R&D to EUA 48 Weeks

March 16, 2020
May 29, 2020

July 27, 2020
November 30, 2020
December 17, 2020
December 18, 2020

July 2020 (Phase I/II)
July 2020 (Phase I/II)
September 2020
February 4, 2021
February 26, 2021
February 27, 2021

58 Weeks

Approval of Moderna’s mRNA-based vaccine®®~°

and Janssen’s adenovirus-based vaccine** ™ against SARS-CoV-2.

EUA, Emergency Use Authorization; NIAID, National Institutes of Allergy and Infectious Diseases; NIH, National Institutes of Health; R&D, research

and development; WHO, World Health Organization.

so effective across the entire age spectrum, the different
ethnic and racial backgrounds, was one of the most pleas-
ant surprises in an otherwise bleak year.”*’

The success of mRNA-based vaccines as well as the pre-
viously mentioned recombinant virus-based vaccines cre-
ate hope for a new era of Vaccinology."'g_50 Rather than
depending on traditional and time-consuming culture-
based methods for developing and manufacturing vaccines,
this new era utilizes recombinant DNA technology to cre-
ate designer vaccines intended to utilize the bodies’ cells to
make the targeted antigen rather than manufacturing it in a
factory. The speed with which vaccines have been devel-
oped, tested, mass produced, and distributed during the
COVID-19 pandemic is unprecedented and bodes well
for a new era on the war against infectious diseases.

Already as the COVID-19 pandemic begins to quell
pharmaceutical companies are taking aim at their next am-
bitious targets. A recombinant vesicular stomatitis virus
(VSV) - based vaccine against Ebola has already obtained
FDA approval. Highly virulent agents such as Nipah virus
are in the cross hairs for future vaccines. Vaccines against
more common agents associated with high morbidity, in-
cluding fetal pathogens such as Zika virus, herpes simplex
viruses, and cytomegalovirus, have been developed and
are approaching clinical trials.’! Newly developed vac-
cines against major causes of death in the developing
world (respiratory syncytial virus, tuberculosis, HIV, and
malaria) are also approaching clinical trials.”>>¢

With the success of mRNA-based vaccines, a number
of large pharmaceutical companies are redirecting re-
sources to focus on developing mRNA-based drugs for ap-
plications beyond infectious diseases.’®>’®! Oncology

research in particular is shifting away from conventional
treatment strategies that employ chemotherapy, radiation,
or surgery and focusing on targeted immunotherapies.62
mRNA-based cancer vaccines are a promising alternative
for a personalized treatment strategy designed to target
tumor-associated antigens that are preferentially expressed
in cancerous cells, such as growth factors or antigens that
are unique to malignant cells arising from somatic muta-
tion.”®°® The availability of high-throughput sequencing
of tumor biopsies allows for the identification of neoanti-
gens specific to the patient’s tumor and the development of
mRNA-based vaccines targeting them. %6768

Revolution 2: CAR T Cells
CAR T cells have been successfully applied to treat resistant
or refractory B cell leukemias and lymphomas. To date, the
FDA has issued seven approvals for CAR T cell therapies
and the number is likely to grow as hundreds of CAR T
cell trials are currently taking place around the globe.®~"!
Gene transfer technology allows the modification of
T cells to express alternatives to their endogenous T cell re-
ceptors. First-generation CARs comprised an extracellular
antigen-binding moiety, a transmembrane domain and the
intracellular CD3 zeta chain responsible for signal trans-
duction from a T cell receptor (Figure 2A). The most com-
mon antigen-binding domain employed currently is a
single chain variable fragment derived from the variable
domain of antibodies. The CAR allows for binding of
cell surface antigens without relying on antigen presenta-
tion within the context of the human leukocyte antigen
(HLA). This approach is beneficial as downregulation of
the HLA is a common means of immune evasion utilized
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by cancers. Once the CAR T cells bind their cognate anti-
gen signaling through the CD3 zeta domain causes down-
stream T cell activation. Second- and third-generation
CAREs included costimulatory domains which enhanced T
cell activation and had dramatic effects on efficacy as
well as development of a memory phenotype that resulted
in prolonged engraftment in vivo.

Autologous CAR T cells, where the donor and recipient
are the same patient, typically require 2—4 weeks to progress
from the initial leukaphereses product, through manufactur-
ing and quality control testing before release for clinical use.
As replication-deficient retroviral or lentiviral vectors are
commonly used to transduce the T cells with the construct
encoding the CAR, the final product must be tested for rep-
lication competent virus before release. Given the risk of in-
sertional mutagenesis leading to oncogenic transformation,
the FDA recommends a long-term follow-up period of up
to 15 years for recipients of the cellular product.

Toxicities from CAR T cell therapies range from mild to
severe and life-threatening, of note being cytokine release
syndrome (CRS) and neurotoxicity. The severity of the
CRS correlates with tumor burden. It is currently unknown
if cerebral edema resulting from CAR T cell therapy is trig-
gered by severe CRS or if a separate mechanism is at play.
Study of the mechanisms involved is hampered by the lack
of adequate animal models. However, both CRS and neuro-
toxicity are largely reversible with well-established treat-
ment regimens. A description of the CAR T cell utilized as
well as the associated risks and long-term follow-up period
must be present in the IRB-approved informed consents uti-

lized in clinical trials. CAR T cells have also been engi-
neered with safety mechanisms to eliminate them in cases
of severe toxicity such as drug-inducible apoptosis and con-
stitutive expression of surface epitopes that can be targeted
with FDA-approved monoclonal antibodies.
“Off-the-shelf” CAR T cell products derived from
healthy donor T cells may mitigate several long-standing is-
sues with autologous CAR T cell therapies.n’75 As the start-
ing material does not originate from cancer patients prior
conditioning from tumor-derived suppressor cells and T
cell exhaustion are no longer a concern as well as insults
from prior chemotherapy regimens. Off-the-shelf T cells
are manufactured in advance and are intended to be readily
available in a frozen state. Rather than requiring a patient to
undergo leukapheresis and wait weeks for the manufactured
product to be delivered for infusion, off-the-shelf CAR T
cells only require thawing and transport to the infusion
suite. Furthermore, the cells are manufactured from pools
of healthy donors that allow for mass production and econ-
omies of scale to reduce costs rather than creating a single
product for each patient with an autologous approach.
Gene editing technology makes off-the-shelf CAR T
cell products possible (Figure 2B, 2C). Surface expres-
sion of the endogenous T cell receptor is prevented to
avoid graft versus host diseases. Surface expression of
the HLA can also be prevented to avoid host rejection
of the engrafted cells and prolong their longevity
in vivo. Prolonged engraftment of CAR T cells is associ-
ated with prolonged remission. Studies of autologous
CAR T cells have seen engraftment lasting several
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years. More recent data with newly developed off-the-
shelf CAR T cells have shown engraftment lasting 6
months. Further study is required to determine if off-
the-shelf CAR T cells devoid of HLA expression can sur-
vive in recipients as long as autologous CAR T cells.

CAR T cells can be engineered to express multiple
receptors that allow for combinatorial antigen-sensing
circuits.”®”” The T cells can be engineered to utilize
Boolean logic for greater precision and avoid on target,
off tumor effects such as attacking nonmalignant by-
stander cells expressing one of the antigens targeted by
the CAR T cells. This approach would require multiple
different targeted antigens to be present on a cell before
CAR T cell-mediated killing. Dominant negative or sup-
pressive receptors can also be utilized to avoid attacking
nonmalignant bystander cells.

Although CAR T cells have been greatly successful in
treating B cell leukemias and lymphomas, they have had
limited success in treating solid tumors. A likely cause
for this phenomenon is the immune-suppressive tumor
microenvironment. Designing CAR T cells for this pur-
pose is an area of active study focusing T cell trafficking
to the tumor, and abrogating the T cell’s ability to accept
suppressive signals whether they be contact dependent
(PDL-1, CTLA-4, etc.) or independent (hypoxic environ-
ment, suppressive cytokine milieu, deprivation of T cell
survival factors, etc.).”® Other approaches include
employing other cell types such as CAR natural killer
cells and CAR macrophages.

Revolution 3: Multiple Options Abound for Developing
Treatments for Rare Diseases
The 1983 Orphan Drug Act defines a rare disease as a dis-
ease or condition that affects <200,000 people in the
United States.”” Over 7000 rare diseases affect >30 mil-
lion people in the United States. Many rare conditions are
life-threatening and most do not have treatments. The
Orphan Drug Act creates incentives for development of
orphan drugs to treat such diseases.*® Given the small
number of individuals affected by any one rare disease
or condition, a pharmaceutical company that develops
an orphan drug may reasonably expect the drug to gener-
ate relatively small sales in comparison with the cost of
developing the drug and consequently to incur a financial
loss. Recent advancements in clinical use of recombinant
DNA technology create opportunities for addressing
great unmet medical need in the realm of rare diseases.
“I am very excited for the field because I feel like
we’re beginning to get to a critical mass,”” where a single
method or product can be deemed safe and then adapted
for many uses, said Dr. Peter Marks, head of the FDA
CBER that regulates gene therapies.®’

Two drugs based on AAV-based vectors have already
received FDA approval for treatment of rare diseases, the
aforementioned Luxturna and Zolgensma. AAV-based

vectors are a popular tool for gene transfer to address sin-
gle gene mutations.®*®* The basic biology of AAV vec-
tors is summarized elsewhere.** AAV is a small virus
with a 4.7kb single-stranded DNA genome giving it a
limited payload capacity. Wild-type (WT) AAV is a
Risk Group 1 organism that typically infects humans be-
tween 1 and 3 years of age. The resulting asymptomatic
infection frequently results in both cellular and humeral
immunity directed against capsid proteins.85 6 AAV vec-
tors can infect both dividing and nondividing cells.

Whereas WT AAV may integrate into host genomes
at specific AAV integration sites, AAV vectors devoid
of the Rep gene tend to form episomes in the nucleus
of transduced cells. Genomic integration is observed at
0.1-1% of transduction events, which has caused some
concern about cancer risks. Whereas tumorigenesis was
observed in a neonatal mouse model, it has not been ob-
served in large animal studies or human trials.®” " To
date, 12 different AAV serotypes have been identified
with capsids binding to different cellular receptors grant-
ing each serotype enhanced tropism for different cells
and tissues.***® Whereas WT AAV is dependent on
a helper virus for replication, commercially available
packaging systems provide the necessary genetic mate-
rial for viral replication in trans through multiple plas-
mids and enable creation of AAV vectors without
utilizing a contaminating helper virus.”!

Intravenous infusion of AAV results in trafficking to
the liver, making AAV an attractive vector for hepatic
gene therapy trials.”? Multiyear transgene expression
after gene transfer to the liver has been observed in hu-
mans and large animals.”>* Transgene expression in he-
patocytes leads to antigen specific tolerance, which may
be beneficial for diseases where intravenous infusion of
therapeutic proteins leads to production of neutralizing
antibodies that decrease efﬁcacy.()5

Although AAYV is a popular gene transfer vector it has
some drawbacks. Pre-existing neutralizing antibodies can
interfere with the efficacy of the gene transfer vector
when administered intravenously and may require adminis-
tration of higher doses.****** Transgene expression takes
place in a dose-dependent manner.****%* Unfortunately,
vector doses also correlate with anti-AAV capsid immune
responses that can lead to elimination of transgene express-
ing cells. As AAV vectors are unable to replicate in host
cells, transgene expression is diluted as transduced cells di-
vide. Although AAV has traditionally exhibited an excellent
safety profile, clinical trials utilizing high doses (e.g., 10"
viral genomes/kg), especially in subjects with pre-existing
conditions, have caused some to express concern.

Whereas AAV vectors provide long-term gene expres-
sion, mRNA-based technology is an attractive approach
for developing therapies for rare monogenic diseases
due to its transient expression proﬁle.99 The transient na-
ture of mRNA and high-safety profile allows for it to be
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utilized to restore or replace therapeutic proteins without
relying on viral vectors. Delivery through lipid nanopar-
ticle grants the mRNA access to the cellular cytosol lead-
ing to translation of the encoded protein without risks for
insertional mutagenesis into the host cell genome. Reli-
ance on cellular biosynthetic machinery allows the protein
product to receive requisite post-translational modification
and be trafficked to the appropriate subcellular compart-
ment or be excreted based on the encoded leader sequence.

The mRNAs are not immunogenic eliminating con-
cerns of neutralizing antibodies from repeated exposure
to the gene transfer vehicle, which is a common concern
with viral vectors. Unlike the permanent nature of viral
vector-based gene transfer, mRNA is present transiently
in cells limiting toxicity concerns. Owing to the nonper-
manent nature of mRNA therapy, one has the ability to
titrate the dose within an individual to identify an effica-
cious dose level and the ability to stop dosing in the event
of an unexpected safety concern.

Packaging mRNA in lipid nanoparticles confers upon
it sufficient environmental stability to be administered
by injection into target tissues or nebulized for use in
the respiratory tract for diseases such as cystic fibrosis.
Nebulization creates the potential for droplets, aerosols,
and contamination of the treatment area. A risk assess-
ment should be performed to ensure adequate contain-
ment and decontamination strategies are in place.

Considerations for IBC Review

The landscape for performing IBC review of clinical trials
has changed considerably for the past few years.! Gene
therapy trials no longer require registration with the NIH
OSP or consideration for review by the former NIH
Recombinant DNA Advisory Committee. Appendix M
of NIH Guidelines, which provided the bulk of guidance
regarding IBC review of human gene transfer research,
was removed from the 2019 version of NIH Guidelines.
From that point forward, IBC review would be comparable
with other types of nonexempt recombinant DNA and was
covered under NIH Guidelines Section III-C-1. The docu-
ments previously required to register clinical trials with the
NIH are now recommended for IBC review under the FAQ
page titled Points to Consider for IBCs Reviewing
Human Gene Transfer Protocols.”

IBCs sometimes face difficulties in obtaining the nec-
essary information to perform a risk assessment and
should take pre-emptive action to facilitate IBC review
of clinical trials before their submission. IBCs overseeing
research at academic medical centers should have the
requisite expertise as well as codified policies and proce-
dures for review of clinical trials. Guidance should be
posted online detailing the documents required for IBC
review. Clinical research personnel may have different
backgrounds than laboratory research personnel and
may be unfamiliar with the nature of IBC review. Unlike

investigators in biomedical laboratories, clinical investi-
gators typically do not create the investigational product
containing the recombinant or synthetic nucleic acid mol-
ecules. As such, they are dependent on the study docu-
mentation sent to them from the pharmaceutical
company serving as the research sponsor or the contract
research organization (CRO) running the clinical trial.
A detailed description of the design of the investigational
product is typically found in the Investigator’s Brochure
(IB) in a section titled, Physical, Chemical, and Pharma-
ceutical Properties and Formulations. If the IB does not
provide sufficiently detailed information for the IBC to
perform a risk assessment, study personnel can request
additional information from the sponsor or CRO. If
study contacts are unable to answer the IBC’s questions
about the design of the investigational product, it may
be beneficial to request the portion of the Chemistry Man-
ufacturing and Controls (CMC) document detailing the
design and manufacture of the investigational product.'®
This document is required to obtain an IND from the
FDA. The CMC document is routinely considered confi-
dential and sponsors or CROs may be hesitant to divulge
it without justification.

Clinical use of recombinant or synthetic nucleic acid
molecules pose added challenges for IBCs and biosafety
professionals. NIH Guidelines and the Biosafety in Micro-
biological and Biomedical Laboratories are written for re-
search in the laboratory setting and more comprehensively
address facilities for plant and animal research than the
clinical setting. Once investigational products receive
FDA approval confusion can arise regarding whether re-
search oversight is required. On label use of approved
drugs is not considered research and can be conducted
without research oversight as standard of care. However,
off label use of drugs containing recombinant or synthetic
nucleic acid molecules brings those materials back under
the IBC’s purview for research purposes.

As the field of gene therapy matures and hundreds of
studies progress toward late stage multisite trials, spon-
sors and CROs experience great efficiencies when utiliz-
ing independent, externally administered IBCs that are
centrally administered. Centrally administered IBCs pro-
vide sponsors and CROs a single point of contact for
submission, tracking and managing large multisite stud-
ies. Study-level documents are only submitted once and
site-level personnel utilize the same forms, policies,
and procedures across all sites to submit site-specific
information (principal investigator, curriculum vitae, fa-
cility details, standard operating procedures, etc.). The ef-
ficiencies of centrally administered IBC review are
comparable with those that drove the requirement for sin-
gle IRB review of federally funded multisite clinical tri-
als. A key benefit of single IRB review is the opportunity
for faster testing of investigational products as well as in-
creasing patient access to clinical trials that may result in
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life-altering or life-saving outcomes to individuals suffer-
ing from conditions with no approved treatment alterna-
tives. Major academic medical centers are beginning to
see centralized IBC review as necessary infrastructure
for large-scale clinical trials.'®''** Yet, this important
benefit of single IRB review can be lost because a similar
mandate does not currently exist for biosafety reviews.
Whereas approval from a central IRB may be issued in
days, patient access can be delayed if IBC reviews are
not completed just as quickly. This delay can be several
weeks, when awaiting approval from an IBC that meets
only once per month, or longer if the IBC requires multi-
ple review cycles to issue approval.

Conclusion

In this report, we highlight recent advancements in the
field of gene therapy as well as some of the associated
challenges that may be faced by biosafety professionals
and IBCs with responsibilities over clinical research.
We provide guidance in performing risk assessments
for the currently approved gene therapy products as
well as the most utilized types of investigational products
in clinical trials. We also provide guidance for obtaining
the necessary information to perform IBC reviews for
these investigational products.

The COVID-19 pandemic has created several opportu-
nities for continued growth of the gene therapy field.
Efforts to vaccinate >70% of adults in the United States
with vaccines containing recombinant or synthetic
nucleic acid molecules will result in greater public accep-
tance of gene therapy research. Technological advance-
ments that made the vaccine race possible will spur the
next generation of gene therapy research. Advancements
born in the developed world set the stage for the creation
of therapeutics to treat greater numbers in the developing
world and have the potential for massive benefits to
global public health.

Biosafety professionals and IBCs have always
played key roles in contributing to the safe evidence-
based advancement of gene therapy research. Biosafety
professionals responsible for clinical research over-
sight must be aware of the changing regulatory land-
scape as well as emerging technologies and their
associated risks to support the safe and ethical conduct
of research.
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