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AAV Gene Therapy in Large Animal
Models

1.  InVivo Selection of Randomly Integrated
rAAV Vectors

Amita Tiyaboonchai, Anne Vonada, Markus Grompe
Oregon Health and Science University, Portland, OR

Recombinant adeno associated viruses (rAAVs) are a powerful tool for
gene delivery. While historically thought to be non-integrating, it is
now known that rAAV's can randomly integrate into the genome at low
frequencies. Compared to episomal expression, these integrated vectors
have the advantage of persisting through cell divisions. However, these
integration events are typically too infrequent to result in therapeutic
levels of expression of the delivered transgene. Our lab has previously
demonstrated a strategy to expand a small population of hepatocytes
that have the desired gene edit to therapeutic levels. This strategy
utilizes a drug selectable cassette consisting of a Cytochrome P450
reductase (Cypor) targeted shRNA. Cypor is an obligate cofactor of
Cytochrome P450 enzymes and is necessary for the metabolism of the
drug acetaminophen to its hepatotoxic byproduct. In the absence of
Cypor, acetaminophen cannot be metabolized, and hepatocytes that
have lost Cypor are protected against high doses of acetaminophen.
Due to the regenerative nature of hepatocytes, these acetaminophen-
protected cells can expand to therapeutic levels. When the selectable
shRNA is linked in cis with a therapeutic transgene, this method
can selectively expand hepatocytes that have a stably integrated
transgene. We hypothesized that this selection method could be used
to expand rare random rAAV integration events to therapeutic levels.
We delivered rAAV containing a U6-driven shRNA targeting Cypor
and a CAG promoter driving human Factor IX (hFIX) into wildtype
neonatal and adult mice. To expand the population of hepatocytes
with the integrated rAAV, the mice were placed on an acetaminophen
containing diet. Blood hFIX concentration increased over time up
to 50-fold, readily reaching therapeutic levels. This demonstrates the
expansion of hepatocytes expressing integrated copies of transgene.
Immunofluorescent staining for Cypor confirmed the clonal expansion
of Cypor-negative hepatocytes to 20% of the liver. Thus, we conclude
that the random integration of conventional rAAV gene therapy vectors
in combination with a selection cassette and regimen can be utilized to
expand small populations of hepatocytes bearing chromosomal rAAV
integrations to therapeutic levels.
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2. Bicistronic AAV Gene Therapy for Tay-
Sachs and Sandhoff Diseases in the Sheep
Model of Tay-Sachs

Toloo Taghian', William C. Baker', Stephanie
Bertrand?, Abigail W. McElory', Hector R. Benatti',
Jillian Gallagher', Erin Hall', Deborah Fernau', Kalajan
L. Mercado?, Lauren FEllis?, Elise Diffie*, Amanda
Gross’, Anne S. Maguire’, Monique Otero', Rachel
Prestigiacomo?, Rachael Gately?, Hannah Lahey', Ana
Rita Batista', Amanda Taylor?, Jey Koehler’, Douglas
R. Martin®, Miguel Sena-Esteves', Heather L. Gray-

Edwards'

"UMass Chan Medical School, Worcester, MA,*Tufts Cummings School of
Veterinary Medicine, Grafton, MA,*Auburn University, Auburn, AL,*Auburn
Univeristy, Auburn, AL

Tay-Sachs and Sandhoff diseases (TSD, SD) are fatal neurodegenerative
disorders, caused by mutations in alpha or beta subunit respectively,
of the enzyme Hexosaminidase A (HexA). Hex A deficiency results
in GM2 ganglioside storage and subsequent neuronal death. Here we
report on the preclinical therapeutic efficacy of a bicistronic AAV9
vector in TSD sheep after intravenous (IV, n=5) or cerebrospinal fluid
injection by combined bilateral ventricular injection, cisternal magna
and lumbar intrathecal injection (CSE 1E14 vg n=5 long term; n=
4 short term end point at 5 months). Sheep treated IV survived to
18+5 months and CSF treated sheep are ongoing with the oldest now
more than 4 years old (untreated TSD sheep survive ~ 9+0.5 months).
Both IV and CSF treated TSD sheep exhibited marked attenuation
of neurologic disease as well as normal cognition as measured by
maze testing. GM2 ganglioside and HexA levels in CSF normalized
by 1 month after CSF administration and remained at normal range.
CSF GM2 in the IV cohort were intermediate of TSD and normal
sheep. No increase in Hex A levels in serum was noted in either
the IV or CSF cohorts. Magnetic resonance spectroscopy (MRS)
showed normalization of markers of neuronal health, myelination,
and metabolism in the CSF treated cohort and partial improvement
in the IV cohort. Diffusion tensor imaging (DTI) demonstrated the
decrease in microstructural integrity and increase in water diffusion
through white matter of TSD thalamus. In line with MRS findings,
CSF and IV treatment normalized the abnormalities of white matter
structure. The CSF treated cohort had serum anti AAV9 neutralizing
antibodies (Nab) > 1:10 and 1:20 at the time of treatment that increased
to a maximum of 1:160. CSF treatment resulted in at or above normal
Hex A levels (3X-20X) throughout the brain and spinal cord. IV
treatment resulted in Hex A activity in spinal cord at ~ 70% and 100%
of normal level in cervical and lumbar sections, ~ 20% in cerebellum
and brainstem and low levels in other brain regions (up to 10%). CSF
treatment normalized GM2 levels in brain and spinal cord, with the
exception of the thalamus and temporal cortex where GM2 levels
decreased by 50%. IV treatment lowered GM2 levels to ~30% of TSD
in cervical and lumbar spinal cord, while GM2 levels in brain remained
at untreated TSD levels. Vector biodistribution in CNS is in line with
Hex A expression. Partial normalization in peripheral nerve was noted
in both the IV and CSF cohorts. QPCR detected up to 10X higher copy
number for IV cohort in autonomic nerves (vagus, sympathetic chain

Molecular Therapy Vol 30 No 451, April 2022 1



AAV Gene Therapy in Large Animal Models

and vago-sympathetic trunk), but was not reflected by Hex A levels.
CSF treatment, increased Hex A levels to 10% normal in muscle and
~7% normal in liver. IV treatment normalized Hex A levels in muscle
and resulted in 10% normal Hex A activity in heart and spleen and
~4% normal in liver. The increase in Hex A was sufficient to decrease
GM2 levels to below 50% TSD level in heart, muscle, and liver in both
cohorts. Change in Hex A levels for both cohorts were not sufficient to
decrease GM2 levels in spleen, lung and kidney as compared to TSD.
These data show promise for a minimally invasive treatment for TSD
and SD using this bicistronic vector construct, which provided the
basis for submission of a pre-IND application.

3. Vagus Nerve Delivery of AAV9 to Treat
Autonomic Nervous System Dysfunction in
Giant Axonal Neuropathy

Rachel M. Bailey', Diane Armao?, Irvin Garza', Yuhui
Hu!, Sydni Holmes', Alejandra Rozenberg?, Angela

Price', Steven J. Gray'

'UT Southwestern Medical Center, Dallas, TX,?University of North Carolina at
Chapel Hill, Chapel Hill, NC

Giant axonal neuropathy (GAN) is a rare pediatric disorder caused
by autosomal recessive loss-of-function mutations in the GAN gene.
A Phase I study (NCT02362438) is underway to test the safety of
lumbar-injected, intrathecal (IT) delivered scAAV9/JeT-GAN to
treat the most severe aspects of GAN. While GAN is primarily
described as a progressive motor and sensory neuropathy, pathology
is apparent throughout the autonomic nervous system (ANS) and
patients frequently present with enteric and autonomic dysfunction.
The distribution of IT-delivered AAV9 to peripheral ganglia is
limited, so we hypothesized that if AAV9/GAN is also delivered via
the vagus nerve (VN) then critical ANS neurons will be transduced,
resulting in a greater amelioration of ANS dysfunction as compared
to IT delivery alone. We tested this approach in a GAN rat model that
we previously developed. Adult GAN rats received a single IT or a
combination IT and vagus nerve injection of AAV9/GAN or vehicle
and were monitored for up to 20 months post-injection. Rats were
implanted with telemetry devices to record blood pressure, heart rate,
respiration and body temperature under basal conditions and following
ANS stimulation. At baseline, there was not a detectable difference in
autonomic function between WT and GAN KI rats. However, upon
challenge of the autonomic nervous system with pilocarpine, GAN
KI rats had abnormal blood pressure, heart rates and respiration as
compared to WT rats. The effect of pilocarpine on body temperature
was normal in the KI rats. IT only delivery of AAV9/GAN improved
respiration and blood pressure in GAN KI rats. Combined IT+VN
delivery of AAV9/GAN showed greater efficacy than IT alone with
normalization of respiration, blood pressure and heart rate responses
as compared to control WT rats. Histological analysis of tissues also
showed an unexpected additive benefit of combined IT+VN delivery
in preventing nerve fiber loss within the dorsal columns of the spinal
cord as compared to IT alone treatment. These results support that a
simultaneous dual-route administration could be proposed for future
patients. To our knowledge, VN injection of AAV has not been utilized
in large animals or humans, so we tested the feasibility of this approach
in dogs. Adult hounds received a direct vagus nerve injection of AAV9/
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CBh-GFP and were observed for 3 weeks post-injection. Vocalization,
weight, eating and fecal output were monitored pre and post-surgery.
Overall, the injections were well-tolerated. Post-mortem analysis
showed that in agreement with our previous studies in rats, there was
efficient targeting of vagal neurons of the nodose ganglia, dorsal motor
nucleus, visceromotor neurons and fibers of the nucleus ambiguous,
and viscerosensory neurons and fibers of the nucleus tractus solitarius.
Together these results support that direct VN delivery of AAV9 can
efficiently transduce neurons critical for ANS function in large animals.
Previously, we found that rats pre-immunized with AAV9 had efficient
GFP transduction in vagal nerve fibers and neurons when they received
a second dose of AAV9 via the vagus nerve, albeit to a reduced level
as compared to naive rats. Histological analysis showed an excellent
safety profile without evidence of neuroinflammation or significant
chronic inflammatory infiltrates. It remains to be determined in a large
animal if direct vagal nerve injection could allow for redosing of AAV9
to target the ANS in subjects that previously received an AAV9 gene
therapy. Additional studies are warranted to translate this approach
into clinical testing for patients with GAN. Results from these studies
are immediately applicable to GAN but may extend to treating a wider
variety of neurological diseases.

4. Assessment of Gene Therapy Treatment
in the Pompe Disease Canine Model

Megan K. Pope’, Kirsten Coleman', Megan Wichman',
Denise Cloutier!, Christina Cousins?, Lee Ann Mueller?,
Victoria Whitehead?, Naresh Meena*, Nina Raben?,
Manuela Corti', Barry Byrne'

'Pediatrics, University of Florida, Powell Gene Therapy Center, Gainesville,
FL,?Pediatrics, University of Florida, Gainesville, FL,’ProtoKinetics, Haverton,
PA,*National Institutes of Health, Bethesda, MD

Pompe disease is a recessive lysosomal storage disease caused by a
deficiency in the lysosomal enzyme acid a-glucosidase (GAA). A
naturally occurring nonsense mutation in the Finnish Lapphund
canines have been found to have many similarities to infantile onset
Pompe disease (IOPD) in humans based on the pathophysiology in
skeletal muscle, smooth muscle, motor neurons and cardiac function.
The only approved treatment for Pompe disease in humans is enzyme
replacement therapy (ERT) that improves striated muscle function
yet does not cross the blood brain barrier and requires life-long
treatment. Additionally, patients with no-endogenous activity also
require immune management to prevent anti-drug antibodies. We
have studied the long-term effects of systemic gene therapy using
recombinant adeno-associated virus serotype 9 (rAAV9) to replace
the human GAA (hGAA) gene in 6 Pompe disease affected canines.
Concomitant administration of a second AAV vector to promote
hGAA tolerance in target hepatocytes was given to select canines. We
followed the disease progression with baseline physical exams, total
health blood panel through IDEXX (including chem 27 with IDEXX
SDMA?®, IDEXX CBC-select®, canine Cardiopet® proBNP, total T4,
canine troponin I), anti-capsid and anti-transgene antibody levels
in peripheral blood, electrocardiogram (ECG), echocardiogram and
photographic documentation prior to dosing. Canines were started on
an immunomodulation regime of prednisone (1mg/kg) and sirolimus
(Img/m?) administered orally once a day for 7 days prior to dosing and
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continued post dosing for up to 3 months. On the day of dosing, prior
to gene therapy delivery, a dose of diphenhydramine (1mg/kg) is given
subcutaneously (SQ) followed by anti-thymocyte globulin (rabbit)
(3mg/kg) intravenously (IV) and then Solu-Medrol (1mg/kg) IV. Two
unaffected canines and one affected canine served as controls. One
affected canine was treated at 8 months old with rAAV9-Des-hGAA
at 2x10"vg/kg IV to study the impact of established disease pathology
reversibility of the phenotype. One affected canine was treated at
4 weeks old with rAAV9-Des-hGAA at 3x10">vg/kg intrathecally
(IT) to evaluate the option of CNS treatment only. The remaining
3 canines were treated at 3-4 weeks old with rAAV9-Des-hGAA at
3x10" - 1x10'vg/kg and rAAV9-LSPcoGAA at 1x10" - 1x10" vg/kg
IV simultaneously. Post dosing, we monitored anti-capsid antibody
levels and vector genome circulation levels at 1 hour, 24 hours, 3, 7,
and 14 days post dosing. Daily adverse event assessments and weight
monitoring were performed with monthly physical exams, total health
blood panel through IDEXX, anti-capsid and anti-transgene antibodies,
circulating vector genomes, ECG, echocardiogram, and photographic
documentation. Every 3 months gait mat analysis (ProtoKinetics®)
and a hindlimb muscle biopsy is performed. Gene therapy treatment
at 3-4 weeks old demonstrated significant improvement to skeletal
muscle development, prevention of cardiomyopathy and prolongs
the expected lifespan of Pompe affected canines. Sustained correction
of GAA activity was achieved for over 9 months in all systemically
treated animals. These results support the potential use of a dual vector
administration to establish tolerance to GAA which is critical in IOPD.
Additional studies are underway using pre-treatment with a canine
specific anti-CD20 antibody to block anti-capsid antibody responses
and allow subsequent dosing to maintain GAA level in the growing
musculature over the life span.

5. Abstract Withdrawn

6. The Porcine Model for In Utero Gene
Therapy

Apeksha Dave, Cara L. Berkowitz, Valerie L. Luks,
Pallavi V. Menon, Brandon M. White, Rohan Palanki,

Haiying Li, Philip W. Zoltick, William H. Peranteau
CHOP, Philadelphia, PA

Introduction In utero gene therapy and gene editing technology
(IUGT) offer the potential to treat genetic diseases before the onset
of pathology and take advantage of the fetal properties of small size,
access to progenitor cell populations, and an immature immune system
that are barriers to postnatal therapies. Although proof-of-principle
and toxicity studies have demonstrated the safety and feasibility of
IUGT in small animal models, studies in large animal models are less
prevalent. The nonhuman primate (NHP) model provides obvious
advantages but is limited by cost, availability, husbandry, and a limited
number of fetuses per pregnancy. The pig is a large animal model with
more similarity to humans than small animals in terms of anatomy,
development, and immunology, and has the added benefit of a shorter
gestation and multiparity over NHPs, facilitating faster evaluation of
multiple variables. Furthermore, there are an increasing number of
pig models to recapitulate human genetic diseases, highlighting the
relevance of this preclinical model. As such, we initiated studies to
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determine the feasibility and safety of AAV mediated IUGT in the
fetal pig model. MethodsAn adeno-associated virus serotype 9 (AAV9)
designed to carry the green fluorescent protein (GFP) transgene under
a CAG promoter (AAV9.GFP) was intravenously administered to 104
day gestation (term = 115 days) Yucatan mini-pigs. Specifically, after
a maternal laparotomy and exposure of the uterus, a uterine incision
was made and the umbilical vessels identified. The umbilical vein was
cannulated and the viral vector was delivered in a total of 10 milliliters.
The hysterotomy was closed in two layers to obtain a water-tight seal
and the uterus returned to the maternal abdomen, which was closed
prior to recovery from anesthesia. Fetuses were injected with either
phosphate buffered saline (PBS) (n=1), low dose AAV9.GFP (4.5 x
10713 vg/kg; n=1) or high dose AAV9.GFP (9 x 10/ 13 vg/kg; n=2). One
week after injection, the sow was euthanized and fetuses were harvested
for analyses. ResultsAt the time of harvest, the sow was healthy and all
fetuses were viable with a strong umbilical arterial pulse. Fetal weights
were within normal limits for gestational age (715-950g). The livers
of all fetuses that had been injected with AAV9.GFP demonstrated
strong GFP fluorescence on stereomicroscopy (Figure 1a) and histology
(Figure 1b). On flow cytometry, 24.0-52.4% of non-hematopoietic
liver cells were GFP positive, while there were no GFP positive cells
in the livers of the PBS injected fetus or mom (0.0-0.1%) (Figure 1c).
Quantitative RT-qPCR for GFP mRNA demonstrated expression in
multiple organs including low level expression in the heart, lung,
and intestine, and a 7,000 fold higher expression in the liver of a high
dose recipient compared to the PBS injected control (Figure 1d).
Pre- and post-injection liver function tests showed a rise in aspartate
aminotransferase (AST) and alanine transaminase (ALT) in all fetal
pigs including the PBS injected control (Figure le). ConclusionThis
study validates that cannulation and injection of the umbilical vein
for IUGT in fetal pigs is feasible, safe, and does not result in preterm
labor at short-term time points. This supports the porcine model as a
worthwhile large animal model for future testing and optimization of
pre-clinical in utero gene therapies.
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7. Temporary Mechanical Support Improves
Cardiac AAV Gene Transfer Efficacy in a Pig HF
Model

Renata Mazurek, Tomoki Sakata, Spyros Mavropoulos,
Anjali J. Ravichandran, Francisco Romeo, Kiyotake

Ishikawa
Mount Sinai, New York, NY

Purpose: Gene therapy using adeno-associated virus (AAV) is
increasingly promising as a potential breakthrough therapy for heart
failure (HF) as evidenced in animal studies. However, challenges
remain in achieving successful gene transduction for human heart.
Using a catheter-based approach, we hypothesized that compared to
conventional delivery by slow continuous infusion, AAV exposure
to the heart can be prolonged using temporary coronary balloon
occlusions aided by a mechanical cardiac support device for
hemodynamic maintenance. We predicted that this novel technique
would lead to increased gene expression in the heart in a pig model
of HE. Methods: Yorkshire pigs received AAV-6 encoding luciferase
gene (5.0 x 10" vg) by antegrade injection into the coronary artery
one week after myocardial infarction (MI). Pigs were allocated to one
of the following groups: conventional delivery (n=3), delivery with
coronary artery occlusion (CAO, n=3), and delivery with coronary
artery and coronary sinus occlusions (CAO + CSO, n=3). A catheter-
based cardiac support device was inserted to preserve hemodynamics
during coronary balloon occlusion. Four weeks later, tissues were
harvested from various heart regions and other organs to assess
luciferase expression. Two other animals underwent MI creation and
were injected one week later with 20 nm gold nanoparticles (the size of
AAV) by either CAO + CSO or conventional delivery with mechanical
support in order to visualize distribution by electron microscopy
(EM). Infarct and remote regions from explanted hearts were further
processed and analyzed for the presence of injected gold nanoparticles
between delivery methods. Results: Catheter-based support offered
safe vector delivery during 1-1.5 minutes of CA and CS occlusions in
preventing hemodynamic instability and arrhythmia. CAO delivery
enhanced luciferase expression up to 20-fold globally in the heart, but
not in non-cardiac tissues, compared to conventional delivery. CAO
+ CSO delivery further increased luciferase expression, also noted by
increased vector genome in the tissues detected by PCR. At infarct
border and remote regions, CAO + CSO delivery led to a more than
300-fold increase. EM data demonstrated a greater presence of gold
nanoparticles after CAO + CSO delivery in contrast to conventional
delivery. The majority of gold nanoparticles seen were at the interface
of the vessel lumen and endothelium, with some observed within
vesicles in remote areas in the CAO + CSO delivery group, as well
as occasional incidence in infarct area. Conclusion: Coronary artery
and sinus occlusion with catheter-based cardiac support dramatically
improved AAV gene expression in the heart without compromising
hemodynamics or increasing off-target expression. Furthermore, this
delivery approach leads to higher vector uptake into cardiac tissue.
Higher detection of gold nanoparticles beyond the arterial lumen with
this technique suggests greater opportunity for AAV transduction
by optimizing the time of vector exposure to tissue. This method
offers clinically applicable and efficient cardiac gene delivery as a new
therapeutic option for patients with heart failure.
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8. Double Strand Break Free Genome
Editing to Target Hematopoietic Stem and
Progenitor Cells: Therapeutic Applicability in
Fanconi Anemia

Laura Ugalde', Erman Karasu?, Sebastian Siegner?,
Laura Garcia!, Alexandra Clemens?, Beatriz Olalla!,
Lara Alvarez!, Irene Pefia!, Juan A. Bueren!, Jacob

Corn?, Paula Rio!

'Hematopoietic Innovative Therapies Division, CIEMAT/CIBERER/IIS-FJD,
Madrid, Spain,?Molecular Health Sciences, ETH Zurich, Zurich, Switzerland
CRISPR/Cas9 genome editing tools have demonstrated their efficacy to
specifically control gene editing outcomes, with a promising influence
in the treatment of many genetic disorders, including hematological
diseases. The recent description of Base (BE) and Prime editing
(PE) that enable the correction of many small insertions, as well as
small deletions and point conversions avoiding the use of donor
templates and the generation of double strand breaks (DSB) in the cell
genome, have become an attractive option in Fanconi anemia (FA).
To implement BE and PE strategies in clinically relevant cell types,
we aimed at optimizing specific base substitutions using adenine BE
in healthy donor cord blood and mobilized peripheral blood CD34*
cells. In vitro studies showed up to 85% specific A to G conversion in
hematopoietic progenitor cells (HPCs). To investigate the efficacy of
BE in more primitive hematopoietic stem cells (HSCs), BE-CD34*
cells were transplanted into immunodeficient NSG mice. Results in
primary and secondary recipients showed the efficacy of BE in HSCs
capable of repopulating these animals. In subsequent studies we
aimed at applying BE for the correction of HSPCs from FA patients.
In this disease we estimate that around 40% of FA mutations could
be potentially targeted by this strategy. In particular, we pursued the
correction of HSPCs harboring the most frequent mutation described
in FA patients from Spain, ¢.295 C - T, which results in a stop codon in
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exon 4 of FANCA. So far, in vitro data has shown efficient phenotypic
correction in these cells thanks to therapeutic base conversion. To
expand the application of gene editing to other frequent mutations
from FA patients, we focused on PE, a more versatile strategy that
can install all types of targeted DNA base pair substitutions, small
insertions and small deletions in the absence of a donor template. First,
PE3 and the recently described PE5 systems were tested in healthy
donor K562 cells. In these cells, up to 42% and 38% point conversion
were respectively determined at day 5 post-nucleofection. Also, we
designed a PE approach for the therapeutic correction of two prevalent
FANCA mutations, c.295 C - T and ¢.3788_3790del in HSPCs from
FA patients. In this case, 6.5% and 36% of intended correction were
respectively observed 5 days after nucleofection. Moreover, analyses
performed 30 days after nucleofection revealed a marked proliferative
advantage of PE as compared to not edited FA cells. Additionally, an
evident correction of the FA phenotype was revealed by acquisition
of mitomycin C resistance in these cells. Altogether, our results show
that precise gene editing may constitute an alternative new therapeutic
approach for the future treatment of the bone marrow failure in FA
patients carrying specific mutations.

9. Cellular Senescence and Inflammatory
Programs Are Unintended Consequences of
CRISPR-Cas9 Gene Editing in Hematopoietic
Stem and Progenitors Cells

Anastasia Conti', Teresa Tavella', Lucrezia Della Volpe',
Samuele Ferrari!, Stefano Beretta!, Chiara Brombin?,
Ivan Merelli?, Luigi Naldini**, Raffaella Di Micco'

'SR-TIGET, Milan, Italy,*University Center for Statistics in the Biomedical

Sciences, Milan, Italy,’National Research Council, Institute for Biomedical

Technologies, Milan, Italy,*Vita Salute San Raffaele University, Milan, Italy

Gene editing (GE) in hematopoietic stem and progenitor cells (HSPC)
is a revolutionary site-specific gene correction strategy for a plethora
of immune-hematological diseases. Despite the rapid development
of advanced GE-based therapies, a few challenges remain to be faced
to improve GE efficiency and the reduced repopulating potential
upon transplantation. We previously showed that the combination
of nuclease-induced Double Strand Break with DNA repair template
for Homology Directed Repair (HDR) delivered by AAV6 caused
cumulative activation of the p53-mediated DNA Damage Response
(DDR) pathway constraining HSPC proliferation and yield, suggesting
that DDR-related cellular programs may inadvertently contribute to
HSPC dysfunctions upon gene editing. Protracted DDR signaling has
been causatively linked to the establishment of cellular senescence, a
condition in which cells, despite being still alive, are unable to further
proliferate. By integrating transcriptional analysis (up to the single
cell level) with innovative imaging-based cellular assays we reported
induction of cellular senescence markers (p16 and Senescence-
Associated B-Galactosidase) and pro-inflammatory programs across
edited HSPC subtypes and in vivo in the human graft. Consistently,
we found open chromatin at promoters of several senescence-gene
categories and inflammatory genes of the IL1 axis (an upstream
mediator of DDR-dependent inflammation) and NF-kB pathway
(a key regulator of inflammatory genes upon several stressors)
especially in HDR-edited cells. Moreover, transcriptional activation of
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inflammatory cytokines in edited HSPC was dependent on the apical
DDR kinase ATM and partly mitigated by transient administration
of a p53 dominant negative form (GSE56). In this context, temporary
inhibition of IL1 and NF-kB pathways at the time of GE resulted in
increased clonogenicity of edited HSPC in vitro and ameliorated long-
term hematopoietic reconstitution in xenotranspanted mice. We also
reported a decrease in senescence markers in both cord blood and
mobilized peripheral blood-derived HSPC upon GE. By a barcoding-
based strategy, we performed in vivo clonal tracking of HDR-edited
HSPC revealing that IL1 inhibition improved polyclonal reconstitution
and better preserved self-renewal and multi-potency of individual
edited HSPC. Our findings define senescence and inflammatory
programs as long-term consequences of CRISPR-Cas9 engineered
human HSPC and pave the way for the development of novel strategies
based on senescence modulation and anti-inflammatory molecules to
overcome adverse cellular responses for efficient HSPC-based clinical
applications.

10. The Choice of Template Delivery
Mitigates the Genotoxic Risk and Adverse
Impact of Editing in Human Hematopoietic
Stem Cells

Aurelien Jacob!, Samuele Ferrari!, Daniela Cesana’,
Marianne Laugel’, Stefano Beretta', Angelica Varesi',
Daniele Canarutto!, Luisa Albano!, Anastasia Conti',
Ivan Merelli’, Raffaella Di Micco', Eugenio Montini',

Magalie Penaud-Budloo?, Luigi Naldini'

'San Raffaele Telethon Institute for Gene Therapy, IRCCS San Raffaele Scientific
Institute, Milan, Italy,’INSERM UMR 1089, University of Nantes, Centre
Hospitalier Universitaire, Nantes, France,’National Research Council, Institute for
Biomedical Technologies, Milan, Italy

Gene editing by homology-directed repair (HDR) remains the most
versatile and best performing strategy for targeted integration of a
gene-sized therapeutic sequence. Delivery of the large DNA template
for such application might be challenging in cell types relevant for
gene therapy, such as hematopoietic stem/progenitor cells (HSPCs).
So far, recombinant adeno-associated virus (AAV) serotype 6 is
the most efficient repair template for HDR gene editing in HSPCs.
However, we previously reported that AAV transduction triggers a
robust p53-mediated DNA damage response (DDR) thus lowering
long-term-repopulating (LT)-HSCs engraftment and clonal complexity
in hematochimeric mice. Here, we showed that this response is
entirely due to the nucleic acid content and not to capsid proteins of
the AAV vector. Moreover, we uncovered an unexpected load and
prolonged persistence of AAV DNA, which trigger a sustained DDR,
upon recruiting the Mrel1-Rad50-Nbs1 (MRN) complex on the AAV
viral inverted terminal repeats (ITRs), independently from transgene
cassette, AAV purification process or targeted locus. Furthermore,
sequencing of the nuclease target site in human xenografts revealed
that a detectable fraction of edited cells in the long-term graft carried
on-target trapping of short AAV DNA fragments (median = 0.5%),
predominantly made of transcription-competent ITR (= 70%) and
possibly originating from AAV contaminants or MRN-mediated
degradation of the AAV vector genome. Genome-wide molecular
analysis also showed ITR prevalence (median 0.1-0.2 copies/cell)
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in all hematopoietic lineages and secondary recipients. Retrieval of
AAV integration sites (IS) by an unbiased bioinformatic pipeline
(RAAVIoli) showed preference for the nuclease target site, despite
detectable integrations at predicted nuclease off-targets and random
sites. These findings aggravate the genotoxic burden and adverse impact
of AAV-based editing by limiting the intended editing outcome at the
target site and potentially altering endogenous transcription at IS.
To mitigate these potential issues, we optimized and refurbish HDR
editing in human HSPCs based on Integrase-Defective Lentiviral
Vector (IDLV) delivery, as it may provide several advantages over AAV.
Whereas both DNA delivery templates showed similar propensity
for non-homologous end joining (NHE])-mediated trapping of the
full-length genome, IDLV transduction resulted in a lower and less
persistent vector DNA load, which triggered less prolong DDR. This
allowed for better preservation of clonogenic capacity and more
efficient HDR editing of long-term repopulating HSPCs with our
newly optimized IDLV-based editing protocol. Because insertions of
viral DNA fragments at the target site was instead much less frequent
with IDLV compared to AAV, and its long terminal repeats (LTRs)
are transcriptionally silent, the choice of IDLV as repair template
significantly mitigates the overall toxicity burden of HDR editing and
should facilitate clinical translation of HSPC gene therapy.

11. Assessing Stealth and Sensed Base
Editing in Human Hematopoietic Stem/
Progenitor Cells

Martina Fiumara'?, Samuele Ferrari'?, Attya Omer
Javed!, Stefano Beretta!, Luisa Albano!, Ivan Merelli'?,
Luigi Naldini"?

!San Raffaele Telethon Institute for Gene Therapy, IRCCS San Raffele Hospital,
Milan, Italy,*Vita-Salute San Raffaele University, Milan, Italy,’National Research
Council, Institute for Biomedical Technologies, Milan, Italy

Engineered nucleases, such as CRISPR/Cas9, enable gene disruption
and site-specific targeted integration in human hematopoietic stem
and progenitor cells (HSPCs) for therapeutic purposes. Yet, we showed
that Cas9-induced DNA double-strand breaks (DSBs) trigger a p53-
dependent DNA damage response, which correlates with the specificity
of the nuclease, and is further aggravated by the viral delivery of a DNA
template suitable for homology-direct repair (HDR)-mediated targeted
integration, ultimately decreasing HSPC repopulation potential and
clonality. Moreover, DSB repair may cause unintended deletions
and chromosomal rearrangements. Adenine (A-) and cytosine (C-)
base editing (BE) hold the promise for precise editing by site-specific
conversion of single nucleotides, while bypassing the requirement for
DNA DSBs and HDR engagement. Despite promising results have
been achieved in human HSPCs, a comprehensive characterization
of efficiency, tolerability and genotoxicity of CBE and ABE is lacking
and will be required to instruct the rationale towards safe and effective
clinical translation of this approach. Here, we performed side-by-side
comparison of these gene editing platforms in human HSPCs by
electroporating late-generation base editors CBE4max or ABE8.20-m,
or Cas9 nuclease, as mRNAs and independently targeting different
loci using sgRNAs compatible with all editing platforms. Common
outcome for all editors was the lack of surface protein expression and/
or installation of the intended edit, measured by flow cytometry and
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next-generation sequencing, respectively. ABE8.20-m showed higher
efficiency than CBE4max and Cas9 nuclease, reaching up to 90% allele
editing, which was consistent across HSPC subpopulations, comprising
the most primitive compartment endowed with long term repopulation
potential, source (e.g., cord blood- and mobilized peripheral blood
HSPCs) and targeted loci. Cas9-, but not CBE4max- and ABE8.20m-,
treated HSPCs showed lower in-vitro clonogenic capacity compared
to mock electroporated cells, indicating milder impact of BE vs. Cas9-
editing on HSPCs. Correspondingly, Cas9-edited HSPCs displayed the
lowest repopulation potential in xenotransplanted mice, despite all
treatments maintained long-term multilineage engraftment. However,
CBE4max edited cells tended to decrease over time in the graft pointing
to some detrimental response to the treatment in the long-term
engrafting HSPC subset. Transcriptional analyses uncovered that BE
trigger p53 pathway activation, albeit to lower extent as compared to
Cas9 treatment, likely due to the conversion of nickase-induced DNA
single-strand breaks to DSB. Additionally, both BE, but not Cas9,
upregulated the expression of interferon-stimulated genes, which
could indicate innate cellular sensing of their longer encoding mRNAs.
Indeed, engineering of the BE mRNA construct allowed to decrease the
effective mRNA dose and abolished activation of interferon response
for both BEs, without aggravating p53 activation. On-going studies
are aimed to investigate genome integrity and clonal dynamics upon
transplantation of base-edited HSPCs with the goal to further build
confidence on their prospective clinical translation.

12. DNA Barcode as a Useful Tool to Study
Hematopoietic Stem Cell Fate in Gene Editing
Strategies

Isabel Ojeda-Perez'?, Sara Fafianas-Baquero'?, Cesar
Trigueros’, Valerie Lang®, Omaira Alberquilla-
Fernandez'?, Aida Garcia-Torralba'?, Andres Bustos?,
Rafael Mayo-Garcia®, Rebeca Sanchez-Dominguez'?,
Oscar Quintana-Bustamante'?, Jose-Carlos Segovia'?

!Cell Technology Division, Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas (CIEMAT) and Centro de Investigacion
Biomédica en Red de Enfermedades Raras (CIBERER), Madrid, Spain,?Unidad
Mixta de Terapias Avanzadas. Instituto de Investigacién Sanitaria Fundacién
Jiménez Diaz (IIS-FJD, UAM), Madrid, Spain,*Viralgene, San Sebastian,
Spain,*Department of Technology-CIEMAT, Madrid, Spain

Gene editing strategies using a combination of a rAAV6 donor and RNP
to modify hematopoietic stem and progenitor cells (HSPCs) through
homology directed repair (HDR) have shown great promise for the
treatment of hematologic diseases. However, due to homogeneous
modification of the cell genome in HDR gene editing, clonality studies
of edited HSPCs cannot be carried out. DNA barcoding offers a powerful
approach for labeling individual cells to allow their characterization,
their growth and their differentiation pattern. Here, we describe an
AAV-barcoding strategy to track the clonal outputs of gene edited
human CD34* cells after transplantation into immunodeficient mice.
We first developed a rAAV6-barcode library including a semi-random
65bp sequence oligonucleotide carrying the required sequences to
knock-in a codon optimized version of the Erythroid Pyruvate Kinase
c¢DNA (coRPK) in the PKLR locus. Theoretically this system allows
the tracking of up to 10 different clones. We used this rAAV6-barcode
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library to optimize HSPC gene editing conditions, addressing both
gene editing efficacy and clonality of modified HSPCs. Two different
culture media (StemSpan™ SFEM II or GMP SCGM) in combination
or not with StemRegenin 1 (SR-1) were used. The rAAV6-barcode
showed a high in vitro targeting efficiency, with up to 60% targeted
hematopoietic progenitors in all tested condition. When this edited
HSPC was transplanted into immunodeficient mice gene editing
efficiencies were slightly reduced, dropping to 40% gene editing in
human hematopoietic cells 3 months post-transplant when cells were
cultured in StemSpan™ SFEM II medium. Analysis of clonal output in
vivo showed up to 2000 individually marked HSPCs in each mouse,
with 9 to 12 unique HSPCs clones per mouse responsible for 90% of
the human hematopoietic engraftment. Importantly, there was no
evidence of progressive clonal dominance in any of the conditions
tested. Overall, the DNA barcode methodology has been demonstrated
to be a powerful approach to study hematopoietic fate and behavior of
gene edited HSPCs and cultured conditions for the optimization of the
gene editing technology to make it clinically applicable.

13. High Frequency of AAV Integration at
Double Strand Breaks Induced in Preclinical
Model of Gene Therapy and in Edited Long-
Term Engrafted HSPCs

Andrea Calabria’, Carlo Cipriani', Giulio Spinozzi',
Simona Esposito', Fabrizio Benedicenti', Alessandra
Albertini!, Samuele Ferrari!, Aurelien Jacob!, Maria
Carminia Castiello"?, Marie Pouzolles®’, Naomi Taylor?,
Valérie S. Zimmermann®, Anna Villa'?, Luigi Naldini',

Eugenio Montini', Daniela Cesana’

'SR-TIGET, Milan, Italy, Istituto di Ricerca Genetica e Biomedica, CNR, Milan,
Italy,’Institut de Génétique Moléculaire de Montpellier, Montpellier, France
Recombinant Adeno Associated Viral (rAAV) vectors have been
exploited in gene therapy (GT) applications for the treatment of several
genetic disorders. Despite rAAVs have being considered episomal
vectors, it has been shown that fragmented or full-length AAV DNA
can integrate within the genome of host cells leading to hepatocellular
carcinoma and clonal expansion events in some preclinical models.
Yet, AAV integrations have been reported at the nuclease target site
in which they are used in in-vivo gene editing (GE) studies. Hence, a
deeper assessment of AAV integration events in GT and GE is required.
Here we analyzed the genomic distribution of rAAV integrations
in T-cells and liver tissues of immune-deficient ZAP70 knock-out
mice that were intra-thymically injected with a rAAV expressing
the therapeutic transgene. In this model, the long-term transgene
expression in functional and proliferating T lymphocytes suggested
for the presence of AAV integrated copies. Moreover, we investigated
the distribution of AAV IS in two clinically relevant GE contexts based
on human hematopoietic stem cells (HSPCs) edited at the AAVS1 safe
harbor locus or at the intron of a disease causing gene and engrafted
long-term in immune-deficient mice. As repair templates, rAAV's
encoding for eGFP under the human PGK promoter or the promoter-
less sequence of the therapeutic gene were adopted. Because different
portions of the rAAV genome may be involved in the integration
process, several PCR primers were designed and combined with a
DNA-sonication based PCR protocol to amplify all possible vector/
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cellular genome junctions. Amplicons were then analyzed by a novel
bioinformatics tool allowing the identification and characterization of
rAAV integration sites (IS). By this approach, we retrieved 640 AAV IS
from ZAP70-treated mice and Inverted Terminal Repeats (ITR) were
mainly involved in these events. Similarly to other studies, IS in liver
were found throughout the genome of host cells (N=197) with a bias
for micro-homology regions, palindromes and telomeres. Differently,
more than 80% of the IS derived from T-cells (N=443) clustered within
T cell receptor genes (TCR) were enriched in Rag Signal Sequences and
were represented by multiple cellular genomes. Analyzing the DNA
collected from bone marrow and spleen of 29 mice transplanted with
edited HSPCs, we retrieved 182 AAV IS. The two editing sites were
the preferential loci of IS accounting for 21% and 34% of derived IS.
As before, ITRs were involved in more than 90% of the IS at the on-
target sites. AAV IS were also found in predicted off-target sites and
at the cellular PGK promoter. Overall, these data showed that AAV
ITRs have an intrinsic and strong tendency of being captured at DNA
damage sites by non-homologous end joining mechanisms. The intra-
thymic delivery of rAAV can be considered as a “naturally occurring
GE procedure’, since double strand breaks produced by RAG complexes
in TCR genes during T cell maturation promoted AAV integration
and conferred a long-term therapeutic benefit to treated mice. On the
other hand, the presence of ITR fragments as inadvertent consequence
of HDR protocols in engrafted HSCPs raises concerns regarding the
use of AAV in GE applications. Hence, IS studies provide insights
on the genomic integrity of transduced cells even in AAV-based GT
and GE applications and may suggest for improvements in the choice
and design of the vector used for a more effective and safer clinical
translation.

14. Base Editing of a y-Globin cis-Regulatory
Elementin Human Hematopoietic Stem

Cells for Reactivation of Therapeutic Fetal
Hemoglobin

Panagiotis Antoniou', Giulia Hardouin', Pierre
Martinucci', Giacomo Frati!, Tristan Felix', Anne
Chalumeau', Letizia Fontana', Megane Brusson', Giulia
Maule?, Jean-Paul Concordet®, Mario Amendola?,
Marina Cavazzana'®, Anna Cereseto?, Oriana Romano®,

Annarita Miccio!

'IMAGINE Institute, INSERM UMR1163, Paris, France,?University of Trento,
Trento, Italy,"MNHM, Paris, France,*Genethon, Evry, France,’Necker Hospital,
Paris, France,"UNIMORE, Modena, Italy

B-thalassemia and sickle cell disease (SCD) are caused by mutations
affecting the adult hemoglobin (Hb) production. Transplantation of
autologous, genetically modified hematopoietic stem/progenitor cells
(HSPCs) is an attractive therapeutic option. The clinical severity of
B-hemoglobinopathies is alleviated by the co-inheritance of mutations
causing hereditary persistence of fetal Hb (HPFH). HPFH mutations
upstream of the TSS of the y-globin (HBG) genes either disrupt the
binding site (BS) of the fetal Hb (HbF) repressor LRF or generate a
de novo BS for the KLF1 activator. To reactivate y-globin expression,
nuclease-based approaches have been explored. However, nucleases
generate double-strand breaks (DSBs), raising safety concerns. Base
editing (BE) allows the introduction of point mutations (C>T by
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cytidine base editors, CBEs; A>G by adenine base editors or ABEs)
without generating DSBs.We have previously reported that BE allowed
the introduction of HPFH mutations in the HBG promoters, which
disrupt the LRF BS (via CBE) or generate the KLF1 BS (via ABE). This
led to therapeutically relevant HbF levels in red cells differentiated from
edited SCD or B-thalassemia HSPCs, and rescued the pathological
phenotypes. Importantly, higher HbF reactivation levels were observed
in BE- than Cas9-treated samples. Here, we evaluated the safety of these
approaches and their efficacy in vivo.First, we performed RNA-seq in
control and edited HSPCs to assess the impact of BE on the global gene
expression profile. Overall, BE led to fewer differentially expressed
genes (DEG) than Cas9 nuclease. As expected, Cas9 nuclease-treated
samples showed DEG associated with DNA damage response and
apoptosis. Surprisingly, genes involved in apoptosis and HSC biology
were dysregulated in CBE-treated samples, while only globin genes
were differentially expressed in ABE-treated cells.To assess BE RNA
off-target activity in HSPCs, we further analyzed RNA-seq data. A
similar number of C>T or A>G variants were observed in control
and edited samples, demonstrating no increase in RNA deamination
due to CBE or ABE. To evaluate the DNA off-target activity of BE, we
performed whole exome sequencing analysis. For each donor, 99.9%
of single nucleotide variants were shared between untreated and edited
samples, indicating no detectable gRNA-dependent or -independent
off-target activity in exons. Low to undetectable gRNA-dependent
DNA oft-target activity at coding and non-coding regions was also
observed by GUIDE-seq and NGS sequencing.Finally, to evaluate the
BE efficacy in repopulating HSCs, we transplanted edited HSPCs in
immunodeficient mice. We observed no differences in the engraftment
and differentiation potential of edited and control HSCs, as measured
by the frequency of human CD45* cells and the analysis of lineage-
specific markers. A lower BE efficiency was observed in vivo using CBE
compared to ABE, suggesting either some toxicity induced by CBEs
or their low efficiency in bona fide HSCs. Importantly, ABE efficiency
reached levels of ~50%, and a clonal analysis showed that ~70% of
HSCs harbored at least 1 edited HBG promoter, which was sufficient
to reactivate HbEIn conclusion, we provided sufficient proof that BE
of a y-globin cis-regulatory element is safe and efficient in repopulating
HSCs and reactivate HbF in their erythroid progeny, thus enabling
the clinical development of base-edited HSPCs for the therapy of
B-hemoglobinopathies.
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15. Development of an AlMer for the
Treatment of Alpha-1 Antitrypsin Deficiency
Prashant Monian, Chikdu Shivalila, Genliang Lu,
Keith Bowman, Michael Byrne, Megan Cannon,

Jigar Desai, Alyse Faraone, Frank Favaloro, Anamitra
Ghosh, Jack Godfrey, Nidia Hernandez, Andrew Hoss,
Naoki Iwamoto, Tomomi Kawamoto, Jayakanthan
Kumarasamy, Pachamuthu Kandasamy, Anthony
Lamattina, Muriel Lemaitre, Amber Lindsey, Fangjun
Liu, Richard Looby, Jake Meterville, Qianli Pan, Tom
Pu, Erin Purcell-Estabrook, Mamoru Shimizu, Pochi
Shum, Kuldeep Singh, Stephany Standley, Carina
Thomas, Snehlata Tripathi, Hailin Yang, Yuan Yin,
Hui Yu, Padma Narayanan, Paloma H. Giangrande,

Chandra Vargeese

Wave Life Sciences, Cambridge, MA

Introduction: Alpha-1 antitrypsin deficiency (AATD) is an inherited
genetic disorder that is most commonly caused by a G-to-A point
mutation in the SERPINAI gene (PiZ allele). The resulting E342K
mutation leads to misfolding and aggregation of mutant Z-AAT
protein in hepatocytes resulting in a lack of functional wild-type
AAT (M-AAT) in circulation. This leads to progressive lung injury,
liver injury, or both and culminates in end-stage pulmonary and liver
disease. Current standard of care is weekly intravenous AAT protein
augmentation therapy, which addresses only the lung manifestation.
While there are multiple approaches in development, these address
only a subset of patient needs (e.g., silencing approaches to reduce
liver aggregates) and do not restore M-AAT (e.g., small-molecule
approaches). We aim to restore M-AAT protein by correcting the PiZ
mRNA with AIMers-chemically modified oligonucleotides that direct
A-to-Ibase editing in RNA. Our AIMers incorporate stereopure design
as well as phosphoryl-guanidine (PN) backbone chemistry, and they
recruit endogenous adenosine deaminase acting on RNA (ADAR)
enzymes. This approach is expected to retain physiological regulation
of M-AAT while protecting the lungs and decreasing Z-AAT protein
aggregation in liver. Methods: We evaluated AIMers conjugated to
N-Acetylgalactosamine (GalNAc-AIMers), to facilitate delivery to
hepatocytes, in primary human hepatocytes and in vivo studies, using
amouse model for AATD that expresses both the human PiZ allele and
human ADARI. We administered GalNAc-AIMers by subcutaneous
injection. We determined the percentage of edited SERPINA1 mRNA
with Sanger sequencing, quantified restored serum M-AAT protein
by mass spectrometry, determined amount of total AAT protein in
the media (in vitro) or serum (in vivo) with ELISA, and confirmed
functionality of restored M-AAT protein in a neutrophil elastase
inhibition assay. We applied PAS-D (Periodic acid Schiftf-Diastase)
staining and immunohistochemistry against polymeric and total
AAT protein and quantified the positive signal using an image
analysis platform, HALO, to evaluate liver Z-AAT polymers. Results:
GalNAc-AIMers support dose-dependent PiZ mRNA base editing
and AAT secretion in vitro. In the mouse model, these molecules
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direct significant PiZ editing in hepatocytes and durably increase
serum AAT protein levels. With an initial 3-dose loading regimen,
followed by bi-weekly single dosing, serum AAT levels are maintained
at concentrations >11 uM, the expected therapeutic threshold. These
serum concentrations increase over time to ~19 uM, corresponding
to a 4.9-fold higher concentration than in controls. Secreted AAT
protein has the expected wild-type amino acid sequence and inhibits
neutrophil elastase. Over time, hepatocytes in treated animals also show
a clear decrease in Z-AAT polymers. Conclusion: AATD is a chronic
disease of the liver and lung with high unmet need. Repeat dosing with
GalNAc-AIMers restores expression and function of serum M-AAT
protein as well as clearance of Z-AAT protein aggregates from liver in
a mouse model for AATD. These findings highlight the therapeutic
potential for GaINAc-AIMers as a treatment of both liver and lung
manifestations of AATD.

16. STK-002, an Antisense Oligonucleotide
(ASO) for the Treatment of Autosomal
Dominant Optic Atrophy (ADOA), Localizes to
Retinal Ganglion Cells (RGC) and Upregulates
OPA-1 Protein Expression After Intravitreal
Administration to Non-Human Primates (NHP)
Aditya Venkatesh, Taylor McKenty, Deidre Slate,

Qian Lin, Shobha Ravipaty, Sarah Jacobson, Anne
Christiansen, Karen Anderson, Radhia Benmohamed,

Jeft Hoger, Gene Liau

Stoke Therapeutics, Bedford, MA

ADOA is the most common inherited optic neuropathy, starting in the
first decade oflife and resulting in severe and progressive visual decline
due to loss of RGCs. Most patients harbor loss-of-function mutations in
the OPA1 gene that lead to haploinsufficiency. Reduced OPA1 protein
levels result in impaired mitochondrial function in RGCs leading to
cell death. Currently, there is no treatment for patients with ADOA.
Targeted Augmentation of Nuclear Gene Output (TANGO) ASOs such
as STK-002 reduce the inclusion of a non-productive, alternatively
spliced exon in OPAI, and leverage the wild-type allele to increase
productive OPAI mRNA and protein. We previously demonstrated
that TANGO ASOs can increase OPA1 protein levels in human cell
lines, rabbit retina, and ADOA patient fibroblasts. In this study, we
evaluated ASO localization and OPA1 protein levels in the retina
following intravitreal administration of STK-002 to NHPs. Cynomolgus
monkeys (N=22) received bilateral intravitreal injections of vehicle or
STK-002. Eyes were collected at 4 or 8 weeks after injection. Retinas
were isolated for molecular analyses and whole globes were prepared
for histology. Retinal OPAI mRNA and protein were measured using
qPCR (Tagman) and enzyme-linked immunosorbent assay (ELISA),
respectively. A hybridization ELISA (HELISA) method was used
to quantitate STK-002 levels in retina. Whole globes were sent for
custom assay development and detection of STK-002 by miRNAscope™
in situ hybridization (ISH), and detection of OPA1 protein by
immunofluorescence (IF). Retinal exposure of STK-002 increased in
a dose-dependent manner and remained high at the last timepoint
evaluated (Week 8). STK-002 also dose-dependently increased protein
levels at Week 4, ranging from 31 to 47% compared to vehicle, and
levels were maintained at Week 8. ISH and IF analysis demonstrated
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that both STK-002 and OPA1 protein levels increased in RGCs, the
target cells for ADOA. STK-002 produced a dose-dependent and
persistent increase in OPA1 protein expression in the retinas of NHPs.
ASO-induced increase in OPA1 protein levels in RGCs represents a
potentially disease-modifying therapy for patients with ADOA.

17. Repeat Dosing with DYNE-101 is Well
Tolerated and Leads to a Sustained Reduction
of DMPK RNA Expression in Key Muscles for
DM1 Pathology in hTfR1/DMSXL Mice and
NHPs

Stefano Zanotti, Tyler Picariello, Lydia Schlaefke, Ryan
Russo, Ann Chang, Scott Hildebrand, John Najim,
Qifeng Qiu, Timothy Weeden, John W. Davis, Oxana

Beskrovnaya

Dyne Therapeutics, Waltham, MA

Myotonic dystrophy type 1 (DM1) is a severe neuromuscular disease
caused by the expansion of CUG triplets in the 3’-untranslated region of
the dystrophia myotonica protein kinase (DMPK) RNA. The expanded
CUG repeats form hairpin-loop structures that sequester the MBNL
splicing regulators into the nucleus and inhibit their function, leading
to a spliceopathy that drives the clinical manifestations of DM1. DYNE-
101 is being developed for the treatment of DM1 and consists of an
antigen-binding fragment (Fab) that binds specifically to transferrin
receptor 1 (TfR1), conjugated to a gapmer antisense oligonucleotide
(ASO) designed to target the DMPK RNA. Of note, both the Fab and
ASO recognize their respective targets in humans and cynomolgus
monkeys. Previous work conducted in hTfR1/DMSXL mice, a novel
model that expresses human TfR1 (hTfR1) and a toxic human mutant
DMPK transcript with more than 1,000 CUG repeats, revealed that
DYNE-101 reduces the levels of toxic human DMPK RNA in nuclei
from cardiac and skeletal muscle, consequently improving multiple
DM1 splicing defects. To determine the impact of prolonged repeat
dosing of DYNE-101 on toxic human DMPK expression in cardiac and
skeletal muscle, hTfR1/DMSXL mice were administered with 4 monthly
doses of DYNE-101, or vehicle. We demonstrated a robust reduction of
mutant human DMPK RNA in the heart, diaphragm, gastrocnemius,
and tibialis anterior. Importantly, low and infrequent administration
of DYNE-101 was sufficient to achieve strong pharmacological
activity in hTfR1/DMSXL mice. To establish the translatability of
these observations to primates, wild-type (WT) cynomolgus monkeys
were treated with 2 monthly doses of DYNE-101, or vehicle. We
observed substantial suppression of WT DMPK expression up to 70%
in the heart, diaphragm, gastrocnemius, tibialis anterior, masseter,
esophagus, and duodenum. Taken together, these data demonstrate
that administration of DYNE-101 to rodents and non-human primates
(NHPs) effectively reduces DMPK expression in different muscle types
affected by DM1 pathology. A subsequent 13-week GLP toxicology
study demonstrated that repeated administrations of DYNE-101 were
well-tolerated in NHPs. In conclusion, these data support advancement
of DYNE-101 into the clinic for the treatment of DM1.
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18. SNCA Reduction for the Treatment of
Synucleinopathies

Bradford Elmer’, Johanna Flyer Adams', Jeftrey
Ardinger', Amy Richards', Brenda Richards?, Ruby
Chiang’, Robert Jackson', Carmen Obinu', Veronique
Blanchard', Veronique Taupin®, Anne Pommeret’,
Fabienne Robert?, Al Hassan Casse®, Valerie Roudieres?,
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Long-term neuroprotective therapy is of considerable interest for the
treatment of neurodegenerative synucleinopathies like Parkinson’s
disease or multiple system atrophy (MSA). These diseases are
characterized by the toxic accumulation of alpha-synuclein protein
in the brain with associated neurodegeneration. Multiple lines of
evidence strongly implicate alpha-synuclein as a causal factor in
neurodegeneration, and reduction of total alpha-synuclein has been
well demonstrated to be neuroprotective in preclinical models of
synucleinopathy. RNA interference (RNAi) mediated by artificial
miRNAs has shown increasing promise as a therapeutic modality to
reduce levels of target mRNA and protein. Adeno-associated viruses
(AAV) are well-validated gene delivery vectors with the ability to
express therapeutic constructs for years in the brain. Therefore
AAV-mediated RNAI represents a promising approach for the
long-term reduction of SNCA and treatment of synucleinopathy.
Artificial miRNAs (amiRNA) were designed to target alpha-synuclein
mRNA (SNCA). In vitro screening demonstrated robust target
knockdown in human cells. Reduction of SNCA in differentiated
human dopaminergic cells (LUHMES) did not cause detectable
toxicity and was neuroprotective against rotenone-induced cell death
supporting the therapeutic concept of total SNCA lowering. AAV-
RNAi-mediated reduction of SNCA was evaluated in the brains of
wild type mice and was maintained for up to 6 months post-injection
without detectable behavioral effects. PoC efficacy studies in a
transgenic model of multiple system atrophy and a pre-formed fibril
(PFF)-model of synucleinopathy are ongoing to provide additional in
vivo validation of this approach. Our results support the continued
development of SNCA lowering therapeutics as a safe and efficacious
approach for treating patients with synucleinopathies.

19. Alpha-Synuclein Lowering and Rescue of
Motor Phenotype by miRNA-Based AAV Gene
Therapy in In Vivo Parkinson’s Disease Models
Seyda Agar Broekmans', Carlos Vendrell Tornero',
Lodewijk Toonen', Mercedes Valls!, Rhodé Erbrink’,
Kaila E. Ronde?, Wytse Hogewerf?, Lisette E. D.
Tolsma?, Renée 1. Seinstra?, Leen L. S. Janssen?, Ellen A.
A. Nollen?, Astrid Vallés!

'uniQure Biopharma BV, Amsterdam, Netherlands,’European Research Institute
for the Biology of Ageing, University Medical Center, Groningen, Netherlands
Parkinson’s disease (PD) is a progressively debilitating neurodegenerative
disease with an increasing prevalence with age. Only symptomatic

10  Molecular Therapy Vol 30 No 4S1, April 2022

Molecular Therapy

therapies are available which do not tackle the underlying disease
mechanism. One of the underlying causes of PD is aggregation of
alpha-synuclein protein (a-syn), encoded by the SNCA (Synuclein
Alpha) gene. Aggregated a-syn is one of the main components of Lewy
Bodies (LBs), a key neuropathological hallmark in PD. Typically, LB
pathology originates in brainstem and extends to midbrain and cortical
regions with disease progression, in parallel with neurodegeneration
of nigro-striatal dopaminergic circuits and other neurotransmitter
systems. Our hypothesis for a disease modifying therapy is that
lowering a-syn protein levels in relevant brain regions may reduce
aggregation and degeneration, ultimately halting disease progression.
We are developing an adeno-associated virus (AAV) gene therapy to
deliver SNCA-targeting miRNAs (miSNCAs) engineered to decrease
a-syn mRNA and protein levels. Several miSNCA candidates were
designed, targeting all SNCA splicing variants. After initial screening
with luciferase-based assays, selected AAV-miSNCA candidates were
assessed by small RNA sequencing. The miSNCA backbone of choice
avoids off-target effects by not having the passenger strand after
expression and processing in the cell. The lead miSNCAs were all
correctly processed and expressed within endogenous miRNA levels.
We then tested efficacy in both in vitro and in vivo model systems,
achieving a dose-dependent lowering of a-syn mRNA and protein.
Finally, the potential phenotypic improvement by miSNCA was
evaluated in a C. elegans model of PD and also in a a-syn rat model
with AAV1/2-induced overexpression of A53T-a-synuclein. Lead
miSNCA candidates decreased a-syn mRNA and protein levels and
rescued the motor phenotype in the C. elegans PD model. Results in
the a-syn rat model supported the previous findings and showed target
engagement at both mRNA and protein levels. Moreover, dopamine
metabolite deficiencies and motor deficits in a-syn rats were corrected
by AAV-miSNCAs. These results support the potential therapeutic
value of a-syn RNAi-based gene therapy for disease modification in PD.

20. Discovery of Translation Initiation
Elements Enabled by a Parallel Arrayed Screen
of Full-Length Viral UTRs in Synthetic Circular
RNA

Kristen Ott, Trent Stevens, Yessica Wiryawan, Rahul
Vungutur, Meaghan Richardson, Elena Minissale,
Tatiana Fontelonga, Raya Shu, Jung Yang, Akshi
Thakkar, Magnolia Chinn Magnolia Chinn, Thomas
Lee, Corey Ciullo, Nelson Chau, Allen Horhota, Amy
Becker, Shobu Odate, R. Alexander Wesselhoeft

Molecular Biology, Orna Therapeutics, Cambridge, MA

Linear messenger RNA (mRNA) has emerged as a validated modality
for vaccines and is being investigated for a spectrum of other
therapeutic applications. We are developing a new class of synthetic,
protein-coding circular RNA (oRNA™) that has advantages over
mRNA including ease of production, high levels of protein expression,
and enhanced stability. Lacking the cap structure and termini of
mRNA, oRNAs require a sequence-based element, such as a viral
internal ribosome entry site (IRES), to initiate translation. Tens of
thousands of unique UTRs containing putative IRESs are known to
exist, often found in the 5 untranslated region (UTR) of viruses in
the Picornaviridae and Flaviviridae families; yet only a handful of



www.moleculartherapy.org

these sequences have been evaluated for activity. Here, we report the
discovery of hundreds of potent oRNA-active IRESs using FORCE™
(Formulated oRNA Cell-based Expression): a robust high-throughput
platform that enables parallel arrayed synthesis, purification, lipid
nanoparticle (LNP) formulation, and cell-based screening of oORNAs.
Importantly, FORCE maximizes therapeutic translatability by 1)
measuring IRES activity in circular oRNA instead of DNA plasmid,
2) incorporating LNP formulation into the process, 3) using primary
cells instead of cancer cell lines, and 4) exploring full-length UTRs up
to 1000nt instead of short oligo-length fragments. We applied FORCE
to almost 3,000 unique oRNAs containing UTRs extracted from viral
genomes and discovered hundreds of IRESs that drive translation from
synthetic o0RNA in primary human T cells, hepatocytes, and myotubes.
Many of these IRESs exhibited far greater activity than those commonly
used by the broader scientific community such as the EMCV IRES.
Although some IRESs maintained a high level of expression across all
cell types tested, others showed a strong preference for a specific cell
type, suggesting a novel means for selectively tuning tissue expression.
This evaluation of viral IRES activity, the most comprehensive to date,
represents a major advance in our ability to control and maximize
cap-independent translation. Continued exploration of both natural
and synthetic translation initiation elements will further actualize the
therapeutic potential of oORNA.

21. Tumor-Targeted miRNA Agent for
Pediatric Glioblastoma
Sunam Mander, Konstantin Christov, Albert Green,

Tapas K. Das Gupta, Tohru Yamada

University of Illinois at Chicago, Chicago, IL

Despite intensive efforts in surgical and medical management, the
prognosis of pediatric glioblastoma (pGBM)is unsatisfactory. The large
datasets analyses revealed significant differences between pGBM and
normal brain tissues at the molecular levels such as miRNA expression.
In particular, miRNA20 is reportedly elevated in pGBM and functions
as an oncogenic miRNA. As such, targeting specific oncogenic miRNA
in pGBM is an attractive approach to develop new miRNA-based agents
for pGBM. To diminish levels of oncogenic miRNA in pGBM by using
antisense-miRNA is a promising approach, however, i) transport to
the brain by crossing the blood-brain barrier (BBB), and ii) tumor-
targeted delivery of anti-miRNAs are currently major challenges
for advancement into the clinic. In this study, we seek to overcome
current limitations by using a cell penetrating-peptide, p28 as a carrier
molecule. We have demonstrated that the redox protein azurin, secreted
by an opportunistic pathogen Pseudomonas aeruginosa, preferentially
enters human cancer cells and induces apoptosis. We have further
identified that a fragment of azurin, p28, can cross the BBB and
preferentially enters human pGBM cells, S]-GBM2 and CHLA-200.
In addition, p28 has no apparent toxicity or immunogenicity in a
clinical trial of pediatric CNS patients. Thus, p28 is a potentially ideal
carrier for the pGBM targeted delivery. Here, we created a unique
agent by covalently linking p28 and antisense-miRNA20 (namely
AmiR20-p28). AmiR20-p28 exposure showed clear dose-dependent
anti-proliferative/apoptotic effects on pGBM cell lines, but not on
human astrocytes used as a non-malignant control. In contrast,
antisense-miRNA20 alone without p28 conjugation showed very little
effect at any concentration tested in these cancer cells. Such apoptotic
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effects induced by AmiR20-p28 were associated with a significant
reduction of endogenous miRNA20 levels in pGBM. Further, the p53
and ERK signaling pathways were altered by AmiR20-p28, suggesting
that AmiR20-p28 can regulate multiple pathways simultaneously. In
an orthotopic xenograft model, AmiR20-p28 significantly inhibited
the SJ-GBM2 tumor growth over the course of seven weeks tail vein
i.v. treatment. The PCR analyses to detect AmiR20-p28 also showed
the preferential accumulation of AmiR20-p28 at the given tumor in
the mouse brain. Based on these findings, the development of p28
as a carrier will provide a novel strategy for tumor-targeted delivery
of miRNAs. It can potentially overcome the current limitations of
developing miRNA-based agents and provide a positive impact on
the treatment outcomes (e.g., morbidity, quality of life) for pPGBM.
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22. Development of Passive
Immunoprophylaxis Against SARS-CoV-2
Using Elderly and Immunodeficient Mice
Models

Yue Du', Kamran Miah', Yanqun Wang?, Jincun Zhao?,

Stephen C. Hyde', Deborah R. Gill!

'Radcliffe Department of Medicine (NDCLS), University of Oxford, Oxford,
United Kingdom,’Guangzhou Institute of Respiratory Health, The First Affiliated
Hospital of Guangzhou Medical University, Guangzhou, China

Vaccines for COVID-19 are now a crucial public health need but
the degree of protection provided by conventional vaccinations
for individuals with weakened/damaged immune systems is
unclear. The use of viral vectors to express neutralizing monoclonal
antibodies (mAbs) in the lung is an alternative approach that does
not depend on the immune response of individuals. We have shown
that this strategy, termed vector-mediated immuno-prophylaxis
(VIP), can result in the sustained production of neutralising
mAbs against infectious diseases such as Influenza (Tan Thorax
2020;75:1112) and RSV (Antepowicz Sci Reports 2021; 11;15694).
We have developed a third-generation, self-inactivating recombinant
Simian Immunodeficiency Virus (rSIV) pseudotyped with the Fusion
and Haemaglutinin-Neuraminidase surface glycoproteins from Sendai
Virus (rSIV.F/HN) for efficient transduction of the murine lung (Alton
Thorax 2016;20:8406). To investigate rSIV.F/HN as a vector to prevent
SARS-CoV-2 infection, we used the prototype anti-SARS-CoV-2 RBD
mAb NC0321. This mAb can efficiently neutralise a range of SARS-
CoV-2 variants, including Alpha, Beta, Delta and Eta, with an IC,, of
1.3,27.63,3.014 and 2.041 ug/ml, respectively. Both prophylactic and
therapeutic strategies were assessed. Injection of purified NC0321 mAb
(10 mg/kg, intraperitoneal) can protect against 1E5 focus forming
units (FFU)/ml of SARS-CoV-2 infection in mice transduced with
Adenovirus expressing human ACE2 (Ad5-hACE2). To evaluate the
VIP strategy in vivo using NC0321 as an exemplar, we constructed a
single open reading frame of NC0321 IgG1 ¢cDNA in rSIV.F/HN vector.
We previously showed that VIP for COVID-19 (COVIP), in which
NC0321 IgG1 was expressed in the proximal airway after a single in
vivo intranasal dose (I.N. 5E8 Transducing Unit (TU)/ml) conferred
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protection against a SARS-CoV-2 mimic in a mouse model expressing
hACE2 (Du Thorax 2022; accepted). Here, we extend our studies
to compare levels of protection observed in healthy young mice
(5-8w), with healthy older mice (7-8m), as well as mice with severe
immunodeficiency (NOD.Cg -Prkdc!-2remma null/S77 SCID, 6m). We
administered a single LN. dose of rSIV.F/HN expressing NC0321
(5E8 TU/ml) to each group of mice (young, elderly, and SCID mice
of mixed gender; n=6/group). After 28 days we found that the young
mice achieved NC0321 mAbD in serum (~3 pg/ml) and ELF (~ 10
ug/ml) comparable to old and SCID mice (ns p>0.999). Moreover,
comparable serum and ELF IgG expression were observed in all
groups. Importantly, strong protection was observed in all groups
(95.3%, 83.7% and 93.1% protection against mouse-adapted SARS-
CoV-2 surrogate challenge for the young, elderly, and SCID groups
respectively. **** p<0.0001). Finally, we showed immunoprophylaxis
from a single LN. dose of rSIV.F/HN.NC0321 afforded both short-
term (28 days, ~1.5 log at day 1, **** p<0.0001; 1 log reduction at day
3, * p=0.0226), and long-term (> 6m, ~ 2 logs at day 1, *** p=0.0006;
~1 log reduction at day 3, ** p=0.0077) prevention of authentic
SARS-CoV-2 replication in Ad5-hACE2 transduced mouse lungs.
In summary, these data demonstrate that a single vaccination of rSIV.F/
HN expressing an anti-SARS-CoV-2 mAb can provide similar high
protection in mice of older age or with a weakened immune system,
compared to young, healthy mice. Combining these findings with our
earlier studies, we believe that this rSIV.F/HN vector delivery of mAb
by direct lung inhalation could be useful, especially for individuals
who cannot gain effective immunity from existing vaccines and
could potentially prevent clinical sequelae for COVID-19 and other
respiratory infections.

23. F/HN Pseudotyped Lentiviral Vector Uses
Alpha 2,3 Sialylated N-Acetyllactosamine to
Efficiently Transduce Human Airway Cells
Rosie J. Munday’, Tiziana Coradin® Rachael Nimmo?,
Yatish Lad?, Kyriacos A. Mitrophanous?, Stephen C.

Hyde', Deborah R. Gill!

"University of Oxford, Oxford, United Kingdom,?Oxford Biomedica (UK) Ltd,
Oxford, United Kingdom

New pseudotypes for Lentiviral vectors (LV) are being developed
to improve efficiency of targeting in the human lung. The F/HN
pseudotype (Alton et al, 2017) mediates efficient transduction of
murine airway in vivo without the need for adjuncts that disrupt
the airway epithelia. This pseudotype is based on the fusion (F)
and attachment hemagglutinin-neuraminidase (HN) glycoproteins
of a murine respirovirus (Sendai). Glycoproteins such as HN can
agglutinate red blood cells by binding sialylated glycans abundant
on the cell surface. The availability of different subtypes of sialylated
glycans on airway epithelium varies between species and can affect the
targeting specificity and efficiency of the pseudotype. We investigated
the sialylated glycans used by F/HN and determined the implications
for transducing human airway. Firstly, we used lectin binding studies
to show that the human airway contains an abundance of a2,6 and 2,3
linked sialylated glycans, although the a2,3 sialylated glycans were of
a specific human subtype (N-Acetyllactosamine). This is in contrast
with murine airways, which lack a2,6 linkages but are abundant in
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both a2,3 subtypes. This highlights a particular problem in using the
mouse lung model to predict transduction of human airway when
using sialic acid as receptors. Next, we used lectin binding in three
types of air-liquid interface (ALI) cultures derived from primary
human airway epithelial cells to show that the ALI cultures shared
a similar availability of sialylated glycans (specifically 2,6 and the
human a2,3 subtype) with the human airways. To investigate the use
of these receptors for F/HN transduction, we generated recombinant
Human Immunodeficiency Virus vectors expressing EGFP (LV.F/
HN). All three types of ALI culture were transduced by LV.F/HN, but
ALI cultures with the greatest abundance of the human a2,3 subtype
were most efficiently transduced (up to 52% area EGFP; n=4 donors,
n=2 replicates). We co-localised EGFP expression with lectin binding
and cell-type specific antibodies and showed LV.F/HN transduction of
basal, ciliated, goblet and club cells, all expressing human a2,3 subtype.
In separate studies, ALI cultures were treated with either Sialidase S (to
specifically cleave a2,3) or Sialidase A (to cleave both «2,3 and a2,6)
prior to transduction with LV.F/HN. Both pre-treatments resulted in
significantly reduced transduction (p=0.0002; Sialidase A, P=0.003;
Sialidase S) indicating the F/HN use of human a2,3 for transduction.
To assess the relative efficiency in using these receptors, we compared
LV.F/HN transduction with another hemagglutinin pseudotype: HA
Rostock, based on avian influenza, is similarly successful at transducing
the murine airway in vivo (McKay et al, 2006). We showed that
transduction of human ALI cultures by LV.F/HN was significantly
more efficient (up to 300-fold) than transduction with LV.HA Rostock
(n=2 types, n=2-4 donors per type, n=2 replicates). We also compared
LV.F/HN and LV.HA Rostock for their affinity to bind soluble sialylated
glycans and inhibit hemagglutination. As expected, both pseudotypes
showed a greater affinity to bind human a2,3 than a2,6. Interestingly,
LV.F/HN required 16-fold less of the human a2,3 subtype glycan (LSTd)
to inhibit hemagglutination. This suggests that LV.F/HN has a strong
affinity to bind the human a2,3 glycans abundant on ALI cultures and
human airway. Altogether these results highlight the importance of
accurately modelling the receptors present on target cells. In addition,
the prevalence of a2,3 sialylated N-Acetyllactosamine on human
airways, and its efficient use for transduction by the F/HN pseudotype,
supports its potential in human airway gene therapy applications.

24. Extended Results from First-in-Human
Clinical Trial of RP-A501 (AAV9:LAMP2B) Gene
Therapy Treatment for Danon Disease

Barry Greenberg', Joseph Rossano?, Shilpi Epstein’,
Pavan Battiprolu’, Marcus A. Urey', Kimberly N. Hong',
Andrew M. Kahn!, Abigail Waldron? David Ricks?, Paul
Yarabe®, Kinnari Patel?, Jonathan Schwartz?, Gaurav
Shah’, José Trevejo®

"University of California, San Diego Medical Center, La Jolla, CA,*Children’s
Hospital of Philadelphia, Philadelphia, PA,’Rocket Pharmaceuticals, Inc.,
Cranbury, NJ

Background: Danon disease (DD) is an X-linked disorder caused by
mutations in the LAMP2 gene which is essential for autophagy. DD
is characterized by severe cardiomyopathy with median survival for

male patients (pts) to approximately 19 years (y) of age. In males,
DD natural history is characterized by progressively worsening
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cardiac abnormalities including wall thickening culminating in
severe ventricular hypertrophy, impaired left ventricular global
longitudinal strain (GLS), increased brain natriuretic peptides (BNPs)
and propensity for arrhythmias; abnormalities frequently manifest in
childhood followed by end-stage heart failure during late adolescence.
Treatment options are limited. Methods: This open-label Phase 1 study
evaluates the safety and efficacy of a single IV infusion of RP-A501
(AAV9.LAMP2B) at doses 6.7 x 10" GC/kg (low dose) and 1.1 x 10™
GC/kg (high dose) in male DD pts in two age groups: 215 y and 8-14
y. Eligibility criteria include a DD diagnosis with LAMP2 mutation
and cardiac involvement. Results: All adolescent and adult patients
who were treated (215 y; N=3 ptsat 6.7 x 10"* GC/kg, N=2 pts at 1.1 x
10 GC/kg) with observed immunosuppressive regimen compliance
(N=4) had evidence of cardiac LAMP2B expression which ranged
from 67-100% vs. normal control by immunohistochemistry (IHC).
Adverse events were manageable with transient immunosuppression.
Reversible platelet decreases and transaminase elevations returned
to baseline within 2 months. Steroid induced myopathy which was
considered severe in 2 patients resolved with steroid taper. One patient
with decreased LVEF treated at 1.1 x 10" GC/kg had complement-
mediated thrombocytopenia and acute kidney injury requiring
transient hemodialysis with full recovery. This patient later required
heart transplantation due to Danon disease progression. All other
patients have had stable or improved NYHA Class, 6 MWT and
reported increases in physical activity. BNPs were reduced by 57- 81%
from baseline; echocardiograms indicate trends towards decreased
wall thickness. Treatment has been initiated and well-tolerated in the
pediatric cohort (n=1; 8-14y at 6.7 x 10> GC/kg) with an enhanced
immunosuppressive regimen intended to minimize potential for
complement-mediated events and steroid exposure. Conclusions: This
ongoing first-in-human trial demonstrates that RP-A501 gene therapy
for DD was generally well-tolerated and confers cardiac LAMP2B gene
expression. Patients exhibited improvements in multiple cardiac and
clinical parameters. Initial pediatric safety results will be presented at
the meeting.

25. Amphiphilic Peptides Deliver Adenine
Base Editor RNPs to Rhesus Monkey Airway
Epithelial Cells In Vivo

Katarina Kulhankova', Soumba Traore', Stéphanie
Hallée?, Xue Cheng?, Vicky Caron? Coraline Lauvaux?,
Xavier Barbeau?, Mario Harvey?, Joannie Roberge?,
Alice F. Tarantal’, Greg A. Newby*, David R. Liu*, David
Guay?, Paul B. McCray*

"Pediatrics, University of Iowa, Iowa City, IA,*FeldanTherapeutics, Quebec, QC,
Canada,’Pediatrics, School of Medicine, and California National Primate Research
Center, UC Davis, Davis, CA,*Broad Institute of Harvard and MIT, Cambridge,
MA

The development of safe and effective gene editing strategies for cystic
fibrosis and other lung diseases is challenged by the complex barrier
properties of airway epithelial cells. To overcome this limitation, we
utilized novel amphiphilic shuttle peptides to deliver base editor
ribonucleoprotein (RNP) into the airways to edit airway epithelial
cells of rhesus monkeys. We previously reported that non-covalently
combining shuttle peptides in solution with protein cargoes (CRISPR-
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Cas nucleases, GFP) facilitates rapid protein delivery into human and
mouse airway epithelia. Using primary air liquid interface cultures
of rhesus tracheal epithelial cells, we demonstrated that the shuttle
peptides S10 and S315 delivered Cas9-ABE8e RNP and achieved
editing at the CCR5 safe harbor locus (editing efficiency 3-9%). To
investigate the delivery efficiency in vivo, the Cas9-ABE8e RNP and
shuttle peptides S10 or S315 were aerosolized into the trachea of
sedated young rhesus monkeys during tidal breathing. Seven days later,
tissues were obtained and dissected, and airway epithelia collected
from the trachea, mainstem, and segmental bronchi using cytology
brushes. DNA was extracted from epithelial cells and subjected to
high-throughput sequencing. Using the S315 shuttle peptide and Cas9-
ABE8e, we achieved a mean editing efficiency of 2.8% at the CCR5
locus in airway epithelial cells (range 0.02 - 5.3%) depending on the
anatomic region sampled. To visualize the biodistribution of the RNPs
within the respiratory tract and in specific cell types, we delivered a
Cy5-fluorescent peptide fused to a nuclear localization signal (NLS-
Cy5) using the S10 peptide. The lungs were obtained 1 and 2 hours
post-delivery, fixed, and examined by microscopy. Epifluorescence and
confocal microscopy documented an effective intra-nuclear delivery
of NLS-Cy5 into epithelial cells throughout the respiratory tract,
including large, medium, and small airways, and alveolar regions.
Ongoing analyses will identify the NLS-Cy5-positive epithelial cell
types using co-localization with fluorescently-labeled antibodies. Of
significant interest is the capacity of this method to target regional
airway progenitor cell types. In summary, using a rhesus monkey
model, following a single delivery of adenine base editor RNPs to the
airways in a clinically relevant manner we achieved up to 5.3% editing
efficiency of the CCRS5 locus in airway epithelia, a level considered
therapeutically relevant in cystic fibrosis.

26. Gene Therapy Induced Cholesterol
Catabolism to Treat Atherosclerosis and NASH
Mourad Toporsian, Marc Ridilla, Garrett Strough, Iyan
Warren, Bill Cherman, Reason.

Repair Biotechnologies, Inc., Syracuse, NY

Excessive and abnormal accumulation of cholesterol has emerged as a
critical determinant in the pathogenesis of cardiometabolic diseases.
Humans cannot degrade excess cholesterol and are therefore prone
to developing life-threatening forms of these diseases. We have
developed the Cholesterol Degrading Platform (CDP), an engineered
and optimized human protein fusion complex that confers on cells the
ability to safely degrade excess cholesterol into a non-toxic, soluble
catabolite that can be readily eliminated. We believe that targeted
CDP gene and cell therapy can be a novel approach to treating
and reversing cardiometabolic disease. Atherosclerosis is a chronic
maladaptive inflammatory response triggered by the retention of
cholesterol-rich low-density lipoproteins (LDL-C) within the walls of
arteries. Circulating monocytes enter the arterial wall, differentiate into
macrophages, and ingest LDL-C to prevent its further accumulation.
Evidence points to the inability of macrophages to degrade excess
cholesterol as a critical determinant in atherosclerosis progression.
ApoE-null mice were implanted with a subcutaneous osmotic
minipump to allow continuous angiotensin II release (0.7mg/kg/day,
4 weeks) and placed on an atherogenic diet for 4 weeks. Mice were
randomly assigned into two groups and intravenously administered
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one dose of either AAV-Empty or AAV-CDP (1013 vg/kg, iv tail vein
n=7/group). Both groups were placed on normal chow for 4 weeks
until euthanasia. Aortic roots were sectioned and stained for plaque
lipids with Oil Red O. Compared to the control AAV-Empty treated
group, AAV-CDP was well-tolerated and resulted in a significant 48%
reduction in plaque lipids (P < 0.05). Mice did not exhibit weight
loss or evidence of toxicity. Excess accumulation of cholesterol in
non-alcoholic fatty liver disease (NAFLD) liver is believed to be a
trigger in the onset and progression of non-alcoholic steatohepatitis
(NASH), a condition where hepatic steatosis coupled with sustained
and maladaptive inflammation lead to progressive liver cell injury and
fibrosis. ApoE-null mice were fed a high fat diet for 8 weeks to develop
NASH. We found that treatment with AAV-CDP (vs AAV-Empty, 1013
vg/kg iv tail vein; n=12/group) resulted in a 34% reduction in liver
macrosteatosis (P< 0.01) and a 42% reduction in a-smooth muscle
actin (SMA) staining (P< 0.01), suggesting reduced hepatic cell injury,
hepatic stellate cell activation, and liver fibrosis. Separately, using
the MSNASH/Pco] mouse model of NASH, we found that weekly
intravenous administrations of 1 mg/kg of LNP encapsulated CDP
mRNA (n=11 LNP-mRNA-CDP, n=11 LNP-empty control) resulted
in a 17% improvement in blood glucose tolerance (P < 0.01) over the
course of 8 weeks. However, after 12 weeks of treatment, liver toxicity,
and loss of improvement was observed, possibly a result of mRNA
immunogenicity. In conclusion, our data provide initial evidence that
systemic administration of CDP can be safe and well-tolerated, and
potentially implemented as an efficient treatment for atherosclerosis
and NASH. We are now testing the efficacy of CDP-expressing iPSC-
derived anti-inflammatory M2 macrophage cell therapy in animal
models of atherosclerosis.

27. AAV Gene Therapy Using a Genetic
Suppressor Treats LMNA Dilated
Cardiomyopathy in a Lmna Mouse Model
Following a Decline in Ejection Fraction
Hendrikje Werner'?, Ying Jie Loh'?, Nyein Thet
Khaing'?, Jinqiu Zhang?, Mervyn Ong"?, Brian Burke?,
Yann Chong Tan', Colin L. Stewart?, Yin Loon Lee'?
"Nuevocor Pte Ltd, Singapore, Singapore,*Agency for Science, Technology and
Research, Singapore, Singapore

Autosomal dominant, gain-of-function mutations in the LMNA gene
encoding the nuclear envelope protein lamin A/C result in dilated
cardiomyopathy (DCM), with a prevalence of as high as 1/12500. In
previous studies, we established a mouse model for LMNA DCM where
inducible cardiac deletion of Lmna resulted in ventricular dilation,
reduced ejection fraction, fibrosis and mortality within 5-6 weeks.
Using AAV9 and the cTnT (cardiac Troponin T) promoter to express
a genetic suppressor of Lmna mutations, GSLAO01, in cardiomyocytes
in vivo, we prevented development of cardiac pathology, extending
the lifespan of the mice to over one year after induction of the Lmna
mutation. The phenotypic correction is the result of the GSLAO1
protein disrupting the nuclear envelope-localized LINC (Linker of
Nucleoskeleton and Cytoskeleton) complex. The Lmna DCM mice
exhibit a relatively normal cardiac ejection fraction 14 days after Lmna
gene deletion in the heart, but this declines significantly at 21 days post-
deletion. To determine whether our AAV9-cTnT-GSLAO1 vector can be
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used to treat rather than prevent LMNA DCM, we treated mice 1, 14,
17 and 21 days after deletion of Lmna in mouse cardiomyocytes in vivo.
The lifespan of Lmna DCM mice was increased by 177 % to 108 days
17 days after induction of the Lmna mutation (P = 0.0002), with earlier
treatment resulting in longer survival. Dose response experiments
delivering 5x 10", 1 x 10" and 2 x 10" vg/kg of AAV9-cTnT-GSLAO1
vector in mice 17 days after inducing the Lmna mutation resulted in
statistically significant (P < 0.05) increases in median lifespans to 51.5,
67.5and 103.5 days respectively, whereas untreated mice survived only
40 days. The dose-efficacy response and lifespan extension following
treatment of mice with reduced ejection fraction suggest that our
genetic suppressor approach is a promising one for treating LMNA
DCM patients using AAV gene therapy.

AAV9-cTnT-GSLAO1 treatment window
in LMNA dilated cardiomyopathy mouse model
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28. A First-in-Human Phase 1 Clinical Gene
Therapy Trial for the Treatment of Heart
Failure Using a Novel Re-Engineered Adeno-
Associated Vector

Timothy Henry', Eugene Chung', Jay Traverse?,
Kristi Reynolds', Monica Alvisi®, Leigh Ervin?, Shiva
Krupa’®, Michael O’Callaghan’, Hesham Sadek?, Anna
Tretiakova®, Katherine High?, Canwen Jiang?, Sheila
Mikhail®, Richard Jude Samulski’, Evangelia Kranias®,
Roger Hajjar’

!Christ Hospital, Cincinnati, OH,’Minneapolis Heart Institute, Minneapolis,

MN,*Asklepios BioPharmaceutical, Inc., Chapel Hill, NC,'UT Southwestern,
Dallas, TX, University of Cincinnati, Cincinnati, OH

Congestive heart failure (HF) remains a progressive disease with a
critical need for innovative therapies to reverse the course of ventricular
dysfunction. Recent advances in understanding the molecular basis of
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myocardial dysfunction, together with the evolution of increasingly
efficient gene transfer technology, have placed HF within reach of
gene-based therapies. One of the key abnormalities in HF is abnormal
intracellular Ca?* handling and increased protein phosphatase activity.
We have developed a novel Adeno-Associated Vector, AAV2i8, that is
cardiotropic and de-targets the liver to deliver a constitutively active
protein phosphatase 1 inhibitor 1 (I-1c) - AAV2i8.1-1c. We initiated
a First-in-Human dose escalation gene therapy trial to evaluate the
safety and feasibility of a single antegrade coronary artery infusion
of three dose levels of AAV2i8.I-1c in patients with non-ischemic
cardiomyopathy and New York Heart Association Class IIT symptoms
of HE The trial has enrolled three patients in cohort 1 and five patients
in cohort 2. Twelve month follow-up data are available for all three
participants in cohort 1. The safety profile was excellent with no AEs
related to the investigational product over 12 months’ observation.
Efficacy measurements included changes in NYHA classification, VO,
max assessed by cardiopulmonary exercise testing, six-minute walk
test, left ventricular ejection fraction, and left ventricular regional wall
motion. Compared to baseline, all three patients showed clinically
meaningful improvements in endpoints such as LVEF and NYHA
at month 12 (see table 1). The 12-month follow-up of cohort 2 is
ongoing.Table 1: summary of results for the 12 months follow up of
cohort 1. Quantifiable measures of biological activity across a number
of parameters, important for assessing HF status, could be detected in
patients in cohort 1 in this cardiac gene therapy trial. We will report
preliminary safety and efficacy data on patients who have completed
12 month follow-up.

Table 1: summary of results for the 12 months follow up of cohort 1
BASELINE Diﬂre.rence at 12 months from
baseline
Subject 1 2 3 1 2 3
NYHA 3 3 3 -1 -2 -1
LVEF (%) 375 |29 34 +10.5 +22 +6
MLWHFQ 81 51 -43 -12
6MWT (m) 314 381 | 24.6 | +51.75 +38.1 +235.4
pVO,max (ml/kg/mim) | 12.3 | 143 | 7.9 +0.9 +1.5 +5.1
NT-proBNP(pg/ml) 225 232 | 165 +552 -38 -60
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29. Muscle-Specific Tyrosine Kinase
Chimeric Autoantibody Receptor T Cells
(MuSK-CAART): A Precision Cellular
Immunotherapy for Antigen-Specific B Cell
Depletion in MuSK Myasthenia Gravis
Sangwook Oh', Xuming Mao', Silvio Manfredo-Vieira',
Eun Jung Choi', Uri Herzberg?, Darshil Patel, Ebony
Cottman-Thomas?, Jinmin Lee?, Samik Basu?, Kevin C.

O’Connor?, Michael C. Milone*, Aimee S. Payne'

"Dermatology, University of Pennsylvania, Philadelphia, PA,?Cabaletta Bio,
Philadelphia, PA,’Neurology/Immunobiology, Yale University, New Haven,
CT,*Pathology/Laboratory Medicine, University of Pennsylvania, Philadelphia, PA
Muscle-specific tyrosine kinase (MuSK) myasthenia gravis is an
autoimmune disease that causes life-threatening muscle weakness
due to MuSK autoantibodies that disrupt acetylcholine receptor
clustering and neuromuscular junction signaling. MuSK myasthenia
gravis therapy with steroids and the anti-CD20 monoclonal antibody
rituximab aims to suppress or eliminate antibody-producing B cells,
although disease often relapses due to incomplete B cell depletion
and even transient B cell depletion risks serious infections. The ideal
therapy would eliminate only the autoantibody-producing B cells
while preserving healthy B cells to protect from infection. Chimeric
antigen receptor (CAR) T cells have transformed cancer treatment by
re-programming T cells to eradicate B cell cancers, raising hope that
precision medicine cures can be extended to other B cell-mediated
diseases. By expressing the MuSK autoantigen as the extracellular
targeting domain of a chimeric autoantibody receptor (CAAR) with
4-1BB/CD3( cytoplasmic signaling domains, we genetically engineered
human MuSK CAAR T cells (MuSK-CAART) to selectively kill anti-
MuSK B cells expressing a surface-bound autoantibody (anti-MuSK
B cell receptor). Expression of the MuSK CAAR in primary human T
cells directs T cell cytotoxicity toward B cells targeting a broad range of
physiologic MuSK epitopes. MuSK-CAART demonstrated comparable
activity as anti-CD19 CAR T cells in eliminating anti-MuSK B cells
in immunodeficient NSG mice xenografted with anti-MuSK Nalmé
cells, in the presence or absence of soluble anti-MuSK antibodies. In
an immunocompetent experimental autoimmune myasthenia gravis
model, treatment with murine anti-CD19 CAR T cells depleted B
cells and decreased both serum anti-MuSK IgG and total IgG levels,
whereas treatment with murine T cells expressing a human MuSK
CAAR induced comparable decreases in anti-MuSK IgG titers without
decreasing total B cells or IgG levels, reflecting MuSK-specific B cell
depletion. Toxicology studies in the NSG xenograft model and screens
of a high-throughput human membrane proteome array and primary
human cells did not identify MuSK-CAART off-target cytotoxic
interactions. These data in part formed the basis of an investigational
new drug application for MuSK-CAART for the treatment of MuSK
autoantibody-positive myasthenia gravis, which has been allowed to
proceed by the FDA.
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30. Novel Single AAV Vector Treatment

for Congenital Muscular Dystrophy Type 1A
(MDC1A) Using CRISPR-GNDM® Technology
Yuanbo Qin, Talha Akbulut, Rajakumar Mandraju,
Keith Connolly, Payal Pranami, Claudia Foster,
Vandhana Chezhiyan, Alison Shottek, Tetsuya

Yamagata

Modalis Therapeutics Inc., Waltham, MA

Traditional AAV gene replacement therapy is challenging for genes
with large coding sequences due to AAV’s packaging size limitations
(under 4.7kb). While this could be addressed with CRISPR-mediated
activation (CRISPRa) on a modifier gene, present CRISPRa systems
are also notably beyond the packaging capacity of a single AAV vector.
Additionally, specificity of CRISPRa can present as a challenge as off-
target gene perturbation is often observed. In effort to overcome these
obstacles, we developed our CRISPR-GNDM® (Guide Nucleotide-
Directed Modulation) technology, which includes an engineered Cas9
variant fused with compact transcription activator and sequence specific
guide RNA cassette, all at a reduced size to be packaged into a single
AAV vector and applied it to develop a therapy for MDCIA disease.
MDCIA is a severe, early onset form of congenital muscular dystrophy
(CMD) involving muscle weakness, loss of ambulation, and respiratory
failure. Majority of patients do not survive past the second to third
decade of their life, noninvasive ventilatory (NIV) support is required
in all patients, and quality of life is diminished. There is currently no
effective treatment or cure. MDCIA is characterized by mutations
in LAMA2 which causes functional impairment of the laminin a2
subunit, a critical component of the heterotrimeric extracellular
matrix proteins laminin-211/221. Laminin al subunit encoded by
the Lamal gene has been shown to compensate the loss of Lama2 in
mouse. As LAMA1 coding sequence is too large (over 9kb) to package
into a single AAV vector and it is not actively transcribed in muscle
tissues, it serves as an ideal target for our CRISPR-GNDM" technology.
We first evaluated efficacy of AAV9-CRISPR-GNDM®-mLAMAL1 in
neonatal DyW mice via systemic delivery. DyW is a well characterized
Lama2 knockout mouse strain with severe muscular dystrophy
phenotypes. While untreated homozygous animals typically die
within 1-3 months, GNDM® treatment extended their survival in a
dose-dependent manner to more than 8 months. In these mice, using
immunofluorescent staining, we observed robust LAMALI protein
expression in the basement membranes of skeletal muscle fibers.
H&E staining showed less histopathology compared to untreated
animals. Treated animal also showed over 60% reduced serum CK
levels, a circulating marker of muscle degeneration. Additionally,
we evaluated long-term efficacy of AAV9-CRISPR-GNDM? in
C57BL6 animals and observed sustained GNDM® expression and/
or Lamal mRNA upregulation in muscle tissues up to 2 years.
Towards developing human CRISPR-GNDM? vector, we screened over
400 human guide RNAs in human primary skeletal muscle cells, through
which we identified a few human guide RNA sequences that strongly
upregulate LAMA1. Using whole transcriptome analyses, we found that
CRISPR-GNDM?* demonstrated much higher transcription modulation
specificity than CRISPRa. We also optimized the size of our vector by
further engineering GNDM?" to have a compact activation moiety to
achieve efficient bioprocessing of AAV with high therapeutic potency.
In summary, our proprietary CRISPR-GNDM?® technology offers a
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single vector treatment for MDC1A with high potency and specificity,
and can be customized and applied to other genetic disease caused by
haploinsufficiency.

31. Regeneration of Articular Cartilage,
Suppression of Synovial Inflammation, and
Alleviation of Joint Pain After Intra-articular
Injection of ICM-203 in Canine OA Model
Minsun Park'?, Jamie Collins’, Nayoung Lee?, Hyeon-
Kyu Go*, Seo Hyun Shin*, Changfan Jin*, Tae-Won
Jeong®, Youngkyu Song’, Jooyeon Kim’, Jee-Hyun Cho’,
Susanne Maschek®’, Wolfgang Wirth®’, Ali Guermazi®,

Dae-Won Kim"?

Yonsei University, Seoul, Korea, Republic of,2ICM Co., Ltd., Seoul, Korea,
Republic of,*Bringham and Women’s Hospital, Boston, MA,*Knotus Co., Ltd.,
Incheon, Korea, Republic of,’Korea Basic Science Institute, Cheongju, Korea,
Republic of,°Chondrometrics GmbH, Freilassing, Germany,”Paracelsus Medical
University Salzburg & Nuremberg, Salzburg, Austria,*Boston University School of
Medicine, Boston, MA

While inflammation in osteoarthritis (OA) needs to be controlled
to attenuate OA pathogenesis, maintenance of proper dynamics of
chondrocyte physiology would also be critical to suppress OA. Due
to the complicated etiology of OA, significant unmet medical needs
exist for a disease-modifying OA drug (DMOAD). Nkx3.2 was
initially identified as a pro-chondrogenic factor promoting cartilage
development. Our previous studies have revealed that reduced Nkx3.2
expression can be tightly linked with OA and compensation of Nkx3.2
expression can suppress OA in mouse models. Nkx3.2-D2, a truncated
form of Nkx3.2 encoding a.a. 123-320, was identified to be resistant to
OA-induced protein degradation leaving its OA suppression activity
intact. In this study, ICM-203, an AAV vector encoding Nkx3.2-D2,
was investigated for its DMOAD activity in a beagle OA model.
Modulation of OA pathogenesis was examined by using intra-articular
(TA) injection of ICM-203 in a surgery-induced beagle OA model.
Combined knee joint surgery, including anterior cruciate ligament
transection and partial medial meniscectomy, was employed to thirty-
two male beagle dogs to induce OA. Prior to dosing, radiography
was analyzed to confirm the baseline OA conditions. Then, a single
administration of ICM-203 (Low, Mid, High), along with placebo, was
performed in the OA-induced knee joint (n=8 per group). Longitudinal
observation for cartilage regeneration and synovitis were examined by
MRI. In addition, various functional assessments including manual
joint palpation, gait analysis, and static weight bearing (SWB) was
performed for 26 weeks. Pre-dose analyses of radiography revealed
that beagle dogs’ operated knee joint condition was comparable to
KL grade 2 to 3 in human patients. After ICM-203 administration,
cartilage regeneration was evaluated by longitudinal MRI analyses.
Semi-quantitative MOAKS revealed pronounced linear improvements
in cartilage surface area and full thickness cartilage damage in ICM-203
high-dosed group. Furthermore, cartilage conditions were assessed
by quantitative MRI as well. Centro-medial femur (cMF) cartilage
was thickened by 9.6% for ICM-203 high-dosed group at week-26
post-dose, and the average thickness for the entire cMF cartilage was
increased by 0.04 mm. In addition, IA injection of ICM-203 decreased
the areas with full cartilage defect in cMF; the average recovery of
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denuded area (dAB) in placebo and ICM-203 high-dose group was
0.14 and 26.6%, respectively. Consistently, significantly accelerated
recovery in Hoffa and Effusion synovitis was observed for ICM-203-
dosed group. Finally, IA administration of ICM-203 was effective in
restoring knee joint function by alleviating pain as evidenced by manual
palpation, gait analysis, and SWB analyses. All ICM-203 dosed group
showed continuous improvement in pain up to week-26, whereas the
placebo treated group remained with sustained pain. IA delivery of
ICM-203 was found to be capable of regenerating functional cartilage,
inhibiting synovial inflammation, and restoring normal joint functions.
Considering these pre-clinical observations, first in human trial using
Nkx3.2-based AAV gene therapy could potentially show function/pain
and structural benefits for human OA patients.

32. Lentiviral Vector-Based Gene Therapy for
Type Il Collagen Disorders

David Favre!, Stéphanie Sarrazy-Garcia', Pauline
Gillino', Blandine Madji-Hounoum', Amélie Tison',
Ashaina Vandenberghe', Francisca Diaz-Gonzalez?,

Karen E. Heath??, Elvire Gouze'

'Innoskel, SAS, Biot, France, INGEMM, IdiPAZ & UMDE-ERN Bond, Hospital
Universitario La Paz, Madrid, Spain,’CIBERER, ISCIII, Madrid, Spain
Background- Type II collagen disorders are skeletal dysplasia resulting
from mutations in COL2A1. Clinical presentations range from perinatal
lethal disease (Achondrogenesis type II or hypochondrogenesis) to
disproportionate short stature (Spondyloepiphyseal dysplasia congenita
or SEDc), or normal stature children with severe myopia, retinal
detachment and early onset inflammatory arthritis (Stickler syndrome).
SEDc is the most common severe non-lethal type II collagen disorder,
defined by disproportionate short stature, progressive scoliosis/
kyphosis, joint degeneration and pain, myopia and various non-skeletal
features. No disease-modifying treatment is available. Methods- We
have developed a VSVg-pseudotyped third-generation self-inactivating
lentiviral vector (INS-101) for in vivo systemic use to restore normal
cartilage growth in bone growth plates and prevent skeletal deformities
related to the most severe clinical complications. As a proof-of-concept,
we tested INS-101 in a spontaneous mouse model of SEDc (B6(Cg)-
Col2aI%*P¢[] or “SEDc mice”), which recapitulates the key histologic,
radiographic and clinical characteristics of pediatric SEDc patients.
INS-101 cassette includes a codon-optimized wild-type COL2A1 cDNA
under the control of the hybrid promoter HB13a, which was specifically
developed to support high and sustained expression in chondrocyte
lineage, but no activity in hematolymphoid cells. Results- Following
repeat systemic injections of INS-101 at days 1, 7 and 15 in SEDc
mice, survival was improved from 55 to 86% at doses as low as 1E6
Transducing Unit per kg (TU/kg) in the treated SEDcmice compared
to untreated controls. Results from SEDc mice treated at doses ranging
from 1E7 to 1E9TU/kg suggested a dose-dependent and long-term
correction of histologic, radiographic and clinical anomalies, associated
with: 1) high expression of COL2A1 in the chondrocytes of bone
growth plates, 2) restoration of columnar architecture and chondrocyte
differentiation in growth plates, 3) radiographic correction of sternum,
hip, cranio-cervical and long bone measurements, 4) restoration of the
thoracic cage volume and correction of the cranio-cervical junction
instability and vertebrae maturation, and 5) prevention of respiratory
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insufficiency, spine deformities and locomotor dysfunction. An
increase in total body length was observed, although INS-101 treatment
did not fully restore the body length of wild-type mice. No adverse
event was observed in over 400 SEDc and wild-type mice treated.
To assess the activity of INS-101 in patient-derived specific SEDc
mutations, induced Pluripotent Stem Cells (iPSCs) were generated
from SEDc, Stickler and healthy control subjects. We tested INS-101
in iPSC-derived human mesenchymal stem cells and chondrocytes
for in vitro activity and coverage of several mutations in long-term 3D
chondrocyte cell culture systems. Preliminary results suggest that INS-
101 treatment in vitro restores the production of the extracellular matrix
and accelerates the growth and differentiation of subset proliferative
and hypertrophic chondrocytes. Conclusions- Overall, in vitro and in
vivo proof-of-concept studies suggest that systemic delivery of INS-101
can efficiently target chondrocytes of the skeletal bone growth plates
and prevent the development of severe complications related to type
IT collagen disorders. Further development is ongoing to delineate
the efficacy of INS-101 in the SEDc and Stickler mouse models, and
its biodistribution and safety profile in relevant large animal models.

33. Multicenter AAV Gene Therapy Studies
for SMARD1/CMT2S Establish Safety and
Efficacy in Multiple Animal Models and Pave
the Way for Initiation of a Phase I/l Clinical
Trial

Julieth A. Sierra Delgado’, Shibi Likhite', Sarah E.
Holbrook?, Vicki McGovern?, Deepti Chung?, Joseph
Caporale', XIaojin Zhang', Maura Schwartz', Megan
Baird!, Chase Haubert!, Abuzar Kaleem', Annalisa
Hartlaub!, Natalie Rohan!, Erin Ratzlaff', Chris
Pierson'!, Brad Bolon*, Pablo Morales’, W. David
Arnold’, Arthur Burghes’, Greg A. Cox? Kathrin C.
Meyer'

"Nationwide Childrens Hospital, Columbus, OH,*The Jackson Laboratory, Bar
Harbor, ME,*The Ohio State University, Columbus, OH,*GemPath, Longmont,
CO,”The Mannheimer Foundation, Homestead, FL

Mutations in the immunoglobulin mu DNA binding protein 2
(IGHMBP2) gene lead to a spectrum of rare, autosomal recessive
diseases characterized by degeneration of a-motoneurons and ganglion
cells. Currently, there is no evidence of a close genotype-phenotype
correlation, as even siblings carrying the same mutation can present
a broad spectrum of clinical features, ranging from distal muscle
weakness with fatal respiratory distress / failure (Spinal muscular
atrophy with respiratory distress type 1 - SMARDI1) to sensory and
milder motor neuropathies with lesser respiratory involvement
(Charcot Marie Tooth Disease 25 - CMT2S). Currently, only
symptomatic treatments are available for SMARD1/CMT?2S, which
have no effect on disease progression. Thus, there is an urgent need
to develop an effective therapy for SMARD1/CMT2S. We conducted
multicenter blinded, dose-ranging IND-enabling safety and efficacy
studies evaluating Adeno-Associated virus Serotype 9 (AAV9)-
mediated delivery of a functional IGHMBP2 coding sequence. The

therapy was tested in three different mouse models comprising the
whole SMARD1/CMT?2S disease spectrum We demonstrated that
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a single, intracerebroventricular injection of ssAAV9.IGHMBP2 in
EM3, nmd-2] and EM5 mice at post-natal day 1 resulted in widespread
expression of IGHMBP2 with improvement in functional measures in
a dose dependent manner. All three mouse models showed a marked
and dose-dependent response to the treatment leading to improvement
of body weight, strength, neuromuscular junction innervation and
survival. In addition, we also saw an increase in CMAP and MUNE,
potentially clinically relevant biomarkers indicating improved muscle
innervation. Importantly, ssAAV9.IGHMBP2 had no adverse effects
when administered in wild type mice, showing dose-dependent levels
of transgene expression in brain and spinal cord. To further translate
this approach to the clinic, we administered ssAAV9.IGHMBP2
intrathecally to six cynomolgus macaques aged 1-6 years. ssAAV9.
IGHMBP2 treatment was safe and well tolerated in all non-human
primates with widespread transgene expression throughout the
central nervous system up to 6 months post-injection. Importantly,
no significant pathology was observed throughout peripheral organs
as well as brain, spinal cord and dorsal root ganglia. Collectively,
these studies resulted in FDA approval of the first in human phase I/
II clinical trial for intrathecal administration of ssAAV9.IGHMBP2 in
SMARD1/CMT?2S patients.

34. AAV-CRISPR-Cas13 Gene Therapy for
FSHD: DUX4 Gene Silencing Efficacy and
Immune Responses to Cas13b Protein
Afrooz Rashnonejad', Gholamhossein Amini
Chermahini’, Noah Taylor', Allison Fowler', Emma
Kraus', Oliver King?, Scott Q Harper!

!Center for Gene Therapy, The Abigale Wexner Research Institute of Nationwide
Children’s Hospital, Columbus, OH,?Department of Neurology, University of
Massachusetts Medical School, Worcester, MA

The Ohio State University, Columbus, OH, USA. Facioscapulohumeral
Muscular Dystrophy (FSHD) is among the most prevalent muscular
dystrophies, ranging from 1 in 8,333 to 1 in 20,000. Currently,
no treatment exists that alters the course of FSHD, and therapy
development remains an unmet need in the field. Abnormal reactivation
of the embryonic DUX4 gene in skeletal muscle has emerged as an
underlying cause of muscle weakness and wasting in FSHD. DUX4
silencing is the most direct method to develop an effective FSHD
therapy. Toward this goal, we developed an AAV6-CRISPR-Cas13
strategy to silence toxic DUX4 expression in muscles of a FSHD mouse
model. CRISPR-Cas13 is a programmable RNA-targeting system that
can be guided to silence target mRNAs in mammalian cells and may
allow long-term silencing of target genes while applying the precision
of the CRISPR system. Since Casl3 only targets and cleaves RNA
instead of DNA, it will avoid potential risks of permanent off-target
genome editing that could arise with DNA-targeting systems. Moreover,
potentially hundreds of DUX4 copies exist in the human genome,
making DNA editing more challenging. Therefore, we hypothesized
that CRISPR-Cas13 could be a powerful method for silencing DUX4
at the mRNA level. Here, we demonstrate that intramuscular delivery
(5e10 total particles) of an AAV6 vector encoding a PspCas13b enzyme
and DUX4-targeting guide RNAs reduced DUX4 mRNA by >50% (P
< 0.003) and improved histopathological outcomes in treated FSHD
mice. We further investigated the safety of RNA targeting using the
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CRISPR-Cas13 system. To investigate possible off-target effects, we
performed RNA-seq analysis of treated versus control or untreated
human myoblasts and also examined potential collateral RNA cleavage
activity (i.e. non-specific cleavage of co-expressed mRNAs) using a dual
reporter system. Although we did not detect collateral cleavage, our
RNA-sequencing results suggested some guide RNAs, but not others,
could induce potential off-target gene expression changes. We are
currently exploring mechanisms to explain these differential off-target
effects. To address whether PspCas13b can activate a mammalian host
immune response, we injected wild-type mouse muscles with various
doses of AAV-Casl3b and investigated immune cell infiltration in
injected muscles as well as pro-inflammatory cytokine profiles. We
find evidence of an immune response against PspCas13b in mice,
including CD8*, CD3*, and NK T-cell, but not B-cell, infiltration in
injected muscles. Importantly, transient immunosuppression reduced
immune responses to Cas13b in treated animals. In conclusion, our
data support that Cas13b can target and reduce DUX4 expression
in FSHD muscles, but minimizing cellular immune response might
be necessary in order to translate AAV-Casl3 therapy to the clinic.
Keywords: Facioscapulohumeral Muscular Dystrophy, FSHD, DUX4,
D4Z4, CRISPR-Casl13, gene silencing, RNA targeting therapy, Adeno-
associated virus vectors, AAV, Muscle

35. Development of Dual AAV-Mediated RNA.I
and Protein Expression Therapy for Myotonic
Dystrophy
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INTRODUCTION. Gain-of-function, dominant genetic disease
requires a therapy that eliminates or inactivates a mutant cell component.
Recombinant AAV-delivered, RNAi technology has been used to target
RNA for gene silencing through mRNA reduction or translation
inhibition. We are developing systemic rAAV-RNAI as a therapy for
dominant genetic disease of muscle. Our focus includes myotonic
dystrophy type 1 (DM1), a common (1 in 2100) debilitating multi-
systemic adult muscular dystrophy caused by a DNA microsatellite
repeat. Transcription of the DNA repeat results in production of
an expanded repeat-containing RNA that is retained in muscle cell
nuclei. The expanded repeat containing RNA affects splicing of a
subset of unrelated cellular RNAs primarily through the sequestration
of the muscle-blind like protein 1 (MBNL1), a key splicing factor.
BACKGROUND. Our previous efforts to develop AAV-RNAi therapy
for myotonic dystrophy type 1 (DM1) targeted the human a-skeletal
actin mRNA (ACTAI or HSA) which carries an expanded toxic
repeat in the widely used HSA"™ mouse model of DMI1. The HSA
transgene acts as a skeletal muscle restricted platform for expressing
the expanded CTG repeat in a similar 3> UTR genetic disease context
as the dystrophia myotonica protein kinase gene (DMPK) gene in
individuals with DM1. We have previously shown that it is possible
to decrease disease burden with systemic HSA RNAIi expression
in the HSA'™ mouse by reducing the amount of toxic HSA repeat
mRNA found in muscle nuclei to improve hallmarks of disease,
including defects in cellular transcript splicing and myotonia.
CURRENT WORK. To further develop an rAAV-RNAI approach for
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DM1, we seek to safely integrate therapeutic RNAi hairpin expression
into the normal cellular RNAi pathway, balancing the level of RNAi
hairpin expression with efficacy. Our current approach, incorporating
muscle restricted RNA polymerase II (Pol2) promoter mediated
expression, reduces miRNA expression relative to the previous Pol3
promoter expressed miRNAs in vivo and in vitro. To increase the
therapeutic potential of vector delivered Pol2 promoter expressed
miRNAs, which typically express at lower levels than Pol3 promoters,
we began exploring the possibility of co-expressing our engineered
miRNAs with MBNLLI as a combinatorial gene therapy. Studies have
suggested that supplemental MBNLI expression to counteract its
deficiency in splicing activities could be a beneficial approach for a
DM1 therapy; however, conflicting data showing MBNLI expression
in muscle could be harmful warranted a deeper understanding of
the effects of MBNLI expression in muscle. To limit the potential for
MBNLI toxicity in the heart, we systemically administered 7.5e12 vg of
1) AAV6-CK8-MBNLI (n=4), or 2) a cardiac low MBNLI expressing
version of AAV6-CK8-MBNLI (n=7), or 3) a promoter-less AAV6-
FLuciferase (negative control, n=7) to WT B6/] mice at 4 weeks of
age. We found that AAV6-CK8-MBNLL is cardiotoxic, by histology
and echocardiogram, and led to the death of all treated mice within
5 weeks of administration. Conversely, we observed that our cardiac
CK8-MBNLI low expressing vector resulted in 100% survival 8 weeks
post injection. Skeletal muscle histological examination of these mice
showed features comparable to the control mice for all groups. These
results indicate that MBNLI expression in skeletal muscle, but not
cardiac tissue, is feasible. Our goal is to combine controlled expression
of MBNL1 with DMPK targeted RNAi to develop a combinatorial
therapy for DM1.

Immune Responses to AAV Vectors

36. Characterizing AAV-Mediated Immune
Responses in a Mouse Model of Duchenne
Muscular Dystrophy

Michael R. Emami', Alejandro Espinoza', Jeftrey
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Duchenne muscular dystrophy (DMD) is caused by mutations in the
DMD gene, which encodes dystrophin, and is amenable to gene-editing
and gene replacement therapies. Serious adverse events have been
reported in patients dosed with AAV-microdystrophin during Phase
I/II clinical trials, likely due to immune responses against the AAV
capsid. In this study, we comprehensively characterize AAV-induced
immune responses in vivo in order to gain insights on AAV-immune
interactions. We systemically dosed and re-dosed dystrophic mice
with AAV9 at 1.16E14vg/kg carrying either micro-dystrophin, Cas9,
or Cas9 with a frameshift mutation (Cas9-FS), which disrupts Cas9
protein expression and production. Peripheral blood mononuclear
cells (PBMCs) were collected at baseline and after the first and second
administrations of AAV (five hours, two weeks and four weeks post
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dosing). First, we investigated TLR-induced cytokine responses using
Luminex since AAV genomes contain unmethylated CpG motifs
that have been shown to activate the TLR9:MyD88 pathway. We
calculated the risk potential for TLR9 activation for each transgene:
Cas9 (K, ,,=20), Cas9-FS vectors (K, ,,=20) and micro-dystrophin
(K, go=13). All three vectors are above the speculated threshold
(K|, z>10) to activate TLR9. Accordingly, Luminex assays revealed
that all three vectors significantly increased TNFa, IP-10, MCP-1,
and MIP-1p following the second dose of AAV at the five-hour time
point, strongly suggestive of TLR9:MyD88 activation. In addition, we
probed for complement levels, as consumption of C3 and C4 were
reported in ongoing DMD clinical trials. In our study, we observed
significant consumption of C3 and C4 across all three vectors after the
second dose at the five-hour time point, suggesting activation of the
classical complement pathway, which relies on antibody production.
Our preliminary findings support this hypothesis, as we observed peak
anti-AAV IgG responses after the second dose as well as cross-reactivity
against AAV2 and AAVS. Finally, we performed single cell RNA-
sequencing to analyze immune cell phenotypes and our initial findings
suggest pronounced activation of all main immune cell types following
the second administration of AAV. Ongoing analysis and validation
studies are needed to identify critical immune cell types that could be
targeted to improve the safety and efficacy of AAV-based therapies.

37. Functional Assessment of T Cell
Responses to AAV8 Empty Capsids in Healthy
Volunteers

Holly Schroeder', Lloyd Johnston?, Eisha Clyde', Md
Mahmudul Hasan', Bethany Kuszlewicz', Ross Fraser',
Tanika Williamson', Greg Gojanovich', Paul Greback-
Clarke!, Tamara Zekovic!, Jacob Smith!, Katherine
High', David Favre!, Takashi Kei Kishimoto®, Peter
Traber?, Shari Gordon', Richard J. Samulski'*

'AskBio, Durham, NC,*Selecta Biosciences, Watertown, MA,’Selecta Biosciences,
Watertown, NC,*"Pharmacology, University of North Carolina, Chapel Hill, NC
Gene therapy using recombinant adeno-associated virus (AAV) is
a promising treatment for both monogenic and complex acquired
diseases. However, clinical trials with systemically delivered AAV have
demonstrated that T-cell responses directed against the capsid may
impact the safety and efficacy of gene transfer. Specifically, capsid-
specific CD8+ T cells are induced and associated with elevated liver
transaminase levels in a dose dependent manner. Antigen presentation
also activates CD4+ T-helper cells, which facilitate humoral and cell-
mediated immune responses. Thus, there is a need to characterize the
kinetics and polyfunctional profile of CD4+ and CD8+ T cells after
AAV gene therapy and evaluate the potential of immune modulators
to inhibit the AAV-specific T-cell response. We conducted an
experimental medicine trial in 23 healthy volunteers in which subjects
were administered 2e12 vp/kg of a novel formulation of AAV8-empty
capsids alone (n=8) or in conjunction with tolerogenic ImmTOR
nanoparticles, which encapsulate rapamycin (n=15). Empty capsids
(intact viral capsid devoid of DNA) were manufactured by double
transfection of rep/cap and helper plasmids and purified by ultra-
centrifugation and chromatography. The results suggest combination
treatment was safe and tolerated in healthy volunteers with no serious
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adverse events. We performed a multiparametric analysis of the
cellmediated immune response in blood from all individuals before
and after dosing (Fig A). The activation, differentiation and functional
profile of the T-cell response was evaluated using IFNy ELISpot, flow
cytometry. Dosing with AAV8 empty capsids activated and induced
proliferation of CD4+ and CD8+ T cells. Responding T cells produced
a robust, capsid serotype cross-reactive IFNy response detected as
early as seven days after dosing (Fig B). When AAV8 empty capsids
were co-administered with InmTOR, there was a significant delay in
the induction of the AAVS specific T-cell response. Administration
of AAV8 empty capsid+/-ImmTOR induced distinct populations
of capsid-reactive immune cells with unique profiles of cytokine
expression associated with antibody production and immune cell
activation. Four subjects showed asymptomatic increases in serum
transaminases, with the peak T-cell response coinciding with peak
blood alanine amino-transferase (ALT) levels in 3 of 5 subjects (Fig C).
A fifth subject, treated with AAVS8 capsid alone, showed high elevation
of ALT at the end of the 90-day observation. Interestingly, neither the
magnitude of the T-cell response, cytokine profile, HLA type, nor
in silico-simulated MHC-peptide binding affinity was predictive of
elevations in liver transaminases. We believe our results show that
empty AAV capsids can be used as a model antigen to assess the effects
of immune modulators in development, and that immune-monitoring
protocols based on IFNy ELISPOT should be supplemented with other
measures of T-cell function to better assess the contribution of specific
cellular subsets to AAV immunogenicity.
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38. Characterization of the Innate Immune
Response to AAV in Human Blood and the
Central Role of Complement
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Adeno-associated virus (AAV) is emerging as a promising vector
for gene therapy. It has been previously shown that complement
components can bind directly to AAV and promote vector uptake into
innate immune cells and that this uptake is associated with increased
cytokine secretion in vitro (Zaiss et al. 2008). Additionally, complement
receptors were shown to promote anti-AAV humoral response in
gene transfer mouse model (Zaiss et al. 2008). While in clinic AAV
has shown good safety profile and low immunogenicity, some clinical
trials have observed complement activation following intravenous
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infusion of AAV. Therefore, we sought to further characterize the innate
immune response to AAV in human whole blood. First, we studied the
innate immune reaction to AAV (Spark100 and Spark 200) vectors in
human whole blood with different titers of AAV neutralizing antibodies
(NADb). Using cell surface and intracellular staining for capsid particles
at various timepoints, we found that neutrophils, monocyte-related
dendritic cells (moDC - HLA-DR+CD11c+CD14+), and monocytes
were the most numerous cells that take up AAV in blood. The
conventional dendritic cells (¢cDC -HLA-DR+CD11¢c+CD14-) were
the most activated cell subset upon AAV uptake as evidenced by
a 2.4-fold increase of costimulatory molecule (CD86) expression.
Presence of AAV NAbs in blood enhanced uptake of AAV vector into
neutrophils and other cell subsets. AAV NAbs enhanced anti-AAV
pro-inflammatory cytokine response in blood, in particular interleukin
6 (IL-6) secretion. High NAD titers and high doses of AAV were both
required for significant complement activation in blood measured by
C3a ELISA assay and C3 fragment deposition on neutrophils. Next, to
understand the importance of the complement activation in mediating
the immune response to AAV, we studied effects of the investigational
complement C3 inhibitor, APL-9, developed by Apellis. APL-9 is a
derivative of compstatin, which binds to C3 and C3b and blocks C3
activation. In a whole blood assay, AAV activated complement only
in donors with high titers (=1:100) of AAV NAbs. APL-9 was highly
effective at suppressing this activation and it significantly reduced
basal levels of C3a in seronegative samples and samples with low
NAD titers (<1:10). Blocking complement C3 activation significantly
reduced vector internalization into monocytes, moDC and cDC and
decreased levels of co-stimulatory CD86 molecule. These results suggest
that complement plays a major role in driving phagocytosis of AAV.
APL-9 treatment also reduced cytokine and chemokine secretion in
all donors, regardless of whether they exhibited overt complement
activation in response to AAV. This suggests that suppressing even a
low level of background complement activation reduces the immune
response to AAV. In conclusion, both anti-AAV NAb and complement
are important mediators of anti-AAV immunity and complement
pathway inhibition reduces multiple readouts of immune response
to AAV vectors. These findings warrant further investigation of the
complement inhibitors in AAV-based gene transfer. Disclaimer: This
communication reflects the views of the authors and neither the IMI
nor the European Union, EFPIA or any other partners are liable for any
use that may be made of the information contained herein.

39. Deimmunized Micro-Dystrophin Vectors
Blunt Patient Immunity In Vitro & Restore
Cardiac Functional Deficits In Vivo in mdx*"
DMD Mice

Guy L. Odom!, Julie Crudelle', David Baker?, Chris
Walker?, Jerry Mendell*, Indigo King>%, Stephen D.
Hauschka?, Jeffrey S. Chamberlain’

'Neurology, University of Washington, Seattle, WA,?Biochemistry, University

of Washington, Seattle, WA,*Ohio State University, Columbus, OH,*Neurology,
Ohio State University, Seattle, OH,*University of Washington, Seattle, WA,*Cyrus
Biotechnologies, Seattle, WA

Duchenne muscular dystrophy (DMD) is caused by mutations within
the dystrophin gene. A clinically identified hurdle for DMD gene
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therapy relates to patient immune system recognition of dystrophin
as a foreign protein, potentially resulting in destruction of expressing
myofibers and/or cardiomyocytes. In fact, within the past year several
serious adverse events have been reported in DMD patients treated
with AAV-microdystrophin (uDys) due to an immune response against
dystrophin. We have been developing an approach to avoid or minimize
presentation of dystrophin to T-cells via Rosetta-based computational
protein deimmunization & redesign protocols with integration of
experimental immunogenic epitope data, MHC epitope prediction
tools, and host genomic data. Our initial tests aimed to establish
whether uDys can be redesigned to deimmunize immunodominant
epitope(s) within the actin-binding domain (exons 6-8) that displayed
T-cell reactivity in the first AAV-uDys human clinical trial (Mendell
et al; NCT00428935). Importantly, the algorithm used in our studies
predicted T-cell responses to the same epitopes, independent of their
detection in this clinical trial. We used Rosetta to develop 3 redesigns
of the first epitope (P17, exon-6), 5 redesigns of the second epitope
(P19, exon-7), and 10 redesigns of the third epitope (P23 in exon-8).
While some redesigned proteins displayed reduced stability, several of
the redesigns appeared as stable and functional as the original uDys
in both myogenic cultures and in skeletal muscles of mdx4cv mice
following AAV gene therapy. We also evaluated cardiac function of the
two leading P17/P19 redesigns by infusing redesigned (R) AAV6-CK8-
uDys vectors into mdx4cv mice at 2 weeks of age and evaluating them
via cardiac magnetic resonance (CMR) and late gadolinium-enhanced
(LGE) MR imaging at ~1.5 years of age. Ejection fractions (EF) of
mdx4cv mice treated with redesigned AAV-puDys returned to wildtype
levels (wildtype mice = 73.63 + 3.33%; untreated mdx4cv = 59.07
3.54%; R-P17 treated = 72.24 + 6.22%; R-P19 treated = 70.66 + 5.91%).
Furthermore, we quantified the fibrosis via the collagen fraction
(extracellular volume, ECV) using T1 weighted Gd contrast.
Treatment with a combinatory redesigned AAV-uDys consisting
of P17 redesign#2 + P19 redesign#2 decreased ECV compared
to untreated mdx4cv myocardium (0.04 + 0.03 vs 0.07 *
0.02) to be closer to wildtype control animals (0.03 + 0.007).
Finally and most importantly, some redesigns for the first two epitopes
(P17 and P19) displayed loss of immune recognition when assayed
via interferon-y ELISpot against T-cell lines derived from the patients
who developed an immune response against uDys in the Mendell et
al. clinical trial. Unfortunately, such cells were not available to test the
P23 redesigns. These studies demonstrate that multiple dystrophin
T cell epitopes can be deimmunized and redesigned without loss of
function in both skeletal muscles and the heart. Multiple versions can
be developed in parallel for expression, functional & immunological
studies. Taken together, our approach could greatly facilitate the clinical
application of safer and more efficacious gene therapies for DMD and
other muscle disorders.

40. Pretreatment with IVIG Reduces
Peripheral Transduction of AAV9 Delivered to
the CNS

Cara West', Bryan Mastis', Luk H. Vandenberghe?,

Laura K. Richman', Roberto Calcedo!
'Affinia Therapeutics, Inc., Waltham, MA,’Gene Therapy Center, Mass Eye and
Ear and Harvard Medical School, Boston, MA

Immune Responses to AAV Vectors

Direct administration of AAV vectors to the central nervous system
(CNS) has the potential to limit off-target effects in the peripheral
nervous system and peripheral organs. However, preclinical studies
have shown that AAV9, administered directly to the CNS in nonhuman
primates, is present in peripheral organs, especially the liver (Meyer
2015; Mole Ther). Additionally, a recent meta-analysis suggests that
dorsal root ganglia (DRG) pathology results across a variety of AAV
serotypes and transgenes, and following both direct cerebrospinal fluid
(CSF) and IV administration (Hordeaux 2020; HGT). We evaluated
the potential of IV immunoglobulin G (IVIG), a widely available
therapy containing antibodies against a broad variety of antigens,
including AAV capsids, to limit biodistribution of AAV9 to peripheral
organs and DRG following administration to the CSE Four groups
of 5 C57BL/6 mice were administered AAV9 capsid carrying CAG.
GFP by either IV (1 group) or intracerbroventricular (ICV) injection
(3 groups). Two of the ICV groups were pretreated with IVIG (blood
concentration 10 mg/ml) either 24h or 2h prior to the AAV9 vector
administration. Across peripheral tissues there was no difference
in vector genomes (by droplet digital polymerase chain reaction
[ddPCR]) at 14d (necropsy) between animals administered AAV9.
CAG.GFP by IV or ICV with no IVIG pretreatment, confirming CNS
vector escape. Analyses by immunohistochemistry in liver, kidney, and
heart suggest IVIG pretreatment may limit transduction and protein
expression. In liver, IVIG pretreatment at both 24h and 2h appeared
to decrease AAV9 transduction, and there were minimal GFP+ cells
in the IVIG pretreated groups. In kidney we saw significant reduction
in transduction and no GFP+ cells in either pretreatment group. In
heart, transduction was reduced with 24h IVIG pretreatment and
appeared reduced with 2h pretreatment, with no GFP+ cells in either
IVIG pretreated group. There was an increase in vector genome
copies in the spleens of animals pretreated with IVIG 2h prior to
AAV9 administration, but no increase in GFP expression, suggesting
that the antibody-bound vector was phagocytosed by splenic cells. In
DRG (combined cervical, thoracic, lumbar), there was no significant
difference in vector genome transduction or protein expression
across groups. These findings suggest that IVIG may reduce AAV9
transduction and protein expression in peripheral organs following
direct CNS administration in C57BL/6 mice. Confirmation of these
findings may suggest an available means to limit off-target effects in
peripheral organs following AAV administration to the CSE

41. Differential T Cell Inmune Responses to
Deamidated Adeno-Associated Virus Vector
So Jin Bing', Sune Justesen?, Wells W. Wu', Abdul
Mohin Sajib', Stephanee Warrington', Alan Baer’,

Stephan Thorgrimsen?, Rong-Fong Shen', Ronit Mazor!
'Food and Drug Administration, Silver Spring, MD,’Immunitrack ApS,
Copenhagen, Denmark

Despite the high safety profile demonstrated in clinical trials, the
immunogenicity of adeno-associated virus (AAV)-mediated gene
therapy remains a major hurdle. Specifically, T cell-mediated immune
responses to AAV vectors are related to loss of efficacy and potential
liver toxicities. As post-translational modifications in T cell epitopes
have the potential to affect immune reactions, the cellular immune
responses to peptides derived from spontaneously deamidated AAV
were investigated. Here, we report that highly deamidated sites in
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AAV9 contain CD4 T cell epitopes with a Thl cytokine pattern in
multiple human donors with diverse HLA backgrounds. Furthermore,
some PBMC samples demonstrated differential T cell activation to
deamidated or non-deamidated epitopes. Also, in vitro and in silico
HLA binding assays showed differential binding to the deamidated or
non-deamidated peptides in some HLA alleles. This study provides
critical attributes to vector-immune mediated responses, as AAV
deamidation can impact the immunogenicity, safety, and efficacy of
AAV-mediated gene therapy in some patients.

42. Interplay Between Plasmacytoid
Dendritic Cells and Kupffer Cells in IL-1R1-
MyD88 Driven Cellular Immune Responses to
Hepatic AAV Gene Transfer

Sandeep Kumar', Moanaro Biswas', Ype P. De Jong?,
Roland W. Herzog'

'Pediatrics, Indiana University, Indianapolis, IN,’Gastroenterology and
Hepatology, Weill Cornell Medicine, New York, NY

Immune responses to the viral vector and encoded therapeutic
protein can adversely affect the safety and efficacy of gene therapy.
Even though adeno associated virus (AAV) vectors are known for
their comparatively low immunogenicity, immune responses remain
major hurdles to the success of AAV-based gene therapies. Toll like
receptor (TLR) 2, 9 and their downstream adaptor molecule: myeloid
differentiation primary response 88 (MyD88) have been described as
primary innate sensors to the AAV capsid and genome, respectively.
We previously demonstrated that TLR9-MyD88 mediated sensing
of the AAV genome by plasmacytoid dendritic cells (pDCs) and
crosstalk with conventional dendritic cells (cDCs) is essential for
priming of capsid-specific CD8* T cells. In contrast, cellular responses
to the transgene product in the liver is dependent on IL-1R1-MyD88
signaling, and both cytokines IL-1a and IL-1f contribute to these
inflammasome independent responses. We have also shown that
activation of transgene specific responses take place in the liver and that
cross presenting CD11¢*XCR1* dendritic cells are critical for MHC I
antigen presentation. In the present study, we sought to identify the cell
types that are critical for IL-1 (a/p) cytokine production and signaling
in response to the AAV encoded transgene. We injected C57BL/6-
WT mice with hepatotropic AAV8 serotype encoding ovalbumin
(AAV8-OVA). Five mice each on days 3, 7, 10 and 14 post injection
(PI) were euthanized, and intra-hepatic lymphocytes and splenocytes
were analyzed for expression of IL-1R by flow cytometry. Intra-hepatic
lymphocytes and splenocytes from naive mice were used to obtain
baseline IL-1R expression. Immunohistochemistry was performed
on liver sections to identify cells that produced IL-1 (a/{) cytokine.
In comparison to naive mice, significantly higher number of IL-1R
expressing pDCs were observed on day 3 PI in the liver (p<0.0001)
and on day 3 and 7 PI in spleen (p<0.0001). Although increased pDC
frequencies were observed in both the liver and spleen, intensity of
IL-1R expression was higher on hepatic pDCs (peaking on day 3
PI). Significantly increased numbers of IL-1R expressing cDCs were
also observed in liver (p=0.0023) and spleen (p<0.0001) on day 3 PI.
However, the intensity of IL-1R on ¢DCs from AAV injected mice
was comparable to that of naive mice. Similarly, increased numbers
of IL-1R expressing Kupffer (F4/80*) cells were observed on day 3 and

22 Molecular Therapy Vol 30 No 451, April 2022

Molecular Therapy

7 PI in liver (p<0.0001 and 0.0021 respectively) and on day 3 PI in
spleen (p<0.0001). Similar to liver pDCs, intensity of IL-1R expression
on F4/80* liver cells was higher (peaking on day 3 PI) as compared
to F4/80* cells from spleen. Immunohistochemical analysis of liver
sections from AAV injected mice revealed that PDCA1*B220* cells
(pDCs) were the chiefIL-1 (a/f) cytokine producing cells. Co-staining
of IL-1a and other cellular markers such as F4/80, CD4 and CDS8
showed IL-1 producing pDCs in proximity to F4/80*, CD4*and CD8*
cells. These results suggest an interaction between pDCs and Kupffer
cells that might be critical for transgene specific cellular responses.
Furthermore, these results indicate that, similar to capsid-specific
CD8*T cell responses, pDCs are also central to the activation of cellular
responses against the AAV encoded transgene product.
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43. Direct ITR-To-ITR Nanopore Sequencing
of Plasmid and Vector Preparations and Their
Implications for In Vivo Gene-Editing Vector
Performance

Suk Namkung', Raed Ibraheim*?, Ngoc Tam Tran', Erik
Sontheimer’, Guangping Gao', Phillip Tai'

'Horae Gene Therapy Center, UMass Chan Medical School, Worcester,

MA,*Tessera Therapeutics, Boston, MA,’RNA Therapeutics Institute, UMass Chan
Medical School, Worcester, MA

Many gene therapy concepts and platforms to treat human diseases are
moving from in vitro and in vivo pre-clinical testing to clinical trials.
However, establishing vector potencies remains difficult, especially
for CRISPR/Cas9 gene therapy platforms that promote gene editing.
Specifically, observed differences in indel efficiencies between tissue
culture experiments with Cas9 expression plasmids and animal
models treated with vectored Cas9 components are not completely
understood. Therefore, means of evaluating these inconsistencies are
needed. Using third-generation sequencing, we recently demonstrated
that certain recombinant adeno-associated virus (rAAV) vector
designs carrying sgRNA cassettes can cause heterogeneity in packaged
rAAV particles. These high-throughput sequencing platforms have
enabled the characterization of mutations, contaminants, truncations,
and heterogeneity in vector preparations that can impact editing
efficiency. In our recent studies, we screened different dual-guide
rAAV-Cas9 vector designs intended to target two regions upstream
and downstream of a mutated gene for segmental deletion in vivo,
and found that one vector design exhibited lowered indel efficiencies.
Using long-read sequencing with the Oxford Nanopore Technologies
MinION platform, we captured vector genomes and their parental
plasmids from inverted terminal repeat (ITR)-to-ITR. Surprisingly, we
found that 20% of the full-length vector genomes contained truncations
that contained only a single-guide Cas9 (i.e. single indel target region).
Importantly, we found that this truncated form was present in 3% of
the parental vector plasmid preparation (likely a contaminant during
cloning steps) that was not identified by conventional restriction digests
and Sanger sequencing. While the importance of parental plasmid
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quality is paramount in vector production, the link between plasmid
quality and vector heterogeneity to in vivo efficiency has not been
described previously. In this specific case study, we provide evidence
of a low-level contaminant that was preferentially packaged to yield
higher proportions within the vector population. As a result, the
outcome provides a mechanistic explanation for the compromised indel
frequencies observed in vivo among the two editing targets. Although
the proportion of single-guide versus dual-guide vector population
does not directly correspond to the specific indel efficiency at the
two target regions, our analysis shows the devastating effect of vector
plasmid impurities on vector heterogeneity and potential complications
for vector potency. Our results emphasize the need for revamped
quality control workflows for both vector plasmids and produced
vectors to improve the efficiency of rAAV-based gene therapies.
*Co-corresponding authors

44. Physico- and Biochemical
Characterization of Linear Covalently Closed
dbDNA™ for rAAV Manufacturing

Ainara Asenjo, Leyre Larzabal, Leticia Agundez, Felix
Bastida

TAAV Biomanufacturing Solutions, S.L., San Sebastian, Spain

DNA used for the generation of recombinant Adeno-Associated Virus
(rAAV) is a key starting material for successful vector production.
Doggybone™ (dbDNA™) is a newly developed technology of DNA,
which is synthetically manufactured to produce double stranded
linear DNA molecules with covalently closed ends. The molecule
is industrially manufactured from small quantities of a precursor
plasmid and a specific oligonucleotide. The process entails a series
of enzymatic reactions using Phi29 polymerase for rolling cycle
amplification, restriction enzymes to break up the backbone,
protelomerase TelN from E. coli N15 phage for covalent closure of
both ends, and exonucleases treatment to remove residual DNA. In
addition, clearing of enzymes and residuals of the manufacturing
process is achieved using special chromatographic and tangential flow
filtration steps. dbDNA™ offers many advantages over plasmid for the
manufacturing of rAAV, key among them are quality of the material,
purity, fast manufacturing turnaround time, and lower amounts of
DNA required for transfection. Besides, dbDNA™ technology can
address challenges in DNA manufacture since it provides scalability,
the ability to amplify accurately complex sequences like AAV-ITRs
and safety, as it does not carry bacterial sequences. To closely monitor
the manufacturing process and further characterize the final dbDNA™
product, a series of physico- and biochemical techniques were utilized.
Manufacturing internal process controls (IPCs) and final product
dbDNA™ from helper, capsid and transgene were analyzed by High
Liquid Pressure Chromatography in a UPLC-DAD-TQD equipment
with PDA detector at 260nm and Reverse Phase DNAPac RP (100 x
3mm, 4um) column. The chromatogram’s profiles of final dbDNA™
product showed symmetric peaks with good resolution and over 95%
purity. In all cases relative standard deviation between triplicates of
main peak areas were less than 5%. In general, dbDNA™ of molecular
weights from 4500 to 9500 bp elute at 4-5 minutes. Individual loading
of each reaction component as well as dbDNA™ samples treated with
DNAse or Proteinase K confirmed the nature of the DNA peaks. This
system was capable of separating dbDNA™, different DNA fragments,
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residual specific oligonucleotide and Tris. However, enzymes and
dNTPs/dNMPs resolved in the solvent front. The feasibility of
separating dbDNA™ molecules by Capillary Electrophoresis Laser
Induced Fluorescence (CE-LIF) was also studied using a SCIEX PA 800
Plus equipment and a modified dsDNA 1000 Kit. Successful separation
was achieved for IPCs and final dbDNA™ product. Repeatability
demonstrated migration time variation below 0.7% and purity variation
below 1.5%. To further characterized the final dbDNA™ product, we
set out to interrogate the Phi29 polymerase error rate during dbDNA™
manufacture using two high-throughput sequencing methods, NGS
with the Illumina platform and Nanopore. Helper, capsid and ITR
containing transgene dbDNA™ samples were compared to the precursor
plasmid template used in the manufacturing process. No indels were
observed in dbDNA™ molecules compared to the reference template
sequence, which shows the high degree of fidelity of the Phi29, even
during the amplification of regions of high complexity such as AAV’s
ITRs. Finally, Transmission electron cryomicroscopy (CryoTEM)
analyses of the final product showed that sample distribution differs
depending on the concentration and the thickness of the vitreous ice
along the hole of the grid, with molecules at the edges forming big
loops which could correspond to dbDNA™. Considering the synthetic
origin, the controlled manufacturing process, and the high purity of
the product, dbDNA™ is an attractive alternative starting material for
rAAV manufacture.

45. Assessment and Comparison of Digital
PCR Platforms for AAV Viral Genome Titration

Stuart C. Nelson, Andrew Pla, Sarah Kudman

Prevail Therapeutics, A Wholly-Owned Subsidiary of Eli Lilly and Company, New
York, NY

Adeno-associated virus (AAV) has emerged as the primary vector for
in vivo gene therapy applications, and there is a need to establish and
optimize methods for viral genome quantification of AAV's to support
both preclinical and clinical studies. FDA recommendations specify
that a titer assay used for clinical dosing should demonstrate a CV at
<15% and accuracy at £20%. Conventional quantitative PCR (qQPCR)
methods can fall short of these standards, while droplet digital PCR
(ddPCR) eliminates the need for a standard curve and conducts an
absolute count of viral genome copies. Hence, ddPCR is becoming
the gold standard for viral genome quantification. Until recently,
ddPCR required longer experiment time and had lower throughput
compared to qPCR. However, multiple digital PCR platforms have been
developed with varying degrees of automation, throughput and format
including nanoplate partitions (replacing droplet-based technology).
Here we describe a streamlined workflow that maintains good precision
across analysts while reducing sample preparation time. Using this
workflow, we evaluated 2 transgenes and 2 AAV serotypes across three
digital PCR platforms including Qiagen QIAcuity nanoplate digital
PCR (ndPCR), BioRad QX200™ AutoDG™ ddPCR and BioRad QX
ONE integrated ddPCR. The sample preparation workflow produced
accurate, precise, linear and specific results across both transgenes and
serotypes. All platforms exhibited inter-assay and intra-assay precision
within the FDA recommendation of 15% for all samples across 2
analysts. Comparable results were obtained between the QX200™ and
QX ONE™ ddPCR. These results demonstrate that current QX200™
assays could be effectively bridged to the higher-throughput and fully
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integrated QX ONE™ platform in a QC environment. The QIAcuity
ndPCR also met precision requirements, however a systematic shift
in quantification was observed when compared to the two ddPCR
platforms. The QIAcuity ndPCR provides a precise alternative for
antiquated qPCR approaches, as it is more affordable and faster than
ddPCR technologies. The streamlined sample preparation workflow
utilized in this study provided reliable data across multiple transgenes,
serotypes and instruments.

46. rAAV Vector Breakpoints Determined
Using Single-Molecule, Modified Base
Sequencing

Donald E. Selby', Terrence Hanscom!, Luis Soares’,
Dan Browne?, John Walsh?, Michael Weiand?, Jonas
Korlach®, Jason Wright', John Thompson'

'Molecular Biology and Genomics Research, Homology Medicines - Bedford, MA,
Bedford, MA,*Bioinformatics, Pacific Biosciences, Menlo Park, CA,*Molecular
Biology, Pacific Biosciences, Menlo Park, CA,*Pacific Biosciences, Menlo Park, CA
Recombinant adeno-associated virus (rAAV) is an important gene
therapy vector due to its low immunogenicity and long track record
for use in humans. As with all gene therapy systems, the quality of the
material delivered is critical. The presence of empty or partially full
capsids is one factor that affects rAAV quality. When rAAV is delivered
to cells or analyzed in vitro after capsid disruption, the mixed ssDNA
hybridizes to complementary partners, forming heteroduplex double
stranded DNA molecules. Standard next generation sequencing (NGS)
library preparation methods result in extension of DNA at pre-existing
breakpoints, making their identification difficult. When there is no
knowledge of breakpoint location, it is challenging to assess vector
quality or to fix any sequence-dependent issues.We have developed
a NGS library preparation method that allows us to distinguish pre-
existing DNA from any DNA added during NGS library preparation.
Modified nucleotides are included in the library preparation so that any
new DNA includes stretches of modified bases while the pre-existing
ssDNA consists of natural, unmodified bases. Using the Sequel II
system, the modified bases can be distinguished from unmodified
bases, enabling breakpoint identification at high resolution. This
method was used on a particular rAAV that was known to break during
packaging, a phenomenon that can occur in AAV vectors of various
serotypes, allowing us to precisely map the sites that were fracturing
and measure the packaged lengths of rAAV ssDNA molecules.These
rAAV breakpoint data have allowed us to design better therapeutic
vectors and generate more precise quality control data. Partially filled
capsids have been an ongoing FDA concern and the new technology
provides information that standard methods do not. This use of
modified bases for localizing DNA breaks enables improved vector
designs and provides better quality metrics for AAV vectors, resulting
in higher quality gene therapy vectors.
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47. Positioning Short-Hairpin Stopper
Sequences Outside of the ITRs Reduces
Encapsidation of Non-Vector DNA in rAAV
Preparations

Mitchell Yip, Hong Ma, Hyejin Oh, Phillip W. L. Tai*,
Guangping Gao*, Jun Xie*

UMass Chan Medical School, Worcester, MA

Adeno-associated virus (AAV) vectors have emerged as one of the
most attractive gene transfer systems for gene therapy. Nevertheless,
AAV manufacturing still faces many challenges, especially for large-
scale clinical grade vectors. Among the issues for standard production
schemes are the presence of vector impurities. These undesirable
impurities come in the form of empty particles, particles with truncated
vector genomes, and non-vector DNA in AAV vector preparations.
Non-vector DNAs originate from replication-competent (pseudo-
wild type) AAVs, host genomes, and prokaryotic DNA sequences
from reverse-packaged plasmid backbones. Reverse-packaged DNAs,
including antibiotic resistance genes and bacterial origins of replication,
are the major non-vector DNA present in preparations. These
elements should be eliminated, since they pose risks by potentially
evoking immune responses and other untoward effects in patients.
Our previous study revealed that nucleotide sequences that form short
hairpins hinder AAV genome replication by redirecting polymerase
activity during AAV vector manufacturing. We therefore hypothesized
that placing short-hairpin DNA sequences (shDNA) flanking outside
of the ITRs as “stoppers” can reduce the packaging of non-vector
DNAs by suppressing replication read-through beyond the ITR or
abolish reverse packaging events. We incorporated shDNAs outside
of the ITRs in self-complementary (scAAV) or single-stranded AAV
(ssAAV) vector plasmids. We then packaged the scAAV vector with
AAV.rh32.33, while the ssAAV vector was packaged with AAVS.
Vector purification was performed by two rounds of CsCl gradient
ultracentrifugation or by iodixanol gradient, respectively. Digital
droplet PCR analysis of the scAAV.rh32.33 vectors showed that the
stopper sequence reduced reverse packaging by more than two-fold
(from 10.2% reverse-packaged genomes without stopper, to 4.3% with
stopper). We also analyzed the vector genomes extracted from purified
scAAV.rh32.33 and ssAAVS8 vectors by AAVGP-Seq developed by our
lab. This sequencing analyses confirmed that the stopper sequences
indeed reduced reversed packaged genomes in both scAAV.rh32.33 and
ssAAV8 vectors by two-fold. In summary, incorporation of shDNAs
beyond the ITRs can reduce the frequency of reverse packaging
in both sc- and ssAAV vectors independent of vector purification
methods and serotypes. Optimization of the shDNA may further
reduce the encapsulation of non-vector DNA in rAAV preparations.
(*Co-corresponding authors)

48. Characterization of Residual DNA in rAAV
Products Made in the Baculovirus/Sf9 Platform
Daniel Barajas, Tomas Cinek

Drug Substance Technologies, BioMarin Pharmaceutical, Novato, CA

Recombinant Adeno-associated virus (rAAV) vector preparations
contain large amounts of residual DNA in comparison to other
protein-based biologicals. Most of the residual DNA is inside AAV
capsids, which results in copurification with the rAAV product. Here,
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we describe some of the characteristics of residual DNA in rAAV
vectors made in the baculovirus/Sf9 platform as analyzed by southern
blot and digital droplet PCR (ddPCR). The main findings are: 1) All
or most of the residual DNA present in purified rAAV preparations is
encapsidated; 2) Residual DNA fragments cover a wide range of sizes
from approximately 4,700 nucleotides to less than 1,000 nucleotides;
3) Residual DNA is present inside AAV capsids as single-stranded
DNA (ssDNA); 4) Encapsidation of residual DNA is Rep-dependent;
5) Residual DNA derived from the baculovirus regions adjacent to the
ITRs is over-represented and corresponds mostly to the strand with
3’ end pointing towards the ITR. Baculovirus and host cell genome
sequences are present in residual DNA, but at different ratios than in
the cell substrate. Estimation of the total amount of baculovirus and
host cell residual DNA requires understanding the relative abundance
of different regions, which can be achieved by ddPCR quantification of
multiple markers (high resolution) or by next-generation sequencing
(higher resolution).

49. NGS Based Evaluation of AAV Genome
Integrity for Improved Production and Function
Keith Connolly, Vandhana Chezhiyan, Daniel Ferguson,
Thomas Buttrick, Yuanbo Qin, Payal Pranami, Ahmad

Alsomali, Tetsuya Yamagata

Modalis Therapeutics - Cambridge, MA, Waltham, MA

Adeno-associated virus has become a popular tool for gene therapy
due to its ability to safely and efficiently deliver genetic elements
to multiple tissue types in vivo. Genetic elements with a total size
within ~4.7 kilobases (kb) can be assembled between two ITRs,
packaged into AAV particles, and be used to deliver expression
cassettes, ultimately in the form of episomal DNA circles that do
not integrate into the host genome, to animal and human tissues.
Production of complete AAV particles can be challenging and
result in a heterogeneous mixture of capsids with complete and
incomplete genomes, which can increase the amount of virus
needed to achieve the desired GOI expression in vivo. This
increase can make manufacturing AAV difficult, affect potency,
and result in increased toxicity due to larger dosing requirements.
Taken together, achievement of reliable methods for evaluation
of integrity of AAV genome packaging remains a challenge.
Here we sought to develop a system to 1) identify the truncated
genomes that result from incomplete AAV genome packaging, 2)
identify genetic elements that might compromise the full AAV genome
packaging, and 3) augment the AAV genome to provide optimal
functionality and packaging of genetic elements. To this end, we have
established a pipeline where AAV genomes are extracted, subjected to
size analysis by agarose gel electrophoresis, and analyzed by multiple
Next-Generation Sequencing (NGS) platforms. Consolidation of these
data allows a more complete picture of the packaged AAV genome
and provides the groundwork for studies aimed at augmenting
AAV genomes for manufacturing and robust gene expression.
For this pipeline generation we manufactured AAV particles
containing AAV genomes of varying promoters and organization of
components. These genomes also contained different combinations
of promoter and transcription termination signals in an effort to
analyze the influences of size and sequence of the AAV genome.
AAV genomes were first extracted and resolved on an alkaline
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agarose gel. AAV particles packaging constructs closer to the
packaging limit formed full-length ssAAV genomes, but many
also contained truncated genomes. Given this variation we
sought to characterize the AAV genomes by NGS to gain a more
mechanistic understanding of AAV packaging at the sequence level.
AAV genomes can be sequenced by various techniques, each with
advantages and pitfalls. For these analyses we chose to analyze the
AAV genomes using a combination of Illumina and Nanopore
sequencing, thus combining short- and long- read sequencing
approaches. Illumina sequencing uncovered that there is preference
for reads near the 5° ITR and promoter regions when using longer,
more complex promoters. Further analysis of the reads mapping
to these regions also uncovered likely hairpin formation at these
sites. Indeed, these analyses provided a nucleotide resolution of
alternative AAV truncation sites and provided a framework to test for
problematic sequences and/or position of elements in AAV genomes.
To test possible mechanisms of AAV replication termination during
packaging, we are testing alternative designs of AAV genomes. One
approach has been to rearrange the genetic elements to test if position
elements influence the AAV termination. Alternatively, sequences
have been removed or augmented to reduce the capacity for hairpin
formation. This data can be utilized to enhance titer and potency to
select optimal construction design. Taken together, we have developed
a pipeline for the analysis of AAV genomes following AAV packaging
that will guide future clinical AAV therapeutics.
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50. High Anti-Sickling Potency of a Gamma
Globin in the Phase 1/2 MOMENTUM Study

of ARU-1801 Gene Therapy and Reduced
Intensity Conditioning for Sickle Cell Disease
Michael Grimley', Monika Asnani?, Michael Kent’,
Archana Shrestha?, Sydney Felker', Carolyn Lutzko',
Paritha Arumugam’, Scott Witting', Jennifer Knight-
Madden?, Omar Niss', Charles Quinn!, Christopher Lo*,
Courtney Little?, Alisa Dong*, Punam Malik'

!Cincinnati Children’s Hospital Medical Center, Cincinnati, OH,*Caribbean
Institute for Health Research, Kingston, Jamaica,’Atrium Health Levine Children’s
Hospital, Charlotte, NC,*Aruvant Sciences, New York, NY

Introduction: Sickle cell disease (SCD) is a genetic red blood cell
(RBC) disorder that causes hemolytic anemia, painful vaso-occlusive
crises, and life-threatening complications. Myeloablative allogeneic
hematopoietic stem cell transplant (allo-HSCT) remains the only
curative therapy for SCD, but has several limitations, including lack
of donors, conditioning-related toxicities, and risk of graft-versus-host
disease (GVHD). ARU-1801 is an autologous lentiviral gene therapy
that utilizes reduced-intensity conditioning (RIC), designed to address
these limitations and widen access for SCD patients. Updated data
on an ongoing Phase 1/2 study (NCT02186418) are presented here.
Methods: Adults (18-45 years old) with severe SCD (as defined by
recurrent vaso-occlusive events [VOE] and acute chest syndrome)
were screened for eligibility. Prior to infusion of ARU-1801, all patients
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received a single intravenous dose of RIC melphalan (140 mg/m?).
Endpoints included measures of safety, engraftment, vector copy
number (VCN), hemoglobin, and frequency of VOEs. Patients were
weaned off transfusions 3-6 months after drug product (DP) infusion.
Outcomes are reported at 24 months or latest follow-up for each patient.
Results: As of 1 Jan 2022, four patients (mean age [range], 26 [19-
34] years old) have been treated and followed for =12 months post-
transplant. Transient neutropenia and thrombocytopenia lasted a
median of 7 days. There have been no other serious adverse events
related to chemotherapy or ARU-1801 to date. Marked improvements
in SCD manifestations include 80-93% reduction in annualized VOEs in
the first two patients and complete absence of VOEs (100% reduction)
in the next two patients to date. Preclinical studies suggest HbF¢!eP
may have superior anti-sickling potency compared to wild-type HbE.
Clinically, patients in this study expressed a mean 42% HbFS'®® per DP
VCN, which appears more efficient at expressing anti-sickling globin
(ASG) than other lentiviral vectors used for gene therapy, suggesting
ARU-1801 may reach effective levels of HbF at relatively lower VCN.
Combined, efficacy at low VCN and RIC may increase the safety profile
of ARU-1801 over other SCD gene therapies. Furthermore, ARU-1801
appears to be a more potent ASG. At screening, Patient 4 had recurrent
VOE:s despite 16% HbF and 20% F cells; but, at 12 months following
ARU-1801 gene therapy, had complete absence of VOEs with 18% HbF
(15% HbF'P) and 68% F-cells. Furthermore, Patient 4 showed a similar
level of remarkable improvement in RBC sickling kinetics by oxygen
gradient ektacytometry (Lorrca®) as seen in Patient 3 with 38% HbEF.
Conclusion: ARU-1801 delivers a potent anti-sickling HbF'*® with
RIC, making it a promising gene therapy alternative to therapies that
require myeloablative conditioning and offering amelioration of SCD
symptoms without the toxicities and resources associated with full

myeloablation.
Figure 1. Reduction in VOEs from 24 months prior to consent to 24 months (or latest follow-up) after
treatment with ARU-1801
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51. Safety and Outcomes of Intravenous
scAAV9.U7-ACCA for the Treatment of
Duchenne Muscular Dystrophy Caused by
Exon 2 Duplications

Megan A. Waldrop'?, Michael W. Lawlor’, Tatyana
Vetter', Emma C. Frair', Margaret J. Beatka®, Hui
Meng’, Megan A. lammarino’, Brenna Sabo’, Sharmada
Subramanian’, Kristen Brown', Maryann Kaler',
Tabatha Simmons', Kim McBride*®, Nicolas Wein'?,

Kevin M. Flanigan'?

'Gene Therapy, Nationwide Children’s Hospital, Columbus, OH,*Pediatrics

and Neurology, Ohio State University, Columbus, OH,*Pathology and

Laboratory Medicine, Medical College of Wisconsin, Milwaukee, W1,*Center

for Cardiovascular Research and Division of Genetic and Genomic Medicine,
Nationwide Children’s Hospital, Columbus, OH, Pediatrics, Ohio State University,
Columbus, OH

Duplication of exon 2 in the DMD gene is the most common
duplication causing Duchenne muscular dystrophy and is a promising
candidate for exon skipping therapy as skipping the single exon copy
should result in full length dystrophin expression. We previously
reported the early safety and efficacy of the therapeutic exon skipping
viral vector (scAAV9.U7-ACCA) comprising four copies of a modified
U7snRNA containing antisense sequences targeting the splice donor (2
copies) and splice acceptor (2 copies) of the DMD exon 2. Enrollment
is now complete with three subjects (9 years, 13.7 years and 7 months)
receiving a dose of 3.0x10" vg/kg intravenously without incident - no
SAEs and no biochemical measures of toxicity. Through 18 months,
Subject 1 continues to do well. His creatine kinase level (CK) remains
improved (4, 237 IU; 31% of baseline); his 100M % predicted walk
time was stable from baseline; his NSAA has dropped from 25 to 23
due to increasing heel cord tightness and his time to climb 4 stairs has
increased from 2.17s to 2.4s. Pulmonary and cardiac function remain
normal. Through 12 months, subject 2 reports clinical stability and
his CK remains improved (1,458 IU; 29% of baseline); his 100M %
predicted walk time was slightly increased (28.3 to 25%); his NSAA
dropped from 22 to 20 and his time to climb 4 stairs was stable at 4.1s.
Pulmonary and cardiac function remain normal. Subject 3 was dosed
prior to symptom onset at 7 months of age. Through 60 days he is
doing well. His CK has dropped significantly (1,163 IU; 9% of baseline)
and he is achieving developmental milestones on time. Muscle biopsy
of the first two subjects through 12 and 6 months respectively shows
expression of apparent full-length dystrophin protein, quantified by
Western blot at levels of ~6% in the younger (9.0 years) subject and
BLOQ/~1-2% in the older (13.7 years) subject, possibly reflecting
differences in myofiber transfection due to differing degrees of
dystrophic skeletal muscle changes. These findings represent the
continued therapeutic expression of apparent full-length dystrophin in
subject 1, continued safety through up to 18 months post gene transfer,
and the first evidence of safety for early systemic viral vector delivery
in an infant with DMD.
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52. RGX-121 Gene Therapy for the Treatment
of Severe Mucopolysaccharidosis Type Il (MPS
ll): Interim Analysis of Data from the First in
Human Study

Roberto GHiugliani', Maria Escolar?, Can Ficicioglu’,
Paul Harmatz*, Michele Fiscella®, Lin Yang®, Yoonjin

Cho’, Dawn Phillips®, Paulo Falabella®

"Department of Genetics, UFRGS, Medical Genetic Service, HCPA, Porto

Alegre, Brazil,?University of Pittsburgh, Pittsburgh, PA,*The Children’s Hospital

of Philadelphia, Philadelphia, PA,*UCSF Benioff Children’s Hospital Oakland,
Oakland, CA,"REGENXBIO, Rockville, MD

MPS II is an x-linked lysosomal storage disease caused by
deficiency of iduronate-2-sulfatase (I12S) leading to accumulation of
glycosaminoglycans in tissues. Severe MPS II results in irreversible
neurodevelopmental decline not addressed by intravenously
administered enzyme replacement therapy. RGX-121, a recombinant
adeno-associated virus serotype 9 capsid containing a human iduronate-
2-sulfatase expression cassette (AAV9.CB7.hIDS), administered to the
central nervous system (CNS) may provide a permanent source of
secreted 12S, potentially correcting neurologic and systemic disease
manifestations. In this phase 1/2, first-in-human, multicenter, open-
label, dose escalation trial (NCT03566043), participants with severe
MPS 1I ages 4 months to 5 years receive one image-guided RGX-121
injection to the CNS with follow-up for safety, tolerability, and efficacy
for 104 weeks. Assessments include CSE plasma and urine biomarkers;
cognition, language, and motor neurodevelopmental scales; and
imaging. Nine participants have been enrolled in 3 dose cohorts
(1.3x10%, 6.5x10'", and 2.0x10"" genome copies/gram brain mass) as of
April 25, 2021. As of April 25, 2021, RGX-121 was reported to be well
tolerated with no drug-related serious adverse events. Time of post-
administration follow-up ranged from < 8 weeks to two years. Heparan
sulfate CSF levels, which are elevated in neuronopathic MPS II disease,
showed consistent reductions, and interim neurodevelopmental testing
demonstrated ongoing skill acquisition in multiple domains. Plasma
I2S enzyme expression and total urine GAGs suggested emerging
evidence of systemic RGX-121 activity. Updated interim results
from this clinical trial will be presented. RGX-121 has the potential
to provide sustained CNS clinical outcomes and additional systemic
effects in MPS II patients.
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53. Up to 10.5 Years of Follow-Up in 17
Subjects Treated with Hematopoietic Stem
and Progenitor Cell Lentiviral Gene Therapy for
Wiskott-Aldrich Syndrome
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Giannelli!, Stefania Galimberti?, Sabina Cenciarelli'?,
Federica Barzaghi', Maddalena Migliavacca', Maria
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!San Raffaele Telethon Institute for Gene Therapy (SR-Tiget), IRCCS San Raffaele
Scientific Institute, Milan, Italy,*University of Milano-Bicocca, Monza, Italy,*Vita-
Salute San Raffaele University, Milan, Italy,"Orchard Therapeutics (Europe)
Limited, London, United Kingdom

Background: Wiskott-Aldrich Syndrome (WAS) is a rare, X-linked, life-
threatening primary immunodeficiency and platelet disorder caused by
WAS protein (WASP)-encoding gene mutations. WAS is characterized
by recurrent or severe infections, microthrombocytopenia, eczema, and
an increased risk of autoimmunity and malignancy. WAS can be treated
with allogeneic hematopoietic stem cell transplantation (HSCT);
however, a suitable donor is not always available and associated
complications may include graft-versus-host disease, rejection, and
toxicity from myeloablative conditioning. Also, HSCT carries higher
risks in children >5 years of age (Moratto, 2011; Burroughs, 2020). Gene
therapy (GT) is currently being studied as an alternative treatment
option. OTL-103 is an investigational autologous hematopoietic
stem and progenitor cell (HSPC) GT composed of CD34* HSPCs
transduced ex vivo with a self-inactivating lentiviral vector encoding
human WAS cDNA under the control of an endogenous human WAS
promoter. Here we report updated safety and efficacy results of 17
male subjects treated with OTL-103 as part of a Phase I/II trial or
Expanded Access Program (EAP) with up to 10.5 years of follow-up.
Methods: All subjects received rituximab and reduced-intensity
conditioning with busulfan and fludarabine pre-GT. Patient
demographics and characteristics are included in the table.
Results: At time of analysis, median follow-up was 8.4 years for Trial
(range: 5.2 - 10.5) and 3.3 years for EAP (range: 0.4 - 4.9). All subjects
were alive except one EAP subject who died 4.5 months post-GT due
to deterioration of a pre-existing neurological condition considered
unrelated to OTL-103 by Investigator. To date, there have been no
reports of OTL-103-related adverse events (AEs), serious AEs, or
signs of insertional mutagenesis or replication-competent lentivirus.
Sustained engraftment of genetically modified HSPCs resulted in WASP
expression restoration in lymphocytes and platelets. A reduction in
severe infection rate was observed and all evaluable subjects stopped
immunoglobulin replacement therapy and prophylactic antimicrobials,
suggesting immune reconstitution and T-cell function normalization.
A reduction in bleeding rate and severity was observed with no
severe events >6 months post-GT. All evaluable subjects achieved
platelet transfusion independence and median platelet counts
improved from baseline (see Table). Eczema resolved in all evaluable
subjects. Similar clinical benefit was seen in subjects =5 years of age.
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Conclusions: This safety and efficacy analysis of subjects treated with
OTL-103 demonstrates the potential of GT as an effective treatment
for patients with WAS, including in those 25 years.

Table
Study NCT01515462 (Trial) EAP
(n=8) (n=9)

Median age at GT, years (range) 22(11-124) 3.8(1.4-351)

Subjects 25 years of age at GT, n (%) 3(37.5) 47 (44.4)

HSPC source BM (%) 5(62.5) 0(0)
mPB (%) 2 (25) 9 (100)
Both (%) 1(12.5) 0(0)

Severe infection events per PYO 21 14

(12 months pre-GT) (95% CI) (1.2-34) (0.8-25)

Severe infection events per PYO 0.1 0.1
(>6 months post-GT™) (95% CI) (01-03)

Median time to IgRT cessation, days post-GT 577
(range)
Moderate and severe bleeding events per PYO
(12 months pre-GT) (95% CI)

Moderate and severe bleeding events per PYO 0.1 0.1

(307 — 1843)
34

22-49)

(>6 months post-GT) (95% CI) (0.0-02) (0.0-04)
Median time to PLT transfusion independence, 855 20
days post-GT (range) (15 —261) (9 —68)
Median PLT count at baseline, x10%/L (range) 11.5 213
(5.5-21.0) (8.0-142.0)
Median PLT count post-GT, x10%L (range) 67.5 54.5
(32.0-84.0) (30.5 - 227.0)
(n=4, Year 8) (n=4, Year 3)

BM = bone marrow; ClI = confidence interval, EAP = Expanded Access Program; GT = gene therapy,
HSPC = hematopoietic stem and progenitor cell; IgRT = immunoglobulin replacement therapy; mPB =
mobilized peripheral blood; PLT = platelet, PYO; person-years of observation.

*2 subjects were adults and splenectomized

**gvents occurring more than 6 months after OTL-103 infusion (up to last follow-up)

54. Anti-GD2 CAR NKT Cells Are Safe and
Produce Antitumor Responses in Patients with
Relapsed/Refractory Neuroblastoma

Andras Heczey', Amy Courtney', Nisha Ghatwai',
Sachin Thakkar?, Purva Rathi? Xin Xu?, Ho Ngai? Erica
J. Di Piero?, Bambi Grilley', Andrew Sher?, Gianpietro

Dotti’, Leonid S. Metelitsa'

'Pediatrics, Baylor College of Medicine, Houston, TX,’Baylor College of Medicine,
Houston, TX,?University of North Carolina, Chapel Hill, NC

Background: T cells expressing chimeric antigen receptors (CARs)
remain largely ineffective in solid tumors. Va24-invariant natural
killer T cells (NKTs) are an innate-like T cell subset with natural
antitumor properties. NKTs expressing a GD2-CAR and IL-15 showed
potent antitumor activity in neuroblastoma (NB) mouse models,
justifying evaluation of CAR-NKTs in NB patients. Methods: Our
phase 1 clinical trial aims to assess safety, persistence, and efficacy
of autologous CAR-NKTs in patients with relapsed/refractory NB
(NCT03294954) using 3+3 dose-escalation schema. Twelve patients
have been infused to date on four dose levels (DL; CAR+ NKTs/m?):
DL1 (3x10°), DL2 (1x107), DL3 (3x107), and DL4 (1x10°%) following
lymphodepletion. Antitumor responses were evaluated using 3D
imaging and quantified by changes in Curie scores. CAR-NKT
frequency in peripheral blood was measured by flow cytometry and
qPCR. To estimate in vivo CAR-NKT dose, we calculated area under
the curve (AUC) for CAR-NKT frequency in peripheral blood over
a four-week period post-infusion. Results: Median age was 7.6 years
(range 2-12 and patient-derived NKTs were expanded to produce 210°
CAR-NKTs with 93.1% median NKT purity (range 74.1-97.2%) and
60.1% median CAR expression (range 20.2-87.7%). No dose limiting
toxicities or grade 2+ toxicities related to CAR-NKTs were observed.
CAR-NKTs expanded in all patients, peaking two-to-four weeks post-
infusion. Five patients progressed, four had stable disease (SD), two
had a partial response (PR), and one achieved complete response (CR,
Fig 1). Patients were divided into non-responders (7) and responders
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(5; including 3 PR/CR and 2 SD, 1 with 30% Curie score reduction
and 1 with clearance of bone marrow metastases). Responders had
higher CAR-NKT AUC than non-responders (911 vs 261.3, p=0.032,
Fig 2A), CD62L+ NKT frequency in infused products correlated
with AUC (R?=0.61, p=0.003, Fig 2B) and was higher in responders
than non-responders (71% vs 35.3%, p=0.002, Fig 2C). Transcription
factor LEF1 was the top overexpressed gene in CD62L+ vs CD62L-
NKTs; loss-of-function experiments showed that LEF1 is required
for central memory differentiation in NKTs. NKTs co-expressing a
GD2-CAR and LEF1I resisted exhaustion during in vitro serial tumor
challenge and had superior antitumor activity in a xenogeneic NB
model vs control GD2-CAR NKTs. Conclusions: CAR-NKTs are

safe and can expand post-transfer, producing objective responses in
NB patients. CAR-NKT antitumor activity is associated with in vivo
rate of expansion and CD62L+ frequency in infused products. LEF1
maintains central memory-like differentiation in CD62L+ NKTs, and
transgenic overexpression of LEF1 helps CAR-NKTs resist exhaustion
and boosts therapeutic efficacy in a NB model.

Pre-CAR NKT infusion

Post-CAR NKT infusion

Figure 1. Partial response in patient #12: Pre- and post-GD2-CAR NKT infusion images from
MIBG scans. Planar images (top row) and fused SPECT CT images (bottom row) visualize pelvic
bone metastasis (red circle) visible prior to infusion (left column) and complete resolution after
infusion (right column). MIBG avid areas mid-image correspond to bladder with MIBG-containing
urine.
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Figure 2. GD2-CAR NKT expansion and antitumor activity in patients. A) CAR-NKT expansion
represented by area under the curve (AUC) in responders and non-responders. B) Correlation of
CD62L+ CAR-NKT frequency in infusion products with CAR-NKT expansion using regression
analysis. C) CD62L+ CAR-NKT frequency in indicated patient groups.
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55. Exploratory Immuno-Safety Profile of
EDIT-101, a First-in-Human In Vivo CRISPR
Gene Editing Therapy for CEP290-Related
Retinal Degeneration
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Mutations in the CEP290 gene cause severe early onset retinal
degeneration, often with severe visual impairment from early
childhood. The most common mutation in CEP290is ¢.2991+1655A>G
located within intron 26 (CEP290-1VS26). To treat retinal degeneration
due to this mutation, we developed EDIT-101, an adeno-associated
virus type 5 (AAV5) encoding Staphylococcus aureus Cas9 (SaCas9)
expressed under the photoreceptor-specific GRKI promoter
and two guide RNAs designed to excise this disease-causing
mutation. Safety and tolerability of EDIT-101 is being evaluated
in the ongoing BRILLIANCE (NCT03872479) trial, an open-
label, Phase 1/2 single ascending dose study enrolling adults and
children. Key exploratory safety endpoints include assessing
humoral and cell-mediated immunogenicity generated towards the
AAVS5 capsid and the expressed SaCas9 component of EDIT-101.
To understand the immuno-safety profile of EDIT-101 in treated
subjects we developed and validated three assays. First, an IFN-y
Enzyme Linked Immuno Spot (ELISpot) assay to detect cell-
mediated immune responses towards the AAV5 capsid and SaCas9
from isolated peripheral blood mononuclear cells. Second, an
electrochemiluminescence immunoassay to detect binding antibodies
(BABs) to AAV5 and SaCas9 in serum. Finally, a cell-based virus
neutralization assay to detect AAV5 neutralizing antibodies (nAbs) in
subject plasma. These validated assays were used to test the available
baseline and post-treatment samples from subjects in the adult low
(2 subjects, 6x10" vg/mL), medium (5 subjects, 1.1x10"* vg/mL), and
high (1 subject, 3x10" vg/mL) dose cohorts in the BRILLIANCE trial.
The one subject in the high dose cohort had detectible pre-existing
SaCas9 cell-mediated immunity. No subjects developed consistent
anti-SaCas9 cell-mediated responses post-dosing. There were no
detectible BABs against SaCas9 in any of the cohorts pre- or post-
dosing. Pre-existing cell-mediated AAV5 immune responses were
detected in two subjects in the mid-dose cohort and one subject
each within the low-dose and high dose cohorts. These responses
continued to be detected post-treatment. AAV5 naive patients did
not develop consistent cell-mediated responses post-treatment. The
presence of BABs to AAV5 correlated with detection of AAV5 nAbs
in all subjects. Only one of eight subjects had detectable pre-existing
AAV5 nAbs. After dosing, four subjects developed AAVS5 nAb with
titers plateauing around week six. The nAb titers in some subjects
began to decline by three months post-treatment. The anti-AAV5
antibodies detected in either pre-or post-treated subject samples
had no correlation with detected cell-mediated AAV5 responses.
We report development of immunogenicity assays to evaluate humoral
and cell-mediated responses to AAV5 and SaCas9 in multiple cohorts

Gene and Cell Therapy Trials in Progress

dosed with EDIT-101. Despite ubiquitous presence of S. aureus as a
pathogenic and commensal bacterium in humans, sub-retinal injection
of EDIT-101 did not induce an immune response directed towards
SaCas9. No subjects developed consistent cell-mediated responses to
SaCas9 or AAV5, but multiple had pre-existing immunity that persisted
after treatment. Pre-existing humoral or cell-mediated immunity in
subjects did not lead to immune-related adverse events, which is
encouraging for subsequent treatment of the contralateral eye. Our
data suggests that EDIT-101 has a favorable immunogenic profile and
no adverse events have been attributable to immunogenic responses
in subjects treated in the BRILLIANCE trial.

56. Hematopoietic Stem Cell Gene Therapy
for Cystinosis: Updated Results from a Phase

1/2 Clinical Trial
Stephanie Cherqui

Pediatrics, University of California, San Diego, La Jolla, CA

Cystinosis is a lysosomal storage disorder characterized by cystine
accumulation within the lysosomes of all organs and caused by
mutations in the CTNS gene encoding the transmembrane lysosomal
cystine transporter, cystinosin. Major complications of cystinosis
include early renal Fanconi syndrome, chronic kidney disease, renal
failure, eye pathology that can lead to blindness, but also impairment
of the heart, thyroid, skeletal muscle, pancreas, and central nervous
system, eventually causing premature death in early adulthood.
Cysteamine, the FDA-approved drug to treat cystinosis, delays, but
does not stop, the progression of the disease. Here we report the
results from the phase 1/2 open-label clinical trial (NCT03897361)
evaluating the safety and efficacy of CTNS-RD-04, consisting of
autologous CD34* cells transduced with a lentiviral vector (LV)
carrying the CTNS cDNA encoding for cystinosin (CCL-EFS-CTNS-
WPRE) in cystinosis. Peripheral blood CD34* HSPCs are collected
via apheresis after mobilization with granulocyte colony stimulating
factor and Plerixafor and transduced with CCL-EFS-CTNS-WPRE
LV. Myeloablative busulfan conditioning at a targeted AUC of 90
mgxh/L is followed by CTNS-RD-04 infusion. Oral cysteamine and
cysteamine eye drops are withdrawn prior to infusion. Four patients
(ages 20 to 46 years) have been treated with CTNS-RD-04 so far with
follow-up ranging from 1-month to 27 months. CTNS-RD-04 cell
doses ranged from 3.63x10° to 9.59x10° CD34" cells/kg with VCNs
ranging from 0.59 to 2.1 copies/dg. No adverse events related to the
drug product and no serious adverse events have been reported to date.
In the three infused patients with follow-up ranging from 12-months
to 26 months, polyclonal hematopoietic reconstitution occurred in
all infused patients. Peripheral blood VCN at 12 months post-gene
therapy ranged between 1.03 to 2.59. White blood cell cystine was
decreased in these three treated patients as well as tissue cystine crystals
in the skin and rectal mucosa. The four patients are no longer taking
oral cysteamine. Patient 2 has elected to restart eyedrop cysteamine
after a year post-infusion. Updated data will be presented for the four
patients infused to date.
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57. Selection of Clinical Doses for SBT101,
an AAV9-hABCD1 Vector for the Treatment of
Adrenomyeloneuropathy
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X-linked adrenoleukodystrophy (ALD) is an inherited
neurodegenerative disease caused by pathogenic variants in the ABCDI
gene which encodes a peroxisomal transporter for very long-chain
fatty acids (VLCFA). Pathogenic variants lead to the accumulation
of VLCFA in plasma and tissues, including adrenal glands, testes,
and the central nervous system. Adrenomyeloneuropathy (AMN),
the adult-onset form of ALD, is characterized by a slowly progressive
spinal cord disease leading to loss of mobility, incontinence, and
debilitating pain. AMN is the most frequent clinical manifestation of
ALD affecting virtually all adult males and >80% of females. So far there
is no therapy available for AMN, leaving the patients with progressive
neurodegeneration and lifelong disability. We are developing SBT101,
an adeno-associated virus serotype 9 (AAV9)-based gene therapy
capable of delivering a functional copy of the human ABCDI (hABCD1I)
gene, as a treatment for AMN. Selection of doses for a planned Phase
1/2 study was made based on safety, efficacy, and biodistribution data
from preclinical studies in rodents and non-human primates (NHPs).
In an 8week dose-finding study, there was a dosedependent increase
in hABCD1 protein levels in the spinal cords of all AbcdI”” mice
following intrathecal (IT) administration of SBT101, and mice receiving
2.0E10 vector genomes/animal (vg/an) had a statistically significant
improvement in mtDNA compared to untreated littermate controls.
In a second mouse study there was an increased grip strength at 7-8
months post administration of SBT101 to Abcd1”/Abcd2” mice at
3.3E10and 3.3E11 vg/an when compared to control mice administered
AAV9-Null. The increased grip strength equated that of wild-type
mice and occurred together with a dose dependent decrease of VLCFA
compared to Abcd1”/Abcd2” animals administered AAVINull. The
lowest dose of 3.3E10 vg/an produced both a functional improvement
and reduction in VLCFA. Taken together, the minimum effective dose
in mice was considered to be 2.0E10 vg/an, translating to a human dose
of 7.5E13 vg/person, based on relative volumes of CSF between species.
In biodistribution studies in NHPs, IT infusions of 1.1E13 and 3.4E13
vg/an of rAAV9-CBA-GFP-WPRE in cynomolgus monkeys resulted in
expression of the reporter gene in 25% to 100% of spinal cord and dorsal
root ganglia (DRG) neurons as measured by immunohistochemistry.
Safety of SBT101 was demonstrated at both similar and higher doses
in NHPs scaled from mouse doses. One-time I'T administration up to
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doses of 7.6E13 vg/an (highest dose tested, corresponding to human
doses up to 8.8E14 vg/person) was well tolerated by NHPs. Based on
efficacy, biodistribution, and safety data and taking into consideration
differences in CSF volumes across species, a first in human dose range of
SBT101 was calculated for patients to be 1.0E14 and 3.0E14 vg/person.
This range falls within doses that have been shown to be associated
with activity and efficacy in mice. These levels also translate into doses
that efficiently transduce the spinal cord and DRG neurons in NHPs
at >25% and have shown safety in both species with a safety margin
for the high dose of approximately 2.75fold.

58. AAV-ARSA Mediated Gene Replacement
for the Treatment of Metachromatic
Leukodystrophy

Shyam Ramachandran', Jeffery Ardinger’, Jie Bu', Yuxia
Luo!, Swathi Ayloo’, Lindsay Quigley', Amy Richards’,
Erik Wischhof', Jennifer Sullivan?, Shelley Nass?, Lilu
Guo?, Mariana Goncalves®, Yinyin Huang®, Qi Tang*,
Roger Trullo®, Robert Jackson®, Dinesh Bangari’,
Catherine O’Riordian®, Christian Mueller’, Martin
Goulet!?

'Neuroscience, Sanofi, Waltham, MA,?Translational Unit, Sanofi, Waltham,
MA,*Translational Sciences, Sanofi, Framingham, MA,"Data Science, Bioimaging
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Metachromatic leukodystrophy (MLD) is an autosomal recessive
neurodegenerative disorder caused by mutations in the arylsulfatase
A (ARSA) gene, resulting in lower sulfatase activity and the toxic
accumulation of sulfatide in the central and peripheral nervous
system. In MLD patients, this leads to progressive demyelination,
cerebral atrophy, peripheral neuropathy, and shortened life expectancy.
Therapeutic benefit of ARSA replacement has been demonstrated in a
clinical setting and the sustained expression of ARSA by gene therapy is
a promising strategy with potential to restore myelinogenesis, prevent
additional atrophy and provide long lasting therapeutic benefit from a
one-time treatment. We present an AAV-mediated gene replacement
strategy to treat MLD and report therapeutic benefit in a MLD mouse
model treated at different neuropathologic stages, and meaningful
ARSA expression and biodistribution in non-human primates (NHPs).
We demonstrate that AAV.SAN002-hARSA mediated gene replacement
in MLD mice (Arsa™) at late (13mo), early (6mo), and pre (2mo)
neuropathologic stages resulted in the reversal of MLD-associated
pathology. In contrast to vehicle treated MLD mice, AAV.SAN002-
hARSA treated mice demonstrated increased sulfatase activity in the
brain and spinal cord and a concomitant reduction in sulfatide levels
(LC-MS) in the brain, spinal cord, CSF and plasma. Treated MLD
mice exhibited prominent hARSA expression, secretion, and uptake
by non-transduced cells (cross-correction) leading to improved
myelination in the corpus callosum, recovery in brain oligodendrocyte
cell numbers (snRNAseq), and normalization of plasma Nf-L levels.
We also report a NHP study evaluating hARSA expression and
biodistribution. Here, juvenile cynomolgus monkeys received AAV.
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SAN002-hARSAatalowandhigh doses. Broadand dose-dependent supra-
physiological sulfatase activity was noted in NHP brain. AAV.SAN002-
hARSA treatment also resulted in significantly increased sulfatase
activity in the spinal cord. Furthermore, hARSA in situ hybridization
and immunohistochemistry confirmed broad biodistribution
and robust transgene expression in NHP brain and spinal cord.
Our results indicate that AAV.SAN002-hARSA mediated gene
replacement is a viable approach to achieve broad and therapeutic
levels of ARSA in the CNS and PNS.

59. Three Examples of Long-Term AIDS-Virus
Suppression Using AAV-Delivered Monoclonal
Antibodies

Sebastian P. Fuchs', Desiree E. Mendes', Claudia P.
Ramos Muniz', Eva G. Rakasz?, Guangping Gao’, Jeftrey
D. Lifson* Ronald C. Desrosiers’, Jose M. Martinez-
Navio'

"Department of Pathology, Miller School of Medicine, University of Miami,
Miami, FL,’Wisconsin National Primate Center, University of Wisconsin,
Madison, WI,’Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,AIDS and Cancer Virus Program, Frederick National Laboratory
for Cancer Research, Frederick, MD

Background: Long-term delivery of anti-HIV monoclonal antibodies
using adeno-associated virus (AAV) holds promise for the treatment
of HIV infection. We have previously reported monkey rh2438 in
which a single administration of AAVs encoding a combination of
potent and broadly neutralizing antibodies during the chronic phase
of infection resulted in an abrupt decline in plasma viremia which
remained below the limit of detection for 38 successive measurements
over a 3-year period. The field has nicknamed this monkey “the Miami
monkey” analogous to “the Berlin patient”, a person that was cured of
his HIV infection. This monkey never received antiviral drugs at any
time and therefore appears to have been functionally cured. Methods:
Indian-origin rhesus macaques housed at the Wisconsin National
Primate Research Center were used for our studies. Monkeys received
recombinant AAV vectors expressing full length IgG1 versions of the
monoclonal antibodies. Rhesus monkeys were infected with SHIV-ADS8
for months before receiving AAV expressing constant-region rhesusized
versions of select anti-HIV monoclonal antibodies. Antibody and anti-
drug antibody (ADA) levels were measured by ELISA. Results: Here
we report that monkey rh2438 continues to be suppressed for over 6
years and continues to express high levels of antibodies 10-1074 and
3BNC117 in serum (approx. 50-150 ug/ml). Monkey rh2438 generated
little or no ADA responses to these antibodies. We have two additional
macaques, r14097 and r14121, which also received AAVs coding for a
cocktail of neutralizing anti-HIV antibodies during the chronic phase
of infection and have shown suppressed viral loads for over 3 years.
Monkey r14097 showed sustained delivery of antibodies PGT128
(approx. 20 pg/ml) and N6 (5-10 pg/ml) and a late rise of antibodies
35022 (to >5 pg/ml) and PGT145 (to approx. 1 ug/ml). Monkey
r14121 showed sustained delivery of antibody PGT128 (approx.10 pg/
ml) and a late rise of antibody N6 (to approx. 2 ug/ml). Conclusions:
Our data show that durable, continuous antibody expression can be
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achieved with AAV (in the absence of strong ADA responses) and
support the potential for lifelong suppression of viral loads with the
AAV-antibody approach.

60. AAV-Mediated Delivery of Anti-HIV
Antibodies to the CNS
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'Department of Pathology, Miller School of Medicine, University of Miami,
Miami, FL,*Wisconsin National Primate Research Center, University of
Wisconsin, Madison, WI,’Gene Therapy Center, University of Massachusetts
Medical School, Worcester, MA,*AIDS and Cancer Virus Program, Frederick

National Laboratory for Cancer Research, Frederick, MD

Background: Intramuscular inoculation of recombinant adeno-
associated virus (AAV) vectors encoding potent and broadly
neutralizing antibodies has the potential to strongly and durably
suppress HIV replication in infected individuals. However, circulating
antibodies do not efficiently reach the CNS. Additionally, AAV
delivery can be hampered by the generation of anti-drug antibody
(ADA) responses to the delivered antibody which can severely limit
levels and efficacy. We performed intrathecal delivery of AAV to test
whether the immunoprivileged status of the CNS can prevent the
generation of ADAs. Methods: Three SHIV-infected rhesus macaques
received intrathecal inoculation of recombinant AAV9 vectors with
CMV-promoter driven expression of anti-HIV antibodies 3BNC117
and 10-1074 at week 8 post-infection. Antibody levels and ADAs
were measured by ELISA in cerebrospinal fluid (CSF) and serum.
Results: Both 3BNC117 and 10-1074 were detected in serum of all
three monkeys in the initial weeks following AAV-mediated delivery.
3BNC117 was detected in the CSF of all three monkeys in the initial
weeks following AAV-mediated delivery. 10-1074 was also detected in
the CSF of two of the three monkeys in the initial weeks following the
AAV-mediated delivery. Two of the three monkeys had early, strong
ADA responses to both of the antibodies and this correlated with
rapid declines in the levels of both antibodies in both serum and CSF
to below the limit of detection by 4-6 weeks post AAV administration.
One of the monkeys had delayed ADA responses to both antibodies
and this correlated with delayed declines in the levels of both antibodies
in both serum and CSE. Conclusions: To the best of our knowledge,
this was the first time that AAV-mediated delivery of antibodies in the
CNS has been attempted. While the ADA problem was not solved in
our experimental conditions, our data show A AV-delivered antibodies
were detectable in CSF with the delivery method used. Eradicating or
minimizing ADA responses is crucial to make the AAV-delivery of
antibodies a consistent and reliable approach against HIV.
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61. Antibody Gene Therapy for Rabies
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Rabies kills more than 60,000 people annually, mostly children in 68
countries and there is no reliable treatment to save them. Rabies causes
a rapidly progressive encephalitis that is almost universally fatal once
infection is established. Recombinant adeno associated viral (AAV)
vectors that cross the blood brain barrier are being used to treat human
neurodegenerative diseases and can deliver antibodies to the nervous
system, providing an opportunity to treat neuropathogenic infections
such as rabies. An AAV9 vector expressing a broadly neutralizing
human anti-rabies antibody against rabies G glycoprotein (AAV-
RAB) was evaluated in mice and cats for rabies neutralizing antibody
production following a single intravenous administration as a possible
modality for human antibody gene therapy for rabies. Female C57BL/6]
mice were treated intravenously (IV) with doses ranging from 1x10"
to 1x10" vg/kg for a dose escalation study and 6x10" vg/kg for a
longitudinal study. Two weeks after treatment, animals treated with
1x10", 1x10%, and 6x10" vg/kg had serum rabies neutralizing titers
well above the protective level of 0.5 IU/mL, ranging from 54.8 to
>1,519 IU/mL. Neutralizing antibodies above protective titers persisted
in sera and brain for at least 60 days following treatment. Sera of mice
dosed with 1x10" vg/kg were negative for neutralizing antibodies.
Antibody was expressed broadly in neurons and brain endothelial
cells as shown by immunohistochemistry (Fig 1). Cats were treated
via IV administration of either 2.0x10" or 1.0x10" vg/kg AAV-RAB
(n=3 each) at approximately 4 months of age. Both low dose and high
dose cohorts expressed therapeutic neutralizing antibodies in the sera
two weeks following treatment. Animals treated with the high dose
displayed neutralizing antibodies in the CSF 1 month post treatment.
One animal in the high dose cohort show persistent expression in
both sera and CSF at 17 months following treatment. These preclinical
studies support the use of antibody gene therapy for rabies encephalitis.
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Figure 1. Immunohistochemistry of mouse brain. Rabies antibody
expression in neurons and glia (brown stain) after systemic injection
of AAV-RAB. Biotin-SP-conjugated AffiniPure Goat Anti-Human IgG,
Fcy Fragment Specific (Jackson ImmunoResearch). (Magnification
100X, inset 214X).

62. Development of an Intrathecal AAV9/
AP4M1 Gene Therapy for Hereditary Spastic
Paraplegia 50 (SPG50)
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Hereditary spastic paraplegia type 50 (SPG50) is an ultrarare
childhood-onset neurological disease caused by biallelic loss-of-
function variants in AP4M]1, encoding the Mu subunit of the adaptor
protein complex 4 (AP-4). The AP-4 is an obligatory heterotetrametric
complex that plays an important role in vesicle-mediated protein
transport. Clinically, SPG50 is characterized by childhood-onset
progressive spastic paraplegia, global developmental delay and later
intellectual disability, microcephaly, foot deformities, and epilepsy. At
present, there is no specific treatment for SPG50. To develop an AAVY/
AP4M1 gene therapy for SPG50, preclinical efficacy and safety studies
were conducted. Proof-of-concept in vitro studies by Dr. Ebrahimi-
Fakhari’s group showed that transduction of patient-derived fibroblasts
with AAV2/AP4M1 resulted in phenotypic rescue including restored
ATGOA trafficking and increased AP4E1 levels, and a reduction in
cell survival at the highest MOI of 1E5. Similar results were obtained
in independent in vitro studies by Dr. Bonifacinos group using two
additional fibroblast cell lines from two SPG50 sibling patients, where
49% and 77% of the fibroblasts from patient 1 and 2, respectively
were rescued with AAV2/AP4M]1. Importantly, these fibroblasts did
not show any sign of toxicity following infection. In an ongoing in
vivo efficacy study, Ap4m1 knockout (KO) mice were administered
intrathecally (IT) with high (5E11vg), mid (2.5E11vg), or low (1.25E11
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vg) doses of AAV9/AP4M] at postnatal day p7-10 (pre-symptomatic
cohorts) or p90 (early-symptomatic cohorts), which led to clear age
and dose effects with early intervention and high dose achieving the
best therapeutic benefits. For instance, the high dose of AAV9/AP4M1
injected I'T at p7-10 resulted in: 1) significantly higher levels of AP4M1
mRNA in all brain regions assessed; 2) minimal immune responses to
AAV9 or AP4M1 peptides; 3) minimal organ toxicity; 4) significant
improvement of impaired behavior on Hindlimb Clasping and Elevated
Plus Maze tests; 5) minimal adverse effects on body weight or survival;
and 6) no neurological abnormalities, indicating no apparent adverse
effects. In parallel, a non-GLP one-year toxicity study in C57BL/6]
wild type (WT) mice, a GLP three-month toxicity study in Sprague
Dawley WT rats, and a GLP three-month toxicity study in WT Non-
Human Primates (NHP) were conducted to further evaluate the safety
of AAV9/AP4M1 administration. All three studies indicated AAV9/
AP4M]1 had an acceptable safety profile up to a target human dose of
1E15 vg. Some adverse effects were noted at a higher dose, such as
increased excitability, increased activity, and decreased body weight
in the rat GLP study at 12 weeks post administration at the highest
dose, and neuronal degeneration in the lumbar dorsal root ganglion
(DRG) at higher doses with no recovery. In the NHP non-GLP study,
decreased nerve conduction occurred in the sural nerve at the 1.68E14
vg dose, corresponding to a human dose of 2E15 vg. Interestingly, a
similar occurrence/severity of DRG toxicity was noticed in both rat
and NHP toxicity studies, which extends our knowledge for the field
and supports the use of rat model to monitor DRG toxicity in future
studies. Taken together, these preclinical results identified an acceptably
safe and efficacious dose of AAV9/AP4M1 corresponding to 1E15 total
vg delivered IT. An investigational Phase I intrathecal gene transfer
trial using 1E15 vg of AAV9/AP4MI to treat SPG50 was approved by
Health Canada.

63. CNS Penetrant AAV Vectors Encoding
HER2 Antibodies Reduce Tumor Burden in
Models of Breast Cancer Brain Metastasis
Dan R. Laks

Neuroscience, Voyager Therapeutics, Cambridge, MA

Amplification of the growth factor receptor HER2 occurs in ~20% of
breast cancer patients. HER2-directed antibody (Ab) therapy, while
efficacious against peripheral tumors, has limited central nervous
system exposure (CNS). Along with improving early detection and
screening for tumors, current anti-HER2 therapies confer prolonged
control of metastatic disease in the periphery. As a result, CNS tumors
that emerge in 30-50% of metastatic HER2+ breast cancer patients
drive mortality and necessitate improved treatments. Our strategy
utilizes CNS-targeted AAV vectors to deliver broad brain expression
of a vectorized HER2 Ab. The design aims to achieve efficacious brain
tumor exposure by creating “factory cells” to secrete antibody into
the interstitial fluid (ISF) and cerebrospinal fluid (CSF). The therapy
benefits patients by being a single, intravenous administration utilizing
capsids that readily cross the blood-brain barrier. To that end, we
designed a HER2 Ab that inhibited HER2+ breast cancer cell growth
in vitro. Engineering also led to a profound increase in Ab-dependent
CDI16A receptor stimulation relative to trastuzumab, a standard of care
for HER2+ tumors. The in vitro data suggests that the antibody blocks
HER2-mediated signaling and can trigger immune cell mediated killing
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of tumors. After encoding the HER2 Ab and comparator Abs into AAV
transgenes, AAV vectors utilizing CNS-targeted capsids with selective
brain cell tropism relative to AAV9 were generated. Blood-brain barrier
penetrant AAV vectors were administered intravenously to mice
orthotopically engrafted with HER2+ cancer cells. In both prophylactic
AAV administration and a treatment model where AAV was dosed
post-engraftment, the vectorized Ab significantly reduced tumor
burden. Additionally, Ab levels in CSE, serum, and brain parenchyma
exceeded the in vitro IC50 for cell growth inhibition. To understand
target engagement and the mechanism behind observed tumor
suppression, we employed single-cell RNA-Seq to characterize immune
responses to these vectorized Abs. Upon dissociation of brains from
tumor engrafted mice that underwent intravenous AAV treatment,
we performed transcriptomic profiling of CD45+ immune cells. Our
results indicate a pronounced innate immune response to the HER2
Ab that increased tumor-proximal natural killer cells and proliferating
microglia. Response to the gene therapy also included dendritic cells
that are mediators of adaptive immune activation. Therefore, the
adaptive immune system could augment the efficacy of the therapy
when non-exhausted, tumor-associated T lymphocytes are present.
In conclusion, we have utilized intravenous administration of AAV
vectors engineered to deliver transgene expression broadly in the CNS.
Our animal data indicate that vectorized HER2 antibody gene transfer
can potentially address the unmet needs of patients afflicted with brain
metastases. Figure 1: AAV-mediated gene therapy to deliver vectorized
antibodies to the CNS of metastatic breast cancer patients. Illustration
depicts HER2 antibodies, with heavy and light chains vectorized into
a transgene construct, packaged into AAV capsids engineered to
efficiently cross the blood-brain barrier and selectively transduce brain
cells. Transduced cells become factories and secrete HER2 antibodies.
Antibodies bind to the overexpressed HER2 receptors on metastatic
tumors, inhibit pro-growth signaling, and induce tumor cell killing by
immune-cell cells via Fc-mediated interactions.
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64. Two is Better Than One: CRISPR/Cas9
Based Gene Editing with FOXP3 Isoforms for
IPEX Therapy
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Immune dysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome is caused by mutations in the forkhead box
protein 3 (FOXP3) gene, a critical transcription factor required for
T regulatory cells (Tregs). Patients present with severe early onset
autoimmunity that can be fatal within the first year of life. As a
monogenic immune disease with limited treatment options, IPEX
is an ideal candidate for a gene therapy approach whereby patient
hematopoietic stem cells are gene edited for autologous transplant.
In healthy Treg and activated effector T cells (Teffs), FOXP3 is expressed
in 2 predominant isoforms: the full length (FOXP3™) and exon 2
deleted (FOXP3A2) isoform. We developed a CRISPR/Cas9 approach
combined with AAV delivery of a donor template to restore FOXP3**
expression at the endogenous locus, permitting regulated expression
of wild-type FOXP3 ™ irrespective of downstream mutations. We
demonstrated precise editing of T cells from IPEX patients and
healthy donors. FOXP3 - edited Tregs showed restoration of FOXP3
expression and functional suppression. Additionally, we demonstrated
that gene edited HSPCs can be transplanted into NSG-SGM3 mice
for multilineage reconstitution. However, we found that the FOXP3
expression and suppressive capacity of FOXP3™ or FOXP3? edited
Tregs is towards the lower end of the range of unmodified cells.
HSPCs edited with FOXP3* also gave rise to less Tregs in vivo.
In order to delineate the role of isoforms in human Tregs, we
induced the expression of each isoform on FOXP3 knockout CD4*
T cells by lentiviral gene transfer. When compared to FOXP3™ or
FOXP3** alone, or double transduction of the same isoform, co-
expression of FOXP3* and FOXP3*? induced the highest overall
FOXP3 protein expression. This condition, in turn, led to optimal
acquisition of Treg-like cell phenotypes including downregulation
of cytokines, such as IL-17, and increased suppressive function.
Together with literature showing that each of the isoforms has
independent functions, our data suggests that the expression of both
isoforms may be essential for controlling FOXP3 expression and fine
tuning the development of functional Treg and Teff cells. Therefore,
we designed and tested a new knock-in construct, confirming that
it allows alternative splicing of both isoforms in edited T cells and
preserves the endogenous FOXP3 isoform ratio. To our knowledge this
is the first CRISPR/Cas9 construct that maintains an alternative splice
event and could instruct other editing therapies where gene isoforms
confer independent functions.
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65. Preclinical Safety and Feasibility Study of
a CRISPR/Cas9 Gene Editing Platform to Treat
Wiskott Aldrich Syndrome
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Wiskott-Aldrich syndrome (WAS) is a an X-linked recessive disease
caused by mutations in the WAS gene resulting in the development
of microtrombocytopenia, eczema and increased susceptibility to
infections, tumors and autoimmune disorders. For those children who
are not eligible for an allogeneic stem cell transplantation, lentiviral
gene therapy has proved effective, although full immune and platelet
reconstitution as well as physiological WAS protein expression is not
always achieved in treated patients. We have recently concluded a
proof-of concept study aiming at correcting the genetic defects in
patient-derived WAS HSPCs by gene knock-in into the WAS locus
using CRISPR/Cas9 and AAV6, and showed the ability of the gene
editing strategy to correct the WAS defects both in vitro and in
vivo. We have now progressed this gene editing-based therapy to
preclinical studies to assess its feasibility at the clinical scale. By ex-
vivo gene editing of healthy donor HSPCs, we have demonstrated
successful optimisation of medium and large-scale cell manipulation
protocols using clinical grade reagents and reproducible rates of
HSPC gene targeting, viability and colony forming efficiency. Large-
scale manufactured cells were able to engraft and give rise to mature
hematopoietic cells in xenotransplantation studies with no major
toxicity observed. Moreover, a comprehensive in vitro and in vivo
assessment of potential off-targeting and chromosomal instability
caused by the gene editing procedure confirmed the safety of the
platform. Overall, data coming from this study provide specificity,
toxicity and efficacy evidence supportive of continued development
of the platform and will pave the way for the translation of CRISPR/
Cas9 gene editing into the next generation of therapeutic tools for
WAS and for diseases that require gene correction at the HSPC level.

66. Development of a Beta-Globin Gene
Replacement Strategy as a Therapeutic
Approach for B-Thalassemia

Beeke Wienert, Kirby Wallace, Christopher Bandoro,
Aishwarya Churi, James Partridge, Rajiv Sharma,

William Matern, Sebastian Treusch, Daniel Dever
Graphite Bio, Inc., South San Francisco, CA

B-thalassemia is a genetic disorder characterized by reduced production
of B-globin, a protein that forms functional, oxygen-carrying
hemoglobin with a-globin (HbA, o f,). In its most severe form,
B-thalassemia is caused by mutations in both alleles of the -globin gene.
These patients fail to produce functional p-globin, resulting in severe
anemia. More than 300 -thalassemia mutations are known; most are
small nucleotide insertions, substitutions, or deletions within or directly
adjacent to the p-globin (HBB) gene. A gene editing platform using
homology directed repair (HDR) that replaces the HBB gene to achieve
anormal or B-thalassemia trait phenotype with HbA expression similar
to healthy individuals is an ideal strategy. The challenge is achieving
high levels of gene replacement that result in high HbA expression.
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We designed a homologous DNA donor that can replace a mutated
HBB gene with a functional HBB gene and overcomes the two main
challenges with gene replacement at this locus. First, to avoid sequence
homology of the insert with the endogenous locus, we used a diverged
HBB coding sequence. Second, because introns are required for
high HBB expression, we hypothesized that incorporation of non-
homologous introns would result in endogenous HbA production.
Using a high-efficiency gene editing platform that combines: 1) a high
fidelity Cas9 precomplexed with chemically modified guide RNAs, 2)
a DNA template delivered by AAV6, and 3) CD34+ hematopoietic
stem and progenitor cell culture optimization, we developed an HBB
gene replacement strategy. To identify DNA templates resulting in
high HBB expression, we screened 39 versions of T2A-EGFP-tagged
HBB coding sequences containing various heterologous introns and
polyadenylation signals. Different DNA donors were knocked into
primary CD34+ hematopoietic stem and progenitor cells (HSPCs,
n = 3 healthy donors), differentiated into red blood cells (RBCs) in
vitro, then evaluated for EGFP mean fluorescence intensity (MFI)
by flow cytometry, as a surrogate for beta-globin expression. Adding
heterologous introns to the HBB coding sequence significantly
increased MFI by three-fold (p=0.0008). To evaluate if the MFI
positively correlated with HbA expression, the T2A-EGFP sequence
was removed from the DNA donors and HbA expression was measured
by HPLC in HSPC-derived RBCs. MFI and HbA output were positively
correlated, and the top DNA donors resulted in HbA expression on
par with endogenous levels. Using this gene replacement strategy,
we achieved HDR frequencies of up to 40% in CD34+ HSPCs. To
increase gene replacement frequencies, the top DNA donors were
further optimized by truncating the introns to create a smaller
insertion cassette that resulted in higher HDR and maintained high
levels of HbA expression. Using HSPCs from patients with sickle cell
disease as a therapeutically relevant model, we investigated if this DNA
donor can replace the non-functional HBB gene that produces HbS.
Gene replacement of the sickle allele using the optimized DNA donor
restored HbA expression as measured by HPLC comparable to an
HDR gene correction strategy that corrects the HbS point mutation.
Future experiments are investigating in vitro and in vivo stem cell
repopulation capacity of HSPCs targeted for HBB gene replacement.
In summary, we developed a precise HBB gene replacement strategy
that is highly efficient and results in high HbA production, offering a
potential differentiated approach for treating p-thalassemia.

67. Adenine Base Editor-Mediated Correction
of Three Prevalent and Severe B-Thalassemia
Mutations
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Cavazzana®*?, Annarita Miccio'

'Tmagine Institute, INSERM UMR1163, Paris, France,’Biotherapy Clinical
Investigation Center, Necker Children’s Hospital, Assistance Publique Hopitaux

de Paris, Paris, France,’Biotherapy Department, Necker Children’s Hospital,
Assistance Publique Hopitaux de Paris, Paris, France

[-thalassemia is a highly prevalent monogenic recessive disease caused
by mutations affecting the synthesis of the adult hemoglobin B-chains.
Point mutations in the B-globin gene (HBB) locus reduce (B*) or
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abolish (B°) the production of f-globin chains. The imbalance between
a- and B-globin production leads to the precipitation of uncoupled
a-globins, which causes erythroid cell death, ineffective erythropoiesis
and severe anemia. The most severe form of the disease, f-thalassemia
major, is typically associated with a B°/B° genotype. Transplantation of
autologous, genetically modified hematopoietic stem/progenitor cells
(HSPCs) is an attractive therapeutic option. However, current gene
therapy strategies based on the use of lentiviral vectors or CRISPR/Cas9
nuclease are not equally effective in all the patients and/or raise safety
concerns. The two f’mutations CD39 (CAG>TAG) and IVS2-1 (G>A)
and the p* mutation IVS1-110 (G>A) are among the most common and
severe 3-thalassemia mutations in the Mediterranean area and Middle
East. Here, we exploited the capacity of adenine base editors (ABEs) in
combination with specific single guide RNAs (gRNAs) to convert A>G
and correct these mutations in HSPCs from B-thalassemia patients.
First, we screened different combinations of ABEs/gRNAs in T cells
from B-thalassemia patients harboring these mutations. The absence of
the canonical SpyCas9 NGG PAM close to the target bases prompted
us to test a variety of non-NGG Cas9 variants in combination with a
highly processive deaminase (ABE8e). In particular, we generated and
tested the novel ABE8e-SpRY base editor harboring the near-PAMless
SpRY-Cas9. We selected the best performing gRNAs that were used
in combination with ABE8e-SpRY or ABE8e-NRCH to revert CD39,
IVS2-1 and IVS1-110 mutations with a gene correction efficiency in
T cells of 100%, 53% and 86%, respectively. We then tested selected
ABEs/gRNAs combinations in HSPCs from {-thalassemia patients
and achieved correction efficiencies of up to ~90%. Control and edited
B-thalassemic HSPCs were differentiated towards the erythroid lineage
to evaluate globin and hemoglobin production. Red blood cells derived
from edited HSPCs exhibited high -globin levels and improvement
of the a/non-a globin ratios. The delayed erythroid differentiation
typically observed in -thalassemic cell cultures was corrected by our
treatment. Indeed, along the differentiation, we observed an increased
enucleation rate (measured as frequency of DRAQS5" cells) compared
to unedited p-thalassemic controls, reaching the levels observed in
healthy donor cells. Furthermore, the size of enucleated cells (typically
reduced in B-thalassemic cells) was normalized. Finally, measurement
of Annexin* cells by flow cytometry showed a substantially reduced
apoptotic rate in edited p-thalassemic samples compared to untreated
controls. In conclusion, we developed three efficient base editing
approaches to revert highly prevalent and severe B-thalassemia
mutations and correct the B-thalassemic cell phenotype. Validation
of these results in HSPCs in vivo and genotoxicity studies will provide
sufficient proof of efficacy and safety to enable the clinical development
of base-edited HSCs for gene therapy of p-thalassemia.
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68. Improvement of PKLR-gene Editing in
Human Hematopoietic Stem and Progenitor
Cells Towards its Clinical Application for
Pyruvate Kinase Deficiency
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Mercedes Dessy"?, Omaira Alberquilla-Fernandez'?,
Rebeca Sanchez-Dominguez'?, Oscar Quintana-
Bustamante'?, Jose-Carlos Segovia'?

!Cell Technology Division, Centro de Investigaciones Energéticas,
Medioambientales y Tecnologicas (CIEMAT) and Centro de Investigacion
Biomédica en Red de Enfermedades Raras (CIBERER), Madrid, Spain,?Unidad
Mixta de Terapias Avanzadas. Instituto de Investigacion Sanitaria Fundacion
Jiménez Diaz (IIS-FJD, UAM), Madrid, Spain

Pyruvate kinase deficiency (PKD) is an autosomal recessive disorder
caused by mutations in the PKLR gene. PKD-erythroid cells suffer
from an energy imbalanced cause by a reduction of the erythroid
pyruvate kinase (RPK) protein activity. This disease is associated with
reticulocytosis, splenomegaly and iron overload, and may be life-
threatening in severely affected patients. Autologous Hematopoietic
Stem Cell Transplantation (HSCT) of genetically corrected cells using
lentiviral vectors has demonstrated a durable and curative therapeutic
option (NCT#04105166). With that in mind, we developed a knock-in
gene editing strategy at the genomic starting site of the PKLR gene by
combining RNP electroporation and two different recombinant adeno-
associated viral vector (rAAV6) donors to deliver either a TurboGFP
expression cassette or a promotor-less therapeutic codon optimized
RPK cDNA (coRPK), flanked by specific homologous arms. We were
able to obtain a stable integration in up to 40% of colony forming
units (CFUs) generated from healthy donor cord-blood hematopoietic
stem and progenitors cells (HSPCs, CB-CD34" cells) in the absence
of toxicity. These gene edited CB-CD34* cells engrafted efficiently in
both primary and secondary NSG mice, although clinically relevant
correction remained a challenge. Different alternatives for modifying
our original gene editing protocol were explored in order to reach
therapeutic levels in long-term HSPCs. Firstly, we assessed the
addition of different compounds either involved in AAV transduction
(Bleomycin, Bortezomib, Teniposide, Daunorubicin and Polyvinyl
alcohol), in the homology repair pathway (BRCA1 and MRE11A
proteins) or in the maintenance of the stem compartment (SR1)
during HSPC gene editing process. Although some compounds were
promising and showed a moderate increase in gene editing percentage,
the best results were obtained when culture timing and cell density
were adjusted. 48h-expansion of pre-stimulation period and reduction
of cell density during the editing process doubled HSPC gene editing
frequency, reaches up to 70% HDR in CFUs. Edited HSPCs under this
optimized protocol were infused into immunodeficient mice and the
specific integration was detected in up to 25% of the human cells three
months after transplant. These results confirm the feasibility of reaching
therapeutic levels of PKLR gene editing in human HSPCs and therefore
its future potential clinical application for the treatment of PKD.
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Severe Combined Immunodeficiency (SCID) in
Athabascan-Speaking Native Populations
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Joseph G. Skeate***, Kelsie L. Becklin*?, Emily J.
Pomeroy***, Nicholas J. Slipek***, Minjing Wang"***,
Christopher J. Sipe***, Mitchell G. Kluesner®>**, Beau
R. Webber**#, R. S. Mclvor"**, Branden S. Moriarity"***

'Department of Genetics, Cell Biology & Development, University of Minnesota,
Minneapolis, MN,?Department of Pediatrics, University of Minnesota,
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Severe combined immunodeficiency of Athabascan-speaking
Natives (SCID-A) is caused by the absence of Artemis protein due
to a premature stop codon (pmSTOP) in exon 8 of the DCLREIC
gene. Artemis plays a key role in the canonical non-homologous
end joining NHE] (c-NHE]) DNA repair pathway as well as V(D)]
recombination. Therefore, SCID-A patients have hypersensitivity to
DNA damaging agents like ionizing radiation and alkylating agents,
along with a TB'NK* lymphocyte population, leading to a high
incidence of severe infections. Ex vivo lentiviral complementation
of Artemis in SCID-A hematopoietic stem cells (HSCs) is currently
in clinical trials (NCT03538899); however, this approach carries the
risk of insertional mutagenesis and can result in suboptimal gene
expression due to the semi-random integration pattern of lentiviruses
and the necessity of driving transgene expression with an exogenous
promoter. Here we show progress towards a superior approach of
site-directed genetic repair of Artemis in situ, correcting the pmSTOP
using homology-directed repair (HDR) or adenine base editor (ABE).
For induction of HDR-mediated correction, we used Cas9 nickase
to avoid genotoxic double-strand breaks (DSBs) and delivered a
template for DNA repair using recombinant adeno-associated virus
(rAAV), achieving >50% correction of the pmSTOP codon that
leads to Artemis deficiency in a model K5625¢'"* cell line. For ABE-
mediated conversion, we targeted the mutation using ABE8e-NG,
achieving >40% restoration of the reading frame by converting the
pmSTOP to tryptophan (TAA->TGG). This conservative amino acid
substitution resulted in the rescue of functional Artemis protein as
demonstrated by enzymatic hairpin-opening activity (Figure 1). To
create in vivo models to validate our proposed therapeutic approaches,
we engineered a pre-clinical mouse model with a humanized DCLREIC
Exon 8 with either wild-type (WT) or SCID-A sequences using Cas9-
ribonucleoprotein (RNP)/rAAV embryo electroporation (Figure 2A)
, which recapitulates the immunophenotype of SCID-A, as shown by
the presence/absence of circulating T and B lymphocytes in Figure 2B.
Here we show in vitro proof of concept of two superior approaches
for correcting ARTEMIS in its endogenous genetic context. Moreover,
we have developed a robust mouse model that recapitulates the
human SCID-A disease phenotype and will be used to test our
proposed therapies. Our work demonstrates the broader potential
of these site-specific approaches for the treatment of other primary
immunodeficiencies and genetic diseases.
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Figure 1. Artemis hairpin-opening activity. A. Synthetic hairpin with
FAM fluorophore at 5' and TAMRA quencher at 3’ cleaved by Artemis.
B. Enzymatic activity of Artemis in K562WT, K562SCID-A, and K562SCID-A
cells corrected with plasmids encoding WT TAC (blue) or conservative
tryptophan substitution TGG (orange) measured at 6 hours.
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Figure 2. Replacement of murine Artemis exon 8 with human Artemis exon 8 DNA
sequences. A. Introduction of human Artemis sequence into B6 mouse embryos through a
Cas9-RNP and rAAV electroporation approach. B. Presence of peripheral T and B lymphocytes
in the blood of WT B6 mice compared to engineered hArtemis WT and SCID-A mice.
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70. Development of a Double shmiR
Lentivirus Effectively Targeting Both BCL11A
and ZNF410 for Enhanced Induction of Fetal
Hemoglobin to Treat B-Hemoglobinopathies
Boya Liu', Chriatian Brendel'?, Divya S. Vinjamur,
Chad Harris', Meaghan McGuinness', Haiming Xu',
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A promising treatment for 3-hemoglobinopathies is the de-repression
of fetal hemoglobin (HbF). Decreasing the expression of y-globin
repressor BCL11A results in a coordinated increase in y-globin
expression and reduction in B-globin expression. Here, we aim to
improve lentivirus vectors (LVV) containing a single BCL11A shmiR
(SS) currently in clinical trials (Esrick et al. NEJM, 2021) to further
increase y-globin induction. We developed a novel LVV expressing
two shmiRs simultaneously targeting BCL11A and the independent
y-globin repressor, ZNF410. Healthy human HSC-derived erythroid
cells transduced with the double shmiR (DS) LVV showed up to 80%
reduction of both BCL11A and ZNF410 proteins with a consistent
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and significant (p<0.05) additional 10% HbF induction compared to
targeting BCL11A alone. Erythrocytes differentiated from SCD HSCs
transduced with the DS LVV expressed higher therapeutic levels of HbF
and demonstrated significantly reduced in vitro sickling phenotype
(p<0.001) compared to the SSBCL11A LVV. Erythrocytes differentiated
from DS LVV transduced HSCs from [-thalassemia major patients
increased y-globin expression to more than 60% and demonstrated
restored globin chain balance and reduced microcytosis. Erythroid
cells derived from the bone marrow of immunodeficient mice engrafted
with DSLVV gene-modified cells also showed simultaneous target gene
knockdown and significantly higher y-globin and HbF levels compared
with SS BCLI11A (p<0.05). Normalized to VCN in erythroid cells,
y-globin expression was also significantly higher in DS transduced
cells compared with BCL11A shmiR. Finally, in Berkeley SCD mice
reconstituted with DS-transduced cells the average levels of y-globin
in erythroid cells from BM were 1.7%, 18.5%, and 25.4% for N'T group,
SS, and DS, respectively. This increase in y-globin was associated with
a statistically larger reduction in peripheral blood hemolysis markers
compared with the SS vector (see Table). As an additional marker of
erythroid stress, average spleen mass of SS LVV and DS LVV group
were also decreased (Table). In summary, these results indicate that the
DS LVV targeting BCL11A and ZNF410 can enhance HbF induction
which could potentially improve the efficacy of current approaches
of treating B-hemoglobinopathies and could be used as a model to
simultaneously and efficiently target multiple gene products.

Table. Hematologic parameters and spleen mass in Berkeley-SCD mouse model.

Erythroid precur- Reticulo- Sickled Spleen mass
sor cells (%) cytes (%) cells (%) (g
NT (o= 35 1 6.9 340443 50467  0.53+0.06
targeting)
SS(single g0 qg 126+38  148+42  025%0.06
shmiR)
DS (double ¢, 1 g 79+4.1 100+43  0.18+0.04
shmiR)
Palue (SS 068 0.0187 0.0255 0.0123
vs DS)
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71. Ministring DNA: A Durable and Safe
Nonviral Delivery Platform

Ting-Yen Chao', Meng-Ni Fan', Nafiseh Nafissi?, Ko
Currie?, Meghan McQuade', Roderick Slavcev*?, Carol
H. Miao'*

'Immunity & Immunotherapies, Seattle Children’s Research Institute, Seattle,
WA,*Mediphage Bioceuticals, Toronto, ON, Canada,’University of Waterloo,
Waterloo, ON, Canada,*Department of Pediatrics, University of Washington,
Seattle, WA

Ministring DNA (msDNA) is a novel mini linear DNA vector with
closed ends, without bacterial plasmid sequences, which can be a
safe, redosable, and effective non-viral gene delivery vector. First,
we screened precursor plasmids containing different cis-regulatory
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sequences and 2 proprietary supersequences (SSeq), with nuclear
localization signals, to establish a highly efficient, ubiquitous expression
cassette template that will be incorporated into the msDNA. All
plasmids carried both secreted luciferase (NanoLuc) and cytoplasmic
eGFP reporter genes driven by the CMV promoter (pSNLuc), the
CMYV promoter with WPRE (2xSSeq pGSNLuc-WPRE), or the CAG
promoter with chimeric intron (2xSSeq pCAGLuc), or the CAG
promoter with chimeric intron and WPRE (2xSSeq pCAGLuc-WPRE).
Groups of mice were administered with 50 pg of respective plasmids
via hydrodynamic injection. The plasma of the treated mice was
collected on day 1, 7, 14 and every two weeks afterwards to examine
the luciferase gene expression in treated mice. On day 1 post-vector
administration, all mice exhibited high levels of luciferase expression
(10% -10° RLU per mg of plasma protein). On day-7, the 2xSSeq
PCAGLuc and the 2xSSeq pCAGLuc-WPRE treated mice produced
107 -10° RLU/mg of plasma protein, but the pGSNLuc-WPRE treated
mice yielded lower luciferase levels (~10° RLU/mg protein). After
8-weeks post-vector administration, all mice exhibited low levels of
luciferase expression (around 10° RLU/mg protein). Due to the rapid
drop of luciferase levels, it is suspected that humoral or cell-mediated
immune responses may be induced in the plasmid treated mice. To
test dose response of plasmid DNA following nonviral gene delivery
in animal models, the mice were administered with 5 pg plasmids
instead of 50 pg plasmids using hydrodynamic injection. The mice
treated with 2xSSeq pCAGLuc and the 2xSSeq pCAGLuc-WPRE
showed sustained high luciferase expression levels (107 -10° RLU/mg
protein) more than 8 weeks post-vector administration, which were
100-fold higher than the conventional plasmid pSNLuc with no SSeq).
Based on these results, the expression cassette in the precursor plasmid
2XSSeq pCAGLuc-WPRE was selected as the template for generating
msDNA-CAG-W. msDNA containing the CMV promoter with WPRE
(msDNA-CMV-W) was also generated and used as control. Groups
of mice received hydrodynamic injection of 5 ug msDNA-CMV-W,
msDNA-CAG-W and pSNLuc as benchmark control respectively.
Similarly to plasmid treated mice, the msDNA-CAG-W treated mice
produced sustained high levels of luciferase expression (107 -10° RLU/
mg protein) more than 8 weeks post-vector administration, whereas
the luciferase expression in msDNA-CMV-W treated mice dropped
to low levels (~10° RLU/mg protein) in less than one month. The rapid
drop of luciferase expression in msDNA-CMV-W treated mice was
likely due to silencing of the CMV promoter in hepatocytes. Most
importantly, mice treated with msDNAs produced more than fivefold
higher gene expression levels compared with those generated from
mice treated with the corresponding plasmids. In addition, luciferase
gene expression was confirmed via whole body live imaging by IVIS.
In conclusion, nonviral delivery with msDNA-CAG-W in mice was
highly efficient and the resulting gene expression was stable for more
than two months. The novel msDNA platform can be applied to change
the paradigm of nonviral gene therapy to provide a safe, titratable, and
redosable genetic medicine to cure disorders.
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Acute respiratory distress syndrome (ARDS) affects over 200,000
Americans each year (excluding those affected by COVID-19) and has
a30-40% mortality rate with no current pharmacological interventions.
Moreover, it is estimated that 90% of covid deaths are due to ARDS.
Additionally patients who survive may never fully recover normal lung
function. In ARDS, the alveolar-capillary barrier separating airspace
and blood weakens or is destroyed, resulting in edema, inflammation,
and ultimately death. Targeted inhibition of inflammatory signaling to
preserve barrier function may improve survival and help retain lung
function. siRNA therapeutics against key inflammatory genes offer
a potential treatment. However, delivery of siRNA and other RNAs
remains a major challenge in the lung and other organs. We have
identified several cyclic amphipathic peptides (CAPs) that can complex
siRNA and promote delivery in cultured cells and in the lungs of mice.
CAPs are a subset of cell penetrating peptides that can cross the cell
membrane via endogenous cellular endocytic mechanisms. In order
to understand the mechanisms of action and delivery of these peptide-
RNA complexes, we have characterized their mechanism(s) of cell
uptake. Using pharmacological and genetic knockdown approaches,
we have studied the uptake of a number of different CAPs in cultured
lung epithelial cells. We initially found that two peptides supported
high level delivery in the lung: cyclic (WR)4 and cyclic (FKFE)2 and
have created a series of peptides with amino acid substitutions to
evaluate structure-activity relationships. We find that these different
peptides utilize either clathrin-dependent endocytosis (CDE), caveolae,
or macropinocytosis for their uptake. Each pathway results in uptake
however, the membrane interaction and vesicles involved have different
characteristics in terms of cargo delivery to desired locations in the
cell. The specific pathway used for CAP-siRNA uptake is influenced
by peptide design with differences in uptake and efficiency of siRNA
cargo delivery. By imaging and quantifying the delivery of fluorescently
labeled siRNA by different CAPs to A549 cells in vitro we show that
cellular delivery is dependent on the presence and “strength” of a
positively charged amino acid ( Arg>Lys>His) and amino acids capable
of pi-pi interaction (e.g. Trp or Phe). Comparisons of functional siRNA
delivery between different CAPs was shown by delivering occludin
siRNA then relative quantitation of knockdown by Western Blotting.
Future work will focus on in vivo therapeutic potential by delivery of
siRNA to downregulate pro-inflammatory factors such as mTOR and
study of tissue and cell localization by CAP.

73. In Vivo Spatially Targeted Nonviral Optical
Delivery of Genes in Mice to NHPs
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Benjamin Ferguson?, Subrata Batabyal?, Adnan Dibas?,
Samarendra Mohanty'

'Nanoscope Instruments, Inc., Bedford, TX,?Nanoscope technologies LLC,
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Introduction: Cell-specific opsin-based sensitization of neurons to
light via optogenetics has allowed modulation of neural circuitry
in-vivo for probing function and understanding of disease.
Neurodegeneration diseases such as geographic atrophies (GA) in
dry age-related macular degeneration (dry-AMD) would require
spatially targeted delivery of opsin-encoding gene into cells in the
targeted atrophic region(s) without interfering in the functioning
of surrounding intact retina. Traditional methods for gene delivery
require viral transduction, which suffer from lack of spatial localization,
unexpected inflammatory responses, and immunological reactions.
Here, we report use of an optical coherence tomography (OCT) guided,
spatially targeted, near-infrared laser microirradiation platform for
successful delivery of genes encoding for ambient-light activatable
Multi-Characteristic opsin (MCO) to retinal cells in small and large
animal models. Methods: Wild type and different retinal-degenerated
(rd1, rd10, and laser-induced GA) mice models obtained from Jackson
labs were used for OCT-image guided spatially targeted optical gene
delivery. We also tested the non-viral laser delivery method in wild type
as well as MNU-injected (model for photoreceptor degeneration) rats.
MCO-plasmids were intravitreally injected, followed by OCT imaging
and selection of target region(s) to achieve spatially localized laser gene
transfection in retinal cells. For spatially-localized transfection, we
utilized OCT-guided ultrafast near infrared (NIR) laser, or continuous
wave (CW) NIR laser in conjunction with gold nanorods (GNRs).
Efficacy was evaluated by measurement of fluorescence reporter
expression and electrophysiological response to light activation.
The toxicity was evaluated by OCT, intra-ocular pressure (IOP),
Electroretinogram (ERG), immunoreaction and biodistribution. For
clinical translation, we developed OCT-guided laser system to image
and deliver therapeutic genes in a spatially targeted manner to retina
in non-human primates (African green monkey). Results: Our rodent
studies provided proof-of-concept for highly localized optical gene
delivery in an efficient manner without causing toxicity (measured by
no loss of cell viability in caspase/TUNEL assays, no increase in IOP
or decrease in ERG of wildtype animals and OCT retinal thickness).
Targeted optical delivery of MCO into GA lesion led to enhanced
light-evoked electrophysiological response. We also demonstrated that
OCT-guided optical gene delivery is an efficient non-viral gene delivery
method to transfect NHP retina as shown by fundus imaging of the
reporter (mCherry) fluorescence. In addition, functional improvement
(measured by redERG) was detected, which was attributed to MCO’s
broadband activation spectrum. No structural and functional changes
in NHPs have been observed from fundus/OCT imaging and IOP
measurements. Discussion and Conclusion: The advantages of the
optical delivery method with OCT guidance include: (i) real time
imaging guidance to pathological areas of interest, (ii) monitoring
of gene delivery to target region of interest, (iii) opportunity to re-
dose the same atrophic area(s) with better opsin-encoding genes and
newly-developed GA areas in subjects without immune rejection, and
(iv) ability to deliver large size genes (that cannot be packaged in safe
AAV vectors). Advancement of laser based targeted gene delivery will
enable reliable delivery of therapeutic molecules including CRISPR/
Cas9 gene editing agents, into targeted neurons to restore function in
neurodegenerative diseases.
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74. Particle Size Engineering to Enhance
mRNA Delivery Efficiency via Biodegradable
Carriers In Vivo

Yizong Hu, Stephany Y. Tzeng, Jordan J. Green, Hai-

Quan Mao
Johns Hopkins University, Baltimore, MD

Introduction. The tremendous success of lipid-based mRNA delivery
systems for vaccination has provided the impetus for the development
of a diverse range of carriers that can offer distinct tropisms desirable
for a variety of therapeutic targets, especially those outside of the
liver and the muscle. Poly(B-amino) ester (PBAE), as a biodegradable
polymeric carrier, could deliver multiple types of nucleic acid cargos
and access different organs and tissues, although the delivery efficiency
can be further improved. In this study, we developed a new particle
size control method that exponentially increases the payload capacity
of mRNA/PBAE nanoparticles through a supra-molecular assembly
technique. The assembled particles had a size in sub-micron range
that yielded markedly higher transfection efficiency comparing
with the nanoparticles prepared with the conventional method.
Methods. The poly(B-amino ester) was synthesized using Michael
addition reactions, with the structure optimized for mRNA delivery.
To formulate the nanoparticles, mRNA in sodium acetate buffer at
pH 5.0 and polymer ethanol solution were mixed at a volume ratio of
3:1 through the flash nano-complexation (FNC) technique. This step
generated “building block” nanoparticles with a Z-average size of 100
nm. A supramolecular assembly strategy was previously developed
for plasmid DNA/polycation nanoparticles and was applied to these
nanoparticles. Briefly, an assembly buffer with optimized ionic strength
and pH was added to remove the repelling forces on nanoparticle
surfaces. Along the path of the induced size growth, reversal of the
solution conditions re-stabilized the particles at desired sizes (Fig. 1A).
Results. Upon mixing with the assembly buffer, the size of mRNA/
PBAE particles grew in a predicable manner, with a constant rate of
roughly 50 nm (diameter) per minute (Fig. 1A). This kinetics-based
method generated highly uniform particles in a size range of 100 to
1000 nm that could stay stable for at least 5 hours. Upon i.v. injection of
particles at varied sizes loaded with luciferase mRNA, the transfection
efficiencies in the liver and spleen were found to be size-dependent.
The larger the particle size, the higher the transfection efliciency (Fig.
1B). The transfection efficiency level obtained from 650-nm mRNA/
PBAE particles were comparable to that from a benchmark mRNA
lipid nanoparticle formulation (DLin-MC3-DMA and DSPC-based,
data not shown). This level was not attainable by PBAE particles
prepared using the conventional methods in previous reports that
were generally below 200 nm in size. Particularly in the liver, the
transfection efficiency with the 900-nm particles was 60-fold higher
than that using the 100-nm particles (Fig. 1C). Besides, larger particles
prepared with the supra-assembly process resulted in more durable
mRNA expression: the overall luciferase expression level in mice treated
with the 900-nm particles at 48-h post-injection was comparable to
that in mice treated with the 100-nm particles at 12-h post-injection.
Conclusion. The supra-molecular mRNA assembly of PBAE/mRNA
nanoparticles markedly increased the transfection efficiency in the
liver and spleen, matching the level achievable using the mRNA lipid
nanoparticles. These sub-micron sized PBAE/mRNA particles have
great potential as an effective gene delivery system for gene medicine.
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75. Delivery of CRISPR/Cas9 mRNA LNPs
to Repair a Small Deletion in FVIII Gene in
Hemophilia A Mice
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Hemophilia A (HemA) is a bleeding disorder resulting from a
deficiency of the X-linked factor VIII (FVIII) gene. Currently, treatment
of repeated infusions with FVIII protein for HemA patients is costly
and inconvenient. Gene therapy represents a very promising alternative
treatment method. The combination of lipid nanoparticle (LNP)
technology targeting specific organs and CRISPR/Cas9 technique
allow in vivo gene correction of the mutant FVIII and regain the
expression of FVIIIL. We aimed at optimizing in vivo delivery efficiency
of mRNA encapsulated LNPs and FVIII gene-editing tools, respectively.
Since FVIII protein is mainly and naturally made in liver sinusoidal
endothelial cells (LSECs), we investigated various formulations
of LNPs that can target LSECs. First, Luciferase mRNA (Luc) was
encapsulated in MC3-based LNPs and its transfection efficiency was
examined in HepG2 and HUVEC cells as liver cell models. Luciferase
expression can be detected in both cell lines, indicating mRNA LNP can
successfully transfect both hepatocytes and endothelial cells in vitro.
Next, we delivered Luc LNPs and GFP LNPs into mice, respectively. The
in vivo transfection was evaluated using in vivo imaging systems (IVIS)
and immunofluorescent staining by Luciferase mRNA LNPs and GFP
mRNA LNPs, respectively. Results suggested that this LNP formulation
mainly targets hepatocytes in vivo. LNPs were further improved by
different formulations and enhancement of LSEC-targeting efficiency
was observed by immunofluorescent staining. Next, we evaluated the
efficacy of different sgRNAs for in vivo gene editing of mutant FVIIIL.
An immunodeficient hemophilia A (NSG HA) mice that contained
premature stop codon in exon 1 of FVIII were used as the HemA mouse
model. Two different sgRNAs that can edit wild-type FVIII sequence
(mF8sgRNA) or mutant FVIII exon 1 sequence (NSGHAsgRNA)
were designed, respectively. For a start, the Cas9/sgRNA plasmids
were hydrodynamically injected into NSG HA mice and the FVIII
expression was examined by aPTT assay. Both FVIII-targeting sgRNAs
can promote the recovery of FVIII expression in NSG HA mice at least
one month after treatment, suggesting successful gene editing of mutant
FVIIL Finally, a combination of gene editing and LNP technology was
performed. Encapsulated Cas9 mRNA and sgRNA LNPs were delivered
into NSGHA mice intravenously. Expression of endogenous FVIII
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was confirmed by aPTT assay and edited mutant FVIII was verified
by DNA sequencing and online CRISPR analysis tools, respectively.
Our data showed our LNP formulations can deliver mRNA into both
hepatocytes and endothelial cells in vivo. Furthermore, combined with
CRISPR/Cas9 technology, we have corrected the mutated FVIII gene
and regained the FVIII activity in NSG HA mice. This gene-editing
protocol has the potential to persistently regain therapeutic levels of
FVIII gene expression for hemophilia A treatment.

76. Building a Genetic Medicine Platform for
DNA-Encoded Antibody Therapeutics
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Leuven, Leuven, Belgium,’Inovio Pharmaceuticals, San Diego, CA,’Laboratory of
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Within the field of genetic medicine, gene-based antibody therapy is a
hot commodity. DNA-based delivery aims to administer the antibody-
encoding nucleotides using a non-viral plasmid DNA (pDNA) vector.
Such genetic shortcut allows for prolonged antibody production in vivo,
and addresses some of the bottlenecks of conventional antibody protein
therapeutics. This can allow for a broader antibody accessibility and e.g.
facilitate more effective cocktails. We previously presented preclinical
proof of concept for various DNA-encoded full-length monoclonal
antibodies (mAbs) and nanobodies, delivered to muscle or tumor.
To advance our DNA platform, we evaluated additional examples of
product development. First, we focused on COVID-19. Using B cell
mining in a convalescent patient, we identified a panel of human mAbs
that potently neutralized the main SARS-CoV-2 variants of concern.
Thelead mAb 3B8 also retains its activity against omicron. In hamsters,
intramuscular electroporation of DNA-encoded 3B8 resulted in median
mAb serum levels up to 90 pg/ml ten days after pDNA delivery,
and protected animals against SARS-CoV-2 infection. Second, we
focused on immunotherapy by delivering a cocktail of DNA-encoded
immunomodulators directly into the tumor. In a murine cancer model,
intratumoral electroporation of plasmids encoding IL-12 and an anti-
PD-1 and anti-CTLA-4 antibody significantly delayed tumor growth
compared to IL-12 alone and the combination of anti-PD-1 and anti-
CTLA-4 antibodies. The triple combination also enabled significant
abscopal effects, which was not the case for the other treatments. To
assess translational feasibility, we previously reported on intramuscular
DNA-based antibody delivery in 40-70 kg sheep, a clinically relevant
model. Here, we further aligned and affirmed the electroporation setup
to clinical practice. In groups of eight sheep each, escalating doses of
pDNA (1 and 4 mg) gave serum mAb levels up to the pg/ml range,
without inducing anti-drug-antibodies during the six week follow-
up. While the currently attained mAb titers are effective in various
rodent disease models, we explored further improvements. In vitro,
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mAb levels consistently improved with decreasing sizes of plasmid
backbone. In vivo, following intramuscular pDNA electrotransfer in
mice, the correlation was less consistent. While the largest conventional
plasmid (10.2kb) gave the lowest mAb levels, a regular conventional
plasmid (8.6kb) demonstrated similar levels as a minimal plasmid
(6.8 kb). Thus, while improving biosafety, a reduction in size beyond a
standard conventional plasmid backbone did not improve mAb levels
in vivo. Cassette modifications, such as swapping antibody chain order
or use of two versus a single encoding plasmid, significantly increased
antibody expression in vitro, but failed to translate in vivo. Conversely, a
significant improvement in vivo but not in vitro was found with a set of
muscle-specific promoters compared to the ubiquitous CAG promoter.
Overall, despite the limited translation between in vitro and in vivo,
improvements in potency and biosafety were identified. In conclusion,
our new findings contribute to a broadly and clinically applicable
genetic medicine platform for DNA-based antibody therapeutics.

77. Nano-Structures for Efficient and
Transgene-Free Immune Cell Transfection
Andy Tay

NUS, Singapore, Singapore

Background: Chimeric antigen receptor T cell (CAR-T) therapy is
a promising treatment using genetically reprogrammed T cells for
cancer immunotherapy. However, for genetic engineering of T cells
to work, biomolecules like DNA must first be delivered successfully
into the nuclei of cells, a process known as transfection. Despite several
decades of research, it remains a challenge to transfect T cells with
high efficiency while preserving critical biological polyfunctionalities.
Gold standard viruses and bulk electroporation which are clinically
used to transfect T cells offer low net transfection efficiency. They
can also induce adverse immune responses and aberrant cytokine
productions, and delay cell proliferation, leading to delayed, less
efficacious, and more costly treatments. Emerging methods such
as nanoparticles suffer from poorly controllable intracellular
release of cargo while microfluidics run into high operating
costs from use of biomolecule concentrates in continuous flow.
Methods: Here, we describe the magnetic nano-electro-injection
(MagNEI) platform, an improved technology for T cell immuno-
engineering (Fig. la, the insert is a scanning electron image of
nanochannels). During MagNEI transfection, localized electric fields
transiently open pores on the membranes of cells magnetically stabilized
onto hollow nanochannels. The electric fields then electrophoretically
inject DNA into T cells. Once DNA enters the cells, magnetic forces are
applied via FDA-approved Dynabeads to transport them into the nuclei.
Results: MagNEI provided 50% net transfection efficiency for
long-term, stable expression of GFP i.e. 3-4 folds better than gold
standard AAVs and Lonza bulk electroporation (Fig. 1b). While
viruses and Lonza bulk electroporation adversely reduced T cell
proliferation by 20-30% (Fig. 1c) and T cell migration towards
chemoattractant IP-10 by as much as 80% (Fig. 1d), MagNEI did
not. Unlike viruses and Lonza bulk electroporation, MagNEI did not
cause significant increase in IL-6 cytokine productions or changes in
gene expression relative to untreated control T cells (data not shown).
Conclusions: Our results demonstrate the technical and biological
superiority of MagNEI as a transfection method - higher efficiency
with minimal perturbations to critical biological attributes including
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cytokine production, cell proliferation, trafficking, and gene expression.
We envision that the use of MagNEI platform can overcome transfection
difficulties in laboratories and clinics for genetic engineering of
sensitive, primary immune cells to advance immunobiology and cancer
immunotherapies.
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78. Nuclease-Free Promoterless Genome
Editing for Wilson Disease
Agnese Padula’, Michele Spinelli*, Filomena

Capolongo', Angela Amoresano?, Pasquale Piccolo’
!Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli,
Italy,’Department of Chemical Sciences, Federico II University of Naples, Naples,
Italy

Wilson Disease (WD, OMIM #277900) is a life-threating rare
autosomal recessive disorder of copper homeostasis, caused by
mutations in ATP7B copper transporter, and characterized by toxic
copper accumulation resulting in severe and progressive liver and
brain diseases. WD represents an attractive target for liver-directed
gene therapy. However, classic gene replacement strategies hold
limitations associated to adeno-associated viral vector (AAV) cargo
capacity, decline of therapeutic effect due to transgene dilution and
genotoxic risk, particularly in children. We applied a nuclease-free
genome editing approach, based on AAV-mediated targeted integration
of a promoterless ATP7B cDNA into the albumin locus. To this aim
we generated an AAV2/8 vector bearing a codon-optimized human
mini-ATP7B cDNA flanked by two mouse Alb homology arms and
preceded by a sequence encoding for a 2A peptide derived from
porcine teschovirus-1 (AAV-Alb-miniATP7B). Intra-venous injection
of AAV-Alb-miniATP7B at the dose of 2.3x10" gc/kg in Atp7b” pups
and adult mice resulted in a complete rescue of survival. At sacrifice,
these mice showed extensive liver repopulation by genome edited
hepatocytes, associated to an amelioration of liver injury and rescue
of serum ceruloplasmin oxidase activity. Furthermore, we combined
promoterless nuclease-free genome editing with the administration
of D-penicillamine, a copper chelator currently used for the therapy
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of WD. Atp7b” mice treated with D-penicillamine and AAV-Alb-
miniATP7B showed a significant improvement of liver pathology and
reduction of copper storage compared to Afp7b’" mice administered
with chelation therapy alone. In summary these results indicate that
promoterless nuclease-free genome editing provide a significant
and sustained therapeutic benefit in WD and may represent a safer
alternative to classic gene replacement strategies.

79. Systemic Gene Therapy Using the Novel
Adeno-Associated Viral Vector 44.9

Randy J. Chandler', Giovanni DiPasquale?, Jennifer

L. Sloan', Samantha McCoy', Brandon T. Hubbard,
Tina Kilts?, Irini Manoli', John A. Chiorini?, Charles P.

Venditti'
INHGRI, NIH, Bethesda, MD,"NIDCR, NIH, Bethesda, MD

Background: Here we explore a novel capsid, AAV44.9, isolated
from a laboratory stock of a simian adenovirus, as a candidate vector
for systemic gene therapy. AAV44.9 vectors have previously been
established to transduce acinar cells in the salivary glands and mediate
highly efficient cone and rod transduction in macaques. However,
the close phylogenetic relationship between AAVrh8R and AAV44.9
suggested that AAV44.9 vectors could be a potent in systemic human
gene therapy applications, and led us to assess the biodistribution of
AAV44.9 reporter vectors in mice, conduct proof of concept studies in
mouse models of the lethal metabolic disorder methylmalonic acidemia
(MMA), and finally, survey neutralizing antibody (NAD) titers in serum
collected from both healthy adult blood donors as well as a large cohort
of patients with MMA studied as part of a dedicated natural history
study at the NTH (clinicaltrial ID: NCT00078078). Methods: To assess
biodistribution of AAV44.9 following systemic delivery, adult Tomato
floxed-GFP mice were treated by tail vein injection (dose lel2 GC/
mouse) with AAV44.9 carrying either Cre-recombinase or a luciferase
reporter, followed by subsequent detection of mTomato and GFP using
confocal microscopy (liver, heart) or the measurement of luminosity.
The therapeutic efficacy of AAV44.9 gene delivery was examined in
two murine models of MMA, representing neonatal lethal (Mmut")
and juvenile phenotypes (Mmut’- MCK-Mmut*). An AAV44.9 CBA-
Mmut vector was administered by retroorbital injection at doses of
2ellvc/pup and 7el2vc/kg in the respective models. Survival, weight
gain, metabolic correction, transduction (ddPCR), and transgene
expression (QPCR and Western blotting) were measured in the treated
MMA mice and compared to the respective untreated mutants and
littermate controls. Neutralizing antibody assays were performed by
incubating serum samples, diluted 1:16 then six further 1:2 dilutions,
with AAV44.9, AAVY, and/or AAV?2 luciferase reporters, followed
by infection of COS cells, and the subsequent measurement of
luminescence. A titer 1:32 reflected the presence of NAbs. Results:
Confocal microscopy confirmed close to 100% red to green fluorescent
transition in the liver and heart 4 weeks after AAV44.9 Cre treatment,
and independently, mice treated with the related AAV44.9 luciferase
cassette had reporter signal overwhelmingly localized in the region
of the heart and liver. AAV44.9 CBA-Mmut treatment rescued Mmut
"~ mice from lethality, lowered disease related metabolites, increased
growth in Mmut"- MCK-Mmut* mice, enabled efficient transduction of
the liver and heart, and resulted in robust hepatic expression of MMUT.
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AAV44.9 seropositivity measured in serum from a cohort of healthy
volunteers (n = 19, mean age 47+/-11 years old) was 11% as compared
to AAV2 (36%) at a titer of 1:32. Similarly, the seroprevalence of anti-
AAV44.9 antibodies at a titer of 1:32 in the entire MMA cohort, all with
biallelic lesions in the MMUT gene (n=48), was 12% and comparable
to that of AAV9 seroprevalence, which was 9%. Conclusions: In
summary, we establish that AAV44.9 has pronounced hepato-cardiac
trophism, is highly efficacious in the treatment of clinically severe
MMA mouse models, and exhibits a low prevalence of pre-existing
NAbs in humans, both in healthy adult blood donors and patients
with MMA. Vectors based on AAV44.9 are therefore promising for
the treatment of MMA and, by extension, related metabolic disorders,
such as propionic acidemia.

80. Single, Systemic Administration of BEAM-
301 Mitigates Fasting Hypoglycemia and
Restores Metabolic Function in a Transgenic
Mouse Model of Glycogen Storage Disease
Type la

Yvonne Aratyn—Schausl, Irina Arnaoutova?, Dominique
Leboeuf!, Thomas P. Fernandez!, Thomas Leete!,
Michael S. Packer', Lisa Zhang?, Lo-I Cheng', Genesis
Lung', Faith Musenge', Monique Otero', Krishna
Ramanan', Sarah E. Smith', Seda Gyonjyan', Yingying
Zhang', Lauren Young', Jeremy Decker!, Raymond
Yang', Delai Chen', Giuseppe Ciaramella’, Francine M.

Gregoire', Janice Y. Chou?

'Beam Therapeutics, Cambridge, MA,?National Institute of Health, Bethesda, MD

Glycogen storage disease type Ia (GSD-Ia) is an inborn error of
metabolism caused by mutations in the G6PC gene that inactivate
glucose-6-phosphatase-a (G6Pase-a or G6PC), a key enzyme in
regulating interprandial euglycemia. GSD-Ia patients exhibit impaired
glucose homeostasis and life-threatening fasting hypoglycemia. The
most prevalent pathogenic mutation identified in Caucasian GSD-
Ia patients is G6PC-p.R83C containing a single G to A transition
mutation in the G6PC gene. Adenine base editors (ABEs) enable the
programmable conversion of A«T to G«C in genomic DNA. Here, we
evaluated the efficacy of a novel ABE to correct the G6PC-p.R83C
mutation in a transgenic mouse model of GSD-Ia, homozygous for
human G6PC-p.R83C (huR83C) and deficient of G6Pase-a activity.
Given the high rate of neonatal lethality in huR83C mice, subjects were
treated shortly after birth with BEAM-301, a lipid nanoparticle (LNP)
containing guide RNA and mRNA encoding ABE. BEAM-301-treated
mice grew normally to at least 35 weeks of age without hypoglycemia-
induced seizures and exhibited base-editing efficiencies of up to ~60%
in total liver extracts. Notably, single digit percentage base-editing
rates were sufficient to restore physiologically relevant levels of hepatic
G6Pase-a activity, normalize serum metabolites, and most importantly
prevent hypoglycemia during a 24h fast. A preliminary assessment
of guide-dependent off-targets in primary human hepatocytes and
guide-independent DNA deamination in immortalized cells indicated
a low risk profile for the ABE and guide RNA used in these proof-of-
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concept studies. In summary, these data demonstrate clinically-relevant
correction of G6PC-p.R83C and support further development of
BEAM-301 as a potential one-time treatment for GSD-Ia.

81. CRISPR-Mediated Insertion of a Targeted
GAA Transgene into Hepatocytes Provides
Effective, Long-Lasting Gene Therapy in
Neonate and Adult Pompe Disease Mice
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Kyratsous', Brian Zambrowicz', Andrew ]. Murphy',
Aris N. Economides’, Katherine D. Cygnar'

'Regeneron Pharmaceuticals, Tarrytown, NY, Intellia Therapeutics, Cambridge,
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Pompe disease is a lysosomal disease characterized by progressive
skeletal and cardiac myopathy due to loss of lysosomal alpha
glucosidase (GAA) and accumulation of lysosomal glycogen. AAV-
based gene therapies using the hepatocytes as an in vivo depot for
production of GAA are in clinical trials. However, these technologies
utilize AAV episomes to express GAA, which will be lost as hepatocytes
divide due to liver growth or damage. Thus, liver-directed episomal
gene therapy is not appropriate for treating the significant pediatric
population of Pompe patients. Furthermore, GAA has poor tropism
to muscle tissues, which necessitates high levels of secreted GAA to
mediate uptake in muscles. We have previously shown that enzyme
replacement therapy using a targeted GAA, where GAA uptake into
muscles is aided by an antibody fragment, improves delivery to muscle
tissues and corrects lysosomal glycogen storage in Pompe mice (Baik
et. al., Mol Ther 2021). Here, we present a CRISPR-mediated insertion
approach for Pompe disease, where a transgene is inserted into the first
intron of the albumin locus to express targeted GAA under control
of the endogenous albumin promoter. The insertion template DNA is
delivered by an AAV, and an mRNA encoding Cas9 and a gRNA specific
for assite in the 1* intron of albumin is delivered by a lipid nanoparticle.
We show that this insertion approach and liver-directed episomal AAV
gene therapy correct Pompe phenotypes in adult mice. In addition,
insertion into neonatal mice results in stable expression throughout a
15 month study, whereas expression from episomal AAV decreases over
time. This neonatal insertion treatment leads to glycogen normalization
in muscles and improved muscle strength 3 months and 15 months
post dosing. Promisingly, 2-3 year old cynomolgus monkeys treated
with CRISPR-mediated insertion express the targeted GAA transgene.
This technology may be an alternative approach to treat Pompe disease
in both late and infantile onset forms of the disease.
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Philadelphia, PA,’Department of Surgery, Duke University, Durham,
NC,*Department of Pharmacology and Cancer Biology, Duke University,
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Adeno-Associated Virus (AAV) gene therapy has been extensively
studied in preclinical animal models prior to clinical translation.
However, AAV biology can display markedly significant differences
between humans and experimental animal models in regards to
tissue tropism, cellular uptake, entry into the nucleus, uncoating,
second strand synthesis of the recombinant vector genome, transcript
levels and eventually, transgene expression. Human liver chimeric
mice helped to generate new insight into AAV biology and liver gene
therapy applications in general. However, one of the main drawback
of such models is that most of the clinically used AAVs display
enhanced tropism for murine hepatocytes over human cells. As we
have previously shown by injecting several AAV serotypes, most of
the murine part of the chimeric liver is significantly transduced with
AAVs, while only a low percentage of human hepatocytes express the
AAV transgene. This limits the utility of conventional human liver
chimeric mouse models and makes it difficult to model AAV vector
biology and therapeutic efficacy that is relevant to a human setting.
Recently, a canonical AAV receptor gene (AAVR) mediating entry of the
most commonly used serotypes in gene therapy was identified. Here,
by deleting early exons of the murine AAVR, we generated a novel
TIRFA(Transgene free I12rg’/Rag2”/AAVR’) mouse strain, which can
be highly repopulated with primary human hepatocytes expressing the
cognate human AAVR. When injecting highly humanized TIRFA mice
with AAV9 or AAV8 vectors carrying a tdTomato transgene driven by
aubiquitous promoter, only human hepatocytes were transduced while
the rest of the murine liver and remaining organs were negative for
transgene expression. Results from ongoing studies focused on vector
biodistribution and efficiency of human hepatocyte transduction will be
presented. The TIRFA mice can also be repopulated with hepatocytes
from human patients with metabolic liver disorders, demonstrating its
potential for human AAV gene therapy in a better humanized setting.
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Mutations in the IL-10 gene or its receptor chains lead to life-
threatening Very Early Onset-Inflammatory Bowel Disease (VEO-
IBD) usually within the first months of life. In these cases, allogeneic
stem cell transplant is the only curative option, leading to prolonged
disease remission and survival. Gene therapy represents an attractive
therapeutic alternative, through autologous transplantation of
genetically corrected hematopoietic stem and progenitor cells (HSPCs).
We developed a lentiviral vector-based gene therapy approach for
congenital defects of the murine IL-10 receptor beta chain (mIl10rb).
Genetic correction of mIl10rb knock-out (KO) lineage negative
(Lin-) by lentiviral vectors restores responsiveness to IL-10 in vitro as
measured by phosphorylation of STAT3 in differentiated macrophages.
Transplantation of gene-corrected Lin- cells with expression of mIl10rb
gene under the constitutive PGK promoter leads to amelioration
of IBD in mIl10rb” mice. Mice treated with gene therapy or with
wild-type (WT) cells recovered their body weight within 20-60 days
post-transplant, while mice treated with mock vector transduced
mlIl10rb KO cells progressively lost weight. This was accompanied
by a corresponding reduction of peripheral blood neutrophils from
56 to 40% in mock and gene therapy-treated animals, indicating
normalization of myelopoiesis in response to reduced colitis-associated
systemic inflammation in this mouse model. Analyses 60-80 days
post-transplantation revealed lengthening of the colon after gene
therapy by 20% relative to the mock group, colon histopathological
score improvement, and increase of anti-inflammatory macrophages
at the expense of the inflammatory counterpart reduced by 2.7x in the
lamina propria. However, we observed a progressive decrease of gene
marking over time in peripheral blood, from 90% in vitro to 60% 8
weeks post-transplantation. This effect was confirmed in competitive
transplantation assays using mock vector control versus the therapeutic
PGK-mlIl10rb. Gene marking was relatively preserved in the immature
HSC/MPP1 fraction, but a pronounced 2-fold reduction of gene
marking was seen in committed progenitor subpopulations of the bone
marrow and downstream mature cell lineages. This finding is consistent
with the hypothesis that IL-10 signaling mediates an antiproliferative
response in progenitor cells, complementing the anti-inflammatory
function it has in immune effector cells. We next investigated whether
the competitive disadvantage of gene-corrected HSPC could be
bypassed by expressing mIl10rb under the myeloid-specific promoter
CD68. In a competitive setting, we found that the CD68-mIl10rb vector
led to stable gene marking. Interestingly, myeloid-specific expression
was sufficient to mediate clinical IBD improvement comparable to
animals receiving PGK-based gene therapy and, most importantly,
1110rb-WT Lin- cells in terms of weight gain, and colon histopathology.
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In conclusion, we demonstrated the therapeutic efficacy of a lentiviral-
based HSPC gene therapy approach in a relevant mouse model of VEO-
IBD, comparing both constitutive and myeloid-specific promoters and
demonstrating that myeloid-specificity might be superior to achieve
correction of the clinical features.

84. Ex Vivo Editing of Hematopoietic Stem
Cells for Erythroid Expression of Therapeutic
Proteins In Vivo for LAL-D Therapy
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'Gene editing, Genethon, Evry, France,”Université Paris-Saclay, Université Evry,

Inserm, Genethon, Integrare research unit UMR_S951, Evry, France

Lysosomal acid lipase deficiency (LAL-D) is an autosomal recessive
disorder caused by mutations in the LIPA gene. LAL is involved in
lysosomal hydrolysis of cholesterol ester and triglyceride and its
deficiency triggers fats accumulation in organs and tissues leading
to multi-organs failure. The most severe form of LAL-D (Wolman
disease, WD; <5% LAL activity) affects ~1/300,000 live births and,
if not treated, results in premature death within the first year of life
due to malnutrition and hepatosplenomegaly. Enzyme replacement
therapy (ERT) is the only available supportive treatment and consists
in weekly systemic injection of recombinant LAL. Although life-
saving, ERT is not curative and is associated with risk of developing
neutralizing antibodies that can decrease treatment efficacy.
In order to develop a curative treatment for LAL-D, we assess
hematopoietic stem cells (HSCs) based gene therapy (GT) for
erythroid-specific expression of LAL into bloodstream. Using CRISPR-
Cas9, we integrated LAL cDNA under the control of the endogenous
a-globin promoter to redirect a fraction of the striking globin synthesis
capacity of erythroid cells (~7.2gr/day) for robust therapeutic LAL
expression by the erythroid lineage (Pavani, et al, Nat. Commun. 2020).
Secreted LAL enzyme retained enzymatic activity and cross-corrected
the lipid accumulation in WD patients’ fibroblasts. In addition, we
transplanted modified HSCs into NSG immunodeficient mice and
confirmed their homing, engraftment and mutlilineage differentiation,
with the notable exception of erythroid cells due to model limitations.
To achieve in vivo erythroid differentiation and protein expression,
we moved to a mouse model humanized for the a-globin locus.
We confirmed the presence of the human HBA locus via DNA
sequencing (nanopore) and protein expression (HPLC). Then, we
optimized the editing and transduction of murine (m)HSCs and
we are currently analysing the level of LAL expression in the blood
of mice transplanted with edited mHSCs. To further increase LAL
expression and secretion, we engineered LIPA ¢cDNA sequence by
changing its signal peptide sequence and optimizing the codon
usage. The optimized sequence leads to an 8-fold increase in
enzymatic activity in the medium of erythroid-differentiated HSPCs.
To investigate the therapeutic potential of this strategy, we take
advantage of a recent LAL-D mouse model. We first confirmed
the loss of LAL protein and activity leading to a cholesterol and
triglyceride accumulation in liver, and we are currently transplanting
this LAL-D mouse with edited humanized mHSCs to evaluate
in vivo the therapeutic benefit of our HSC based platform.
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Overall, using two different transgenic mouse models and engineering
LAL cDNA, we are assessing the potential of a CRISPR based HSC gene
therapy platform for erythroid mediated protein expression for ERT.

CAR-T Cells and Beyond
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The engineering of patient T-cells for adoptive cell therapies has
revolutionized the treatment of several cancer types. However, further
improvements are needed to increase durability and response rate.
While CRISPR-based loss-of-function screens have shown promise for
high-throughput identification of genes that modulate T-cell response,
these methods have been limited thus far to negative regulators of T-cell
functions, and raise safety concerns due to the permanent nature of
genome modification. Here we identify positive T-cell regulators via
overexpression of ~12,000 barcoded human open reading frames
(ORFs). Using this genome-scale ORF screen, we find modulator genes
that may not normally be expressed by T-cells. The top-ranked genes
increased primary human T-cell proliferation, activation, and secretion
of key cytokines. In addition, we developed a single-cell genomics
method for high-throughput quantification of the transcriptome and
surface proteome in ORF-engineered T-cells (OverCITE-seq). Using
OverCITE-seq, we discovered that overexpression of the top-ranked
ORE lymphotoxin beta receptor (LTBR), in primary T-cells results in
induction of a distinct transcriptional program. Interestingly, LTBR
is not naturally expressed by lymphocytes but is present in myeloid
and stromal cells, playing an important role in formation of tertiary
lymphoid structures. Following up on the transcriptomic results,
we showed that LTBR overexpression results in an increase in T-cell
stemness and effector functions, as well as resistance to apoptosis
and exhaustion in chronic stimulation settings. This remodeling of
T-cell programs was accompanied by extensive changes in chromatin
accessibility, particularly at sites enriched for NF-kappaB binding
motifs. Using mutagenesis and epistasis approaches, we demonstrated
that LTBR constitutively activates both the canonical and the non-
canonical NF-kappaB pathways via ligand short-circuiting and tonic
signaling - but only the canonical pathway activation contributes to the
observed phenotype. Expression of several top-ranked genes, including
LTBR, improved antigen-specific chimeric antigen receptor (CAR)
T-cell responses in healthy donors and cancer patients ex vivo. This
effect was observed regardless of the costimulatory domain used in
the CAR (CD28 or 4-1BB) or the targeting moiety (specific for either
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CD19, a target in B-cell cancers, or mesothelin, a target in a range of
solid tumors, including pancreatic ductal adenocarcinoma). Finally,
the top-ranked genes discovered in alpha beta T-cells also improved
antigen-specific responses of gamma delta T-cells, highlighting the
potential for cancer-agnostic therapies. Our results provide several
strategies for improving next generation T-cell therapies via induction
of new synthetic cell programs.
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86. CD45RA Expressing PBMCs Effect the
Outgrowth of Epstein-Barr Virus Antigen
Specific T-cells

Sandhya Sharma'?, Mae Woods', Naren Mehta', Helen

Heslop'**, Cliona Rooney'*?

!Center for Cell and Gene Therapy, Baylor College of Medicine, Houston,
TX,*Graduate School of Biomedical Sciences, Baylor College of Medicine,
Houston, TX,’Dan L Duncan Cancer Center, Baylor College of Medicine,
Houston, TX,'Bone Marrow Transplant, Houston Methodist, Houston,
TX,’Department of Pediatrics-Heme/Onc, and Pathology-Immunology, Baylor
College of Medicine; Texas Childrens Hospital, Houston, TX

Introduction: In our clinical trial NCT01555892 using Epstein-Barr
Virus (EBV) specific T-cells (EBVSTs) for the treatment of EBV+
lymphoma, we were unable to successfully manufacture EBVSTs from
~25% of patients. Failures resulted from lack of antigen specificity
and/or failure to grow, likely because memory EBV Ag-specific T-cells
are eliminated or rendered dysfunctional in the immunosuppressive
lymphoma microenvironment. Since many EBVSTs from patients
proliferate, but lack antigen specificity, we sought to reduce
competitive bystander outgrowth by depleting the CD45RA+ fraction
of PBMCs that contains naive T-cells, T-regs and NK-cells prior to
initiation. EBVSTs derived from CD45RA depleted (RAD)-PBMCs
(RAD-EBVSTs) showed increased EBV Ag-specificity, enhanced
proliferation, polyfunctionality, and cytotoxicity compared to EBVSTs
derived from whole (W)-PBMCs (W-EBVSTs). RAD-EBVSTs also
demonstrated more rapid EBV+ tumor clearance in NSG mice. Most
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notably, CD45RA depletion enabled the outgrowth of EBVSTs from
previously unresponsive lymphoma patient PBMCs. This unexpected
finding suggested that CD45RA+ cells inhibit the reactivation and
expansion of EBV Ag specific T-cells. Hence, we hypothesized
that CD45RA+ cells exert inhibitory effects on the outgrowth of
stimulated memory EBV specific T-cells and here we sought to
understand the source and mechanism of this inhibition. Methods: To
pinpoint the CD45RA+ subset that inhibited EBVSTs, we separated
CD45RA+ PBMCs into CD3+ /CD3- cells, CD3- CD56+ NK cells,
CD3+ CCR7+ naive TN—cells, CD3+ CCR7- terminally differentiated
Toma and CD3+ CCR7+ CD95+ (putative) Toone and added them
individually to CD45RA depleted (RAD)-PBMCs, then expanded
EBVSTs for 16 days by stimulation with peptide libraries and cytokines.
We then evaluated their fold expansion and antigen specificity using
g-IEN ELIspot assays. To elucidate the effects of CD45RA+ PBMCs
on clonal expansion, we sequenced TCR V3 CDR regions of W- and
RAD-EBVSTs and evaluated their clonal composition. Results: Initial
add-back experiments suggested that the CD3+ fraction of CD45RA +
PBMC:s contained the inhibitory activity, while NK cells and myeloid
cells had no effect. Further fractionation of CD3+ CD45RA+ PBMCs
suggested potentially T, cells but not T-regs, T, .. or T, inhibited
the reactivation and clonal expansion of Ag-specific memory T-cells.
Further experiments are however, required to confirm the effects of
T cells. TCR-B chain sequencing revealed a distinct clonal repertoire
in RAD-EBVSTs with dominant clonotypes not present in the 50
most abundant clonotypes in W-EBVSTs, despite their presence
in W-PBMCs. W-EBVSTs showed greater clonal similarity to that
of W-PBMCs and EBVSTs derived from CD45RA+ PBMCs that
lacked apparent EBV specificity. Conclusion: The less selective clonal
expansion of W-EBVSTs associated with reduced antigen specificity
suggests that CD45RA+ cells inhibited the outgrowth of antigen-
stimulated memory T-cells, which would otherwise grow in RAD-
PBMC:s. Such inhibitory effects could represent a physiological strategy
to prevent the oligoclonal outgrowth of cross-reactive memory T-cells
in response to infections with new pathogens. Further experiments
are required to elucidate the mechanisms underlying the effects of
CD45RA+ cells on Ag-specific T-cells. RAD-EBVSTs are currently
under evaluation in clinical trials NCT01555892 and NCT04288726
for the treatment of lymphoma.

87. IFNg Impedes Antigen-Specific
Proliferation of CAR-T with a CD28, but Not
4-1BB, Costimulatory Domain

Stefanie R. Bailey"?, Sonika Vatsa', Harrison Silva',
Rebecca C. Larson'?, Michael C. Kann!, Korneel
Grauwet!?, Mark B. Leick"*?, Marcela V. Maus"*?

!Cancer Center, Massachusetts General Hospital, Charlestown, MA,?Department
of Medicine, Harvard Medical School, Boston, MA,*Blood and Marrow Transplant

Program, Massachusetts General Hospital, Boston, MA

Background: Chimeric antigen receptor T cells (CAR-T) have yielded
impressive responses in patients with hematologic malignancies but
can be unsuccessful if the engineered T cells are incapable of mounting
an adequate response or persisting long-term. CAR-T constructs
containing CD28 costimulatory domains demonstrate heightened
antigen sensitivity and cytotoxic activity compared to 4-1BB but have
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elevated expression of immune checkpoint proteins and reduced
persistence in the clinic. A recent report showed that interferon-gamma
(IFNYy), a pro-inflammatory cytokine commonly used as a potency
assay for CAR-T cells, is not required for clearance of leukemia or
lymphoma by CD19-targeting CAR T cells bearing 4-1BB (BB{) or
CD28 (28() costimulatory domains. However, loss of IFNy yielded
significantly greater antigen-specific proliferation of 28(, but not BB(,
CAR T cells. Paradoxically, previous reports suggest that IFNy is a
driver of natural T cell proliferation, but the effect of this cytokine on
CAR-T expansion has yet to be studied. Given the differential effect on
CAR-T proliferation in the absence of IFNY, we sought to determine the
mechanism by which IFNy impedes the expansion of 280 CAR T cells.
Results: Pharmacologic blockade or genetic knockout of IFNy using
CRISPR/Cas9 editing was used to generate IFNy-deplete CAR-T as
confirmed by ELISA and flow cytometry. IFNy knockout CAR-T
(IFNYKO) were combined with Nalmé6 leukemia cells in the presence
or absence of donor-matched macrophages capable of amplifying
the IFNy signal. As expected, 28 IFNyKO CAR-T cultures had
significantly greater proliferation in response to antigen than control
28( cells while BB{ CAR-T expanded similarly regardless of IFNYy status.
This phenomenon was not solely caused by the reduced expression
of immune checkpoint proteins as CTLA-4, Lag3, PD-1, and Tim-3
were reduced on both BB{ and 28 IFNyKO CAR-T. Transcriptional
analysis of 28( IFNyYKO CAR T cells showed upregulation of genes
involved in T cell survival and expansion (BATE BCL2LI), memory
(OPA1, LEF1), lipid synthesis (FASN), fatty acid oxidation (SLC25A20)
and protection from oxidative stress (PYCR2), and downregulation
of genes involved in glycolysis (SLC2A1, NEK2, ALDOC, PDKI,
PGK1, LDHA), immune checkpoint interactions (CTLA4) and T
cell anergy and dysfunction (NFIL3, NR3C1, SLAMF6) compared to
28( control CAR-T. These changes were 28(-dependent as they were
not observed in cultures given BB{ IFNyKO or BB{ control CAR-T.
Conclusions: Collectively, these data suggest that IFNy hinders the
antigen-specific proliferation of 28 CAR-T through a combination
of glycolytic skewing, inhibitory immune checkpoints, and T cell
anergy. These findings highlight an important consequence of IFNy
production that can be targeted to improve 28{ CAR-T proliferation
and persistence in the clinic.

88. Naturally Occurring CD7- T Cells Mark a
Functional Effector and Persistent CAR T Cell
Population

Jaquelyn T. Zoine', Abdullah Freiwan', Jeremy Chase
Crawford?, Abishek Vaidya', Stefan A. Schattgen?,
Jacquelyn A. Myers®, Sagar L. Patil’, Peter ]. Chockley,
Swati Naik!, Deanna M. Langfitt!, Maksim Mamonkin*,
Esther A. Obeng?, Paul G. Thomas?, Stephen

Gottschalk’, M. Paulina Velasquez'

'Bone Marrow Transplant and Cellular Therapy, St. Jude Children’s Research
Hospital, Memphis, TN,2Immunology, St. Jude Children’s Research Hospital,
Memphis, TN,’Oncology, St. Jude Children’s Research Hospital, Memphis,

TN, 'Cell and Gene Therapy, Baylor College of Medicine, Houston, TX
Background Expanding the availability of CAR T cells for T-cell
leukemias has been challenging due to an increased overlap in antigen
expression between blasts and healthy T cells. We previously reported
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on using a two-step magnetic bead manufacturing process to select
naturally occurring CD7- T cells. We have successfully expressed
a CD7-CAR on these cells and have targeted T-ALL with robust
antitumor activity. However, other investigators have described CD7-
T cells as dysfunctional. Here we compare functional differences
between CD7- and bulk T cells in a CD19-CAR T cell model.
Methods and Results We generated CD19-CARP " and CD19-CAR”
T cells using a second-generation retroviral vector. We found no
significant difference in CD19-CAR expression on bulk and CD7- T
cells (68.97 + 12.20% vs. 73.75 + 8.27%, N=10). Immunophenotypic
characterization highlighted a predominance of CD4+ memory
subsets in CD7- T cells when compared to bulk T cells (p<001). In
serial stimulation assays, CAR T cells were exposed to fresh BV173
cells every 72 hours. CD19-CAR™* T cells had antitumor activity
for 4-13 stimulations while CD19-CAR®"" T cells killed target cells
for 7-14 stimulations (N=3). We also measured cytokine secretion
by multiplex analysis. CD19-CAR®””" T cells maintained high levels
of secretion (>1,000 pg/mL) of GM-CSF to stimulation 9 and IFN-y
through stimulation 11, whereas GM-CSF and IFN-y concentrations
decreased between stimulations 5-7 in CD19-CAR™* T cells. We
performed TCR sequencing to determine T cell clonality and show
comparable clonal focusing between CD19-CAR®*and CD19-CAR“"”
T cells. To test anti-tumor activity in an in vivo BV173 model, mice
received a single iv dose of 3x10°T cells 7 days after tumor injection.
CD19-CARPk and CD19-CARY” T cells significantly reduced
tumor burden compared to tumor-only and non-transduced T cell
controls. However, CD19-CAR"”" T cells had significantly greater
survival and persistence compared to CD19-CAR™ T cells (p<0.001).
To gain insight into the behavior of CAR®®" T cells in patients, we
mined publicly available single-cell gene expression data from pre-
and post-infusion samples from an institutional Phase I study of
CD19-CAR T cells for refractory/relapsed B-ALL (NCT03573700).
Unsupervised clustering of 184,791 CD19-CAR positive T cells
led to the identification of 21 transcriptional clusters functionally
annotated based on key expression markers. Clusters with the
overall lowest relative CD7 expression and the fewest cells with
any expression of CD7 encompassed either dysfunctional or CD4+
effector subsets. In addition, we identified distinctly enriched CD7lo
populations within post-infusion CD8+ functional effector clusters.
Corresponding flow cytometric analysis supported an enrichment
of CD7-negative T-cell subsets in pre- and post-infusion samples.
Conclusion Here we demonstrate CAR®?”" T cells derived from
naturally occurring CD7- T cells have robust antitumor activity, as
judged by their ability to expand, persist, and elicit potent antitumor
activity against CD19+ B-ALL. In addition, CD7 lo populations
identified in clinical CD19-CAR T cell post-infusion samples were
either dysfunctional or highly effector subsets, reconciling findings
in our work and in previous literature. In summary, CD7- T cells
expressing CAR molecules are promising and warrant further
exploration.
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89. Tim-4-Chimeric Engulfment

Receptor (CER) T Cell Therapy Elicits
Phosphatidylserine-Dependent Cytotoxic and
Antigen-Presenting Cell-Like Function and
Synergizes with Approved BTK Inhibitors for
the Treatment of Hematologic Malignancies
Brandon Cieniewicz, Linh Nguyen, Sunil Thomas,
Damoun Torabi, Harini Kethar, Maggie Bobbin, Ankit

Bhatta, Jared Clever, Daniel Corey

CERo Therapeutics, South San Francisco, CA

Background: Tumor microenvironments largely suppress immune
responses, in part due to dysfunction of antigen presentation.
While activated conventional afy T cells are nominally capable of
processing and displaying antigens, they are limited in antigen-
presenting capacity due to inefficient antigen capture. To overcome
this, we developed Tim-4-CERs, novel synthetic antigen capture
receptors designed to facilitate antigen-presenting cell (APC)-like
function and impart target-dependent cytotoxic responses. We fused
the phosphatidylserine (PS) receptor Tim-4, which plays a central
role in cross-presentation in subsets of dendritic cells, with innate
signaling domains to drive tumor antigen uptake and enhance
APC-like function. Using CER T cells engineered with Tim-4
fused with a toll/interleukin-1 (TIR) domain and the T cell-derived
signaling domains CD28 and CD3z, we tested for APC-like and
cytotoxic responses against Mantle Cell Lymphoma (MCL) cell lines.
Methods: We engineered novel Tim-4 CER constructs designed
to enhance target-dependent phagocytosis and cytotoxicity. Using
an engineered TMEM30a phospholipid flippase knockout JeKo-1
lymphoma cell line with constitutive PS exposure (JeKo-1 PS*), we
evaluated tumor fragment uptake, cytotoxicity, cytokine secretion
(GrB, IFN-g, and TNF-a), and APC-like activity in vitro. JeKo-
1 PS* cells were labeled with the pH-sensitive pHrodo™ dye to
quantify the uptake of tumor cells. CER-T cells were tested for
antigen-display capacity by evaluating autologous HPV E7 TCR
T cell activation and proliferation following CER-T co-culture
with JeKo PS* cells and HPV-derived peptides. Finally, CER
T cell anti-tumor activity was examined in xenografted MCL
models. Statistical analysis was performed using 2-way ANOVA.
Results: We engineered CER-1234 and CER-1236 T cells that readily
express Tim-4 on the cell surface and differ in their orientation of
the TIR signaling domain relative to the T-cell derived signaling
domains CD28 and CD3z. Both CER T cells showed increased uptake
of JeKo-1 PS* tumor cell fragments (p < 0.001) upon co-culture in
vitro. Internalization of pHrodo*JeKo-1 fragments was dependent on
PS binding, and treatment with Cytochalasin D, an inhibitor of actin
polymerization, or Bafilomycin A, a lysosome inhibitor, blocked tumor
cell fragment uptake (p < 0.0001 and p < 0.0001). In BTKi-primed REC-
1 cells, CER-1234 internalized fragments were localized to lysosomal
compartments. Upon in vitro co-culture with JeKo-1 PS* cells, both
CER T cell constructs displayed cytotoxic function, with CER-1234
eliminating 90% of targets at 96 hrs at low effector:target (E:T) ratios.
BTKi treatment in combination with CER-1234 exhibited > 90%
cytotoxicity, with production of Th1 cytokines (GrB, IFN-g, and TNF-a).
Lastly, CER T cells were evaluated for APC-like activity in vitro. HPV
E7 TCRT cells showed a significant increase in proliferation (p < 0.05)
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at 72h relative to controls, indicating Tim-4 CER T cells are capable of
processing, displaying, and triggering proliferation of antigen-specific
T cells. In vivo, CER T cells reduced tumor burden relative to controls
in xenograft models of MCL, with no overt morbidity observed.
Conclusion: Tim-4 CER T cells are a novel approach to overcome
antigen presentation defects in tumor microenvironments by enhancing
antigen acquisition, APC-like function, and cytotoxic responses. CER
T cells exhibit these combined functions in vitro, synergize with BTK
inhibition, and mediate significant anti-tumor effects in vivo against
a clinically relevant model of mantle cell lymphoma.

90. Peptide-scFv Bispecific CAR-T Cells
Targeting Acute Myeloid Leukemia

Jaquelyn T. Zoine, Nikhil Hebbar, Sarah E. Moore,
Deanna M. Langfitt, Jorge A. Ibanez, Lindsay Talbot,
Giedre Krenciute, Stephen Gottschalk, M. Paulina

Velasquez

Bone Marrow Transplant and Cellular Therapy, St. Jude Children’s Research
Hospital, Memphis, TN

Background Target antigen selection for acute myeloid leukemia
(AML) immunotherapy is challenging due to significant overlap
between normal hematopoietic progenitor cells (HPCs) and
blasts. We have demonstrated AML blasts express cell-surface
GRP78 and CD123. To bypass immune escape mechanisms,
the goal of this project was now to design a bispecific CAR and
evaluate T cells expressing these CARs in preclinical models.
Methods and Results Bispecific CARs that rely on using two signaling
chain variants (scFVs) as antigen binding domains, often do not fold
properly due to scFv/scFv interaction. We therefore took advantage of
a peptide that recognizes GRP78 and a CD123-specific scFv for our
bispecific antigen binding domain, and designed four bispecific CARs
with different linkers: short (G4S)3, long (mutlgG4), 2 rigid (B2m,
GPcPcPc) [G4S-, mutlgG4-, B2m-, GPc-CAR T cells). Bispecific CAR
T cells were generated by retroviral transduction and > 85% of T cells
expressed CARs for all constructs (N=4). All bispecific CAR T cell
populations recognized and killed GRP78*/CD123* tumor cells (KG1a,
MOLM13) as evidenced by sustained antitumor activity and cytokine
secretion compared to controls (p<0.01, N=4). However, only (G4S)3-,
mutlgG4-, B2m-CAR T cells recognized GRP78+/CD123- targets.
We first evaluated the anti-AML activity of G4S-, mutlgG4-, and
B2m-CAR T cells in vivo against AML cells that express both target
antigens (MOLM13); mono-specific CAR T cells served as a control.
A single infusion of 3x10° CAR T cells had potent anti-AML activity,
resulting in a significant survival advantage (p<0.001, N=5-15).
Leukemia recurred in all mice treated with monospecific-CAR T
cells on average by day 40 and mutIgG4- by day 35, while G4S- and
B2m-CAR T cells induced complete responses in 7/15 and 6/15
treated mice, respectively. Extramedullary disease (chloromas)
was the main mechanisms of relapse, and chemokine expression
analysis of chloromas and chemokine receptor expression on CAR
T cells are in progress to provide further mechanistic insights.
Based on these studies, we selected one of the top performing bispecific
CARs (G4S-CAR) for further evaluation. To demonstrate that the
GRP78-specific peptide and the CD123-specific scFv do not interfere
with binding of their respective antigen, we analyzed immune synapse
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formation of G4S-CAR and monospecific CAR T cells against KGla
and GRP78/CD123* KG1a®'#*¥° cells. We observed no difference in
synapse formation as judged by lysosome or F-actin recruitment to
the synapse within 30 minutes of activation, indicating that the (G4S)3
linker enables both antigen binding domains to interact with their
respective target antigen. Finally, we evaluated mono- and G4S-CAR
T cells in GRP78*/CD123* KGla and KG1a“®'**° xenograft models.
In both models, there was a significant reduction in tumor burden and
survival benefit in mice treated with G4S-CAR T cells compared to
tumor only (p<0.01), demonstrating that (G4S)3-linker preserved the
antigen recognition of bispecific CARs to GRP78 and CD123 also in vivo.
Conclusions We demonstrate here that it is feasible to target two
antigens on AML cells with a peptide-scFv bispecific CAR design, and
that these bispecific CAR T cells not only prevent immune escape, but
also have improved antitumor activity compared to their mono-specific
counterparts when both antigens were expressed. This has been rarely
observed for scFv-scFv-based bispecific CARs, in which normally
one of the scFvs dominate. Thus, peptide-scFv-based CARs present
a promising bispecific CAR design to prevent immune escape for a
broad range of malignancies.

91. CD28-Based B7-H3 CAR T Cells Have
Superior Anti-glioma Efficacy in an Immune
Competent Glioma Model While Suppressive
Macrophages at Tumor Edges Are Associated
with Therapeutic Resistance

Dalia Haydar', Abdul Elayan', Zhongzhen Yi', Ching-
Heng Chou!, Clift Guy?, Jeremy Chase Crawford? Chris

DeRenzo!, Paul G. Thomas?, Giedre Krenciute!

'Bone Marrow Transplant and Cellular Therapy, St Jude Children’s Research
Hospital, Memphis, TN,’Immunology, St Jude Children’s Research Hospital,
Memphis, TN

Introduction. We and others have demonstrated that B7-H3-CAR
T cells have potent antitumor responses in xenograft models for
brain tumors. However, their effect is limited in immune-competent
mouse models indicating a suppressive role of the tumor immune
microenvironment (TIME) on CAR T cell therapy. Thus in this study,
we set to optimize B7-H3 CAR structure and examine effects of the
TIME on CAR design using the GL261 immunocompetent glioma
model. Methods and Results. We generated a library of second-
generation murine B7-H3-specific CARs with different transmembrane
(CD8, CD28), costimulatory (CD28, 4-1BB), and activation ({, mut{)
domains. We then compared the cytolytic activity, expansion, and
anti-tumor activity of T cells expressing these CARs. Results showed
that T cells expressing B7-H3 CARs with CD28 transmembrane/
costimulatory domains have superior efficacy compared to all other
CARs we tested in vitro. Yet, providing optimized costimulation and
signaling (CD28.mut{) did not induce superior anti-glioma efficacy
of B7-H3 CAR T-cells in vivo. Thus, we next investigated whether
incorporating 4-1BB signaling into CD28-based CAR T cells by
expressing 4-1BBL on their cell surface enhances the therapeutic
efficacy and persistence of B7-H3 CAR T-cells. We found that in repeat
stimulation assays, surface expression of 4-1BBL enhanced expansion
of B7-H3 CAR T-cells at least 300-fold more than T-cells with CD28 or
4-1BB costimulatory domains alone. Additionally, 4-1BBL expression
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significantly enhanced the sequential killing capacity compared to
CD28- or 41BB-based B7-H3 CAR T-cells. However, transgenic
expression of 4-1BBL in CD28-based CARs was not associated with
further enhanced anti-glioma efficacy of B7-H3 CAR T-cells in vivo.
To understand the contribution of the glioma TIME to this therapeutic
failure, we next investigated the immune composition of the TIME
suppressing CAR T cell functions. Tumor samples were collected
from non-responder (NR) mice at the endpoint and used for spatial
transcriptomic analysis. High dimensional flow cytometry was also
used to validate our findings. These analyses revealed that i) infused
CART cells were not detectable in NRs at the endpoint; ii) lymphoid
populations represented a very small fraction of immune infiltrates
(15-20%) compared to myeloid cells (45-60%); iii) monocyte-derived
macrophages (MDM) formed a tight ring surrounding the tumor
edges while microglia-derived macrophages (MiDM) were dispersed
around and within the tumor; iv) MDMs expressed predominantly
suppressive protumorigenic signatures while MiDMs expressed
inflammatory anti-tumor signatures; and (v) recruitment and spatial
localization of described immune populations were only observed in
NR mice treated with functional CARs and not in mice treated with
control CARs. Conclusions. To our knowledge, this is the first study
to comprehensively evaluate the functions of distinct CAR domains
in an immune-competent brain tumor model. Results demonstrate
that CD28-based CARs have the best overall performance while
transgenic expression of 4-1BBL has the potential to further enhance
their persistence and anti-glioma efficacy. Our TIME-based studies
show that suppressive myeloid cells are recruited into brain tumors
upon CAR T cell treatment. Studies evaluating the contributions of
specific myeloid populations to the limited therapeutic responses and
potential inhibition of CAR T cell function are ongoing.
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92. The Potential of Oncolytic Virotherapy in
Synovial Sarcoma

Steven I. Robinson!, Susan M. Clark?, Ianko D. Iankov?,
Kimberly B. Viker?, Susanna C. Concilio’, Evanthia

Galanis'

"Medical Oncology, Mayo Clinic, Rochester, MN,*Infectious Diseases, Mayo
Clinic, Rochester, MN,’Molecular Medicine, Mayo Clinic, Rochester, MN
Background: Synovial sarcoma (SS) is a rare and aggressive
mesenchymal malignancy that disproportionately affects young
adults. Patients with disseminated SS have a median survival of
1 year with the presently available systemic therapies. Little to no
responses to immune checkpoint inhibitor-based regimens have been
seen in SS patients in clinical trials to date. We have engineered and
reported the enhanced anti-tumor effect of measles virus encoding
Helicobacter pylori neutrophil-activating protein (MV-s-NAP) as a
potent immunostimulatory transgene. In this study, we evaluated
the infiltrating T-cell immune status in SS tissue samples and tested
the oncolytic MV-s-NAP efficacy against SS in a xenograft model.
Methods: T-cell analysis was run on samples from SS patients treated
at our institution under an institutional review board approved
protocol. We performed T-cell receptor (TCR) sequencing (Adaptive

Cancer - Oncolytic Viruses

Biotechnologies) on archived formalin-fixed, paraffin-embedded
(FFPE) specimens to evaluate the relative differences in the infiltrating
T-cell fraction repertoire between SS and undifferentiated pleomorphic
sarcoma (UPS). We determined the in vitro anti-tumor activity of the
oncolytic MV-s-NAP against validated monophasic (Fuji, HSSY-II)
and biphasic (SYO-1, Yamato-SS) SS cell lines. Subsequently, in vivo
therapeutic effect was tested in the athymic mouse Syo-1 flank-tumor
model following repeated intratumor (i.t.) injection of MV-s-NAP.
Results: We analyzed 46 patient samples total. Nine patients had
UPS. There were 37 SS patient samples (including 9 biphasic and 28
monophasic SS, in 8 of which paired primary and metastatic lesions
were available). Patients with SS significantly lower infiltrating T-cell
number, lower clonality and higher TCR diversity than those with UPS.
There was no difference in the T-cell repertoire between monophasic
and biphasic as well as primary and metastatic SS patient samples.
MV-s-NAP demonstrated dose dependent killing in all 4 SS cell lines.
As typified by our SYO-1 line, infection at multiplicity of infection
(MOI) =1 MV-s-NAP induced strong cytopathic effect at 48-72 hrs.
of infection with less than 25% viable cells by 120 hrs.). In addition,
treatment with MV-s-NAP significantly increased the release of
danger associated molecular patterns and cell surface expression of
programmed death ligand 1 and major histocompatibility complex
I and II in all SS lines as compared with untreated controls. MV-s-
NAP showed significant anti-tumor effect in the SYO-1 SS xenograft
model with improved median survival of 26 days for the treated mice
vs. 19 days for the control group (p <0.0001). Conclusion: Oncolytic
virotherapy with a MV encoding bacteria-derived NAP as a potent TLR
agonist could provide an alternative viro-immunotherapy approach
in the treatment of recurrent or disseminated SS. Both in vitro and in
vivo results warrant further exploration on the mechanisms of direct
oncolytic MV effect and potential NAP-mediated immunophenotype
alteration of the SS tumor microenvironment as a key step in clinical
translation to SS patient treatment.

93. Oncolytic Adenovirus Expressing IFN-
alpha with Chemoradiation (GEM+nab-PTX)
Synergistically Inhibits Pancreatic Cancer Cell
Growth In Vitro and In Vivo

Shuhei Shinoda, Naohiko Nakamura, Kazuho Inoko,
Mizuho Sato-Dahlman, Julia Davydova, Masato

Yamamoto

Surgery, University of Minnesota, Minneapolis, MN

Objectives: In the United States, pancreatic ductal adenocarcinoma
(PDAC) is the third leading cause of cancer related death and 5-year
survival of PDAC remains lower than 10%. IFN-Alpha (IFN) has
multiple functions, including antitumor effect, immunomodulation
and sensitizing cancers to radiation. Clinical trials of adjuvant therapy
combined with IFN, 5-FU, CDDP, and radiation improved the 5-year
survival of patients with PDAC by 35%. However, this also showed the
disadvantages of IFN including the high drop-out rate due to the systemic
toxicity of IFN as well as insufficient delivery of IFN to the tumor. To
improve efficacy and tolerability of IFN therapy, we have developed
an oncolytic adenovirus expressing IFN (OAd-IFN). Based on these
findings, we evaluated OAd-IFN in combination with chemoradiation.
Methods: In all experiments, we used HP1 cells, one of the hamster
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pancreatic cancer cell line. OAd-IFN has RGD fiber modification and
overexpresses Adenoviral Death Protein. Hamster IFN-alpha gene
was placed in the Adenovirus E3 region. We used GEM+nab-PTX,
which are common used combination chemotherapy for patients with
PDAC. In vitro experiment, we assessed the colony formation assay,
the gold standard method to analyze radiosensitivity of cancer cells.
Cells were infected with OAd-IFN (0.0625, 0.3 and 0.625 VP/cell) and
on the following day, cells were irradiated (0.625, 1.25 and 2.5 Gy).
After that chemo drugs are added to media. After 14 days, colony
number were counted. Calculation of the Combination Index (CI) to
determine synergism (CI<1), antagonism (CI>1), or additive effect
(CI=1) between virus, chemotherapy, and radiation was performed.
To evaluate the effect of OAd-IFN in the hamster syngeneic tumor,
HP1 cells were injected subcutaneously into the backs of the Syrian
hamsters. When tumor volume reached to 200 mm3, we performed
intratumoral viral injection (OAd-IFN: 2.5x109 PFU). 3 days after virus
administration, a clinically feasible fraction of 8 Gy was given. We also
intraperitoneally injected GEM (20mg/kg) + nab-PTX (2mg/kg) twice
weekly. At the end of this experiment, the hamsters were sacrificed.
Results: Triple-therapy regimen (OAd-IFN + Chemo + Radiation)
showed remarkable inhibition of colony formation and CI analysis
showed that combination therapy of OAd-IFN and chemoradiation
were synergistic (CI < 1). In vivo experiment, the average tumor
volumes of the control, chemoradiation (CR), OAd-IFN only(V),
triple-therapy regimen (CRV) were 2027 1296, 908 849, 767 +593
and 202 + 161 mm3, respectively (Figurel). A significant tumor growth
suppression was observed in CRV group without any serious side effect.
Conclusion: In the colony formation assay, OAd-IFN potentiated the
inhibition of radiation and chemotherapy (GEM+nab-PTX). Triple-
therapy regimen (OAd-IFN + Chemo + Radiation) showed remarkable
inhibition in the hamster syngeneic sub-cu tumor model. Combination
therapy of OAd-IFN and chemoradiation might be applicable as a
novel PDAC therapy
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Figure1. Triple-therapy regimen (OAd-IFN + GEM + nab-PTX + Radiation) showed
remarkable inhibition in the hamster syngeneic sub-cu tumor model.

The average tumor volumes of the control, chemoradiation (CR), OAd-IFN only(V), triple-
therapy regimen (CRV) were 2027 +1296,908 + 849, 767 + 593 and 202 + 161 mm3,
respectively at Day21. A significant tumor growth suppression was observed in CRV group.
Data are presented as mean + SD. *P<0.05
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94. Oncolytic HSV-1 rQNestin34.5v2
Sensitizes IDH1-Mutated Glioma to
Immunotherapy

Eleni Panagioti', William F. Goins? Sean Lawler®, Maria

G. Castro**%, Antonio, E. Chiocca'

'Neurosurgery, Brigham and Womens Hospital, Harvard Medical School, Boston,
MA,’Microbiology and Molecular Genetics, University of Pittsburgh School

of Medicine, Pittsburgh, PA,’Pathology and Laboratory Medicine, Legoretta
Cancer Center, Warren Alpert Medical School, Brown University, Providence,
RI*Neurosurgery, University of Michigan Medical School, Ann Arbor, MI,*Cell
and Developmental Biology, University of Michigan Medical School, Ann Arbor,
MI,%6Rogel Cancer Center, University of Michigan, Ann Arbor, MI

Diftuse infiltrating low-gradegliomas includeoligodendrogliomas and
astrocytomas and account for approximately 20% of allprimary brain
tumors. Again of function mutation in isocitratedehydrogenase 1
(mIDH1) gene has been frequently reported in low-gradegliomas. Low
grade mIDH1 gliomas are classified into 2 molecular subgroups:1p/19q
codeletion/TERT-promoter mutations in oligodendroglioma
or inactivatingmutations in a-thalassemia/mental retardation
syndrome X-linked (ATRX)and tumor suppressor protein 53 (TP53)
in astrocytoma. Glioma patients with IDH1 mutant status exhibit
amore favorable prognosis compared to patients with IDH1 wild-
type tumors. Oncolyticherpes simplex virus 1 (0HSV-1) is emerging
as a promising approach to promote anti-tumorresponses. In this
study, we aimed to assess whether expression of IDH1 byglioma cells
favors the antitumor response to HSV-1 oncolytic virotherapy andto
identify molecular mechanisms that contribute to treatment effect. A
novel oHSV-1(rQNestin34.5v2) currently in clinical trial for recurrent
glioblastoma (ClinicalTrials.gov: NCT03152318) was employed, that
maintains a copyof the HSV-1- ICP34.5 gene, which is responsible
for HSV-1 neurovirulence undertranscriptional control of the tumor-
specific promoter nestin to drive robusttumor-selective replication.
The antitumor activity of this HSV-1 was evaluatedin C57BL/6
mice harboring orthotopic glioma expressing mutant and wild type
IDH1with loss of ATRX and TP53. HSV-1 rQNestin34.5v2 infected
wild type and mIDH 1 murine glioma cells in vitrotriggering cytotoxicity
and release of proinflammatory chemokines in infectedcells. In vitro
screens for upregulation of immune checkpoint moleculesfollowing
infection identified CD155/TIGIT, L-selectin/LAG-3 and PD-L1/PD-
linhibitory axes as promising targets for combination therapies. Mice
harboringmIDHI1 gliomas exhibited a less aggressive phenotype and
significantly longersurvival period compared to those with IDH1 wild
type gliomas. These datademonstrate that mouse gliomas expressing
IDHI1 resemble human glioma cellsharboring IDH1 and are suitable
models to study translational immunotherapiesfor low grade gliomas.
Experiments to address the therapeutic andimmunostimulatory
potential of intratumoral HSV-1 administration in primary
andrecurrent IDH1-mutant gliomas are ongoing.
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95. Characterization of the Cancer-Targeted
Oncolytic Adenoviruses with Fiber-Knob
Modification

Mizuho Sato-Dahlman, Praveensingh Hajeri, Brett
Roach, Shuhei Shinoda, Naohiko Nakamura, Kari

Jacobsen, Masato Yamamoto
Surgery, University of Minnesota, Minneapolis, MN

Oncolytic adenovirus (OAd) is a one of the promising anti-cancer
agents under development. Oncolytic adenovirus (OAd) has high
transduction efficiency in vitro and in vivo mediated by specific protein-
to-protein binding and the exponential replication causing oncolysis.
However, many cancer cells are resistant to wild-type Ad infection
due to the low expression of adenovirus primary receptor (coxsackie-
adenovirus receptor, CAR). In order to overcome this issue, several
infectivity-enhanced oncolytic adenoviruses (OAds) with modified
fibers has been developed (e.g. RGD, Ad5/3). These vectors confer
augmented anti-tumor effect in CAR-negative cancer cells. However,
these OAds still lack binding selectivity for cancer cells and are at risk
for causing various adverse effects by increasing distribution to normal
organs (e.g. innate immune response, hepatotoxicity) with systemic
administration. Therefore, precise targeting of oncolytic virus at the
level of infection (transductional targeting) is needed to achieve in
vivo therapeutic benefits and safety for systemic treatment of cancer.
To generate the cancer-targeting OAd, we have previously developed a
novel system to identify the cancer-specific binding OAd by Ad-based
library screening approach. To generate Ad library, we replaced a 21
base pair random sequence (7 amino acids) in the AB-loop of the
fiber-knob region that is responsible for the binding affinity to the Ad
receptor, CAR. To date, we have identified several cancer-targeted OAds
by using this screening system. Among them, the Mesothelin-targeted
OAd (MSLN-OAd), and the CD133-targeted OAd (CD133-OAd)
showed strong anti-tumor effect with systemic injection in human
tumor xenograft models. Here, we characterized these two fiber-
modified cancer-targeted OAds (MSLN-OAd and CD133-OAd) toward
systemic application. Since the adenovirus type 5 wild-type vector
(Ad5-WT) has aliver tropism after intravenous injection, we assessed
in vivo viral distribution of our fiber-modified cancer-targeted OAds
after i.v. injection. We measured the virus copy number in major organs
(lung, liver, spleen, kidney, intestine, and tumor) after i.v. injection of
the viruses. The MSLN-OAd and CD133-OAd vectors show reduced
liver targeting compared to untargeted OAd (Ad5-WT). On the other
hand, the viral copy number of MSLN-OAd and CD133-OAd in the
tumor was significantly higher than Ad5-WT. These results suggest
that systemic injection of the tumor targeted-OAd showed significantly
lower liver sequestration and better tumor accumulation. Next, we
tested the effect of preexisting immunity to the fiber-modified OAd in
human serum because neutralizing antibodies (nAbs) are one potential
obstacle in oncolytic virotherapy. In a neutralization assay, the MSLN-
OAd and CD133-OAd was more resistant to human serum, compared
to Ad5-WT. These data suggest that OAd with a targeting motif in the
AB-loop allow a degree of escape from pre-existing Abs. Interestingly,
when we check the hemagglutination profile of the MSLN-OAd and
CD133-0OAd, the fiber-modified virus abolishes hemagglutination
of human red blood cells. This profile change is thought to be due to
the replacement of the AB-loop CAR binding domains to the cancer-
targeted motif. These results suggest that the fiber-modification can be
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one of the most effective ways to generate retargeting OAds to alternate
sites in vivo, such as tumor site. The fiber-modified OAds also has a
greater potential to facilitate systemic therapy.

96. Optimizing NIS-Expression for Oncolytic
Adenovirus-Based Radiotherapy and Imaging
of Breast Cancer

Sacha Robert, Kari Jacobsen, Margarita Romanenko,
Kazuho Inoko, Stacey Wilber, Christopher LaRocca,
Julia Davydova

Department of Surgery, University of Minnesota, Minneapolis, MN

Breast cancer is the most frequently diagnosed cancer in women
worldwide with more than 2 million new cases in 2020. Treatment
of breast cancer involves the combination of surgery, radiotherapy,
chemotherapy, hormonal therapy, or biological therapies delivered in
diverse sequences. The therapeutic use of viruses for cancer treatment
has been revived these last two decades. Oncolytic adenoviruses
(OAd) are engineered to selectively replicate in cancer cells leading
to the destruction of the targeted cancer tissue. Thus, OAd can be a
valuable tool to ameliorate immunogenicity and tumor suppression.
Our laboratory has engineered an adenovirus encoding the sodium/
iodide symporter (NIS), a native protein that mediates cellular
uptake of iodine. NIS gene was inserted into the E3 region to allow
continual gene expression as the virus replicates. Infected tumor cells
can be synergistically treated with the intrinsic viral oncolysis and
radiotherapy with radioactive iodine. This allows the detection and
monitoring of metastases with high sensitivity by radiotracers. Our
OAd-NIS also include a chimeric Ad5/3 fiber to improve its infectivity,
the Cox2 promoter to drive tumor-selective replication and the
deletion of the Adenovirus Death Protein (ADP). The initial purpose
of ADP deletion was to prevent potential deleterious effects on the
membrane localization and functionality of NIS, by lowering the rate
of infection. Interestingly, the usage of six human breast cancer cell
lines from different molecular classifications, reflecting breast cancer
heterogenicity, allowed us to demonstrate that ADP deletion did not
drastically affect the cytolytic activity of OAd-NIS in all the assessed
cell lines. More importantly, while ADP deletion had a limited impact
on the spread and replication of NIS-expressing vectors in breast cancer
cells, it was found to significantly improve NIS expression in these cells.
The same trend was observed in our previous studies carried out with
pancreatic cancer cells in vitro and in vivo models including Patient-
Derived Xenografts (PDX). We hypothesized that ADP expression
could not affect the expression of NIS by tumor cells but impaired its
anchorage to the cytoplasmic membrane. To verify this hypothesis, we
employed an antibody targeting the extracellular domain of NIS with
and without permeabilization conditions. We determined that NIS-
membrane exportation was indeed not affected by ADP expression.
However, ADP expression seemed to block the general expression of
NIS in tumor cells. Furthermore, our pilot in vivo monotherapy study
demonstrated that Ad5/3-COX2-ADP deleted-NIS can reduce tumor
growth of xenograft of MDA-MB-231 cells into mice. Therefore, we
have optimized our adenoviral vector for the therapeutic delivery of
NIS to human breast cancer cells and will pursue its evaluation for the
monitoring and radiotherapy of tumors. Our next step will aim for
the use of a radiotracer for PET/CT imaging to visualized radioiodine
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uptake by MDA-MB-231 tumor xenograft cells into mice infected by
our OAd expressing NIS. We will also evaluate the combination therapy
of our OAd-NIS vectors with radiotherapy using **'I.

97. Tumor Regression of Oncolytic
Adenovirus-Treated Melanoma Rely on the Gut
Microbiome

Lorella Tripodi

CEINGE Biotecnologie Avanzate, Naples, Italy

In the last decade, cancer immunotherapy has achieved tremendous
results, however the outcome of immune checkpoint inhibitors (ICIs)
therapy has many genetic and environmental sources of variability.
Several studies demonstrated the influence of gut microbiome on
immunotherapy outcomes and in particular commensal Bifidobacterium
was identified as a positive regulator of antitumor immunity in vivo,
promoting anti-PD-LI efficacy. Recently, novel strategies of active
immunotherapy, based on oncolytic viruses (OVs) are achieving
preclinical and clinical success, with a relevant contribution to the
treatment of several types of tumors.We hypothesized that modulation
of gut microbiota could also affect OVs therapeutic efficacy and,
therefore, decided to investigate whether the effect of OVs on tumor
progression could be altered by manipulation of the intestinal
microbial community. To address this question, we pre-treated a
group of C57BL/6] mice with an oral administration of vancomycin
and, subsequently, inoculated subcutaneously syngeneic B16.OVA
melanoma cells to the groups. We then treated both groups with an
intratumorally injection of oncolytic adenovirus Ad5-CpG and we
observed that its antitumoral effect was extremely reduced in mice pre-
treated with vancomycin, showing a faster tumor progression and less
tumor-infiltrating lymphocytes (TILs), compared to the control group.
To confirm that alteration of the intestinal microbiota was involved in
this phenomenon, we performed the rescue of the group pre-treated
with vancomycin, by cohousing with a Ad5-CpG-treated control
group. Successively, we combined the adjuvant activity of virus with a
probiotic containing Bifidobacterium spp. that increased the response to
adenoviral therapy, reducing tumor-infiltrating T-regs and stimulating
an enrichment of bacterial genera belonging to Firmicutes phylum.
Using a bioinformatic tool Homologous Evaluation Xenopeptides
(HEX) we identified specific Bifidobacterium-derived peptides highly
similar to melanoma epitopes. As confirmed by IFN-y ELISPOT assay,
these peptides are able to trigger a robust CTL-response. Our data
indicate that gut microbiota affects the immune responses elicited
by oncolytic adenovirus Ad-CpG and Bifidobacterium vaccination
optimized its antitumor activity in melanoma, because of a possible
mechanism of molecular mimicry between Bifidobacterium-derived
peptides and melanoma epitopes.

52  Molecular Therapy Vol 30 No 451, April 2022

Molecular Therapy

98. Oncolytic Adenovirus with Hyaluronidase
Activity That Evades Neutralizing Antibodies
and Allows Re-Administration: VCN-11
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VCN-11 is a novel oncolytic adenovirus genetically modified to express
hyaluronidase (PH20) and display an albumin-binding domain (ABD)
on the hexon. ABD allows the virus to self-coat with albumin when
entering the bloodstream and evade neutralizing antibodies (NAbs).
Here, we validate the VCN-11’s mechanism of action, characterize its
toxicity and study its antitumor activity with pre-existing immunity.
VCN-11 evaded NAbs in vitro and efficiently targeted tumors after
intravenous administration in the presence of high levels of NAbs,
whereas the control virus without ABD was neutralized. Intravenous
administration of VCN-11 induced lower Nab levels than the
administration of Ad5 in immunocompetent mice and hamsters.
When re-administered in hamsters, VCN-11 was able to reach all
tumors after systemic administration, even in the presence of high
anti-VCN-11 Nabs. Antitumor efficacy of VCN-11 was demonstrated
in several tumor models in the presence of NAbs against wild type Ad5
and also in animals with pre-existing immunity against ABD capsid,
demonstrating its effectiveness after re-administration. A low toxicity
profile was observed in athymic nude mice and Syrian hamsters and
no major toxicities were observed after administration of fractionated
high doses (up to 1.2x10"'vp/mouse and 7.5x10"' vp/hamster) and when
readministered. Fractionated intravenous administrations improved
circulation kinetics and tumor targeting. Similar hepatic toxicity was
observed after single and repeated virus administration. These features
suggest that VCN-11 is a safe and promising candidate to treat tumors
in the presence of pre-existing immunity against adenovirus and using
a multi-dosing strategy for therapy.
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Universal CAR T-cell therapies are poised to revolutionize cancer
treatment and to improve patient outcomes. However, realizing these
advantages in an allogeneic setting requires universal CAR T-cells that
can kill target tumor cells, avoid depletion by the host immune system,
and proliferate without attacking host tissues. Here, we describe the
development of a novel immune-evasive CAR T-cells scaffold that
evades NK cell and alloresponsive T-cell attacks and imparts efficient
antitumor activity in vitro and in vivo. This novel immune-evasive CAR
T-cells (ATRAC,, ,AB2M,, ,,), were developed using a combination
of TALEN-mediated gene editing and AAV-dependent gene insertion.
ATRAC_, AB2M_, ,.isdevoid of TCRaf and HLA Class I expression
and endowed with an engineered surface-exposed HLA-E. These
three features could enable CAR T-cells to prevent GvH reaction and
to evade the cytolytic activities from alloresponsive T-cells and NK
cells. We confirmed that HLA-ABC(-) ATRAC_, AB2M, .
alloresponsive T-cell attack, and we demonstrated their ability to
evade NK cells attack by the significant enrichment of HLA-ABC(-)
HLA-E(+) ATRAC_, , AB2M_, , . in the presence of primary NK cells
from healthy donors and Acute myeloid leukemia (AML) patients.
We further confirm by mass cytometry (CyTOF) that NK cells from
healthy donors, AML patients and Acute lymphocytic leukemia
(ALL) patients display similar phenotypic and fitness characteristics,

overcame

whatever the stage of their disease. Thus, we anticipate that expression
of HLA-E is likely to protect ATRAC_, AB2M_, . from NK cells in
most AML and ALL patients. We showed that ATRAC_,, AB2M_, ,.
T-cells exhibit antitumor activity in vitro and in vivo, demonstrating
that their hypoimmunogenic features do not affect their cytolytic
functions. This new cellular scaffold could enable the broad use of
universal CAR T-cells in allogeneic settings and holds great promise

for clinical applications.

100. Engineering Stealth CAR T Cells to Evade
the Host Immune Responses
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Background: Currently 4 of the 5 FDA-approved CAR T cell
products contain the FMC63-based aCD19 single chain variable
fragment (scFv) antigen-recognition domain originating from a
murine antibody. Clinical trials have indicated that treatment with
FMC63-based autologous CAR T cells elicits an immunological
T cell response in the patient against the murine scFv-fractions
of the CAR. The problem of CAR T cell rejection is even greater
when using allogeneic immune effector cell products. In this study,
we aimed to use a one-shot approach to prevent cellular immunity
rejection of engineered T cells by simultaneously reducing the surface
expression of human leukocyte antigens via expression of viral
inhibitors of transporter associated with antigen processing (TAP) in
combination with shRNA targeting class I major histocompatibility
complex (MHC) transactivator (CIITA) in CAR T cells
Results: Expression of the small viral TAP inhibitors (TAPi) Herpes
Simplex virus (HSV) ICP47, Human Cytomegalovirus (HCMV) US6
or Epstein-Barr (EBV) BNLF2a in primary T cells resulted in reduced
HLA class I expression on its cell surface. This reduced expression of
HLA class I on the cell surface successfully prevented presentation
of the NLV-peptide originating from the HCMV pp65 protein and
allogeneic responses in a mixed lymphocyte reaction (MLR), whilst
enough HLA I remained on the cell surface to limit susceptibility to lysis
by NK cells. Importantly, expression of these small viral sequences did
not elicit immune responses in donors with a cellular immunity against
the respective virus. Next, we developed shRNA targeting CIITA to
reduce HLA class II from the T cell surface. Expression of shRNA
targeting CIITA in primary T cells resulted in reduced HLA class II
expression, and resulted in a reduced allogeneic response as measured
by MLR. Combined expression of both viral TAPi and shRNA targeting
CIITA reduced both HLA class I and II expression, and mitigated
allogeneic responses in an MLR assay. Next we combined our stealth
technology with FMC63-based aCD19 CARs in a single lentiviral
vector. No differences in tumor clearance were observed between
aCD19 CART cells and Stealth aCD19 CAR T in in vitro killing assays
against the acute lymphoblastic leukemia line NALM6 and Mantle
cell lymphoma line JeKo-1, and in in vivo mouse models utilizing the
NALMS line. Furthermore, ELISpot assays with PBMC from patients
who had received the FMC63-based aCD19 CAR T cell (axi-cel or
tisa-cel) products indicated active cellular immune responses against
autologous aCD19 CAR T. Moreover, an increased T cell response
against autologous aCD19 CAR T cells was observed when the patient
had received multiple aCD19 CAR T cells infusions. Importantly,
no cellular immune response was observed when these patient
PBMC were assayed against autologous Stealth aCD19 CAR T cells.
Conclusion: Collectively, this data indicates that expression of the
small EBV TAPi sequence in combination with an shRNA targeting
CIITA effectively reduced HLA expression and prevented allogeneic
response in primary T cells, whilst limiting killing by NK cells.
Incorporating these HLA-reducing sequences in FMC63-based aCD19
CAR T cells did not impair their ability to clear tumor in vitro and
in vivo. These stealth aCD19 CAR T cells were able to prevent the
immune-activation of T cells from patients pre-exposed to aCD19
CAR T cells. Our data suggest a potential advantage of using stealth
CART cells to increase persistence and reduce rejection, including in
cases of multiple infusions, which could apply to both autologous and
allogeneic adoptive cell therapy settings.
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Cytokine Gene Delivery Unleashes CAR T
Cells in the Immunosuppressive Glioblastoma
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Background: The immunosuppressive tumor microenvironment
(TME) of solid tumors represents a major hurdle for effective chimeric
antigen receptor (CAR) T-cell therapies. While immunostimulatory
cytokines can counteract immune suppression, their systemic
administration entails high risks of toxicity and counter-regulatory
responses. We have developed a gene and cell therapy to selectively
deliver cytokines to the TME, while sparing unaffected tissues from
exposure. In this strategy, currently in phase I/IIa clinical trial for
glioblastoma (GBM) patients, hematopoietic stem cells (HSCs) are
modified to target interferon (IFN)-a expression in the TIE2-expressing
monocyte (TEM) progeny. Upon HSC transplantation, TEMs recruited
by tumors release IFN-a and reprogram the TME inducing anti-
tumor immunity and inhibiting growth of several tumor models.
Here we investigated whether TEM-based IFN-a or interleukin
(IL)-12 delivery may rescue CAR T-cell activity in the non-
permissive GBM TME and safely synergize to thwart tumor growth.
Methods: We first evaluated the expression of candidate targets
at transcriptome and protein levels in a new murine GBM model
(mGB2), which closely mimics the human disease. mGB2 cells express
the immune checkpoint B7H3, sharing high human-mouse (h/m)
homology. We generated both B7H3-redirected (h/m cross-reactive)
and control mouse CAR T cells at high efficiency by optimizing a
lentiviral-based protocol and administered them via systemic or
intratumoral route in syngeneic mice, previously transplanted with
engineered HSCs for TEM-mediated IFN-a or mock delivery, and
orthotopically injected with mGB2. Tumor growth was assessed
by magnetic resonance imaging; quantitative, immunophenotypic
and transcriptomic analyses were performed on peripheral blood
and tumor infiltrate; efficacy and tolerability of the treatments were
monitored in survival studies. To demonstrate the portability of
our platform to other cytokines, we also delivered IL-12, whose
use is currently limited by systemic toxicities, in the same setting.
Results: CAR,_ .. T cells were found at lower levels than control cells in
the peripheral blood of both mock and IFN-a mice, while displaying
a more activated phenotype in the latter ones. Conversely, CAR_ . 'T
cells were enriched at the tumor site compared to control CAR T cells,
suggesting a cognate antigen-driven homing and/or local expansion
of the former. IFN-a delivery reprogrammed the TME leading to
reduced exhaustion and increased activation of tumor-infiltrating
CAR,,,,, T cells. While IFN-a gene therapy limited tumor growth
per se, CAR T cells alone had minor or no effect. Nonetheless,
marked inhibition of tumor growth and prolonged survival of mice
were achieved in the combination group, in absence of any overt
toxicity. This therapeutic effect was further potentiated by intratumoral
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injection of CAR T cells. Safety and efficacy were also observed by
delivering IL-12 through TEMs in combination with CAR_ . T cells.
Conclusions: IFN-a-driven TME reprogramming overcame some key
limitations of CAR T-cell therapy targeting a clinically relevant tumor
antigen in an immunocompetent mouse model of GBM, rescuing T
cell effector function and synergizing in achieving tumor inhibition
while preserving full tolerability of the treatment. TEM-based gene
therapy is also portable to other cytokine payloads to specifically act

on tumor-infiltrating CAR T cells while avoiding systemic toxicities.

102. Activation Regulated Gene Circuit

for Controlling Payload Expression in Cell
Therapies

Michelle Hung, Assen Roguev, Yin Yin Chong, Carmina
Blanco, Travis Wood, Brandon Lee, Brett Kiedaisch,
Russell Gordley, Gary Lee, Tim Lu

Senti Biosciences, South San Francisco, CA

Background: The efficacy of immune cell therapies in solid tumors is
hampered by poor persistence and limited effector functions in the
immunosuppressive tumor microenvironment. Pro-inflammatory
cytokines, such as IL-12, have been shown to enhance CAR-T cell
activity and stimulate the innate immune antitumor response.
However, IL-12 has a narrow therapeutic window and requires tight
regulation to avoid triggering severe toxicity in humans. Previously,
an activation responsive promoter containing binding sites for the
NFAT transcription factor was used to control production of IL-12 by
CAR-T cells, but had toxic basal expression levels in unactivated cells.
A novel cell activation responsive promoter would provide a desirable
expression profile, where expression would occur only after the immune
cells reach their target and are triggered by the presence of tumor cells,
resulting in more precise local production of therapeutic cytokines,
which in turn may enhance antitumor efficacy and safety in patients.
Methods: To discover tightly regulated activation responsive promoters
in primary immune cells, two strategies were implemented. The first was
native promoter screening in which we identified 20 genes upregulated in
response to T cell activation and derived promoters from the native DNA
sequences upstream of those genes. Each promoter was used to control
expression of a fluorescent reporter and was transduced into primary
T cells. T cells were activated with CD3/CD28 Dynabeads to induce T
cell activation and promoter activity was measured by flow cytometry.
The second strategy was a 15,000 member synthetic promoter library
containing transcription factor binding sites and chromosomal regions
associated with immune cell activation. This library was transduced
into NK cells at MOI 1 and the cells were activated with K562 feeder
cells. The NK cells were then sorted by FACS for high and low reporter
expression in the activated and unactivated states. DNA was isolated
from the sorted cells and submitted for NGS. Hits were identified
that were specific to the high expression, activated NK cells. Results:
In T cells, the NFAT promoter has high basal expression (25% the
strength of a constitutive promoter). The NFAT promoter responds
to T cell activation with a 5 fold induction in expression. Using the
native promoter screening approach we identified 2 promoters with
high specificity for the activated state (no basal expression and 4-6
fold induction upon activation). One of these promoters was then
engineered by removing bioinformatically informed regions to
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identify sequences that impact activation responsiveness. This led to
the discovery of promoters with enhanced activation response. We
also identified regions of the promoter that could be removed without
impacting performance, thereby decreasing promoter size by 40%
from 2000 bp to 1221 bp. This final promoter had zero basal activity
and an impressive 20 fold induction in response to T cell activation.
In NK cells, the NFAT promoter has low basal activity but also low
inductionuponactivation. Using the pooledlibraryapproach weidentified
19 promoters that could be specific to NK activation. We screened each
clonally and found that 4 promoters showed no basal activity and
high activation responsiveness (5-20 fold induction of reporter upon
activation). These promoters are also compact: 250 bp, which enables
their incorporation into complex gene circuits with size constraints.
We developed two successful strategies for promoter discovery which
generated several promising promoters that can tightly regulate gene
expression based on activation state of primary immune cells. These
promoters could enable gene circuits that regulate the expression of
potent immune effectors, allowing for safely armed CAR immune
cell therapies.

103. Preclinical Development of Safe and
Effective T Cell Receptors Specific for Mutant
KRAS G12V and G12D Peptides

Tijana Martinov', Rachel Perret?, Shwetha Mureli',
Clara McCurdy', Angie Vazquez', Jihoon Lee'?, Jessica
Webb', Cheryl Black?, James Parsons*, Joshua Francis*,
Hubert Lam?, Gary Shapiro*, Loic Vincent*, Aude
Chapuis'*®, Thomas Schmitt’, Philip Greenberg'**

"Program in Immunology and Clinical Research Division, Fred Hutchinson
Cancer Research Center, Seattle, WA,?Cancer Immunotherapy Programme,
Malaghan Institute of Medical Research, Wellington, New Zealand,’School of
Medicine, University of Washington, Seattle, WA,*Affini-T Therapeutics, Seattle,
WA, *Departments of Inmunology and Medicine, University of Washington,
Seattle, WA

Adoptive T cell therapy (ACT) for solid tumors still requires further
refinement, improvement, and mechanistic understanding to become
a reproducibly effective treatment. T cell receptor (TCR)-engineered
T cells are an attractive choice for solid tumor ACT because they
can recognize peptides from both surface and intracellular proteins,
including oncogenic drivers. An ideal TCR peptide target would be: 1)
derived from a tumor-specific protein that is essential for tumor growth,
2) immunogenic, and 3) stably expressed in the context of a common
HLA allele. KRAS is the most frequently mutated gene in human cancers
and is a regulator of cell growth and proliferation. Hotspot mutations
in KRAS codon 12 are present in ~30% of colon cancers and ~80% of
pancreatic cancers, and are associated with poor survival, with KRAS
substitutions G12V and G12D being most prevalent. Recent evidence
suggests that mutant KRAS (mKRAS) is immunogenic and targetable,
as adoptive transfer of mKRAS-specific tumor infiltrating lymphocytes
led to a durable clinical response in a patient with colorectal cancer.
We therefore hypothesized that TCR-engineered T cells specific for
mKRAS G12V and G12D would be beneficial in treating KRAS-mutant
solid tumors. To test this hypothesis, we used our high-throughput in
vitro TCR discovery platform to isolate candidate TCRs. Briefly, we
stimulated CD8* T cells from healthy donors with mKRAS peptides
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predicted to favorably bind to HLA-A*11:01, identified the highest
avidity T cells by stringent fluorescence-based cell sorting, and then
sequenced, synthesized and functionally compared the isolated TCRs.
We expressed the TCRs in primary CD8* T cells and tested the cells
for specificity (response to peptide-loaded presenting cells and tumor
cells endogenously expressing the antigen) and cytotoxicity (in vitro
tumor cell killing assays), and selected for further study the candidates
that exhibited the best functional avidity and tumor-killing capacity.
We determined TCR recognition motifs by evaluating responses to
peptides with alanine substituted at each position one residue at a time.
We then searched the human proteome for proteins that contained
the TCR peptide motif and determined if the T cells could recognize
those peptides. We also evaluated potential alloreactivity to >50
lymphoblastoid cell lines with different HLA MHC class I haplotypes.
These experiments revealed a favorable safety profile, without detected
cross-reactivity or alloreactivity. Since effective anti-tumor immunity
involves a coordinated CD4* and CD8" T cell response, we engineered
both CD4* and CD8" T cells to express our most promising TCR
candidate and the CD8af co-receptor to enhance signal transduction
and peptide/MHC binding. Transduced CD4* T cells were functional
and provided help to CD8* T cells, supporting tumor elimination in an
in vitro model of repeated exposure to tumor. In summary, we report
a TCR gene therapy approach targeting mutant KRAS peptides G12V
and G12D with a coordinated CD4* and CD8* T cell response, and a
promising efficacy and safety profile. Our work to date supports the
clinical development of these novel products for treating KRAS-mutant
solid tumors.

104. Disruption of H3K9me3-Mediated Gene
Silencing Augments CAR T Cell Functional
Persistence

Nayan Jain', Zeguo Zhao', Richard Koche', Yosi
Gozlan?, David Brocks?, Tali Raveh-Sadka?, Danny
Wells?, Anton Dobrin’, Yuzhe Shi', Michael Lopez',
Gertrude Gunset', Michel Sadelain'

'Memorial Sloan Kettering Cancer Center, New York, NY,’Immunai, New York,
NY

CD19-specific chimeric antigen receptors (CARs) that incorporate
CD28 and CD3z signaling motifs (1928z) induce remarkable T cell
responses in patients with refractory B cell malignancies. 1928z
CAR T cells rapidly acquire potent effector functions but display
limited persistence. It would thus be beneficial to tune the effector
function of 28z CAR T cells to extend their functional persistence
in patients without compromising their anti-tumor function,
particularly for adapting CAR T cell therapy to solid tumors.
T cell differentiation and dysfunction under chronic stimulation are
accompanied by global changes in transcriptional profiles and epigenetic
states. These changes are in part mediated by key transcriptional
and epigenetic factors, including the histone methyl transferase,
SUV39H1. In a murine model of Listeria monocytogenes infection,
Pace et al. showed that loss of SUV39HI regulates the transition
between memory and effector states in OT-1 transgenic CD8* T cells.
In the present study, we examine the impact of disrupting SUV39H1
in human 1928z CAR T cells, hypothesizing that SUV39HI edited,
retrovirally transduced (Rv-1928z) T cells will limit the induction of T
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cell dysfunction and enhance the functional persistence of CAR T cells.
To assess the impact of SUV39HI on human Rv-1928z CAR T
cells, we treated immune deficient mice bearing the human ALL
cell line, NALM6, with limiting doses of SUV39H1-edited CAR
T cells. SUV39H1 editing (SUV39HI1*) significantly enhanced
the anti-tumor efficacy of Rv-1928z CAR T cells relative to their
unedited counterparts, with 9/10 NALM6 bearing mice treated with
SUV39HI1**Rv-1928z CAR T cells surviving over the duration of
observation (90 days) as compared to 1/12 mice treated with WT
Rv-1928z CAR T cells. This enhanced tumor control in SUV39HI*
Rv-1928z CAR T cells was associated with greater initial CAR T cell
expansion and enhanced long-term CAR T cell persistence (> day 50).
Single-cell transcriptional profiling revealed greater clonal diversity
and prolonged maintenance of a memory phenotype of SUV39HI1*
Rv-1928z CAR T cells compared to WT Rv-1928z CAR T cells.
To assess whether the persisting SUV39HI* Rv-1928z CAR T cells
can mount an effective effector response upon tumor rechallenge,
we modified our NALM6 model such that post primary tumor
clearance (day 17), mice were rechallenged by tumor 5 times over
70 days.SUV39HI" Rv-1928z CAR T cells outperformed WT Rv-
1928z CAR T cells in eliminating NALM6 upon rechallenge. Paired
genome accessibility (ATACseq) and transcriptional analysis revealed
epigenetic changes associated with SUV39H1 loss in Rv-1928z CAR
T cells, potentially accounting for continued expression of memory-
associated transcription factors that suppress the expression of
inhibitory receptors and curtail T cell dysfunction. In summary, we
find that loss of SUV39H1 in human Rv-1928z CAR T cells improves
their anti-tumor efficacy by altering their epigenome to enhance their
functional persistence, demonstrating the potential of combining CAR
and epigenome engineering.

105. Mechanisms Regulating the Resistance
of Normal T-cells to CD5 CAR-Mediated
Cytotoxicity

Royce Ma', Mae L. Woods', Alex Chaumette', Divya
Popat', Alexandre Carisey?, Malcolm K. Brenner’,

Maksim Mamonkin'

!Center for Cell & Gene Therapy, Baylor College of Medicine, Houston,
TX,?Pediatrics - Allergy & Immunology, Baylor College of Medicine, Houston, TX
T-cell fratricide, or self-elimination, is a major factor limiting the
development of CAR T-cell therapies for T-lineage malignancies.
One notable exception is a CD5-specific CAR which produces
minimal fratricide despite uniformly high expression of CD5 on
human T-cells. We found CD5 protein is rapidly degraded in T
cells after transduction with the CD5 CAR thus enabling these
CAR T-cells to evade self-elimination. In our ongoing Phase I
clinical trial (NCT03081910), CD5 CAR T-cells produce robust
anti-tumor activity in patients with recalcitrant T-cell malignancies
but spare a population of normal T-cells, thereby avoiding
complete T-cell aplasia. The mechanism of normal T-cell resistance
to CD5-directed CAR T-cell cytotoxicity remains unknown.
Flow cytometric analysis showed the expansion of CD5 CAR T-cells
in peripheral blood of patients with T-cell malignancies coincides
with the loss of detectable CD5 expression on normal circulating
T-cells. After CD5 CAR T-cell numbers subside, CD5 is re-expressed
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on peripheral T-cells suggesting the loss of protein is transient and
triggered by interactions with CD5 CAR T-cells leading to temporary
protection against fratricide. To investigate this possibility, we
replicated clinical findings by co-culturing T-cells with autologous
CD5 CAR T-cells. We found normal T-cells downregulate CD5 in
trans upon contact with CD5 CAR T-cells resulting in the emergence
of a T-cell subset that resists CD5 CAR T-cell cytotoxicity. Using
engineered variants of CD5, we showed internalization and complete
degradation of CD5 protein in target cells upon contact with CD5
CAR T-cells by flow cytometry, western blot, and live-imaging
fluorescence microscopy. CD5 loss was triggered by physical ligation
by the CAR and did not require CAR signaling. Notably, removal
of CD5 CAR T-cells restored freshly synthesized surface CD5
expression on T-cells within 16-24hr, mirroring clinical findings.
Next, we investigated whether transient loss of CD5 contributes to
the resistance of normal T-cells to CD5 CAR T-cell cytotoxicity.
Because conventional methods of static cell culture do not accurately
recapitulate the dynamic environment in blood vessels, we established
an alternative method of measuring cell cytotoxicity where CAR
T-cells and target cells are continuously agitated in conditions that
approximate shear stress in large blood and lymphatic vessels. We
found that the transient loss of CD5 on normal T-cells resulted in a
significant protection from CD5 CAR-mediated cytotoxicity in both
short term (T=6hr, mean cytotoxicity 12.06% vs 60.06% in control,
p<0.001) and longer-term (T=20hr, mean cytotoxicity 51.4% vs.
86.6% in control, p<0.0001) only in continuously agitating conditions
approximating shear stress in large blood and lymphatic vessels, but
not static cultures with minimal external stress. This suggests the
temporary downmodulation of CD5 on normal T-cells upon exposure
to CD5 CAR T-cells in a dynamic environment in blood vessels
destabilizes cytotoxic CAR-mediated immune synapse, contributing
to the resistance of normal T-cells to CD5-directed cytolysis.
These findings highlight a mechanism by which target cells can
temporarily evade CAR T-cell cytotoxicity by internalizing and
degrading target antigen. Our clinical and experimental data support
the contribution of this process to the resistance of normal T-cells
to CD5-directed cytotoxicity thus limiting the off-tumor toxicity of
CD5 CAR T-cells. Tumor cells may employ a similar mechanism to
resist CAR T-cell activity. Understanding how normal and malignant
T-cells evade CAR-mediated cytotoxicity will inform the design of
next-generation cell therapies for patients with T-cell malignancies.
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106. Inhibition of P38-MAPK Counteracts
Culture Stress Induced by Ex Vivo Expansion
of Hematopoietic Stem and Progenitor Cells
(HSPCs) for Efficient Genetic Engineering
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Conti!, Aurelien Jacob!, Samuele Ferrari', Stefano
Beretta!, Chiara Brombin?®, Teresa Tavella!, Ivan
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Prolonged time in culture is still a prerequisite to reach sufficient levels
of gene correction by gene transfer or homology-driven repair (HDR)
for HSPC-based clinical applications. We recently discovered that gene-
editing by co-delivery of nuclease-induced DNA double strand break
(DSB) and corrective DNA templates via AAV6 in cultured HSPCs
triggers a strong p53-mediated DNA damage response (DDR) affecting
their functionality post-transplant. Instead, despite similar DDR
activation, we now report only a transient cell cycle delay and a higher
clonogenic potential when HSPCs were edited anticipating time in
culture, suggesting that prolonged time in culture makes edited HSPCs
to exceed a threshold of tolerable DDR with adverse cellular outcomes.
Indeed, although current culture conditions have been tailored over the
past decade to ensure high gene-transfer and gene editing efficiencies
while preserving the long-term repopulating capacity of HSPCs
upon ex vivo gene manipulation, we hypothesize that activated stem
cells, when exiting from their quiescent status, accumulate elevated
levels of physical DNA damage, ultimately resulting in stem cell
dysfunctions. By combining comet assay for physical DNA damage
evaluation, measurement of ROS, imaging of double and single strand
break nuclear markers (yH2AX and pRPA respectively) and Break
labelling in situ and sequencing (by BLISS), we reported aberrant
mitogenic ROS signalling and increased levels of DNA replication
stress in activated human HSPCs from cord blood and mobilized
peripheral blood. Interestingly, we identified as a key mediator of the
observed culture stress the activation of the p38-MAPK and found
that its chemical inhibition diminished ROS thus counteracting
uncontrolled proliferation of HSPCs that ultimately leads to DNA
damage accumulation. More importantly, edited HSPCs treated with
p38i prior to genetic engineering maintained high editing efficiency
and displayed a significant enhancement in clonogenic potential and
in vitro single cell differentiation output and higher engraftment and
repopulation capacity upon transplantation in immunocompromised
mice. By in vivo clonal tracking of edited cells, we discovered that
pre-treatment with p38i led to a higher clonal output compared to
control genetically modified cells in terms of number of both indels
(HSPC clones that underwent NHE] repair) and BARs (HSPC clones
that repaired by HDR), pointing to the preservation of the more rare
HSC subset responsible for long-term hematopoietic reconstitution of
genetic engineered cells. Similar observations were made when human
HSPCs were corrected by means of gene transfer with lentiviral vectors.
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Altogether, our findings identified a novel molecular axis in activated
human HSPCs linking HSPC activation with physical DNA damage,
p38 activation and premature exhaustion of HSPCs upon genetic
engineering. Because in clinical settings the oligoclonal composition
of the human graft observed upon transplantation of gene edited cells
may delay hematopoietic recovery after conditioning restricting the
size, their presence long-term and over all the safety of the engineered
cell graft we reason that pharmacological inhibition of p38 may be
exploited to ameliorate the yield and the quality of engineered cells to
further advance HSPC-based gene and cell therapies.

107. Targeting CX3CR1 Gene to Improve
Microglia Reconstitution and Transgene
Delivery into the CNS Upon Hematopoietic
Stem and Progenitor Cell Transplant

Annita Montepeloso’, Davide Mattioli', Javier Francisco
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Marco Peviani!, Alessandra Biffi'?

'Dana-Farber/ Boston Children’s Cancer and Blood Disorders, Boston,

MA, Division of Pediatric Hematology, Oncology and Stem Cell Transplantation,
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Transplantation of engineered hematopoietic stem/progenitor cells
(HSPCs) has shown curative potential in murine models and patients
affected by monogenic neurodegenerative diseases when treated in very
early disease stages. The engrafted cells can act not only as vehicles for
therapeutics to the brain, but also as modulators of neuroinflammation,
possibly extending the use of HSPC gene therapy to a broader
spectrum of neurodegenerative diseases. Nonetheless, the impact of
this approach is affected by the slow pace of central nervous system
(CNS) engraftment and differentiation of the engineered HSPCs into
microglia-like cells (MLCs) as compared to the rapid progression of
neurodegeneration of most targeted disorders.To foster this process,
we focused on CX3CR1 (CX), a microglia chemokine receptor that
regulates microglial recruitment to sites of neuroinflammation and
microglia ontogeny. Firstly, we observed that transplantation of
CX haploinsufficient (CX-haplo) HSPCs resulted in a more robust
engraftment and generation of MLCs as compared to wild type (WT)
HSPCs. Specifically, in competitive transplantation settings, CX-haplo
HSPCs prevailed over WT in the repopulation of hematopoietic
organs (60% vs 40%) and brain (80% vs 20%) both at short and long
term timepoints post-transplant. Moreover, a branching analysis
performed on brain-engrafted MLCs revealed a greater extent of
ramifications and complexity of CX-haplo vs WT cells, suggesting a
more rapid acquisition of a mature microglia-like morphology and
phenotype. To elucidate the biological mechanism underpinning this
phenomenon, we performed a transcriptomic analysis at a single cell
resolution on FACS-sorted MLCs from competitively transplanted
mice. Gene ontology analysis on signature genes revealed significant
upregulation of a signal transduction pathway in a cluster enriched with
CX-haplo cells, that may account for a greater activity in cytoskeleton
rearrangement, cell motility and cell cycle progression explaining the
quantitative and qualitative advantage observed. Next, to develop a
therapeutic strategy combining the improved features of CX-haplo
HSPC transplantation with a microglia specific transgene expression,
we designed a CRISPR-based gene addition strategy. We first validated
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the use of a promoterless, splice trapping cassette encoding for a
fluorescent reporter to be inserted into CX intron in a CX expressing
cell line, showing that targeted insertion allows regulated transgene
expression and CX knock-out only in HDR edited cells, while NHE]-
indels did not impacted CX expression. We then used an established
editing protocol based on Cas9/gRNA electroporation and AAV6
transduction to deliver the cassette in human CD34+ HSPCs (hHSPC),
obtaining efficient integration (45% of the alleles) of the reporter
gene, resulting in CX transcriptional and protein downregulation.
Edited hHSPC were able to engraft into primary and secondary
myeloablated immunodeficient recipient mice, showing higher
transgene expression on human MLCs that reconstituted the brain
compared to hematopoietic organs, as per physiologic CX expression.
Interestingly, expression of the transgene driven by CX promoter in
engrafted human MLCs was stronger than the expression driven by a
conventional PGK promoter. In conclusion, we identified and validated
CX3CRI as a key target to enhance the ability of HSPCs to generate
a microglia-like progeny upon transplantation and allow specific and
robust transgene expression in the CNS.

108. Ex Vivo Lentiviral-Mediated Gene Therapy
for Patients with Fanconi Anemia [Group A]:
Updated Results from Global RP-L102 Clinical
Trials
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!Stanford University School of Medicine and Lucile Packard Children’s Hospital,
Palo Alto, CA,>UCL Great Ormond Street Institute of Child Health, London,
United Kingdom,’Hospital Infantil Universitario Nifio Jests (HIUNJ), Madrid,
Spain,*CIBERER/ CIEMAT/ Instituto de Investigacion Sanitaria Fundacion
Jiménez Diaz (IIS-FJD), Madrid, Spain,’Rocket Pharmaceuticals, Inc., Cranbury,
NJ,*University of Minnesota, Minneapolis, MN,’CIBERER/ Hospital Infantil
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Background: Fanconi anemia (FA) is a rare inherited disorder of
defective deoxyribonucleic acid (DNA) repair leading to progressive
bone marrow failure (BMF) in 80% of patients within the first decade
of life. Allogeneic hematopoietic stem cell transplant (alloHSCT)
is potentially curative for BMF; however, its efficacy is limited by
human leukocyte antigen (HLA)-matched sibling donor availability
and transplant-related toxicities including an increased solid tumor
risk. Ex vivo lentiviral mediated gene therapy utilizing autologous
FA-A CD34+ enriched hematopoietic stem and progenitor cells
(HSPC:s) relies upon the proliferative advantage of gene-corrected FA
HSPCs, enabling engraftment without antecedent conditioning, as
demonstrated in pre-clinical studies and the FANCOLEN-I clinical
trial (“Process A” manufacturing). We report results from ongoing
global RP-L102 studies using “Process B” manufacturing optimizations
including transduction enhancers, commercial grade vector, and
modified cell processing, and enrollment of patients (pts) with more
limited BMFE. Methods: Pts with mutations in FANCA, age 21 year
with no HLA-matched sibling donor and at least 30 CD34+ cells/pL
in bone marrow (BM) are eligible. Mobilized peripheral blood (PB)
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mononuclear cells are collected via leukapheresis. CD34+ cells are
enriched, transduced with a lentiviral vector encoding for the FANCA
gene, and infused without cryopreservation or conditioning. Pts are
followed for 3 years post-infusion for safety and efficacy evaluations
including increasing PB and BM vector copy number (VCN),
development of mitomycin-C (MMC) resistance in BM colony forming
cells (CFCs), and stabilization/correction of cytopenias. Results: As
of December 2021, 11 pts age 2 to 6 years have received RP-L102.
Sustained engraftment has been demonstrated in 6 of 8 enrolled pts
with >12 months of follow up as indicated by PB VCN. Concomitant
increases in BM CFC MMC resistance (=10% of baseline) have been
observed, with concurrent blood count stabilization in at least 5
pts. The RP-L102 safety profile has been highly favorable; 1 pt had a
transient serious Grade 2 RP-L102 infusion-related reaction which
resolved without sequelae. Conclusions: Engraftment and proliferative
advantage of transduced HSPCs has been confirmed in 6 of 8 evaluable
(= 1 year of follow-up) pts in the absence of antecedent conditioning.
Increases of 210% BM CFC MMC resistance relative to baseline were
identified in each of these 6 patients at > 12 months post-infusion
(at 1 timepoint or more) with concomitant blood count stabilization
identified subsequent to the development of MMC-resistance in at least
5 pts. Additional clinical updates will be presented including initial
correlations between BM CFC MMC-resistance, genetic correction
and hematologic stabilization.

109. Preclinical Evidences Towards Lentiviral
Gene Therapy for RPS19-Diamond Blackfan
Anemia Patients
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Barcelona, Spain,”Hospital Nifo Jesus, Madrid, Spain,*Hospital Gregorio
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Allogenic hematopoietic stem cell transplantation (HSCT) currently
represents the only curative treatment for the bone marrow failure
(BMF) of patients with Diamond Blackfan Anemia (DBA). However,
the mortality and morbidity associated to HSCT demand new
therapies able to restore hematological signs of DBA and improve the
quality of life of these patients. Mutations in 20 ribosomal genes, plus
4 “DBA-like” genes account for 70-80% of DBA patients. However
25% of mutations have been identified to occur in ribosomal protein
(RP) gene RPSI19. During last years, autologous ex vivo lentiviral
mediated gene therapy (GT) has become a true alternative for the
treatment of different hematopoietic diseases. In this study we have
focused in the development of a clinically applicable efficient and
safe lentiviral mediated ex vivo gene therapy approach to correct
RPS19-haploinsuficient DBA patient-derived primary hematopoietic
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stem cells with the final intention to treat these patients in a Phase I/
II GT clinical trial in the next future. Initial gene therapy studies were
conducted in K562 cells in which RPS19 was down-regulated with a
sh-RPSI9 LV. In these studies, we observed that transduction with
two different therapeutic LVs (PGK.CoRPS19.Wpre* and EFlaf(s).
CoRPS19.Wpre*-LVs) restored the expression of RPS19 and corrected
the ribosomal biogenesis defects characteristic of sh-RPS19 transduced
cells. The therapeutic efficacy of PGK.CoRPS19.Wpre* LV was
confirmed then in primary CD34" cells from RPSI19-deficient patients.
Transduction of these CD34" cells with the therapeutic LV significantly
increased the number of BFU-E colonies. Moreover, the therapeutic
LV reverted the red blood cell differentiation defect characteristic of
DBA CD34" cells, increasing the output of CD71*/CD235* mature
erythroid cells both in vitro and in vivo. Remarkably, CD34" DBA cells
transduced with the therapeutic LV were also capable of repopulating
the hematopoiesis of NSG mice. In preliminary studies, no evident
changes in the repopulating function of healthy donors (HD) CD34*
cells were observed after transduction with the therapeutic vector,
revealing the safety associated with the ectopic expression of RPSI9.
These studies were also confirmed by the health status of transplanted
immunodeficient recipients and by the polyclonal integrational pattern
of the therapeutic proviruses. Taken together, the preclinical studies
conducted in this work support that the lentiviral-mediated gene
therapy of RPS19-deficient DBA patients should constitute an efficient
and safe approach for the treatment of DBA patients.

110. A Mouse Model of Severe Alpha-
Thalassemia with Abnormal Iron Metabolism,
Erythropoiesis and Coagulation Can Be
Rescued by a Novel Gene Therapy Approach
Maxwell Chappell*?, Danuta Jarocha?, Laura Breda?,
Valentina Ghiaccio?, Megan Fedorky?, Michael
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"University of Pennsylvania, Philadelphia, PA,*Children’s Hospital of Philadelphia,
Philadelphia, PA,’Khon Kaen University, Khon Kaen, Thailand,*University of
Athens, Athens, Greece

Clinical presentation of a-thalassemia (AT) varies from an
asymptomatic condition (one inactivated a-globin gene), mild to
severe (deletion or mutation of 2, 3 or 4 copies of the a-globin genes,
leading to formation of 3-globin tetramers known as HbH), to Hb Bart’s
Hydrops Fetalis (complete absence of active a-globin genes). Recent
estimates indicate that ~70,000 infants are born yearly with severe AT.
In these patients, a blood transfusion independent state is achievable
through allogeneic bone marrow transplantation. New therapies are
desperately needed. We aim to develop a novel adult mouse model
of AT and a gene therapy approach for this disease. We developed
a novel adult mouse model of severe AT to study erythropoiesis,
iron metabolism, coagulation, and for use as a test bed for a gene
therapy approach for this disease. We generated adult animals that
do not produce a-globin chains (a-KO) through transplantation of
homozygous fetal liver cells (isolated at E14.5) into WT recipient mice.
The a-KO animals demonstrate a severe phenotype, paradoxically
showing elevated hematocrit, high reticulocyte count, and high

Hematopoietic Stem Cell Gene Therapy

numbers of red blood cells (RBC). These RBC expressed only $-globin
chains, showed aberrant morphology (Fig.1A) and aggregation of
B-globin tetramers on RBC membranes. Due to the inability of these
RBC to deliver oxygen, animals succumb to the disease, displaying
splenomegaly and other organ pathologies, including vaso-occlusive
events, associated with neutrophil infiltration, fibrinogen staining,
von Willebrand factor release, and platelet recruitment and activation.
These animals also show iron deposition in the liver and kidney, in
agreement with very low levels of hepcidin expression in the liver, and
elevated erythropoietin (EPO) in the kidney. We screened multiple
therapeutic lentiviral vectors using murine erythroleukemia cells
and human umbilical cord derived erythroid progenitor (HUDEP)
cells, modified by knocking out all the human a-globin genes. Since
the regulatory sequences necessary for expressing a-globin at high
levels are too large to be included in lentiviral vectors, we identified
ALS20al, a vector in which the a-globin gene is under the control
of the B-globin promoter and its locus control region, as the most
efficient vector. One copy of ALS20al produces exogenous a-globin
at a level comparable to that produced by one endogenous a-globin
gene, suggesting that a low VCN could result in dramatic therapeutic
benefits. Use of ALS20al resulted in correction of the disease phenotype
in a dose-dependent manner in a-KO mice. At VCN>1 we observe
phenotypic normalization, including HPLC profile (Fig.1B), Hb,
hepcidin and EPO levels, and RBC morphology (Fig.1A). Additional
data in CD34 cells isolated from patients with both deletional and
non-deletional HbH disease also indicated that low integrations of
ALS20al can significantly improve B/a-globin mRNA ratio (f/aR) and
reduce HbH. In conclusion, we generated an adult mouse model of
lethal a-thalassemia and a vector, ALS20al, that successfully improves
a-globin levels in mice and patient cells.
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Gene therapy is an emerging strategy that has become a promising
clinical approach for ameliorating beta-hemoglobinopathies. For
sickle cell disease (SCD), multiple strategies have been employed
from introducing anti-sickling beta-globin variants, correcting
the E6V mutation in beta-globin through in situ gene editing, and
upregulating fetal hemoglobin (HbF) production through silencing or
disruption of BCLIIA, a fetal globin repressor. While current clinical
gene therapy strategies focus on single mechanisms to mitigate the
SCD phenotype, we have developed a gene therapy approach that
utilizes a lentiviral vector (LVV) of reduced size with locus control
regions cores expressing an anti-sickling beta-globin gene (UV+EC1,
Morgan Mol Ther, 2020) and a BCLIIA microRNA adapted short
hairpin RNA (shRNA™R) to induce fetal globin expression (Brendel
JCI, 2017, Esrick NEJM, 2021) (UV+ECI1+SS). We also developed a
novel LVV expressing two shRNA™® simultaneously targeting BCL11A
and the independent y-globin repressor, ZNF410 (termed double
shRNA™R, DS). We optimized and selected the location to incorporate
the BCL11A shRNA™® in the UV+ECI vector by assessing titer, p*%-
globin, and fetal-globin expression (UV+ECI1+SS). We inserted the
double shRNA™R targeting BCL11A and ZNF410 into the UV+EC1
vector to engineer the novel vector, UV+EC1+DS. These combination
vectors are significantly reduced in size, compared to many beta-globin
lentiviral vectors in clinical trials, and have increased titer and gene
transfer to CD34+ HSPCs, which can lead to reduced costs of goods
per patient treated. These vectors express p*%-globin and induce fetal-
globin expression 5-6 fold over background in transduced human
CD34+ cells differentiated in vitro to erythroid cells and increase total
anti-sickling globin induction around 10 fold (Table). Erythrocytes
differentiated from SCD patients HSCs transduced with UV+ECI1+SS
express therapeutic levels of anti-sickling globin of 47%, which is
significantly higher than UV+ECI. The DS vector induced more
y-globin than the SS vector with a total anti-sickling globin of 57%,
which is 2.5-fold over UV+ECI (see Table). SCD derived erythroid
cells transduced with UV+EC1+SS or UV+EC1+DS demonstrated a
significantly reduced in vitro sickling phenotype (see Table). This data
highlights the potential of these combination vectors to ameliorate
SCD by two distinct mechanisms while also being advantageous for
production and transduction.

60  Molecular Therapy Vol 30 No 451, April 2022

Molecular Therapy

Globin expression and quantification of sickled cells in erythrocytes differentiated
from SCD HSPCs
0, i-
AS3 globin | y-globin | 2 A ieked cells | VN (¢/
%) (%) sekling ) (o) dg)
globin
SCD 0.02£0.03 | 5.8+£1.9 58+1.9 58.8£5.0 88;8 *
UV+EC1 17519 56+19 23.1+£38 40.1 £12.5 1.3+£0.5
UV+ECI+SS | 19.1+ 2.7 27.8+25 | 46.9+0.6 198 +1.9 1.8+0.5
UV+ECI+DS | 23.8+7.3 33.7+18 57.5+4.6 14.63 £ 3.4 1.9+0.3
P value
(UV+EClvs | 0.9934 0.0004 0.0009 0.0272 0.5485
UV+EC1 SS)
P value
(UV+EC1 SS
vs UV+ECI 0.6334 0.0152 0.0177 0.0875 0.9999
DS)

112. Transplantation without Myeloablation:
Novel Conditioning Enables Robust
Repopulation of Macrophage/Microglia Niches
by Bone Marrow-Derived Cells
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Hematopoietic stem cell transplantation (HSCT) has been used for
decades to treat multi-systemic diseases including several lysosomal
and peroxisomal disorders. The therapeutic effect of HSCT for these
diseases is mediated by bone marrow (BM)-derived cells that migrate
to non-hematopoietic compartments as tissue-resident myeloid cells
where they become a source of healthy cells and can cross-correct
protein deficiencies. The engraftment and migration of BM-derived
cells is partly influenced by the conditioning regimen, a pre-transplant
treatment required to deplete host stem cells. However, despite its great
promise, HSCT’s risk-benefit assessment is often seen unfavorably.
Its morbidity is largely due to the need for pre-transplantation
conditioning that can have severe toxicities. Furthermore, HSCT’s
benefit is limited by the low efficiency of penetration of BM-derived
cells in the central nervous system (CNS) and other non-hematopoietic
tissues. Given the important therapeutic implications of HSCT for
non-hematological diseases, we set out to establish conditioning
regimens that act more specifically on the myeloid cell niches.
To this aim, we exploited the transient inhibition of the Colony-
stimulating factor 1 receptor (CSF1R) which is specifically
expressed in CNS microglia and tissue-resident myeloid cells, and
whose genetic depletion results in robust CNS repopulation by
BM-derived cells. We evaluated the effect of the CSF1R inhibitor
PLX3397 (CSF1Ri) alone or in combination with irradiation or
Busulfan in conditioning regimens prior to BM transplant (BMT)
in C57BL/6 mice. Enhanced green fluorescent protein-positive
(EGFP+) bone marrow cells, derived from CAG:GFP/GFP mice
were used to quantify donor-derived cells in recipient mice.
We found that CSF1Ri combined with either irradiation or Busulfan
dramatically increased the homing of BM-derived cells in the
CNS, leading to superior engraftment of GFP+ microglia-like cells.
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Quantification of GFP+CD45+CD11b+ cells in the brain by flow
cytometry showed that they represented the 6+2.4% (Busulfan),
33+2.3% (irradiation), 90+7% (CSF1Ri+irradiation) and 89+5%
(CSF1Ri+Busulfan) of host microglia. A safer regimen combining
CSF1Ri with non-myeloablative Busulfan (50 mg/kg) also provided
superior engraftment of donor-derived cells in the CNS and other non-
hematopoietic tissues compared to Busulfan-myeloablation alone. The
addition of CSF1Ri did not impact BM engraftment (%GFP+/CD45+:
90+2.8% Busulfan, 92+0.6% irradiation, 92+0.8% CSF1Ri+Irradiation,
92+1% (CSF1Ri+Busulfan) or lineage reconstitution. Furthermore,
comprehensive neurobehavioral phenotyping confirmed no added
toxicities of the CSF1Ri+Busulfan regimen as compared to Busulfan alone.
In-depth characterization of endogenous and donor-derived
CD45+CD11b+ cells from controls and transplanted brains by
single-cell RNA-seq analyses showed a non-proinflammatory gene
expression profile, supporting the therapeutic application of this
novel conditioning regimen prior to HSCT for the treatment of CNS
diseases. The CSF1Ri PLX3397 (Pexidartinib) is an attractive candidate
as a CNS conditioning drug as it received FDA approval in 2019 for
the treatment of diffuse-type tenosynovial giant cell tumors, has good
CNS permeability and a favorable safety profile. The availability of
more effective and specific conditioning regimens would make HSCT
safer for the diseases for which HSCT is standard of care, de-risk it
for diseases with a theoretical benefit, and ultimately establish a new
treatment option for neurological and non-neurological diseases.
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In vivo hematopoietic stem cell (HSC) gene therapy has several
potential advantages over ex vivo gene therapy, such as reduced cost,
less need for individual GMP cell manipulation and, ideally, no need for
toxic chemo-conditioning. However, the commonly used pseudotype
for viral delivery, namely VSVg, is not suitable for in vivo application
due to serum sensitivity and poor ability to target quiescent HSCs.
In contrast, the baboon endogenous retrovirus (BaEV) glycoprotein
and its derivative BaEVRless, which bind to the neutral amino acid
transporters ASCT1 and ASCT?2 for cell entry, efficiently transduce
resting HSCs and are serum resistant. The aim of this study is to generate
a stable BaEVRless producer cell line for the production and in vivo
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application of alpha-retroviral particles. Alpha-retroviral particles can
be stably produced long-term, but BaEVLess is highly fusogenic and as
such not ideal for a stable producer cell line. To avoid superinfection
and syncytia formation during virus production, we first used CRISPR-
Cas9 to knockout the entry receptors ASCT1 and ASCT2 in HEK293T
cells. We found due to low ASCT1 expression in HEK293T cells that
knockout (KO) of ASCT?2 is sufficient to eliminate superinfection and
cell fusion. Abrogation of syncytia formation reduced the toxicity of
concentrated viral supernatants as indicated by a 3-fold reduction of
apoptotic cells after transduction of K562 cells. Reduced cell death
and sequestration of viral particles resulted in a 2-fold increase in
viral titers (400-fold concentrated, ~5 x 10® infectious particles/mL).
For in vivo application, CD47 was overexpressed on ASCT2 KO cells
to reduce non-specific macrophage-mediated uptake of viral particles.
Transduction rates of macrophages were reduce by 5-10% using CD47
overexpressing (OE) viral particles, while gene transfer into lymphoid
cell lines was not affected. A BaEVRless expression cassette including a
puromycin resistance gene was stably integrated into ASCT2 KO CD47
OE cells. The overall viral titer of selected BaEVRless cells was 1-log
lower compared to the parental cell line. To increase the titer, clones
were picked and screened for a high-titer producing clone. The selected
clone achieved similar titers compared to the parental cell line and
contains four copies of the BaEVRless expression cassette. The alpha.
Gag/Pol expression plasmid was then stably integrated to generate the
ASCT2 KO/CD47 OE/BaEVRLess/alpha.Gag/Pol producer cell line.
This resulting cell line thus only requires transient transfection of the
therapeutic vector for virus production and achieves similar viral titers
as the parental cell lines in the range of 10° to 10° infectious particles/
mL. Alpha-retroviral particles generated from producer clones were
applied to transduce HSCs in vivo in a humanized mouse model.
Initial experiments achieved in vivo transduction rates of up to 2%
GFP-positive cells. Gene marking was observed in human myeloid and
lymphoid lineages as well as in bone marrow hCD34* cells. Consistent
with the species specificity, no gene marking was observed in murine
cells. In summary, we engineered a stable alpha-retroviral producer cell
line to produce high-titer and high-quality BaEVRlIess-pseudotyped
alpha-retroviral particles that overexpress CD47 for in vivo gene
therapy application.

114. Generation and Characterization of Rep
Expressing AAV Packaging Cell Lines
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Complexity and cost of large-scale recombinant adeno-associated virus
(rAAV) production still present a serious obstacle in commercialization
of rAAV gene therapies. Improvements in rAAV vector manufacturing
are achievable using packaging or producer cell lines, which in the case
of rAAVs are difficult to generate due to the toxicity of AAV Rep proteins
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required for production. The AAV REP gene encodes four Rep proteins
(Rep-78, -68, -52, and 40) which have multiple overlapping functions
and roles in AAV production. We have previously demonstrated
transient transfection rAAV production with low amounts of plasmid
encoding Rep cDNA. Only two Rep proteins (Rep68 and Rep40) were
sufficient to obtain rAAV titers comparable to standard triple plasmid
transfection production with the endogenous REP gene. With this in
mind, we created expression cassettes regulated with two inducible
gene expression systems (cumate and coumermycin). Two different
expression cassettes were created, a tightly regulated, but weaker
cassette for expression of REP68 and a stronger less stringent cassette
for REP40 expression. We produced lentivirus encoding the expression
cassettes and transduced suspension and serum-free media adapted
HEK 293SF cells to generate packaging cell pools. We were able to
obtain multiple stable cell lines and characterize them with regard
to titer, stability, REP copy number and its expression level. Titers
obtained in suspension rAAV production using Rep packaging cells
are also comparable to triple plasmid transfection rAAV2 production.
In addition to producing rAAV2, we were able to produce the chimeric
rAAV-DJ serotype with similar infectious AAV particle titers. The
packaging cell lines were stable in culture for at least 20 passages (7
weeks) without showing decrease in titers, Rep expression levels and
loss of integrated expression cassettes. We assessed the quality of
rAAVs produced by the packaging cell lines by ddPCR, total particle
ELISA and transmission electron microscopy. Currently, adenoviral
helper genes are being integrated in the Rep expressing clones to
generate packaging cell lines that would only require the single-plasmid
transfection carrying gene of interest.

115. Synthetic Biology Approach to Nucleic
Acid Clearance in Lentiviral Vector Production
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To improve lentiviral vectors (LVV) purity for cell and gene therapy
applications manufacturers’ currently remove residual nucleic acids
using a DNase treatment step with endonucleases such as Benzonase.
This is a prohibitively expensive but necessary step in the manufacturing
process as regulators require concentrations of less than 10 ng/dose
at sizes less than 200 base pairs in the final product. As an alternative
we adapted adherent HEK293T cells to serum-free culture and then
engineered them to secrete nuclease enzymes to remove nucleic acid
impurities from LVV supernatant. Three nuclease expression cassettes
were designed by fusing the N-terminus of the Staphylococcus aureus
nuclease B (nucB) open reading frame to: the native S. aureus nuclease
signal peptide, the mammalian murine Igk chain leader sequence, and
a novel virus-encoded transport protein. The Tet repressor system
was selected to regulate expression of nucB to reduce unwanted cell
cytotoxicity and any negative effects on lentivirus production from
potential intracellular nuclease expression and constitutive nuclease
secretion. All three nuclease expression cassettes demonstrated levels
of activity equivalent to or better than Benzonase at 250 units in
growth medium harvested from engineered cell lines 24 hours post
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tetracycline induction. When treating 1.5 ug 1 kb DNA ladder (500
base pairs to 10 kilobase pairs), 2-hour incubations at 37°C with 10
uL of growth media reduced DNA ladder to non-visible sizes on 1%
agarose gel To verify that a nuclease secreting cell line can support
LVV production, a LVV encoding for green fluorescent protein was
prepared by transient transfection. Nuclease activity was demonstrated
in fractions collected at each step of the LVV production process and
had no measurable effect on infectious titre of the clarified supernatant
when used to transduce both HEK293T and AGF-T cells under serum-
free conditions. This provides a holistic approach to remove residual
nucleic acids early in the process stream and improve the purity of
the final product, whilst avoiding the addition of exogenous nuclease
and its associated costs at scale. This may also potentially reduce any
deficiencies of downstream processing attributed to the viscosity of
residual nucleic acids.

116. Modification and Optimization of an
AAV Purification Process to Accommodate
Increased Upstream Yield and Reduce
Manufacturing Bottlenecks

Nick J. DiGioia, Priyanka Vaishampayan, Delaney
Dowdell, Hans Reuter, Carmen Wu, Jeremy Kerrick,
Matthias Hebben

LogicBio Therapeutics Inc, Lexington, MA

As AAV continues to be a prominent modality in gene therapy,
more and more resources are being invested into increasing the
productivity of AAV manufacturing. Optimization of bioreactors,
transfection reagents, and transfection conditions has led to 10 to 25-
fold increases in the crude harvest titer from transient transfection
processes developed at LogicBio. Downstream purification strategies
initially designed around lower-yielding upstream production must
be reevaluated to better accommodate the large increases in vector.
This work highlights what was done to modify downstream
purification steps to handle a 10-fold titer increase seen during the
implementation of a next-generation upstream process. Initially,
process modeling was used to predict the impact of upstream changes
and identify potential bottlenecks and areas of improvement. Small-
scale experiments were used to justify a new clarification train, the
removal of two concentration and buffer exchange steps, and sizing
adjustments to the affinity chromatography column. Additionally,
extensive development work was done to replace a legacy density
gradient empty/full enrichment process with a chromatography based
polishing step that produces material of comparable quality in a more
manufacturing friendly manner. Initial scalability of the downstream
process was evaluated using multiple lots of material produced in a
50L STR and purification equipment appropriately sized to handle the
harvest pool. In-process analytics were performed on intermediate
process samples to compare step by step performance to what was
predicted by the bench scale work. The new process successfully
reduced the downstream manufacturing timeline from 2-weeks to
four days and combined with the improvements in upstream, showed
a 10-fold productivity increase compared to the legacy process.
Finally, a proof of concept “platform evaluation” was performed
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on a gene therapy product that used a new therapeutic cassette
packaged in an identical capsid to investigate the translatability of the
manufacturing process across similar programs.

117. Adenovirus Purification Method Using
Scalable System with Single Use Anion
Exchange Fiber Chromatography Capsule
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Easy and efficient production of viral vectors is a key issue for clinical
application of viral vectors. Large batch adenovirus (Ad) production
still requires further improvement on scalability and process
economics. Currently, small batch Ad vectors in the laboratory scale
have been purified mainly by double CsCl ultracentrifugation, while
large batches are purified by anion exchange resin chromatography.
However, both processes require centrifugation steps for removal
of cell debris and processing of large volume with ultracentrifuge
has many challenges. It is therefore difficult to establish a closed in-
line purification system. 3M™ Harvest RC™ and 3M™ Emphaze™
AEX Hybrid Purifier are the next generation single-use harvest and
clarification devices for biopharmaceutical processing of biologics.
These devices utilize fibrous anion exchange (AEX) chromatography to
efficiently separate the cells, cell debris and soluble contaminant (host
cell proteins and DNA) from the target biotherapeutic product with
precision quaternary ammonium (Q) functionalized polypropylene
fiber, combined with a 0.2 um membrane. They have already been
used by therapeutic antibody manufacturers and have provided
scalable and predictable clarification in a broad range of manufacturing
scales. 3M™ Harvest RC is designed direct clarification of cell culture
fluid in a single stage, while 3M™ Emphaze™ AEX Hybrid Purifier
is designed for polishing by removing insoluble contaminants after
primary clarification. In this project, in order to improve clinical batch
production processes for Ad, we aimed at 1) elimination of low speed
centrifugation for cell debris removal, 2) removal of large genomic
DNA, 3) concentrating Ad for further purification, and 4) elimination
of ultracentrifugation by AEX fiber chromatography. First, we applied
producer cells with virus after 3 times of freeze and thaw to a Harvest
RC capsule after adding 50mM HEPES (pH 7.4) and 300mM NaCl
(flowthrough process), as well as with 50mM HEPES (pH 7.4) and
100mM NaCl for binding followed by PBS with 50mM HEPES (pH 7.4)
and 300mM NaCl (bind and elute process). The eluates were analyzed
by CsCl gradient ultracentrifugation. In both cases, the adenovirus was
recovered without loss, and neither protein nor chromosomal DNA
band was observed after ultracentrifugation. Next, we performed bind
and elute experiments with an Emphaze capsule. The CVL prepared
by regular centrifugation procedure was applied to Emphaze capsule
after adding 50mM HEPES (pH 7.4) and 100mM NaCl for binding,
followed by elution with PBS with 50mM HEPES (pH 7.4) and 100,
140, 180, 220, 260, and 300mM NaCl (5ml each). The eluates were
analyzed by banding pattern after ultracentrifugation. There was no
virus elution up to 180mM NaCl solution (conductivity 31.3 mS/cm).
Addition of 200mM NaCl (35.1mS/cm) showed large quantity elution
of the virus, and it was followed by smaller quantity elution with at
260 and 300mM NaCl. These results show that cleanup of debris and
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cell with Harvest RC was possible without centrifugation of CVL, and
Harvest RC also removed large chromosomal DNA. The polishing
processes with Emphaze enabled bind and elute, through which the
concentrating the virus was possible. Also this step seemed to provide
sufficient clarification to replace the ultracentrifugation process.
Further optimization of buffers as well as capsule housing design may
enable improvement of bind and elute patterns, which may permit total
elimination of ultracentrifugation steps from the virus purification
process. Considering the compatibility of the devices for in-line system
as well as unparalleled scalability (the largest capsule permits processing
of CHO cell in 2000L tank), these devices may revolutionize the large
clinical batch adenovirus purification processes.

118. Membrane-Associated Accessory Protein
Variants Improve Adeno-Associated Virus
Production in HEK293 Cells
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Gene therapies delivered by adeno-associated virus (AAV) have shown
significant clinical success in recent years. However, manufacturing
quantities of good manufacturing practice (GMP)-grade AAV
necessary to achieve current and projected dosing requirements
presents a significant hurdle to expanding AAV-based gene therapies.
The natural genome of AAV contains ~4.7 kb of ssDNA that encodes
up to ten known proteins in a highly overlapped fashion. Among
these proteins, the most recently discovered is the membrane-
associated accessory protein (MAAP). MAAP is encoded by an
alternative open reading frame (ORF) in the AAV cap gene that is
found in all presently reported natural serotypes. Recently, evidence
has emerged supporting a functional role of MAAP in AAV egress.
We hypothesized that directed evolution, the iterative process of
sequence diversification and selection of functional gene variants,
could be utilized to identify MAAP variants that confer increased
AAV secretion during packaging. To test this hypothesis, we
generated a library of over 1IE6 MAAP variants, which we subjected
to five rounds of packaging into an AAV2 capsid for which MAAP
expression was inactivated without altering the VP1 ORF (AAV2-
MAAP-null). Among each iterative packaging round, we observed a
progressive increase in both overall titer and ratio of secreted vector
genomes conferred by the bulk selected MAAP library population.
Next-generation sequencing uncovered common mutational features
that were enriched up to over 10,000-fold on the amino acid level,
including truncation mutants. Individual MA AP variants were isolated
and systematically tested for effect on recombinant AAV2-MAAP-null
packaging in HEK293 cells. Individual MAAP variants tested so far
conferred an increase in overall AAV2 packaging titer of up to three-
fold higher than levels conferred by wildtype MAAP2. We predict
that this work may be applicable to increasing per-cell AAV output
in industrial settings, potentially reducing global costs and increasing
functional vector recovery in downstream manufacturing processes.

Molecular Therapy Vol 30 No 451, April 2022 63



AAV Vectors - Virology and Vectorology |

Figure Information: A) Head-to-head comparison of total vector
genome titer (obtained by qPCR) of the MAAP library bulk population
after one, two, or three rounds of AAV2-MAAP-null packaging
selection relative to the titer after the first round. B) Ratio of secreted
vector genomes for samples described in A. C) Head-to-head

comparison of relative total vector genome titer (obtained by qPCR)
when packaged into AAV2-MAAP-null containing wild type (WT)
MAAP2, no MAAP, or the selected MAAP library bulk population.
D) Ratio of secreted AAV for samples in C.
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Over the past decade, gene therapy applications have revolutionized
the landscape of clinical medicine for inherited and acquired human
diseases. In particular, recombinant adeno-associated virus (AAV)
has been used extensively as a vehicle for transgene delivery in
clinical studies, with several rAAV-based therapies recently gaining
regulatory approval. The growing interest in rAAV-based gene therapy
underscored a critical need for scalable high-yield production and
demand for groundbreaking manufacturing approaches. To bridge
the production gap in gene therapy, CEVEC combined its expertise in
cell line development technologies and in-depth understanding of the
rAAYV basic biology to generate an innovative stable helper-virus free
rAAV production platform based on ELEVECTA stable producer cells.
Development of the ELEVECTA platform involved genetic engineering
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of our proprietary animal component-free growing suspension cells
to stably express all the components essential for rAAV production as
well as the transgene flanked by the ITRs. As a first step, clonal Alpha
cell lines were generated harboring Tet-inducible expression of the
Rep genes and the adenoviral helper functions E2A, E4orf6, and VA
RNA. Lastly, the capsid genes and the transgene flanked by the ITRs
have been stably integrated into the Alpha cell lines, generating an
inducible rAAV stable helper virus-free ELEVECTA producer cell
line. Production using the stable ELEVECTA system is initiated by
induction with doxycycline, a straightforward and efficient procedure
to generate high AAV vector quantities in a suspension system. The
true power of our production system was revealed through upstream
process optimization for our first proof of concept AAV8-GFP
producer cell line. An attractive advantage of a stable AAV producer
cell is the practicability of using manufacturing process intensification.
We applied ATF perfusion technology to implement an upstream
intensified large-scale cell culture process for rAAV production. The
perfusion-based production process led to cell-specific yield (VG/
cell) 8-folder higher when compared to the reference process in
batch mode. Remarkably, this ATF perfusion process resulted in very
high titers (E15 vg/L) and a high percentage of full particles (35-40
%). The productivity improvement observed with upstream process
intensification is a noteworthy success of the ELEVECTA platform,
confirming the achievement of high quantities of AAV vector using a
stable producer cell system for AAV manufacturing.
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120. Aberrant Resolution Sites Lead to
Backbone DNA Contamination of rAAV Vectors
Junping Zhang', Matthew Chrzanowski*, Dylan A
Frabutt', Anh K Lam', Patrick L Mulcrone', Ping Guo?,
Weidong Xiao'

'Herman B Wells Center for Pediatric Research, Indiana University, Indianapolis,
IN,’Lewis Katz School of Medicine, Temple University, Philadelphia, PA,’Lewis
Katz School of Medicine, Temple University, Philadelphia, IN

Recombinant adeno-associated virus (rAAV) vectors carry a cassette of
interest retaining only the two inverted terminal repeats (ITRs) from
the viral genome. Conventional rAAV production methods use plasmid
DNA to provide the vector genome and the AAV/Adenovirus proteins
required for replication and packaging. Contamination of rAAV vectors
for gene therapy is an emerging issue in the field. rAAV vector DNA
contamination mainly originates from the vector plasmid backbone.
The mechanism driving the contamination phenomenon has yet to be
elucidated. The ITRs are prone to mutation and deletion by bacterial
hosts that are used to amplify the DNA for vector production. Here
we systemically investigated how single ITR-containing DNA species
affect rAAV vector production and lead to contamination. Interestingly,
various forms of DNA with a single ITR were able to rescue and replicate
efficiently. Their presence in the rAAV production system significantly
competes for trans factors required for rAAV rescue, replication, and
packaging. Although the replication of single ITR contaminants in
triple plasmid AAV production system is independent of its size, the
packaging of these species is affected by size. These results show that
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there exist various aberrant resolution sites on rAAV vector plasmid
backbone, thereby leading to truncated DNA generation. These single
ITR-containing DNA species are a negative factor that contributes to
impurities in purified rAAV vectors, reduces rAAV vector yield and
quality, and potentially affects long term rAAV performance.

121. Directed Evolution of AAV for Retinal
Gene Therapy

Muge D. Tekinsoy', Arthur Planul’, Emilia Zin',
Cardillia J. Simon!, Mélissa Desrosiers!, Valérie Fradot!,
Takahiro Nemoto!, Camille Robert!, Céline Jaillard!,
Stéphane Bertin'?, José-Alain Sahel*?, Ulisse Ferrari’,

Deniz Dalkara’

'Sorbonne Université, INSERM, CNRS, Institut de la Vision, Paris, France,”CHNO
des Quinze-Vingts, INSERM-DGOS CIC 1423, Paris, France

Gene therapy is already a therapeutic option in the retinal degenerative
disease field. Currently the only FDA approved gene therapy is
for a rare childhood disease and relies on subretinal injections of
naturally occurring Adeno-associated viral vector (AAV) carrying
the therapeutic gene. To develop gene therapies applicable to a larger
number of patients, AAVs that can target the retina more broadly
and surgically less complex routes are necessary. An ideal route of
injection is intravitreal injection. Intravitreal injections are easy to
perform and put the virus in contact with the entire retinal surface.
However, efficient gene delivery to the retina following intravitreal
injection requires a vector able to cross the vitreous humor and inner
limiting membrane. Unfortunately, none of the natural serotypes cross
these barriers sufficiently to provide pan-retinal gene delivery with a
well-tolerated dose. In an effort to find AAV variants capable of such
tasks we used directed evolution, an approach that mimics evolution
and rapidly selects optimised molecules for a specific task. In prior
efforts, directed evolution was used to generate AAV variants that can
infect the primate retina. Variants such as NHP26 and R100 have been
optimized in the non-human primate retina and show efficient gene
delivery in the foveal and peripheral regions throughout retinal layers.
Since gene delivery has species specific attributes to date it is unknown
how these variants will behave in a human retina, particularly in the
macular region where the inner limiting membrane is the thickest.
To develop an AAV variant for these specific needs, we used directed
evolution to select AAV variants based on their ability to infect the
macular region of human retinal explants. We then characterized the
selected variant on the most adequate ex vivo and in vivo model systems
available. Finally, in an effort to understand the effect of the vitreous
on infectivity of our variant, we also tested its infectivity on macaque
retinal explants, a tissue without the vitreous. Our data support the
possibility to develop specifically tailored AAV's for human retinal gene
therapy and provide new analysis methods based on next generation
sequencing to track the directed evolution process.
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122. Engineering AAV Capsid Variants to
Overcome Pre-Existing Immunity and Improve
Gene Delivery to Human Liver

Rebecca Feiner, Jake Hill, Dario Pilla, Juliet Aungier,
Sujata Ravi, Olivia Allen, Erald Shehu, Markus Hoérer,
Allison Dane

Freeline Therapeutics, Stevenage, United Kingdom

Gene therapy vectors based on adeno-associated virus (AAV) offer
robust and long-term gene expression. Through numerous clinical
trials they have emerged as the vector of choice for a wide variety
of disease targets. However, continued challenges remain regarding
immunogenicity and toxicity at high vector doses. In recent years, there
has been a concerted effort in the field to identify and develop novel
capsid variants to improve efficacy. Indeed, a small number of capsid
variants with improved tropism for human liver cells have emerged
from such studies, including our first-generation capsid, AAVS3.
This report focuses on the development and characterization of
capsid variants arising from directed evolution on primary human
hepatocytes in the presence of highly AAV-neutralizing human plasma.
In this approach, 23 AAV capsid sequences were shuffled, a replication
competent AAV library (diversity ~7 x 10°) was produced, and five
rounds of evolution on primary human hepatocytes in vitro were
performed. Highly neutralizing plasma was incorporated during the final
round to select capsids that evade existing anti-AAV antibodies. Using
long-read sequencing, the most abundant variants (26) were selected
to be characterized through a pipeline designed to assess functional
transduction, seroprevalence, and manufacturability. The variants
displayed a broad range of transduction profiles compared to AAVS3;
from reduced transduction to greater than 4-fold improved transduction
efficiency in primary hepatocytes. Work is ongoing to characterize lead
candidates in a humanized liver model relative to wild-type serotypes.
In addition, the neutralization profiles of the variants were assessed.
Variants were ranked based on resistance to neutralization by
intravenous immunoglobulin (IVIG) and a human plasma pool.
Subsequently, the seroprevalence of a lead candidate was established
against 96 human plasma samples in a high throughput transduction
inhibition assay. Increased ability to overcome pre-existing immunity
was inversely correlated to the ability to transduce liver cells.
Our capsid engineering process provides the opportunity to explore
capsid sequence space, and in conjunction with functional data, to
accelerate the evolution and rational design of AAV capsids that will
advance gene therapy. Through this approach, we have identified
novel capsid variants with promising combinations of desirable
characteristics such as improved liver tropism and potency, as well as
reduced immunogenicity.

123. Bioengineered Hybrid Rep 2/6 Improves
Encapsulation of Single-Stranded Expression
Cassette into AAV6 Vectors

Marcos Tejero Ambrosio, Colin Caine, Hisae Yoshitomi
Kuoch, George Aslanidi

The Hormel Institute, University of Minnesota, Austin, MN

Introduction: Recombinant Adeno-associated viruses (rAAVs) are one
of the most widely used vector systems for gene therapy applications
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and the number of clinical trials increases year by year. With more
than thousand clinical trials ongoing, gene therapy is a growing part of
biopharmaceutical research. The current challenge remains unresolved
for sufficient vector production with high purity and guarantied safety
to satisfy increasing demand in pre-clinical testing on the large animal
models and human clinical trials. AAV is a gutless vector without
viral genes or wild-type viral protein expression, leading to a low
cytotoxic reaction by transduced cells. However, regardless of AAV
production methods, around 50% of generated capsids are lacking
fully encapsulated therapeutic genome called “empty capsids” and
are considered one of the main byproducts of AAV production. Thus,
full vs. empty ratio improvement can help to enhance AAV treatment
efficiency and reduce the risk of initiating cellular immune response
toward AAV traduced cells and eventually lead to inactivation of
AAV-mediated therapeutics. Hypothesis: Historically, AAV vectors
were produced with matching pairs of AAV serotype 2 Rep and
ITRs with only variables of capsid from different serotype of choice.
We hypothesize that molecular bioengineering of Rep proteins may
generate improved ratios of fully encapsulated vs. empty capsid,
reducing the amount of non-active vectors. Approach: In common
plasmid-based production systems expression of the Rep gene is
driven by two endogenous promoters, p5 and p19, generating four
splice variant proteins, Rep 78 and Rep 68, Rep 52 and Rep 40, what
are responsible for ITR contained expression cassette replication and
packaging. The expression of Cap gene, downstream of Rep, is driven
by p40 promoter in C-terminus part of Rep and produces the three
structural proteins for the capsid. Thus, we generated the hybrid Rep 2/6
gene which combined amino acids 1 to 92 of N-terminus part of Rep 2
containing DNA binding domain and C-terminus part of Rep 6 which
matches corresponding downstream Cap 6 gene. We next compared
the packaging of single-stranded expression cassette contained firefly
luciferase - GFP fusion flanked with ITR 2 by hybrid Rep2/6 was with
full Rep2 and Rep 6. Results: Our preliminary results obtained by
WB analysis on packaging cell line transfected for AAV preparation
indicate that there is clear reduced expression of Rep78/68 by Rep6
and that expression is restored in Rep2/6 hybrid to the level produced
by the Rep2 gene. On the another hand, all three Rep genes produced
similar levels and ratio of Rep52/40 and VP proteins. Consequentially,
Repé6 failed to generate high titer of DNA encapsulated viral particles
confirmed by qPCR with common promoter region primers. However,
Rep2/6 hybrid generated AAV titer similar to Rep2. Encapsulation
of DNA was evaluated by TEM imaging. Hybrid Rep2/6 improved
full/empty ratio compared to Rep2 suggesting that C-terminus part
of Rep6 encapsulates DNA more efficiently into AAV6 capsids then
Rep2. AAV-mediated luciferase activity in vitro on K562 cells and
in vivo on C57Bl6/] mice normalized to viral titer was similar for
production with all three Rep constructs. Conclusions and future
direction: Manipulation with Rep gene can be used to improve empty/
full ratio without compromising viral titer and activity. The future
direction of our studies include understanding the precise mechanism
of improved packaging by hybrid Rep2/6 and evaluation of difference
in AAV associated immunogenicity toward AAV6 capsid encapsulated
by different Rep genes. Acknowledgements: This project is supported
by NIH RO01HL131586 and FDA R01FD007483 funding.
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124. Programmable Adeno-Associated Viral
Vectors for Cell Specific Targeting

Francesco Puzzo, Chuanling Zhang, Feijie Zhang, Mark
A. Kay

Pediatrics & Genetics, Stanford University, Stanford, CA

Adeno-associated virus (AAV) are nowadays the most utilized viral
vectors for in vivo gene transfer. Their safety and efficacy continue to
be extensively studied in clinical trials. Nevertheless, the wide tropism
that characterizes these vectors prevents their use to specifically
target a certain type of cells or organs. Several groups included
ours have developed novel AAV capsids through DNA shuffling or
peptide display techniques to make vectors capable to improve the
transduction of specific tissues.Here, we developed an AAV vector
(Ne-AAV) displaying a single unnatural amino acid substitution on
the capsid surface for post-production vector engineering through
click chemistry.First, we rationally screened a panel of different AAV
serotypes and regions amenable for the insertion of the unnatural
amino acid. Next, we identified the AAVs that would tolerate the
unnatural amino acid substitution on the capsid without disrupting
their packaging efficiency. As a proof-of-concept, we functionalized the
Ne-AAVs through the conjugation with a widely characterized DNA
aptamer (AS1411) or a folic acid moiety (FA). In vitro specific uptake
of the AS1411-AAVs via aptamer targeting was assessed by using a
specific antidote against the AS1411. On the other hand, the specific
uptake of FA-AAV's was evaluated co-culturing the cells with an excess
of folic-acid or employing an antibody directed against the folic acid
receptor. AS1411-AAV showed up to 9-fold increase in transduction
compared to the non-conjugated counterpart in MCF-7 and A549
cells, two different cell lines commonly used for this type of aptamer.
FA-AAV displayed specific transduction in cell lines that overexpress
the folic acid receptor with an average 4-fold increase in transduction
compared to the non-conjugated vector.Studies in mice are underway
to evaluate whether the FA-AAV and AS1411-AAV might specifically
transduce cancer cells in a xenograft animal model.Overall, the high
versatility of these novel Ne-AAVs might pave the way to tailoring
gene therapy vectors toward specific type of cells both in ex vivo or
in vivo approaches.

125. Methylation of CpG Dinucleotides in
AAV Vector Plasmids Reduces TLR9 Immune
Activation

Rachana Patil, Bradley Hamilton, Rhonda Perriman, J
Fraser Wright

Pediatrics, Stanford University, Stanford, CA

Capsid-specific Cytotoxic T Lymphocytes (CTL) triggered through
toll-like receptor (TLRY) signaling can reduce AAV delivered
transgene expression. Unmethylated CpG (Me CpG) dinucleotides
are ligands for TLRY, and dimerization of TLRY receptors triggers
pro-inflammatory cytokines that potentiate capsid specific CTLs.
AAV genomes are hypomethylated at CpG. Previously, we performed
HEK triple transfection with BrDU-labeled plasmids. We observed a
bimodal density distribution of subsequent AAV particles with 50% at a
lower density suggesting eukaryotic origin, but unexpectedly 50% were
detected at a higher density suggesting BrDU-labeled plasmid DNA
was directly packaged into AAV particles. Thus, any strategy to increase
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CpG methylation must provide methyltransferase to AAV genomes
originating in both prokaryotic cells, predicted to be unmethylated
at CpGs, as well as eukaryotic cells predicted to be hypomethylated.
We are investigating vector genome methylation to decrease CTL
immune responses to AAV gene therapy. Our initial study focuses
on the methylation of AAV vector plasmids. We hypothesize that
methylated CpG in AAV vector plasmids will reduce TLR9Y activation.
Our initial experiments confirmed that adjuvant CpG containing
oligodeoxynucleotide (ODN) sequences stimulated TLR9-specific
immune signaling in an HEK reporter cell line, and significantly
reduced after CpG methylation. CpG containing AAV vector
plasmids stimulated a dose dependent increase in signaling from
TLR9 reporter cells. We next incubated AAV vector plasmids with
a methyltransferase, MSssI and verified methylation by comparing
MSssl treated and untreated plasmids after digestion with methylation
insensitive and sensitive restriction enzyme isoschizomers MspI
and Hpall, respectively(Figure 1). We then interrogated differential
transgene expression (GFP) on HeLa cells, and TLR9 immune
signaling in an HEK reporter cell line. Here, we report that transgene
expression is apparent after transfection by methylated plasmid,
although levels are significantly reduced compared to those from
unmodified plasmid. Moreover, we show that TLRY activation
was significantly decreased (p=0.012) in reporter cells transfected
by methylated plasmid, compared to unmethylated controls.
The observed decrease in transgene expression may be due to
promoter methylation, or open reading frame methylation, or both.
Methylation dependent promoter inactivation could be prevented
with the use of a methylation independent promoter. Open reading
frame CpG methylation dependent decreases in expression is a
possibility, and is being characterized. Understanding the effect CpG
methylation in the ORF in the vector plasmids has on expression
efficiency is a key pre-requisite to our planned experiments to
methylate CpG dinucleotides in the expression cassette of AAV vectors.
TLR9 recognition of unmethylated CpGs is the first step in a signal
transduction pathway that eventually leads to CTL responses that
can eliminate therapeutic transgene expression. Here, we present
preliminary data supporting that AAV vector genome methylation
may be a viable strategy to decrease the CTL response to systemically
administered AAV. We previously reported that nearly half of AAV
vector genomes are directly rescued from vector plasmids. Therefore,
these studies are a necessary first step toward the production of AAV
vectors that avoid TLR9 recognition.
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Figure 1: Unmodified plasmid pRP1A was susceptible to
digestion using CpG methylation sensitive RE Hpall, but
resistant after CpG methylation using MSssl
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126. A Novel Engineered AAV2 Capsid
Variant CereAAV™ for Efficient In Vivo Gene
Transduction into Mouse Brain Neurons and
Microvascular Endothelial Cells

Yoshinori Tanaka, Hiroaki Nariki, Sayuri Ueda, Rina
Tanaka, Toshikazu Nishie, Fuyuko Takashima, Sachiko

Okamoto, Tatsuji Enoki, Junichi Mineno

Technology Development Center, Takara Bio. Inc, Kusatsu, Shiga, Japan
Introduction: Recombinant adeno-associated virus vectors (AAVs)
have been widely used as vehicles to deliver gene of interest for
research tool as well as for therapeutic purpose. Recently, Zolgensma®
for spinal muscular atrophy, was approved by the US Food and Drug
Administration (FDA) and many pre-clinical and clinical studies
targeting brain diseases have been performed using AAV2 and AAV9
serotypes via local and systemic administration. In particular, AAV9
have been commonly used for gene delivery into brain including
central nervous system (CNS) and several AAV9 derivatives such as
AAV-PHPSB, have been reported to transduce CNS efficiently. It has
been reported that AAV2 variant, designated AAV-BRI1 efficiently
transduced the Blood Brain Barrier (BBB) -associated endothelial cells
by systemic administration. However, there is still no AAV2 variant
is reported to transduce CNS across the BBB efficiently. To overcome
shortcoming of AAV2 property, we addressed to develop a novel
brain-targeting AAV vectors based on AAV2 serotype. Method: To
date, peptide library screening approach by inserting short peptide
exposed on viral particle surface, have been established as AAV capsid
engineering method for tissue-specific transduction. In this study, we
generated an AAV2 random peptide library and then injected into
Balb/c mice intravenously. After 3 weeks, AAV genomic DNA was
extracted from mouse brain and recovered by PCR amplification
followed by re-cloning as a new library. After 3 rounds of those
directed evolution, we identified several clones as brain targeted
AAV2 vector candidates. Result and Discussion: To evaluate peptide
mediate-transduction of engineered AAV2 mutant vector (AAV2mt)
into mouse brain, we generated three candidate AAV2mt harboring
AcGFP gene under the control of CAG promoter and then injected
these vectors intravenously at 1x10/12 vector genome/mouse into
Balb/c mice. After 4 weeks, we analyzed AcGFP expression in brain by
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immunohistochemistry (IHC) and AAV vector genome distribution
was quantified by qPCR in several organs. Significant AcGFP expression
mediated by AAV2mt were detected in whole brain and the expression
level and coverage were much higher than wild-type AAV2 and
AAV9. To confirm these results, we injected the AAV2mt into mouse
again and then determined the gene transfer target by IHC. AAV2mt
showed stronger AcGFP expression in the whole brain than AAV2
and AAV9 reproducibly, and the significant higher expression were
detected in hippocampus (CA2 region) and thalamus than in cerebral
cortex, striatum, and cerebellum. In addition, AAV2mt was efficiently
transduced into neurons and microvascular endothelial cells in the
mouse brain, but not astrocyte, oligodendrocyte and microglia. The
amount of AAV2mt vector genomes in brain was more than 250-folds
and 50-folds compared to wild-type AAV2 and AAV9, respectively. On
the other hand, the AAV2mt vector genomes in liver was 300-folds less
than wild-type AAV2. These results suggested that the AAV2mt named
CereAAV™ efficiently transduced brain and strongly de-targeted from
the liver.Now, we are trying to analyze the gene transduction capability
of this CereAAV™ in non-human primate model, such as marmoset
and reveal the mechanism of efficient gene transfer in brain, especially
in neurons. This AAV2 mutant, CereAAV™, may have a benefit to use
as a transduction tool for research use, but also clinical studies against
brain diseases, due to efficient gene delivery to whole brain and de-
targeting from liver by intravenously administration.

127. Applications of Light Scattering for
Adeno-Associated Virus (AAV) Production and
Characterization

Darren Begley

GTFAD, National Resilience, Inc., Waltham, MA

Light scattering methods can be employed to assess the mass, size
and other critical quality attributes for AAV material testing and
characterization. When coupled with size-exclusion chromatography
(SEC), ultraviolet (UV) absorbance and differential refractive index
(dRI) detectors, SEC-MALS has the potential for execution as an
informative and efficient multi-attribute method (MAM). This session
will cover how the Gene Therapy group at Resilience is utilizing multi-
angle light scattering (MALS) to help drive process development
decisions for AAV production and purification. Recent findings from
SEC-MALS analysis will be compared with data generated by alternative
light scattering methods, specifically dynamic light scattering (DLS)
and mass photometry, with an aim to pinpoint specific process steps
where each method may generate the greatest value.
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128. Capsid Selection Strategy for the
Development of Gene Therapies Based on
Structural and Functional Analyses of a Panel
of AAVHSCs

Laura J. Smith, Nancy Avila, Liana Behmoiras, Ludovic
Benard, Jeft Ellsworth, Katherine Gall, Daisy Huynh,
Monicah Kivaa, Kruti Patel, Meghan Scarpitti, Lindsay
Schulman, Tania Seabrook, Thia St. Martin, Sumeet
Sarin, Minglun Wang, Victor Zhivich, Albert Seymour,

Omar Francone, Jacinthe Gingras
Homology Medicines, Bedford, MA

Capsid selection, when developing a gene therapy, is a decisive step
to increase success in the clinic. The capsid specific tissue, cellular
pathway and cell-type tropism among different species and routes of
administration all play critical roles in this strategy. First identifying
the cell/tissue/organ or organ systems that need to be corrected based
on the clinical presentation of the target disease and then overlapping
this need with a capsid’s characteristics can give rise to the best
comprehensive outcome for the affected individual. We leverage
AAVHSCs, a panel of 15 naturally occurring adeno-associated virus
(AAVs) isolated from healthy human hematopoietic stem cells (HSC)
which differ from Clade F member AAV9 and each other by one to
four amino acids. The naturally occurring variations in the AAVHSCs
are located in different functional regions of the capsid, including but
not limited to, hypervariable regions, phospholipase domain, basic
regions and glycan binding sites, which render each capsid with a
unique set of features. By understanding the relationship of how each
variation, based on structural and functional mapping, contributes
to the unique characteristics of each capsid, we identify key insights
to help guide our AAVHSC program capsid selection strategy across
rare metabolic and neurological diseases. These capsid specific features
are not limited to tropism, but also include overall immune responses,
cellular or glycan binding and transduction kinetics. Herein we present,
in vivo murine and non-human primate data, as well as in vitro data
sets illustrating our AAVHSC capsid selection strategy for therapeutic
applications. In vivo, we execute this strategy by comparing cellular
vector genomes (vg), biodistribution, transgene output, translatable
biomarkers and/or behavioral analyses across our intravenous
programs or studies. Additional disease-specific evaluations, such as
accessing the blood circulation or cerebrospinal fluid via secretion
or crossing successfully into the nervous system via its wide range of
blood-barriers, are included when necessary to guide the dose-selection
rationale and achieve the most appropriate systemic distribution. In
vitro, information on how the unique and naturally occurring capsid
variations influence detailed functions such as trafficking, second
strand synthesis or vg translation is also being utilized to further guide
capsid selection. This vast amount of information and understanding
of the AAVHSCs has been utilized in selecting capsids for therapies
targeting lysosomal storage disorders. An example exemplifying this
rationale is our gene therapy approach to Hunter Syndrome, which
required not only widespread distribution to key tissues such as lung
and kidney, but also benefited from a capsid targeting the choroid
plexus for secretion and cross-correction in the central nervous
system. These approaches in mind along with our panel of 15 naturally
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occurring AAVHSCs allows Homology Medicines to embrace a capsid
selection rather than a “one-capsid-fits-all” limitation to best develop
disease specific therapeutics.

129. Directed Evolution of an AAV5 Capsid
Library Identifies a Variant with Enhanced
Transduction in Non-Human Primate

and Rodent Brain Following Systemic
Administration

Mathieu E. Nonnenmacher, Amy Z. Ren, Wei Wang,
Matthew A. Child, Xiao-Qin Ren, Katherine Tyson,
Jessenia Laguna-Torres, Anupriya Kulkarni, Nilesh
Pande, Ambreen Sayed-Zahid, Charlotte H. Y. Chung,

Michael Hefferan, Tyler Moyer, Damien Maura

Voyager Therapeutics, Cambridge, MA

Recent efforts aiming at engineered Adeno-Associated Virus (AAV)
capsids for improved transduction of the central nervous system (CNS)
have been largely focused on AAVY, partly because of the propensity
of this serotype to cross the Blood-Brain Barrier more easily than
other AAVs. Alternative AAV serotypes, however, could offer unique
features in terms of tropism, tissue specificity, manufacturability or
immunogenicity. We applied our proprietary RNA-driven TRACER
evolution method to AAVS5, a highly divergent AAV serotype with a
low prevalence of preexisting neutralizing antibodies in the general
population. In order to increase the likelihood of identifying capsids
with cross-reactivity between primates and rodents, the library was
screened in parallel in non-human primates (NHP) and in rats.
Following two rounds of biopanning, we identified a variant, VCAP-
100, that showed a marked improvement in brain transduction in both
NHPs and rats (60- and 40-fold, respectively) relative to AAV5. The
VCAP-100 capsid was tested in cynomolgus macaques by intravenous
dosing of 5el3 viral genomes per kg with a self-complementary
transgene. Relative to AAV9 used as a benchmark, VCAP-100 allowed
20-fold higher brain transduction and 5-fold higher spinal cord
transduction. Transduction was widespread throughout multiple brain
regions, but was noticeably high in the caudate, putamen, geniculate
nucleus, thalamus, hippocampus, cerebellar cortex and deep cerebellar
nuclei. Transduction was detected in cells showing either neuronal
or glial morphology, suggesting a broad cell tropism. Transgene
expression from the VCAP-100 capsid was similar to AAV9 in the
liver and the heart but was 50% lower in the dorsal root ganglia (DRG).
Consistently, whereas mild histopathology findings were observed
in the lumbar DRGs of NHPs injected with AAV9, no microscopic
findings were noted in the animals dosed with the VCAP-100 capsid.
Our data indicate that the VCAP-100 capsid presents a combination
of favorable attributes including high CNS transduction from the
intravenous route in NHPs, cross-species translatability, a favorable
immunological profile and an improved safety profile, possibly caused
by reduced DRG transduction.
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130. Engineering AAV Capsids with CNS-
Targeted Biodistribution from Massively
Diverse Libraries Using Machine Learning
Thomas A. Packard, Erica Cates, Jeremy Bazinet, Kevin
C. Stein, Yue Jiang, Michael Lee, Maria E. L. Andrade,
Thomas J. Long, David J. Huss, Ron Hause, Adrian W.
Briggs

Shape Therapeutics, Seattle, WA

Targeted biodistribution of AAV remains a critical challenge for human
gene therapies. CNS-targeted therapies currently use wild type AAV9,
which is limited by high transduction of the liver and the dorsal-root-
ganglia (DRG). Off-target AAV transduction limits therapeutic efficacy
and increases toxicity, leading to great interest in capsid engineering to
improve biodistribution. Previous capsid engineering strategies have
generally been limited to libraries of relatively low diversity (thousands
to millions of capsids), probing only a small portion of the vast
possible space of capsid design; and employed positive-only selection,
which fails to select against off-target tissue tropism. The AAVidTM
platform leverages massive diversity capsid libraries and direct-to-
non-human primate (NHP) biological selection for high-resolution
mapping of the AAV mutational space to determine features affecting
capsid assembly and tissue tropism. We have generated two distinct
AAVidTM libraries: a combinatorial variant library with mutations in
the sialic acid binding pocket on the AAV5 backbone (AAV5id) and a
dual loop extension library on an AAV9 backbone (AAV9id). The total
estimated viral diversity input in NHP was >1 billion for AAV5id and
~500M for AAV9id. We screened each library in four animals (two
males, two females) and recovered >30 million unique AAVidTM
capsid sequences from over 50 distinct tissues. To analyze this primary
dataset, we developed a novel computational pipeline that accounts
for sparse sampling and clusters similar sequence variants, enabling
us to identify high-confidence capsid variants for a tissue of interest
(positive selection) while de-targeting others (negative selection) for
advancement into a functional secondary screen. We present data from
applying the AAVidTM platform for identification of CNS-targeting
capsid variants following intravenous administration. From our
AAV5id primary screening dataset, we selected ~3000 capsid variants
that were only observed in the CNS across multiple brain regions in
multiple animals, as well as CNS-specific variants with similar primary
amino acid compositions. We applied supervised machine learning to
identify variant amino acid sequences with the highest probability of
CNS-targeting/peripheral-detargeting (top 1.1% likelihood). Using
the outputs of these models, we also expanded our search space to
include synthetic, machine learning-generated CNS-targeting variants
(top 0.03% likelihood). In total, we advanced 5000 capsid variants and
controls into an NHP secondary screen that profiles both DNA and
RNA to measure functional, cell-type-specific transduction within
the target tissue. The AAVidTM platform significantly advances the
magnitude of novel capsid screening power and computational analysis
to identify next-generation AAV capsids with tissue- and cell type-
specific biodistribution.
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131. Investigation of AAV-Like Capsid
Candidates for Functional Gene Delivery

Victoria Jane Madigan'?, Elena Puccio?, Feng Zhang'?
'MIT, Cambridge, MA,’Broad Institute, Cambridge, MA

Adeno-associated viruses (AAVs) are non-pathogenic parvoviruses
that are currently the foremost gene therapy vectors. As gene therapy
is increasingly employed to treat a variety of indications, AAV capsids
serve a critical role in delivering therapeutic nucleic acids. However,
frequent natural AAV infection in humans causes high rates of pre-
existing antibodies against AAV in clinical populations, and this
seropositivity can exclude patients from AAV gene therapy. Further,
effective delivery of larger transgenes in AAV vectors remains a major
challenge to successful gene therapy, due to the restrictive 4.7 kb
packaging capacity of AAVs. In particular, this packaging capacity
presents a challenge for delivery of gene editing cassettes, which
often extend beyond 6kb even before including optimal regulatory
elements. To overcome these limitations, we investigate non-AAV
capsids sharing structural features of AAV virions to elucidate novel
gene therapy vectors. Amongst our capsid candidates are isolates from
Densovirus (DNV), a subfamily of parvoviruses which include isolates
with genomes extending beyond 6kb. Although DNV naturally infect
invertebrates, we find that capsid proteins from many DNV isolates,
including Galleria mellonella densovirus and Penaeus monodon
hepandensovirus, are effectively expressed in mammalian cells when
codon optimized and controlled by mammalian regulatory elements.
Using transmission electron microscopy, we show that DN'V's produced
from mammalian cells can assemble capsid structures with diameters
of approximately 25 nm, as would be expected in their natural host. We
explore genome packaging strategies using both the natural genome
replication machinery of our capsid candidates, as well as synthetic
genome packaging machinery to encapsidate an exogenous transgene
cassette. We aim to engineer the tropism of these novel vectors in
hopes of generating an immune-evading AAV alternative for delivery
of genome editors.

132. Chemically-Engineered AAV Vectors: How
Chemistry Improves AAV Liver Gene Delivery
Pierre-Alban Lalys', Mohammed Bouzelha?, Karine
Pavageau?, Dimitri Alvarez-Dorta', Audrey Bourdon?,
Sébastien Gouin', Nicolas Jaulin?, Mickael Guilbaud?,
Caroline Le Guiner?, Oumeya Adjali’, David Deniaud’,

Mathieu Mevel®

'Nantes Université, CNRS, CEISAM UMR 6230, F-44000 Nantes, France, Nantes,
France,’Nantes Université, CHU de Nantes, TaRGeT - Translational Research in
Gene Therapy, INSERM UMR 1089, F-44200 Nantes, France, Nantes, France
Results from gene therapy clinical trials for hemophilia demonstrate
the potential of the adeno-associated virus (AAV) vector platform to
target the liver. However, to achieve therapeutic transgene expression,
high vector doses are often required which raises safety concerns.
To address this issue and increase the therapeutic index of AAV vectors,
we developed astrategy of covalent grafting of chemical organic molecules
on the surface of AAV capsids. In order to target asialoglycoprotein
receptors (ASPGR) expressed on the surface of hepatocytes, a family
of GalNAc ligands associated with a phenylisothiocyanate coupling
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function was synthesized and conjugated to AAV2 vectors to
generate chemically-engineered AAV vectors (ChemLiver-AAV2)'.
After validation of the chemical coupling using a panel of analytical
assays, we evaluated the in vivo efficiency of ChemLiver-AAV2 for
liver cell transduction. Mice were injected with either unmodified
AAV2 or ChemLiver-AAV2 vectors both carrying an eGFP reporter
gene expression cassette. One month post injection, ratios between
eGFP mRNA levels (RQ) and vector copy numbers (vg/dg, vector
genomes per diploid genome) analyzed in liver resulted in a value
of 0.37 £ 0.1 vs 30 £ 15 respectively with non-modified AAV2 and
ChemLiver-AAV2. Said differently, one copy of ChemLiver-AAV2
vector expressed up to 80 times more eGFP mRNA than one copy of
AAV2. Furthermore, ChemLiver-AAV2 vectors showed a moderate
reduced interactions with pre-existing capsid neutralizing factors
when compared to AAV2 vectors, which, if confirmed, would be of
interest in individuals with preexisting humoral anti-AAV immunity.
Taken together, our findings reveal the great potential of
creating a liver specific engineered AAV platform via chemical
coupling to improve AAV-mediated liver gene therapy.
1. Mével et al., Chemical Science, 2020, 11, 1122. Mével et al.,
Patent WO2017EP64089 20170609, 2017. Mével et al., Patent
WO2020EP69554 20200710, 2019. ) ]
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133. RBSeq: A Novel Bayesian Approach
for More Comprehensive Characterization
of Variant Performance in High-Throughput
Capsid Screening

Roland Brown, Wei Tong Chen, Eric Milliman, Yuan

Yuan, Feng Gao, Junghae Suh

Biogen, Cambridge, MA

Adeno-associated virus (AAV) vectors have become a promising
gene delivery modality in treating a wide variety of diseases.
However, due to the high complexity of the AAV sequence space,
we are still searching for the ideal capsids that would satisfy multiple
optimization objectives such as tropism, safety, and production
fitness. Using next-generation sequencing (NGS) technologies,
we can more efficiently explore the large AAV capsid sequence
space through screening of high diversity libraries, allowing for
comparison across many AAV capsids in a single experiment.
However, analyses of capsid screening datasets often employ
simple output/input ratios or co-opt differential expression
methods to estimate capsid functionality. These approaches
can suffer from several drawbacks, including (1) unreliable and
unstable estimation due to a preponderance of low or zero-
counts in high-diversity screens, and inability to (2) accurately
quantify uncertainty in enrichment estimates and (3) directly
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compare capsid enrichment results across screening experiments.
To address these concerns, we propose RBSeq, a novel empirical Bayes
beta-binomial model, where shared beta priors estimated from the
data induce borrowing across capsids, creating a stabilizing effect on
fold-change estimates for low-count variants. Beta-binomial conjugacy
enables RBSeq to efficiently simulate directly from log fold-change
posterior distributions even for very large screens. This allows for a
complete characterization of the uncertainty in enrichment estimates,
as well as increased flexibility in downstream analysis pipelines, where
fold-change point estimates as well as measures of variability can be used
to inform machine learning models to predict capsid efficiency from
amino acid sequence. Combination of RBSeq with spike-in experimental
designs additionally facilitates full posterior inference on enrichment
of experimental capsids relative to well-characterized variants,
allowing results to be compared more directly across experiments.
We show that RBSeq, relative to existing approaches, exhibits
comparable or superior statistical properties in simulated datasets and
increased estimation stability in real capsid screening experiments.
Additionally, we show how to leverage full posterior inference in
RBSeq to enhance and increase performance of downstream machine
learning analysis pipelines.

134. AAV Hijacks Cellular Secretion Machinery
for Efficient Viral Egress

Zac Elmore, Daniel Oh, Aravind Asokan

Surgery, Duke University, Durham, NC

Cellular egress of wild type Adeno-Associated Viruses (AAV) likely
plays a role in viral dissemination and spread. Recombinant AAV
vectors belonging to different clades are known to be secreted into
cell culture media during production with variable efficiency. We
recently demonstrated that the membrane-associated accessory protein
(MAAP), expressed from a frameshifted open reading frame in the
AAV cap gene, is an AAV viral egress factor. However, the cellular
mechanisms exploited by MAAP to stimulate viral egress remain
unknown. In order to elucidate this process, we employed a BioID
proximity-based proteomics approach to identify host cellular proteins
that participate in viral egress and secretion. Following MA AP8-BioID2
expression during rAAV8 MAAPA production, we found that MAAP
was able to differentially biotinylate host proteins when compared to
the 13x-BioID2 biotin ligase alone. Proteomic analysis of biotinylated
MAAP interacting proteins revealed nearly 400 candidates that were
enriched (log, fold change greater than 1.5) in MAAPS expressing cells
over control. The main predicted biological functions of these host
genes as determined by GO term analysis are regulation of protein
localization to the plasma membrane, exocytic processing and vesicle
docking. These interactors were of particular interest as they further
suggest arole for MAAP in regulating AAV virion release by co-opting
the cellular exosomal biogenesis machinery. Results from ongoing
studies further exploring the relative contributions of these cellular
host factors to AAV egress will be presented. Taken together, our
findings provide a roadmap for manipulating AAV egress mechanisms
to improve manufacturing processes.

AAV Vectors - Virology and Vectorology |

135. GRE Modification of AAV D-Sequence
Does Not Enhance Baseline Transduction
Efficiency in Self-Complementary AAV2 or 3

Frederick J. Ashby, Coy Heldermon

Department of Hematology and Oncology, University of Florida College of
Medicine, Gainesville, FL

Self-complementary Adeno-associated Virus (scAAV) vectors are
currently being investigated to treat genetic diseases and have a
trans-gene expression advantage over typical single-stranded AAV
(ssAAV). This is believed to be due to the ability to bypass second-
strand synthesis. Previous work has suggested that glucocorticoids
may modulate scAAV vector transduction in vitro, but this same effect
is not observed in ssAAV vectors. It was previously hypothesized
based on sequence alignment that the AAV D-sequence may harbor
a partial glucocorticoid response element (GRE) which may lead to
transcription regulation in its self-complementary form. As previously
reported, analysis by EMSA showed partial binding of glucocorticoid
receptor (GR) to double-stranded AAV2 & 3 D-sequence. It was
then investigated if modification of the D-sequence to share more
similarity with the human GRE would enhance vector transduction
efficiency through enhanced transcription activation. Different
huGRE-D-sequence vectors were then generated and packaged to
investigate their effect on transduction efficiency in vitro. Both scAAV2
(pCBA-EGFP) & scAAV3 (pTTR-EGFP) vectors were packaged with
either wild-type (wt) D-sequence or GRE-modified D-sequences.
No significant differences in PEI-transfection efficiency were found
between these packing plasmids. Southern blot analysis of rescue
replication showed no inhibition of rescue replication from these GRE
D-sequence modified packaging plasmids compared to equivalent
wt-D-sequence packaging plasmids. These GRE-D-sequence AAV
vectors and their equivalent wt-D-sequence vectors were used to
transduce a hepatocellular carcinoma cell line (Huh7) at 1,000 &
5,000 MOI. GFP activity was compared via fluorescent microscopy
and spectrophotometric methods. Of all the GRE modifications
investigated in AAV2 & AAV 3, none were able to exceed transduction
efficiency of their respective wt-D-sequence vectors, including in
the presence of glucocorticoids. In fact, GRE-modified vectors had
a slightly lower overall transgene expression efficiency compared
to their respective wt-D-sequence controls at 1,000 MOI (AAV2-
CBAp p<0.001; AAV3-TTRp p<0.05) and at 5,000 MOI for AAV2
(AAV2-CBAp p<0.05; AAV3-TTRp NS p>0.05). While glucocorticoid
treatment may have a modest effect on transgene expression in vitro,
these results suggest the use of GRE-D-sequence modified vectors is
not an effective method for improving AAV transduction efficiency.

136. ITRs from AAV Serotypes Differentially
Stimulate Innate Immune Signaling through
TLR9

Bradley A. Hamilton, Rachana Patil, Rhonda Perriman,

] Fraser Wright

Stanford, Palo Alto, CA

Every year, nearly eight million children are born with serious genetic
disorders, and over three million die before age five'. While two AAV
gene therapies have been FDA approved, many candidates have been
hindered by safety and/or efficacy challenges. To fully realize the
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potential of AAV therapies, factors contributing to efficacy-limiting
immune responses must be better understood and addressed.
Cytotoxic T Lymphocyte (CTL) responses to AAV destroy transduced
cells displaying AAV antigens and eliminate therapeutic transgene
expression. The CTL response is initiated when Toll-Like Receptor
9 (TLRY) encounters unmethylated CpG dinucleotide pathogen
associated molecular patterns. The CpGs in AAV vector genomes are
99% unmethylated, likely due to replication kinetics in production
cell-lines. Several strategies are being tested, in our lab and others,
to reduce TLRY signaling and CTL immune responses to AAV
vector genomes. At minimum, AAV vector genomes are comprised
of a promoter-driven transgene flanked by Inverted Terminal Repeat
(ITR) sequences. ITRs are essential for transgene packaging and are the
only required viral sequences in AAV vector particles. For historical
reasons, the ITRs employed in most AAV vectors are derived from AAV
serotype 2 (AAV2). Little is known about the relative immunogenicity
of ITR sequences derived from other AAVs. We hypothesize that ITRs
with lower CpG frequency will initiate less signaling through TLR9.
We compared ITR sequences from 11 AAV genomes available in
NCBI: serotypes 1-8, avian, bat and bovine AAV. Six ITR sequences,
including AAV2, have 16 CpGs (frequencies ~11%); AAV1 and AAV3
have 14 CpGs (9.8%); AAVS has 12 (8.3%) and AAV4 has 10 (6.8%).
Intriguingly, the Bat ITR has only 4 CpGs (a frequency of 2.8%). We
synthesized these AAV'™® sequences, as well as a CpG-free'™, and
compared TLRY activation in HEK cells expressing exogenous hTLR9
(HEKTLRY) with downstream promoters driving a Secreted Enzymatic
Alkaline Phosphatase (SEAP) reporter gene. TLRY signaling leads to
SEAP secretion and substrate cleavage and is measured by absorbance.
We found significant differences in absorbance after ITR exposure in
HEKTLRY, but not in parental cells lacking TLR9. Surprisingly, CpG
frequency did not correlate with TLR9 activation. TpCpG motifs
found in the REP protein binding element of the ITRs are potent TLR9
agonists, and we are currently investigating their impact. AAV3'*®
was the strongest TLR activator, with 200% the signal of AAV2'™®
(p=0.0004). In contrast, AAV8'™® was least stimulatory, activating
TLRY 48% less than AAV2'™ (p=0.01) and insignificantly less than
the CpG free'™. Non-denaturing agarose electrophoresis showed
banding patterns consistent with base paired ITR secondary structures,
which migrate faster than polyT unpaired controls. Intriguingly,
AAV8'™ and BatAAV'™® ran slower than all other AAV'™ hinting at
secondary structure differences, although these differences did not
correlate with TLR9 activation. We also tested if methylation of CpGs
would decrease TLRY activation and observed a decrease in TLR9
activation to levels equal to CpG-free™. Migration of methylated
ITRs was indistinguishable from unmethylated counterparts after
electrophoresis, suggesting no change in secondary structure. This
study demonstrates the potential for decreasing AAV immunogenicity
through alternative I'TR design.

137. Characterizing the Amino Acid
Distribution of a 7-mer Peptide Insertion at
Variable Regions IV, V and VIIl on the AAV
Capsid

Quan Jin, Weitong Chen, Yuan Yuan, Junghae Suh
Gene Therapy Accelerator Unit, Biogen, Cambridge, MA
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Insertion of short, random peptides into the adeno-associated virus
(AAV) capsid variable regions is a commonly used strategy to produce
high-diversity AAV libraries for directed evolution. However, not
all amino acid insertions are well-tolerated in the context of the
AAV capsid, and incorporation of certain amino acids, particularly
bulky residues, in a peptide insertion may negatively impact capsid
production fitness. Here, we generated libraries containing 7-mer
peptide insertions at variable regions (VRs) IV, V and VIII on an AAV
capsid. For the library constructs, the Cap gene was placed between the
AAV inverted terminal repeats (ITRs) such that each capsid produced
would be packaged with its own originating genome. Following
library production in HEK293T cells, PCR was used to recover the
peptide-encoding amplicons from the produced AAV library for
deep sequencing. We compared DNA and AAV library amplicon
sequencing data to establish a capsid fitness map, where amino acids
at each insertion position were evaluated based on their enrichment
in the produced AAV library compared to the DNA library. Toward
this aim, a fitness score for every amino acid at each position in the
peptide sequence was calculated. Across all peptide insertion positions,
smaller residues (e.g., glycine, serine, asparagine) were generally better
tolerated compared to bulkier residues. We observed depletion of
bulky amino acids such as arginine, tyrosine and tryptophan across
the three tested variable regions at most positions (tryptophan fitness
score at VR-IV: -0.41 to -0.55, VR-V: -0.16 to -0.44, VR-VIII: -0.28 to
-0.65). From this analysis, we determine that properties such as amino
acid size, hydropathy, charge and other factors may substantially affect
production fitness of the resulting variant when inserted into the AAV
capsid at the VR-IV, VR-V and VR-VIII insertion sites. Delineating
these relationships may facilitate data-driven design of peptide
insertion sequences that are less likely to impact AAV yields.

138. AAV.Ghost: Novel Stealth Capsid for
Improved Central Nervous System Gene
Delivery and Neutralizing Antibody Evasion
Haley C. Grimason'?, Lena Labdi"?, Cassandra M.
Izzo"?, Justin Ungerleider’?, Guyu Liu"?, Pamela St.
Louis'?, Ana Rita Batista'?, Heather Gray-Edwards*’,

Miguel Sena-Esteves'?

'Neurology, UMass Chan Medical School, Worcester, MA,*Horae Gene Therapy
Center, UMass Chan Medical School, Worcester, MA,*Radiology, UMass Chan
Medical School, Worcester, MA

In vivo selection of AAV9-based peptide display libraries has yielded
new variants with improved gene transfer to various tissues including
the central nervous system (CNS) and more recently skeletal muscle.
Most libraries have been generated by insertion of a randomized library
of seven amino acids (207 or 1.28x10° possible variants) inserted in the
loop on variable region VIII (VR-VIII) after amino acid 589 in the
VP1 gene. Various strategies have been employed to identify capsids
that successfully navigate the black box of biological mechanisms
necessary to transduce cells in the tissue of interest. We employed
an expression-based strategy to enrich for functional capsids using a
human synapsin-1 promoter-driven EGFP transgene cassette with the
AAV p40 promoter and AAV9 cap-library in the 3’UTR. AAV capsid
libraries using transgene expression for in vivo selection are compatible
with selection in mice and other research animal species. We generated
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the AAV9 capsid library by insertion of the 7-mer randomized library
after position 589 of AAV9 VPI1 using degenerate primers. NGS
analysis of plasmid and viral libraries showed largely uniform peptide
representation. Our goal in this study was to select an AAV9 variant
that transduces the CNS more efficiently than AAV9 with lower
sensitivity to pre-existing NAbs. The viral library was incubated with
AAV9 NAb-positive non-human primate (NHP) serum (1/5 dilution)
pre-injection, and then 2E12 vg injected systemically into 6-8 week-old
C57BL6/] male mice via the tail vein. Mice were sacrificed four weeks
post-injection and total RNA isolated from brain and library sequences
amplified by RT-PCR followed by NGS analysis of peptide frequency.
AAV.Ghost (AAV.G) showed the highest frequency in the CNS and
skeletal muscle compared to other variants, but among the lowest
frequencies in liver. The sensitivity of AAV.G to antibody neutralization
was assessed in HEK293T cells using both human IVIG, and AAV9
NAb-positive NHP serum. AAV.G resisted neutralization by IVIG to
2-fold higher concentrations than AAV9, while NAb-positive NHP
serum had no effect in its transduction efficiency. The transduction
profile of AAV.G was compared to AAV9 in C57BL/6] male mice
injected systemically (1E12 vg) and intrathecally (IT; 1E11 vg). Mice
were sacrificed at 4 weeks post injection and total DNA extracted
from liver, brain and sciatic nerve for vector genome copy analysis
by real-time quantitative PCR. The brain transduction efficiency of
AAV.G was 10- and 70-fold higher than AAV9 when injected IT or
systemically, respectively. No difference was apparent in sciatic nerve
gene transfer efficiency. Liver transduction was considerably lower for
AAV.G compared to AAV9. Additional studies are ongoing in mice
and NHPs to determine whether the robust properties of AAV.G are
conserved across species and thus determine its potential as a clinically
relevant variant.

139. Profiling Promoters and Scanning for
Enhancers to Refine Gene Modulation via AAV
Gene Therapy

Priyanjali Ghosh', Oliver King?, Scot Wolfe?, Miguel

Sena-Esteves'

"Neurology & Horae Gene Therapy Center, UMass, Worcester, MA,’Neurology,
UMass, Worcester, MA,’Molecular Cell and Cancer Biology, UMass, Worcester,
MA

Since the advent of Adeno-associated virus (AAV) vectors as a
biotherapy, there has been a continuous effort to fine-tune its
efficacy-this includes the design of therapeutic transgenes, which is
constrained by the 4.7Kb packaging capacity of AAVs. Here we discuss
strategies in refining the recombinant AAV cargo in the context of
a rare disease called Dravet syndrome (DS). We will i) profile the
cell-type-specific expression potency of commonly used promoters
in the CNS and ii) use genomic libraries to identify enhancers
with the goal of engineering a transgene cassette that can modulate
gene expression in a highly targeted, cell-type-specific manner.
DS is a severe epileptic encephalopathy caused by de novo mutations in
the SCN1A gene. This results in haploinsufficiency for the al subunit of
the voltage-gated sodium channels, which are localized to GABAergic
interneurons. To treat haploinsufficiencies, one may deliver a transgene
that increases the expression of the normal allele with the consideration
that non-specific upregulation could have catastrophic consequences.
For DS, this entails identifying transcriptional activators that will boost
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endogenous SCN1A expression specifically in GABAergic interneurons.
Selectively targeting a neuronal subtype will require a highly specific
promoter. Studies have shown promoters like the hybrid CMV/chicken
B-actin promoter (CAG), methyl CpG-binding protein 2 (MeCP2),
ubiquitin C promoter (UBC), and synapsin-1 (Syn-1) to be broadly
expressed in neurons. Yet, little is known about their functionality
in neuronal subtypes. Here we are characterizing the potency of
CAG, UBC, MeCP2, and Syn-1, at the single-cell level in different
neuronal populations. AAV-PHP.eB vectors encoding NLS-eGFP
driven by each of these promoters were delivered intravenously to
6-8week old C57BL/6] mice at a dose of 3el1 vector genomes. Brain
tissue was collected 4 weeks post AAV delivery. From these samples,
we will isolate GFP+ve nuclei, build single nuclei libraries with 10x
Genomics, and perform snRNAseq on them. Such in-depth analysis
will not only elucidate promoter functionality at the single-cell
level but will also give us critical information that will drive a more
rational selection of ‘ubiquitous’ promoters for CNS gene therapy.
For our targeted gene therapy, we also plan to develop small, artificial
regulatory elements by combining minimal promoters with enhancers
from our genes of interest. Unlike promoters, enhancers are often
located far away from their cognate genes. Thus, one must scan
enormous genomic tracts to find potential enhancers. For DS, we have
designed large-scale libraries that will probe genomic regions around
SCNIA, GADI, GAD?2 to identify putative GABAergic neuron and
SCNIA specific enhancers. Our libraries consist of ~92,000, 130nt-
long DNA fragments that are tiled across a 2Mb region around our
candidate genes. These libraries were cloned downstream of a minimal
SCNI1A promoter in AAV-PHP.eB vectors encoding NLS-eGFP. Next,
systemic delivery of the AAV libraries in mice, followed by snRNAseq
on GFP+ve nuclei, should enable us to find enhancers that provide
various levels of SCNIA expression restricted to GABAergic neurons.
Additionally, existing ATACseq data from mouse and human brains
will also be analyzed for candidate enhancer elements in SCN1A, GADI,
GAD?2 promoters. Information from the latter might complement our
broad empirical approach and further refine the selection of enhancers.
In conclusion, we hope to demonstrate that these methodologies
will not only help us design a transgene cassette that can upregulate
endogenous SCN1A transcription but these approaches can also be used
to systematically find additional regulatory elements for other diseases.

140. Determining the Impact of rAAV Genome
Size on Vector Production and Quality

Michael Boyd', Stefan Haemmig', Jake Cosgrove’,

Ge Tan?, Jenifer Kaplan', Ranjith Munigunti®, Nancy
Lewicki', Edward J. Oakeley*, Joel Jenzer*, Samuel
Aeschlimann?, Samuel Mount®, Sophie Dessus-Babus®,
Olga Slack’, Hon-Ren Huang'

'Novartis Biologics Center, Novartis Institutes for BioMedical Research,
Cambridge, MA,?Novartis Biologics Center, Novartis Institutes for BioMedical
Research, Basel, Switzerland,’Novartis Biologics Center, Novartis Institutes

for BioMedical Research, San Diego, CA,*Chemical Biology and Therapeutics,
Novartis Institutes for BioMedical Research, Basel, Switzerland,”Chemical Biology
and Therapeutics, Novartis Institutes for BioMedical Research, Cambridge, MA
Recombinant Adeno-Associated Virus (rAAV) vectors have proven to
be a compelling therapeutic for the treatment of debilitating genetic
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diseases. The wild-type virus is a small non-enveloped dependovirus
with a single stranded DNA genome of approximately 4.7kb. One of
the most important features of the virus are the inverted terminal
repeats (ITRs), which are positioned at both ends of the viral genome.
The ITRs are the only viral sequence needed for rAAV genome
replication and long term episomal formation. rAAV therapeutics are
constructed by replacing the wild-type genomic DNA in-between the
ITRs with a transgene cassette, containing a promoter, gene of interest,
and other expression related components. The overall productivity,
quality, and developability of rAAV therapeutics has been shown
to be influenced directly by the design of the transgene cassette.
Previously, studies have shown that the transgene cassette size can
heavily influence quality characteristics that are crucial for successful
gene therapies, including genome packaging and potency. To better
understand the impact of genome size on vector quality and analytical
characterization capabilities, we set out to create a set of I'TR plasmids
encoding different sized genomes expressing the same reporter gene.
In this work we present results collected from three ITR plasmids
encoding rAAV genomes that encompass the extremes of possible
sizes, including undersized (1.37kb), close to wild-type (4.59kb), and
oversized (5.67kb) vectors. The ITR plasmids were designed to have
identical components (ITRs, promoter, reporter, polyadenylation
signal, backbone) and only differ by the amount of stuffer sequence
included to reach the specific genome sizes. After producing the three
vectors using triple transfection, the purified rAAV were put through
a panel of characterization assays ranging from biophysical (analytical
ultracentrifugation (AUC), capillary isoelectric focusing (cIEF), size
exclusion chromatography coupled to multiangle light scattering (SEC-
MALS)), genomic (next generation sequencing (NGS)), and expression
based analyses. Through these assays, specific trends were observed
with each genome size, showing an impact on productivity and quality.
This work helps further the understanding of extreme rAAV genome
sizes on product quality and expand the knowledge of how these
changes in quality can impact analytical characterization capabilities.

141. Ly6a Receptor Affinity Impacts the Blood-
Brain Barrier Penetration and Tissue Targeting
Properties of AAV9-PHP.B Vectors After
Systemic Delivery

Richard A. Martino, Joshua Sims, Qiang Wang, James
M. Wilson

University of Pennsylvania, Philadelphia, PA

AAV9-PHP.B, a gene therapy vector based on adeno-associated virus
9 (AAV9), crosses the blood-brain barrier (BBB) in C57BL/6 mice
with unprecedented efficiency. AAV9-PHP.B achieves this brain
transduction phenotype through its interactions with Ly6a, a cellular
receptor expressed on the surface of murine brain microvascular
endothelial cells. Here we explore how the intrinsic affinity of the
PHP.B insert peptide for Ly6a impacts receptor engagement and BBB
crossing. First, we developed a series of PHP.B peptide mutations
that modulate the intrinsic affinity of AAV9-insert vectors for Ly6a.
Surprisingly, AAV9-PHPB insert variants with both increased and
decreased receptor affinity localized to the brain with equal efficiency.
However, BBB crossing and brain transduction was attenuated for
variants with both weaker and tighter Ly6a binding, indicating the
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original PHP.B peptide was near an affinity optimum for BBB function
defined by more than simple localization to the BBB. Furthermore,
while AAV9-PHP.B’s enhanced transduction properties are specific
for the central nervous system (CNS), Ly6a receptor expression can
be detected in the endothelial layers of organs outside the CNS. We
are presently investigating how receptor affinity impacts localization
to, and successful transduction of, these peripheral tissues. We discuss
the role of vector/receptor affinity in the targeted design of vectors to
overcome delivery obstacles in humans.

142. Strong Universal Micro Promoters for
Recombinant Adeno-Associated Viral (rAAV)
Vectors

Sunghee Chai', Leslie Wakefield', Mason Norgard?, Bin
Li', Markus Grompe'

'Oregon Stem Cell center, Oregon Health & Science University, Portland,
OR,?Department of Pediatrics, Oregon Health & Science University, Portland, OR
Recombinant AAVs (rAAVs) have become a promising gene
therapy tool. AAVs are considered safe for clinical trials due to low
immunogenicity and low toxicity, compared to other viral vectors.
A variety of cells and tissues can be targeted by rAAVs using various
serotypes and recombinant capsids. Despite the progress in the
development of new recombinant capsids, application of rAAV for
some diseases remains challenging due to the packaging limit for the
cargo DNAs. rAAVs can package up to 4.7 kb DNA including two
inverted terminal repeats. Thus, rAAV allows a maximum of only ~
4.3 kb DNA for gene expression cassette, which includes a promoter, a
transgene, and a poly(A) transcription termination signal. The size of
universally expressed promoters generally used in rAAV vectors range
from 0.5 kb (CMV) - 1 kb (CAG), or larger. This is an impediment
for delivery of large genes and DNA and RNA editing machinery
such as CRISPR/Cas systems. Here we report two strong universal
promoters that are only 84 bp (micro promoter uP-84) and 135 bp
(uP-110) long for rAAV-based gene expression. We tested the activity
of these promoters using a fluorescent reporter gene mRFP. Both micro
promoters expressed high levels of mRFP in various cells and tissues
in vitro and in vivo, comparable to the CAG promoter. Here we show
the rAAV delivered micro promoter activity in cultured cells from the
three different germ-layer lineages. In addition, in vivo expression was
shown in multiple mouse tissues including liver, muscle, and brain in
mice, as well as in human hepatocytes and in human pancreatic islets.
The activity of the micro promoters is universal in all cells and tissues
tested so far. Hence, our novel micro promoters will be valuable tools for
rAAV gene therapy and enable the delivery of previously ‘unpackable’
large cargo DNAs.
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143. Production & Characterization of Adeno-
Associated Viruses (AAV) Engineered with a
Single Domain Antibody Against AXL into VP1
Anne Marie Ndour"?, Lovro Jalsic'?, Viktoria Lytvyn',
Nasha Nassoury', Parminder Chahal', Alaka Mullick’,

Traian Sulea®, Rénald Gilbert"?, Bruno Gaillet?
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Research Center, National Research Council Canada, Montreal, QC,
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Center, National Research Council Canada, Montreal, QC, Canada

The use of adeno-associated viruses (AAV) as vectors for gene therapy
has increased in recent years due to their safety and the in vivo
long-term expression of transgenes. Many common AAV serotypes,
such as well characterized AAV2, are known for their wide tropism.
However, for the delivery of a therapeutic payload such as suicide
genes for cancer therapy, it is necessary to retarget those vectors to
specific cells to further increase the safety of the treatment. To address
this issue, we incorporated a single-domain antibody (sdAb) into the
capsid of AAV2 to enable it to specifically bind to an ovarian cancer
antigen (AXL) expressed on the cell surface. The sdAbs are getting
popular due to their small size (~ 15 kDa), high stability, specificity
and their ability to bind with high affinity to their antigen; making
them interesting alternatives to conventional antibodies and allowing
their incorporation into various proteins with minimal disruption of
the native protein functionality. In this project, we have successfully
produced a recombinant AAV-sdAb against AXL by transient
transfection of HEK 293SE-3F6 cells in suspension culture and purified
it by ultracentrifugation using Iodixanol step-gradients. Using two
types of linker sequences, short: 5 (GGGGS)3, 3’ (GGGGS) and long
(Mol. Ther. Methods Clin. Dev, 15: 211-220; 2019): 5" (GGGGS),;, 3’
(GGGGA), we incorporated the sdAb sequence into VP1 capsid protein
of AAV. Production of infectious AAV particles expressing GFP as a
reporter proved to be difficult when using the short linker sequence,
while productions using longer linker sequences led to higher titers
approaching those obtained with wild type AAV2 capsid (three times
lower for genome copies) by standard triple plasmid transfection. HEK
293SF-3F6 cells were used for transduction optimization purposes
which will be followed by in vitro model using the SKOV-3 ovarian
cancer cell line that expresses AXL receptor on the cell surface to study
the retargeting efficiency.

144. Lessons Learned: Using Convection-
Enhanced Delivery to Infuse Gene Therapy
Products to the Nonhuman Primate
Cerebellum

Ernesto A. Salegio, Stephanie Korszen, Michael DiBalsi,
Dennis C. Choi, Zachary Carr, Jeremy Stigall

ClearPoint Neuro, Inc., Solana Beach, CA
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This compilation aims to demonstrate the feasibility and tolerability in
targeting the nonhuman primate cerebellum to deliver gene therapy
products using real-time MRI-guidance. Using convection-enhanced
delivery (CED), all animals received a single, unilateral infusion of
AAV5-GFP into the cerebellar parenchyma. Animals were monitored
daily for signs of neurological impairment and weight loss until
necropsy, which occurred 4-6 weeks post-infusion. Our observations
revealed a 4-9% loss in body weight, with no untoward side effects post-
infusion. Histological and immunohistochemical analyses were used to
determine cerebellar expression of the GFP transgene, as well as tissue
response to cannula insertion. Notably, when optimizing targeting of
the cerebellum, we denoted challenges and corrections to maximize
coverage and transgene transport distally and avoid leakage outside
of the cerebellum. Even after performing focal intra-parenchymal
infusions with little-to-no signs of leakage, GFP reporter detection
was not without challenges. This further emphasizes the usefulness
and practicality of performing these infusions under real-time MRI-
guidance, allowing visualization of vector transport and infusion
patterns unique to the cerebellum. Taken together, these data offer
considerations when designing in vivo animal studies translatable to
relevant clinical applications.

145. Quantification of DNA Contamination
within Recombinant Adeno Associated Virus
Preps Correlates with CD34+ Cell Potential
Christopher Luthers', Zulema Romero?, Daniel Ha’,

Donald Kohn?

"Molecular Biology Institute, UCLA, Los Angeles, CA,’Dept. of Microbiology,
Immunology, and Molecular Genetics, UCLA, Los Angeles, CA,’Dept. of
Integrative Biology and Physiology, UCLA, Los Angeles, CA

Due to promising results in clinical trials, recombinant Adeno-
Associated Virus (rAAV) vectors have been used to treat genetic
diseases by gene therapy. One frequent application of rAAV is to
provide donor sequences for gene editing in hematopoietic stem and
progenitor cells (HSPC). We and others have reported that while rAAV
may mediate efficient donor delivery, it has adverse effects on HSPC
function, including reduced formation of progenitor colonies and
impaired engraftment in xenograft models. Contaminating DNA may
come from producer cells, or helper and packaging plasmids, and has
the potential to elicit direct toxicity to HSPC via TLR activation. We
characterized significant differences in contaminating DNA among
rAAV preparations from different sources, and correlated findings with
differences in HSPC clonogenic potential, acute cellular responses, cell
cycle status, and apoptosis. We selected 6 previously used rAAV preps
from two different manufacturers, treated preps with and without an
endonuclease to allow for quantification of contaminating DNA inside
(endonuclease-resistant) versus outside of the viral capsid. Following
this, total DNA was isolated and analyzed by Illumina next generation
sequencing (NGS). Knowing the sequences of plasmids used to create
full rAAV viral preps, we were able to map each NGS read to individual
contaminants and quantify levels of each present in a given prep. In
parallel, CD34+ HSPC were edited and transduced with rAAV treated
with and without endonuclease followed by colony forming unit
(CFU) assay to measure clonogenic potential and RT-qPCR analysis
of a panel of genes associated with cell cycle, acute immune response,
and apoptosis. Significant differences in DNA contaminant levels were
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observed among all 6 preps. Specifically, preps from manufacturer
#1 had significantly less contaminating DNA with 80-95% of DNA
within preps mapping to the rAAV genome. These values increased
minimally to 92-95% with endonuclease treatment, indicating very
low levels of extra-virion contaminating DNA. From manufacturer #2’s
preps, only 45-69% of all DNA was rAAV genome; upon endonuclease
treatment, this number increased to 84-88%. A significant inverse
correlation between the amount of contaminating DNA and HSPC
clonogenic potential was observed following transduction of CD34+
HSPC with two preps from both manufacturer #1 and #2, with and
without endonuclease treatment, as quantified by CFU assay (p<.02).
CD34+ cells had significantly increased clonogenic potential when
transduced by preps from manufacturer #2 treated with endonuclease
compared to untreated preps, and comparable to that of cells treated
with preps from manufacturer #1 (p<.05). Additionally, RT-qPCR
analysis demonstrated significant increased expression of genes
involved in acute immune responses, apoptosis, and cell cycle arrest for
preps with high levels of contaminating DNA, which were decreased
upon endonuclease treatment to levels similar to manufacturer #1.
This study characterizes DNA contaminants within rAAV preps and
correlates the extent of extra-virion DNA with effects on HSPC function
upon transduction. While it was observed that DNA contamination
plays a significant role in HSPC viability and clonogenic potential;
endonuclease treatment of preps reduces toxicity and preserves
function of these cells. Additionally, we measured variations in cell
cycle, apoptosis, and acute immune response within HSPC, and
found variations based on the amounts of contaminating DNA. This
study identifies an important quality control parameter for rAAV
manufacture for applications of HSPC editing by providing a relevant
quality measurement.

146. Immune Response to AAV Vector Capsid
and Assessment of Eligibility for AAV Mediated
Gene Therapy for Duchenne Muscular
Dystrophy

Madhurima Saha

Pediatrics, University of Florida, Gainesville, FL

Duchenne muscular dystrophy (DMD) is a fatal genetic disorder caused
by mutations in the dystrophin gene. During the past five years, gene
therapy for NMD has rapidly accelerated, with many clinical studies
underway and up to 40 product approval anticipated by 2025. Despite
advances in AAV gene therapy, the field still faces a crucial unresolved
challenge of the host immune response against vector capsid proteins.
Exaggerated immune responses raise concerns regarding the safety
and durability of the therapeutic effect. Preclinical data from our
lab suggests that before therapeutic dosing (pre-existing immunity),
natural exposure to AAV can lead to severe infusion reactions and a
diminished therapeutic effect. Based on these limitations, current AAV-
mediated gene therapy trials must utilize a single direction and exclude
subjects with pre-existing AAV immunity. We designed an optimal
construct that will lead to microdystrophin expression in skeletal,
cardiac, and CNS tissues. We are testing this optimal construct with
different immunosuppression regimens and immunomodulation in
mdx mice with three capsids for optimal microdystrophin expression.
We are developing and optimizing alternative immune modulation
approaches to prevent immune responses against the AAV capsid,
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manage pre-existing immunity to AAV in mdx mice, and then confirm
our results in a canine model. The strategy mentioned above will help us
overcome the strain of excluding patients with pre-existing immunity.

147. A High-Throughput Barcode Screening
Identifies AAV-KP1 as a Capsid That Efficiently
Transduces Pancreatic Islets in Non-Human
Primates Following Retrograde Pancreatic
Duct Injection

Kei Adachi', Masahiro Horikawa', Craig Dorrell’,
Helen Baggett', Gregory Dissen?, Theodore Hobbs?,
Paul Kievit?, Marcela Brissova®, Alvin Powers?, Charles
Roberts?, Markus Grompe', Hiroyuki Nakai'*

'Oregon Health & Science University, Portland, OR,?Oregon National Primate
Research Center, Beaverton, OR,*Vanderbilt University, Nashville, TN

The successful in-vivo reprogramming of non-beta cells into
insulin-producing beta-like cells in rodent models by delivering key
transcription factors has yielded encouraging results for the eventual
success of viral vector-mediated gene therapy for type 1 diabetes (T1D).
AAV vectors are the most prominent viral vectors for in vivo gene
therapy in clinical settings; however, clinically relevant effective and
safe approaches have yet to be established for AAV vector-mediated
gene delivery to target cells in the pancreas. At the ASGCT2021
meeting, we reported successful establishment of real-time image-
guided retrograde pancreatic duct (PD) injection of viral agents into
non-human primates (NHPs). The procedure was conducted safely,
with only showing a self-limited elevation of serum amylase and
lipase that did not result in clinical symptoms. When this method
was employed to deliver an AAV9 vector to the NHP pancreas, AAV9
predominantly transduced acinar cells and occasionally islet cells,
including insulin-producing beta cells. Here, we report the result
of a high-throughput Barcode-Seq screening for AAV capsids that
efficiently transduce pancreatic cells following PD delivery in NHPs and
show that AAV-KP1 outperforms other AAV capsids and transduces
NHP pancreatic islet cells substantially better than AAV9. In this
study, we produced a DNA/RNA-barcoded AAV library containing
45 different AAV capsids (major AAV serotypes and various capsid
mutants) and injected three rhesus macaques via the PD route at a dose
of 8.5t0 9.8 x 10'* vector genome (vg). We harvested tissues, including
pancreas, 6 weeks post-injection, enzymatically digested the pancreas,
and flow-sorted endocrine cells, duct cells and other cells using cell
type-specific monoclonal antibodies. The AAV Barcode-Seq analysis
revealed that the AAV-KP1 vector can efficiently transduce islet cells
more than an order of magnitude better than AAV9. To validate the
results obtained by the AAV Barcode-Seq analysis, we infused 8.4 x
10" to 1.4 x 10" vg of AAVKP1-CAG-tdTomato vector into the PD
in four rhesus macaques, and assessed pancreatic transduction 4
weeks post-injection. Preliminary immunofluorescence microscopic
analysis revealed that the AAV-KP1 vector preferentially transduces
islet cells. Importantly, the relative vector genome DNA copy numbers
of the AAV-KP1 vector in non-target organs, including the liver, were
found to be substantially lower than those of AAVY, the serotype
that effectively transduces the liver following PD injection. These
observations indicate that retrograde PD injection of AAV-KP1 vector
is a promising approach for AAV vector-mediated gene delivery to
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pancreatic islets with minimal off-target effects. Further studies are
warranted to support clinical translation of AAV-KP1 vector-mediated
gene therapy for T1D.

148. Bioengineered AAV Vectors with
Increased Skeletal Muscle Potency and
Specificity for Systemic Gene Therapy

Edith Renaud-Gabardos'?, Jihad El Andari**, Louise
Mangin'?, Jonas Weinmann®*, Esther Attebi’,
Emmanuele Bourges', Christian Leborgne"?, Nicolas
Guerchet!, Julia Fakhiri**, Chiara Kramer>*, Ellen
Wiedtke**, Laurence Guianvarc’h', Magali Toueille',
Giuseppe Ronzitti"?, Matthias Hebben', Federico
Mingozzi"?, Dirk Grimm®*?*, Ana Buj-Bello'?

'Genethon, Evry, France,Université Paris-Saclay, Univ Evry, Inserm, Genethon,
Integrare research unit UMR_S951, Evry, France,’Heidelberg University Hospital,
Dept of Infectious Diseases/Virology, Cluster of Excellence CellNetworks,
Heidelberg, Germany,*BioQuant, University of Heidelberg, Heidelberg,
Germany,"German Center for Infection Research (DZIF) and German Center for
Cardiovascular Research (DZHK), partner site Heidelberg, Heidelberg, Germany
Bioengineering of adeno-associated viral (AAV) vectors is a pivotal
strategy for developing next-generation gene therapies for human
disorders. In the present study, we assessed the efficacy of two novel
AAV vectors, AAVMYO2 and AAVMYO3, which are composed of
hybrid capsids and a small VP1 peptide insertion, in a mouse model
of myotubular myopathy, a fatal pediatric disease affecting skeletal
muscles that is caused by loss-of-function mutations in the MTM1
gene. Intravenous administration of either AAVMYO2- or AAVMYO3-
MTM1 vectors at 2x10" vg/kg in Mtm1-KO mice prolonged their
lifespan and resulted in increased muscle mass and strength, and in
liver transduction detargeting. In addition, we show efficient large-
scale production and purification of AAVMYO2 and AAVMYO3, and
data on their seroprevalence in a cohort of human sera. Our findings
indicate that these novel vectors are potent in rescuing the phenotype
of myotubular myopathy in mice, and hold great potential for gene
therapy of other inherited disorders affecting skeletal muscles.

149. GT005, an AAV Gene Therapy Targeting
the Alternative Pathway of the Complement
System for the Treatment of Geographic
Atrophy

Lawrence C. S. Tam, Anna K. Dreismann, Josephine
Joel, Dimitris Stampoulis, Emanuela Gardenal, Julian
Esteve-Rudd, Jane Hughes, Scott Ellis

Gyroscope Therapeutics Limited, London, United Kingdom

Age-related macular degeneration (AMD) is the leading cause of
blindness among the elderly in the industrialised world and affects
~40 million people globally. Geographic atrophy (GA) is an advanced
form of AMD that leads to irreversible loss of visual function through
development of atrophic lesions of the outer retina, including loss of
photoreceptors, retinal pigment epithelium (RPE) and the underlying
choriocapillaris. Evidence has emerged implicating chronic local
inflammation and activation of the complement system (CS) in
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AMD pathogenesis. The genetic link between AMD and the CS was
established by genome-wide association studies (GWAS) when highly
associated genetic variants were discovered in specific complement
proteins (complement factor (CF) B, H, [, and C3) of the alternative
pathway (AP). While different therapeutic approaches are being
investigated to reduce the rate of disease progression, there are currently
no approved treatments for GA. Here, we explore supplementation of
human CFI (hCFI) from an AAV vector as a gene therapy approach
for AMD. First, the sequences of either wild type (WT) and codon-
optimised (co) hCFI were subcloned into an AAV2 vector (GT005),
and in vitro transduction of both vectors showed high expression of
hCFI protein. Functional expression of hCFI was further confirmed
by C3b cleavage assay. Subretinal injection of GT005 expressing either
WT or co hCFI in mice led to detectable levels of secreted hCFI in
ocular fluids and a concomitant reduction of C3b in retinal tissues.
In addition, immunostaining of the mouse retina demonstrated
predominant localisation of hCFI in the RPE and inner/outer segment
of photoreceptors. However, no differences in expression were detected
between the two CFI sequences, and hence the WT hCFI sequence
was selected for progression owing to it being the native sequence.
Furthermore, GT005 expressing mouse and human CFI showed
a statistically significant reduction of CNV leakage area in a dose-
dependent manner at Day 7 in the mouse laser-induced choroidal
neovascularisation (CNV) model of AMD. Collectively, the non-
clinical data provided here demonstrate the therapeutic potential of
rAAV2-mediated expression of hCFI in slowing disease progression of
GA by limiting complement-mediated inflammation in the posterior
segment of the eye. More importantly, these data presented have paved
the way for the evaluation of GT005 in Phase I and II clinical studies
for GA secondary to AMD.

150. Viral Genome Titer Testing Strategy Using
Multiplex for the Gene of Interest and ITR

Rosalie Bateson, Wayne Yount

Kriya Therapeutics, Morrisville, NC

The viral genome titer method by PCR is the standard method to
quantify AAV in order to predict precise doses in preclinical and clinical
studies. Digital droplet PCR (ddPCR) represents a relatively new
approach to determining genomic titer as compared to conventional
real time quantitative PCR (rt-qPCR). ddPCR is preferrable over
qPCR due to its benefits of absolute quantification without use of a
standard. Additionally, ddPCR allows for quantification of multiple
targets within the same well, allowing for a direct comparison of two
different targets. During early development of a gene therapy, there
are often many constructs with different sequences that need to be
evaluated while identifying a lead construct. While sequences unique
to the gene of interest are preferrable for titer determination, targeting
the gene of interest is usually not viable prior to construct selection
due to the differences between the sequences of the genes of interest.
The use of a universal sequence for all constructs being considered
allows for consistent dosing between constructs and between early
preclinical studies. As the program advances towards final construct
selection, titer determination via the gene of interest is important to
bridge between nonclinical and clinical studies using multiple lots
of vector. We propose a strategy of utilizing ddPCR duplexing of
the universal sequence and the gene of interest in order to maintain
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comparability to studies prior to construct selection to studies after
construct selection. A case study will be presented where multiple
candidates were evaluated in early preclinical studies with titer being
assessed only by ITR. For subsequent preclinical studies, candidate
selection had occurred allowing for titer to be determined using duplex
of ITR and gene of interest targets. The performance of the methods
was assessed through the evaluation of plasmids and synthetic DNA
fragments as well as representative vector (Figure 1).
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Duplex quantification of plasmid DNA verified the accuracy of
both ITR and the gene of interest targets. Vector analysis for viral
titer by duplex ddPCR provides a robust data set without increasing
the timeframe for analysis or the number of samples analyzed. This
strategy allows for comparisons between early preclinical titers with
universal targets and later stage development/clinical titers with gene
of interest targets.

151. A Breakthrough GLP AAV-ITR Sanger
Sequencing Solution for New Drug
Development

Elizabeth Louie, Andrea O’'Hara, Janet Lawrence, Jessica
Geahlen, Haythem Latif, Ginger Zhou

Azenta Life Sciences, South Plainfield, NJ

Adeno-associated virus (AAV) is one of the most widely used vehicles
for gene therapies given its high efficiency and safety in humans. One
critical step for rAAV characterization is the sequencing of rAAV
vectors which is challenging due to insufficient resolution of the
inverted terminal repeat (ITR) regions using standard methods. To
overcome these limitations, Azenta has developed a novel, proprietary
Sanger ITR sequencing method that improves sequencing signals and
extends read lengths through the entire ITR regions. Here, we provide
an overview of our GLP-compliant AAV-ITR sanger sequencing
process, and the improvements generated by our newly developed
ITR sequencing method. Our results demonstrate that sequencing the
AAV-TTR region is integral to identifying different types of mutations
within the ITR and providing insight into sample clonality that was
previously undetectable by traditional means. Our proprietary, GLP-
compliant methods for complete AAV-ITR analysis enable an accurate
and rapid solution in advance of FDA IND and BLA filings.
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152. rAAV-Mediated TCAP Gene Replacement
Therapy for LGMDR7 (LGMD2G)

Liubov V. Gushchina', Adrienne Bradley', Sydney
Casey', Ben Petrykowski', Jacob Lay', Emma Frair',
Tatyana Vetter', Natalie Rohan', Greg Cox?, Scot Wolfe?,

Charles Jr. Emerson’, Kevin M. Flanigan'

!Center for Gene Therapy, The Abigail Wexner Research Institute at Nationwide
Children’s Hospital, Columbus, OH,*The Jackson Laboratory, Bar Harbor,
ME,*University of Massachusetts Medical School, Worcester, MA

Limb girdle muscular dystrophy R7 (LGMDR7 or LGMD2G) is
a relatively rare autosomal recessive muscular dystrophy caused
by mutations in the TCAP gene, encoding telethonin or TCAP,
a sarcomeric protein found exclusively in striated and cardiac
muscle. Loss of functional TCAP leads to progressive proximal limb
weakness, muscle atrophy, calf hypertrophy and cardiomyopathy in
both males and females worldwide. We developed rAAV-mediated
TCAP constructs, the expression of which results in amelioration of
telethoninopathy phenotype and prevents disease progression. Here,
we report the pilot efficacy data following treatment of 1.5-month-
old humanized TCAPKI-null (hnTCAPKI) mice with several TCAP
vectors under different promoters. hTCAPKI males received a
single intravenous infusion of vectors. The age matched hTCAPKI
males injected with diluent and untreated C57Bl/6 males served as
controls. Treated mice were sacrificed one month post injection for
assessment of mouse TCAP (mTCAP) and human TCAP (hTCAP)
transcripts by RT-PCR, and evaluation of TCAP protein expression by
immunofluorescent (IF) analysis and western blot (WB). The RT-PCR
results revealed the presence of both mTCAP and hTCAP transcripts
in rAAV.TCAP-treated mice, while diluent-treated hTCAPKI and
untreated C57Bl/6 animals showed the mTCAP transcript only as
expected. The WB data confirmed the restoration of TCAP expression
in rAAV.TCAP-treated mice showing up to 350% protein in triceps. IF
staining revealed proper co-localization of TCAP protein with Titin in
the Z-discs of sarcomeres in the skeletal muscle of rAAV.TCAP-treated
mice. These results suggest that rAAV-mediated TCAP replacement
is a potential therapy for LGMDR7 (LGMD2G). Our future studies
will test the efficacy and potential toxicity of the developed vectors.

153. Abstract Withdrawn

154. Assessment of AAVrh.10 Tropism for
Human Cardiomyocytes

Jenifer M. Vasquez, Katie M. Stiles, Philip L. Leopold,
Ronald G. Crystal

Genetic Medicine, Weill Cornell Medicine, New York, NY

AAVrh.10, a clade E nonhuman primate serotype, is tropic for
cardiomyocytes in vivo as assessed by systemic delivery in murine
and non-human primate models. To help understand the mechanism
of AAVrh.10 interaction with cardiomyocytes, we established an in
vitro model using AAVrh.10 vectors to deliver reporter genes to AC16
and T0539, immortalized human ventricular cardiomyocyte cell
lines. AAVrh.10 demonstrated dose-dependent expression of the 8
-galactosidase transgene 72 hr following treatment of AC16 and T0539
cells with 2x10° to 2x10° genome copies (gc) per cell. In contrast, at the
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same doses A549 cells exhibited at least 10-fold lower levels of transgene
expression compared to AC16 and T0539 cells. We hypothesized that
the robust reporter transgene expression in cardiomyocytes resulted,
atleast in part, from interaction of AAVrh.10 with the AAVR receptor.
To test this hypothesis, AC16, T0539 and A549 cells were evaluated
for expression of AAVR and anti-AAVR-mediated inhibition of gene
transfer by AAVrh.10. Western blot analysis demonstrated expression
of AAVR in T0539 > AC16 > A549 cells. Comparison of AAVrh.10-
mediated f -galactosidase transgene expression to AAVR expression
in T0539, AC16, and A549 cells demonstrated a close relationship
(r*=0.89, p<0.0005). To further evaluate the importance of AAVR in
cardiomyocyte AAVrh.10-mediated gene transfer to cardiomyocytes,
AAVrh.10 mediated f -galactosidase expression was assessed as a
function of treatment with AAVR blocking antibody or an equal
amount of irrelevant mouse IgG at a viral dose of 2x10* gc per cell. The
AAVR blocking antibody reduced viral gene expression in AC16 cells
by 86.7+0.6% (p<0.005) and in T0539 cells by 72.1+9.9% (p<0.005).
The same level of blocking antibody had no effect in gene expression
in A549 cells (p>0.6). In conclusion, AAVR significantly contributes
to AAVrh.10 in vitro infection of human cardiomyocyte cell lines and
likely plays an important role in AAVrh.10-mediated gene delivery to
the heart in vivo.

155. Biodistribution and Safety Comparison of
AAV9 and AAV9PHP.B in Three Mouse Strains
and Cynomolgus Macaques

David W. Scott, Jeremy Rouse, Kirsten Romero, Abigail

Annas, Armin Hekele, Clayton W. Beard

BridgeBio Gene Therapy (BridgeBio Pharma), Raleigh, NC

The field of gene therapy and especially the use of recombinant adeno-
associated viruses (AAVs) continues to rapidly expand. To support
development of potential AAV-based therapies, researchers leverage
a variety of animal models ranging from mice to nonhuman primates
(NHPs) to support pivotal pharmacology and toxicology studies. While
use of these diverse species is critical for demonstrating safety and
efficacy, few studies have directly compared biodistribution and safety
between species. To help clarify this gap in knowledge, we generated
AAV9 and AAVIPHPSB virus particles containing a CBA-tdTomato
reporter transgene and performed intravenous administration at 5x10*
vg/kg in six-week-old C57Bl/6, BALB/C, and 129/] mice as well as in
juvenile cynomolgus macaques with necropsies at four-weeks post
dosing. Additionally, some of the NHPs also received prophylactic
glucocorticoids beginning one day prior to dosing and continuing
weekly throughout the study. In mice the treatments were well tolerated
and biodistribution profiles were similar to previous reports with
highest delivery to the liver and heart. The neurotropic properties of
AAVIPHP.B were also limited to C57Bl/6 and 129/] mice as previously
reported. In the NHPs, biodistribution profiles were similar between
PHP.B and AAV9 and confirm recent reports that the neurotropic
properties observed in some mouse strains are not extended to old
world primates. Prophylactic glucocorticoids had minimal impact on
biodistribution profiles. All dosed NHPs experienced acute elevation
in transaminase levels with the most pronounced elevations occurring
in the AAVOPHP.B group. Prophylactic glucocorticoids did not prevent
or reduce this elevation. While all animals dosed with AAV9 recovered
from this acute elevation in liver enzymes, the AAVOPHP.B-dosed
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animals became clinically ill, with one animal dying on day 7, and the
remainder of the cohort requiring treatment with glucocorticoids.
Histologic evaluation of the CNS showed signs of necrosis and neuronal
degeneration in the brain, spinal cord, and dorsal root ganglia of all
animals. This observation aligns with previous findings that CNS
toxicity is a common feature of fluorescent reporter transgenes. These
data highlight the importance for testing biodistribution and safety in
multiple species during drug development.

156. Exon Skipping for the Second Calponin
Homology Domain of Dystrophin Using AAV.
U7snRNA - In Vitro Intramuscular Studies
Using a Novel Murine Model of Duchenne
Muscular Dystrophy

Daniel Lesman', Dhanarajan Rajakumar’, Ding Li',

Yacidzohara Rodriguez', Chaitrali Atre’, Nicolas Wein'?
"Nationwide Children’s Hospital, Coulmbus, Ohio, Columbus, OH,?Departments

of Pediatrics, The Ohio State University, Columbus, OH

DMD, one of the largest gene encodes the protein dystrophin, which
plays an essential role in muscle stabilization. Dystrophin connects
the actin to the sarcolemma through its two actin binding domains
(ABD1 &2). Calponin homology (CH) domains, CH1 and CH2 forms
ABD1 and encoded by exons 2-5 or 6-8 respectively. Out of frame
DMD gene mutations cause dystrophin absence and leads into severe
DMD phenotype while in frame mutations leads into truncated but
functional dystrophin causing the milder Becker muscular dystrophy
(BMD). Exon skipping approach converts DMD into milder BMD
by restoring the reading frame uses antisense oligonucleotides
(AONSs). Canine models of DMD shows that skipping of exons
6-8 (CH2 domain) produce a highly functional dystrophin. This
strategy of skipping of exons 6-8 would be a promising treatment
option to treat 4% of DMD patients. Traditional exon skipping using
antisense oligonucleotide (AON) has some limitations like stability
and tropism into major affected tissues. We used AAV.U7 antisense
delivery to overcome these limitations. U7 small nuclear RNA carrying
antisense sequence improves the stability and adeno-associated virus
(AAV) increases tropism. In this study we evaluated exon skipping,
dystrophin expression & force restoration efficiency of our new
AAV.U7.ex6-8 constructs using a novel humanized mice model for
DMD, that we generated. We evaluated our lead candidate in vitro
using transdifferentiated fibro myotubes and in vivo, Intramuscular
(IM) studies using this novel humanized DMD mice model which
we created using CRISPR/Cas9. This mouse carries a point mutation
on hDMD exon 7. Exon skipping by RT-PCR, proteins restoration
by immunostaining & muscle function using force transducer were
performed. This new mouse colony referred as ACH2 was established
and mice were evaluated for the DMD phenotype. In vitro, AAV1.
U7.ex6-8 transduced wild type cells shows efficient exon skipping.
3-months post IM, AAV1.U7.ex6-8 induced efficient exon skipping,
resulting in around 50-70% of truncated dystrophin expression and
significant increase in muscle eccentric force. In conclusion, AAV1.
U7.ex6-8 induced efficient DMD CH2 (exons 6-8) domain skipping,
resulting in dystrophin production and muscle strength improvement.
This AAV.U7 based vector represent a promising candidate for ~4%
of DMD patients.
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157. Preclinical Gene Therapy with AAV9/
SLC6A1 in a Mouse Model of SLC6A1 Related
Disorder

Weirui Guo, Frances Shaffo, Matthew Rioux, Juan

Rodriguez, Yuhui Hu, Steven J. Gray

UT Southwestern Medical Center, Dallas, TX

SLC6A1 gene encodes the highly conserved gamma-aminobutyric
acid (GABA) transporter GAT-1, which is responsible for the reuptake
of GABA into presynaptic neurons and glia. It is a key regulator for
GABAergic signaling in the central nervous system (CNS). SLC6A1
Related Disorder, a haploinsufficiency neurodevelopmental disorder,
is caused by mutations in the SLC6A1 gene. Patients present with
rare forms of infantile encephalopathy, developmental delay with
cognitive impairment, movement disorders and features of autism
spectrum disorder. To test our hypothesis that broad delivery of the
human SLC6A1 gene across the CNS using adeno-associated virus
type 9 (AAV9) to restore normal GABAergic signaling can provide
an effective treatment and long-term therapeutic benefit for SLC6A1-
Related Disorder, we designed two AAV9 vectors with different
promoters (one is a universal promoter (P1), the other is a neuronal-
specific promoter (P2)) and conducted preclinical gene therapy studies
using SLC6A1 knockout (KO) mice, a mouse model of SLC6A1.
The two AAV9/SLC6A1 vectors were tested separately via lumbar
intrathecal (IT) administration or intracerebroventricular (ICV)
administration at different developmental ages. IT administration
of either construct at postnatal day (PND) 7-10 or PND 28-35 in
wild type C57BL/6 mice, using doses of 7.5 x10" or 7.0x10" vector
genomes (vg) (P1 and P2 constructs, respectively), did not lead to any
adverse effects up to a year post-injection. Efficacy was evaluated in
SLC6A1 KO mice as neonates by ICV injection (3x10" vg per mouse)
or at PND 7-10 or PND 28-35 by IT injection (7.5 x10" or 7.0x10"
vg for P1 and P2 constructs, respectively). Mice were assessed in a
behavioral battery consisting of rotarod performance, open field,
fear conditioning, nest building, hindlimb clasping and telemetry
recording of EEG. The homozygous KO mice treated at PND 7-10
had moderate improvement on the nest building (P1 construct) or
hindlimb clasping (P2 construct) behavioral endpoints, with a trend
toward improved rotarod function, but treatment at PND 28-35 had
no apparent treatment benefit. Homozygous KO mice treated as
neonates by ICV injection with either construct showed significantly
higher levels of human SLC6A1 mRNA in brain cortex region than
IT administration, and significantly reduced seizures assessed by EEG.
The P2 construct treatment in neonatal mice also ameliorated the
fear conditioning, nest building, rotarod performance and hindlimb
clasping phenotypes in homozygous KO mice. While the heterozygous
KO mice showed minimal behavioral phenotypes, their abnormal EEG
patterns were normalized following neonatal ICV administration of
either vector design. While the treatment was tolerated well following
IT administration at PND 7-10 or PND 28-35, some adverse effects
(including death) were noted with both constructs after neonatal ICV
treatment. Treatment with the P1 design had a higher death rate with
more adverse effects. Taken together, safety concerns with neonatal
administration of AAV9/SLC6A1 were noted, but this approach was
also associated with strong treatment benefits. These results warrant
further detailed dose exploration of AAV9/SLC6AL.
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158. Precise Editing of the Human MECP2
Gene with AAVHSC Vectors

Swati Bijlani', Ka Ming Pang', Sampath Rangasamy?,
Lakshmi V. Bugga', Vinodh Narayanan?, Saswati
Chatterjee'

'Department of Surgery, City of Hope, Duarte, CA,*Translational Genomics
Research Institute (TGen), Phoenix, AZ

Rett Syndrome (RTT) is a genetic neurodevelopmental disorder
observed almost exclusively in females, and is caused by heterozygous,
de novo mutations in the MECP2 gene, located on chromosome
Xq28. Males born with the MECP2 mutations rarely survive due to
the presence of a single X-chromosome. Females with Rett Syndrome
display random X-chromosome inactivation and are mosaic for
MeCP2 expression in all tissues. MeCP2 is a 486-amino acid methyl
CpG-binding nuclear protein that functions as a methylation reader
and regulates expression of thousands of genes through chromatin
compaction at methylated sites and interaction with transcriptional
regulators. MeCP2 is universally expressed, but the highest levels are
observed in neurons. The MeCP2 protein contains a methyl binding
domain (MBD) which binds to DNA, and a transcriptional repressor
domain (TRD). Over 300 distinct mutations in the MECP2 gene
have been reported in patients with Rett Syndrome, with almost
all occurring within exons 3 and 4, and mapping to the MBD and
C-terminus of TRD. Missense mutations account for approximately
70% of Rett Syndrome cases. Rett Syndrome is a direct result of the loss
of MeCP2 function. However, overexpression of MeCP2 also results
in a severe neurodevelopmental disorder, demonstrating the critical
importance of MeCP2 gene dosage. Thus, MeCP2 gene dosage presents
a “Goldilocks problem” and poses a significant challenge to traditional
gene therapy approaches. To overcome these challenges, we explored
the ability of the nonpathogenic, replication-defective stem cell-derived
adeno-associated virus (AAVHSC) to carry out high-fidelity, precise,
homologous recombination-based seamless genome editing to correct
pathogenic mutations associated with Rett Syndrome. Importantly,
our editing strategy preserves all regulatory elements associated
with the MECP2 gene. The AAVHSC editing vector was designed to
correct mutations in exons 3 and 4 of the MECP2 gene and to insert a
promoterless Venus open reading frame immediately downstream of
the coding sequence of exon 4. The MECP2 editing vector was packaged
in AAVHSC7 and AAVHSCI5 and was used to transduce cells derived
from Rett Syndrome patients bearing mutations in exons 3 and 4. Venus
expression was evaluated by flow cytometry and confirmed expression
from the chromosomal MeCP2 promoter. Targeted integration analyses
followed by Sanger sequencing confirmed successful editing of the
MECP2 gene. No ITR sequences or insertion or deletion mutations
were detected in the edited genomes. Our results demonstrate that
AAVHSC editing vectors successfully edit the human MECP2 gene and
may be used to correct genomic mutations that cause Rett syndrome.

159. Process Development for Recombinant
Adeno-Associated Virus Production Using a
Design of Experiments Model

Vidya Murthy, Ann-Christin Magnusson
Gene Therapy, Cytiva, Marlborough, MA
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Background and novelty Viral vectors are used for gene transfer to specific
tissue or to induce cell type modifications. Recombinant adeno-associated
virus (rAAV) is one of the most promising vectors for gene therapies.
The cell and gene therapy industry strives to establish efficient large-
scale production of viral vectors with current good manufacturing
practice (cGMP). To achieve the high amounts necessary for clinical
use of rAAV, companies have moved away from production using
adherent HEK293 cells to more scalable technologies using suspension
cell culture. Transient transfection protocols are also being optimized
for larger scales and efficiency in suspension. Experimental approach
We have utilized a design of experiments (DoE) methodology to
optimize rAAV production in HEK293T suspension cells. An efficient
and scalable cell culture process for rAAV production was established
for the rAAV2 serotype and verified for the rAVV5 serotype. First,
we adapted HEK293T cells to a new animal origin-free cell culture
medium and evaluated cell growth by population doubling time (PDT),
morphology, aggregates, and viability. A DoE approach allowed us
to evaluate the impact of plasmid concentration, cell densities, and
harvest time. Here, we describe how to optimize the rAAV transient
transfection, which forms the basis for a scalable rAAV production
process in single-use bioreactors. Results and discussion To verify
the robustness of our process, we have produced verification batches
of rAAV5 at 10 L scale using Xcellerex™ XDR-10 and ReadyToProcess
WAVE™ 25 bioreactors. The success criteria for rAAV5 production
were met with the transfection protocol we developed. Our approach
could be used in future work for scalable rAAV production — from
small-scale shake flasks to large-scale, single-use bioreactor systems.

160. SP-101, a Novel Adeno-Associated Virus
Vector, Functionally Corrects Human Airway
Epithelia from Donors with Cystic Fibrosis at
Low Multiplicity of Infection in the Presence of
Doxorubicin

Poornima Kotha Lakshmi Narayan, Shen Lin, Mark
Smith, Madhu Mahankali, Matthew Glatfelter, Roland

Kolbeck, Katherine Excoffon

Spirovant Sciences, Inc, Philadelphia, PA

Cystic fibrosis (CF) is the most common lethal monogenic disease
among Caucasians. CF is caused by mutations in the gene encoding the
CF transmembrane conductance regulator (CFTR) protein that results
in impaired chloride conductance across epithelia lining the airway,
sweat glands, pancreas, and intestine. Although CFTR dysfunction
affects multiple organs, lung damage caused by progressive infection
and inflammation is the main cause for morbidity and mortality
in CF patients. SP-101 (AAV2.5T-SP183-hCFTRAR) is a novel
recombinant adeno-associated virus (AAV) gene therapy vector being
investigated as an inhalation treatment for people with cystic fibrosis
(CF) in a mutation agnostic manner. SP-101 is composed of a novel
capsid optimized for efficient apical transduction of human airway
epithelial cultures (HAE) and encodes a promoter/enhancer that drives
expression of a human CFTR minigene (h\CFTRAR). Doxorubicin is
a small molecule known to enhance mRNA expression from a variety
of AAV vectors. To understand the impact of doxorubicin on SP-101
expression, the relationship between SP-101 vector copy number
(VCN), hCFTRAR mRNA expression, and functional correction of CF
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HAE was investigated in presence or absence of doxorubicin. SP-101
was applied to the apical surfaces of CF-HAE with Class I and Class
IT mutations cultured at the air-liquid interface and doxorubicin to
the basal side. At 7 days post-transduction, SP-101 restored CFTR-
mediated chloride conductance, measured via Ussing chamber
assay, at multiplicity of infection (MOI) as low as 500 in the presence
of doxorubicin. Functional correction of CF HAE increased with
increasing MOI and correlated with increasing VCN (measured by
ddPCR) and hCFTRAR mRNA expression (measured by RT-qPCR).
Increasing chloride conductance and hCFTRAR mRNA expression in
CF HAE also increased with increasing doxorubicin concentration.
Even low MOI of SP-101 in the presence of low concentrations of
doxorubicin were able to partially restore CFTR-mediated chloride
conductance. Despite a significant impact on hCFTRAR mRNA and
chloride conductance, doxorubicin did not alter VCN of SP-101 in
a dose-dependent manner. In summary, the apical tropism of the
AAV2.5T capsid for human airway, combined with the enhanced
mRNA expression afforded by doxorubicin, show promise for a novel
CF treatment strategy and strongly support continued development.

161. Selection of NXL-001, a Clinical
Candidate to Treat Ischemic Cortical Stroke
Through AAV-Mediated Astrocyte-to-Neuron
Conversion

Russ Addis’, Yuchen Chen', Jie Xu', Pratima Pandey’,
Adele Chen', Alayna Hawkins', Long-Jiao Ge?, Gong

Chen'
"NeuExcell Therapeutics, Philadelphia, PA,?Chinese Academy of Sciences,

Kunming, China

Loss of neurons is the hallmark of neurodegenerative disease and
CNS injury and there is currently no approved therapy to replace or
regenerate these cells. The prevailing dogma is that once neurons are
gone, they are gone. Our work challenges this notion, with a platform of
neuro-regeneration driven by the direct in vivo conversion of astrocytes
into functional neurons. Among our most advanced programs is
NXL-001, a gene therapy product that uses AAV9 to deliver the
transcription factor NeuroD1 to astrocytes via intracranial injection
for the treatment of ischemic cortical stroke. Stroke is a leading cause
of morbidity worldwide with no treatment options following immediate
intervention. We now present the series of datasets that culminated
in the selection of our clinical candidate, currently being evaluated
in pivotal IND-enabling studies. Initial studies used research vectors
that specifically expressed NeuroD1 in astrocytes using the astrocyte-
specific GFAP promoter and the Cre-FLEX expression system. This
method demonstrated robust in vivo conversion of astrocytes to
neurons in mouse and rat models of stroke. Newly generated neurons
expressed appropriate markers of cortical glutamatergic neurons and
exhibited appropriate electrophysiological profiles. Crucially, motor
deficits in rodent models of stroke were reversed, demonstrating
that the newly formed neurons had integrated into existing neural
networks. This approach has since been extended to non-human
primates with the demonstration of efficient in vivo conversion of
astrocytes to functional cortical neurons in a monkey model of stroke.
Due to the promising results obtained with research vectors in our
initial studies, we have begun the process to translate this technology
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into clinical use. We describe the optimization and selection of our
clinical candidate vector for this program and provide an update on
our ongoing and planned studies to advance NXL-001 to the clinic.
We anticipate IND submission in early 2023.
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Figure: Astrocyte-to-neuron conversion to treat ischemic cortical stroke

162. Preclinical Pharmacology and

Toxicology of Intrathecally Infused AAV9-
hABCD1 (SBT101), a Gene Therapy Candidate
for AMN, in Non-Human Primates

Vidyullatha Vasireddy, Sean W. Clark, Mark Cartwright,

Karen Kozarsky, David W. Anderson

SwanBio Therapeutics Ltd., Philadelphia, PA

OBJECTIVE: To evaluate the safety and biodistribution of SBT101, an
AAV9 based gene therapy vector capable of delivering a functional copy
of thehuman ABCD1 (hABCD1) gene into the intrathecal space in non-
human primates (NHP). BACKGROUND: Adrenomyeloneuropathy
(AMN) is a form of X-linked Adrenoleukodystrophy (ALD) caused
by mutations in the gene encoding the ATP-Binding Cassette sub-
family D member 1 (ABCDI). AMN is characterized by a slowly
progressive dying-back axonopathy affecting sensory ascending and
motor descending spinal cord tracts that manifests in aging patients,
with 100% penetrance in men leading to loss of mobility. So far there
are no therapies available for AMN/ALD, leaving the patients with
progressive neurodegeneration and lifelong disability. Recombinant
AAV9 vector-mediated gene therapy is showing great promise as a
potential treatment for AMN, as these vectors deliver functional copies
of the complementary deoxyribonucleic acid (cDNA) gene to cells,
yielding rapid and robust transgene expression. We are developing
SBT101, an AAV9-based gene therapy vector capable of delivering
a functional copy of the human ABCD1 (hABCD1) gene, for use as
a treatment for AMN. The safety and biodistribution of SBT101 was
evaluated by delivery into the intrathecal space in NHPs in a dose
ranging study. DESIGN/METHODS: Preclinical studies to assess the
clinical chemistry, neurological and cardiac function, biodistribution,
safety, and immune responses of SBT101 were performed in naive
cynomolgus monkeys with low pre-existing neutralizing antibodies
(NAb) to AAV9. Animals were administered a single dose of SBT101
at concentrations of 1.5E13, 3.5E13, and 7.6E13 vector genomes (vg)/
animal via intrathecal-Lumbar (IT-L) infusion over a 6-hour period.
Animals were monitored for 3- or 6- months post administration to
assess the reversibility or persistence of any effects. The administered
doses were selected based on prior histopathological/functional studies
after administration of SBT101 to mice and further extrapolation to
NHPs based on the volume of cerebrospinal fluid (CSF). Formulation
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buffer-administered NHPs were used as controls. RESULT'S: Intrathecal
delivery of SBT101 at all doses tested (up to 7.6E13 vg/animal) was well
tolerated and no adverse events were noted. No SBT101-related effects
on clinical, ophthalmological, neurobehavioral, or cardiac observations
were noted. SBT101-related effects on clinical pathology test results
were transient, observed on Days 7 and/or 28, and consisted of dose-
dependent mild to moderate increased alanine aminotransferase and
aspartate aminotransferase activity which returned to normal levels
without any further intervention. Biodistribution studies indicated
a dose dependent presence of AAV vector genomes and hABCDI
transcript in Central Nervous System (CNS) tissues. Histopathological
evaluations showed a slight to moderate increase in the incidence of
axonal degeneration and presence of mononuclear infiltrates in CNS
and peripheral tissue of SBT101 administered NHPs compared to
controls at 3 months, which were not dose dependent, and found to
be reduced or unremarkable by 6 months. High titers of serum NAbs
and antibodies against AAV9 were observed at the end of the study and
were dose dependent. Titers of NAbs and antibodies against AAV9 were
marginal in CSE. CONCLUSIONS: Intrathecal delivery of SBT101, up
to 7.6E13 vg/animal, was well tolerated in cynomolgus monkeys at
doses predicted to be potentially clinically relevant in AMN patients.
The safety profile and biodistribution of SBT101 further enables our
path to the clinic for the investigation of AMN treatment.

163. AAV Gene Immunotherapy Induced
Tolerance is Not Inhibited by Generalized
Immune Suppression: A Beneficial Outcome
for Patients with MS

Addelynn Sagadevan'?, Kevin G. Senior!, Geoftrey
D. Keeler!, Cristina Gaddie', Daniel Min!, Brad E.
Hoffman!?

'Pediatrics, UFE, Gainesville, FL,?University of Florida Genetics Institute,
Gainesville, FL

Multiple Sclerosis (MS) is a severely debilitating disease that affects
nearly one million people in the US alone. While there are no known
cures for MS, the FDA has approved several disease-modifying
therapies (DMTs) based on generalized immune suppression that are
designed to control disease inflammation and reduce exacerbations.
One such DMT is natalizumab (Tysabri’), a monoclonal antibody that
acts as a a4-integrin antagonist to reduce leukocyte infiltration into the
CNS, thus reducing relapse rates in MS patients. However, as with all
DMTSs, natalizumab is not a permeant solution due to its suboptimal
efficacy in patients over time and potential severe adverse side effects
such as progressive multifocal leukoencephalopathy (PML). To provide
abetter long-term solution for MS, our lab has developed a pre-clinical
Adeno-associated virus (AAV) gene immunotherapy that targets
multiple neuro-proteins know to play a role in MS. Administration
of this vector has shown to not only prevent the autoimmune disease,
but can also reverse clinical symptoms in experimental autoimmune
encephalomyelitis (EAE), the animal model of MS. Importantly,
as this gene immunotherapy moves into clinical trials, it is vital to
determine if a patient’s current standard of care using the immune
suppressive natalizumab would interfere with the ability of our AAV
gene immunotherapy to induce antigen specific Tregs and re-establish
immunological tolerance. To test this, EAE was induced with the neuro-
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protein myelin oligodendrocyte glycoprotein epitope (MOG,, ,) in
9-week-old female C57BL/6 mice. As mice developed clinical disease
(tail paresis) AAV.MOG vector was administered. Concomitantly mice
started a natalizumab treatment regimen administered every 48 hours
for a total of 5 injections. Control mice received either natalizumab/
AAV.Null or AAV.MOG/vehicle.

Natalizumab (c.—alpha-4 integrin)

% AAV.Null
+ Natalizumab

W AAV.Null

W AAVMOG (NR)

@ AAV.MOG
+ Natalizumab

AAV /Natalizumab 20 40

Administration

Opverall, the results revealed that natalizumab administration did not
interfere with our gene immunotherapy’s ability to prevent/reverse
clinical MS-like disease. Mice that received vector and natalizumab
remained disease free (see figure). In contrast, mice treated with
natalizumab, and null vector quickly experienced a significant rebound
upon natalizumab withdraw, a side-effect known to occur in patents
In conclusion, it is evident that natalizumab does not have a negatively
impact the ability of our gene immunotherapy to restore tolerance
and ameliorate disease. Our gene immunotherapy displays promising
clinical relevance for MS patients currently on natalizumab as we have
demonstrated the ability of our gene therapy to curb disease progression
of EAE and provide protection from severe relapses when natalizumab
is withdrawn. These results, alongside our previous data observed with
concomitant use of fingolimod and prednisolone, suggest that this novel
approach has significant therapeutic potential for patients with MS.

164. Genome-Wide and Directed Integration
Assays ldentify and Quantify rAAV In Vivo Gene
Editing Sites in Mice with Humanized Livers
John E Thompson', Jessica Von Stetina?, Jaime Prout',
Sarah Potts!, Miranda Rubin!, Alicia Palladino?, Jason
Wright!

'Genomics and Computational Biology, Homology Medicines, Inc., Bedford,
MA,*Biology, Homology Medicines, Inc., Bedford, MA

A variety of delivery methods and mechanisms have been used for
gene editing across many systems. For all approaches, it is necessary to
determine whether the desired DNA changes have been made as well
as to determine whether any unintended changes have been introduced
simultaneously. Because these changes may be different in each cell,
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and sequencing all cells is not practical, selective evaluation of changes
must be carried out. In assessing such changes, recombinant adeno-
associated virus (rAAV) has the advantage of acting via homologous
recombination (HR), but it is complicated by the presence of high levels
of episomes that must be distinguished from integration events. Studies
of viral integration generally include the use of sequences on both
sides of the integration junction for specific amplification. Typically,
primers directed at the virus being studied are combined with primers
complementary to adaptors ligated non-specifically to genomic DNA.
The high degree of sample processing can lead to a variety of artifacts
and this is a particular problem when trying to identify rare potential
off-target integrations where false positives can obscure real integration
signals. At high doses, episomal AAV may be present at thousands of
copies per cell and thus easily amplified or ligated inadvertently. Thus,
false positive signals arising from high episomal background may
occur more frequently than actual integration events.To overcome
the high episomal background observed with rAAV, we have modified
previous protocols to minimize the impact of competing vector
genomes and focus only on rAAV that has integrated into the human
genome. In addition, we have incorporated long-read sequencing to
ensure that relevant viral and human genomic sequences are truly
present on the same molecule and not inadvertently linked. Molecules
spanning the integration junction include over 1 kb from the rAAV
vector as well as sometimes many kb of human genomic sequence
adjacent to the integration site. Positive control cell lines have been
generated to establish the limit of detection in our assay. Genomic
DNA from cell lines is spiked at known concentrations into genomic
DNA purified from edited human hepatocytes engrafted in mice. The
known integration frequency in the cell lines allows the frequency
of real events to be estimated. rAAV with a codon-optimized PAH
gene and homology arms targeted for insertion into human PAH was
used as a model for examining both on- and off-target integration.
On-target HR-mediated integration into the desired locus is found to
be dose-dependent. There is no evidence of integration into any other
location above the limit of detection, supporting the precision of this
gene editing approach.

165. Biodistribution and Activity of a Novel
AAV-hFXN Expression Vector in the MCK
Mouse Model of Friedreich’s Ataxia

Matthew Hamm, Marshall Goodwin, Tara McParland,
Elizabeth Butterworth, Nicola Rutherford, Fatima
Shaerzadeh, Danielle Cucchiara, Ryan Spengler,

Rebeca Everitte, Heather Stacy, Carli Brown, Christina
Rodriguez, Sam Ewing, Tooray Fuller, Amber Calloway,
Shyam Gajavelli, Edgar Rodriguez, Darin Falk

Lacerta Therapeutics, Alachua, FL

Background and objective: Friedreich’s ataxia (FA) is a mitochondrial
disease with a heterogeneous presentation that commonly features
spinocerebellar ataxia and sensory neuropathy, hypertrophic
cardiomyopathy, and increased incidence of diabetes mellitus.
FA is an autosomal recessive ataxia in which trinucleotide repeat
expansion of the FXN gene results in deficient expression of frataxin
protein. Frataxin deficiency results in impaired iron homeostasis and
dysregulation of mitochondrial respiration and oxidative stress, which
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ultimately contribute to the clinical presentation of FA. As FA is a
monogenic disease resulting from insufficient gene product, FXN gene
replacement therapy is a promising therapeutic strategy for FA. We are
developing an adeno-associated virus (AAV)-based approach to deliver
the FXN gene to tissues affected in FA. The goal of this approach is to
restore functional levels of frataxin in a safe manner while preventing
FA progression. Methods: We engineered an expression cassette
containing the human FXN sequence under the control of a synthetic
Desmin promoter and a modified FXN 5 UTR. This construct was
packaged in AAV serotype 7 for intravenous administration into
6-week-old MCK mice, which lack frataxin in cardiac and skeletal
muscle. Four weeks post-administration, cardiac function in treated
and untreated animals was assessed via MRI. Subsequently, animals
were harvested for biochemical and histological examination. Results:
Intravenous delivery of AAV7-FXN resulted in broad biodistribution
to cardiac tissue, recovery of cardiac function, and tolerability in the
MCK mouse. Administration of the target dose resulted in near-
physiological frataxin expression in the heart, and this correlated
with marked improvements in cardiac ejection fraction. Furthermore,
our candidate therapeutic was well-tolerated up to 5-fold our target
dose in MCK and non-transgenic mice. No gross histopathological
findings were observed in heart or off-target tissues. Discussion and
Conclusion: These results and ongoing studies strongly support further
development of this promising therapeutic candidate.

166. Structure-Guided Evolution of a Novel,
Neurotropic AAV Variant, STRV5 for Direct CNS
Gene Transfer

Ruth M. Castellanos Rivera

StrideBio, RTP, NC

Over the past decade the development of novel AAV variants to tackle
challenges posed by neurological disorders has received significant
attention and efforts with the goal of traversing the blood-brain barrier
(BBB) following intravenous dosing. However, efforts to achieve
improved spread in different regions of the brain and cell type-specific
tropism have lagged behind. Here, we evolve a novel AAV variant,
STRVS5 following multiple rounds of evolution through different
routes of administration in non-human primates (NHPs). Specifically,
direct cisterna magna (ICM) injection yielded variants enriched in 12
different CNS regions. The lead capsid, STRV5 packaging different
ss and sc reporter transgene cassettes was characterized in mouse
and NHP models following different direct CNS dosing routes. First,
bilateral injection directly into cerebral ventricles (ICV) in neonatal P1
mice, shows similar vector genome copy numbers (VCN) to AAV9 with
predominantly neuronal transduction from rostral to caudal regions.
The highest VCN was observed in the rostral region with a gradual
decrease toward the caudal region (~1 to 2-log lower). Dual route
of administration evaluating different doses and volumes, bilateral
ICV and cisterna magna (ICM) in P5 mice shows increased VCN in
caudal as well as deeper brain regions, when compared to bilateral ICV
alone. We then evaluated two routes of administration independently,
intracerebroventricular (ICV) and cisterna magna (ICM) in NHPs.
These studies revealed that STRV5 spreads as efficiently as AAV9 upon
ICM injection compared to the ICV route. Although, VCN in different
brain regions were generally comparable, quantification of protein
expression by ELISA shows a 5-fold increase in the premotor cortex
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and 10-fold increase in the cerebellum for STRV5 compared to AAV9
vectors. Moreover, using dual immunohistochemistry for cellular
marker, NeuN, and mCherry antibodies, we show a significant shift
in the number of positive cells for NeuN colocalized with mCherry
expression in the premotor cortex, hippocampus, and thalamus. Initial
quantification using Zeiss imaging software shows ~26% of NeuN
positive cells in case of STRV5 and additional analysis for different brain
regions compared to AAV9 is ongoing. Together, our data highlights a
novel, neurotropic AAV candidate with potential to display improved
safety and CNS transgene expression for gene therapy of neurological
disorders.

167. Immunohistochemistry to Identify Cell
Type and AAV Transfection

Philip Spear

Flagship Biosciences, Broomfield, CO

Neural directed engineered AAV vectors should produce an appropriate
amount of transgene in specific cell subtypes. Immunohistochemistry
(IHC) can identify cell type and transgene expression. Combining
markers for cell type and transgene expression into one image is
technically challenging. We demonstrate an IHC panel capable of
meeting these needs. We use image analysis algorithms to identify
cell type and AAV transfection. Multiplex IHC panels are useful for
identifying engineered AAV vector tropism targeting and transgene
expression in preclinical models.

168. Engineering Viral Vectors for Acoustically
Targeted Gene Delivery

Hongyi Li

Biology and Biological Engineering, California Institute of Technology, Pasadena,
CA

Introduction Targeted gene delivery to the brain is a critical tool for
neuroscience research and has significant potential to treat human
disease. However, the site-specific delivery of common gene vectors
such as adeno-associated viruses (AAVs) is typically performed
via invasive injections, limiting their scope of research and clinical
applications. Alternatively, focused ultrasound blood-brain-barrier
opening (FUS-BBBO), enables the noninvasive site-specific entry
of AAVs into the brain from systemic circulation. However, when
used in conjunction with natural AAV serotypes, this approach has
limited transduction efliciency, requires ultrasound parameters close
to tissue damage limits. Here, we use high throughput in vivo selection
to engineer new AAV vectors specifically designed for local neuronal
transduction at the site of FUS-BBBO. Methods To optimize new AAV
variant for FUS-BBBO mediated delivery we employed a viral vector
directed evolution method based on in vivo Cre recombination. In this
approach, a library of AAVs with mutated capsid proteins (Fig. 1a) is
injected intravenously into mouse. When a particular AAV variant
transduces a cell expressing Cre, its viral genome is modified and
becomes detectable by a Cre-dependent PCR (Fig. 1b). We generated a
library of viral vectors with engineered capsids based on AAV9, which
has high neuronal transduction but does not readily cross the BBB (Fig.
1a). We then used FUS-BBBO to deliver the AAV library (Fig. 1c) to
one hemisphere of hSyn1-Cre mice that express Cre in neurons. Later,
the DNA was extracted from both hemispheres (Fig. 1c) and sequenced
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using next-generation sequencing (NGS). The variants with sequences
detected uniquely in the targeted hemisphere were then subjected to a
second round of screening to quantify their relative performance. As
a result of this screen, we identified 5 engineered vector candidates
(AAV.FUS.1 - 5) most enriched in the FUS-targeted hemisphere and
evaluated their transduction efficiency and tissue tropism. Results
and Conclusions Histological analysis revealed higher efficiency of
transduction in the brain for all 5 candidates (Fig. 2a, b; up to 130%
improvement over AAV9). At the same time, each serotype transduced
the liver less strongly (Fig. 2¢, d; up to 6.8-fold reduction compared
to AAV9). Liver is naturally transduced by many AAVs, including
AAV9Y, and represents an undesirable off-target site. The top AAV.
FUS candidate (AAV.FUS.3) showed 12.1-fold improvement in overall
tissue specificity (Fig. 2e). Moreover, all 5 candidates show improved
neuronal tropism. Upon FUS-BBBO gene delivery, AAV.FUS.3 has
a 69.8% likelihood of transducing a neuron, compared to 44.7% for
AAV9 (Fig. 2f, g, h). Overall, this study shows that the molecular
engineering of AAV capsids can lead to improved ultrasound-mediated
gene delivery to the brain. Our screen yielded AAV.FUS.3, the first
viral vector expressly engineered to work in conjunction with a specific
physical delivery method.
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Adeno-associated viruses (AAVs) are