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1. LentiGlobin Gene Therapy in Patients
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Results from HGB-206

John FE. Tisdale’, Julie Kanter?, Markus Y. Mapara’, Janet
L. Kwiatkowski?, Lakshmanan Krishnamurti®, Manfred
Schmidt®, Alexandra L. Miller’, Francis J. Pierciey’,
Weiliang Shi’, Jean-Antoine Ribeil’, Mohammed

Asmal’, Alexis A. Thompson®, Mark C. Walters’

'Sickle Cell Branch, NHLBI/NIDDXK, National Institutes of Health, Bethesda,
MD,’Division of Pediatrics, Medical University of South Carolina, Charleston,
SC,*Columbia University College of Physicians and Surgeons, New York,
NY,*Division of Hematology, Children’s Hospital of Philadelphia, Philadelphia,
PA,’Department of Pediatrics, Division of Hematology/Oncology/BMT, Emory
University School of Medicine, Atlanta, GA,°GeneWerk GmbH, Heidelberg,
Germany,’Bluebird Bio, Inc., Cambridge, MA,*Ann and Robert H. Lurie
Children’s Hospital of Chicago, Chicago, IL,”UCSF Benioff Children’s Hospital
Oakland, Oakland, CA

B-globin gene transfer may reduce or eliminate complications in
patients with sickle cell disease (SCD). LentiGlobin gene therapy (GT)
comprises drug product (DP) made from autologous hematopoietic
stem cells (HSCs) transduced with the BB305 lentiviral vector (LVV)
encoding B-globin with an anti-sickling T87Q substitution (HbA™Q).
The safety and efficacy of LentiGlobin GT in SCD is being evaluated in a
phase 1 study, HGB-206 (NCT02140554). Patients were initially treated
with DP made from bone marrow harvested (BMH) HSCs (Group A,
fully enrolled), then from DP made from BMH HSCs but using a refined
manufacturing process (Group B, fully enrolled), and subsequently
from plerixafor-mobilized HSCs (Group C, currently enrolling).
Adults with severe SCD (history of recurrent vaso-occlusive crisis,
acute chest syndrome, stroke, or tricuspid regurgitant jet velocity of
>2.5 m/s) were enrolled. Autologous CD34+ cells, collected by BMH
or apheresis following mobilization with plerixafor, were transduced
with BB305 LVV. After myeloablative busulfan conditioning,
patients were infused with the transduced cells and monitored
for safety and efficacy. Summary statistics are median (min-max).
As of May 15, 2018, 22 patients had HSCs collected, 18 patients had DP
manufactured and 15 patients were treated. Eleven patients (9 in Group
A, 2 in Group B) underwent BMH and 12 patients (1 in Group B [who
also had BMH], 11 in Group C) underwent mobilization/apheresis.
Median 0f4.3 (0.1—10.8) x 10°and 10.4 (3.8—21.6) x 10° CD34+ cells/
kg were collected per BMH (N=26) and per mobilization cycle (N=17),
respectively. DP and treatment characteristics are shown in Table 1. DP
characteristics were improved in Group B and Group C vs Group A.
The safety profile post-DP infusion was consistent with myeloablative
conditioning and underlying SCD; most common non-hematologic
grade >3 AEs were stomatitis, febrile neutropenia, and vaso-occlusive
pain. No grade >3 DP-related AEs, graft failure, veno-occlusive liver
disease, replication competent lentivirus detection or clonal dominance
were reported. Atlast visit (Table 1), HbA™?]evels were higher in Group
B (3.2—7.2 g/dL) vs Group A (0.5—1.2 g/dL). In 4 Group C patients at
the 3-month visit, HbA™? (4.1 [3.2—6.0] g/dL) levels were equal to
or exceeded HbS levels (3.3 [2.8—3.8] g/dL). In 1 Group C patient at
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the 6-month visit, HbA™? was 8.8 g/dL and total Hb was 14.2 g/dL.
These data support the safety and feasibility of plerixafor-mediated
HSC collection in patients with SCD. HGB-206 protocol changes have
improved LentiGlobin DP characteristics yielding higher HbA™?
levels. Additional data will determine the clinical effect of increased
HbA™?/HbS ratios.

Table 1. DP and Treatment Characteristics
Group A Group B Group C
(N=7) (N=2) (N=6)
Bone marrow harvests (number) 2(1—4) 25(2—3) | NA
Mobilization cycles (number) NA 1 1(1—2)
2.1 2.7 7.1
6
Cell dose (x10° CD34+ cells/kg) (1.6—5.1) 22-32) | (3.0-8.0)
DP vector copy number (copies/diploid | 0.6 3.1 4.0
genome) (0.3—1.3) (1.4—5.0) | (2.8—5.6)
Transduced cells (%) 25 (8—42) 87 81
(46—95) (78—388)
Neutrophil engraftment (days) 22 (17—29) 26 19
phileng ¥ (23-28) | (18—20)
46 28
Platelet engraftment (days) 56 (29—63) Bl—61) (12—64)'
Hospitalization time from conditioning 37 (29—s4) 41 34
to discharge (days) (36—46) (30—065)
242 114 30
Follow-up (months) (22.8— (8.5— (i 26.0)
32.9) 14.3) ’ ’
Values are presented as median (min—max); “For research purposes; 'n=4 Group C
patients; platelet engraftment was pending in 2 Group C patients as of data cut; NA
= not applicable
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Transplantation of genetically-engineered autologous hematopoietic
stem and progenitor cells (HSPC) is an attractive treatment option for
inherited metabolic disorders, due to the potential to obtain supra-
normal expression of the corrective enzyme in the hematopoietic
progeny that may durably cross-correct tissues including the CNS. We
recently started a phase I/II clinical trial (NCT03488394) in children
affected by Hurler Disease, the severe form of Mucopolysaccharidosis
type I (MPSI-H). MPSI-H is caused by alpha-L-Iduronidase
(IDUA) deficiency leading to systemic glycosaminoglycan (GAG)
accumulation, skeletal abnormalities, neurodevelopmental decline and
death within the first decade of life. Two patients (14 and 24 months of
age) have been treated as of Jan 15, 2019, and others are currently under
evaluation. HSPC harvest by Lenograstim and Plerixafor mobilization
was uneventful and effective resulting in cryopreserved drug products
of 15 and 24 million CD34+ cells/kg, respectively, and transduction
efficiencies above 80% using a shortened transduction protocol and
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Prostaglandin E2 (PGE2) as transduction enhancer. Follow up in
patient 1 reached 6 months as of Jan 15, 2019. His hematologic recovery
after Flu/Bu-based myeloablative conditioning was fast (ANC<100/
mcl: 5 days; last transfusion on day+10) and uneventful. Importantly,
the patient reached normal blood IDUA activity by day+11 and
supra-normal activity by day+14 that stabilized around 5 fold above
the upper limit of normal, along with an in vivo vector copy number
around 2 that was sustained in multiple hematopoietic lineages. IDUA
activity was also demonstrated in the cerebrospinal fluid, and urinary
GAGs were strongly reduced to near-normal levels early after gene
therapy (d+90). Clinical updates on the first 2 treated patients will be
presented. We also performed ancillary xenotransplantation studies
comparing the engraftment capacity of the drug product with non-
cultured CD34+ cells from patient 1. Both produced similarly-sized,
multi-lineage grafts in primary and secondary NSG mouse recipients,
confirming a minimal functional impact of the ex vivo procedure
on HSPC. Transduction efficiency of the drug product remained
above 90% throughout secondary transplantation, with a vector copy
number around 3 integrations per cell. Taken together, our shortened,
PGE2-based transduction protocol allows efficient HSC transduction
without compromising their engraftment potential, thus supporting
rapid patient recovery from transplantation and metabolic correction
of the MPSI-H enzyme defect in critical target tissues. These initial
clinical results strongly support benchmarking of our autologous ex
vivo gene therapy approach against allogeneic transplantation, the
current standard of care for MPSI-H patients.
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In hematopoietic stem cell (HSC) gene therapy (GT) applications,
vector integration site (IS) studies carried on blood and Bone Marrow
(BM) cells allow to unravel the safety and efficacy of gene transfer.
However, these analyses do not convey information of vector-marked
clones residing in other solid organs, unless invasive biopsies are taken.
This limitation hampers the description of the whole clonal repertoire
in HSC-GT patients, prevents safety and efficacy monitoring of in vivo
GT applications and limits the early identification of pre/malignant
clones expanding in solid tissues. Here, we developed Liquid-Biopsy-
Insertion Site-Sequencing (LiBIS-Seq), a PCR technique allowing
the retrieval of IS from cell-free circulating DNA (circDNA) purified
from blood plasma (BP) of GT-treated patients. CircDNA are DNA
fragments released in BP by apoptotic and necrotic cells and, in our
rationale, it should contain, at least in part, vector/genome junctions
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(circIS) derived from vector-marked cells residing in solid tissues.
LiBIS-Seq was initially performed on BP-circDNA from 7 patients
treated by Lentiviral Vector (LV)-based HSC-GT for Metachromatic
Leukodistrophy (MLD) and retrieved >10,900 unique circIS. CircIS had
the typical LV integration profile observed in HSC and recapitulated
the safety and polyclonal pattern previously reported in this trial.
Since only 40% of the circIS shared with IS retrieved from cell-DNA,
we hypothesize that a fraction of IS could derive from vector-marked
clones embedded in solid organs. To confirm this, we analyzed the
BP circDNA from 3 dogs and 6 Non-Human Primates treated by LV-
mediated liver directed GT and retrieved >11000 and >5000 circIS,
respectively. CircIS analyses indicated a highly polyclonal pattern
without persisting dominant clones, in agreement with the IS results
observed from liver genomic DNA. Finally, we tested if LiBIS-Seq
enables the early detection of pre/malignant T-cell Acute Lymphoblastic
Leukemia (T-ALL) clones triggered by LMO2 insertions in g-retroviral
vector-based clinical trials for Severe-Combined-Immunodeficiencies-
linked to X chromosome (SCID-X1) and Whiskott-Aldrich-Syndrome
(WAS). Our preliminary results, based on the analysis of cellular and
circ-DNA collected before, at and after T-ALL diagnosis in a SCID-X1
patient, showed that in circulating blood cells the IS targeting LMO2
of the leukemic clone reached the maximum level of abundance of
1.4% at the time of diagnose, while in circIS this integration had a
level of abundance higher than 90% even 4 months before the T-ALL
and become undetectable post-chemotherapy. Analyses on the
remaining SCID-X1 and on WAS patients are ongoing. Hence, LiBIS-
Seq technology enables the study of the clonal repertoire at the whole
organismal level in HSC-GT patients and for the first time opens the
door to longitudinal clonal tracking studies in in vivo GT applications
without the need of invasive biopsies. Finally, LiBIS-Seq allows the
early and sensitive detection of non-circulating premalignant clones
triggered by insertional mutagenesis residing in solid organs and
undetectable by conventional IS analysis.
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Background: Ornithine transcarbamylase (OTC) deficiency is an
X-linked disorder that results in impaired flux of ammonia through the
urea cycle and consequently hyperammonemia. Ammonia is a potent
neurotoxin and elevated levels of ammonia can result in recurrent
vomiting, neurobehavioral changes, seizures, and cause irreversible
neurocognitive damage. OTC deficiency has high morbidity and
mortality if untreated. Current standard of care includes limiting
dietary protein intake, supplementation with a high-energy source
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(glucose), and administration of nitrogen scavenging agents. Although
this lowers the incidence of hyperammonemic episodes, risk of life-
threatening hyperammonemic crises remains and neurocognitive
outcomes are often suboptimal. Gene therapy aimed at restoring liver
OTC activity presents a potential novel therapeutic strategy. DTX301
is a self-complementary recombinant AAV8 vector that expresses a
codon-optimized human OTC ¢DNA under transcriptional control
of a liver-specific promoter, and is currently under investigation as a
possible therapy for patients with OTC deficiency. Methods: CAPtivate
is a global, multi-center, open-label Phase 1/2 dose-escalation trial
evaluating the safety and preliminary efficacy of a single IV infusion of
DTX301 in adults with symptomatic late-onset OTC deficiency. Three
subjects have been enrolled in cohorts 1 and 2, and 3 subjects will be
enrolled in each subsequent planned cohort. The primary endpoint is
the incidence of adverse events (AEs), treatment-emergent AEs, and
serious AEs. Secondary endpoints are changes from baseline in the rate
of ureagenesis and 24-hour AUC for plasma ammonia levels. Following
an initial 52-week study assessment period, subjects are eligible to
enroll in a 4-year extension study to evaluate the long-term safety
and efficacy of DTX301. Results: Dosing of 3 patients each in cohort
1 at 2x10"* GC/kg and cohort 2 at 6x10'* GC/kg, respectively, has been
completed. No infusion-related or serious AEs have been reported to
date; all AEs have been grade 1-2. Two patients had mild, asymptomatic
ALT increases that were resolved with corticosteroids, per protocol.
Two patients have achieved a normalized ureagenesis rate, discontinued
all ammonia scavenger medications, and liberalized dietary protein
restrictions. All 3 patients from cohort 1 have completed the 52-week
study period and have enrolled into the long-term extension study.
Following review of cohort 2 data, 1 subject was enrolled at a dose of
1x10" GC/kg (cohort 3) and 2 additional subjects will be enrolled in
cohort 3. Conclusions: Early data from cohorts 1 and 2 of CAPtivate,
an on-going Ph1/2 AAV gene transfer clinical trial are favorable and
indicate that DTX301 may be a potential new therapeutic approach
for patients with OTC deficiency.

5. Dominant Negative PD1 Armored CART
Cells Induce Remission in Refractory Diffuse
Large B Cell Lymphoma (DLBCL) Patients
Tong Chen
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Dominant Negative PD1 Armored CART Cells Induce Remission in
Refractory Diffuse Large B Cell Lymphoma (DLBCL) PatientsYan
Yuanl, Liansheng Huang2, Chengfei Pu3, Tianling Dingl, Xibin
Xiao2 Zhiyuan Cao3, Ting Wul, Luying Ding2, He Sun3, Zhao
Wu3, Lei Xiao3, Xiaohong Zhang2 and Tong Chenl*1 Department
of Hematology, Huashan Hospital, Fudan University, Shanghai,
China.2 Department of Hematology, The Second Affiliated Hospital of
Zhejiang University School of Medicine, Zhejiang, China3 Innovative
Cellular Therapeutics, Shanghai, China*Corresponding to: Tong chen,
chentong@fudan.edu.cn The chimeric antigen receptor (CAR) T cell
treatment has been demonstrated as an effective therapy to relapse/
refractory B cell malignancy. However, tumor microenvironment
influences and affects CAR T treatment. For example, programmed
death ligand 1/2 (PDL1/2) may inhibit the CAR T cells via interaction
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with up-regulated Programmed cell death protein 1 (PD1) during T
cells activation, suppressing the tumor-killing capability of the CAR
T cells. Thus, blockade of the PD1-PDL1/2 interaction may enhance
the anti-tumor efficacy of CAR T therapy.Here, we generated CAR T
cells including an anti-CD19 second generation (2G) CAR molecule
and a dominant negative PD1 molecule (Figure A). Compared with
conventional CART cells, these “armored” CART cells show the
enhanced capability of tumor killing after multiple-round tumor
challenging and more “memory-like” phenotypes (Figure B). These
results suggest dominant negative PD1 molecules may protect CART
cells from exhaustion in the tumor microenvironment.Further, we
report clinical trials of two refractory diffuse large B cell lymphomas
(DLBCLs) patients that were successfully treated using the armored
CAR T cells described above. Both of these two patients failed
to achieve response after multiple rounds of chemotherapy and
radiotherapy. However, after infused with autologous CART cells at
5.23x1076/kgand 1.97x10/6/kg, respectively, they showed significant
tumor mass decrease and SUV max declines in PET/CT results and
ongoing responses (From 34.48 to 3.89 at day 27, from 25.02 to 2.38 at
day 31, respectively, see Figure C). Conclusion: These two clinical trials
revealed the significant anti-bulky lymphoma response with respect to
these armored CAR T cells and limited and tolerated cytokine release
syndrome and central nervous system toxicity. Also, dominant negative
PD1 molecules may augment CAR T cells persistence in patients after
activation by lymphoma cells, thus enhancing efficacy of CAR T cells in
treatment of hematomas. Finally, the techniques described herein are
a platform technology and may be applied to other adoptive cellular
immunotherapies such as TCR-T or TIL in the treatment of solid
tumors. We are continuing to recruit more patients for the clinical trials.
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Toca 511 (vocimagene amiretrorepvec) is a replicating retrovirus
encoding an optimized cytosine deaminase (CD), that in preclinical
and human clinical studies selectively infects cancer cells. Toca 511
alone is non-inflammatory, and actively inhibits type 1 IFN induction.
Toca 511 combined with 5-flurocytosine, which is converted to 5-FU
within infected cells, leads to tumor regression in several animal
models. Murine studies in subcutaneous, metastatic colon and
orthotopic brain tumor models have all shown a common mechanism
of action (MOA) that involves the de novo generation of systemic anti-
tumor immunity; the immune activity is induced by tumor cell lysis,
depletion of myeloid immune suppressive cells by diffusible 5-FU in
the tumor microenvironment, and subsequent tumor T cell infiltration,
with a key role for CD4 cells. In a recurrent High Grade Glioma (HGG)
Phase 1 trial using an extended release formulation of 5-FC, Toca FC,
(NCT01470794), 26% (6/23 pts) of a subgroup of patients are alive
after 3 or more years , compared to historical numbers of around 5-10
%. This subgroup had tumors < 5cm diameter and a Karnofsky score
of 70 or above, were at 1st or 2nd recurrence, had received no prior
bevacizumab, and were dosed at approximately 1E9 transduction
units of Toca 511 or above, Five of the 6 long-lived patients have a
complete clinical response with no observable tumors in MRI scans,
by independent neuroradiologist review. The durable responses, with
delayed onset, are supportive of an immune mechanism of action in
patients. Analyses of pre-treatment tumor and of post-treatment blood
samples from both responding and non-responding patients suggest:
1) that the responses may be immune mediated; 2) that a prognostic
immune cell signature can be seen in tumor microenvironment of
patients who respond; 3) that there is a cytokine signal in the blood
plasma that correlates with response; and 4) that responders do not
have an above normal level of neo-antigen load in their tumor. These
studies have been followed up by a 400 patient, open-label controlled
pivotal clinical trial in rHGG (NCT02414165), with a final analysis
planned for the second half of 2019. We plan to further evaluate
immune cell signatures in samples from the pivotal trial to determine
ifan association with survival can be confirmed. We also plan look for
such signatures in patients with disseminated advanced solid tumors
in a Phase 1 trial (NCT02576665).
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7. Barcoded Clonal Tracking of CRISPR-
Cas9 and rAAV6-Mediated Gene Targeting in
Human Hematopoietic Stem and Progenitor
Cells
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Hematopoietic stem and progenitor cell (HSPC) transplantation has the
power to cure genetic diseases of the blood and immune system. HSPC
gene therapy clinical trials using retroviral vectors has proceeded with
mixed results, but the methodology maintains the advantage of being
able to predict and track adverse (and normal) clonal events via analysis
of unique integration sites in cell populations. Recent developments of
the CRISPR-Cas9 system enable targeted manipulations of the HSPC
genome that have revolutionized the concept of correcting disease-
causing genetic mutations in patient-derived autologous HSPCs. By
combining ribonucleoprotein delivery of the CRISPR-Cas9 system
and homologous DNA donors via recombinant adeno-associated virus
serotype six (rAAV6), it is possible to elicit high frequencies of gene
targeting in HSPCs across many clinically relevant loci. However, due to
the precise nucleotide-resolution nature of gene targeting, these current
methodologies do not allow for clonal tracking of gene targeted HSPCs.
Here, we created barcoded rA AV6 homologous DNA donor libraries to
track the clonal contribution of gene targeted HSPCs on hematopoietic
reconstitution in vivo. The barcoded libraries can be used to introduce
silent mutations within a coding sequence or to target unique DNA
tags outside of the coding sequence, with sequence diversity ranging
from 1x10° to 1x10° unique barcodes. To first establish that this
method can track oligoclonal expansion of gene-targeted HSPCs in
vivo, we created a barcoded AAV6 donor library that contained DNA
templates with the SFFV promoter driving the expression of oncogenic
mutant NRASC'?P, We targeted barcoded SFFV-BFP-NRAS¢"*? into the
AAVSIlocus in HSPCs and then transplanted the targeted HSPCs into
sublethally irradiated immunodeficient NSG mice to assess whether
constitutive NRAS'?" expression was sufficient to induce a clonal
hematopoietic phenotype. 100% of the control mice transplanted with
SFFV-BFP targeted HSPCs survived the length of the study (week
18), while only ~50% of the mice transplanted with SFFV-NRAS%?P
HSPCs survived until week 8 (N=8-10 mice per group). Six to eight
weeks post-transplantation of SFFV-NRASS'? cells, histopathological
analysis (H & E staining) of the bone marrow and spleen indicated
infiltration of hyperproliferative myeloid cells. Sequencing analysis of
the engrafted human myeloid cells showed an oligoclonal signature (6
unique barcodes making up 50% of the total reads) that was presumably
responsible for the HSPC transformation towards the myeloid lineage
and ultimately reduced animal survival. To assess normal polyclonal
hematopoietic reconstitution, we targeted the HBB gene with silent
mutations (up to 36,000 DNA permutations) in HSPCs. Compared to
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single-sequence HBB targeted HSPCs, barcoded HBB targeted HSPCs
displayed similar frequencies of gene targeting, long-term engraftment,
red blood cell differentiation, and adult hemoglobin expression,
confirming the barcoded library had no influence on HSPC cell biology
and importantly, maintained the open reading frame following gene
targeting. Initial sequencing analysis of engrafted human cells suggests
>100 unique and shared barcodes (with many barcodes represented at
different frequencies) in the lymphoid and myeloid lineages indicating
HBB gene targeting in multilineage potent HSPCs capable of durable
engraftment. We anticipate that this methodology has the potential to
be used for HSPC clonal tracking of rAAV6-mediated gene targeting
outcomes in translational and basic research settings.

8. Large-Scale CRISPR-Cas Genome-Wide
Activity Profiling in Human Primary T-Cells
Reveals Genetic and Epigenetic Determinants
of Off-Target Effects

Cicera R. Lazzarotto, Nikolay L. Malinin, Varun Katta,
Qian Qi, Yong Cheng, Shengdar Q. Tsai

Hematology, St Jude Children’s Research Hospital, Memphis, TN

CRISPR-Cas nucleases are a simple and robust technology to
modify the genomes of living cells with broad utility for basic
research and human medicine. While many in vitro and cell-based
assays have been described to define CRISPR-Cas editing activity,
there remains no easy way to routinely perform these types of
analyses on large numbers of targets. Previously, we developed
CIRCLE-seq, an in vitro method for defining the genome-wide
activity of CRISPR-Cas9 nucleases by selective sequencing of Cas9-
cleaved genomic DNA molecules. Though highly sensitive, its
scalability is limited due too labor-intensive processing steps and
systematic loss of material through sequential purification steps.
To streamline CIRCLE-seq, we developed and optimized CIRCLE-
seq High-throughput Analysis of Nuclease Genome-wide Effects
by Sequencing (CHANGE-seq). CHANGE-seq is based on a novel
enzymatic workflow leveraging Tn5 transposon-based tagmentation,
optimized gap-repair and exonuclease treatments. Our new method
overcomes limitations of the original by eliminating the need
for specialized equipment for genomic DNA shearing, reducing
genomic DNA input requirements by approximately 5-fold,
and substantially minimizing processing steps, time, and cost.
To directly compare CIRCLE-seq to CHANGE-seq, we generated
CHANGE-seq profiles at 11 sites we had originally characterized with
CIRCLE-seq. We found that CHANGE-seq and CIRCLE-seq read
counts were significantly correlated in 21 of 22 experiments, and the
overlap in sites detected by both CHANGE-seq and CIRCLE-seq is
comparable or better than CIRCLE-seq technical replicates (>85%).
To broadly test CHANGE-seq, we evaluated 110 non-repetitiveS.
pyogenes Cas9 target sites in 13 therapeutically important loci
in human primary CD4*/CD8* T-cells (AAVS1, B2M, CBLB,
CTLA4, CCR5, CXCR4, FAS, LAG3, TRAC locus, PDCDI1, PTPN2,
PTPN6, TRBCI1). CHANGE-seq identified a total of 202,043
genome-wide off-target cleavage sites (ranging from 20 to 60,000
per target). We analyzed the data in aggregate to identify major
determinants of off-target activity and observed two obvious effects:
1) there is increased tolerance for G-to-A mismatches and 2) RNA
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or DNA bulge loops in off-target sites are best tolerated in the center.
Next, we sought to evaluate the impact of chromatin accessibility
on cellular off-target activity. To identify cellular off-target sites, we
optimized GUIDE-seq for human primary T-cells and analyzed 22
targets randomly chosen from the 110 we characterized with CHANGE-
seq. The number of sites detected by CHANGE-seq and GUIDE-seq are
significantly correlated (R?=0.74, p=1.3x10"*). To identify regions of open
chromatin, we performed ATAC-seq on human primary T-cells from
the same donor. Among the 347 sites identified by both CHANGE-seq
and GUIDE-seq, we found that CHANGE-seq sites in open chromatin
regions are significantly more likely to be detected by GUIDE-seq than
those in closed chromatin regions (odds ratio = 2.45, p= 1.2x107).
In sum, CHANGE-seq enabled the generation of large-scale genome-
wide activity datasets, revealing important genetic and epigenetic
factors that affect genome-wide off-target activity. Future analyses of
these large-scale data using state-of-the-art machine learning methods
may yield additional insights into fundamental principles governing
genome-wide genome editing activity.

9. CRISPR/Cas9-Mediated Homology
Independent Targeted Integration in Human
Hematopoietic Stem and Progenitor Cells

Hanan Bloomer, Richard H. Smith, Andre Larochelle
Cellular and Molecular Therapeutics Branch, NHLBI/NIH, Bethesda, MD

The use of CRISPR/Cas9-based genome editing techniques to target
therapeutic transgenes to their endogenous genetic loci addresses many
of the limitations associated with viral vector-based gene replacement
strategies, such as the potential for ectopic expression, transgene
silencing, variable gene dosage, and/or insertional mutagenesis.
Common methods of Cas9-mediated targeted integration utilize the
cellular homology-directed DNA repair (HDR) pathway; however,
these approaches are ineflicient (typically <1% recombination) in
quiescent primary cells, such as long-term repopulating hematopoietic
stem and progenitor cells (HSPCs), where, due to their protracted
G,/G, phasing, non-homologous end joining (NHE]) is the primary
DNA repair mechanism. Recently, a novel NHE]J-based approach to
Cas9-mediated transgene knock-in, known as homology independent
targeted integration (HITI), has demonstrated improved site-
specific integration frequencies in both dividing and non-dividing
cells. We have utilized a HITI-based approach to achieve robust
site-specific transgene integration within mobilized human CD34+
HSPCs. As proof-of-concept, a copGFP expression cassette was
targeted to a clinically relevant genetic locus, the human ITGB2
gene encoding the beta-2 integrin subunit CD18. Mutations in
CD18 are associated with leukocyte adhesion deficiency type 1, an
inherited immunodeficiency. First, a HITI donor template bearing
a CMV promoter-driven copGFP reporter gene flanked by 20-nt
ITGB2-specific sgRNA target sequences (designated ITGB2-ts) was
constructed and packaged within recombinant adeno-associated
virus serotype 6 (rAAV6) capsids. Mobilized human CD34+ HSPCs
isolated from healthy donors were transduced with rAAV6-copGFP
(multiplicity of infection = 10e5 particles/cell) and electroporated with
pre-formed, ITGB2-targeted Cas9/sgRNA ribonucleoprotein (RNP)
complexes at a 1.25 micromolar final concentration. Upon nuclear
entry, the ITGB2-ts-flanked reporter cassette and the endogenous
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ITGB2 target gene are concomitantly cleaved by Cas9, thus promoting
NHEJ-mediated transgene insertion at the site of the Cas9-induced
chromosomal double-strand break. To determine the optimal time of
rAAV transduction, HSPCs were transduced with rAAV6-copGFP at
either 48 hr or 36 hr pre- or 0.5 hr post-RNP electroporation. Gene
edited cells were cultured under hypoxic conditions (5% O,) at 37°C
for up to 28 days post-electroporation and periodically sampled for
flow cytometry and genomic DNA (gDNA) extraction. Transduction of
HSPCs prior to electroporation resulted in enhanced cellular viability
compared to post-electroporation transduction. Flow cytometry
revealed efficient rAAV transduction at 4 days post-transduction
(range 18-t0-46% copGFP+ cells). The percentage of cells expressing
copGFP slowly decreased over the extended culture period, stabilizing
at approximately 5-to-10 percent of the bulk cell population at >2
weeks post-electroporation. Site-specific transgene integration was
confirmed by PCR analysis of bulk cell gDNA using reporter- and
flanking gene-specific primer pairs. To estimate the frequency of
transgene integration, CD34+ cells were plated in a CFU assay. At
10-to-14 days post-plating, copGFP+ colonies were enumerated and
subjected to gDNA isolation for PCR analysis. Approximately 12%
of colonies demonstrated copGFP expression. Integration junction-
specific PCR analysis of colony gDNA confirmed that reporter gene
expression was attributable to integrated donor template sequences, as
opposed to rAAV-copGFP episomes or random transgene integration
events. In summary, HITI-based transgene knock-in provides an
effective alternative to HDR-mediated donor template recombination
in human CD34+ HPSCs.

10. Human Hematopoietic Stem and
Progenitor Cells that Have Undergone
Nuclease-Induced Homology Directed Repair
with an AAV Delivered Donor Template
Exhibit Engraftment Deficiencies in Mouse
Xenotransplant Studies

Jessica P. McKenzie, Madhumita Mahajan, Julia Yang,
Jasdeep Mann, Joel Gay, Kyle Havens, Anne-Rachel
Krostag, Joy Zhang, Natalie Claudio, Bryan Peguero,
Sneha Bhadoriya, Gabor Veres, Michael T. Certo,

Melissa Bonner
Bluebird Bio, Cambridge, MA

Nuclease-driven gene editing of hematopoietic stem and progenitor
cells (HSPCs) has the potential to deliver high impact therapies to
patients with severe genetic diseases. By exploiting the cellular DNA
repair machinery, selected targets can either be disrupted through the
non-homologous end joining (NHE]) repair pathway, or new DNA
sequence can be precisely introduced when a homologous donor
DNA is provided. To determine if edits mediated by the respective
DNA-repair pathways support long-term xenotransplant engraftment
in NSG mice, we used a megaTAL targeted against the Bcllla
erythroid enhancer, which is a critical regulatory element controlling
the switch from fetal to adult hemoglobin. In vitro, we were able to
produce human HSPCs with 77.4% indels, and we saw a high level of
maintenance of indels, average 76.6%, in long-term (16 week) NSG
engrafted cells. We next evaluated the capacity of the Bcll1a erythroid
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enhancer megaTAL in combination with an AAV-delivered donor
template to induce homology directed repair (HDR) in HSPCs. In
vitro, we have been able to achieve >70% HDR, which is comparable
to what has been reported by other groups using different nuclease
technologies [Wang et al, Nat Biotech 2015; DeWitt et al, Sci Transl
Med 2016; Gundry et al, Cell Rep 2016]. While we, along with others
in the field, have made considerable progress increasing HSPC HDR
rates in vitro, maintenance of HDR in vivo remains to be a challenge
[Dever et al, Nature 2016; DeWitt et al, Sci Transl Med 2016; Hoban
etal, Blood 2015]. One established method to stringently demonstrate
differences in engraftment capabilities of different human stem cell
populations is a limiting dilution analysis (LDA) xenotransplant
model. Here we show that human HSPC that are HDR-positive have a
lower NSG repopulating frequency than HSPCs from the same pool of
cells that are HDR-negative. To assess this, we treated human CD34+
cells with a Bcllla-erythroid enhancer-targeted megaTAL and an
AAV2/6-BFP donor template with homology arms directed to the cut
site. Two days after nuclease treatment and transduction with AAV,
we sorted cells based on blue fluorescent protein (BFP) expression,
with the BFP-high population representing cells that had undergone
HDR. BFP-negative cells were collected from the same cell product
and used as a comparator. We introduced cells into NSG mice at four
doses, ranging from 3x10° to 2.5x10* cells per mouse. Sixteen weeks
post-transplantation, 70% of mice receiving the highest dose of HDR-
negative cells exceeded the study threshold for positive engraftment
(1% human CD45+), with expected decreases in the number of
positively engrafted mice as doses decreased. In comparison, there
were no engrafted mice (human CD45 > 1%) in any of the dose groups
receiving HDR-positive HSPC. Several potential explanations for the
observed engraftment deficiency are plausible. HDR could be mutually
exclusive with the true long-term HSC. Alternatively, the process of
performing HDR (perhaps as a function of the form and/or quality of
the donor DNA delivery) may drive HSPCs to a more differentiated
(short term engraftment) phenotype. Regardless of mechanism, further
investigation will be required to both understand and overcome the
engraftment barrier of HDR-positive HSPCs to make this approach
viable for the treatment of disease.
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11. CRISPR/Cas9-Mediated Targeted
Insertion of Human F9 Achieves Therapeutic
Circulating Protein Levels in Mice and Non-
Human Primates

Hon-Ren Huang', Catherine Moroski-Erkul', Peter
Bialek’, Cheng Wang?, Guochun Gong?, Suzanne
Hartfort?, Rachel Sattler?, Derek White?, KehDih Lai?,
Dan Chalothorn?, Anne Harris', Kara Ford', Vasily
Vagin', Zhongya Wang', Kangni Zheng', Cindy Shaw',
Jixin Liu', Ramsey Majzoub', Moitri Roy', Bradley
Murray', Daniel O’Connell’, Jacqueline Growe',

Amy Rhoden-Smith', Matthew Roy', Melissa Pink',
Samantha Levin!, Jessica Seitzer!, Brian Zambrowicz?,
Yong Chang', Christos Kyratsous?, Jonathan D. Finn'

'Intellia Therapeutics, Cambridge, MA,?Regeneron Pharmaceuticals, Tarrytown,
NY

CRISPR/Cas9-mediated genome editing holds tremendous promise
for the treatment and potential cure of human genetic diseases by
addressing their underlying cause. Many genome editing studies to
date have focused on knocking out genes by the error-prone repair
mechanisms of non-homologous end joining (NHE]) that predominate
in most cell types. We present data showing that the delivery of
lipid-nanoparticle (LNP) encapsulated CRISPR/Cas9 components
in conjunction with AAV-borne donor template DNA can enable
replacement of a missing genetic function, achieving robust levels of
targeted gene insertion in primary mouse and human hepatocytes
as well as in mouse livers in vivo. Furthermore, using insertion of a
human F9 template into the albumin locus as a model insertion, we
demonstrate that therapeutic levels of circulating FIX can be achieved
in non-human primates using this combination LNP + AAV strategy.
This approach opens the way for the development of therapies for a
wide range of genetic diseases which require stable gene insertion
and expression.

12. B Cell Depletion with Anti-mCD20
Eliminates FVIIl Memory B Cells in Inhibitor
Positive Mice and Enhances AAV8-coF8 ITI
When Combined with Rapamycin

David Markusic, Sandeep Kumar, Moanaro Biswas
Pediatrics, ITUSM, Indianapolis, IN

Hemophilia A is an inherited coagulation disorder resulting in the loss
of functional clotting factor VIIL Presently, the most effective treatment
is prophylactic enzyme replacement therapy (ERT). However, this
requires frequent life-long intravenous infusion of plasma derived or
recombinant clotting factors and is not a cure. A major complication
of ERT is the development of inhibitory antibodies that nullify the
factor replacement therapy. Inhibitor patients require treatment with
bypassing agents to restore coagulation while they undergo immune
tolerance induction (ITI) therapy. ITI therapy can last from months to
years and require daily or every other day infusion of supraphysiological
levels of FVIII and is effective in up to 70% of hemophilia A patients.
ITT with bypassing agent therapy is costly and hemostasis is not as well
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managed as with FVIII protein therapy. Preclinical and recent clinical
studies have shown that gene replacement therapy with AAV vectors
can effectively cure hemophilia A patients. However, it is unclear how
hemophilia patients with high risk inhibitor F8 mutations or with
established inhibitors will respond to gene therapy, as these patients
have been excluded from ongoing clinical trials.We have previously
reported that AAV-F8gene transfer in naive BALB/c-F8“mice (BALB/
c-HA) results in anti-FVIII IgG1 inhibitors following gene transfer
despite this background having a weaker response to FVIII protein
therapy. To prevent this, we used transient immune modulation with
anti-mCD20 (18B12) at vector administration and three weeks later and
one month of oral rapamycin beginning two-weeks after vector (Fig.
1). Next we investigated if we could improve ITI in inhibitor positive
mice by combining anti-mCD20 and rapamycin with AAV8-coF8.
Our hypothesis was that continuous expression of FVIII from gene
transfer compared to transient FVIII from weekly protein therapy,
would enhance regulatory T cell induction and promote deletion of
FVIII reactive B cells, following reconstitution. We established four
groups of mice with a similar range of inhibitor titers. All groups
received the same dose of AAV8-coF8 vector and then received either
no additional treatment, anti-mCD20, rapamycin, or both anti-mCD20
and rapamycin. Mice given vector alone or vector with rapamycin had
a substantial increase in inhibitors (Figs. 2a-b). However, both groups
that received anti-mCD20 either stabilized or had a sharp reduction
in inhibitors. Importantly, only mice receiving both rapamycin and
anti-mCD20 failed to increase inhibitors following intravenous FVIII
protein therapy (Figs 2a-b. Splenocytes harvested from selected mice
within each group were tested for FVIIImemory B (B___) cells, which
were not detected in either group receiving anti-mCD20 (Fig. 2¢). Our
data show that B and T cell immune modulation complement AAV-
coF8 gene therapy in naive and inhibitor positive hemophilia A mice
with a high risk for inhibitor and suggest that such protocols should
be considered for AAV gene therapy in high risk or inhibitor positive
hemophilia patients.
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13. Non-Genotoxic Anti-CD117 Immunotoxin
Conditioning Facilitates Hematopoietic

Stem Cell Transplantation Gene Therapy for
Hemophilia A

Athena Russell', Chengyu Prince?, Jaquelyn Zoine?,
Jordan Shields?, Allison Lytle?, H. Trent Spencer?,
Shanmuganathan Chandrakasan? Christopher B.
Doering?

'Program in Genetics & Molecular Biology, Laney Graduate School, Emory
University, Atlanta, GA,?Aflac Cancer & Blood Disorders Center, Department
of Pediatrics, Emory University, Atlanta, GA,’Program in Cancer Biology, Laney

Graduate School, Emory University, Atlanta, GA,*Program in Molecular &
Systems Pharmacology, Laney Graduate School, Emory University, Atlanta, GA

Hematopoietic stem cell transplantation (HSCT) for coagulation
factor VIII (fVIII) gene therapy is a potentially curative approach
for the treatment of the most common severe bleeding disorder,
hemophilia A (HA). Our laboratory has previously established the
ability to produce stable therapeutic levels of fVIII in a mouse model
of HA following irradiation or chemotherapy and transplantation of
Sca-1* hematopoietic stem and progenitor cells (HSPCs) genetically
modified ex vivo using recombinant lentiviral vector encoding
a bioengineered high-expression fVIII variant, termed ET3.
Conventional myeloablative regimens for HSCT such as total body
irradiation and myeloablative alkylating chemotherapy are associated
with adverse side effects, including sterility, hormonal dysregulation
and genotoxicity. These risks represent a primary barrier to clinical
translation of HSCT gene therapy for HA and many other monogenic
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diseases. Therefore, the development of targeted, non-genotoxic
conditioning agents is favorable. We have successfully implemented
the use of an immunotoxin bioconjugate comprised of a monoclonal
antibody against the stem cell factor receptor c-Kit (anti-CD117)
and the ribosome-inactivating protein toxin saporin (sap) for non-
genotoxic HSCT conditioning. Wild-type C57BL/6] or HA mice were
conditioned with 0.5 mg/kg CD117-sap with or without immune
suppression using anti-thymocyte globulin (ATG). Depletion of total
bone marrow (BM) cells and HSPC compartments were assessed after
five days. We achieved significant reduction of total BM cells harvested
from two femurs in mice conditioned using CD117-sap compared to
control mice given sap-conjugated IgG isotype control or immune
suppression only (48 + 3.8 x 10° vs 29 + 3.8 x 10%, p = 0.007, n = 5).
Similarly, significant depletion of bone marrow LSK (lin* Sca-1* ¢-Kit*)
and long-term HSC (LSK* CD150* CD48') compartments was observed
(LSK: 61 + 9.6 vs 26 + 7.8 x 10°, p = 0.019, n = 5 to 6; LT-HSC: 6.4
+1.5vs 1.2+ 1.1 x 10%, p = 0.019, n = 5 to 6). Following CD117-sap
conditioning, HA mice were transplanted with 1 x 10° ET3-transduced
Sca-1* HSPCs from GFP* congenic mice. We observed robust mixed
hematopoietic chimerism and myeloid engraftment as early as 2 weeks
post-transplantation in recipients conditioned with CD117-sap +
ATG (86.4 + 5.3% GFP* granulocytes) compared to CD117-sap (0.1
+0.1%, p < 0.0001) or ATG alone (1.2 £ 0.3%, p < 0.0001). Peripheral
blood granulocyte chimerism in this group continued to increase at 4
weeks (93.9 + 4.0%) and 6 weeks (97.3 + 0.4%). Moreover, these mice
exhibited mean therapeutic levels of circulating fVIII activity of 0.24
IU/ml as early as 2 weeks, continually increasing up to 0.55 IU/ml by
6 weeks post-transplant. Since our fVIII expression cassette is driven
by a myeloid-specific promoter, we expect circulating levels of fVIII
to continue to increase with the progression of tissue-based myeloid
lineage differentiation, macrophage and dendritic cell maturation.
One recipient from the CD117-sap + ATG group showed signs of
immunological rejection and appeared to actively reject the graft by 4
weeks. Further studies are underway to investigate strategies for early
immune suppression and prevention of graft rejection. Taken together,
these preliminary data are a promising proof of concept demonstrating
the feasibility of using non-genotoxic immunotoxin conditioning for
HA gene therapy.

14. Insertional Oncogenesis in X-CGD Patient
after MFGS Retroviral Vector-Mediated Gene
Therapy

Toru Uchiyama', Toshinao Kawai', Kazuhiko
Nakabayashi?, Yukiko Ando', Tomoko Minegishi',
Nobuyuki Wananabe', Akane Miura', Toru Yasuda',
Motohiro Kato?, Koji Kato?, Toyoki NIshimura®,

Hiroyuki Nunoi’, Masafumi Onodera’

'Department of Human Genetics, National Center for Child Health and
Development, Tokyo, Japan,’Department of Maternal-Fetal Biology, National
Center for Child Health and Development, Tokyo, Japan,’Department of
Pediatric Hematology and Oncology, National Center for Child Health and
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Development, Tokyo, Japan,*Department of Medicine and Biosystemic Science,
Kyushu University, Fukuoka, Japan,”Division of Pediatrics, University of Miyazaki,

Miyazaki, Japan

Gene therapy has been developed as a highly desirable treatment
option for patients with X-linked chronic granulomatous disease
(X-CGD), who lack the donors for transplantation. In Japan, a gene
therapy trial using MFGS-gp91Ph*vector was approved in 2012, and
a 27-year-old patient was treated. While he showed the improvement
in the refractory infections, oxidase positive neutrophils in peripheral
blood declined to the level less than 1% at months 6, and became
undetectable at months 18, as in the previous trial with the MFGS
vector. At 32 months after gene therapy, however, the patient showed
the decrease in platelet count and the emergence of blasts with the
frequency of 5 to 8% in peripheral blood and bone marrow, which was
comparable to myelodysplastic syndrome (MDS). Karyotype change
such as monosomy?7 was not observed. LTR capture followed by NGS
identified the vector integration into IVS2 of MECOM. Integration
site-specific droplet digital PCR (ddPCR) revealed that the clone
with this integration emerged at months 6 and its copy number in
monocytes and neutrophils reached to almost 1 per cell at months 12.
Most colonies from CFU-C assay using 12 months’ bone marrow also
showed the integration. These results suggested that the single clone
with MECOM integration maintained myeloid-lineage hematopoiesis,
and additional events might be required for blast transformation at
month 32. In the previous trials using SFFV vector, the patients who
developed MDS showed the extensive methylation of the promoter
sequence in proviral LTR. Because the ectopic expression of CYBB
with high oxidase activity inhibits the growth of the transduced cells,
loss of CYBB expression by promoter methylation might contribute
to the expansion of the blast clones. In our patient, however, the blast
cells showed no methylation of CpG at promoter in LTR, but more
than 100 of G to A mutations in provirus CYBB that caused multiple
amino acid changes. All these mutations were detected at months 6,
and we guessed the involvement of APOBECS3 protein that causes G
to A mutations during the reverse transcription of retrovirus. Cloning
of provirus sequence from transduced patients CD34 positive cells
(before transplantation) showed that about 5% of clones contained one
or more G to A mutations. Mutation-specific ddPCR against some G to
A mutations also showed the signals in patient’s CD34 positive cells, but
no signal in reverse-transcribed DNA from virus RNA. Although the
occurrence of the hypermutation in provirus has rarely been reported
in the gene therapy clinical trials, these results demonstrated that
the G to A mutations occurred during the reverse transcription and
integration, which strongly suggested the involvement of APOBEC3
protein. The result of our trial using MFGS vector indicated the
potential of insertional oncogenesis of retroviral vector, regardless of
the LTR-subtype and the disease backbone. Multiple G to A mutations
in CYBB that was assumed to emerge during the transduction led to
the loss of oxidase activity and facilitated the survival and proliferation
of the clone with vector integration into MECOM locus. Patient
underwent haplo-identical hematopoietic stem cell transplantation
from his father and vector-marked blast cells are not detectable at 18
months after transplantation.
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15. Regulatory and Exhausted T Cell
Detection after Intramuscular AAV1 Delivery in
Nonhuman Primates and Human

Gwladys Gernoux, Alisha Gruntman, Meghan
Blackwood, Marina Zieger, Terence Flotte, Chris

Mueller
Gene Therapy Center, UMass Medical School, Worcester, MA

With the recent FDA and EMA approvals for Luxturna® and Glybera®
respectively, recombinant adeno-associated virus (rAAV) vectors
appear, more than ever, to be efficient tools for gene transfer. However,
studies on mice and large animal models, but also in humans,
demonstrate that intramuscular (i.m) AAV delivery can trigger immune
responses to AAV capsid and/or transgene. Intra-muscular delivery
of rAAV1 in humans has also been described to induce a tolerogenic
response to rAAV characterized by the presence of capsid-specific
regulatory T cells (Tregs) in periphery. To understand the mechanisms
responsible of tolerance and parameters involved, we tested 3 modes of
delivery: the intramuscular delivery (i.m), the peripheral venous limb
perfusion (VLP) and the intra-arterial double balloon catheter method
(IAPD) in rhesus monkeys. These 3 methods have been well tolerated
and led to transgene expression. Moreover, these administration
routes appear to be safe with only one VLP-injected animal showing
a low positive IFNy response to the capsid. Interestingly, only
animals injected i.m present infiltrated Tregs and exhausted T cells
in situ. These cells have been detected at both Day 21 post-delivery
and at necropsy (Day 60) at the same frequency suggesting an early
tolerance towards the capsid and/or the transgene sustained over time
and confirming the results obtained on alpha-1 antitrypsin-deficient
(AATD) patients 5 years post vector administration. Currently we
are performing an in-depth analysis of the suppressive function and
exhausted nature of both of these infiltrating T-cell populations .
1. Mueller, C, Gernoux, G, Gruntman, AM, Borel, E Reeves, EP,
Calcedo, R, et al. (2017). 5 Year Expression and Neutrophil Defect
Repair after Gene Therapy in Alpha-1 Antitrypsin Deficiency.
Molecular therapy : the journal of the American Society of Gene Therapy
25:1387-1394.

16. Recombinant Adeno-Associated Virus
(rAAV) Expressing a Pan-Hemagglutinin (HA)
Antibody Protects Mice Against Influenza
Renald Gilbert!, Aziza Manceur!, Melanie Leclerc!,
Parminder S. Chahal', Viktoria Lytvyn', Marie-Hélene
Venne!, Wei Zou?, Amalia Ponce?, Anne Marcil',
Wangxue Chen®

'Bioprocess Engineering, National Research Council Canada, Montreal, QC,
Canada,’ Immunobiology, National Research Council Canada, Ottawa, ON,

Canada

Every year about 3 to 5 million cases of severe illness are caused by
influenza virus infection worldwide and the most effective approach
to prevent the disease is vaccination. The immunocompromised and
elderly populations are particularly susceptible to the infection because
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of their weak immune system and poor vaccine efficacy. Because
of its demonstrated safety and efficacy as a gene transfer vehicle,
treatment with AAV carrying the gene for neutralising antibody
against influenza virus could provide long-term protection in high
risk group populations. We have previously generated two monoclonal
antibodies (mAb 10A9 and mAb 11H12) against a conserved region
(the fusion peptide) of the HA protein of influenza (Manceur et al.,
2017; PLoS ONE 12(6): €0180314). These mAbs can detect 13 HA
subtypes of influenza A and B by immunohistochemistry. In this study,
we investigated if the cDNA for these two mAbs can protect mice when
challenged with two strains of influenza virus (H3N2-HK/8/68 and
HINI1-A/Netherlands/602/2009). Mice were treated with a single dose
0f 2.0 X 10" AAV serotype 9 vector genomes (vg) carrying the heavy
and light chains of mAb 10A9 or mAb 11H12 regulated by a strong
ubiquitous CAG (CMV enhancer/f-actin) promoter. Three routes of
administration were tested: intravenous (IV), intramuscular (IM) and
intranasal (IN). 21 days later the mice were challenged with influenza
virus. We also tested the same dose of AAV9 carrying the same mAbs
regulated by a strong muscle specific promoter derived from the slow
troponin I gene (AUSEx4). As a control, mice were treated with an
intraperitoneal injection of purified mAbs at a dose of 30 mg/kg two
hours before challenge. Treatment with AAV9-CAG-10A9/11H12 by
either of the three routes of administration provided protection, as
demonstrated by the reduced weight loss and increased survival 14
days following the challenge. The best protection was achieved through
intramuscular administration. The IM route proved even better than
the treatment with purified mAbs injected intraperitoneally. Treatment
with AAV9 carrying mAbs controlled by the muscle specific promoter
was also protective, but to a lower extent, as compared to the ubiquitous
promoter. There was a correlation between the protective efficacy and
the amount of mAbs in the serum after gene transfer (IV and IM).
In conclusion, a single dose of AAV9 can deliver enough antibody to
protect mice against challenge with influenza virus. The use of a muscle
specific promoter could improve the safety and prolong the efficacy of
the treatment by reducing the risk of triggering a deleterious immune
response against the transgene.

17. Spinal Subpial Delivery of AAV9 Produces
a Potent, Long-Lasting Block of Neuraxial
Degeneration and Disease Manifestation

in Adult Mice by Silencing an ALS-Causing
Mutant Gene

Mariana Bravo-Hernandez', Takahiro Tadokoro!,
Michael Navarro', Oleksandr Platoshyn', Yoshiomi
Kobayashi', Silvia Marsala', Atsushi Miyanohara',
Shawn P. Driscoll!, Thomas D. Glenn', Melissa
McAlonis-Downes!, Sandrine Da Cruz!, Samuel L.
Pfaft!, Brian K. Kaspar?, Don W. Cleveland', Martin

Marsala'
!'Anesthesiology, Ludwig Institute, Salk insittute, UCSD, La Jolla, CA,*Avexis Inc,
Chicago, IL

Introduction: Central nervous system (CNS)-linked hereditary
disorders such as amyotrophic lateral sclerosis (ALS), represent an
important target for gene silencing as a new therapy. SOD1 gene
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mutation is characterized by widespread neuronal degeneration of
alpha-motoneurons, interneurons, descending motor tracts and
activation/proliferation of glial cells. This ratifies the need to effectively
target multiple cell types, and spinal axons in order to achieve a
long-lasting therapeutic effect. Currently, the major limitation of
viral-based silencing approaches is poor penetrability into the adult
CNS. To address this limitation, we report the use of a novel subpial
vector delivery technique which in adult animals successfully delivers
adeno-associated virus (AAV) throughout whole spinal cord and
brain motor centers. Our current study was designed to; 1) Study the
SODI1 silencing effect and resulting treatment potency after subpial
of AAV9-ShRNA-SOD1 delivery in adult ALS SOD1%*’® mice, and 2)
confirm the feasibility and safety of subpial vector delivery technique
in adult non-human primates. Methods: SOD1%® transgenic adult
mice (both sexes) and their non-transgenic littermates were injected
subpially at cervical and lumbar sites with AAV9-shRNA-SODI (10 pl;
1.2x10" GC/ml) at an average age of ~120 days (presymptomatic stage)
or 348 days (clinically symptomatic stage). After treatment, the body
weight, grip test, and open field motor performance were monitored
every week. On the day of sacrifice (i.e. end stage time point), muscle
fibrillation and/or motor evoked potentials were recorded and tissue
harvested. The level of SOD1 silencing and the neuroprotective effect
was assessed by Q-PCR, WB, immunofluorescence (neuronal and glial
markers), and in situ hybridization. Results: A combined single subpial
injection of AAV9-ShRNA-SODI in cervical and lumbar spinal cord
of adult presymptomatic SOD1%7® mice delays disease onset up to 85
days, produces long-term suppression of neurological signs of disease,
including preservation of normal: motor performance, upper and
lower limb grip strength and righting reflex up to the ~470 days of age
(i.e. end of the study; A 81 days compared to non-treated siblings). At
~470 days all treated animals showed a continuing presence of motor
evoked potentials and lack of fore and hind limbs muscle fibrillation
(evidence of preserved neuromuscular junction) which corresponds
with near complete preservation of alpha-motoneurons/interneurons,
absence of glial activation/proliferation, silencing of mRNA of mutated
human SOD1 and suppression of misfolded protein aggregation
along the whole length of spinal cord. Moreover, the gene expression
profile in subpially-treated SOD1%® mice was normalized up to 89%
when compared with non-treated and negative controls. Remarkably,
subpial treatment after disease onset blocks progression of the disease
and further alpha-motoneuron degeneration. Single cervical subpial
injection in non-human primates produces homogeneous AAV9-
mediated gene delivery with effective transduction of neuronal and
no-neuronal cells, as well as axons throughout the whole cervical spinal
cord (gray and white matter). Conclusion: This study demonstrates
that spinal subpial delivery of shRNA-SOD1 silencing vector is highly
potent in ameliorating mutated SOD1gene-induced ALS disease. This
effect is achieved even if treatment is initiated in adult pre-symptomatic
or symptomatic animals.
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18. Early Diagnosis and Speed to Effect in
Spinal Muscular Atrophy Type 1 (SMA1)

Omar Dabbous, Marcus Droege, Douglas E. Feltner,
Aaron Novack, Melissa Menier, Douglas M. Sproule

Avexis, Inc., Bannockburn, IL

Background: SMA1 is a rapidly progressing disease resulting in death
or need for permanent ventilation by 2 years of age; early intervention
with disease modifying treatment is critical. In the pivotal phase
3 nusinersen study (ENDEAR), ~10% of patients died/required
permanent ventilation within 2 months after initiation of therapy (time
required for 4 loading doses); 39% of patients died/required permanent
ventilation by 6 months from dosing. This may reflect a non-immediate
therapeutic impact related to the loading dose schedule. Objectives:
Explore rapidity of therapeutic effect of onasemnogene abeparvovec
(AVXS 101) gene-replacement therapy (CL-101 phase 1 study), as
measured by early changes in Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders (CHOP-INTEND) score, compared
with the response to nusinersen in ENDEAR (<5-point increase at 2
months post-dosing). Approach: SMA1 infants were treated with a
one-time AVXS-101 dose (NCT02122952; cohort 2; N=12; 24 months
follow up). Outcomes were event-free survival (EFS; CL-101: death or
216 hours ventilation/day for >2 weeks; ENDEAR [NCT02193074]:
death, tracheostomy, or >16 hours ventilation/day for >21 days) and
motor function improvements from baseline using CHOP-INTEND.
Results: All 12 AVXS-101-treated patients showed EFS at study end,
versus 49/80 (61%) nusinersen patients. At 1, 3 and ~10 months
post-AVXS-101, CHOP-INTEND increased 9.8, 15.4, and 27 points.
At 2 and ~10 months post-nusinersen initiation, CHOP-INTEND
increased <5 and ~10 points. By 6 months, 11/12 (92%) AVXS-101-
treated patients achieved CHOP-INTEND scores 240 versus 30/78
(38.5%) nusinersen-treated patients at last interim data-cut (day
183-394). Conclusions: AVXS-101 appears to improve survival and
induce more rapid motor function improvements compared with
nusinersen. Advances in understanding SMA underscore the need for
early diagnosis and treatments with a near-immediate onset of action
to maximize clinical improvements.

19. Preclinical Gene Therapy with scAAV9/
AGA in Aspartylglucosaminuria Mice Provides
Evidence for Clinical Translation

Xin Chen', Sarah Snanoudj-Verber?, Laura Pollard’,

Yuhui Hu', Sara Cathey?, Steven Gray'
Pediatrics, UTSW Medical Center, Dallas, TX,?Université Paris Diderot, Paris,

France,’Greenwood Genetics Center, Greenwood, SC

Aspartylglucosaminuria (AGU) is an autosomal recessive inherited
lysosomal storage disease caused by the loss of functional enzyme
aspartylglucosaminidase (AGA), which results in the accumulation
of AGA substrate (GlcNAc-Asn) in all tissues and body fluids. AGU
patients have a slow but progressive neurodegenerative disease
course characterized by intellectual disability, skeletal and motor
abnormalities, and early mortality. There is no approved treatment for
AGU patients. Due to the failure of bone marrow transplantation and
the lack of feasibility of enzyme replacement therapy in this disease,
gene therapy has become a reasonable and meaningful approach which
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might provide a long term therapeutic benefit to AGU patients. To
test our hypothesis that scAAV9/AGA gene therapy might provide
a long-term therapeutic benefit, we carried out a comprehensive
efficacy experiment in which AGA” (AGU) mice were administered
intravenously (IV) or intrathecally (IT) either high (1x10"?or 1x10"
vg/mouse for IV or IT, respectively) or low (2x10" or 2x10'"vg/mouse
for IV or IT, respectively) doses of scAAV9/AGA at 6-months (early-
symptomatic cohorts) or at 2-months (pre-symptomatic cohorts).
Endpoints of the study included AGA activity and AGA substrate
levels in tissues and body fluids, behavioral tests, and histopathology.
In our 6-month-old early-symptomatic cohorts, scAAV9/AGA
administration led to: 1) dose-dependent increase and sustained AGA
activity to a supra physiological level in serum, cerebrospinal fluid
(CSF), peripheral tissues (heart and liver) and central tissues (brain
and cervical spinal cord); 2) dose-dependent elimination of GIcNAc-
Asn substrate in serum, urine, CSF, liver and brain; 3) significantly
restored movement in open field tests for high dose cohorts; 4)
dose-dependent preservation of Purkinje cells in the cerebellum by
HE staining; and 5) significantly reduced gliosis by glial fibrillary
acidic protein (GFAP) staining. Our 2-month-old pre-symptomatic
cohorts are still under analysis and accumulating data have shown
very similar therapeutic benefit, further confirming the effectiveness
of our scAAV9/AGA gene therapy in AGU mice. In parallel, a safety
experiment in AGU mice was conducted to evaluate the toxicity of
scAAV9/AGA at a supraphysiological dose (1x10'>vg/mouse for I'T, 10
times higher than our efficacious dose). Treated mice had no abnormal
neurological symptoms and maintained body weight throughout the
whole experiment. Taken together, these results demonstrate that
treatment of AGU mice with scAAV9/AGA is both effective and safe,
providing strong proof-of-concept evidence that scAAV9/AGA gene
therapy should be considered for human translation.

20. Positive Cohort 1 Results from the Phase
1/2 Trial with AAV8-Mediated Liver-Directed
Gene Therapy in Adults with Glycogen Storage
Disease Type la

David A. Weinstein', Ayesha Ahmad? Connie Lee’,
Allen Poma?®, Eric Crombez?

'"University of Connecticut and Connecticut Children’s Medical Center, Hartford,
CT,*University of Michigan, Ann Arbor, MI,*Ultragenyx Gene Therapy, Novato,
CA

Glycogen storage disease (GSD) represents a group of inherited
metabolic disorders of glycogen synthesis and breakdown. GSDIa
results from deficiency in the enzyme glucose 6-phosphatase
(G6Pase), which is responsible for catalyzing the terminal step for
both glycogenolysis and gluconeogenesis. Patients with GSDIa are
unable to release glucose from glycogen stores into the circulation
during periods of fasting, resulting in severe hypoglycemia. Shunting of
glucose 6-phosphate into alternative pathways leads to hyperuricemia,
hyperlactatemia, and hyperlipidemia. Additional complications
include hepatic adenomas, hepatoceullar carcinoma, renal disease, and
osteoporosis. Liver-directed gene therapy represents a novel treatment
approach aimed at restoring G6Pase activity. DTX401 is an adeno-
associated virus serotype 8 (AAV8) vector that expresses the human
G6Pase gene (G6PC) under the transcriptional control of a liver specific
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promoter. The GSDIa phase 1/2 gene therapy study (NCT03517085) is
a global, multi-center, open-label dose escalation trial evaluating the
safety, tolerability, and efficacy of a single DTX401 IV infusion in adults
with GSDIa. The study uses a continual reassessment method (CRM)
to evaluate potential doses of 2.0 x10'> Genome Copies (GC)/kg, 6.0
x10"> GC/kg and 1.0 x10" GC/kg in cohorts of three patients. All three
patients in Cohort 1 had null mutations and received a single IV dose
of DTX401 at 2.0 x10"> GC/kg. At week 12, all patients demonstrated
a biologic response, reflected by an increase time to a hypoglycemia
event (defined as glucose <60 mg/dL or onset of clinical symptoms)
during a controlled-fasting challenge. Patients 1 and 2 had clinically
meaningful improvements in time to hypoglycemia event of 103%
and 120%, respectively, while Patient 3 showed an improvement of
approximately 20%. In addition, all patients have been able to decrease
their baseline total daily cornstarch use, with a mean decrease of 39%
at Week 12 (Table 1). DTX401 was generally safe and well-tolerated.
There were no infusion-related adverse events and no treatment-related
serious adverse events reported. All adverse events were Grade 1
(mild) or 2 (moderate) and there were no instances of dose-limiting
toxicity. Patients 1 and 2 had mild elevations in ALT, similar to previous
observations in other programs using AAV-based gene therapy. Both
patients were treated on an outpatient basis with a well-tolerated
tapering regimen of corticosteroids. Data from Cohort 1 demonstrated
that DTX401, an AAV8-mediated liver-directed vector expressing the
hG6PC, had an acceptable safety profile and resulted in clear biological
activity, as measured by an increase in time to hypoglycemia during
a controlled fasting challenge and reduction in daily cornstarch use
at week 12, compared to baseline. A Data Monitoring Committee
(DMC) reviewed a minimum of 12 weeks of data for all subjects and
recommended that it is safe to enroll subjects into Cohort 2 at a dose
of 6.0 x10"2 GC/kg.

Key Efficacy Endpoints at Week 12 Compared to Baseline
Assessment Time Patient | Patient | Patient
1 2 3
Baseline 3.8 4.1 5.4
Time to hypoglycemic event, Week 12 7.7 9.0 6.5
hours Percent
+103% | +120% | +20%
change
Baseline 405 171 285
Total daily cornstarch, grams Week 12 160 165 138
Percent 60% | 4% | -52%
change
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21. Systemic AAV-Mediated Gamma-
Sarcoglycan Therapy for Treatment of Muscle
Deficits in LGMD2C Mice

Eric R. Pozsgai?, Ellyn L. Peterson'?, Danielle A.
Griflin'?, Jerry R. Mendell'?, Louise R. Rodino-

Klapac'***

!Center for Gene Therapy, The Research Institute at Nationwide Children’s
Hospital, Columbus, OH,*Sarepta Therapeutics, Inc, Cambridge, MA,’Department
of Pediatrics and Neurology, The Ohio State University, Columbus,
OH,'Myonexus Therapeutics, Inc., New Albany, OH

Background: Limb-girdle muscular dystrophy type 2C (LGMD2C) is
caused by gamma-sarcoglycan (SGCG) deficiency. The sarcoglycans (a,
B, v, and 8-SG) are structural proteins localized at the cell membrane
of muscle fibers that together with dystrophin and other proteins make
up the dystrophin-associated protein complex (DAPC). The lack of
SGCG results in concomitant loss of other components of the DAPC
leading to increased membrane permeability, myofiber degeneration,
chronic inflammation, and elevated creatine kinase levels, among other
events. Like the other sarcoglycanopathies, LGMD2C presents as a
progressive muscular dystrophy starting in the girdle muscles before
extending to lower and upper extremity muscles, and can also present
in the diaphragm and cardiac muscles, resulting in respiratory and
cardiac failure in a subset of LGMD2C patients. Presentation typically
occurs in mid to late teens. To date, there is no form of therapy for
LGMD2C. Given the small size of SGCG, we hypothesized that the
SGCG gene would be efficiently packaged into an adeno-associated
virus (AAV) vector and that gene replacement to diseased muscle
would result in a therapeutic benefit in LGMD2C. The sgcg-/- mouse
lacking SGCG has clinical-pathological features in muscle that replicate
the human disease, making it an ideal model for translational studies.
Oobjective: The goal of this study is to provide preclinical proof-of-
principle for efficacy of AAV-mediated SGCG gene transfer in SGCG
knock-out (sgcg-/-) mice. Approach: For treatment, we designed a self-
complementary AAVrh74 vector containing a codon optimized human
SGCG transgene driven by the muscle specific MHCK?7 promoter that
expresses well in cardiac and skeletal muscle (scAAVrh74. MHCK?7.
hSGCG). We next established efficacy of vector delivery by systemic
injection through the tail vein of sgcg-/- mice to provide rationale for
delivery in a clinical trial that would lead to clinically meaningful
results. Results: Administration of scAAVrh74 MHCK7.hSGCG to
sgcg-/- mice was effective in restoring SGCG expression in muscle fibers
to near wild-type levels. IV delivery in all dosing cohorts resulted in
widespread transgene expression in muscles throughout the hindlimbs,
forelimbs, torso, and the heart. SGCG protein was correctly localized
to the sarcolemma and was accompanied by a restoration of other
components of the DAPC. This led to decreased creatine kinase activity
along with improvements in histopathology, including reduction in
central nucleation and increased fiber diameter. Finally, assessment of
muscle physiology demonstrated increased specific force and resistance
to contraction-induced injury, which indicates a functional benefit
provided by IV delivery of scAAVrh74. MHCK7.hSGCG. Conclusion:
Clinical delivery of a normal copy of the sgcg gene to diseased muscle
in patients should allow for the production of functional wild-type
protein, as well as, potentially, reversal of disease pathology, and an
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improvement in muscle function. The data from this pre-clinical study
will be used in establishing a minimum effective dose for translation of
AAV-mediated hSGCG gene transfer in LGMD2C patients.

22. Multiplex and Clonal Assessment

of Production Yield of In Silico Designed
AncAAVs

Christopher H. Tipper!, Erin Merkel', Urja Bhatt',
FEric Zinn'?, Pauline Schmit"?, Mohammadsharif
Tabebordbar’, Allegra Fieldsend', Cheikh Diop',

Cheikh Diop', Ru Xiao', Luk H. Vandenberghe'
'Grousbeck Gene Therapy Center, Mass Eye and Ear, Harvard Medical School,
Boston, MA,’Department of Systems Biology, Harvard Medical School, Boston,
MA, Harvard Ph.D. Program in Biological and Biomedical Sciences, Division of

Medical Sciences, Harvard University, Boston, MA

With the continuing success of adeno-associated virus-based therapies
in treating varied pathologies, both in promising preclinical models
and now with accumulating in-human data, the need for reliable
high-yield manufacturing has only grown. Why some projects that
hit efficacy targets translate well to at-scale manufacturing, and
others don’t, is not well understood, and such shortfalls represent
the focus of many process development groups. We know both
the capsid and the genome can affect gross yield, and that some
capsid serotypes are higher yielding than others. Here, we aimed at
interrogating a complex library of capsid variant which were in silico
designed to deconstruct the evolutionary lineage of AAV into putative
evolutionary intermediates called AncAAVs. The 9 predicted nodes
in the AAV phylogeny underlie AAV serotypes 1, 2, 3, 6, 7, 8 and 9,
all of which are structurally and phenotypically distinct driving their
various applications in the clinic. Libraries along these nodes were
constructed to combinatorially vary residues on the viral capsid that
discriminate these major AAV serotypes. Importantly, we were able
to link the variants in these libraries to unique barcode identifiers
through a method named CombiAAV and evaluate their performance
using a multiplex Illumina-based readout via a methodology we
name AAVSeq. We report production data on 37912 in silico AAV
variants which are divergent 1-40% from known AAVs. Of these
AAV designs, to date, 94% of those rationally designed AAVs, AAV
production plasmids were generated using CombiAAV. Over 64% of
the predicted variants were shown to generate genome-containing
and DNAse protected virions with 100% of those demonstrating
biological activity in vivo. For the 24524 variants that led to productive
manufacturing in a HEK293-based transfection system, quantitative
data was generated on yield. Furthermore, structural interference
was performed mapping residues and motifs of importance to the
vector yield. Analysis was further performed on viral supernatant
versus overall lysate in order to determine determinants on the AAV
capsid of release into the supernatant during production. Lastly, clonal
validation of the multiplex screening was performed illustrating the
power and limitations of AAVSeq for the interrogation of AAV yield
in manufacturing processes.
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23. sAAV-Mediated CPS1 Expression
Rescues CPS1 Deficiency in Adult Conditional
Knock Out Mice

Matthew Nitzahn', Suhail Khoja?, Brian Truong?,
Gerald S. Lipshutz?

"Molecular Biology Institute, UCLA, Los Angeles, CA,*Surgery, UCLA, Los
Angeles, CA,’Molecular and Medical Pharmacology, UCLA, Los Angeles, CA

Throughout development and adulthood, the liver carries out a broad
range of essential metabolic processes, including protein catabolism.
Protein breakdown generates ammonia as a byproduct, which is
detoxified primarily by the urea cycle. Carbamoyl phosphate synthetase
1 (CPS1) catalyzes the first committed, rate-limiting step of the
urea cycle by condensing ammonia and bicarbonate into carbamoyl
phosphate. Loss or dysfunction of CPSI1 activity results in elevated
plasma ammonia, aberrant serum amino acid levels, cerebral edema,
and death if untreated. Current treatment for CPS1 deficiency consists
primarily of dietary protein restriction, which is only marginally
effective and leaves patients vulnerable to recurrent hyperammonemia
and progressive, irreversible neurological decline. Liver transplantation
is the only curative option but is limited by organ availability and the
need for immune suppression. Gene addition of CPSI is therefore
an attractive alternative strategy for treating CPSI deficiency but
also presents unique challenges. CPS1 ¢cDNA is 4.5kb which, when
combined with other cis regulatory elements, exceeds the classical
AAV genome capacity. Larger capacity lentiviruses and adenoviruses
may accommodate CPS1, but issues remain with unwanted genomic
integration and immunogenicity. To overcome these limitations, split
AAVs (sAAVs) that divide the payload into two overlapping halves were
explored. The separate halves are packaged into viruses individually
and concatemerize via homologous recombination to reconstitute the
transgenic payload after co-transduction of the same cells (Figure 1).
To determine the ability of sAAVs to treat CPS1 deficiency, SAAVs
encoding human codon optimized CPSI (hcoCPS1) driven by the
constitutive CAG promoter were generated. These sAAV's successfully
concatemerize and express hcoCPS1 mRNA and protein in vitro. To
test SAAV efficacy in vivo, a conditional CPS1 knock out mouse model
was used. These mice contain biallelic floxed Cps1 which is removed by
treatment with an AAV expressing Cre recombinase (AAV-Cre). Dose
escalation studies showed that the minimum dose of SAAV's necessary
to modestly extend lifespan in Cre-treated mice is 3x10** gc/kg;
therefore, a dose of 5x10"* gc/kg was chosen to study long-term survival.
Floxed CPS1 mice injected with AAV-Cre and sAAV's showed increased
lifespan (>30 days; p<0.01) and reduced plasma ammonia compared to
controls that received AAV-Cre alone, all perishing by day 22 (treated:
339.6uM + 94.5; untreated: 1349.9uM + 379.6 [mean + SD]; p<0.01).
Over time we detected a slow decline in weight and rise in plasma
ammonia, necessitating further intervention. Treatment with the small
molecule n-carglumic acid, an analog of NAG, the allosteric activator
of CPS1, further extended lifespan (all mice >120 days; p<0.01) and
maintained near normal plasma ammonia (baseline: 138.87uM *
86.5; post-treatment: 217.8uM + 69.9; p=0.15). Immunohistochemical
analysis demonstrated broad distribution of CPS1 throughout the liver
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parenchyma in sAAV-treated mice, while control mice showed only
small loci of remaining expression inadequate to result in minimal
necessary ureagenesis and survival. In conclusion, sAAV-mediated
CPS1 expression extends lifespan, controls plasma ammonia, and
maintains healthy weight and activity in a mouse model of this severe
disorder of nitrogen metabolism.

| o oma | |

Figure 1. Schematic of SAAV concatemerization and reconstitution of full-length transgenic
payload.

24. ImmTOR™ Tolerogenic Nanoparticles
Enhance Transgene Expression after Both
Initial and Repeat Dosing in a Mouse Model
of Methylmalonic Acidemia Treated with an
Anc80 AAV Vector

Petr O. Ilyinskii', Chris Roy', Alicia Michaud', Gina
Rizzo', Sheldon S. Leung', Stephanie Elkins', Teresa
Capela', Aparajita Chowdhury’, Lina Li*, Randy J.
Chandler?, Irini Manoli?, Luk H. Vandenberghe’,

Charles P. Venditti?, Takashi Kei Kishimoto'
!Selecta Biosciences, Watertown, MA,2NHGRI, NIH, Bethesda, MD,>3MEEI,
HMS, Boston, MA

One of the immunological barriers to systemic gene therapy in
pediatric patients using adeno-associated virus (AAV)-based
vectors stems from the inability to re-dose patients due to de
novo formation of vector-induced neutralizing antibodies (Nabs).
We have developed tolerogenic nanoparticles encapsulating
rapamycin (ImmTOR™ or SVP-Rapamycin), which if co-administered
with AAV-based vectors provide dose-dependent and long-
term suppression of humoral and T cell responses against AAV,
allowing for productive AAV vector re-dosing. Moreover, co-
administration of liver-tropic AAV vectors and InmTOR™ leads to an
immediate increase in transgene expression even after the first dose.
Here we tested the safety and therapeutic efficacy of an admixed
ImmTOR™ and AAV vector combination in a mouse model of
methylmalonic acidemia (MMA) using Anc80, a rationally engineered
AAV vector. MMA is a life-threatening autosomal recessive disorder
most often caused by mutations in methylmalonyl-CoA mutase
(MUT) gene, leading to accumulation of methylmalonic acid
and resulting in life-threatening metabolic ketoacidosis. MMA is
estimated to affect 1/50,000-1/100,000 children born in the US.
MMA can be studied in hypomorphic Mut”’;TgNSMcK-Mut mijce,
which are deficient in the Mut gene, but are rescued from neonatal
lethality by expression of the Mut gene in skeletal muscle under
the control of muscle creatine kinase (MCK) promoter. These mice
manifest key clinical and biochemical features of MMA, including
growth retardation, susceptibility to dietary and environmental
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stress, and highly elevated serum methylmalonic acid concentrations.
Repeated co-administration of Anc80 and ImmTOR™ was well-
tolerated and led to complete inhibition of IgG antibodies to Anc80
in wild-type and Mut”/;Tg™NSMCek-Mitmice, Separately, several Anc80-
MUT expression cassettes were tested for their therapeutic activity in
the Mut’;TgNSMKMit o del with wild-type human MUT gene driven
by aliver-specific promoter showing the highest therapeutic potential
as indicated by weight gain and decrease in serum concentration
of methylmalonic acid. A more profound and consistent decrease
of serum methylmalonic acid after initial and repeat injections was
observed in mice treated with the combination of ImnmTOR™ and
Anc80-MUT than in those treated with Anc80-MUT alone (and
weight gains in the former were more consistent, especially after repeat
dosing). Higher viral genome copy number per liver cell (vg/cell) as well
as higher hepatic MUT mRNA expression levels were also seen in mice
injected with the combination of InmTOR™ and Anc80-MUT. These
effects were dose-dependent, with higher doses of InmTOR™ providing
for higher vg/cell levels and lower plasma methylmalonic acid levels.
In summary, the admixed combination of InmTOR™and Anc80-MUT
is a promising approach to mitigate the detrimental impact of de novo
formed Nabs on gene therapy for MMA, and may also provide a benefit
in enhancing transgene expression at the initial dose.

25. Development of a Novel AAV-Based
Therapy in Combination with Tolerogenic
ImmTOR Nanoparticles for a Sustained
Treatment of Ornithine Transcarbamylase
Deficiency

Giulia De Sabbata', Florence Boisgerault?, Fanny
Collaud?, Alessandra Iaconcig', Amine Meliani?,

Giulia Bortolussi!, Corrado Guarnaccia', Emanuele
Nicastro?, Petr Ilyinskii*, Lorenzo L. D’Antiga®, Federico
Mingozzi*, Takashi K. Kishimoto®*, Andres F. Muro'

"Mouse Molecular Genetics, International Center for Genetic Engineering and
Biotechnology, ICGEB, Trieste, Italy,’Généthon, Inserm UMR_S951, Univ Evry,
Université Paris Saclay, EPHE, Evry, France,’Ospedale Papa Giovanni XXIII,

Bergamo, Italy,'Selecta Biosciences, Watertown, MA

Ornithine TransCarbamylase deficiency (OTCd) is a monogenic,
X-linked, urea cycle disease that affects 15,000-60,000 people
worldwide. The disease results in accumulation of ammonia in
the blood, which causes irreversible brain damage. Despite dietary
restriction and ammonia scavenging drugs, many pediatric patients
die early in life due to ammonia crisis and neurotoxicity.Our aim
is to develop a novel therapeutic to treat OTC deficiency, which
is based on Adeno-Associated virus (AAV)-based gene therapy
in combination with biodegradable synthetic particles containing
rapamycin (ImmTOR). InmTOR has been recently shown to mitigate
the formation of neutralizing anti-A AV antibodies and inhibit capsid-
specific T cell responses in mice and non-human primates (Meliani
et al., Nature Commun. 2018). This tolerogenic AAV strategy would
have two potential benefits: 1) ability to treat pediatric patients
with the possibility to re-dose to maintain therapeutic levels, and
2) prevent liver damage associated with cellular immune reaction
to the therapeutic virus.We generated a novel therapeutic ssAAV8
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vector containing a Codon-Optimized (CO) human OTC transgene
under the transcriptional control of a liver specific promoter. In
order to improve the safety of the therapeutic vector, potential
enhancer sequences present between the ITRs and the therapeutic
transgene were eliminated from the vector, which were shown to act
as transcription activators in the liver. A dose finding experiments
performed in the OTC-spf*" mouse model demonstrated that the
codon-optimized cassette is 5 times more efficient than wt OTC in
expressing a catalytically active protein, resulting in restoration of
the physiological levels of urinary orotic acid and serum ammonia.
Thus, this AAV-hOTC vector mediates efficient and safe correction
of OTC deficiency in OTC-spf*" mice. InmTOR particles have been
shown to inhibit the formation of antibodies to a highly immunogenic
therapeutic enzyme, pegadricase, in a phase 2 clinical trial. We are now
performing pre-clinical studies to assess the safety and the efficacy of
ImmTOR to block the humoral immune response to AAV-hOTC and
enable repeated dosing of gene therapy treatments.

26. Treatment of Metabolic Disorders Using
Lipid Nanoparticle (LNP)-Encapsulated
Messenger RNA Therapeutics (MRT)

Frank DeRosa', Lianne Smith', Kim Askew', Shrirang
Karve', Anusha Dias', Christian Cobaugh', Mike
Heartlein', Randy J. Chandler?, Charles P. Venditti?

'"Translate Bio, Lexington, MA,?National Human Genome Research Institute,
National Institutes of Health, Bethesda, MD

Background: Monogenetic metabolic disorders represent a class of
rare diseases which, in general, lack effective therapies, but represent
excellent targets for messenger RNA therapeutics (MRT). Urea cycle
disorders (UCDs), including ornithine transcarbamylase (OTC)
deficiency and argininosuccinate synthetase (ASS1) deficiency
(citrullinemia), are examples of such disorders. Another group
of inborn errors of metabolism, categorically denoted as organic
acidemias (OA), are equally severe and include methylmalonic
acidemia (MMA), which is most often caused by a deficiency of
the enzyme, methylmalonyl-CoA mutase (MUT). Patients affected
by UCDs and OAs are difficult to treat, and despite careful medical
management, experience high morbidity and mortality. For this reason,
many centers offer elective liver transplantation as an experimental
surgical treatment. Because the liver is the most important site of
nitrogen and organic acid metabolism, we have developed and tested
a platform of hepatotropic lipid nanoparticles (LNPs) designed to
incorporate synthetic messenger RNAs (mRNAs) that code for the
missing enzymes in prototypical intermediary metabolic disorders
such as OTC, ASS1 and MUT deficiencies. Results: Messenger RNAs
encoding hOTC, hASS1, or hMUT enzymes were synthesized,
incorporated in LNPs, and formulated for IV administration. LNP-
delivered hlOTC mRNA (MRT5201) was demonstrated to be active by
measuring human OTC protein and an accompanying increase in OTC
activity within the livers of treated Otc?** mice. MRT5201-treated
Otc?*" mice were also subjected to an NH,Cl challenge. The duration
of action following a single IV dose of MRT5201 was 3 weeks for
protection of hyperammonemia, and 4 weeks for lowering of urinary
orotic acid. In a mouse model of citrullinemia (AssI¥*), efficacy
was demonstrated via repeated normalization of plasma ammonia
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after multiple doses of LNPs encapsulating hASS] mRNA. Similarly,
IV administration of LNP-encapsulated MUT mRNA in a murine
model of MMA (Mut”; TgNS$MCK-Mut) pegulted in reduction of plasma
methylmalonic acid levels. Conclusions: Our results demonstrate that a
functional mRNA encapsulated in an LNP can be successfully delivered
to the liver after IV administration in a variety of preclinical metabolic
disease mouse models. The LNP-encapsulated mRNAs were translated
to functional proteins and attenuated, prevented or normalized the
characteristic metabolic abnormalities seen in these three disorders.
Our results support further studies to investigate the potential of mRNA
therapeutics as possible treatments for UCDs and OAs, conditions that,
as a group, lack effective therapies.

27. Liver-Directed Lipid Nanoparticle mRNA
Therapy Improves Survival and Reduces
Serum Branched Chain Amino Acids in a
Mouse Model of Maple Syrup Urine Disease
Jenny A. Greig', Matthew Jennis', Aditya Dandekar’,
Meardey So!, Mohamad Nayal', Peter Bell', Kimberly
Coughlan?, Minjung Choi?, Paloma H. Giangrande?,
Paolo Martini?, James M. Wilson!

'Gene Therapy Program, Department of Medicine, University of Pennsylvania,
Philadelphia, PA,’ModernaTX, Cambridge, MA

Maple syrup urine disease (MSUD) is a rare metabolic disorder caused
by mutations in one of the three genes encoding a multi-subunit,
mitochondrial enzyme complex called branched-chain alpha-keto
acid dehydrogenase (BCKDH). BCKDH deficiency is characterized
by a buildup of branched chain amino acids (BCAAs) and their
byproducts (alpha-keto acids) in peripheral circulation and in the
brain. Excretion of keto acids gives the urine a distinctive sweet odor
leading to the name of the disease. Currently, no cure exists for MSUD
and treatment options are limited to carefully monitoring a restricted
diet with the potential for liver transplantation, highlighting the
unmet medical need to develop a novel therapeutic approach for this
disease. The intermediate or hypomorphic MSUD mouse is deficient
in the mouse E2 subunit of BCKDH but has low levels of expression
of human E2, which is required to rescue the neonatal lethality seen
in the classic mouse E2 knockout. Hypomorphic MSUD mice exhibit
decreased survival beginning at weaning and display elevated BCAA
levels reminiscent of MSUD patients. Here, we evaluated the use of
liver-targeted lipid nanoparticles (LNPs) to deliver mRNA encoding
either the E2 subunit of BCKDH or three of the BCKDH subunits
(E1a/E1B/E2). We performed weekly intravenous administration of
LNPs starting at the time of weaning in hypomorphic MSUD mice.
Weekly dosing of either the E2 LNP or the combined Ela/E1B/E2
LNP significantly increased survival compared to the control groups
(weekly administration of either green fluorescent protein LNP or
phosphate buffered saline). Serum BCAA levels were reduced following
administration of either E2 LNP or the combined Ela/E1p/E2 LNP
relative to control hypomorphic MSUD mice, suggesting that the
improved survival following LNP treatment is due to a reversal of the
elevated peripheral BCAA levels observed in MSUD. Therefore, liver-
directed LNP mRNA therapy may be an efficacious path forward for
managing and treating MSUD patients.
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28. Salmeterol with Liver Depot Gene
Therapy Reversed Biochemical and
Autophagic Abnormalities of Skeletal Muscle
in Pompe Disease

Sang-oh Han', Songtao Li', Jeffrey I. Everitt’, Dwight D.
Koeberl!

'Pediatrics Medical Genetics, Duke University Medical School, Durham,
NC,’Department of Pathology, Duke University Medical School, Durham, NC

Gene therapy for Pompe disease with adeno-associated virus (AAV)
vectors has advanced into early phase clinical trials. However, the
paucity of cation-independent mannose-6-phosphate receptor
(CI-MPR) in skeletal muscle, where it is needed to take up acid
a-glucosidase (GAA), has impeded the efficacy of Pompe disease
gene therapy. Long-acting selective B2 receptor agonists previously
enhanced the CI-MPR expression in muscle, which increased the
receptor-mediated uptake of GAA. In this study we have evaluated
the selective 32 agonist salmeterol in GAA knockout (KO) mice in
combination with an adeno-associated virus (AAV) vector expressing
human GAA specifically in the liver. Previously salmeterol was
evaluated with an AAV vector that expressed GAA ubiquitously
with a chicken B-actin promoter and cytomegalovirus enhancer, and
biochemical correction was improved by salmeterol administration
only in the heart. That earlier study failed to demonstrate biochemical
correction of skeletal muscle. Ubiquitous expression has provoked
immune responses in GAA-KO mice, emphasizing the importance of
immune tolerance induction during gene therapy in Pompe disease
that can be achieved by liver-specific expression of GAA with an AAV
vector. In the current study the glycogen content of the quadriceps
was significantly decreased by administration of the liver-expressing
AAV vector in combination with salmeterol, in comparison with the
AAV vector alone (p<0.01). Importantly, glycogen content of the
quadriceps was reduced to its lowest level by the combination of AAV
vector and salmeterol administration. Male mice demonstrated lower
glycogen content from combination treatment in the diaphragm,
in comparison to gene therapy alone. Additionally, male mice had
significantly decreased glycogen content in every muscle examined
following combination therapy, in comparison with female mice. Thus,
male gender consistently improved the response to treatment with
salmeterol plus liver gene therapy. Rotarod testing revealed significant
improvement following treatment with salmeterol, the AAV vector,
or both treatments combined, in comparison with untreated mice.
Salmeterol treatment improved wirehang performance, in comparison
with untreated mice. Salmeterol treatment decreased abnormalities of
autophagy in the quadriceps, as shown be lower LC3 and p62 either
with or without concurrent gene therapy. Vector administration
reduced the abnormal vacuolization and accumulation of nuclei in
skeletal muscle, which correlated with improved autophagy in mice
treated with both salmeterol and gene therapy. Given its benefits,
salmeterol should be further developed as adjunctive therapy to
improve the efficacy of liver depot gene therapy for Pompe disease.
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29. Correction of Glycogen Storage Disease
Type llIl with an AAV Vector Encoding a
Bacterial Glycogen Debranching Enzyme
Jeong-A Lim, Su Jin Choi, Fengqin Gao, Priya Kishnani,

Baodong Sun
Pediatrics Medical Genetics, Duke University School of Medicine, Durham, NC

Background: Deficiency of glycogen debranching enzyme (GDE)
in glycogen storage disease III (GSD III) results in accumulation of
abnormal glycogen with short outer branches (limit dextrin) in multiple
tissues. Most patients have both muscle and liver involvements (type
IIIa) while others have only liver involvement (type IIIb). There is no
treatment for this disease. Adeno-associated virus (AAV) vector has
emerged as the most effective tool for in vivo gene delivery. However,
the small carrying capacity (<4.7 kb) limits its application to deliver
a large therapeutic gene like human GDE. In this proof-of-concept
study, we aimed to test the feasibility of treating GSD III with an AAV
vector expressing a bacterial GDE (type I Pullulanase from Bacillus
subtilis) in a mouse disease model (Agl-KO) and to evaluate whether the
anticipated cellular immune response against the bacterial enzyme can
be prevented by a tissue-restricted gene expression manner. Methods:
Heterozygous Agl™!* mice carrying a mutant Agl allele were purchased
from the European Mouse Mutant Archive and crossed with the CMV-
Cre mice (Jackson Laboratory) to generate the Agl knockout (Agl-KO)
allele by deleting the exons 6-10. The homozygous Agl-KO mice exhibit
widespread glycogen accumulation in the liver and all the muscle
tissues. The codons in the sequence of the bacterial enzyme (Pullulanase
derived from Bacillus subtilis strain 16, 2.2 kb) were optimized for the
best expression in human cells. Then, the optimized sequence was
cloned into an AAV vector containing either the universally active
CMYV enhancer/chicken p-actin promoter (AAV-CB-Pull) or a liver-
specific promoter (AAV-LSP-Pull) and these vectors were packaged as
AAV9. Ten-week-old Agl-KO mice were intravenously injected with
the AAV9-CB-Pull or the AAV9-LSP-Pull vector at a dose of 5x10'
vg/kg and collected tissues after two weeks for analysis of biochemical
and histological corrections. Age-matched untreated Agl-KO mice
were used as controls. Results: Both AAV treatments dramatically
reduced glycogen content in the liver by >90% compared to the
untreated control (Table 1). Light microscopy of periodic acid-Schiff
(PAS)-stained liver sections confirmed the reduction of glycogen
accumulation and the restoration of normal hepatic morphology (not
shown). Multiple CD4* and CD8" lymphocytic infiltrates were present
in the AAV-CB-Pull treated liver but barely detectable in the AAV-
LSP-Pull treated liver (Figure 1). These results suggest that the cellular
immunity against Pullulanase expressed from the CB promoter was
associated with waning Pullulanase levels in the liver. No significant
increase of enzyme activities and a decrease of glycogen contents were
observed in the heart and skeletal muscle (quadriceps) by either AAV
treatment. Summary: Our data suggest that gene therapy with an
AAV vector expressing bacterial Pullulanase is a possible treatment
approach for GSD III and the Pullulanase-induced cellular immune
response can be overcome by tissue-restricted gene expression. Future
study will test the efficacy of this treatment in the muscle of Agl-KO
mice using a muscle-specific promoter to drive Pullulanase expression.
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Table 1. Biochemical correction of glycogen storage in Ag/-KO mice by AAV treatment

Liver Heart Quad
UT  0764:0083  2722:0304  0.844:0,120
Pullanase activity CB 951412099  4024:1.045  1.196:0.416
(mU/mg protein)
[SP  28305:3039  2.382¢0228  1.048:0.240

UT  158.12446.530

Glycogen content B
{nmol glucose/g tissue)

39.24043.670  77.362+11.851

12.86218.889 31.94842.732  64.379£12.234

LSP  9.181#3.880  33.670:6.040  83.972:8.322
AAV copy number CB  72669:10.789  0.612:0.147  0.133:0.139
per genome LSP 4659328274 095120264  0.276£0.043

Data represent as mean tlSD. n=5. Abbreviations: Quad, qu‘adricepi: ut, untreated Agi;KO miie:
CB, AAVS-CB-Pull treated Agl-KO mice; LSP, AAVS-LSP-Pull treated Agl-KO mice

LUt AAV-CB-Pull AAV-LSP-Pull

CD4

CD8a

Figure 1. of CD8+ and CD4+ lymphocytes in the liver two
weeks following AAV administration. Sections of the paraffin-embedded livers from untreated (UT), Ad\a-

CB-Pull treated, and AAVS-LSP-Pull treated Agi-KO mice were stained with an anti-CD4 or anti-CD&a monoclonal
antibody (Abcam). Foci of lymphocytes are indicated {arrows)

30. Genome Editing with CRISPR/Cas9 in a
GSD la Canine Model
Hye Ri Kang, Elizabeth Brook, David Courtney, Bryan

Cullen, Dwight Koeberl
Duke University, Durham, NC

Glycogen storage disease type Ia (GSD Ia) is a rare inherited disease
caused by mutations in the G6PC gene, which encodes glucose-6-
phosphatase (G6Pase). Absence of G6Pase causes life-threatening
hypoglycemia and long-term complications including renal failure,
nephrolithiasis, hepatocellular adenomas (HCA), and a significant risk
for hepatocellular carcinoma (HCC). The complications occur due to
the accumulations of metabolic intermediates including glycogen and
triglycerides in the liver, kidney, and small intestine. The canine GSD Ia
model mimics the human disease more accurately than mouse models,
given the longer lifespan and outbred genetics of dogs. AAV vectors
have been developed for treatment of GSD Ia and shown effective at
correcting hypoglycemia and greatly prolonging lifespan; however,
these vectors have not prevented all long-term complications. AAV
vector genomes remain almost exclusively in an episomal state in the
cells, and therefore AAV derived transgene expression has diminished
over time. To address this problem, we designed a CRISPR/Cas9 that
cleaves the G6PC exon 1/intron 1 boundary and delivers a repair
template to induce homologous recombination (HR) and to integrate
a functional G6PC gene. We delivered two recombinant AAV7 vectors,
the nuclease-containing AAV-CRISPR/Cas9 and the donor AAV-
G6PC, to dogs with GSD Ia including a puppy on day one of life and
to 3 adult dogs previously treated with gene replacement at the age of
3 years. The effect of genome editing by CRISPR/Cas9 was analyzed in
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liver biopsies at 4 months after vector administration. Analysis of liver
biopsies from the puppy and two out of 3 adult dogs revealed transgene
integration in the G6PClocus. The puppy demonstrated higher vector
genome copies (1.3 copies per cell) than two adult dogs (0.5 and 0.3
copies per cell). However, these two adult dogs had significantly
increased vector genomes in the liver following genome editing,
because vector genomes were undetectable at baseline. Furthermore,
hepatic glycogen content was reduced after genome editing in two of
3 adult dogs. To demonstrate long-term efficacy of genome editing,
we will perform repeat liver biopsies at 14 months following CRISPR/
Cas9 administration. These data suggest that administration of AAV
vectors early in life achieved a higher efficiency of genome editing by
CRISPR/Cas9, in comparison with treatment of adult dogs. However,
we confirmed that genome editing by CRISPR/Cas9 is possible in adult
dogs. Further development of genome editing is warranted to provide
a more stable treatment and to more effectively prevent long-term
complications of GSD Ia.
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31. A Safe and Reliable Technique for Central
Nervous System Delivery of AAV Vectors via
the Cisterna Magna

T. Taghian, M. G. Marosfoi, O. I. Cataltepe, AS Puri, D.
Fernau, AR Batista, N. Aronin, R. M. King, M. Gounis,
T. R. Flotte, D. McKenna-Yasek, P. W. L. Tai, M. Sena-
Esteves, H. L. Gray-Edwards

University of Massachusetts Medical School, Worcester, MA

Tay-Sachs and Sandhoft disease are fatal neurodegenerative diseases
that are characterized by accumulation of GM2 gangliosides in the
central nervous system (CNS), resulting in severe neurodegeneration.
Infantile forms are marked by a prolonged vegetative state with death
occurring between 3 and 5 years of age, while juvenile onset patients
survive into the second decade of life. Currently, there is no treatment
for these diseases. GM2 accumulation is caused by a deficiency in
Hexosaminidase A (HexA), due to mutations in genes encoding for
a or B subunits that form the heterodimeric HexA enzyme. We have
demonstrated efficacy of AAV gene therapy in mouse, cat and sheep
models of GM2 gangliosidoses, however, efficacy is dependent on
vector distribution in the brain and spinal cord. Here we report a
minimally invasive technique for delivery of AAV vectors to the CNS.
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Cerebrospinal fluid (CSF) delivery of AAV vectors via the cisterna
magna (CM) has shown efficacy in animal models of lysosomal storage
diseases, but is contraindicated in patients due to increased risk of fatal
mistargeting. To circumvent this limitation, we developed a safe CM
delivery method in sheep and applied it to a child receiving AAV gene
therapy. An intravascular microcatheter was inserted in the lumbar
intrathecal space and threaded to the CM under fluoroscopic guidance.
Pre-surgical MRI was merged with cone beam computed tomography
to assist in catheter navigation of the spinal canal. VasoCT was acquired
to confirm the final catheter position in the CM. By injecting 1ml of
iodinated contrast through the microcatheter the pattern of contrast
material distribution was recorded prior to vector injection. After
removal of 7-10 mL CSE 1E14 vg scAAV-CB-GFP-pl vector (in
15 mL) was infused at 1 mL/min. All sheep recovered well with no
complications. Animals were sacrificed 3 weeks post injection (n=3)
and no spinal cord damage was observed post-mortem. Histological
evaluation of the tissue showed robust GFP expression throughout
the spinal cord. Additionally, the cerebellum, hippocampus, thalamus,
brain stem, striatum and frontal lobe were strongly transduced. After
testing in eight sheep, this technique was then used to administer
1E14 vg of a 1:1 formulation of two monocistronic AAVrh8 vectors
encoding the a and { subunits of HexA to a 30-month-old child with
Tay-Sachs disease. A total of 14 mL of CSF was removed by passive
flow and was followed by vector administration in a total of 12 mL at
~1 mL/min, 9 mL into the CM and 3 mL at the L2 level. Intracranial
opening pressure was 42 mm H,O, which was >2-fold above normal
(~18 mm HZO), and decreased to 21 mm H,0 after removal of CSE,
and remained unchanged with AAV delivery. No adverse effects were
noted from the infusion procedure, or otherwise. Therefore, this novel
delivery technique is a safe, and highly effective method for increasing
gene delivery to the brain via the CSF. *Authors contributed equally to
this work. Figure 1: A. Overlay of MRI and fluoroscopy images in the
sheep. Catheter location in the spinal canal in the CM space. B. CT
overlay with MRI to show catheter location caudal to the cerebellum
and dorsal to the brainstem. C. Overlay of fluoroscopy images and
T2w MRI of a child that received AAV injection. The catheter (red) is
anterior to the brainstem and CM space.

C
Transverse T2W MRI \overlay with CT

SagittalT2W MRI overlay with fluoroscopy
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32. Highly Efficient Transduction of the

Fovea Following ‘Extrafoveal’ Subretinal
Administration of Novel AAV Vectors

Sanford L. Boye', Shreyasi Choudhury', Russell Mellen',
Victoria Makal', Diego Fajardo', James J. Peterson’,
Hangning Zhang', Giovanni Di Pasquale?, Jay A.
Chiorini? Ryan Boyd’, Shannon E. Boye!

"University of Florida, Gainesville, FL,?National Institute of Dental and
Craniofacial Research, Bethesda, MD,*Charles River Laboratories, Mattawan, MI

Purpose: Gene therapy for many retinal dystrophies requires targeting
of transgene expression to foveal cone photoreceptors (PRs), the cells
responsible for acute, daylight vision. In clinical trials for RPE65-LCA2,
subretinal injection (SRI) of AAV under the fovea led to central retinal
thinning and loss of visual acuity in some patients. To more safely
target cones, intravitreal injection (IVI) has been explored. However,
studies utilizing currently available capsids indicate that the barriers
to IVI AAV (i.e. dilution/neutralization in vitreous, inner limiting
membrane) may restrict transduction to ‘sub-therapeutic’ levels in a
substantial proportion of patients. As such, alternative strategies that
mediate efficient cone transduction without adversely affecting the
retina remains an unmet need. We previously showed that several
novel capsids display high transduction efficiencies that manifest,
in part, from expansion of transduction outside of the limits of SRI
blebs. These include an AAV2-based capsid containing 4 proteosomal
avoidance (Y-F, T-V) mutations and substitutions to canonical HSPG
binding residues- AAV2(4pMutAHS), 2) the novel naturally occurring
capsid, AAV44.9, and 3) a rationally designed version of the latter,
AAV44.9(E531D). The purpose of this study was to evaluate the tropism
of these novel capsids, and whether they promoted transduction
beyond the area of detached retina (bleb) in a more clinically relevant,
foveated species- cynomolgous macaque. Methods: AAV constructs
containing CBA or hGRK1 promoters driving GFP were packaged
into AAV44.9, AAV44.9(E531D), AAV2(4pMutAHS), or AAVS.
Seven macaques were SRI with vectors, each at 1e12 vg/ml. In 8 eyes,
two 60pL blebs were made (subfoveal, and peripheral). In 6 eyes,
three 30uL extrafoveal blebs were created. Ophthalmic examinations,
optical coherence tomography (OCT), and confocal scanning laser
ophthalmoscopy (¢SLO) were performed at regular intervals. Care was
taken to document the location and extent of blebs immediately post
injection (p.i.) and then to follow transgene expression over time. At
6 weeks p.i., retinal sections were stained for cone arrestin. Rod/cone
transduction was quantified within and outside the blebs. Results:
Intentional subfoveal delivery of all vectors drove highly efficient GFP
expression within foveal PRs. Loss of ellipsoid zone and foveal bulge
on OCT were apparent within these eyes, with partial or complete
recovery through study termination. Extrafoveal injection produced no
OCT changes within the fovea of any eyes. GFP fluorescence extending
beyond SRI bleb margins was apparent at 2 weeks p.i. with novel
vectors, but not AAV'5. Spread continued until study termination. GFP
intensity mediated by all vectors increased through week 6. Extrafoveal
injection of novel vectors led to transduction of up to 98% of foveal
cones. Conclusion: AAV44.9, AAV44.9(E531D), AAV2(4pMutAHS)
exhibit increased PR/RPE transduction and enhanced lateral spread in
SRIinjected macaque relative to benchmark vector AAV5. Notably, they
transduce foveal cones without the requirement of foveal detachment.
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These capsids will be useful for treating diseases where central retinal
cones are the target, but detachment of the fovea is not preferred (i.e.
Achromatopsia, Ushers syndrome). They may also be used to address
IRDs that would benefit from an expansive treatment area (i.e. retinitis
pigmentosa, choroideremia).

33. Cell Specific Transduction of a Vectorized
Anti-Tau Antibody Using IV Dosing of a Blood
Brain Barrier Penetrant AAV Capsid in Mice
Wencheng Liu', Giridhar Murlidharan', Yanqun Shu?,
Maneesha Paranjpe’, Charlotte Chung', Xiao-Qin Ren’,
Xin Wang?, Kyle Grant’, Brianna Johnson®, Usman
Hameedi®, Ada Felix-Ortiz', Martin Goulet', Jay Hou?,
Dinah Sah!, Steve Paul', Todd Carter!

'"Neuroscience, Voyager Therapeutics, Cambridge, MA,*Vector Engineering,
Voyager Therapeutics, Cambridge, MA,*Vector Production, Voyager Therapeutics,
Cambridge, MA

Anti-tau immunotherapy is being pursued as a promising therapy
for tauopathies including Alzheimer’s disease (AD), frontotemporal
dementia (FTD) and progressive supranuclear palsy (PSP). However,
for such an approach to be effective, delivery of antibody to specific
cell types within affected or vulnerable brain regions may need to
be achieved. We have previously demonstrated broad distribution
and expression of a vectorized anti-tau antibody in the mouse brain
using a novel blood brain barrier penetrant AAV capsid administered
intravenously (IV) with a ubiquitous promoter. Here we describe
studies characterizing different vectorized anti-tau antibody cassettes
designed to optimize distribution and expression in specific cell types,
using cell type specific promoters with a blood brain penetrant AAV
capsid in mice. AAV vectors comprising a novel capsid and a transgene
encoding an anti-tau monoclonal antibody were administered by
IV bolus to wild type mice and one month later, gene transfer was
assessed. Biodistribution and cellular tropism were evaluated by
ELISA and immunostaining, and vector genome levels were quantified
with digital droplet PCR. Genome cassette dependent transduction
of vectorized antibody in the mouse CNS was observed, including
regions such as hippocampus, cortex, thalamus, brain stem and
olfactory bulb. Furthermore, cell type specific expression of antibody
was achieved using cell specific promoters. Importantly, brain levels
of anti-tau antibody substantially higher than those measured after
passive immunization could be achieved. Taken together, these results
demonstrate improved vectorized antibody expression with specific
AAV constructs and suggest that IV dosing of vectorized antibody using
ablood brain barrier penetrant AAV capsid can deliver therapeutically
relevant antibody levels in specific cell types in multiple brain regions.
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34. mMGAP: A Resource to Identify Nonhuman
Primate Models of Human Genetic Diseases
Betsy Ferguson', Melissa Yan?, Lyndsey Shorey?,
Benjamin Bimber?

'Divisions of Genetics and Neuroscience, Oregon National Primate Research
Center, Beaverton, OR,’Division of Genetics, Oregon National Primate Research
Center, Beaverton, OR,’Division of Neuroscience, Oregon National Primate

Research Center, Beaverton, OR

The Oregon National Primate Research Center manages more than
4,000 captive bred, Indian-origin rhesus macaque colony, current
members of a pedigree spanning 9 generations. With over 1,000
macaques genomically sequenced, we have identified nearly 19 million
sequence variants. Analysis of the variants identified 2,807 alleles
that are identical to SNVs associated with human disease (ClinVar)
and 24,237 SNV predicted to be damaging to protein structure and
likely to be pathogenic (PolyPhen, SnpEff). The variants implicate
potential models of vision loss (Retinitis Pigementosa, Leber congenital
amaurosis, Bardet-Biedl Syndrome), neurodegenerative disease
(Neuronal Ceroid Lipofuscinosis, Leukoencephalopathy with ataxia
or vanishing white matter), developmental disorders (Meckle-Gruber
Syndrome, Caffey Syndrome), metabolic disorders (Glutaric Aciduria),
respiratory disease (Cystic Fibrosis), dystonia (childhood onset with
optic atrophy), among others. Rhesus macaques can be searched
based on genotype, pinpointing subjects for physical examination
or for targeted breeding to produce additional subjects for study.
Complementing the genomic data is a database of life-long electronic
health records (EHR), summarizing clinical, behavioral, imaging,
histology and pathology data collected on each subject. Combining
both genomic and phenotypic data sets, we are uncovering novel
models of rare disease, including Bardet-Biedl Syndrome (BBS7)
and Neuronal Ceroid Lipofuscinosis (CLN7). These two models are
currently being leveraged for biomarker development, gene-therapy
and gene correction studies. The mGAP database (https://mgap.ohsu.
edu/) provides an unprecedented resource to identify natural primate
models of rare human diseases. The expansive genomic data sets,
clinical data, combined with the onsite MRI and PET imaging facilities,
veterinary clinicians, surgeons, and pathologists, and investigators with
expertise in gene therapy, stem cell therapy and other state-of-the-art
technologies, provide outstanding opportunity to leverage nonhuman
primate models to develop precision medicine approaches for the
treatment of debilitating rare human diseases. Additional macaque
genomic and phenotypic data sets will be added to the mGAP database
over the next two years. Disease model discovery will also continue
using interdisciplinary approaches to validate new models, and as
appropriate, model populations will be expanded through the targeted
breeding of genetically characterized subjects.
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35. Intraparenchymal Spinal Cord Delivery

of AAV Gene Therapy Provides Robust SOD1
Knockdown in Large Mammal Spinal Cord for
the Treatment of SOD1-ALS

Holger Patzke', Qingmin Chen', Jenna Carroll', Ruo-Jie
Wang', Pengcheng Zhou', Carol Huang', Justin Aubin',
Mathieu Nonnenmacher’, Xiao Ren', Wei Wang', Emily
Christensen', Brianna Johnson’, Li Liu', Tam Nguyen',
Ruohong Zhou', Markus Hossbach?, Jochen Deckert?,
Fen Chen', Jeff Thompson', Thais Federici®, Nicholas M.

Boulis®, Jay Hou!, Dinah Sah!

'Voyager Therapeutics, Cambridge, MA,*?AXOlabs, Kulmbach,
Germany,’Department of Neurosurgery, Emory University School of Medicine,
Atlanta, GA

Mutations in superoxide dismutase 1 (SOD1) result in progressive
motor neuron loss through gain-of-function toxic properties and are
responsible for up to 20% of familial ALS, or 2-4% of all ALS patients in
the U.S. Studies using transgenic mice expressing SOD1 mutations have
demonstrated reduced neuropathology, improved motor behavior and
extension of survival with partial lowering of SOD1. RNA interference
(RNAI) is a naturally occurring process that mediates gene silencing.
Expressing RNAi using artificial pri-miRNAs is the preferred approach
for an AAV gene therapy targeting SOD1 for inhibition by RNAi.
Delivery of AAV vectors to motor neurons along the spinal cord of
large mammals is a key translational step for successful therapy. Here,
we report the results from a series of in vitro and in vivo studies to
select an AAV gene therapy targeting SOD1 with RNAi, and from
studies in large mammals to optimize delivery paradigms to motor
neurons throughout the rostral-caudal extent of the spinal cord. To
select a RNAi sequence targeting human SOD1 (hSOD1), we identified
150+ sequences that were predicted to be highly selective for hSOD1.
Synthetic siRNA duplexes were first screened in Hela cells. The most
effective siRNAs were then compared using dose-response curves for
SOD1 mRNA suppression in cultured cells. The most potent RNAi
sequences were cloned into different pri-miRNA cassettes, then
screened in human cell lines for SOD1 mRNA suppression. The best
candidates were used to generate AAV vectors for in vivo studies in
transgenic mice expressing human wild-type SOD1. We employed
intrastriatal dosing as a surrogate route of administration to evaluate
SOD1 mRNA suppression by RT-qPCR, and to assess precision and
efficiency of miRNA processing with deep sequencing. The top pri-
miRNA cassette/RNAi sequence was selected for further evaluation
in pigs using intraparenchymal delivery of AAV vectors to the spinal
cord. Significant SOD1 knockdown was observed by RT-qPCR on laser
captured motor neurons and by branched DNA assay on tissue punches
from the ventral horn along most of the length of the pig spinal cord.
Suppression of SOD1 in motor neurons was also assessed by in situ
hybridization. SOD1 protein reduction was analyzed by ELISA and
LC-MS/MS assays. Notably, the identified lead substantially and safely
suppressed SOD1 in motor neurons in cervical levels of the spinal
cord, critical for respiratory function. Our findings support the use of
AAV gene therapy targeting SOD1 with RNAI as a potential approach
for the treatment of SOD1-ALS with an intraparenchymal spinal cord
delivery paradigm.
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36. Intrathecal and Intravenous Combination
Gene Therapy in the Mouse Model of Infantile
Neuronal Ceroid Lipofuscinosis Extends
Lifespan and Improves Behavioral Outcomes
in Moderately Affected Mice

Erik A. Lykken', Alejandra J. Rozenberg?, Steven J.
Gray'

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

Infantile neuronal ceroid lipofuscinosis (INCL), also known as infantile
Batten or CLN1 disease, is a severe neurodegenerative lysosomal
storage disorder affecting the CNS and peripheral organs. The INCL
mouse model (CLNI-KO) recapitulates the major features of the
disease, with neurological deficits appearing at 4.5 months and a
median survival of 8 months of age.

We explored dosing 1 month old “presymptomatic” mice and 6 month
old “symptomatic” mice, with a single intrathecal (IT) injection of 7x10"°
vg in the lumbar cistern of a self-complementary adeno-associated
virus serotype 9 carrying the human CLN1 gene (scAAV9-hCLNI1).
Our results showed significantly increased survival when treating at 1
month, but no apparent benefits when treating at 6 months. We next
explored the treatment at different ages (representing the different
stages of the disease) and higher doses. We were able to establish that:
1) early treatment is better; and 2) a higher dose is better. Only modest
survival effects were seen with the high IT dose (IT-HD, 7x10" vg)
administered at 6 months. In contrast, treatment with the IT-HD at
4.5 months (early symptomatic) showed significant survival benefits,
delayed onset of symptoms, and improved behavioral performance. We
next explored combining the IT dose with an intravenous (IV) dose,
to increase the efficacy in these symptomatic mice. Administering
scAAV9-hCLNI1 IV in conjunction with IT delivery allows for
dose escalation and potentially transduces regions of the brain not
adequately treated by IT alone. A low dose IT along with alow, medium,
or high IV dose did not provide greater therapeutic efficacy over the
IT-HD alone in early symptomatic mice. However, treatment with
an IT-HD and IV-HD combination provided significant benefits in
this same age cohort (median lifespan of 17 months with function
benefits). Our preliminary results in mice suggest the possibility of
treating moderately affected patients. Ongoing studies are further
evaluating the benefit of combined IV+IT dosing in presymptomatic
animals. Data from a GLP toxicology study in rats assessing the safety
of scAAV9-hCLN1 will also be presented.
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37. Safety and Biodistribution Assessment of
Scaav2.5-Eqil-1RA Gene Transfer to a Large
Mammalian Joint

Rachael Levings', David Alex Myara!, Kirsten
Coleman?, Patrick Colahan', Thomas Conlon?, Steven

Ghivizzani'
!Orthopaedics and Rehabilitation, University of Florida, Gainesville,
FL,*University of Florida, Gainesville, FL

Osteoarthritis (OA) is a chronic and incurable joint disease. Although
highly debilitating, OA is not life-threatening, thus viable treatment
options must be both safe and efficacious. Adeno-associated virus
(AAV) offers many advantages as a gene delivery vehicle for OA
treatment, particularly with regard to safety. As part of a 3-year
efficacy study, we performed formal pre-clinical biodistribution
studies in an equine system to establish a biosafety profile for self-
complimentary (sc)AAV Interleukin-1 Receptor Antagonist (IL-1Ra)
delivery in large mammalian joints. Due to similarities in size and
tissue composition, the equine joint was used to model the behavior of
delivery into a large human joint, such as the knee. To simulate human
treatment conditions, we performed studies in the context of an OA
osteochondral fragmentation (OCF) disease model. Biodistribution
and expression profiles addressed two treatment phases: A) Acute- to
detect pathologies associated with vector administration and systemic
dispersion immediately following joint injection. For this, 6 animals
were divided into two groups: i) treatment with scAAV.eqIL-1Ra at 1
x10"vg (1x dose, clinical dose), or ii) treatment with 1x10vg (10x dose,
“worst-case scenario”) into the OCF joint. Two weeks post-injection,
animals were euthanized for necropsy. B) Long-term- 12-month trial
to determine efficacy and detect pathologies associated with sustained
local over-production of IL-1Ra and long-term vector persistence. For this,
the OCF joints of 10 animals received the 1x dose and 10 received saline
control. At the conclusion, horses were euthanized for necropsy. For
both phases, synovial fluid, blood and urine were collected throughout
and analyzed for gene expression. Treated long-term animals from the
efficacy trial had sustained stable eqIL-1Ra expression (~40ng/ml) for
12 months. There was no expression in contralateral joints, control
animal joints or urine. Similar to previous results, we saw increases
in eqIL-1Ra expression in blood in 5 untreated and 2 treated animals,
which we attribute to endogenous production from causes unrelated to
the transgene. Biodistribution studies demonstrated persistent vector
genomes (vg) in injected cartilage and synovium for up to one year.
Similar to long-term, Acute animals maintained transgene expression
over the 2 weeks study. One 10x animal had increased expression in
contralateral, uninjected synovial fluid. Interestingly, this animal was
the only animal to have positive vg detection in contralateral cartilage
and synovial tissues. Outside of the injected joint space, vg were only
found in the spleen of the Acute 10x treatment group. Furthermore,
only one Acute animal receiving the 10x dose had a significant increase
in circulating antibodies (~525-fold increase in synovial fluid from the
injected joint and ~230-fold increase in serum) to the vector capsid. No
other animals had an increase in circulating anti-AAV2.5 antibodies.
Overall the biosafety profiles generated were highly favorable and
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demonstrate that at clinical doses, for both short and long-term stages
of treatment, vector remained localized to the injection site. Further
efficacy analysis is currently underway.

38. Gene Editing Restores Dystrophin
Expression in a Canine Model of Duchenne
Muscular Dystrophy

Leonela Amoasii

Exonics Therapeutics, Watertown, MA

Mutations in the gene encoding dystrophin, a protein that maintains
muscle integrity and function, cause Duchenne muscular dystrophy
(DMD). The deltaE50-MD dog model of DMD harbors a mutation
corresponding to a mutational “hot spot” in the human DMDgene.
We used adeno-associated viruses to deliver CRISPR gene editing
components to four dogs and examined dystrophin protein expression
6 weeks after intramuscular delivery (n=2) or 8 weeks after systemic
delivery (n=2). After systemic delivery in skeletal muscle, dystrophin
was restored to levels ranging from 3 to 90% of normal, depending on
muscle type. In cardiac muscle, dystrophin levels in the dog receiving
the highest dose reached 92% of normal. The treated dogs also showed
improved muscle histology. These large animal data support the idea
that, with further development, gene editing approaches may prove
clinically useful for the treatment of DMD.

39. SGT-001 Cardiac and Skeletal Muscle
Microdystrophin Expression and Functional
Efficacy in Preclinical Models of DMD

J. Patrick Gonzalez, Kristy J. Brown, Diane Golebiowski,
Courtney Shanks, Valeria Ricotti, Joel S. Schneider, Carl

A. Morris
Solid Biosciences, Cambridge, MA

Duchenne muscular dystrophy (DMD) is a severe muscle disorder
caused by loss-of-function mutations in the DMD gene, which lead
to the absence of the dystrophin protein. Without dystrophin, the
structural link between the actin cytoskeleton and extracellular
matrix is broken and critical signaling proteins are pathologically
mislocalized. As a result, muscles are highly susceptible to contraction-
induced damage and functional ischemia. Direct dystrophin
replacement has thus far been unsuccessful due to the large
size of the DMD gene. As a wide variety of mutations can be
responsible for the disease, therapeutic strategies aimed at specific
mutations only have the potential to benefit subsets of patients.
SGT-001 is an adeno-associated virus (AAV) microdystrophin gene
transfer candidate being evaluated by Solid Biosciences in a Phase I/
IT clinical trial, IGNITE DMD. The program is based on extensive
research on the dystrophin protein to develop shorter yet functional
microdystrophin variants, and to deliver genes to muscle. Significant
preclinical work has been conducted to characterize SGT-001 in
dystrophic mouse and dog models to evaluate microdystrophin
expression and functional efficacy following systemic administration.
Preclinical data show that a single dose of SGT-001 leads to robust
long-term microdystrophin expression in cardiac and skeletal muscle.
Importantly, SGT-001 microdystrophin successfully re-establishes the
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dystrophin glycoprotein complex and recruits nNOS to the sarcolemma,
where it is functionally active. In dystrophic dog studies carried out
for over two and a half years, data show that this response is sustained
throughout the entirety of the study. Quantification of microdystrophin
using immunofluorescence, Western blotting and mass spectrometry
identified a dose-response increase in percent positive muscle and
overall protein levels. In addition, in vivo and in vitro functional
assessments demonstrated improved muscle function in a similar dose-
dependent manner. Further studies are being conducted in dystrophic
animals to assess critical components of microdystrophin function.
These results will help improve our understanding of key aspects of
DMD biology and advance SGT-001 as a potential therapeutic option
for DMD patients, regardless of mutation.

40. In Vivo Correction of Dystrophin
Expression in Old Dystrophic Dogs
Niclas E. Bengtsson', Julie Crudele', Jordan M.

Klaiman?, Jessica M. Snyder?, Jeffrey S. Chamberlain'
"Neurology, University of Washington, Seattle, WA,?Rehabilitation Medicine,
University of Washington, Seattle, WA,*Comparative Medicine, University of
Washington, Seattle, WA

In vivo CRISPR/Cas9-mediated gene editing has emerged as a
promising novel approach for correcting dystrophin expression
following recombinant adeno-associated viral (rAAV) vector delivery
into animal models of Duchenne muscular dystrophy (DMD).
However, the most successful reports to date have focused on
initiating treatment at very young ages where disease progression has
not yet resulted in significant fibrosis and muscle wasting, ensuring
optimal conditions for both AAV transduction and myonuclear gene
editing. Furthermore, the use of young mice in particular facilitates
delivery of very large doses of rAAV vectors, enabling near saturation
of systemically targeted muscle groups for optimal experimental
outcomes. These doses are not likely to be feasible in clinical trials and
translation of results obtained from treatment of very young mice may
significantly differ from those seen in older patients. Larger animal
models of DMD, such as the CXMD canine model, are invaluable for
the translation of experimental therapies into clinical application due
to their closer resemblance to patients in terms of dosing, immunology
and pathophysiology. Here we demonstrate successful muscle-specific
correction of dystrophin expression in aged CXMD dogs following
local rAAV6 vector delivery of CRISPR/Cas9 and offer a qualitative
comparison to microdystrophin gene transfer. This proof-of-principle
study demonstrates that our approach to restore an open reading
frame via multi-exon deletion is applicable to large animal models
but also suggests a link between treatment efficacy and state of muscle
pathology at the time of intervention. Additional emphasis should be
placed on optimizing gene-editing strategies with regards to subject
age and state of disease progression during further development of
CRISPR/Cas9-based approaches towards clinical translation into
human DMD patients.
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41. Utrophin Vector Protected by Central
Tolerance as Potential Cure for Muscular
Dystrophy

Leon Morales, Yafeng Song, Alock Malik, Mihail
Petrov, Margaret E. Choi, Marilyn A. Mitchell, Tejvir S.

Khurana, Joe N. Kornegay, Hansell H. Stedman
Department of Surgery, University of Pennsylvania, Philadelphia, PA

The essential protein product of the Duchenne muscular dystrophy
gene is dystrophin, a rod-like 427 kD protein that protects striated
myocytes from contraction-induced injury by linking the cortical
cytoskeleton to the extracellular matrix. Most patients with DMD have
multi-exon frame-shifting deletions, while many with the milder allelic
disease Becker MD have frame-preserving mutations that change the
length of dystrophins 150 nm rod domain. Utrophin, a dystrophin
paralog, retains many of the structural and protein binding elements of
dystrophin. Importantly, normal thymic expression in DMD patients
should protect utrophin by central immunologic tolerance. Leveraging
a deep analysis of dystrophin’s molecular evolution with a focus on the
stability of the rod domain, we designed a codon-optimized, synthetic
transgene encoding a 25 nm miniaturized utrophin (uUtrophin),
deliverable by AAV vectors. Here we show that uUtrophin is a highly
functional, non-immunogenic substitute for dystrophin, preventing
the most deleterious histological and physiological aspects of muscular
dystrophy in small and large animal models. Following systemic
administration of an AAV-pUtrophin to neonatal dystrophin-deficient
mdx mice, all histological and biochemical markers of myonecrosis and
regeneration are completely suppressed throughout growth to adult
weight. In the dystrophin-deficient Golden Retriever model, uUtrophin
non-toxically prevented myonecrosis even in the most powerful
muscles. In a stringent test of immunogenicity, focal expression of
pUtrophin in the deletional-null German Shorthaired Pointer model
produced no evidence of cell-mediated immunity, in sharp contrast to
the robust T cell response against similarly constructed pDystrophin.
These findings support a model in which utrophin-derived therapies
can be used to treat clinical dystrophin deficiency, with a favorable
immunologic profile and preserved function in the face of extreme
miniaturization.

42. Restoration of Dystrophin Expression

by Genome Editing in the Canine X-linked
Muscular Dystrophy (CXMD) with a Mutation in
the N-Terminal Mutation Hotspot, a Dog Model
of Duchenne Muscular Dystrophy

Rika Maruyama', Kenji Rowel Lim', Quynh Nguyen',
Maria Tsoumpra?, Shin’ichi Takeda?, Yoshitsugu Aoki?,

Toshifumi Yokota'?
'Department of Medical Genetics, University of Alberta, Edmonton, AB,

Canada,’Department of Molecular Therapy, National Institute of Neuroscience,
National Center of Neurology and Psychiatry (NCNP), Tokyo, Japan,*The Friends
of Garrett Cumming Research & Muscular Dystrophy Canada HM Toupin

Neurological Science Research Chair, Edmonton, AB, Canada

Duchenne muscular dystrophy (DMD) is a lethal and devastating
genetic disorder caused by a lack of dystrophin protein due to mutations
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in the DMD gene. DMD is mostly caused by out-of-frame mutations,
leading to a premature stop codon. Genome editing holds the promise of
treating DMD. Most studies currently aim to remove a part of the DMD
gene by non-homologous end joining (NHE]) and produce a truncated
but functional dystrophin protein to shift the clinical prognosis towards
its milder counterpart, Becker muscular dystrophy (BMD). Previous
studies showed that genome editing restored dystrophin expression
and improved the phenotype of DMD model mice. Recently, single-cut
genome editing was shown to restore dystrophin expression ina DMD
dog model deltaE50-MD. However, this method relies on the mutation
of specific splice-acceptor sequences. Here, we sought to examine the
effects of genome editing in the Canine X-linked Muscular Dystrophy
(CXMD) with a mutation in the N-terminal mutation hotspot. They
harbor a splice site mutation in intron 6, leading to a lack of exon 7
in mRNA. The removal of 3 exons, exons 6-8, using NHE] would
restore the reading frame. An alternative strategy is to remove exons
3-9. Although exons 6-8, 6-9, and 3-9 deletions are all associated with
BMD, the exons 3-9 deletion is associated with a milder phenotype.
We employed CRISPR/Staphylococcus aureus Cas9 (SaCas9) system
to remove these exons in the DMD gene. We designed several guide
RNAs (gRNAs) and selected the most effective ones by T7E1 assays.
To evaluate the genome-editing efficiency in vitro, we transfected
vectors expressing SaCas9 and a pair of selected gRNAs (intron 5/8,
or intron 2/8) into primary CXMD dog muscle cells. We demonstrated
that genome editing using these guide RNAs and SaCas9 deleted the
targeted region in the genome and induced exons 3-9 or 6-9 skipping in
dystrophin mRNA with nearly 100% efficiency. For in vivo testing, we
injected vectors carrying SaCas9 with the ubiquitous cytomegalovirus
(CMV) promoter and the guide RNAs into the tibialis anterior (TA)
muscle of a dystrophic dog by utilizing recombinant AAV serotype 9
(rAAV9). Western blotting and immunohistochemistry revealed the
recovery of dystrophin protein expression in the injected muscles.
These results indicate that CRISPR/SaCas9 genome editing restored
dystrophin expression in vivo. We are further investigating the efficacy
of systemic treatment and functional recovery in the canine model.
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43. Development of Efficient AAV Vectors
Using iTransduce, an Expression-Based AAV
Selection System

Killian S. Hanlon'?, Jeyashree Natasan', Jonah C.
Meltzer', Carrie Ng', Eloise Hudry', Casey A. Maguire'

'"Neurology, Massachusetts General Hospital, Boston, MA,?Neurobiology, Harvard
Medical School, Boston, MA

Generation of new AAV capsid variants with modified properties has
demonstrated improved vector tropism for different tissues and in
targeting cell types that are refractive to AAV. A common approach in
AAV development is the introduction of randomized 7-mer peptides
onto the surface of the viral capsid to modify its properties, followed
by repeated rounds of selection in a target tissue to isolate capsid
variants with improved ability to enter the target tissue/cell. Current
AAV libraries do not directly select for transgene expression, the
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ultimate feature of an AAV vector. We hypothesized that, by combining
a randomized peptide library on the AAV9 capsid along with a
transduction-sensitive reporter system, we could select efficient AAV
capsid variants that mediate robust transduction in the context of a
single-stranded genome. We developed a novel capsid selection system
called iTransduce, which consists of an AAV9 peptide library with a
single-stranded (ss) genome containing a Cre-expression cassette along
with the AAV9 cap gene with peptide inserted at amino acid 588. Upon
injection into Ai9 mice - which contain a floxed/Stop/tdTomato cassette
in somatic cells - capsid variants which mediate Cre expression induce
tdTomato fluorescence, allowing flow sorting of capsid DNA in this
select population of cells. The capsid DNA containing the peptide insert
is then amplified from the transduced cells, next generation sequencing
(NGS) performed to detect the profile of peptides, and subsequent
rounds of selection may be performed from repackaged library.
We infused Ai9 mice via the tail vein with the iTransduce library and
performed a selection for AAV capsids that could transduce the brain.
On the second selection round we flow sorted tdTomato+ cells from
the brain and NGS revealed two dominant peptides, AAV-iT*! and
AAV-iT* These capsid clones were vectorized with a ssCBA-EGFP
cassette and administered intravenously. Three weeks post injection,
mice were euthanized, and brain harvested. Remarkably, sections
of the brain revealed robust GFP expression throughout the entire
brain (Fig. 1), without the need for anti-GFP immunostaining, which
is usually required for systemically administered AAV vectors. GFP
expression was observed in neurons, astrocytes, and endothelial cells.
Following these results, we are currently performing head to head
comparisons of the transduction efficiency of AAV-iT*! and AAV-
iT** with the parental AAV9 vector and AAV9-PHP.B (the standard
for high transduction efficiency in C57BL/6 mice). To test the clinical
potential of these novel vectors, we are also exploring the efficacy of
iT* and iT**in other strains of mice, as well as larger animal species.
Overall, the iTransduce system demonstrates the ability to produce
efficient vectors with high transduction efficiency in the target tissue,
that, given a selection marker, can be adapted to any cell type.
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a. Native fluorescence

Figure 1: AAV-iT¥'-driven GFP expression in C57BL/6 mouse brain.
a,b: whole brain sagittal sections showing native fluorescence (a) or
fluorescent staining for GFP (b). c-e: Highlighted regions of brain. CA:
cornu Ammonis. DG: dentate gyrus

44. Cell Type-Specific TRAnscription-
Dependent Directed Evolution (TRADE)
Identifies Novel AAV Capsids Capable of
Enhanced Neuronal Transduction in Mice and
Non-Human Primates

Samuel ]. Huang', Kei Adachi?, Helen R. Bagget?, Zhen
Song?, Gregory A. Dissen’, Sergio R. Ojeda’, Hiroyuki
Nakai***

'"Physiology & Pharmacology, OHSU, Portland, OR,’Molecular & Medical
Genetics, OHSU, Portland, OR, Division of Neuroscience, Oregon National

Primate Research Center, Beaverton, OR,*Molecular Microbiology &
Immunology, OHSU, Portland, OR

Directed evolution of the AAV capsid is a powerful tool for identifying
AAV variants with enhanced transduction; however, its application
in large animals, including non-human primates, has remained a
challenge. In order to overcome this limitation, we developed a next-
generation directed evolution system that improves on currently
available AAV capsid directed evolution approaches, including the
recently described CREATE system. Here, we demonstrate proof-of-
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concept and successful in vivo application of our directed evolution
system, termed TRAnscription-dependent Directed Evolution
(TRADE). TRADE employs a method of stringently screening AAV
capsid libraries for variants that are capable of mediating mRNA
expression in a specific cell type. Importantly, TRADE does not
require the use of a recombinase to confer cell-type specificity. The
TRADE system utilizes a bicistronic vector genome containing (1) an
AAV2 p40-driven cap open reading frame, and (2) a cell type-specific
promoter placed in the antisense direction that drives expression of the
antisense cap sequence as a non-coding RNA containing an intron, as
well as a GFP reporter. This vector configuration allows the recovery of
capsid sequences from AAV variants that are capable of mediating cell
type-specific mRNA expression by RT-PCR, and minimizes expression
of immunogenic AAV capsids. In the proof-of-concept study, we sought
to identify novel AAV capsids with enhanced neuronal transduction by
utilizing a human synapsin I (hSynI) promoter in the TRADE system.
We first confirmed neuron-specific antisense cap RNA expression
by immunofluorescence microscopy of a TRADE vector-transduced
mouse brain, using GFP as a surrogate for antisense cap transcripts. We
also confirmed that RT-PCR can be used to selectively retrieve antisense
transcripts by verifying splicing of the intron. Having established the
key concept of TRADE, we next generated an AAV hSynl TRADE
library consisting of an AAV9 liver-detargeted (AAV9-N272A)
platform with an 8-amino acid peptide display inserted at position
Q588 and flanked by glycine-serine linkers. We injected C57BL/6
mice and one rhesus macaque intravenously with this AAV library,
harvested brain tissues 12 days post-injection, and recovered AAV
capsid sequences from transduced hSynI-expressing brain neurons by
RT-PCR. Following three rounds of selection in mice and one round of
selection in a single rhesus macaque, we selected 5 mouse-derived and
21 macaque-derived AAV variants for subsequent validation studies in
C57BL/6 and BALB/c mouse strains as well as rhesus macaques. We
employed AAV DNA/RNA Barcode-Seq technology to compare our
TRADE-derived mutants to AAV9 and AAV-PHP.B using barcodes
expressed by the hSynl promoter. We found that one mutant, AAV-
HN1, achieved similar brain neuronal transduction to AAV-PHP.B in
C57BL/6 mice. Notably, AAV-HN1 also demonstrated substantially
enhanced brain neuronal transduction in BALB/c mice and rhesus
macaque whereas AAV-PHP.B showed no improvement over AAV9 in
these animals. Preliminary immunofluorescence microscopic analysis
using AAV-HN1-GFP supports the Barcode-Seq data. In conclusion,
we have developed TRADE, a novel strategy for in vivo selection of
AAV capsid mutants that selects at the level of vector-mediated cell
type-specific transgene expression. Because the TRADE system does
not require recombinase, it can be readily applied to a variety of animal
species and cell types to rapidly advance the development of enhanced
AAV vectors for research and clinical applications.
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45. A Novel Adeno Associated Virus Capsid
Variant selected on Human Islets Shows
Robust Transduction in Many Cell Types In
Vitro and In Vivo

Katja Pekrun’, Gustavo De Alencastro’, Feorillo Galivo?,
Youngjin Kim’, Fejije Zhang', Ren Song', Matthew
Tiffany’, Sean Nygaard?, Qingjun Luo’, Jun Liu’,
Jianpeng Xu', Matthias Hebrok?, Markus Grompe?,
Mark Kay'

'Department of Pediatrics and Genetics, Stanford Medical School, Stanford,
CA,*Oregon Stem Cell Center, Oregon Health & Science University, Portland,
OR,’Diabetes Center, Department of Medicine, University of California San

Francisco, San Francisco, CA

Gene therapy of islets may be a useful tool for the treatment of diabetes,
a disease that is on the rise in the modern world. Adeno-associated
virus (AAV) has been shown to be a very safe and effective vehicle for
gene delivery into various human tissues, however gene transfer into
islets has been hampered by a lack of serotypes that transduce those
cells with high efficacy. In order to develop AAV capsids with improved
tropism for human islets we infected human islets with two highly
complex capsid shuffled barcoded AAV libraries. AAV's were replicated
by super-infection with human adenovirus 5 and three rounds of
consecutive selection on islets were performed. Enrichment of capsid
variants during the selection process was tracked by high-throughput
analysis of the barcodes. We identified three capsid variants that were
capable of transducing human islet cells with 5- to 10- fold higher
efficiency when compared to the previously identified best transducing
capsids AAV-DJ and AAV-LK03. Two variants were tested for cell type
specific transduction of intact islets at a high MOI. It was shown that
the novel variants were capable of penetrating intact human islets
and transduced beta-cells with significantly higher efficiency than
the best previously known variant AAV-LKO03. The top performing
variant AAV-KP1 was tested for transduction of human embryonic
stem cell derived beta-cells and found to exhibit considerably higher
rates of gene delivery as compared to AAV-LK03. The AAV-KP1
capsid also exhibited strong mouse liver transduction when tested in
vivo and transduced several human and non-human cell lines in vitro
with higher efficiency than the extremely robust and versatile AAV-DJ
capsid. In addition, AAV-KP1 was at least as efficient as AAV-LK03
(currently being used in Spark’s AAV-FVIII clinical trial) at transducing
both mouse and human hepatocytes in a humanized liver mouse model,
thus providing a versatile vector with potential for human gene transfer
application while maintaining transduction of mouse cells. If used in
the clinic, AAV-KP1 unlike AAV-LKO03 circumvents the need for using
a surrogate capsid in preclinical animal testing. Finally, AAV-KP1 had
a more favourable neutralization profile when compared to AAV-LK03
using pooled human immunoglobulins. We believe that our novel
vector may prove to be a useful delivery vehicle for a variety of gene
therapy applications.
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46. Using Novel AAV Capsids to Maximize
Gene Delivery Throughout the Rhesus
Macaque Brain

Alison Weiss', Jacqueline Domire!, William Liguore’,
Jodi L. McBride'?

"Neuroscience, Oregon National Primate Research Center, Beaverton,
OR,?Behavioral Neuroscience, Oregon Health and Science University, Portland,
OR

Studies investigating AAV-based gene delivery to treat and model
neurological disorders have historically relied on MRI-guided
stereotaxic injections directly into brain parenchyma, resulting in focal
gene expression in the injected area with limited transport to remote
brain regions. Focal AAV delivery has allowed for great advances in
treating diseases stemming from pathology in circumscribed regions
of the brain and eye and, excitingly, several of these therapeutic
approaches that have made their way into clinical trials. Despite these
advances, delivering genetic material efficiently to the central nervous
system (CNS) still remains a hurdle in developing efficacious gene
therapy strategies for CNS disorders characterized by widespread
neuropathology throughout several brain regions where a focal,
targeted gene delivery is far less likely to be efficacious. New AAV capsid
mutants have been engineered by several groups by utilizing rational
design or via molecular evolution technology in attempt to enhance
transduction efficiency in brain tissue, including the AAV9 capsid
mutant, AAV-PHP.B and the AAV2 capsid mutant, AAV2.retro. Here,
we show that AAV-PHP.B-eGFP transduces neurons and astrocytes in
widespread regions throughout the rhesus macaque brain and spinal
cord when administered into either the internal carotid artery or the
intra-thecal space of the cisterna magna. Interestingly, we found that
cisterna magna delivery of AAV-PHP.B-eGFP results in significantly
higher transduction, as measured by AAV vector genome copy per cell
and eGFP immunofluorescence, in many cortical and subcortical brain
regions compared to intra-carotid administration (p<0.05 for each
brain region). In a separate cohort of animals, we show that stereotaxic
infusions of AAV2.retro-eGFP into the caudate and putamen not
only result in the transduction of neurons in these two brain regions,
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but also result in robust transduction of several striatal afferent brain
regions including many frontal, motor and limbic cortical areas as well
as subcortical brain regions including the thalamus, substantia nigra,
amygdala and hippocampus. Together, these data show that recent
advances in novel AAV capsid design allow for widespread delivery
of transgenes throughout the rhesus macaque brain and highlight
their valuable use in delivering promising gene therapies for a variety
of neurological disorders that would benefit from a global, CNS-wide
delivery strategy.

47. Development of Novel AAV Variants with
High Retinal Transduction Efficiency

Stylianos Michalakis', Christian Schoén', Marina
Pavlou', Johanna Wagner', Laurence Occelli?, Simon
Petersen-Jones?, Martin Biel', Hildegard Biining**

'Department of Pharmacy - Center for Drug Research, Ludwig-Maximilians-
University Munich, Munich, Germany,’Department of Small Animal Clinical
Sciences, Michigan State University, East Lansing, MI,’Institute of Experimental
Hematology, Hannover Medical School, Hannover, Germany,’German Center
for Infection Research (DZIF), partner site Hannover-Braunschweig, Hannover,

Germany

Inherited retinal dystrophies (IRD) are blinding disorders caused by
mutations in genes that are specifically expressed in photoreceptors or
retinal pigment epithelium (RPE). Most IRDs are well characterized
monogenetic diseases and are, thus, prime candidates for gene therapy.
The most promising gene therapy approaches are based on recombinant
adeno-associated virus (rAAV) vectors. To target photoreceptors or
RPE, rAAV vectors require direct exposure to the surface of target cells,
which can only be achieved by surgical detachment of the neuroretina
from the RPE and injection of the rAAV vectors into a temporally
formed cavity (subretinal bleb). This procedure can be deleterious to an
already compromised retina. Moreover, only cells within the subretinal
bled area are transduced. Using a directed evolution approach, we
developed novel AAV vectors with high pan-retinal transduction
efficiency when delivered to the intravitreal compartment via simple
intraocular administration (intravitreal injection). In particular, we
used AAV2 peptide display libraries carrying random 7-mer insertions
flanked by 2-3 linker amino acid (aa) at position 587 of the VP1 protein.
After in vivo application of approx. 8 x 10 total vector genomes (vg)
of the AAV library in wild type mice or mice expressing enhanced
green fluorescence protein in cone photoreceptors. Subsequently,
the retina was harvested, specific cone and rod cell populations were
isolated using FACS or CD73 magnetic-associated cell sorting and
DNA extracted for subsequent AAV sub-library construction and
next generation sequencing. After three selection rounds we identified
two novel AAV variants that enabled very efficient and fast-onset
pan-retinal GFP-reporter gene expression in retinal cells including
mouse rod and cone photoreceptors after a single intravitreal injection
at a dose of 2 x 10° total vg. Both novel variants supported efficient
transduction of photoreceptors after intravitreal injection in the dog
and non-human primate model and of human photoreceptors after
application to human retinal explant cultures. These modified AAV
capsids hold promise as novel improved gene therapy vectors.
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48. Targeted In Vivo Biopanning of AAV
Capsid Libraries Using Cell Type-Specific RNA
Expression

Mathieu E. Nonnenmacher, Wei Wang, Matthew A.
Child, Carol Huang, Qingmin Chen, Xiao-Qin Ren,

Amy Ren, Steven M. Paul, Dinah W. Y. Sah, Jay Hou
Voyager Therapeutics, Cambridge, MA

Gene delivery to the adult central nervous system (CNS) remains a
major challenge in gene therapy, and engineered AAV capsids with
improved brain tropism represent an attractive solution. Attempts
at improving the CNS tropism of AAV capsids upon systemic
administration were met with limited success until the isolation
of PHP.B (Deverman et al., 2016) and PHP.eB (Chan et al., 2017)
capsids from an astrocyte-specific selection in CRE transgenic mice.
This finding suggested that cell type-specific library selection could
improve the outcome of directed evolution. However, the transgenic
CRE system used by Deverman et al. is not tractable in other animal
species. To address this problem, we have developed a broadly-
applicable functional AAV capsid library screening platform for cell
type-specific biopanning in non-transgenic animals. In the TRACER
(Tropism Redirection of AAV by Cell type-specific Expression of RNA)
platform system, the capsid gene is placed under the control of a cell
type-specific promoter to drive capsid mRNA expression in the absence
of helper virus co-infection. This RNA-driven screen increases the
selective pressure in favor of capsid variants which transduce a specific
cell type. Proof-of-concept experiments were conducted by placing the
genes encoding an AAV9 peptide display library under the control of
either the neuron-specific synapsin promoter (SYN) or the astrocyte-
specific GFAP promoter. Following intravenous administration to
C57BL/6 mice, RNA was recovered from brain tissue and used for
further library evolution. Next-generation sequencing (NGS) showed
sequence convergence between animals after only two rounds of
selection. Interestingly, several variants highly similar to the PHP.eB
capsid were recovered, suggesting that our method allowed a rapid
selection of high-performance capsids. A subset of peptide sequences
with high CNS enrichment was selected for capsid incorporation, and
these were placed under control of either the SYN or GFAP promoter.
Capsid pools were injected to three rodent species, followed by RNA
enrichment analysis for characterization of transduction efficiency in
neurons or astrocytes and cross-species performance. Top-ranking
capsids were then individually tested, and several variants showed
CNS transduction similar to or higher than the PHP.eB benchmark.
These results suggest that the TRACER platform allows rapid in vivo
evolution of AAV capsids in non-transgenic animals with a high degree
of tropism improvement.
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49. Gene Therapy for the Treatment of Adult
and Pediatric Patients Affected by Transfusion
Dependent BETA-Thalassemia
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Beta-thalassemia is a genetic disorder due to mutations in gene
encoding the beta-globin chain causing a reduced or absent production
of hemoglobin A leading to severe anemia and lifelong transfusion
dependence. The only curative treatment is represented by allogeneic
bone marrow transplantation (BMT), available for a minority of patients
and associated with risk of complications and mortality. Gene therapy
could represent an alternative to allogeneic BMT with these potential
advantages: use of autologous cells, tailored conditioning with no need
for immune suppression, no risk of GVHD or rejection. A phase I/II
gene therapy clinical trial based on the autologous transplantation of
G-CSF and plerixafor mobilized hematopoietic stem cells engineered
by GLOBE lentiviral vector, expressing a transcriptionally regulated
human beta-globin gene, was started in 2015. Transduced cells were
infused by intraosseus injection following a myeloablative treosulfan
and thiotepa conditioning. Nine patients with different genotype ($0/
B0, B+/B+ and B0/B+) have been treated: 3 adults followed by 6 minors.
A median cell dose of 19.5x106 CD34+ cells/kg containing a median
60% (range: 38-77%) of transduced clonogenic progenitors and a mean
VCN/ genome of 0.93+0.27. At 1 year follow-up, primary endpoints
of transfusion reduction and safety were achieved in 8 out of nine
patients, with 4 patients transfusion independent. A robust and stable
engraftment of genetically modified cells was showed in 7 patients at
latest follow-up, with percentage of transduced BM progenitors up to
78%. Vector-transduced cells were detected in peripheral blood and
BM purified lineages with a median VCN of 0.64 (range: 0.13-3.44).
Polyclonal vector integrations profiles had the expected genomic
distribution and no evidence of clonal dominance. At last follow-up
the three adult patients had reduction of transfusion requirement,
four pediatric patients are transfusion independent and two are still
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receiving blood transfusions. Prolonged follow up analysis will provide
additional information on the long-term safety and clinical efficacy of
this treatment.

50. Gene Therapy for Sickle Cell Disease
(SCD) Using RVT-1801 Lentivirus Vector

and Arulite Reduced Intensity Conditioning
Transplant Shows Promising Correction of the
Disease Phenotype

Punam Malik', Michael Grimley', Charles Quinn', Amy
Shova!, Courtney Little', Carolyn Lutzko', Theodosia
Kalfa!, Omar Niss!, Parinda Mehta!, Sharat Chandra’,
Johannes Vanderloo', Elke Grassman', Scott Witting',
Diana Nordling', Archana Shreshta', Sydney Felker’,
Lilith Reeves', Devin Pillis!, Anastacia Loberg',
Frederick Bushman?, Jennifer Knight-Madden?, Stella

Davies!, Monika Asnani*
'CCHMC, Cincinnati, OH,?U Penn, Philadelphia, PA,’CAIHR, Kingston,
Jamaica,CAIHR, Jamaica, Jamaica

Myeloablative busulfan conditioning and transplant of autologous anti-
sickling beta®-globin gene modified hematopoietic stem cells (HSC)
was shown to cure a child with SCD (NEJM 2017). The same approach
was not successful in subsequent SCD adults treated similarly, until
modifications to intensify busulfan dose, HSC dose and gene transfer
were made (ASH, 2017, 2018). Other SCD trials (NCT03282656,
NCT02247843) are also using ablative busulfan conditioning with
mixed results. This conditioning comes with significant acute
(cytopenia, mucositis) and chronic toxicities (infertility, secondary
malignancy). We performed a Reduced Intensity Conditioning (RIC)
Phase I/II Pilot Study on Gene Transfer In SCD Patients with a Modified
y-Globin Lenti-vector (RVT1801; NCT02186418) to determine its
safety, feasibility and efficacy. RIC will have less toxicity, cost and
implementable in many transplant centers, including resource-poor
countries, where intense medical support required for myeloablative
transplants is scarce, and where majority of SCD patients exist.
Eligible adults with severe SCD underwent HSC collection via bone
marrow (BM) harvests and/or plerixafor mobilized Peripheral Blood
Stem Collection (PBSC). Patients received AruLite conditioning
(IV melphalan) followed by infusion of RVT-1801-modified HSC.
Patients were monitored for AEs, engraftment, vector copy number
(VCN), modified fetal hemoglobin (HbF¢'*P) expression and other
laboratory and clinical parameters of SCD. As of Dec. 2018: P1 (35
yo) and P2 (25 yo), with HbS-B0 thalassemia received 1x10° and
6.9x10° CD34+ cells/kgbw, with VCN 0.22 and 0.46, respectively,
36 h following Arulite conditioning. Time to neutrophil recovery
(> 500) was 7-9 days, and platelet recovery (> 50K) was 7-12 days.
Both patients had severe disease and continued to have chronic pain
requiring significant IV opiods for upto 6 mo post-transplant. 80% of
the AEs were pain events; others were anticipated transient laboratory
AEs associated with melphalan. Following gene-modified CD34+ cell
infusion, both patients have shown a net rise in HbF'*" starting from
D30 post-transplant. Anti-sickling hemoglobin (HbF'*P, HbF, HbAz)
levels were 32% in P1 and 22% in P2 at 15mo and 12mo, with a VCN
of 0.2-0.4 in multiple lineages. Integration site analysis on both at all
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time points upto 6 mo shows a highly polyclonal pattern of integration.
P1 had 20% HbF'" (2.1g/dl HbF¢'*P, a rise in total Hb from 7-8.5 to
10.5-11g/dL) with stable VCN of 0.2-0.4 in multiple lineages in BM
and blood at 15 mo. P2 has also shown a progressive rise in HbF¢¢>,
albeit at alower trajectory. P1 and P2 had 48 and 20 acute sickle events,
respectiely, in the 18 mo prior enrollment and chronic pain requiring
chronic oral/IV opioids. Both have > 90% improvement in acute sickle
episodes, and were weaned off chronic opioid use. Early results from
2 SCD patients treated with RVT1801-modified HSC using Arulite
RIC showed good safety, feasibility, minimal post-transplant toxicity,
rapid count recovery, and stable genetically modified cells in blood
and BM. Both patients have sufficient anti-sickling globin expression
to ameliorate anemia and remarkably reduce chronic pain and acute
sickle events to date. These results with AruLite RIC, are promising
and if replicated in future patients will provide a ‘transportable’ and
feasible gene therapy for SCD.

51. Preliminary Conclusions Obtained in
Fanconi Anemia Patients Treated by Lentiviral-
Mediated Gene Therapy after 2 Years of
Follow-Up
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In 2016 we started a gene therapy trial in patients with Fanconi anemia,
subtype A (FA-A patients) using autologous CD34" cells. CD34" cells
were mobilized to peripheral blood (PB) with G-CSF and plerixafor
and transduced with the therapeutic PGK-FANCA.Wpre* lentiviral
vector. Seven patients with ages between 3-6 years old have been infused
either with cryopreserved or fresh CD34* cells with doses ranging from
50,000 to 400,0000 transduced CD34* cells/Kg. Patients FA-02002 and
FA-02005 were treated in January and March 2016 and were infused
with an estimated number of 250,000 and 230,000 transduced CD34*
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cells/Kg, respectively. Patients FA-02004 and FA-02006 were infused
6 and 12 months later with 170,000 and 410,000 transduced CD34*
cells/Kg. More recently, three patients were infused with lower numbers
of transduced CD34" cells. Although the proportion of corrected PB
cells during the first 6 months post-infusion has been consistently low
(generally less than 2%), progressive increases in gene marking have
been observed thereafter in the first four treated patients through
the most recent follow-up period (18 to 30 months post-infusion).
Patient FA-02002 currently shows the highest level of gene marking,
with percentages of marked cells in BM and PB above 50% at the
most recent analyses (24 and 30 months post-infusion, respectively).
Insertion site analyses did not reveal patterns consistent with insertion-
site mediated clonal expansion, and confirmed the engraftment of
multipotent HSCs. In each of the first four treated patients evident
increases in the resistance of BM progenitor cells to mitomycin-C have
been observed. Moreover, after in vitro challenge to diepoxybutane,
significant decreases in the proportion of PB T-cells with chromosomal
breaks have been observed in three of the four first treated patients
since the first year post-infusion. Monitoring during a 2-3 year
follow-up of our first gene therapy-treated non-conditioned FA-A
patients shows the absence of severe adverse events and demonstrates
progressive engraftment of phenotypically corrected HSCs. Data from
this clinical trial strongly suggest that gene therapy will constitute a
safe therapeutic approach for the treatment of the bone marrow failure
characteristic of FA.

52. Genome-Wide Assessment of Lentiviral
Integration Sites of Gene-Corrected Llympho-
Hematopoietic Cells in FA-A Patients

Ning Wu', Paula Rio?, Susana Navarro’, Rebeca
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Sevilla®, Manfred Schmidt'®, Juan A. Bueren®, Wei
Wang"*
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Fanconi anemia (FA) is a DNA repair syndrome resulting from
mutations in any of the 22 FA genes that encode for proteins
participating in the FA/BRCA pathway. Three years ago a gene
therapy trial utilizing autologous cells gene-modified with lentiviral-
vectors (LVs) started in Spain as a potential alternative treatment
for bone marrow failure in FA. Based on risks of insertional
oncogenesis observed in previous clinical trials with gamma-
retroviral vectors, careful insertional site studies are mandatory
in clinical trials involving vectors that integrate in the genome.
Analyses of transduced cells in the first four non-conditioned FA
patients had been infused with gene-modified autologous CD34+ cells
have shown that LV-mediated hematopoietic gene therapy reproducibly
confers a progressive increase of gene-modified cells in peripheral blood
(PB) and bone marrow (BM). We have analyzed the LV-insertion sites
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in total and enriched PB and BM cell subsets from these patients, and
investigated whether the repopulation advantage of these cells was due
to integration site dependent dominant clones. Insertion site analyses of
hematopoietic cells from these gene therapy treated FA-A patients were
conducted with LAM-PCR. A total of 2,001 unique IS were obtained.
This revealed a typical lentiviral integration pattern, showing that on
average 72.6% of the LV-integrations occurred within genes (80.4% in
genes + 10kb) and that no preferential LV-integrations were found in
close proximity to transcription start sites. No clones harboring genes
associated with hematopoietic malignancies such as LMO2, CCND2
or MN1 were detected during the observation time points (up to 30
months post gene therapy in two patients). Importantly, progressive
increases in the proportion of corrected cells were not associated
with the continuous expansion of one or few clones of corrected
cells but rather with an increase in the number of different clones.
A high proportion of IS identified in total PB were also identified in
different hematopoietic cell lineages, including myeloid and lymphoid
lineages expressing the CD14, CD15, CD19 and CD3 lineage markers.
Taken together, our data show that the progressive hematopoietic
engraftment of non-conditioned FA patients is associated with an
oligoclonal pattern of reconstitution, as expected given the limited
numbers of gene-modified CD34+ cells (more than 1 log lower than
other gene therapy clinical trials in non-malignant hematopoietic
disorders). No common integration sites associated to known proto-
oncogenes have been identified and no persistent clonal dominance was
observed until the last observation time point (up to 30 months post
gene therapy). Further ISA of these patients will allow us to confirm
the safety of the LV-mediated gene therapy in FA, and will help to yield
insights into clonal dynamics and repopulation kinetics of the blood
forming system in this novel gene therapy trial.

63. A Diversity of Human Hematopoietic
Differentiation Programs Identified through

In Vivo Tracking of Hematopoiesis in Gene
Therapy Patients
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Gene correction of human hematopoietic stem and progenitor cells
(HSPCs) with integrating vectors marks each cell by the integration
site (IS) position, providing an opportunity to track the progeny
of each HSPC. Thus hematopoietic ontogeny in humans can be
inferred by tracking the appearance of unique integration sites in
fractionated blood cell populations. Here, we studied four patients
corrected for Wiskott-Aldrich syndrome and two corrected for
beta-hemoglobinopathies. We sorted peripheral blood samples for
5 cell types: myeloid (granulocytes and monocytes) and lymphoid
subpopulations (T, B and NK cells), and analysed their IS profile (using
our optimized pipeline, INSPIIRED). Clonal abundance was quantified
using the sonicAbundance method which provided an estimate of the
numbers of cells contributing to each IS cell clone, and therefore allow
robust analysis of HSPC function in term of clonal lineage output.
Using this approach, we have characterized up to tens of thousands IS
per patients. However, the data generation process comprises several
steps, which add uncertainty to determining the true population
compositions. One challenge comes from sparse sampling, that we
take into account by applying stringent abundance filtering (allowing
95% retrieval of IS between replicates). We also corrected IS data for
residual contamination and unbalanced sampling, then quantified cell
lineage output. Cluster analysis of long-term HSCs (focused on later
time points) revealed the existence of several human HSC subsets with
distinct lineage potential : myeloid-dominant, lymphoid-dominant,
and balanced HSC subsets, that are detected up to 4-5 years in the two
types of genetic diseases. A novel aspect of our study is the analysis of
hematopoiesis in two distinct pathophysiologic contexts, which helps
bypass possible biases introduced by the selective advantage of the gene-
corrected cell populations. Our results thus highlight the heterogeneity
of human HSCs and introduced a novel, rigorous approach for tackling
the technical challenges associated with the use of IS data for human
HSC lineage ouput tracking in gene therapy trials.

54. Restoration of Cellular and Humoral
Immunity by Targeted Gene Correction

of T Cells as a Treatment for X-Linked
Lymphoproliferative Disease (XLP1)
Benjamin C. Houghton', Neelam Panchal’, Claudio
Mussolino?, Toni Cathomen?, Adrian J. Thrasher?,
Claire Booth!

"Molecular and Cellular Immunology, UCL Great Ormond Street Institute of
Child Health, London, United Kingdom, Institute for Cell and Gene Therapy &
Center for Chronic Immunodeficiency, Freiburg, Germany

X-linked lymphoproliferative disease is a primary immunodeficiency
arising from mutations in the SH2D1A gene encoding SAP, a key
regulator of immune function expressed in T cells, natural killer,
and NKT cells. Haematopoietic stem-cell transplantation (HSCT)
is curative but positive outcomes post transplant can be limited in
the mismatched donor setting. We have previously shown that gene
correction using lentiviral vectors can restore immune function in
mouse models of both haematopoietic stem-cell gene therapy and
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adoptive T cell transfer. However, the tightly controlled expression
profile of SAP may be better replicated by using a targeted gene
addition strategy that harnesses endogenous DNA regulatory elements
surrounding the SH2D1a locus. We constructed SAP-specific TALE-
effector nucleases (TALENS) capable of generating a site-specific DNA
double-strand break (DSB) close to the translation start codon, allowing
correction of most described SH2D1A mutations. Nucleofection of
in-vitro-transcribed TALEN mRNA into stimulated primary T cells
created indels at a rate of 64% and 71% measured by TIDE analysis
and NGS respectively. To stimulate homology directed repair (HDR) of
SH2D1alocus DSB, we produced a homology donor in AAV6 format
designed to place SAP ¢cDNA (and a co-expressed GFP fluorescent
signal) under the control of the endogenous SAP promoter. When
donor transduction was coupled with TALEN mRNA nucleofection,
we demonstrated a HDR rate of 44% by stable GFP expression, and
expression of SAP protein. To optimize the procedure, we tested
different media compositions at the time of AAV transduction. In
the most favorable condition we could reduce the AAV MOI 30 fold
with no loss of editing efficiency. Ongoing phenotypic analysis will
determine the suitability of this approach for clinical application.
Next, we tested for restoration of humoral and cellular deficits in
gene corrected XLP patient T cells. In a T follicular helper cell:B cell
co-culture assay, edited patient CD4+ T cells expressed SAP protein,
secreted IL-21 appropriately and could stimulate production of class
switched immunoglobulins in B cells, all comparable to healthy
controls.To assess cytotoxicity, we generated EBV-specific cytotoxic
T lymphocytes (CTLs). When challenged against EBV+ targets,
gene-corrected patient CTLs showed equal killing activity to healthy
donors. We have established an in vivo tumour regression model in
NSG mice, in which testing of the corrected patient CTLs is underway.
This promising data indicates an autologous gene edited T cell product
could fulfill an unmet clinical need for patients with XLP lacking a
suitable donor for HSCT.
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NIS in Patients with Metastatic or Recurrent
Stage Il or IV Endometrial Cancer
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Background: VSV-IFN-NIS (Voyager-V1) is an oncolytic Vesicular
Stomatitis Virus (VSV) ideally suited as a systemic therapy due to low
VSV seroprevalence and selective replication in tumors. VSV-IFNB-NIS
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is engineered to encode interferon beta (IFNp) for increased toxicity to
cancer cells and amplification of cellular antitumor activity, and NIS
(sodium iodide symporter) gene allows for noninvasive SPECT imaging
of virus-infected cells. A Phase I first-in-human trial was initiated
to evaluate VSV-IEN-NIS after IV administration to patients with
metastatic or recurrent endometrial cancer (EC). Methods: The trial
utilizes the standard 3+3 design (NCT03120624). Primary objective
was to determine maximal tolerated dose of VSV-IENB-NIS. Secondary
objectives include safety, tolerability, clinical response rate, progression
free survival and overall survival. Exploratory correlative studies
include pharmacokinetics (viremia, IFNp levels), pharmacodynamics,
shedding, tumor genetic signature and immune activation (immune
cell phenotyping, immune cell infiltrates, anti-tumor cytotoxic T
cells, and RNAseq). Results: To date, 7 EC subjects have received the
virus, 3 at dose level 1 and 4 at dose level 2. Treatment related adverse
events included grade 2 fever (N=3), grade 3 fever (N=1), and grade
2 chills (N=2), lymphocytopenia (grade 3 N=2; grade 4 N=2), grade 3
neutropenia (N=1), and grade 3 liver enzyme elevation (N=1). There
was no appreciable viral shedding in body fluids: buccal swabs, mouth
rinse or urine. Viremia was detected in all patients, peaking between
4h and 24h post infusion of virus, with variable decline thereafter,
reflecting different extent of VSV replication. Importantly, IENp is a
sensitive biomarker of virus infection. At dose level 1, 24h IFN levels
were low (<50 pg/mL) in all 3 subjects. At dose level 2, peak 24h IFN(
levels in 2 subjects were >1000 pg/ml compared to 1 subject with IFN{
of 25 pg/mL. Low IEN level reflects poor susceptibility of the tumor to
VSV infection, potentially due to a robust antiviral response. Subject 6
has the highest IFNP peak and best response to treatment. Shrinkage
of multiple tumors in the lungs and abdominal cavity was observed
radiologically at day 29 and 90 (16% reduction, stable disease). She
also has increased immune infiltrates of CD3+, CD8+, and PD1-
expressing cells in tumor biopsies at 1 month after IV administration
of virus. Her day 29 anti-VSV antibody titer was highest at 10,240
dilution. Importantly, antitumor CTL measured by ELISPOT assay
showed increase in tumor reactive cytotoxic T cells at day 29 and 3
months after systemic VSV-IFNB-NIS. Conclusions: Disease control
with shrinkage of metastatic tumors was observed after one IV dose of
VSV-IFNB-NIS. There was increased CD3+ and CD8+ cells in tumor
biopsies one month after systemic VSV, and induction of tumor antigen
specific CTLs in peripheral blood. Data to support the combination of
VSV-IFNB-NIS with immune checkpoint inhibitors continues to be
collected to guide subsequent clinical trial design.

56. Phase | Clinical Trial of Intravenous
Administration of VSV-IFNb-NIS in Patients
with Hematologic Malignancies
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Oncolytic Vesicular Stomatitis Virus (VSV, Indiana strain) encoding
human interferon beta (IFNB) and sodium iodide symporter (NIS) is an
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attractive agent for systemic therapy of disseminated cancers due to its
low levels preexisting antiviral immunity and fast replication. To ensure
tumor selective replication and spread, we designed VSV to encode
IFNP which also serves as a STING agonist to activate host immunity
against the cancer. To non-invasively monitor viral infection of tumors
using SPECT/CT imaging the NIS gene is inserted as a reporter gene
into the genome. Promising preclinical efficacy data in mice with
Multiple Myeloma (MM), Acute Myeloid Leukemia (AML), and T cell
lymphoma (TCL) led us to a phase I trial for these indications. Here,
we report a Phase I clinical trial of intravenous administration of VSV-
IFNB-NIS for relapsed or refractory MM, AML, and TCL. Methods:
This is a classical 3+3 phase I trial, starting at 5x10° TCID,, (dose level
1) through 5x10" TCID,  (dose level 4), given as a single IV dose. There
are two cohorts, cohort A consisted of patients with low tumor burden
treated VSV-IFNB-NIS monotherapy and cohort B is for patients
with high tumor burden treated with VSV-IFNB-NIS in combination
with ruxolitinib. Ruxolitinib is a Jak1/2 inhibitor shown to increase
viral replication in tumor cells and protect mice from supra-levels of
IFN(. The primary objective of this trial is to determine the maximum
tolerated dose (MTD) of VSV-IEN-NIS alone and in combination with
ruxolitinib; secondary objectives include estimating the safety profile
and preliminary efficacy. Correlative objectives include monitoring
the pharmacodynamics of viral replication through SPECT/CT
imaging with NIS gene, viremia, virus shedding, and changes in the
immune profile of peripheral blood leukocytes. Adverse events (AEs)
are reported herein are based on CTCAE v4.3 with the exception of
cytokine release syndrome (CRS) which is based on Lee (Blood 2014;
124(2):188-195) criteria. Results: To date, 12 patients have received
IV VSV-IENB-NIS; 9 in cohort A and 3 in cohort B. In cohort A, 3
patients were treated at each dose level. Among the 8 evaluable patients
in cohort A, there was one partial remission (TCL patient treated at
dose level 2 - 1.7x10" TCID,)) and one stable disease (TCL patient
treated at dose level 2). In the cohort B, out of the 3 evaluable MM
patients, 2 had stable disease. VSV-IFNB-NIS had encouraging safety
profile, virus was not shed, and no VSV related lesions appeared even
in immune-compromised patients. No infectious virus was recovered
in buccal swabs or urine and neutralizing anti-VSV antibodies were
present by day 29. Extensive immune phenotyping and ELISPOT
assays for shared antigens are ongoing. Multiple cytokines increased
at 4h post infusion of virus, but most returned to baseline levels by
24h.Viremia was detectable in all patients at the end of infusion, and
to varying levels at 30 mins, 1, 2, 4, 24, or 48 hours post virus infusion
but no persistent viremia was observed. Infusion related reactions
and adverse events were transient. Plasma IFN levels could serve as a
valuable pharmacodynamics (PD) marker of viral replication, showing
variable levels of viral replication and duration. Currently, Tc99m
pertechnetate imaging for sites of viral replication has been below
limits of detection by the SPECT modality for all patients. Conclusion:
To date, no viral shedding has been detected in these patients with
compromised immune systems. One partial response was recorded
in a TCL patient at dose level 2. Dose escalation of is ongoing in both
cohorts and updated results will be reported
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57. A Dual Blockade of Death and Immune
Checkpoints by SPG-275 Induces Complete
Remissions in Treatment-Refractory Tumors

Kelvin Tsai'!, Valerie M. Weaver?
'Stempodia Therapeutics, Stempodia Corporation, Ltd., Hillsborough,
CA,*Surgery and Center of Regeneration Medicine and Stem Cell Research,

University of California - San Francisco, San Francisco, CA

Background: The majority of human malignant tumors are resistant
or only partially respond to conventional chemotherapy (C/T) or
immunotherapy. Irrespective of the treatments, efficient tumor-cell
killing requires amplification of inflammatory signaling, which
however is tightly regulated by various cell-intrinsic “checkpoint”
mechanisms evolved by epithelial cells to prevent excessive tissue
damage induced by virus and immune attack. Novel approaches to
disabling theses conserved checkpoints may provide breakthrough
and “tumor-agnostic” strategies to circumvent the innate treatment-
resistance to unleash the full potential of C/T and immunotherapy
in treatment-refractory tumors such as triple-negative breast cancer
(TNBC) and pancreatic ductal adenocarcinoma (PDAC). Material
and methods: We designed and conducted integrated genomic and
proteomic screening combined with molecular and functional studies
to identify conserved anti-inflammatory pathways that mediate innate
and cell-intrinsic resistance to cytotoxic stress. Preclinical studies were
used to validate a gene therapy strategy to disable the checkpoints
identified from this process. Results: We uncovered that the cytotoxic
and immunogenic death induced by C/T and immuno-stimulatory
agents is constrained by repression of a toll-like receptor-2 (TLR-2)/
TLR-3- and NF-kappa B-induced IRF-1 and interferon (IFN)-gamma
anti-viral response program in various malignant tumor cells. Loss
and gain of function studies implicated that co-repressor-2 (N-CoR2)
translocates into cell nuclei in response to cytotoxic stress, wherein
it serves as an epigenetic checkpoint of this death and inflammation
program by mediating a histone deacetylase-dependent chromatin
remodeling and repression of the expression of a specific panel
of death and immune mediators. Blockade of the N-CoR2 death
checkpoint using a small decoy of N-CoR2 (De-CoR2) hyper-sensitized
malignant cells to assorted C/T agents, death ligands, and IFN-gamma.
Consistently, intratumoral delivery of a De-CoR2-armed vaccinia
oncolytic virus (SPG-275) dramatically potentiated systemic C/T and
immunotherapies, including anti-PD-1 and anti-CTLA-4 antibodies,
and completely halted tumor growth or induced complete remissions
in orthotopic or patient-derived xenograft models of TNBC and PDAC.
Conclusion: Our findings suggest that malignant tumors can access
intrinsically conserved anti-inflammatory mechanisms that enable
them to escape from C/T and immunotherapy. The SPG-275 death
checkpoint blockade oncoviral therapy constitutes the first-in-class
strategy to override this cell-intrinsic defense program that may be
applied to overcome resistance in treatment-refractory tumors and
improve patient prognosis.
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58. Oncolytic Virotherapy with Recombinant
Measles Virus Induces Tumor Antigen-Specific
T-Cell Responses

Nandakumar Packiriswamy’, Deepak Upreti', Yumei
Zhou?, Rehan Khan'!, Amber Miller!, Rosa M. Diaz’,
Cliona M. Rooney*, Angela Dispenzieri’, Kah Whye

Peng', Stephen ] Russell

'Molecular Medicine, Mayo Clinic, Rochester, MN,?Molecular Medicine, Mayo
Clinic, Scottsdale, AZ,*Vyriad, Rochester, MN,'Pediatrics, Baylor College of
Medicine, Houston, TX,"Hematology, Mayo Clinic, Rochester, MN

Oncolytic virus therapy leads to immunogenic death of virus-infected
tumor cells and this has been shown in preclinical models to enhance
the T-lymphocyte response against tumor-associated antigens (TAAs),
leading to killing of uninfected tumor cells as well. To investigate
whether oncolytic virotherapy can increase immune responses to
tumor antigens in human subjects, we studied T-cell responses against
a panel of known myeloma TA As in peripheral blood mononuclear cell
samples obtained from 10 multiple myeloma patients before and after
intravenous administration of an oncolytic measles virus encoding the
sodium iodide symporter (MV-NIS). Despite their prior exposures to
multiple immunosuppressive anti-myeloma treatment regimens, T-cell
responses to some of the TAAs were detectable even before measles
virotherapy. Measurable baseline T-cell responses against MAGE C1
and hTERT were present in 80% of patients and against NY-ESO-1 in
70% of patients. Furthermore, MV-NIS treatment significantly (P<0.05)
increased T-cell responses against MAGE C1 and MAGE A3 (Figure
1). Interestingly, one patient who achieved complete remission after
MV-NIS therapy had strong baseline T-cell responses against 8 of the
10 tested TAAs but these did not change markedly after virotherapy.
Additionally, this patient had a higher mutational load compared to 664
MM patients and was predicted to express 68 neo antigens. However,
functional validation of predicted tumor neoantigens did not result in
a positive T cell recall antigenic response. TCR sequencing analysis
of PBMC:s also revealed minimal expansion of newly formed clones
and comparatively higher expansion of pre-existing clones suggesting
in this patient MVNIS therapy resulted in expansion of anti-tumor T
cell clones that were pre-existing, leading to a durable disease control.
Overall for the first time in human patients, our data demonstrate that
oncolytic virotherapy can function as an antigen agnostic vaccine,
increasing cytotoxic T-lymphocyte responses against TAAs in patients
with multiple myeloma, providing a basis for continued exploration
of this modality in combination with immune checkpoint blockade.
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Figure 1. MV-NIS Virotherapy Induces Increased T-Cell Reactivity Against MAGE C1 and MAGE A3. A, Of
the 10 umor-associated antigens, T-cell responses against MAGE C1 and MAGE A3 were significantlyincreased in
patient peripheral blood mencmuclear cell samplesafter MV-NIS virotherapy. Grey-shaded area denotes the limit of

negative respanse. B, Representative image showing increased IFN-y responses against MAGE C1, MAGE A1 and
MUC-1 at 6 weeks after MV-NIS virotherapy. CEF peptide pool was used as a positive contral. Sole asterisk
indicates P<_05, double asterisks, P<.01: triple asterisks, P<.001, compared with the corresponding groups. Error
bars indicate mean with standard error of mean. CEF indicates CEF-positive control peptide pools; CT/DMSO.
control/dimethyl sulfoxide: IFN. interferon_

59. Oncolytic Measles Virotherapy Increases
the Potency of aPD1 Checkpoint Therapy to
Establish Long Term Antitumor Immunity in
Solid Tumors

Eleni Panagioti', Cheyne Kurokava?, Katayoun
Ayasoufi’, Kimberly Viker'!, Arun Ammayappan', Aaron

Johnson?, Ianko Iankov!, Evanthia Galanis!

'Molecular Medicine, Mayo Clinic, Rochester, MN,?Molecular Medicine, Yale
University School of Medicine, New Haven, CT,’Department of Inmunology,
Mayo Clinic, Rochester, MN

Introduction: Oncolytic measles virus (MV) Edmonston vaccine
strains have shown significant antitumor efficacy against glioblastoma
(GBM) and metastatic breast cancer in preclinical tumor models and
are currently tested in clinical trials. Helicobacter pylori neutrophil-
activating protein (NAP) is a Toll like receptor 2 (TLR-2) agonist and
potent immunomodulator stimulating proinflammatory cytokines and
cytotoxic Thl immune responses. MV strains expressing secretory
NAP (MV-NAP) induced local inflammatory cytokine release and
significantly improved survival in mouse models of metastatic breast
cancer and will be clinically tested in a soon to be activated clinical
trial. We hypothesized that the immunostimulatory properties of
MV-NAP will result in synergy when combined with anti-PD1
immune checkpoint blockade and, we investigated the antitumor
efficacy of this combination in different solid tumor models. Methods:
Novel measles virus (MV-s-NAP-UPAR) strains were engineered to
encode secretory NAP transgene and retargeted to enter through the
urokinase- type plasminogen activator receptor (UPAR). UPAR is
a key regulator of plasminogen medicated extracellular proteolysis
which controls the capacity of cells to migrate and allows viral entry
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in murine cells. Syngeneic 4T1 and E0771 breast cancer and GL261
glioblastoma murine models were used to evaluate immunotherapeutic
anti-cancer responses. The remodelling of tumor microenvironment
and immune cell signatures involved at the treatment response were
assessed using histologic and flow cytometry phenotypic analyses.
Results: MV-s-NAP-UPAR demonstrated significant oncolytic
activity in vitro against all solid tumor cell lines tested. Intratumoral
administration of MV-s-NAP-UPAR resulted in the development of a
proinflammatory environment at the tumor site as shown by increased
macrophage and infiltrating T cell recruitment. Repeat administration
of combination therapy with intratumoral MV-s-NAP-UPAR and
systemic aPD1 elicited a potent anti-tumor immune response: 80%
of the mice bearing intracranial GL261 tumors achieved long term
survival (>180 days) with combination therapy compared to 40%
with single aPD1 immunotherapy (P= 0.021) mainly attributed to the
massive influx of lymphoid cells in the brain. At 140 days following
initial GL261 inoculation long term survivors were randomized to
receive at the opposite side of the brain either B16-F10 melanoma or
GL261 cells. All mice rechallenged with GL261 survived while all the
B16-F10 challenged mice had to be euthanized due to tumor growth:
these results further support the induction of tumor specific immunity.
Combination treatment also had antitumor activity in the 4T1 and
E0771 breast murine cancer models; experiments to assess the impact
on survival rate are currently ongoing. Conclusions: Our findings
suggest that combination of aPD1 immune checkpoint blockade and
oncolytic MV-s-NAP virotherapy is an effective strategy to circumvent
immune tolerance mechanisms in solid tumors and to heighten anti-
tumor immune responses instigated by the virus.
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61. Combinatorial Gene Therapy for
Spinocerebellar Ataxia Type 1
Megan S. Keiser', Ellie M. Carrell’, Beverly L.

Davidson'?
!CCMT, The Children’s Hospital of Philadelphia, Philadelphia, PA,’Department of
Pathology & Laboratory Medicine, University of Pennsylvania, Philadelphia, PA

Spinocerebellar ataxia type 1 (SCA1) is one of several polyglutamine
expansion diseases and is characterized by cerebellar ataxia and
neuronal degeneration in the cerebellum and brainstem. Currently,
there are no effective treatment strategies for this disease. Previously,
we showed that RNA interference (RNAi)-mediated silencing of
ataxin-1 mRNA provides therapeutic benefit in SCA1 mice models
delivered prior to or after disease onset. Independently, we showed
that overexpression of human ataxin-1-like equally improves disease
readouts using pre-symptomatic delivery strategies. Here, we assess if
combining ataxin-1-like overexpression with ataxin-1 knock down can
expand the therapeutic dose that was identified for either therapy alone.
To test this, we engineered dual expression vectors whereby the miRNA
to knock-down ataxin-1 was expressed in the same vector as ataxin-1
like (AAV.miS1.Atxn1L). AAV.miS1.AtxnlL injection to transgenic
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SCA1 mice was performed after rotarod deficit onset at varying doses,
and impact on disease readouts assessed. Remarkably, our data show
that the dual vector can arrest or improve motor deficits at doses orders
of magnitude lower than AAV.miS1 alone. These studies show that we
can take advantage of a combinatorial approach to reduce the load of
RNAI required for therapeutic benefit in SCA1, and possibly other gain-
of-function diseases for which RNAi gene therapy is being developed.

62. Evaluation of Programmable Zinc Finger
Protein Transcription Factors for the Efficient
Reduction of Tau in the Nonhuman Primate
Brain

Bryan J. Zeitler, Kimberly Marlen, Annemarie
Ledeboer, Hoang-Oanh Nguyen, Qi Yu, Sarah Hinkley,
Lei Zhang, Alicia Goodwin, Stephen Lam, Hung Tran,
Nicholas Scarlott, Richard Surosky, Jeffrey C. Miller,
Edward J. Rebar, Kathleen Meyer, Michael C. Holmes,
Brigit E. Riley

Sangamo Therapeutics, Inc, Richmond, CA

Many neurodegenerative disorders are closely linked to the
accumulation of toxic forms of the Microtubule Associated Protein Tau
(MAPT). Collectively referred to as tauopathies, these diseases affect
millions and include Progressive Supranuclear Palsy, Frontotemporal
Dementia, and Alzheimer’s Disease. Several anti-tau therapeutic
modalities are in the early stages of clinical investigation, including
passive and active immunotherapies, antisense oligonucleotides
(ASOs), and small molecule inhibitors, each targeting different
proposed intervention points in tau pathology. A large body of
preclinical work suggests that lowering intracellular tau either
genetically or at the level of the mRNA is well-tolerated and protective
against tau and amyloid-beta induced toxicity. Intervening at this
upstream stage provides the advantage of remaining agnostic of the
ensemble of toxic tau species, which is known to be complex and
varied across tauopathies. While repeat administration approaches (eg,
ASOs) have shown promise for tau lowering in mice and nonhuman
primates (NHP), the development of an AAV-delivered therapy
targeting tau at the DNA level could offer important benefits. Among
these are the potential for a one-time administration for the lifetime
of the patient, and the ability to selectively target and lower tau in a
specified cell population. We sought to develop such an approach
using programmable zinc finger protein transcription factors (ZFP-
TFs), which can be engineered to precisely target any gene and are
compatible with AAV delivery technology. We have previously shown
that ZFP-TFs can efficiently and specifically lower endogenous tau in
the mouse brain, and that this effect is durable and well-tolerated out to
atleast 11 months. In this work, we fused the human KRAB repression
domain to ZFPs that were designed to target the human and NHP tau
transcriptional regulatory elements. ZFP-TFs were expressed under
the control of a neuronal specific promoter and delivered to human
iPS neurons using AAV vectors. We identified two ZFP-TFs for further
study that reduced human tau by either ~50% or by >90% with no
detectable off-target gene regulation following prolonged AAV ZFP-TF
exposure (up to 19 days). Next, we administered the AAV ZFP-TFs
to the cynomolgus monkey hippocampus using bilateral, stereotaxic
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real-time MRI-guided infusion. The procedure was well tolerated and
there were no test article-related adverse clinical observations, clinical
pathology findings or gross observations at necropsy. After 28 days, we
examined tau and ZFP mRNA levels by qRT-PCR. In animals treated
with the stronger tau repressor, we observed up to 90% tau lowering
in the hippocampus and entorhinal cortex at the bulk transcript level.
ZFP levels were strongly correlated with tau reduction both within
single animals as well as across treatment groups. Consistent with
our in vitro data, the ZFP-TF exhibiting ~50% repression in human
iPS neurons also achieved up to ~50% repression of NHP tau in vivo.
Importantly, both ZFP-TFs were equally well tolerated. Our results
suggest that the degree of ZFP-mediated tau reduction in vivo can be
predicted by our in vitro screening systems. The precision, efficiency
and specificity of tau-targeted ZFP-TFs in preclinical models support
their continued development to achieve sustained tau down-regulation
for the treatment of human tauopathies.

63. Repression of mHTT Expression in
Huntington’s Disease Mouse Models by AAV-
Mediated Expression of Zinc-Finger Protein-
Repressor Transgene

Vivian W. Choi', Matt J. Chiocco!, Deb Klatte!, Anne
Renee-Graham!, Brian Felice!, Elizabeth J. Galbreath!,
Tripti Gaur', Kefeng Sun', Jim McNally', Bryan Zeitler?,

H. Steve Zhang?, Galen Carey'
'Shire, Cambridge, MA,’Sangamo Therapeutics, Richmond, CA

Huntington’s disease (HD) is a fatal autosomal dominant
neurodegenerative disease caused by a CAG-trinucleotide repeat
expansion in exon 1 of the Huntingtin (HTT) gene. These CAG repeats
lead to the expression and accumulation of mutant Huntingtin protein
(mHTT). The degeneration process primarily affects the basal ganglia
and cerebral cortex, and the disease is characterized by progressively
worsening chorea, and cognitive and psychiatric dysfunction. It
is hypothesized that the expanded polyQ region of mHTT acts
as a protein-protein interacting domain, forming aggregates with
transcription factors, proteasomes or other ubiquitin proteasome
system components, resulting in the disruption of normal cellular
functions. Since significant, long-term reduction of wildtype HTT
protein (wtHTT) in the presence of mHTT poses unknown risk, we
designed a drug molecule that can preferentially reduce the expression
of mHTT while still allowing the expression of wtHTT. Our strategy
was to identify an array of zinc finger proteins (ZFPs), which recognize
and bind to trinucleotide DNA sequences, linked to a transcription
repressor domain (RD) that would target the stretch of expanded CAG
nucleotide repeats on the mHTT allele, repress gene expression and
prevent the production of mHTT as a potential mechanism to treat
HD. A collection of >1,600 ZFP arrays were designed and fused to a RD
sequence to identify a ZFP-RD with such allele selectivity. The ability of
these ZFP-RD transgene proteins to preferentially repress transcription
of the mHTT over the wtHTT allele was assessed in HD patient
fibroblasts and stem cell derived neurons. Quantification of wtHT T and
mHTT transcripts by Tagman-based RT-qPCR assays were conducted
to rank allele selectivity for the target mutant gene. In neurons
transfected with mRNA encoding the lead ZFP-RD, approximately
90% reduction in mHTT mRNA levels was observed whereas levels
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of wtHTT mRNA remained unchanged across all treatment groups.
In addition, results from microarray and RT-qPCR-based analysis
suggested that the lead ZFP-RD showed very limited off-target gene
repression in the context of the human genome, suggesting that the lead
ZFP-RD is selective for the mHTT gene. The lead ZFP-RD transgene
was packaged into a recombinant Adeno-Associated Viral Vector
(rAAV-ZFP-RD). Bilateral intrastriatal injection of rAAV-ZFP-RD was
performed in the Q175 and R6/2 HD mouse models to test its effects
on mHTT transcripts, soluble mHTT and mHTT aggregates levels. In
Q175 mice, the lead rAAV-ZFP-RD reduced mHTT transcripts and
decreased the amount of both soluble mHTT and mHTT aggregates
in a dose-dependent manner. These effects were present for up to 33
weeks post-injection, in multiple brain regions, including striatum,
forebrain and hindbrain cortex. Similarly, in R6/2 mice both mutant
transcripts and protein were reduced. Additionally, motor deficits in
R6/2 mice, as measured by rotorod and clasping, were improved by the
injection of lead rAAV-ZFP-RD, in a dose-dependent manner. Based
on these encouraging results, we will execute IND-enabling studies
to evaluate this potential clinical candidate for the treatment of HD.

64. Astrocyte Transduction is Required
for Rescue of Behavioral Phenotypes in
the YAC128 Mouse Model with AAV-RNAI
Mediated HTT Lowering Therapeutics
Lisa M. Stanek, Jie Bu, Lamya S. Shihabuddin

Neuroscience, Sanofi, Framingham, MA

Huntington’s disease (HD) is a fatal autosomal dominant
neurodegenerative disease caused by a CAG expansion translating into
an elongated polyglutamine (polyQ) repeat near the amino-terminus
of the huntingtin (HTT) protein. This results in production of a toxic
mutant huntingtin (mHTT) protein that leads to neuronal dysfunction
and subsequent neuronal death. Currently, no disease modifying
treatments are available however numerous therapeutic strategies
aimed at lowering HT T levels in the brain are under development. For
all of these strategies, cell-type specific targeting is still an outstanding
question. While it is clear that mHTT accumulation in medium
spiny neurons play a role in their atrophy and ultimate death, there is
mounting evidence that glial cells, and astrocytes in particular, play a
key role in the disease process. Reducing levels of the disease causative
mHTT protein in the brain has proven efficacious at ameliorating
disease symptoms in a number of HD mouse models. To date these
studies have not closely examined the contribution of mHTT reduction
in neurons vs astrocytes and therefore a complete understanding of
cell type specific targeting is outstanding. We sought to evaluate this
question in the YAC128 mouse model of HD using AAV-mediated
RNA interference (RNAI) to selectively lower HTT levels in neurons
alone versus neurons and astrocytes. Previously we demonstrated that
AAV-RNAi mediated HT'T reduction using the AAV1 capsid (which
transduces both neurons and astrocytes) is capable of ameliorating
HD phenotypes in the YAC128 mouse model of HD. In the current
preclinical study, a modified AAV2 capsid (AAV2-HBKO) with a
similar distribution profile as AAV1 but strictly neuronal tropism
showed comparable suppression of Htt mRNA and protein following
injections into the striatum, however, it was not associated with any
functional correction of HD phenotype in YAC128 mice. YAC128 mice
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show a significant rota rod deficit that was not ameliorated when mHTT
levels were reduced only in neurons. As previously demonstrated,
mice that received AAV1- miRNA HTT however showed significant
improvement on behavioral deficits suggesting that AAV-mediated
HTT reduction in neurons alone was not sufficient to support full
therapeutic benefit in the YAC128 mouse. This work indicates that
astrocyte dysfunction may play a critical role in HD pathogenesis and
represent an important therapeutic target. Additionally, therapeutics
that target only neurons may be inadequate at restoring normal
function and ameliorating all disease symptoms.

65. The New Epigenome-Editing Approach
for Targeting Dysregulated SNCA Expression:
Novel Target Validation for Next-Generation
Drug Discovery

Ornit Chiba-Falek'?, Lidia Tagliafierro'?, Ekaterina

Ilich**, Ahila Sriskanda'?, Boris Kantor>*

'Neurology, Duke University Medical Center, Durham, NC,?Center for Genomic
and Computational Biology, Duke University Medical Center, Durham,
NC,*Viral Vector Core Department, Duke University Medical Center, Durham,
NC,*Neurobiology, Duke University Medical Center, Durham, NC

Elevated levels of SNCA are causative in the pathogenesis of Parkinson’s
Disease (PD) and other synucleinopathies, while, normal physiological
levels of SNCA are crucial to maintain neuronal function. A so-far
unmet need is the development of new therapeutic strategies targeting
the regulatory mechanisms of SNCA expression to fine-tune SNCA
levels, versus previous approaches that targeted directly the mRNA
or the protein product resulting in robust reduction of SNCA levels
associated with neurotoxicity. We developed a novel strategy targeting
the transcription regulation of SNCA, based on targeted epigenome
editing. Specifically, we established a system for targeted DNA-
methylation at SNCA-intron 1 that comprises of an all-in-one lentiviral
vector, for the delivery of CRISPR/dCas9 fused with the catalytic
domain of DNA-methyltransferase3A (DNMT3A). To facilitate the
drug discovery pipeline, we first applied the gRNA-dCas9-DMNT3A
system into human induced pluripotent stem cells (hiPSC)-derived
‘aged’ dopaminergic neurons from a PD-patient with the SNCA
triplication. The experiment resulted in fine-tuned downregulation
of SNCA-mRNA and protein levels mediated by targeted DNA-
methylation at intron 1. Furthermore, the reduction in SNCA levels
by the gRNA-dCas9-DMNT3A system rescued disease-related
cellular-phenotypes characteristics of the SNCA-triplication/hiPSC-
derived dopaminergic neurons, e.g. mitochondrial ROS-production
and cellular viability, and nuclear aging signatures (Kantor et al,
2018 Molecular Therapy). Furthremore, usign the methylation-based
approach, we report here the correction of Snca overexpression in
the rat model of PD. Collectively these proof-of-concept experiments
provide a strong foundation for advancing the novel epigenome-
editing- system further, towards PD therapeutic applications. Key
Word: SNCA expression regulation, DNA methylation, CRISPR/
Cas9 genome and epigenome editing, hiPSC-derived neurons, aging,
epigenome editing, rat model of Parkinson’s disease
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Expression in Cortex, Putamen and Caudate of
Large Mammals with Combined Putamen and
Thalamus Infusions of VY-HTTO1, an AAV Gene
Therapy Targeting Huntingtin for the Treatment
of Huntington’s Disease
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Huntington’s disease (HD) is a fatal, monogenic neurodegenerative
disease characterized by progressive motor, cognitive and
neuropsychiatric impairment. An expanded trinucleotide repeat in
the huntingtin gene (HTT) results in toxic gain-of-function that causes
neuronal dysfunction and death, especially in the striatum and cortex.
Partial suppression of HTT in the brain has been demonstrated to
be both safe and effective in animal models of HD, providing proof-
of-concept for a HTT lowering therapeutic strategy. VY-HTTO1 is
a potent AAV gene therapy encoding a primary miRNA targeting
human HTT mRNA selectively for knockdown. Here, we describe
studies in the nonhuman primate on characterizing the pharmacology
and tolerability of HTT knockdown with VY-HTTOI in the cortex,
putamen and caudate. MRI-guided convection-enhanced delivery into
the putamen and thalamus resulted in distribution of VY-HTTO1 to
the cortex, caudate, putamen and thalamus, and robust suppression of
HTT in these regions. Distribution and HT'T knockdown in primary
motor and somatosensory cortical neurons was demonstrated in laser
captured cortical neurons and supported by in situ hybridization (ISH)
for vector genomes (VG) and HTT mRNA. Additional endpoints
including quantitation of miRNA and HTT protein levels will be
reported. Furthermore, good tolerability was supported by in-life
observations, clinical pathology and histopathological analysis of the
brain 5 weeks after dosing. Taken together, these results demonstrate
the potential of VY-HTTO01, an AAV gene therapy targeting HT T with
RNAI, administered with combined infusions into the putamen and
thalamus, for the treatment of Huntington’s disease.
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for Mucopolysaccharidosis Type VI
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Mucopolysaccharidosis type VI (MPS VI) is a severe lysosomal storage
disorder caused by deficiency of arylsulfatase B (ARSB) that results
in widespread accumulation and excretion of glycosaminoglycans.
Enzyme replacement therapy (ERT) is currently available for
treatment of MPS V1. However, it has several limitations including the
requirement of multiple and costly intravenous administrations, and
limited efficacy on some disease manifestations. In previous preclinical
studies in both small and large animal models of MPS VI, we showed
that a single intravenous administration of an adeno-associated viral
vector serotype 8 (AAV2/8) encoding ARSB (AAV2/8. TBG.ARSB)
converts the liver into a factory organ for sustained production and
secretion of ARSB at therapeutic levels. Based on these results, we have
recently started a Phase I/II open label, dose escalation study based on
asingle intravenous administration of AAV2/8.TBG.hARSB in MPS VI
subjects of 4 years of age or older. At the time this abstract was written,
the first three subjects were enrolled to receive the starting dose (SD)
of 6x10" genome copies (GC)/kg of body weight of vector. Based on
safety data, two additional subjects were enrolled to receive the high
dose (HD) of 2x10'> GC/kg. To date, no severe adverse events related
to the investigational drug were observed in all five treated subjects.
A slight increase of alanine aminotransferase (ALT) was observed in
two subjects (one of the SD and one of the HD cohort) that required
treatment with oral prednisolone to blunt potential cell-mediated
immune responses to transduced hepatocytes. Enrolled subjects have
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withdrawn ERT at least one week prior to gene therapy and no evidence
of worsening of disease manifestations was observed in the follow up
period post-gene therapy of up to 12 months. Increased serum ARSB
activity peaking between 20 and 30% of normal was detected in four
of the five subjects and one subject with no detectable serum ARSB
showed higher levels of anti-ARSB antibodies. Further clinical data will
be collected in these five patients and additional subjects that will be
enrolled to receive the HD of vector. Nevertheless, the data collected
so far show that systemic administration of AAV8 is safe and can result
in effective gene transfer as shown by sustained ARSB expression for
at least one year.

68. A Clinical Glucocerebrosidase Lentiviral
Vector Corrects the Pathology and Clinical
Signs in a Mouse Model for Type 1 Gaucher
Disease

Stefan Karlsson!, Emma Smith!, Michael Rothe?, Maria
J. Ferraz®, Johannes M. E G. Aerts’, Azadeh Golipour?,
Claudia Harpe?, Richard Pfeifer*, Daniella Pizzurro*,

Axel Schambach?®?®, Chris Mason*®

'Molecular Medicine and Gene Therapy, Lund University, Lund,
Sweden,Institute of Experimental Hematology, Hannover Medical School,
Hannover, Germany,’Medical Biochemistry, Leiden University, Leiden,
Netherlands,*AVROBIO, Cambridge, MA,’Division of Hematology/Oncology,
Boston’s Children’s Hospital, Harvard Medical School, Boston, MA,*Advanced
Centre for Biochemical Engineering, University College London, London, United

Kingdom

Type 1 Gaucher disease is an inherited lysosomal storage disorder
with multisystemic effects, including hepatosplenomegaly, cytopenias
and bone disease with varying degrees of severity. The disorder is
caused by mutations in the glucosidase beta acid 1 (GBAI) gene
resulting in insufficient activity of the enzyme glucosylceramidase
(glucocerebrosidase), leading to a progressive accumulation of the
lipid component glucosylceramide. Enzyme replacement therapy
(ERT) is the standard treatment for Gaucher patients. Though effective
in alleviating symptoms, ERT is costly, is not curative and restricts
patients to lifelong infusions of the enzyme. Gene therapy represents
a potential future therapy for type 1 Gaucher patients. Here, we use a
clinical, GMP produced, single gene self-inactivating lentiviral vector
(LV2) containing the glucocerebrosidase gene driven by the elongation
factor la short (EFS) promoter to treat mice with type 1 Gaucher
disease. Deletion of exons 9-11 of the GBA1 gene was accomplished by
mating the mice with Mx-Cre mice and induction of Cre expression by
polyIC. The mice develop increasing accumulation of glucosylceramide
over time with splenomegaly and anemia (Enquist et al, PNAS, 2006).
Lineage negative bone marrow cells were transduced with the LV2
vector and transplanted into irradiated Gaucher type 1 mice, 2-3
months after induction of the gene deletion (early intervention)
and 5-8 months after induction of disease (late intervention, when
considerable splenomegaly has developed). Mock transduction was
used as a negative control. Five months after gene therapy, the mice
were sacrificed and analyzed for enzyme expression, histopathology
and glucosylceramide accumulation in bone marrow, spleen and liver.
Histopathology showed prominent accumulation of Gaucher cells
in bone marrow, spleen, liver and thymus of mock transduced mice
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whereas there was a prominent reduction of Gaucher cell infiltration
in these tissues in vector treated mice. Mass spectrometry analysis
of glucocerebroside in bone marrow, spleen and liver demonstrated
highly significant reduction in glucocerebroside accumulation in
vector treated animals (p < 0.0001 in the early intervention study and
p < 0.05-0.001, depending on tissue, in the late intervention study).
These data strongly support that gene therapy of Gaucher type 1 mice
using this clinical lentiviral vector is very efficient and demonstrates
robust efficacy in the mouse disease model. Furthermore, clearance
of glucosylceramide resulted in reversal of splenomegaly, a restoration
of blood parameters and reduced infiltration of Gaucher cells in
hematopoietic tissues. Vector integration site analysis for the LV2
vector in the mouse disease model is in progress. Cumulatively, our
preclinical findings support the initiation of a clinical trial for type
1 Gaucher disease using the clinical lentiviral vector described here
to transduce hematopoietic stem cells from Gaucher type 1 patients
followed by blood and marrow transplantation.

69. Gene Editing to Treat Both Tay-Sachs and
Sandhoff Diseases

Li Ou', Michael Przybilla!, Alexandru-Flaviu Tabaran?,
Paula Overn?, M. Gerard O’Sullivan?, Xuntian Jiang®,
Rohini Sidhu?, Pamela Kell?, Daniel S. Ory?, Chester B.
Whitley!

'Department of Pediatrics, University of Minnesota, Minneapolis, MN,’Masonic

Cancer Center, University of Minnesota, Minneapolis, MN,’Department of

Medicine, Washington University, St. Louis, MO

The GM2-gangliosidoses are genetic disorders causing severe
neurological diseases and premature death, thus developing effective
treatment protocols is urgent. GM2-gangliosidoses result from
deficiency of a lysosomal enzyme P-hexosaminidase (Hex) and
subsequent accumulation of GM2 gangliosides. Genetic deficiency of
HEXA, encoding the Hex a subunit, or HEXB, encoding the Hex
subunit, causes Tay-Sachs disease (TSD) and Sandhoff disease (SD),
respectively. Previous studies have showed that a modified human Hex
u subunit (HEXM), incorporating sequence of both a and p subunits,
can treat both TSD and SD by forming a homodimer to degrade GM2
gangliosides. To this end, we applied this HEXM subunit in our PS-
813 gene editing system to treat neonatal SD mice. Four months after
the intravenous administration of AAV vectors, plasma Hex A and
Hex total activities reached up to 144 and 17 fold of wildtype levels in
treated SD mice (n=10), respectively. Hex A and Hex total activities in
the liver increased to 25 and 8 fold of wildtype levels, respectively. More
importantly, Hex A and Hex total activities in the brain also increased
significantly compared with untreated SD mice (p<0.05), which was
further supported by immunohistochemistry of brain for Hex proteins.
Further, liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis showed that GM2 gangliosides in multiple tissues of
treated mice were reduced to normal levels. Rotarod analysis showed
that coordination and motor memory of treated mice were improved
compared to untreated SD mice (p<0.05). Histological analysis of
H&E stained tissues showed reduced cellular vacuolation in the brain
and liver of treated SD mice. Results from this study will be directly
applicable for developing a clinical protocol of in vivo genome editing
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to treat TSD and SD patients. As a platform strategy, the proposed
study is broadly significant in providing “proof of principle” evidence
for treating other lysosomal diseases.

70. Sustained Long-Term Neurological
Correction Following Haematopoietic Stem
Cell Gene Therapy in Mucopolysaccharidosis
lIB Mice

Stuart M. Ellison, Rebecca Holley, Dan Fil, Claire
O’Leary, Brian Bigger

Stem Cell and Neurotherapies, University of Manchester, Manchester, United

Kingdom

Currently there are no effective treatments to remedy the severe
neurodegeneration experienced by Mucopolysaccharidosis type IIIB
patients. These patients lack a functional copy of the NAGLU gene
that codes for the lysosomal enzyme alpha-N-acetylglucosaminidase,
an essential component of the heparan sulphate degradation
pathway. Absence of functional NAGLU results in the accumulation
of undegraded heparan sulphate (HS) in lysosomes causing cellular
dysfunction which is particularly damaging to the brain and is
accompanied by severe neuroinflammation, leading to cognitive
decline. Lentiviral-driven (LV) haematopoietic stem cell gene therapy
(HSCGT) is a promising therapy to enable delivery of NAGLU enzyme
to the brain following the migration and engraftment of monocytes
into the brain. We have previously reported on 6 month outcomes and
here present long-term effectiveness of LV-NAGLU HSCGT in MPSIIIB
mice compared to wildtype (WT) HSCGT at 10 months post treatment.
We observed improved long-term expression of NAGLU in the brain
of LV-NAGLU treated mice, with significant increases in enzyme levels
detected over time with 26% wildtype NAGLU activity observed at 10
months post-transplant compared to 13% at 6 months post-transplant.
HSCGT with WT donor cells only provided 4% WT enzyme levels
at 10 months post-transplant, significantly lower than LV-NAGLU
treatment. Nine-fold higher levels of HS were recorded in the brains of
untreated MPSIIIB animals versus WT, with significant increases in HS
sulphation levels. Effective NAGLU delivery to the brain by LV-NAGLU
HSCGT leads to complete removal of excess HS, normalisation of HS
sulphation patterning and reversal of neurodegeneration as confirmed
by the sustained correction of astrocytosis, microglial activation and
CNS lysosomal swelling in cortical, striatal and hippocampal regions.
Furthermore, LV-NAGLU treatment provided sustained correction
of HS storage in the periphery with normal HS levels and sulphation
patterning observed in the liver, significantly better than WT HSCGT
alone. Our data indicates that a minimum vector copy number of 1.07
in bone marrow cells had a 95% confidence of delivering sufficient
enzyme activity in the brain for effective heparan sulphate clearance
and reversal of neuropathology. This information will be critical in
determining treatment condition requirements to obtain clinical
efficacy and sustained benefit in MPSIIIB patients.
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71. Infant Macaques Exhibit Safe and
Sustained Expression of Human Iduronidase
after Receiving an Intrathecal Cervical
Injection of Adeno-Associated Virus 9

Juliette Hordeaux!, Christian Hinderer!, Elizabeth L.
Buza!, Jean-Pierre Louboutin?, Tahsin Jahan', Peter
Belll, Jessica A. Chichester!, Alice F. Tarantal®, James M.
Wilson!

'Gene Therapy Program, Department of Medicine, University of Pennsylvania,
Philadelphia, PA,?University of West Indies, Kingston, Jamaica,’University of
California - Davis, Davis, CA

Many neuropathic diseases cause early and irreversible neurologic
deterioration, thus warranting therapeutic intervention during
the first months of life. Mucopolysaccharidosis type I (MPS I) is a
recessive lysosomal storage disorder resulting from deficiency of
the lysosomal enzyme, a-l-iduronidase (IDUA). One of the most
promising treatments for MPS I is the restoration of enzyme expression
through gene therapy. Specifically, administering a neurotropic adeno-
associated virus (AAV) that encodes IDUA into the cerebrospinal fluid
via suboccipital injection into the cisterna magna is remarkably effective
inlarge animals. Preclinical safety studies in adult nonhuman primates
have supported a positive risk-benefit profile for this procedure while
highlighting potential sub-clinical toxicity to the primary sensory
neurons in the dorsal root ganglia. Here, we examined the long-term
performance of a suboccipital AAV serotype 9 gene transfer of human
IDUA into four infant (one-month-old) rhesus monkeys. Half of the
animals (n = 2) were tolerized at birth via systemic administration
of an AAV8 vector that expressed the same transgene from the liver.
All animals exhibited a sustained expression of the transgene over
nearly four years without demonstrating any acute or chronic toxicity.
Transduced cells were mostly pyramidal neurons from the cortex
and hippocampus, Purkinje cells from the cerebellum, lower motor
neurons, and dorsal root ganglia neurons. Immunohistochemical
analysis of the brain tissue revealed that both tolerized and non-
tolerized animals maintained transgene expression. However, the
presence of antibodies in the non-tolerized animals prevented detecting
measurable levels of secreted enzyme in the cerebrospinal fluid. These
results support the idea that it is safe and effective to treat newborn
nonhuman primates with AAV9 gene therapy via suboccipital delivery.

72. Systemic mRNA Therapy as a Treatment
for the Inherited Metabolic Liver Disorder
Arginase Deficiency

Brian Truong', Gabriella Allegri®, Xuling Zhu’, Johannes
Haberle?, Paolo G. V. Martini’, Gerald S. Lipshutz*
"Molecular and Medical Pharmacology, UCLA, Los Angeles, CA,*University

Children’s Hospital-Zurich, Zurich, Switzerland,’Moderna Therapeutics,
Cambridge, MA,*Surgery, UCLA, Los Angeles, CA

Urea cycle disorders (UCDs) are incurable genetic diseases that affect the
body’s ability to produce urea, typically leading to hyperammonemia.
For arginase (A1) deficiency, a mutation in the ARGI gene, the
final step of the cycle, results in primarily hyperargininemia along
with developmental delays, spastic diplegia, psychomotor function
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loss, and uncommonly, death. There is currently no completely
effective treatment available. While preclinical strategies to treat Al
deficiency have been demonstrated, significant disadvantages include
risk for insertional mutagenesis and potential limited efficacy due
to hepatocellular division with viral-based treatments and lack of
availability of cellular transplant-based therapies. However, advances
in mRNA codon optimization and synthesis and their encapsulation
within biodegradable liver-targeting lipid nanoparticle (LNP)
technologies have potentially enabled a new generation of safer,
albeit temporary, treatments to restore liver metabolic function in
patients with UCDs such as Al deficiency. In this study, we applied
such technologies to successfully treat a preclinical conditional Al-
deficient murine model (A1-CKO). On Day (D)0, adult A1-CKO
mice were administered intravenously (IV) 2x10'" genome copies of
AAV-Cre recombinase to disrupt endogenous hepatic A1 expression.
Beginning D14, mice were given IV either LNP-encapsulated control
firefly Luciferase mRNA (LNP-Luc) or human codon-optimized Al
mRNA (LNP-A1). Group 1 was administered LNP-mRNA weekly and
Group 2 every 72hrs. LNP-A1 Group 1 mice (n=10) demonstrated
significant life extension compared to LNP-Luc mice (n=10) (p<0.001),
but none exhibited long-term survival and stable weight; all mice
died or were euthanized for humane endpoints by D62. In contrast,
LNP-A1 Group 2 mice (n=10) exhibited significant life extension
(p<0.001) and 100% survival with no signs of hyperammonemia or
weight loss beyond D77 compared to LNP-Luc mice (n=10) that all
perished by D22. Plasma ammonia levels showed significant increases
in all Group 1 mice, peaking at death (p=0.0007) while LNP-A1 Group
2 mice demonstrated good control and no statistically significant
increases throughout the study. LNP-A1 Group 2 mice demonstrated
adequate urea cycle function by fully metabolizing an ammonium
challenge after 1hr as assessed by plasma ammonia concentration
and urea enrichment. Western blots of LNP-A1 Group 2 mice showed
strong presence of exogenous Al in the liver and THC confirmed
Al localization in periportal and interportal hepatocytes similar to
wild-type (WT) controls. A functional Al assay of LNP-A1 Group 2
mice demonstrated significant recovery of functional liver A1 activity
corresponding to 54% of WT liver levels (p<0.001). LNP-A1 Group
2 mice plasma amino acids demonstrated no statistically significant
increases of arginine or glutamine throughout the treatment compared
to LNP-Luc mice. No statistically significant increases of plasma ALT,
a liver injury marker, compared to WT mice were detected. In this
study, we demonstrated the ability to successfully treat a preclinical
Al-deficient murine model by systemic administration of LNP-A1
leading to long-term survival. While not detected in our studies, future
studies aim to minimize risk for long-term liver toxicity by further
optimization of LNP-A1 dose and frequency. While viral- and cellular
transplant-based strategies continue to be developed for clinical use,
systemic mRNA administration by encapsulation in liver-targeting
LNPs demonstrate a tangible, rapid, and potentially widely applicable
modality to treat UCDs and other single enzyme liver deficiencies.
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73. Combining CD5-Targeted Chimeric
Antigen Receptor Engineering and Genetic
Editing of TGF-BR2 for the Treatment of T-Cell
Hematologic Malignancies

Rafet Basar, May Daher, Nadima Uprety, Elif D.
Gokdemir, Mayela C. Mendt Vilchez, Mayra Shanley,
Lucila N. Kerbauy, Gonca Ozcan, Emily Ensley, Ana
K. Nunez Cortes, Li Li, Pinaki P. Banerjee, Junjun Lu,
Mecit Kaplan, Vandana D. Nandivada, Mustafa H.
Bdaiwi, Enli Liu, Sonny Ang, Richard E. Champlin,
Elizabeth J. Shpall, Katayoun Rezvani

MD Anderson Cancer Center, Houston, TX

Patients with primary refractory or relapsed T cell lymphoma
and leukemia (TCL) have very poor prognosis with few effective
targeted therapies. This contrasts with patients who have B-cell acute
lymphoblastic leukemia or large B cell lymphomas (DLBCL), for whom
the striking clinical success of CD19-specific CAR-T-cell therapy has
resulted in two FDA-licensed products. Development of equivalent
ACTs that target neoplasms of T cell origin has been hindered by the
shared expression of most targetable antigens on both malignant T cells
and normal T lymphocytes, which would lead to fratricidal killing of the
CAR-expressing effector cells during CAR-T-cell manufacturing and to
potential severe T-cell immunodeficiency upon adoptive transfer. CD5
is an attractive target since it is expressed by all T cell malignancies,
however it is also expressed on normal T cells; thus, engineering T cells
to express a CAR against CD5 will be complicated by fratricide. NK cells
have the advantage over T-cells that they do not express CD5 and will
therefore not be targeted by CAR.CD5-mediated fratricide. Moreover,
NK cells do not cause graft-versus-host disease (GVHD) and thus
open opportunities to produce an off-the-shelf product for immediate
clinical use. Our group has developed a novel strategy to genetically
modify cord blood (CB)-derived NK cells to express a CAR, ectopically
produce IL-15 to support NK cell proliferation and persistence in vivo,
and express a suicide gene - inducible caspase 9 (iC9), to address any
potential safety concerns. As proof of principle, we have initiated a first-
in-human, phase I/II clinical trial of iC9/CAR19/IL15-NK cell therapy
following lymphodepleting chemotherapy in patients with relapsed/
refractory B-cell lymphoid malignancies with very promising results.
We now propose to extend this approach to target T-cell malignancies
by genetically modifying NK cells to express a CAR against CD5
and to ectopically produce IL-15. In a series of in vitro and in vivo
experiments, we have confirmed the anti-T-ALL activity of iC9/CAR.5/
IL-15 transduced CB-NK cells as evidenced by increased cytokine
production (TNFa p= <0.0001, IFNg p= 0.0019), degranulation
(CD107a p=0.0186) and enhanced cytotoxicity against both T cell ALL
celllines (CCRF-CEM, MOLT?3) and primary leukemic cells as shown
by Cr*'-release assay (p=0.001 at 1:1 ratio, p=0.008 at 5:1 ratio, p=0.01 at
10:1 ratio, p=0.02 at 20:1 ratio). Moreover, In a xenogeneic NSG mouse
model of CCRF-CEM T-ALL, iC9/CAR.5/1L-15 transduced NK cells
exerted significantly better anti-tumor activity and improved survival
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of mice compared to animals treated with non-transduced NK cells or
IL-15 transduced NK cells (p=0.01). Finally, based on our findings that
TCL express high levels of of the immunosuppressive cytokine TGE-f,
we developed a protocol for combined iC9/CAR.5/IL-15 retroviral
transduction and Cas9 ribonucleoprotein (Cas9 RNP)-mediated gene
editing of TGF-R2 in order to protect CAR-NK cells from the highly
immunosuppressive tumor microenvironment. TGF-BR2 knockout
resulted in significantly enhanced tumor killing by iC9/CAR.5/IL-15
transduced CB-NK cells compared to Cas9 control cells both in vitro
and in vivo. These preliminary data indicate that TGF-BR2 KO in iC9/
CAR.5/IL-15-transduced CB-NK cells could further enhance their
anti-tumor activity, making them more effective at circumventing the
immunosuppressive tumor milieu

74. Single Day CAR Manufacturing Platform
Using mRNA and Flow Electroporation
Technology

Robert Keefe, Michael Kuo, Lihong Li, Mary Loveras,
Angelia Viley

MaxCyte Inc, Gaithersburg, MD

We have developed a rapid and potent cell therapy that utilizes mRNA
in transient electro-transfection (ELT) to produce gene-modified cell
therapy, termed CARMA™. The CARMA platform modifies peripheral
blood mononuclear cells (PBMC) from an apheresis to generate a
cryopreserved drug product in a single day manufacturing process
using the cGMP-compliant, closed MaxCyte GT® Transfection System,
dramatically reducing labor, facilities, and raw materials costs. We
report here the implementation of CARMA platform to produce an
anti-mesothelin scfv, modified PBMC cell therapy product, MCY-M11.
MCY-M11 introduces a chimeric antigen receptor to all cells in the
preparation, including active (NK- and T-cell) and bystander (B-cell
and Monocyte) cells, which are processed and cryopreserved without
the need for activation or expansion. The clinical production of
MCY-M11 was manufactured by MaxCyte at a Contract Development
Manufacturing Organization (CDMO). Six (6) Proof of Concept runs
and seven (7) Engineering Runs were performed during tech transfer
campaign, with analytical qualification and supply chain established.
Cell yields of PBMC from apheresis processed using manual ficoll
method fluctuated with donor variability, ranges from 40-60%. Cell
yields from the pre-ELT to post-ELT samples averaged around 78%
(37-92%). Four major subsets of mononuclear cells are generated
and gene modified simultaneously: T-lymphocytes (CD4 and CDS8),
B-lymphocytes, Natural Killer Cells, and Monocytes. Expression of
scfv is measured using biotinylated mesothelin, with an average CD3
subset expression of 73% (42-83%), and average NK expression of 59%
(28-75%). Cytolytic potency is assessed via bioactivity in an in vitro
cytolytic assay against mesothelin-expressing tumor cells. TNF-alpha
cytokine release was demonstrated against ovarian cancer cell line
OVACAR3. Manufacturing release specifications are preliminarily
assigned, with multiple For Information Only (FIO) data points being
accumulated during clinical production, before sufficient clinical data
is available for evaluation to establish meaningful release specifications.
Assays performed for individual production runs are monitored using
a CARMA assay control material derived from one of the GMP non-
clinical production runs. Animal studies using mesothelin-positive
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cell lines and non-clinical safety testing were performed. The product
is currently being tested in a first in human clinical trial for advanced
epithelial ovarian cancer and peritoneal mesothelioma (Clinical Trials.
gov Identifier: NCT03608618). The CARMA one-day manufacturing
process using cGMP mRNA has the potential to significantly transform
CAR therapy strategies by providing a meaningful reduction in wait
time for patients receiving treatment.

75. Titratable and Reversible Regulation
of Therapeutic Proteins in Cell and Gene
Therapies Using FDA Approved Drugs and a
Modular Protein Stabilization Platform

Vipin Suri', Mara Inniss', Steve Shamah', Thomas

Wandless®
'Obsidian Therapeutics, Cambridge, MA,*Stanford University, Palo Alto, CA

Cell and gene therapies have shown remarkable clinical success and
durable benefit in B-cell lymphomas as well as inherited diseases such
as sickle cell anemia and hemophilia. Precise regulation of transgene
expression can significantly improve safety and efficacy of cell and gene
therapies and enable the use of such therapies in broader indications
and patient populations. Ideally, transgene regulation should be
rapid, reversible and titratable using exogenously administered drugs.
Moreover, the direct regulation of protein half-life rather than through
the encoding DNA or mRNA is a preferable regulatory strategy both
for its broad applicability and for rapid kinetics. We used destabilizing
domains (DDs) to achieve the desired performance metrics in the
regulated control of therapeutic protein expression. DDs are small
protein domains that are misfolded and inherently unstable in the
cell but can be reversibly stabilized by the binding of a small molecule
ligand. This conditional stability of DDs can be readily conferred to
any protein of interest (POI) by fusing it to the DD. In the absence
of ligand, the DD-POI fusion protein is rapidly degraded by the
proteasome. However, addition of ligand stabilizes the fusion protein
in a dose-dependent manner. We reasoned that DDs for use in cell
and gene therapy should be (a) regulated by FDA-approved drugs for
safety, translatability and to reduce development risk, (b) based on
fully human proteins to reduce immunogenicity risk, and (c) small
and modular to minimally impact the functionality of the therapeutic
cargos. Specifically, we identified Dihydrofolate Reductase (DHFR),
Phosphodiesterase 5 (PDE5), Estrogen receptor alpha (ERa), and
Carbonic Anhydrase IT (CAII) as substrates to engineer new DDs. We
used a variety of strategies to identify and characterize multiple DD
variants based on amino acid substitutions in these substrates with
low basal expression and high dynamic range upon ligand addition.
The DDs rapidly induced expression of DD-POI upon treatment with
ligand, whereas expression reverted to basal levels within a few hours
of ligand removal. These new DDs were used to regulate cytosolic
proteins such as green fluorescence protein (GFP), transcriptional
factors such as FOXP3, membrane proteins such as CD40 ligand
and CD19 chimeric antigen receptor, and the secreted cytokines
IL12 and IL15. After ligand addition, DD-regulated POIs showed
functional responses indistinguishable from native POI. We could
also regulate two different POIs in the same cell using distinct DD
drug pairs, demonstrating the potential for multiplexed regulation.
By incorporating various transcriptional and translational elements,
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we were able to achieve drug-dependent regulation of DD-POIs over
a wide range of expression levels. We found the performance of the
DDs to be generally similar when expressed in a variety of cell types
including a number of immortalized cell lines as well as primary
human and mouse T-cells. We also assayed the effect of DDs on T-cell
activation, cytotoxic activity, cytokine production and endoplasmic
reticulum stress and did not observe any significant differences. We
further tested DD regulation in vivo by adoptive transfer of primary
human T cells transduced with lentivirus vector carrying DD-regulated
IL12. After ligand administration, human IL12 was detected in the
plasma of mice transplanted with IL12-DD modified human T cells.
The level and duration of IL12 detected was proportional to the dose
and timing of ligand administration. In summary, DDs can couple
titratable and reversible transgene regulation with clinically approved
drugs to enable safe and efficacious cell and gene therapies.

76. 3D Microculture Platform Enables
Advanced, High-Throughput Screening for
Differentiation of hPSC-Derived Cell Therapies
Riya Muckom, Xiaoping Bao, Eric Tran, Abirami
Murugappan, Evelyn Chen, Douglas Clark, David
Schaffer

Chemical Engineering, UC Berkeley, Berkeley, CA

Introduction: The promising outlook for hPSC-derived cell therapies
motivates the development of manufacturing processes to meet the
patient demand for such therapeutics. Toward this aim, 3D culture
systems for hPSC differentiation are emerging because of their
potential for higher expansion and yield of target cell types compared
to 2D culture systems. Therefore, the ability to screen through a
multifactorial parameter space of exogenous biochemical cues for
3D hPSC cultures would greatly accelerate the pace of discovery and
development of efficient in vitro differentiation protocols for target
cell types of interest. Methods: Here, we demonstrate the advanced
capabilities of a 3D micro-culture platform to screen dosage, duration,
dynamics, and combinations of 12 culture parameters, totaling more
than 1000 unique 3D culture environments, to derive Olig2+Nkx2.2+
oligodendrocyte progenitor cells (OPCs) from hPSCs with 0.2% of
the reagent volumes used in 96-well plates. Additionally, we leverage
novel fluorescent hPSC reporter cell lines, mediated by Cas9 mediated
knock-in, to monitor proliferation and differentiation in situ for over
80 days in the 3D micro-culture system. Results: We identified several
early culture parameters that could be tuned to increase the Olig2
expression 10-fold. In addition, we observed different sensitivities
to signaling pathways across time. Finally, a holistic analysis using
statistical models uncovered and ranked parameters and combinations
thereof according to their positive effect on OPC differentiation to
prioritize them in future optimizations. To show the generalizability
of the platform, we then applied it to simultaneously assay 90 unique
differentiation protocols to derive TH+ midbrain dopaminergic
neurons from hPSCs. Conclusion: Overall, we demonstrate a strong
methodology for upstream microscale screening/optimization to
inform downstream scale-up processes to improve 3D production
strategies of hPSC-derived cell replacement therapies.
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Figure 1. Four representative microcultures from the screen that depict
wide variation in levels of Olig2, Nkx2.2, and Tujl expression; scale
bar represents 100 microns.

77. Establishing cGMP Manufacturing of
CRISPR/Cas9-Edited Human CAR T Cells

Susan Zabierowski', Justin Eyquem?, Jorge Mansilla-
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Chimeric antigen receptors (CARs) are synthetic receptors that redirect
and reprogram T cells to mediate tumor rejection. The most successful
CARs used to date are those targeting CD19, which offer the prospect
of complete remissions in patients with chemorefractory/relapsed B
cell malignancies. The use of recombinant retroviral vectors for CAR
gene transfer is currently the standard method to generate cGMP
grade CAR T cells. However, CAR gene expression is highly variable,
owing to position effects and variations in vector copy number. CAR
T cells engineered in this manner are capable of tumor eradication, but
these T cells are prone to tonic signaling and accelerated exhaustion
which diminish their anti-tumor activity. We have developed a novel
genetic engineering strategy to insert CAR genes into a precise
genomic location in human peripheral blood T cells. Specifically, T
cells are transfected with modified Cas9 mRNA and CRISPR guide
RNA via electroporation, followed by the addition of a recombinant
Adeno-Associated Virus (AAV6) that encodes the CAR sequence.
Upon CRISPR/Cas9-mediated cleavage, cells repair this DNA double-
stranded break using the AAV DNA, which contains DNA sequences
flanking the CAR gene that are homologous to the target genomic
DNA at the cleaved site. The repair process allows the insertion of
the CAR gene upstream of the constant region of the expressed TCR
alpha chain gene, which results in CAR expression controlled by the
endogenous TCR promoter (TRAC) while at the same time disrupting
TCR alpha chain expression leading to the abrogation of surface TCR
expression. Directing a CD19-specific CAR under the transcriptional
control of the human T cell receptor alpha constant (TRAC) promoter
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not only results in uniform CAR expression in human peripheral blood
T cells, but also delays T-cell differentiation and exhaustion, leading
to enhanced T cell function and anti-tumor efficacy, with edited cells
vastly outperforming retrovirally modified CAR T cells in a mouse
model of acute lymphoblastic leukemia (Eyquem, Mansilla-Soto et al,
Nature, 2017). The targeting of CARs to the TCR locus thus provides
a safer therapeutic T cell by minimizing the risks of insertional
oncogenesis, and TCR-induced autoimmunity and alloreactivity (thus
spanning both autologous and allogeneic T cell applications), leading to
a better-defined T cell product and a more effective T cell. In addition
we have incorporated in the CAR a mutant CD3z chain encoding a
single immunoreceptor tyrosine-based activation motif that improves
the balance between effector and memory T cells composition (Feucht
et al, Nat. Med. 2019). We are in the process of translating this novel
approach into the clinical setting by establishing cGMP conditions
and protocols for the manufacturing of TRAC-CAR T cells. Using a
large-scale electroporator, we have demonstrated that we can knockout
the TCR at large scale (100 E06 CD3+ T cells) with the same efficiency
(>80%) as that obtained at small scale. We are evaluating different
sources of AAV6 to deliver the CAR in the TCR locus. Data will be
presented on optimizing the manufacturing of the TRAC-CARTT cells
and on evaluating their anti-tumor efficacy in vivo in NSG mice bearing
pre-established pre-B ALL NALM-6 tumors.

78. Reprogramming Human Immune
Responses Using Ex Vivo MSC Bioreactor
Therapy

Ashley Allen', Natalie Vaninov', Sunny Nguyen', Peter
Igo', Arno Tilles', Biju Parekkadan?, Rita Barcia'

'Sentien Biotechnologies, Lexington, MA,’Rutgers University, Piscataway, NJ

Mesenchymal stromal cells (MSCs) have long been shown to secrete
potent immunomodulatory molecules and extracellular vesicles.
However, delivery of these cells has yielded limited success in clinical
applications thus far, likely due to ineffective dosing and reduced
exposure times. To overcome these hurdles, Sentien Biotechnologies
developed SBI-101, an allogeneic MSC-seeded bioreactor which may
allow for increased potency and controlled delivery of MSC-produced
factors. This product consists of a continuous flow bioreactor with
MSCs immobilized on the extraluminal side of a semi-permeable
hollow-fiber membrane. Patient’s blood flows through the lumen of
the hollow fibers and is conditioned by MSC-secreted factors, allowing
for the blood cells and MSCs to sense their environment and react to
it. The SBI-101 therapy is being tested in a Phase I/II clinical trial for
treatment of acute kidney injury.

42 Molecular Therapy Vol 27 No 451 April 2019

Molecular Therapy

To study the effect of MSC-secreted factors delivered in this way,
Sentien developed a scaled-down bioreactor system capable of
probing the contact-independent communication of MSCs and
inflamed human blood cells in vitro. We aimed to characterize
the behavior of MSCs delivered via this system, then explore
therapeutic efficacy through treatment of immune cell populations.
MSCs were seeded into the extracapillary space of hollow-fiber
bioreactors at doses ranging from 0 (acellular control) to 9 million
cells per device. Bioreactors were then perfused with media up
to 8 days, with metabolite and cytokine analyses performed on
samples collected longitudinally. Data showed the consumption of
nutrients and production of cellular byproducts in a dose-dependent
manner, indicating the maintenance of metabolically active
MSCs over the perfusion time-course. Furthermore, MSCs were
found to secrete a range of factors, including immunomodulatory
and angiogenic, when immobilized within this system.
Upon introduction of inflammatory stimuli to the in vitro system, MSCs
were observed to modulate their secretion of factors and extracellular
vesicles in response. There was an increase in vesicle size as well as the
production of immunomodulatory factors, including IL-6 and PGE2.
Following characterization of the bioreactor, activated PBMCs
were added to the perfusion medium to probe the effect of MSCs
on inflamed blood cells. MSC treatment was found to regulate the
inflammatory milieu through modulation of both cytokines and
extracellular vesicles, including suppressed T cell proliferation
as well as decreased cytotoxic and activated T cell populations.
Conditioned medium and cells harvested from the perfusion
circuits were further challenged via post-perfusion static assay.
Treatment strategy was shown to influence lymphocyte and
macrophage phenotype, proving a durable reprogramming effect.
Thus, we report the ability of a scalable hollow-fiber bioreactor to
effectively maintain MSC function and impart an immunomodulatory
effect on inflamed immune cell populations, laying the framework for
a new generation of ex vivo cellular therapeutics.
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79. Assessment of a Second Generation,
Oxidation Resistant Gene Therapy for Alpha
1-Antitrypsin Deficiency

Meredith L. Sosulski, Katie M. Stiles, Bishnu P. De,

Stephen M. Kaminsky, Ronald G. Crystal
Weill Cornell Medical College, New York, NY

Alpha 1-antitrypsin (AAT) deficiency, an autosomal recessive
hereditary disorder characterized by low serum levels of functionally
active AAT, is associated with early development of panacinar
emphysema. AAT, a 52 kDa serine antiprotease produced in the liver,
functions to inhibit neutrophil elastase (NE), protecting the lung from
NE destruction. Cigarette smoke and/or pollution-mediated oxidation
of methionine (Met) residues located near the active site of AAT renders
AAT incapable of inhibiting NE, accelerating the development of
emphysema in AAT deficiency. Based on studies demonstrating that
modification of Met residues at amino acid positions 351 and 358 to
valine (Val) and leucine (Leu), respectively, results in an effective and
oxidation-resistant modified AAT, we hypothesized that a one-time
administration of a serotype 8 adeno-associated virus (AAV8) gene
transfer vector coding for this second generation oxidation-resistant
modified human AAT will maintain activity and inhibit NE even in
the presence of an oxidative milieu. To evaluate this hypothesis, we
administered 4x10'°, 10", or 4x10" genome copies (gc) of AAV8 coding
for the expression of the oxidation resistant variant hAAT(A213/V351/
L358; “8/AVL’) via intravenous (IV) and intrapleural (IPL) routes to
male and female 6-8 wk old C57Bl/6 mice (n=5/group). AAV8 coding
for the wild-type AAT [hAAT(A213/M351/M358); “8(AMM),” 4x10"!
gc], and AAV8Null (4x10" gc) were used as controls. Serum and lung
epithelial lining fluid (ELF) hAAT levels and function were assessed
at various time points. Human AAT levels (ELISA) showed high,
dose-dependent levels of hAAT in 8/ AVL administered to mice IV or
IPL. Six month following the high dose IV administration of 8/ AVL
to male mice, serum AAT levels were 1826 + 201 pg/ml and lung ELF
AAT levels 29 + 2.6 pg/mg protein; normalized to total protein, ELF
to serum AAT level ratio (per mg protein) was 0.7 + 0.1. Similarly, 6
months following IPL administration of 8/AVL to male mice, serum
AAT levels were 1785 + 455 ug/ml and lung ELF AAT levels 30.2 + 4.7

Pulmonary Gene Therapy

ug/mg protein, ELF to serum ratio (per mg protein) 1.1 +0.2. A similar
pattern was seen in female mice. While the serum and ELF levels with
IV and IPL administration of 8/ AVL was similar to that of the control
8/AMM (p>0.09, all comparisons), very different results were observed
when the serum and ELF were assessed in the context of AAT anti-NE
activity in the presence of oxidizing agents N-chlorosuccinimide (NCS)
orH0,. Importantly after 1, 3 or 6 months, serum and ELF from 8/AVL
administered mice retained the ability to inhibit NE in the presence of
high concentrations of oxidizing agents compared to controls, whereas
serum and ELF from 8/AMM mice had 3-4-fold less NE inhibiting
activity. Overall the data demonstrates that both intrapleural or
intravenous administration of 8/AVL to C57Bl/6 mice provides high,
persistent serum and ELF levels of human AAT equivalent to the wild-
type (8/AMM) for at least 6 months. However, unlike the wild type 8/
AMM which is rendered incapable of inhibition of NE in the presence
of oxidant stress, expression of AAV8hAAT(A213/V351/L358) variant
retains its anti-protease activity despite an excessive amount of oxidant
stress. This 2™ generation gene therapy for AAT deficiency is ready to
be tested in the clinic in AAT deficient individuals.

80. Lentivirus Gene Therapy for Autoimmune
Pulmonary Alveolar Proteinosis

Helena Palau', Cuixiang Meng', Anushka Bhargava’,
Aikaterini Pilou', Naoko Atsumi', Adam Byrne?, lan
Pringle®, Rachel Ashworth?, Mario Chan', Deborah
Gill%, Stephen Hyde’, Cliff Morgan®, Eric Alton"*, Uta

Griesenbach'

"National Heart and Lung Institute, Imperial College and UK CF Gene Therapy
Consortium, London, United Kingdom,’National Heart and Lung Institute,
Imperial College, London, United Kingdom, Radcliffe Department of Medicine,
Oxford University and UK CF Gene Therapy Consortium, Oxford, United
Kingdom,*Royal Brompton Hospital & Harefield NHS Foundation Trust, London,
United Kingdom

Pulmonary alveolar proteinosis (PAP) is a lung disease characterised
by the accumulation of surfactant, leading to respiratory failure and
premature death. PAP is an ultra-rare disease with an estimated
incidence of 0.36 cases per million. In 90 to 95% of cases, PAP is caused
by the generation of anti-granulocyte-macrophage colony stimulating
factor (GM-CSF) auto-antibodies (auto-immune PAP). The standard
of care is whole lung lavage (WLL), which only leads to temporary
remission of symptoms, needs to be performed repeatedly and has
significant side-effects. More recently, administration of recombinant
GM-CSF has shown encouraging results, but requires frequent
administration and is expensive. We have developed a lentiviral vector,
pseudotyped with the Sendai virus F and HN proteins (rSIV.F/HN)
which transduces lung epithelium efficiently and persistently. We
have now assessed whether rSIV.F/HN-mediated gene transfer can
ameliorate PAP lung disease in GM-CSF knockout mice. Here we
show that: (1) high titers of rSIV.F/HN-murine (m)GM-CSF (9.23¢9
TTU/ml) can be produced using Good Manufacturing Practice (GMP)
compatible serum-free production systems. (2) In vitro gene transfer
leads to dose-related (MOI 0.1, 1, 10 and 100) mGM-CSF expression
(median: 0; 290; 6,084; and 3,7322 pg/mg respectively; n=6). (3) mGM-
CSF produced after lentivirus transduction is functional when assessed
in a mouse myeloid factor dependent continuous-Paterson (FDC-P1)
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cell proliferation assay. (4) Significant (mean 230.3 pg/ml £26.8 (SEM),
n=6) and stable expression (7 months) of mGM-CSF can be achieved
in an ex vivo human air-liquid interphase model. (5) Transduction
of mice by nasal sniffing (1e7 TU/mouse, n=10/group) generates
significant (p<0.0001) levels of mGM-CSF in bronchoalveolar lavage
fluid (BALF) (treated: median 3,321 (range: 331-7958) pg/ml; controls:
0.1 pg/ml. (6) mGM-CSF expression significantly ameliorates PAP-
disease specific biomarkers in GM-CSF knockout mice two months
after a single administration of rSTV.F/HN-mGM-CSF (1e7 TU/mouse,
n=15-20/group), with significantly decreased BALF turbidity and
surfactant protein D (SP-D) levels (p<0.001). These results provide
proof-of-concept for gene therapy as a potential new treatment for PAP.
Duration of gene expression as well as the efficacy-toxicity window is

currently being characterised.
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SP-D is increased in GM-CSF-KO mice (PAP, open
circles) when compared to wild-type (squares) mice
(n=20/group, p<0.0001). In vivo gene transfer
significantly reduced SP-D levels (1e7T U/mouse,
n=15, p<0.001).

lavage fluid (BALF). Lung fluid turbidity is increased
in the GM-CSF-KO mice (PAP, open circles) when
compared to wild-type (squares) mice (n=28/group,
p<0.0001). In vivo gene transfer significantly reduced
BALF turbidity (1e7 TU/mouse, n=21, p<0.0001).

81. Gene Correction of Cystic Fibrosis
Mutations In Vitro and In Vivo Mediated by
PNA Nanoparticles

Alexandra S. Piotrowski-Daspit!, Christina Barone?,
Amy C. Kauffman', Chun-Yu Lin', Richard Nguyen?,
Anisha Gupta’®, Peter M. Glazer’, W. Mark Saltzman’,
Marie E. Egan®

'Biomedical Engineering, Yale University, New Haven, CT,*Pediatrics, Yale School
of Medicine, New Haven, CT,Therapeutic Radiology, Yale School of Medicine,
New Haven, CT

Cystic fibrosis (CF) is a devastating genetic disorder caused by
mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene. The location and nature of these mutations can dictate
the severity of the disease, and while there are newly approved
therapeutics for some of the most common mutations, such as the
Class IT mutation F508del, there are many mutations for which there
are no currently available therapies. Class I premature stop codon
mutations including W1282X and G542X are among the most severe
and untreatable cases. Moreover, currently available therapies do not
correct the underlying genetic defect. Genome editing therapeutics
that are able to correct the disease-causing mutation(s) could provide
a promising treatment option applicable to all CF patients. We have
sought to correct CF-causing mutations using a non-nuclease-based
peptide nucleic acid (PNA) gene editing technology. Triplex-forming
PNAs are designed to bind genomic DNA and form PNA/DNA/PNA
triplexes, which stimulate endogenous DNA repair via nucleotide
excision repair and homology-dependent repair pathways. When PNAs
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are co-delivered with a mutation-correcting donor DNA in a polymeric
nanoparticle (NP) formulation, site-specific gene correction can occur.
We have previously demonstrated that biodegradable polymeric
NPs loaded with PNA and donor DNA designed to edit the F508del
mutation resulted in significant gene correction in the lung and nasal
epithelium accompanied by disease amelioration after intranasal
administration in vivo in mice homozygous for the F508del mutation
(1). Motivated to correct the many other organs affected by CE we
subsequently administered PNA NPs in vivo intravenously (IV)
to treat the disease systemically. In these new studies we have also
explored novel polymeric formulations (2) that are able to load PNA
and DNA editing agents with high efficiency and be readily taken up
by cell types of interest. Following intravenous administration, our
NP formulations exhibit favorable biodistribution; within hours after
injection, NPs accumulate within cells in organs of the respiratory
and gastrointestinal (GI) tracts. Systemic IV administration of PNA
NPs designed to correct the F508del mutation resulted in a gain of
CFTR function into the wild-type range in both the nasal and rectal
epithelia as measured by nasal potential difference and rectal potential
difference. Ussing chamber analyses on nasal and GI epithelia from
treated mice also revealed increases in short-circuit current consistent
with increased CFTR-mediated chloride transport. Together, these data
suggest that systemic delivery of PNA NPs designed to correct CF-
causing mutations is a viable treatment option to ameliorate the disease
phenotype in multiple affected organs. To our knowledge, this is the
first report of systemic correction of a CFTR mutation in adult animals.
Encouraged by our success treating the F508del mutation, we have
also designed PNA-based editing reagents for the Class I stop codon
mutations W1282X and G542X which are currently being studied.
Following a course of PNA NP treatment, in vitro air-liquid interface
(ALI) cultures of human bronchial epithelial cells homozygous for the
W1282X CF mutation exhibited increased short-circuit current in Ussing
chamber analyses. These promising results suggest that our PNA NP
approach can be used in the treatment of many CF-causing mutations.
References (1) McNeer N, et al. Nat Commun. 2015. (2) Kauffman A
and Piotrowski-Daspit A, et al. Biomacromolecules. 2018.

82. Delivery of AAV-CFTR to Bronchial
Epithelial Cells from Cystic Fibrosis Patients
Augments Functional Recovery of Chloride
Conductance

Shen Lin"?, Yinghua Tang?, Ziying Yan?, Yi Cheng’,
Kevin Coote?, Hermann Bihler?, Martin Mense?, Eric

Yuen', John Engelhardt
'R&D, Talee Bio, Inc, Philadelphia, PA,*?Anatomy and Cell Biology, University of
Towa, Iowa City, IA,’CFFT Lab, Cystic Fibrosis Foundation, Lexington, MA

Cystic fibrosis (CF) is a life-threatening, autosomal recessive
disease caused by mutations in the gene encoding the cystic fibrosis
transmembrane conductance regulator (CFTR), a channel that conducts
chloride and bicarbonate ions across epithelial cell membranes.
Impaired CFTR function leads to inflammation of the airways and
progressive bronchiectasis. Because of the single-gene etiology of
CF and the various CFTR mutations in the patient population, gene
therapy potentially provides a universal cure for CF. The standard of
care for CF currently attempts to modulate the activity of defective
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CFTR using modulators, for example, Lumacaftor / VX-809 (a channel
corrector), Ivacaftor / VX-770 (a channel potentiator) or Orkambi (a
combination of the drugs). While these approaches are promising, they
are limited by their specificity for only subsets of the known CFTR
mutations. In our current studies, we have generated a novel AAV
vector featuring a capsid that is highly efficient at transducing human
airway epithelium in the apical membrane. Specifically, we have used
AV.TL65-SP183-CFTRAR to deliver an R-domain-partially-deleted
CFTR mini gene and AV.TL65Luciferase-mCherry, a dual reporter
vector, to express luciferase and fluorescent mCherry protein. We have
also made use of small molecule augmenters (proteasome inhibitors)
to significantly enhance recombinant AAV transduction by stimulating
endosomal processing and nuclear trafficking of the viral transgene.
We have shown that combining AV.TL65Luciferase-mCherry with
doxorubicin or idarubicin provides non-toxic enhancement of
Luciferase expression by more than 600-fold of air-liquid interface
(ALI) human bronchial epithelial (HBE) cultures from 5 separate CF
(homozygous dF508/dF508 CFTR) and non-CF donors compared
to AV.TL65Luciferase-mCherry without proteasome inhibitor. We
have also shown that AV.TL65-SP183-CFTRAR, when paired with
doxorubicin or idarubicin, yields a mean correction of forskolin-
stimulated, CFTR-mediated chloride transport in ALI HBE cultures
from 6 separate CF donors that is a least 104% that of 6 separate
non-CF donors. Furthermore, we have shown this complementation
of forskolin-stimulated current is up to four times greater than the
standard of care treatment drugs, Lumacaftor and Ivacaftor, in ALI
HBE cultures from two separate HBE CF cell donor lines. In summary,
we have developed a novel method to augment CFTR expression using
an AAV viral vector to correct chloride channel defects in HBE cells
from CF patients. These studies lay the ground work for testing the
effectiveness of AV.TL65-SP183-CFTRAR in vivo using the CF ferret
model and for clinical studies in CF patients.

83. Systemic in Utero Gene Editing as a
Treatment for Cystic Fibrosis

Adele Ricciardi!, Christina Barone?, Rachael Putman’,
Elias Quijano?, Richard Nguyen?, Anisha Gupta®*, Hanna
Mandl', Mollie Freedman-Weiss®, Francesc Lopez-
Giraldez?, David Stitelman®, W. Mark Saltzman', Peter
Glazer*, Marie Egan®

'Biomedical Engineering, Yale University, New Haven, CT,*Pediatrics,
Yale University, New Haven, CT,’Genetics, Yale University, New Haven,
CT,*Therapeutic Radiology, Yale University, New Haven, CT,’Surgery, Yale
University, New Haven, CT

Recent advances in non-invasive genetic testing allow for prenatal
disease detection using cell free fetal DNA obtained from a single
maternal blood draw as early as seven weeks of gestation. Despite
the ability to obtain an early diagnosis, many neonates and children
with cystic fibrosis (CF) continue to suffer substantial morbidity and
mortality, as currently available therapies do not correct the underlying
gene defect. There is a growing consensus that treating CF patients
early is crucial in preventing or delaying irreversible organ damage.
Even at birth, there are signs of multi-organ disease, evidenced by the
occurrence of pancreatic insufficiency, reduced birth weight, meconium
ileus, tracheomalacia, biliary cirrhosis, and congenital bilateral absence
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of the vas deferens. We hypothesize that early intervention through
in utero gene editing could correct disease causing CFTR mutations
during the initial stages of pathogenesis, which could potentially allow
for normal organ development, disease improvement, and possibly
cure. We previously showed that site-specific gene editing to correct
the F508del mutation can be achieved efficiently and safely in adult
animals via intranasal administration of polymeric, biodegradable
nanoparticles (NPs) loaded with peptide nucleic acids (PNAs) and
single-stranded donor DNA. Further, we established that NPs can
be safely administered to developing fetal mice, using either an
intravenous (IV) or intra-amniotic (IA) delivery approach. The aim
of this study was to demonstrate that NPs loaded with PNA/DNA can
correct the F508del mutation in utero, resulting in sustained postnatal
CFTR function. We first used a GFP reporter mouse model to assess the
safety and activity of PNA/DNA NPs to edit lung tissue after IA or IV in
utero administration. We found that both NP delivery routes resulted in
gene correction in the lung, with more significant editing achieved after
IV NP treatment. Next, we determined if in utero treatment with PNA/
DNA NPs targeting the CFTR locus can be used to correct the F508del
mutation and lead to sustained postnatal functional CFTR activity in
multiple disease-affected tissues in a mouse model of CE. We found
that in utero PNA/DNA NP delivery to F508del fetal mice resulted
in significant mutation correction and functional CFTR activity after
both IA and IV NP treatment. Systemic fetal treatment resulted in
sustained chloride flux, at a level similar to that of wild-type mice, in
both nasal and gut tissue. Additionally, analysis of bronchoalveolar
lavage fluid indicates a decreased inflammatory response in the lung
of mice that received fetal NP treatment, compared to untreated mice
with CE. PNA/DNA NPs can be safely administered to fetal mice, and
can effectively correct the F508del mutation, resulting in sustained
postnatal functional disease improvement. Our findings represent the
first systemic in utero correction of a CFTR mutation and additionally
establish the feasibility of a fetal gene editing approach that could be
used in the treatment of numerous CF disease-causing mutations.

84. Development of Genetic Tool for Testing
Cftr Gene Targeting in Pigs
Zhichang (Peter) Zhou"*?, Liang (Leo) Yang', Huibi

Cao?, Xiao-Yan Wen*4, Jim Hu'?

'Department of Laboratory Medicine and Pathobiology, University of Toronto,
Toronto, ON, Canada,’Program of Translational Medicine, the Hospital for Sick
Children, Toronto, ON, Canada,’Zebrafish Centre for Advanced Drug Discovery
& Keenan Research Centre for Biomedical Science, St Michael's Hospital, Toronto,
ON, Canada,*Physiology & Institute of Medical Science, University of Toronto,
Toronto, ON, Canada

Background: Cystic fibrosis (CF) is an autosomal recessive disease
caused by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene. Mutant CFTR channel is defective in ion
transportation of epithelial cells. CF patients suffer from impaired
lung function due to the inflammation and infection in the airway.
Traditional medical therapies treat only symptoms but not the cause
of the disease. Despite current CFTR-directed drugs, such as Ivacaftor
and a combination of Ivacaftor and lumacaftor, are making a major
impact on CF patients, novel therapeutic strategies are needed for
targeting mutations that are not effectively treated by any drugs. We
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have been developing CRISPR/Cas9-based gene targeting strategies for
permanently correcting CF lung disease. We used helper-dependent
adenoviral (HD-Ad) vectors to integrate functional human CFTR gene
(hCFTR) into a genomic safe harbor of pig cells. The objective of this
project is to test our CFTR gene targeting strategy in cultured CFTR
deficient pig cells in vitro. Methods: To test our CFTR gene targeting
strategy, a CFTR deficient pig cell line was generated. The HD-Ad-
Cas9-hCFTR vector was constructed to deliver CRISPR/Cas9 and
hCFTR donor template into CFTR” cell line. The hCFTR cassette (8.7
kb) was flanked by two 3 kb homology arms. Pig GGTAI locus was
chosen as a safe harbor to receive transgene integration via homology
directed repair (HDR). CRISPR/Cas9 cleavage efficiency and transgene
integration frequency were quantified by digital PCR (ddPCR). The
function of transduced hCFTR was assessed by forskolin-induced
CFTR channel opening through membrane potential sensitive dye-
based assay (FLIPR). Results/conclusions: The pig CFTR” cell line
was successfully generated via CRISPR/Cas9 gene editing. The pig
endogenous CFTR transcripts were not detectable in the CFTR” cell
line by qRT-PCR analysis. In HD-Ad-Cas9-hCFTR transduced cells,
the targeted integration of hCFTR transgene at GGTAI locus was
confirmed by junction PCR and DNA sequencing. We also detected
hCFTR RNA and protein expressions from transduced cells. The
cleavage efficiency was ~56% in cells transduced with 50 MOI of vector
and was ~50% and ~45% with 25 and 10 MOI of vectors, respectively.
The integration efficiency of hCFTR transgene was ~10% at 50 MOI,
~4.2% at 25 MOI, and ~3.1% at 10 MOL. In FLIPR assay, we detected
that the transduced and integrated hCFTR was functionally expressed
at cellular passages of 10 and 20. Increased hCFTR channel-mediated
conductance was detected after forskolin stimulation. Meanwhile, the
inhibition of hCFTR channel conduction was detected by adding CFTR
inhibitor (CFTRinh-172). Our study shows that the hCFTR cassette
could be precisely integrated into pig GGTAI locus through CRISPR/
Cas9 induced HDR by HD-Ad vector delivery in vitro. Transduced
hCFTR was functionally expressed in infected cells. These results show
the potential to further design CFTR gene targeting therapies for CF
patients and test them in CF pig models.

Gene Editing for Musculo-Skeletal and
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85. DUX4 mRNA Silencing with CRISPR-
Cas13 Gene Therapy as a Prospective
Treatment for Facioscapulohumeral Muscular
Dystrophy

Afrooz Rashnonejad, Gholamhossein Amini
Chermabhini, Scott Q. Harper

Gene Therapy, Research institute at Nationwide Children’s Hospital, Columbus,
OH

Facioscapulohumeral Muscular Dystrophy (FSHD) is an autosomal
dominant disorder associated with progressive muscle wasting and
weakness, typically in the face, shoulder girdle, and arms. However,
this pattern of muscle involvement is not universal, and some patients
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may develop weakness in other muscles of the body, possibly leading
to wheelchair dependence and caregiver assistance. There are currently
no treatments that alter the course of FSHD and therapy development
is an unmet need in the field. The pathogenic mechanisms underlying
FSHD have only become clear during the last decade. FSHD arises from
contraction of D4Z4 repeats leads to de-repression of the myotoxic
DUX4 gene in muscle. Therefore, the most straightforward method
for treating FSHD is to turn the DUX4 gene ‘off” or mutate it so it is
non-functional. One way is genomic knockdown of DUX4 using the
CRISPR-Cas9 approach that is promising but also has challenges, partly
because hundreds of identical or nearly identical DUX4 copies are
embedded throughout the human genome within DNA repeats (called
D4Z4), and this similarity in DNA sequence makes it challenging to
make a precise CRISPR-Cas9 system that would disrupt only the DUX4
copy associated with FSHD. In contrast to the traditional CRISPR-
Cas9, an alternative CRISPR-Cas13 system does not cleave DNA,
but can be specifically directed to a RNA transcript of interest using
a sequence-specific guide RNA (gRNA). We hypothesize that Cas13/
CRISPR-mediated DUX4 mRNA silencing would offer an effective
therapeutic strategy for FSHD, without altering host cell DNA. In
this study, we developed a new DUX4 silencing strategy designed
to target DUX4 mRNA using the CRISPR-Cas13b. To do this, we
designed several Cas13b-gRNAs targeting different parts of DUX4
mRNA and demonstrated their ability to suppress DUX4 and prevent
cell death in vitro. We detected >90% reduction of DUX4 protein in
treated cells, and improved their viability. DUX4 mRNA levels were
markedly decreased in treated FSHD myotubes, as determined by
RNAscope in situ hybridization. This reduction was accompanied by
complete or near complete reduction in levels of DUX4-responsive
biomarkers in treated patient myoblasts/myotubes. In our first in vivo
studies in tibialis anterior muscles of TIC-DUX4 mouse model, our lead
constructs led to near to 100% reduction in DUX4 expression. As of this
writing, additional in vivo studies are underway, including testing the
capabilities of our AAV6-delivered CRISPR/Cas13 system to suppress
DUX4 long-term in vivo, and improve histopathological, functional,
and molecular outcomes. This study provides proof of concept for
silencing DUX4 expression using the RNA targeting CRISPR-Cas13b
system and has implications for future FSHD therapy.

86. Long-Term Evaluation of AAV-CRISPR
Genome Editing for Duchenne Muscular
Dystrophy

Christopher Nelson', Yaoying Wu!, Matthew
Gemberling', Matthew Oliver’, Joel D. Bohning,
Jacqueline N. Robinson-Hamm!', Karen Bulaklak’,
Ruth M. Castellanos Rivera?, Joel H. Collier!, Aravind

Asokan', Charles A. Gersbach'
'Duke University, Durham, NC,*University of North Carolina, Chapel Hill, NC

Duchenne muscular dystrophy (DMD) is a debilitating muscle wasting
disease that leads to loss of ambulation in the teen years and cardiac
and respiratory failure in the 30s. DMD is a monogenic disorder and
a candidate for therapeutic genome editing with several recent reports
of adeno associated virus delivery of CRISPR/Cas9 (AAV-CRISPR) in
preclinical models of DMD. However, long-term persistence of gene
correction and safety of AAV-CRISPR is still being addressed. Here,
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AAV-CRISPR was administered intravenously to adult and neonatal
mdx mice harboring a stop codon in exon 23 of Dmd. The smaller Cas9
derived from Staphylococcus aureus (SaCas9) was used to accommodate
AAV packaging limits. Two gRNAs were targeted to intronic regions
flanking exon 23 to excise the region and restore dystrophin protein
expression. Genome editing outcomes at the on-target site were
characterized after 8 weeks or one year with an unbiased, unidirectional
sequencing method. The levels of exon 23 excision were sustained or
improved over one year at the DNA and mRNA level in mice treated
systemically as neonates. In contrast, genome editing levels decreased
in mice treated by intramuscular injection as adults. In systemically
treated neonates, dystrophin protein levels were maintained for one
year as measured by western blot and immunofluorescence histology.
Creatine kinase levels were also improved in these systemically treated
mice, indicating improved muscle membrane stability. Previous
reports have indicated humoral and cellular responses to AAV or
Cas9. We confirmed the presence of antibodies against the AAVS8 or
AAV9 capsid and SaCas9 in all mice treated as adults regardless of the
injection route. However, all mice treated as neonates had no detectable
humoral immune response to either the vector or Cas9. Similarly,
we detected SaCas9-reactive T cells by ELISPOT in all mice treated
as adults, but no response was observed in mice treated as neonates.
Using unbiased unidirectional sequencing of genomic DNA, we found
multiple types of on-target modifications in AAV8-treated neonates
including the intended deletion (14%), indels at a single gRNA target
site (33%), inversions (6%), and AAV genome integrations into the
predicted gRNA cut sites (48%). Analysis of multiple capsids (AAV8
and AAV9), tissues, and injection routes showed the same diversity
of on-target genome modifications with overall levels depending on
the tissue. Transcript variants were detected using the same method
including the intended removal of exon 23, multi-exon skipping,
putative circular RNA formation, and fusions with AAV-derived
sequences. Most of the vector integration at the target site resembled
canonical integration within the inverted terminal repeats (62%)
with the remaining integrations occurring throughout the vector
genome. We also used this approach to map AAV vector integrations
genome-wide, including sites previously identified as AAV integration
sites and at sites with sequence similarity to the gRNA target sites
used in this study. This study further establishes genome editing as a
therapeutically relevant approach for inherited muscle disease with
edited cells and dystrophin protein restoration persisting for one year
in vivo. The treatment was well tolerated with no apparent toxicity
despite an immune response and unintended genome modifications.
This work highlights the potential opportunity to enhance genome
editing outcomes by modulating immune responses and increasing the
efficiency and accuracy of intended on-target genome modifications.
It also underscores the necessity to carefully monitor these issues
throughout preclinical development of genome editing therapies.
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Genome editing represents a promising strategy to correct COL7AI
gene mutations that cause recessive dystrophic epidermolysis bullosa
(RDEB). Previously, we used programmable nucleases that create
double-stranded DNA breaks (DSBs) to repair COL7A1 mutations
through homology-directed repair (HDR) with an exogenous
repair template. Delivery of this template can be cytotoxic and DSBs
induce undesired insertions and deletions (indels) that compete with
desired HDR. To overcome these limitations, we used base editors
(BE), a CRISPR/Cas9-based system that uses naturally occurring or
laboratory-evolved deaminating enzymes to directly convert A>G,
C>T, T>C, or G>A. BE does not lead to significant DSBs, obviates the
need for a repair template, and typically offers higher editing efficiencies
for point mutations than HDR. We used an optimized A>G base editor
(ABEmax) for two RDEB causative nonsense mutations in the COL7A1
gene (Fig 1b). We delivered ABEmax mRNA with minimal toxicity into
primary fibroblasts or induced pluripotent stem cells from two patients
with RDEB, and observed mutation correction rates of up to 50% in
along with concomitant restoration of COL7A1 protein production
(Fig 1c.d). Indel occurrence was minimal, with an observed frequency
of ~2%, consistent with previous studies. Twenty predicted off-target
loci were analyzed by high-throughput sequencing. Treatment with the
one reagent showed no off-target effects, while the second candidate
showed A>G editing at one exonic off-target site at a frequency of
~6% with <0.5% indels (Fig. 1e). Base-edited human fibroblasts were
injected into an immune-deficient mouse model of RDEB, and human
COL7A1-expressing cells were observed in vivo. 3D bioprinting was
used to deposit base-edited fibroblasts in a biopolymer complex that
allowed for significant fibroblast expansion in support of a scalable,
ex vivo approach for skin graft generation. These findings suggest
that an optimized base editing approach may provide an efficient and
precise genome editing method for individualized autologous cell

therapy for RDEB.
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Duchenne muscular dystrophy (DMD) is an X-linked progressive
muscle wasting disorder caused by mutations in the large DMD gene
that lead to early termination of the dystrophin protein, making it
an attractive candidate target for therapeutic gene editing. Due to
the low capacity of post-mitotic muscle cells for homology-directed
repair (HDR), most therapeutic strategies employ reframing or exon
skipping mediated by non-homologous end joining (NHE]) to bypass
mutations that disrupt the DMD open reading frame and produce a
truncated but partially functional dystrophin protein, thereby achieving
the clinically milder phenotype of Becker muscular dystrophy (BMD).
While these methods possess considerable potential for improving
voluntary muscle function, cardiac abnormalities remain common in
BMD and often manifest as cardiomyopathy that becomes lethal. To
treat cardiac muscle degeneration associated with DMD and BMD,
we developed a novel gene correction approach that harnesses AAV-
mediated co-delivery of CRISPR/Cas9 and a homology-independent
targeted integration (HITI) donor to restore full-length dystrophin
expression in human cardiomyocytes (CMs). In this proof-of-concept
study, we first applied HITI to tag the cardiac troponin T locus in
human embryonic stem cell (hESC)-derived CMs with a GFP reporter
and confirmed targeted knock-in by PCR genotyping analysis and
immunocytochemistry. HITI enabled in-frame GFP expression
in approximately 20% of treated hESC-CMs, as quantified by flow
cytometry. We then devised a novel dual-cut HITT strategy to repair
the dystrophin gene in CMs derived from DMD human induced
pluripotent stem cells (hiPSCs) that harbor a deletion of DMD exon
51. Guide RNA pairs were designed to excise and replace exon 50
or 52 with a donor construct containing conjugated exons 50-51 or
51-52, respectively, that drives unidirectional transgene insertion to
yield a complete dystrophin transcript. Site-specific donor integration
was validated by end-point PCR, and correctly spliced dystrophin
transcripts containing the missing exon were detected by RT-PCR
analysis. In ongoing work, we are quantifying gene correction efficiency
via immunocytochemistry and Western blot and further optimizing
gene targeting frequency. Our broadly applicable excise-and-replace
strategy can potentially be utilized to correct various exon deletions
and small mutations in the DMD gene, which together constitute nearly
90% of known genotypes, for functional rescue of both skeletal and
cardiac muscle in DMD.
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The removal of introns and inclusion of selected exons during mRNA
splicing is critical to normal gene function and is often misregulated
in genetic disorders. Technologies that modulate mRNA processing
and exon selection, such as exon skipping approaches, may be used
to study and treat these diseases. Exon skipping aims to restore the
correct reading frame or induce alternative splicing by blocking the
recognition of splicing sequences by the spliceosome, leading to
removal of specific exons along with the adjacent introns. For example,
Duchenne muscular dystrophy (DMD) is typically caused by deletions
of one or more exons from the dystrophin gene, leading to disruption
of the reading frame. Expression of dystrophin protein can be restored
by correcting the reading frame by inducing the exclusion of one or
more additional exons. Studies have shown that by targeting Cas9 to the
splice acceptor of exons, the indels produced during DNA repair can
disrupt the splice site and induce exclusion of the exon. In contrast to
the semi-random indels generated by the conventional CRISPR-Cas9
system, base editing technologies have been developed for the precise
modification of a single base pair without inducing double-stranded
DNA breaks. Base editors can change a C directlytoa T, ora G to A on
the reverse strand, and they have been targeted to both splice donors
“GT” and acceptors “AG” of a variety of exons to modulate mRNA
splicing. We first designed gRNAs to target the base editor systems with
both S. pyogenes- and S. aureus Cas9 proteins to human dystrophin
exons within the hotspot for deletions in the DMD gene between exons
45 and 55. We assayed splice acceptor G>A editing at four dystrophin
exons by plasmid transfection of human HEK293T cells followed by
deep sequencing of the target sites. While some exons showed poor
editing efficiency, we observed that 7-8% of alleles were edited at exon
45, which is the dystrophin exon whose removal could treat the second
largest group of DMD patients (~8%). In order to test the effect of splice
site disruption on exon skipping, we generated a human iPSC line
harboring a deletion of dystrophin exon 44. This pluripotent cell line
models an inherited DMD mutation with a disrupted reading frame
of the DMD gene that is correctable by removal of exon 45. Myogenic
differentiation of this A44 iPSC line by lentiviral transduction of
MyoD cDNA confirms that the mutation ablates dystrophin protein
expression. We delivered the S. pyogenes dCas9-based AncBE4max
and a gRNA cassette to these cells by lentiviral transduction. Deep
sequencing showed that 22% of splice acceptors were disrupted after
12 days. MyoD overexpression in this edited A44 iPSC line followed by
RT-PCR confirmed that splice acceptor base editing results in skipping
of exon 45, which restores the dystrophin reading frame. Future studies
will evaluate the functional impact this single base pair change can
make on the DMD phenotype.
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Muscular dystrophies comprise a group of more than 40 progressive
debilitating diseases of whom most are inherited in an autosomal-
recessive pattern. Compound heterozygous patients with different
mutations on either allele outnumber those with homozygous
mutations, but only few gene editing strategies for compound
heterozygote mutations have been reported. Using limb girdle muscular
dystrophy 2D (LGMD2D) caused by SGCAmutations as a model we
developed a tool box to test gene editing strategies in compound
heterozygous mutations. We isolated primary patient myoblasts,
generated muscle stem cell derived iPS cells, established a protocol for
redifferentiation of iPS cells into muscle cells, and created three mouse
models in which the murine Sgcasequence (exon 1-8) was exchanged
for the human wildtype or mutated SGCAsequences. In these systems,
our measures can uniformly been tested. We designed mutation and
allele specific gRNAs for SGCAc.157G>A and SGCAc.748-2A>G. We
find that allele specific gRNAs cut with high efficiency and that in iPS
cells mutation correction can occur without external template. We
name this “internal-template HDR”, Transfer in our other experimental
models is currently explored and compared with efficacy after
adding external templates. In conclusion, gene editing of compound
heterozygous mutations is possible and good instruments are just
being developed.
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and Physiologic Multiorgan Dysfunction in a
Murine Model of Danon Disease
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Danon disease (DD) is a rare, X-linked autophagic vacuolar myopathy
caused by loss of function mutations in the gene encoding Lysosomal-
Associated Membrane Protein type 2 (LAMP-2), a lysosomal
transmembrane protein essential for autophagy. Penetrance of
disease-causing mutations in DD is high and the cardiac phenotype
is generally severe. Patients develop significant cardiac arrhythmia
and hypertrophy first manifesting in early adolescence. In addition
to heart failure, patients also suffer from liver dysfunction, skeletal
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myopathies, as well as retinal and cognitive impairments. No specific
therapies for the treatment of DD exist and most patients either die
from heart failure or require cardiac transplant by age 30. LAMP-2
has three spliced isoforms (LAMP-2A, B, and C); LAMP-2B is the
predominant isoform expressed in cardiac muscle and is considered
to be critical for autophagosome-lysosome fusion in cardiac myocytes.
Given that cardiac disease is severe in DD patients and that mutations
resulting in isolated LAMP-2B deficiency result in the disorder, this
isoform has been identified as critical in the pathogenesis of the
disease. We evaluated the efficacy of human LAMP-2B gene transfer
with adeno-associated virus 9 (AAV9) in a LAMP-2 KO mouse, a
previously described model of Danon disease. PBS or AAV9 encoding
human LAMP-2B (AAV9.LAMP-2B) at doses of 1x10'3, 5x10, 1x10"
and 2x10'" vg/kg, were intravenously injected into 2 and 6-month-
old LAMP-2 KO male mice and evaluated at 24 weeks and 12 weeks
post-treatment respectively, to assess efficacy in adolescent and adult
phenotypes. Untreated age-matched WT mice were used as controls in
both cohorts. LAMP-2 KO mice that received LAMP-2B gene transfer
showed dose-dependent restoration of human LAMP-2B transcript
and protein levels in heart, liver and skeletal muscle in both cohorts.
Impairment in autophagic flux, shown by an increase in LC3-II levels
and by the accumulation of autophagic structures in LAMP-2 KO
mice, was abrogated by LAMP-2B gene transfer in all three tissues in
both cohorts. Cardiac contraction and relaxation as evaluated by dP/
dt max and dP/dt min was significantly improved in a dose-dependent
manner in the AAV9.LAMP-2B treated LAMP-2 KO mice compared
to PBS injected controls. The increase in transaminase levels (alanine
aminotransferase and alkaline phosphatase) observed in PBS-injected
LAMP-2 KO mice compared to WT control mice was significantly
reduced following LAMP-2B gene transfer, indicating improvement in
liver function. Survival was significantly higher in mice that received
> 1x10" vg/kg dose of the vector. In summary, LAMP-2B gene
transfer improves the principle metabolic and physiologic sequelae as
well as survival in a mouse model of Danon disease. AAV9 has been
previously evaluated safely in human studies; our findings have direct
implications for the development of this gene therapy for patients with
Danon disease.

92. Ancestral AAV Delivery Catalyzes Rapid
and Robust Myocardial Gene Expression
within 72 Hours- A New Frontier for Early
Stage Cardiac Disease
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Introduction: Early stage heart diseases following major coronary
events such as myocardial infarction demand upregulation of pro-
survival genes as soon as possible to salvage myocardium prior to
myocyte death. Adeno-associated virus (AAV), especially serotype 9, is
the de facto selection for the heart. Despite its reliability, AAV9 however
has a delayed time course of expression that does not address very
early disease, stem cell repair, or matrix alteration biology that occur
within 1 week following the cardiac event. Ancestral AAV designed via

Molecular Therapy Vol 27 No 451 April 2019 49



Cardiovascular Gene Therapy

evolutionary selection most recently has promised superior kinetics
relative to standard AAV9. Here, we evaluate ancestral AAV80 (AnC80)
versus AAV9 in an adult rat model. Methods: Six 500gr rats were
divided between AAV9 and AnC80 vector groups, n=3 ea. Rats were
subjected to a thoracotomy to expose the heart, then lell of vector
expressing luciferase was delivered directly into the myocardium
with 3 intramuscular injections at 100 uL each. IVIS imaging was
performed at 1, 3, 7, and 28 days following gene transfer. A separate
parallel arm with the same design was performed with EGFP marker
to quantify protein, vector genome copies and microscopy. Results:
AnC80 vector resulted in rapid, robust cardiac gene expression with
luciferase detection as early as 24 hours, reaching high levels at 72 hours
(FiglA), with none in AAV9 p<0.05. AAV9 did reach significant levels
just after 1 week, and also significantly lagged AnC80 for the remaining
course to 4 weeks (FiglB), all p<0.05. At 4 weeks in the parallel EGFP
groups, AnC80 mediated transfer resulted in much higher total EGFP
protein as compared with AAV9 (FiglC). Cardiac specificity was
confirmed with 20x mag. confocal analysis with > 70% efficiency in
both groups, however AnC80 transduced more whole myocardial cross
section area 60+/-10% versus AAV9 36+/-12% at 4x mag., indicating a
greater degree of myocardial trafficking post injection. QPCR results
for both groups in injected areas demonstrated >1-100 AAV GC/
cell. Conclusion: AnC80 virus offers incredible transduction time
performance (<3 days) in adult myocardium compared to standard
AAV. These vectors have the potential to address the critical need
of rapid expression onset for various early stage survival and repair
mechanisms.
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and Preliminary Efficacy Study Using Low
Frequency Ultrasound in Addition to Adipose
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to Severe Lower Extremity Peripheral Arterial
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Peripheral arterial disease (PAD) afflicts 8 to 10 million patients in US
alone, and 200,000 of them require amputation each year. Perivascular
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delivery of autologous adipose derived stem cells (aADSCs) has been
shown to improve micro-circulation in ischemic tissues; however, one
of the main problems in stem cell therapy is the lack of stem cell (SC)
homing in the targeted area. Research at NIH (Tebebi PA, Sci Rep,
2017) has shown an increase of 5-6 fold SC in ischemic areas by using
low frequency ultrasound (LoFU) after SC injection in rodents (1).
The aim of this pilot study was to assess safety and preliminary efficacy
of ADSCs in combination to LoFU in patients with severe PAD that
exhausted all available clinical non-amputation treatments. Methods:
This is the first in-human, single center, open label, prospective,
randomized study in patients with non-revascularizable moderate or
severe lower extremity PAD with a Rutherford class 3-5. Patients were
randomized 1:1 to one of two groups: ADSCs only and ADSCs + LoFU.
ADSCs were isolated from lipo-aspirates of abdominal subcutaneous
fat. Both groups received ADSCs, injected intra muscularly along the
target vessel path and intra-adventitially proximal to the lesion. In the
LoFU group, LoFU was delivered at 1 MHz frequency in pulse mode (50
LoFU pulses per site) to induce mild focal- inflammation to the targeted
ischemic area prior to ADSC injection. Main endpoints were for safety
and for preliminary efficacy such as change from baseline of Rutherford
classification, six minute walk test (6MWT), ankle brachial index
(ABI), transcutaneous partial oxygenation (TcPO2) by angiosome and
quality of life (EQ- 5D 5L and VascuQol) at 6wks, 3 and 6 months.
Results: A total of 13 patients were screened and 10 patients enrolled.
For safety endpoints, both groups had 0 procedural complications
or investigational product (IP) related adverse events. For efficacy
endpoints: ABI and TcPO2 60% (ADSC n=3) vs 80% (LoFU + ADSC,
n=4) of patients were stabilized at 3 months. For ABI, LoFU group
shows more patients (4/5) improved at 3 month compared to SC only
(3/5). For TcPO2, LoFU group shows more improvement at 3 month
in dTcPO2 (4/5) and sTcPO2 (3/5), compared to 3/5 and 2/5 in SC only
group, respectively. ABI Rutherford, 6MWT and QoL had less decline/
deterioration in both groups. ADSC viability was 91.9% (246 + 38 X10°
cells) and 92.6% (228.2 + 47.4 X10¢cells) for ADSC and ADSC + LoFU
respectively (p=0.4). Discussion: Despite the fact that the patients
enrolled in this study had no other treatment option but amputation,
stem cell treatment particularly when used after ultrasound, is safe
and shows promise stabilizing vascular hemodynamics of the affected
area. Due to the heterogeneous disease process and small sample
size, the results do not show statistical difference between groups for
preliminary efficacy endpoints. However, the LoFU study group showed
slight trending of improvement in Rutherford class, ABI and diastolic
TcPO2. This study utilized a single injection of the IP, repeated doses
may also enhance the benefit of LoFU. Conclusion: Pre-treatment of
LoFU over the affected areas prior to ADSCs treatment of patients
with moderate to severe non-revascularizable PAD is safe and shows
promising beneficial effects in improving the function of compromised
lower extremity vascular systems. Further studies are needed to
expand on efficacy of ultrasound coupled with stem cell therapy. Study
originated by Arbitrage Medical.
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Introduction: Cardiomyocyte hypertrophy enables the heart to
maintain function during increased cardiac load. Although beneficial
on the short-term, persistence of increased load results in detrimental
cardiac remodelling and eventually heart failure (HF). Recent findings
associate cardiomyocyte hypertrophy with increased cell cycle activity.
The classical paradigm proposes that cardiomyocytes proliferate
during fetal life, whereas adult cardiomyocytes are forced to withdraw
permanently from the cell cycle. Recent studies overturned this
traditional belief and show that pathologically stressed cardiomyocytes
re-enter the cell cycle, allowing hypertrophic cell growth. Although
cardiomyocyte hypertrophy and cell cycle activity have been shown to
be associated, the underlying mechanism and regulating factors have
not been identified. Therefore, we first aimed to identify miRNAs able
to regulate cardiomyocyte hypertrophy. Second, we investigated the
mechanism underlying the hypertrophy-regulating function of miR-
125a and modulated its activity in vivo to prevent the development
of HE. Methods: High-throughput screening for miRNAs with a
hypertrophy-regulating function was performed by overexpressing 194
HEF-associated miRNAs in primary cardiomyocytes. Cardiomyocyte
size was determined through immunofluorescence staining and
automated high content imaging. In vitro miRNA modulation was
achieved through transfection of miRNA mimics or inhibitors.
Overexpression of miR-125a in the heart of mice subjected to sham
surgery or transverse aortic constriction (TAC) was performed using
AAV9-mediated gene transfer. Results: Using high-throughput
screening, we identified miR-125a as one of the strongest inducers
of cardiomyocyte growth. Deciphering its role revealed that miR-
125a increases contraction frequency and amplitude, and increases
G1-to-S-phase transition of neonatal cardiomyocytes. Strikingly,
miR-125a overexpression induced hypertrophy accompanied with a
decreased expression of fetal genes, while miRNA inhibition induced
hypertrophy with an up-regulated expression of fetal genes. Silencing
of miR-125a also increased the progression into the G1-phase. In line,
AAV9-mediated overexpression of miR-125a in the adult murine
heart increased the left ventricular ejection fraction of healthy mice
and prevented TAC-mediated cardiac dysfunction, left ventricular
dilatation, and induction of fetal genes. Conclusions: High-throughput
screening identified miR-125a as a potent inducer of hypertrophy. In
cultured neonatal cardiomyocytes, miR-125a controls hypertrophic
growth, fetal gene expression, cell cycle activity, and contraction. In
the adult murine heart, miRNA overexpression increases contractility
and protects against pressure overload induced cardiac remodelling.
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Whether miR-125a inhibition induces pathological remodelling and/or
diminishes physiological hypertrophy in the adult heart will be subject
of further investigations.

95. Preclinical Evaluation of an AAV-Based
Gene Therapy Approach for the Treatment of
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Friedreich ataxia (FRDA) is a rare autosomal recessive ataxia
characterized by a progressive spinocerebellar ataxia and
cardiomyopathy. FRDA results from a GAA repeat expansion within
the first intron of the FXN gene leading to reduced transcription and
residual levels of the encoded protein called frataxin. Frataxin is a
ubiquitously expressed mitochondrial protein involved in the biogenesis
of iron-sulfur clusters, which are essential inorganic prosthetic groups.
In individuals with FRDA, cardiomyopathy represents the main cause
of premature death. Herein, we performed a preclinical evaluation
of an AAV-based gene therapy approach using a conditional mouse
model of the disease that reproduces the cardiac phenotype (FXN MCK
mouse model). AAV containing a cassette for the expression of a HA-
tagged human frataxin was administered intravenously before or after
symptom outset, at varying doses. Longitudinal echocardiography was
performed to assess cardiac function. Molecular analyses, including
HA immunohistochemistry, succinate dehydrogenase (SDH) staining,
vector/genome copy number determination, transgene mRNA and
protein expression, were performed on isolated heart samples. Together,
our data shows that restoring frataxin expression in approximately
50% of cardiomyocytes broadly corrects the molecular and functional
phenotypes of FXN MCK mice and significantly extends survival,
consistent with recently published studies.

96. Optimizing AAV Gene Therapy Strategies
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Barth syndrome (BTHS) is a rare but debilitating and potentially fatal
disease caused by loss-of-function mutations in Tafazzin (TAZ), an
X-linked gene that is critical for proper mitochondrial function. Patients
with BTHS present with symptoms including dilated cardiomyopathy,
skeletal myopathy, neutropenia, and early growth retardation. There
is no targeted therapy for BTHS, although a gene therapy proof-of-
concept study was reported recently in a mouse model with partial TAZ
depletion. Here we characterize a novel Taz knockout mouse model of
BTHS and use it to optimize parameters for TAZ gene therapy. Mice
globally deficient in Taz displayed partial embryonic and neonatal
lethality. The few surviving Taz’" mice exhibited growth retardation,
cardiac dysfunction, decreased motor activity, and shortened life span,
all of which closely resemble BTHS patients. Taz ablation specifically
in cardiac muscle resulted in progressive loss of cardiac contractility
and severe defects in mitochondrial respiration and energy production.
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As a result of gene therapy, neonatal lethality and cardiac dysfunction
were largely rescued with self-complementary AAV expressing full
length human TAZ (scAAV-fITAZ). Standard single-stranded AAV,
or AAV expressing other human TAZ isoforms, were not as effective
as sSCAAV-fITAZ. Remarkably, treatment of adult Taz’* mice with
established cardiac dysfunction not only halted the progression of heart
failure, but also successfully restored cardiac function to normal. These
studies indicate that AAV-based TAZ gene replacement is a promising
therapeutic approach for treating BTHS patients.
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Adeno-associated Virus (AAV) capsids have shown great clinical
potential as gene therapy vectors. However in their natural form
they present several drawbacks that need to be addressed before
they can be applied more broadly, especially the high prevalence of
pre-existing immunity among patients due to prior infection from
related serotypes. Currently, experimental methods for optimizing
AAV capsids for efficient production, low immunogenicity, and
tissue tropism are laborious and costly. The process of generating
synthetic variants stands to benefit enormously if computational
models can predict viral protein functionality before the need for
experimental validation, especially when attempting to generate capsid
sequences that greatly differ from naturally occuring AAV serotypes.
Recently, we reported an unsupervised machine learning approach,
known as a Variational Auto-Encoding (VAE), as a general
method to predict the effects of mutations from evolutionary
data. We tested this technique on several protein families with
rich multiple sequence alignments (MSA) and reported their
results. This is particularly of interest because MSA data is
widely available, and can inexpensively provide a guiding
paradigm to increase the chance of producing functional variants.
In this work, we focused our efforts on generating variants of the AAV2
capsid that are able to successfully package their genomes (we refer to
this as viable) using both evolutionary history and experimental data.
We selected a 28-amino acid window near the heparin binding site,
for which we have collected data previously. The MSA data includes
560 sequences from AAV2-related strains. Our experimental data
consisted of 80,000 variants, generated either at random or based
on a single-site mutation model. We investigated two partitions of
data, and two models: our models included an independent-site
model, as well as a higher-capacity VAE model; our datasets were
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composed of (i) Evolutionary data (ii) Evolutionary data augmented
by 19,000 viable mutants 1-21 mutations from wild-type (WT) AAV2.
Using this hybrid approach of augmenting evolutionary data with
experimentally assayed proteins, we generated 7,500 capsid variants,
and experimentally validated them for packaging. About half of the
mutants generated by the independent-sites model trained on dataset
(ii) are viable, however they closely resemble the original experimental
data. In contrast, only 1% of the mutants generated by a independent-
sites model trained on dataset (i) are viable. The best performing
mutants generated by the VAE are more diverse, with 12% and 16% of
the mutants trained on dataset (i) and (ii), respectively, being viable.
With the same technique we also find a viable variant that is only
similar to wildtype in 3 positions (out of the 28 possible positions).
Our results suggest that VAEs can be trained on evolutionary data to
produce novel engineered AAV capsids at a distances far from naturally
occurring capsids, with higher efficiency than a simple independent-
sites model. Furthermore we demonstrate that when evolutionary
data is sparse, it can be augmented with information from mutational
scans to improve performance. We propose that this approach can
be extended to optimize other viral proteins, as well as other traits of
interest for AAV delivery.

98. Overcoming Transgene-Related
Immunological Confounders in High-
Throughput In Vivo AAV Capsid Screens Using
Barcoded Non-Coding RNAs

Meiyu Xu'?, Jia Li', Jun Xie'?, Ran He?, Qin Su’, Phil
W.. Tai*?, Guangping Gao"***

"Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,*Department of Microbiology and Physiological Systems,
University of Massachusetts Medical School, Worcester, MA,*Viral Vector

Core, University of Massachusetts Medical School, Worcester, MA,*Li Weibo

Institute for Rare Diseases Research, University of Massachusetts Medical School,
Worcester, MA

Recombinant adeno-associated viruses (rAAVs) have become favorable
gene delivery vehicles for expressing therapeutic transgenes. Capsid
engineering efforts to produce novel AAVs that have improved
transduction efficiencies, unique tissue specificities, and reduced host
immunities, are a direct response to the high demand for treatment
needs that preexisting rAAVs cannot currently fulfill. New AAV
capsids ultimately require extensive characterization in relevant in
vivo models. Many capsid screening methodologies are based on the
detection of an index inserted into the 3’-UTR of a reporter gene,
coupled with high-throughput sequencing approaches. Unfortunately,
adaptive immunity to these foreign transgenes in large animal models
may mask the performance of candidate capsids, and can drastically
limit the persistence of tissue transduction and ability to accurately
probe vector durability in those models. This constraint represents a
key challenge for studying cross-species translatability of engineered
capsids. To address the current limitations in screening for capsid
performance in vivo in large animal models, we have developed a
vector and transduction tracking system that employs the indexing
of a non-coding RNA, specifically a barcoded Tough Decoy (bcTuD),
that express highly stable RNA transcripts that can be used as readouts
for transduction efficiency. The pseudo-hairpin structure of the bcTuD
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contains a variable region that is amenable to barcode insertion and can
be detected by target amplicon sequencing. The described approach,
which we have named AAV-bcTuD screening, offers a new alternative
for in vivo assessment of rAAV that can accurately quantify vector
genomes and transcript abundances in tissues, as exampled by our
demonstration in liver and brain infections. We demonstrate that
vector genome and transcript detection in tissues with this method is
accurate and consistent for upwards of four logs of vector concentration
difference in a mixed vector injection, showing that this method is
robust, sensitive, and applicable for multiplexed screening of capsid
performance in vivo. Our novel design of AAV-bcTuD screening
provides a new alternative for AAV in vivo screening that can quantify
relative amounts of vector genomes and transcripts in animal tissues.
Ultimately, this approach will allow better accuracy for assessing
tropism and biodistribution profiles for new capsid designs, particularly
in large animal models where transgene immunity becomes a major
factor that can influence interpretation of transduction data. “Co-
corresponding authors

99. Multiplexed-CREATE Selection Yields
AAV Vectors Targeting Different Cell Types

of the Central Nervous System Following
Systemic Delivery

Sripriya Ravindra Kumar, Xinhong Chen, Benjamin E.
Deverman, David Brown, Tatyana Dobreva, Qin Huang,
Xiaozhe Ding, Yicheng Luo, Petur H. Einarsson, Nick
Goeden, Nicholas Flytzanis, Alon Greenbaum, Viviana
Gradinaru
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Recombinant adeno-associated viral (rAAV) capsids are widely
accepted as safe gene delivery vehicles in research laboratories and in
gene therapy clinical trials and there is potential to further improve
their usage by evolving the surface of the capsids to enhance their
affinity to specific cell-types or tissues after intravenous (IV) delivery.
To this end, we built upon our previous Cre recombination-based AAV
targeted evolution (CREATE) method (Deverman et al, Nat. Biotech.,
2016; Chan et al., Nat. Neurosci., 2017) to develop Multiplexed-
CREATE (M-CREATE). M-CREATE facilitates both positive and
negative selections and minimizes the propagation of biases from
successive rounds of selection via synthetic library generation. In
addition to increasing the confidence in the selections, M-CREATE
enables a detailed characterization of the selection process, improving
our understanding of selection progression and outcome. We applied
M-CREATE to evolve AAV capsids to efficiently target different cell
types of the central nervous system (CNS) after systemic administration,
by performing parallel in vivo selection in different Cre transgenic
mouse lines, such as Tek-Cre (for endothelial cells), GFAP-Cre (for
astrocytes), SNAP25-Cre and Syn-Cre (for neurons). The outcome
of these selections yielded several AAV9 variants targeting CNS cell
types including one with biased tropism towards endothelial cells
and one with greater specificity toward neurons brain-wide. We also
show that M-CREATE minimized the selection bias carried through
the rounds of selection, and detailed characterization of the recovered
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capsid libraries has identified a family of variants that carries recurring
amino acid combinations within the diversified region of the highly
enriched variants. In addition to our efforts on capsid engineering, we
also demonstrate the integration of regulatory elements to expand the
use of engineered capsids to target specific cell types. For instance, the
Ple261 (de Leeuw et al., Mol. Brain, 2016) MiniPromoter can restrict
gene expression to endothelial cells. In summary, the new M-CREATE
methodology is highly versatile, yielding several novel viral capsids for
use in neuroscience and gene therapy related applications.

100. Engineering A Humanized AAV8 Capsid
through lterative Structure-Guided Evolution
L. Patrick Havlik'?, L. Victor Tse?, J. Kennon Smith?,
Kelli A. Klinc?, Daniel Oh', Katherine Simon!, Wenwei
Shao?, Chengwen Li?, Mavis Agbandje-McKenna’,

Aravind Asokan!

'"Duke University, Durham, NC,?University of North Carolina at Chapel Hill,
Chapel Hill, NC,*University of Florida, Gainesville, FL

Recombinant Adeno-Associated Viruses (AAV) are facing an
acceleration in their development as mainstream vectors for human
gene therapy. Innovative approaches that enable “humanization” of
AAV vectors will enable desirable properties such as human tissue
tropism and immune evasion, as well as the possibility of cross-
species compatibility. Several studies to date have demonstrated that
AAV capsids can display transduction and immune profiles that
differ markedly between pre-clinical animal models and clinical
trials. To address this challenge, we utilized iterative structure-guided
evolution to re-engineer the AAV8 capsid, a rhesus macaque isolate,
into a clinical trial ready, humanized AAV vector. Our approach was
guided by cryo-electron microscopy (cryoEM) analysis of AAVS-
antibody complexes and high throughput sequencing analysis of new
AAVS variants that were evolved by iteratively engineering antigenic
footprints on the capsid surface. Our lead synthetic variant, dubbed
AAV hum.8, provides vector yields similar to AAV8 and displays
markedly enhanced transduction of human hepatocytes compared to
parental AAV8 both in vitro (~40 fold) and in a chimeric human liver
xenograft mouse model (FAH-/-) in vivo. Further, the synthetic AAV
hum.8 variant displays a similar transduction profile within the liver
in naive mice, displaying potential for streamlined mouse-to-human
translation. Importantly, AAV hum.8 efficiently evades neutralizing
antibodies from multiple species, including mouse monoclonal
antibodies, pooled human IVIG as well as canine, primate and human
antisera that neutralize conventional AAVS8 vectors. Our approach
draws parallels to monoclonal antibody-based therapeutics, wherein
naturally occurring AAV strains can be humanized for clinical gene
therapy modalities.
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101. Engineered AAVs for Enhanced
Transduction of Submucosal Cells within the
Lung Following Intravenous Delivery
Nick Goeden, Nicholas Flytzanis, Viviana Gradinaru

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

Lung diseases are one of the leading causes of morbidity and
mortality worldwide, highlighting the need for vectors capable of
efficiently transducing cells within the lung. Recent developments
in gene delivery have demonstrated that the use of gene therapies
to treat disease is a realistic and achievable goal. Adeno-associated
viruses (AAVs) have quickly become the vector of choice in both
laboratory and clinical settings due to their strong safety record and
stable expression in vivo, especially when compared to other viruses.
However, the naturally occurring AAVs tend to have severely limited
tropisms in lung tissues, as expression following intranasal delivery
is generally inefficient and restricted to the airway epithelium. One
solution to this obstacle is to utilize a systemically injected AAV in
conjunction with inhalant based delivery to cover a broad population
of cells throughout the lung. Unfortunately, systemic administration
of naturally occurring serotypes fails to traverse through the
endothelium, severely limiting vector coverage within the lung.
To address this need and provide a delivery mechanism targeting
submucosal cells within the lung, we utilized a modified version of
CREATE, a Cre recombination-dependent viral engineering platform
we reported on previously, to evolve a novel variant that elicits robust
and widespread transduction throughout the mouse lung following
intravenous delivery. Quantification shows that systemically injected
AAV9.DT-L transduces submucosal cells at ~15 fold greater efficiency
than AAVY9, and ~30 fold greater than AAV5. Similarly, transduction
of type II pneumocytes is ~30 fold greater then AAV9, and ~60 fold
greater than AAV5, and comprises ~60% of the cells transduced. AAV9.
DT-L provides novel, non-invasive access to widespread populations
within the lung, enabling access to cell types implicated in lung diseases
like pulmonary fibrosis.

102. Engineered AAVS for CNS Transduction
and Peripheral Organ De-Targeting across
Species after Systemic Delivery

Nicholas Flytzanis', Nick Goeden', James Pickel?,

Viviana Gradinaru'
'BBE, California Institute of Technology, Pasadena, CA,’NIMH, National
Institutes of Health, Bethesda, MD

In recent years, we have witnessed the development and clinical use of
gene therapies at an accelerated pace. The option to introduce, silence,
or edit genes greatly increases the therapeutic avenues for a variety of
diseases, with adeno-associated viruses (AAVs) being the vehicle of
choice due to their low immunogenicity, stable expression, and strong
clinical safety record. While the route of delivery has traditionally been
localized, systemic administration via the blood is an option in cases
where direct injection is impractical or widespread cell populations are
affected. However, the naturally occurring AAV serotypes have evolved
to broadly infect tissue, an undesirable characteristic for targeting
therapeutics to distinct cells. To ensure strong enough transduction
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for adequate coverage while minimizing off-target effects, AAV
specificity needs to be tuned according to application. Toward this
purpose, protein engineering allows for the manipulation and screening
of AAV capsids for selectivity toward defined cell-types or tissues.
Utilizing a modified version of CREATE, an AAV evolution strategy
that employs a Cre-dependent capsid recovery selection in transgenic
mice, we engineer diversity in the capsid surface and perform parallel
positive and negative in vivo selections for viral sequences recovered
from tissues of interest and explicitly not recovered from others.
Through this method, we've identified a panel of novel engineered
capsids capable of high levels of production, extremely efficient
transduction of the central nervous system (CNS) after intravenous
delivery, and negligible presence throughout the rest of the body.
Notably, AAV9.DT-N exhibits the highest transduction of neurons in
the brain of any engineered variant to date, with less than 1% of cells
in the liver transduced, a decrease of over 100-fold from AAV9. Most
importantly, these capsids’ ability to efficiently cross the blood-brain
barrier and transduce CNS neurons is not limited to the rodents they
were selected in, having also been validated in non-human primates.

New Advances in Chemical and Physical
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103. Heat Shrinking DNA Nanoparticles for In
Vivo Gene Delivery to the Liver

Nathan A. Delvaux, Basil Mathew, Raghu Ramanathan,
Jacob A. Poliskey, Kevin G. Rice
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University of Iowa, Iowa City, IA

Control over DNA nanoparticle size is essential to achieve targeted
gene delivery to the liver. DNA nanoparticles must possess a diameter
of 100 nm or less to cross fenestrated liver endothelial cells and gain
access to hepatocytes, whereas larger particles remained trapped in the
circulation. We have previously reported the development of a highly
optimized polyacridine PEG-peptide that forms stable 170 nm DNA
nanoparticles that remain transfection competent for up to four hours
when i.v. dosed in mice' . Despite their circulatory stability, these 170
nm DNA nanoparticles are too large to cross fenestrated endothelial
cells. Here we report a simple and efficient method to “heat shrink”
DNA nanoparticles to as low as 70 nm in diameter. Heat shrinking is
accomplished by heating plasmid DNA at 100°C for 10 min to achieve
partial denaturation, followed by the addition of a polyacridine PEG-
peptide prior to cooling. The size of heat shrunken DNA nanoparticles
is controlled by the heating time, temperature, buffer and the amount of
polyacridine PEG-peptide added. The addition of a polyacridine PEG-
peptide results in the conversion of supercoiled DNA to open circular
plasmid DNA. The heat shrinking mechanism involves relieving
plasmid strain by forming single stranded regions with increased
flexibility that fold into smaller particles. Biodistribution analysis
of 70 nm heat shrunken DNA nanoparticles resulted in a rapid and
transient uptake by the liver whereas 170 nm DNA nanoparticle avoid
uptake by the liver. Heat shrunken DNA nanoparticle are transfection
competent when directly hydrodynamically dosed and when allowed
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to circulate in mice for hours. The results demonstrate a completely
novel approach to decrease the DNA nanoparticle size for delivery
to the liver. 1.Kizzire, K.; Khargharia, S.; Rice, K. G., High-affinity
PEGylated polyacridine peptide polyplexes mediate potent in vivo gene
expression. Gene Ther 2013, 20, 407-16. 2.Khargharia, S.; Kizzire, K;
Ericson, M. D.; Baumhover, N.J.; Rice, K. G., PEG length and chemical
linkage controls polyacridine peptide DNA polyplex pharmacokinetics,
biodistribution, metabolic stability and in vivo gene expression. ]
Control Release 2013, 170, 325-33.

104. Engineered Amphiphilic Peptides
Promote Delivery of Protein and CRISPR
Cargo to Airway Epithelia In Vitro and In Vivo
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Efficacious delivery of therapeutic cargo to differentiated airway cells
of the lung has potential to correct or treat many genetic and acquired
diseases, including cystic fibrosis, chronic obstructive pulmonary
disease, asthma and number of infectious diseases. However, efficient
and safe delivery is extremely challenging due to formidable entry
barrier imposed by the specialized and differentiated cells of the
lung. Here, we report a novel and efficient peptide-based method
to deliver protein and CRISPR/Cas nuclease cargoes and provide
evidence of its effectiveness in well-differentiated primary human
airway epithelial cells in vitro and in mouse airway epithelial cells in
vivo. We engineered several soluble amphiphilic peptide transduction
reagents that when combined with a protein of interest enabled their
rapid and efficient delivery without compromising the activity of the
cargo. The peptides are 25 to 41 amino acids long and contain both
positively-charged hydrophilic and hydrophobic sections, in some
cases separated by a glycine-rich linker. These amphiphilic peptides
are non-covalently mixed with the payload to facilitate delivery of
protein-based cargoes without a requirement for multiple incubation
steps or covalent conjugation. GFP protein, when co-incubated with
the peptide reagent, gained rapid and widespread entry into cultured
human well-differentiated ciliated and non-ciliated epithelial cells,
human tracheal tissue explants, and the large and small airway epithelial
cells of mice in vivo. Delivery in vivo was rapid and restricted to lung
as revealed by bioluminescent imaging of mice given luciferase protein
intranasally. When peptide reagents were non-covalently combined
and delivered with CRISPR ribonucleases (SpCas9 or AsCasl2a)
and their respective guide RNAs (ribonucleoproteins-RNPs), we saw
rapid entry of CRISPR cargo and resultant editing at different gene
loci (CFTR and HPRT) in primary well-differentiated human airway
epithelia. To demonstrate in vivo CRISPR/Cas gene editing, we utilized
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two-color fluorescent Cre-reporter ROSA™/™¢ mice. When CRISPR/
Cas9 or CRISPR/Cas12a RNPs targeting the LoxP sites were delivered
with the peptide reagent to mice intranasally, we observed efficient
editing in large and small airway regions as demonstrated by the color
switch from red (tdTomato) to green (GFP) fluorescent expression.
We observed no evidence of short-term toxicity following peptide-
mediated RNP delivery to mouse airways based on bronchoalveolar
lavage fluid cell counts and differentials, and histological analysis of
cytokine mRNA expression at 1 and 7 days post-delivery. Studies are
ongoing to investigate the mechanism of the rapid entry of protein
cargo facilitated by amphiphilic peptides in primary airway epithelia.
This includes entry at 37°C vs 4°C and following exposure to various
inhibitors of endocytosis. This amphiphilic peptide platform provides a
flexible, chemical-, virus-, and DNA-free strategy for the rapid delivery
of protein and CRISPR cargoes to hard-to-transduce airway epithelial
cells and other cell types in vitro and in vivo.

105. Structure-Function Relationships of
Branched Ester-Amine Quadpolymers for Non-
Viral Retinal Gene Therapy

David R. Wilson', Stephany Y. Tzeng', Jikui Shen?,
Bibhudatta Mishra?, Cynthia A. Berlinicke', Jayoung
Kim!, Yuan Rui', Donald ]J. Zack?®, Peter Campochiaro?,
Jordan J. Green!

'Biomedical Engineering, Johns Hopkins University, Baltimore,
MD,?Opthalmology, Johns Hopkins University, Baltimore, MD,*Ophthalmology,
Johns Hopkins University, Baltimore, MD

Introduction: Safe and effective delivery of genes to the retina has the
potential to effectively cure many heritable and acquired retinal diseases
and has long been the focus of much research using adeno-associated
virus. To-date, non-viral delivery of nucleic acids to post-mitotic cells
of the retina has lagged behind advances in adeno associated virus for
delivery. Here, we present the development of branched ester-amine
quadpolymers for delivery of DNA to post-mitotic retinal cells that
achieves safe, effective and persistent expression in vitro and in vivo.
Methods: Branched ester amine quadpolymers composed of four
constituent monomers were synthesized via Michael addition reactions
(Fig. 1A) to yield biodegradable, pH sensitive, cationic polymers
with varying degrees of branching as well as highly defined primary,
secondary and tertiary cationicity. Using post-mitotic retinal pigment
epithelial cell monolayers with high content analysis screening and
confocal microscopy, the delivery efficacy and structure-function
relationships of these polymers was assessed in vitro. A diverse set
of nanoparticles were then assessed for transfection activity in vivo
following injection into rat retinas assessed by histology and anti-
GFP ELISA.
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Fig. 1. A) Synthesis scheme of branched ester amine quadpolymers. B)
High content analysis screening techniques for effective nanoparticle
formulations in human embryonic stem cell derived RPE monolayers.
Cells with constitutive nuclear-GFP expression were transfected
with nanoparticles to express mCherry. C) Confocal microscopy of
RPE cells having internalized nanoparticles carrying fluorescently
labeled plasmid DNA. Lysosome colocalization and nuclear uptake
were quantified. D) Rat retina histology images and quantification
of conformation specific ELISA demonstrate long term expression in
rat retina following injection of nanoparticles carrying plasmid DNA
coding for eGFP. Results: Polymer design and testing in vitro was
iterated using high throughput synthesis and high content imaging
techniques, yielding >2x higher transfection than the top commercial
transfection reagents tested (Fig. 1B). Local optimums for specific
primary, secondary and tertiary amine density as well as hydrophobicity
were identified. Moderately branched amphiphilic polymers were
demonstrated to have improved stability driven by a combination
of increased cationicity and branching structure. Branching further
improved lysosomal avoidance, serum stability assessed by confocal
laser scanning microscopy (Fig. 1C) and polymer efficiency on a
per-mass basis. In contrast, lipophilic polymers were not improved
by branching but did demonstrate improved stability, especially
when combined with stabilizing and helper lipids. Assessment of
materials in vivo following supra-choroidal injection in rats identified
top nanoparticle formulations for translational development (Fig.
1D). Conclusions: Synthetic, biodegradable, branched ester amine
quadpolymers were demonstrated to effectively delivery plasmid DNA
to post-mitotic cells both in vitro and in vivo. Expression in vivo was
demonstrated to persist for at least 1-month post injection.

106. Transcutaneous Ultrasound Mediated
Gene Delivery in Canine Liver

Megan Manson', Feng Zhang'?, Alexander
Novokhodko!, Chun-Yu Chen!, Maura Parker?, Keith
Loeb’, Masaki Kajimoto*, Rainer Storb?, Carol H.
Miao'®

'Center for Immunity and Immunotherapies, Seattle Childrens, Seattle,
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for Integrative Brain Research, Seattle Childrens, Seattle, WA,’Department of
Pediatrics, University of Washington, Seattle, WA

Ultrasound mediated gene delivery (UMGD) in combination with
microbubbles (MBs) has been shown to be an effective method for
non-viral gene delivery. UMGD is an especially promising strategy
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for treating genetic diseases, including Hemophilia A, which causes
a deficiency of functional Factor VIII and inhibits proper execution
of the clotting cascade. Previous studies in our lab showed successful
transfection of swine liver using luciferase reporter plasmids and
a transcutaneous UMGD procedure. In this study, we used the
established transcutaneous UMGD procedure to transfer human factor
VIII plasmid in a canine model. A high-expressing liver-specific human
factor VIII plasmid was injected in combination with RN18 MBs into
the canine liver lobes through a fluoroscopy-guided balloon catheter
inserted into the hepatic vein via jugular vein access. Simultaneously,
transcutaneous therapeutic ultrasound was applied to induce cavitation
in the liver using an eight-minute pulsed US treatment (4.8 MPa, 1.05
MHz, 50 Hz PRF). Blood was collected prior to gene delivery and then
at days one and three followed by weekly time points for four weeks. A
Western blot was performed to examine the presence of human factor
VIIIin the treated animals. ELISA was also carried out to evaluate the
levels of human factor VIII expression and transaminase (AST/ALT)
assays were performed to assess potential liver damage at various time
points following treatment. The Western blot confirmed the presence
of human factor VIII protein in the plasma of treated dogs. ELISA data
showed notable expression of human factor VIII at approximately 9%
of normal plasma levels at day three, followed by lower expression
levels at day seven. We are investigating the formation of species-
specific inhibitor antibodies at later time points. The AST/ALT data
showed minor elevation above normal levels at day one, but these levels
had completely normalized by day three. All the other parameters
from CBC and whole blood chemistry analysis showed little or no
changes from the normal levels over the entire experimental period.
Transcutaneous UMGD of human factor VIII plasmids achieved
successful transfection of liver tissue and produced therapeutic levels
of human factor VIII expression in a canine model. Taken together,
these results show significant promise for a minimally invasive UMGD
as a clinically feasible therapy for Hemophilia.

107. The Balancing Act between Required
Stability and Sufficient Cargo Release: A
Systematic Investigation of the Impact of
Stabilizing Units within pDNA Lipo-Polyplexes
Simone Hager, Ana Krhac Levacic, Philipp Klein, Ernst

Wagner
LMU Munich, Munich, Germany

Appropriate carrier systems are required for effective pDNA delivery,
comprising extracellular protection, efficient cellular uptake and
intracellular release of pDNA. One option is the use of lipo-polyplexes
formed by electrostatic interactions between anionic pDNA and
cationic lipo-oligomers. Solid-phase assisted synthesis presents a
feasible way to create such lipo-oligomers in a sequence-defined
manner. Thereby, functional moieties and their position within the
oligomer can be altered to derive relations between oligomer structure
and polyplex properties. In the current work, the influence of different
structure variations within the lipo-oligomers on stability, transfection
efficiency and toxicity of the resulting polyplexes was investigated. For
this purpose, a library of lipo-oligomers was synthesized, differing in
the chain length of the incorporated saturated fatty acids. In addition,
analogous structures were synthesized without cysteines and with or
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without a bioreducible disulfide building block between the diacyl
domain and the cationic backbone. The findings were as follows:
Shorter fatty acids as well as the lack of cysteines show a destabilizing
effect. Less stability seems to be beneficial for high transfection
efficiency in vitro. However, certain stability is required, so that there
exists a maximum in transfection efficiency for an acyl chain length
of C6 - C10. Structures with cysteines exhibit the best transfection
results, followed by the disulfide block containing ones. Those, lacking
both, show almost no transfection. Longer fatty acids (C14 - C18)
cause toxicity. By incorporation of the redox-sensitive unit, toxicity
can be reduced. As the lipo-oligomers all contain an azide function,
the pre-formed core-polyplexes could be modified with a shell via
orthogonal click-chemistry in a next step. Therefore, two different
ligands for EGFR targeting have been evaluated, bearing one or two
DBCO units as attachment sites. Post-functionalization with the bis-
DBCO agent shows a notable decrease in zeta-potential. Furthermore,
functionalization with the bivalent agent leads to better transfection
efficiency compared to the mono-DBCO agent. Best performer of the
whole study is the lipo-oligomer that contains cysteines and decanoic
acid (C10) and that is post-functionalized with the bis-DBCO agent
for EGFR targeting in Huh7 wt cells.
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108. Characterization of the DNA Nanoparticle
Interactome and Potential Targets that
Enhance Gene Delivery
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Gene therapy has the potential to treat many pulmonary diseases but
gene delivery to the lung has poor efficacy due to rapid degradation
and low cellular uptake. DNA nanoparticles (DNPs) are a non-viral
vector capable of transfecting non-dividing cystic fibrosis (CF)
airway epithelial cells with minimal toxicity in animals and CF
patients. Nevertheless, the lung is difficult to transfect as it has many
extracellular barriers, including blood, mucus, and inflammatory
cells. The DNP compacts DNA with a cationic polymer consisting of
1 L-cysteine and 30 L-lysines conjugated to a 10 kDa PEG. Despite
PEGylation, which aids in circumventing many extracellular barriers,
DNP transfection of cultured primary airway epithelial cells (AECs),
which lack barriers such as inflammatory cells, is less efficient than
viral vectors. This suggests that intracellular barriers are important.
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A significant intracellular barrier are the interactions between the
vector and cellular molecules that inhibit the vector from reaching its
target compartment (e.g. the nucleus for DNA and the ribosome for
RNA). Previous study of DNP biology identified nucleolin as a DNP
interactor that is crucial to cellular uptake and nuclear trafficking.
The glucocorticoid receptor (GCR) interacts with nucleolin and our
group found that GCR activation with cortisone enhanced vector
efficacy 3-4 fold. This evidence highlights the importance of cellular
interactions and supports our hypothesis that defining the DNP
interactome would identify targets that modulate gene transfer.
We used tandem mass spectrometry to identify the DNP interactome
examining immunoprecipitations of DNPs during transfection of
AECs. The biology of the 463 interactome proteins was analyzed
using gene ontology (GO) term enrichment. We found that
interactors have a broad range of molecular functions, with significant
interactors belonging to proteins that bind nucleic acids. Significant
cellular compartments of the interactors localize DNPs to major
organelles, with the ribosome, nucleus, and cytoskeleton being the
most significant. Over half of the interactors can be found in the
nucleus, demonstrating it is where the majority of DNPs localize.
Furthermore, we analyzed the biological processes attributed to
interactors and found that translational, cytoskeletal, transcriptional,
and transport machinery are highly enriched. The GO process
viral transcription was also significantly implicated, consistent
with the presence of SV40 enhancer elements in our vector. The
data suggest that the DNP interfaces not only with transcriptional
machinery but also with other processes, such as translation.
Since nucleolin is essential for transfection, we hypothesized that
interactors which affect nucleolin would modulate gene transfer.
Therefore, we determined which proteins in the DNP interactome
also interact with nucleolin. We found 79 DNP interactors, including
non-erythrocytic spectrin alpha 1 (SPTAN1), adenomatous polyposis
coli (APC), and heat shock protein 90 (HSP90), that interface with
nucleolin. AECs treated with shRNAs that knockdown either SPTAN1
or APC exhibited a 5- or 37-fold increase, respectively, in levels of
transfection by DNPs compacting a luciferase expressing plasmid
compared to scrambled shRNA treated cells. This increase in gene
transfer was significantly greater than that achieved by modulating
GCR with cortisone. Conversely, inhibition of HSP90 by 17AAG
decreased gene transfer by 24% in HeLa cell studies. These results
supported our hypothesis and identified 2 protein targets whose
disruption enhanced gene transfer. Therefore, manipulation of other
DNP interactors is a logical approach to modulating gene delivery.

109. New Clinically Compatible Nanoplexes
for Molecular-Genetic Imaging of Human
Cancers

Hye-Hyun Ahn', Andrew Park', Heng-wen Liu? Yizong
Hu?, Hai-Quan Mao?, Martin G. Pomper’, Il Minn'

'Radiology and Radiological Sciences, Johns Hopkins University, Baltimore,
MD,’Materials Science and Engineering, Johns Hopkins University, Baltimore,

MD,’Biomedical Engineering, Johns Hopkins University, Baltimore, MD

We have previously shown that systemic delivery of a non-viral imaging
vector comprised of a tumor-specific promoter and a reporter enables
efficient visualization of metastatic lesions of human cancer in mouse
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models."? The vectors and non-viral gene delivery carrier (linear
polyethyleneimine, IPEI) used in these studies contain features not
amenable to human use. To develop a clinically compatible molecular-
genetic imaging system, here we created and tested new vectors featured
with a CpG-minimized backbone, a kanamycin resistant gene or RNA-
OUT, and scaffold/matrix attachment regions. We also developed a
scalable flash nanocomplexation (FNC) manufacturing method® for
production of lyophilized, shelf-stable pPDNA/IPEI nanoparticles using
a cGMP grade in vivo-jetPEI with an excellent reproducibility under
quality assurance and quality control standards. These well-defined
pDNA/IPEI nanoparticles delivered systemically were well tolerated
in mice. The Peg-3 promoter (PEG-Prom) was chosen for its tumor-
specific activity in a broad-spectrum of human cancers. PEG-Prom
contains 42 CpG sequences. Mutagenesis studies on each CpG sequence
revealed that the majority of them are essential for maintaining
promoter activity; therefore, the original CpG-containing PEG-Prom
was used for the study. By reducing CpG sites in other parts of the
plasmid construct, one vector pCpGlow-PEG-Prom-fLuc (cfPEG)
given systemically in pDNA/IPEI nanoparticle form revealed the
metastatic lesions in the lung of LL2 and B16/F10 murine tumor models
with enhanced sensitivity compared with pPEG-fLuc (pPEG) (Fig
1A). The pDNA/IPEI nanoparticles prepared with another clinically
compatible vector, pCpGlow-PEG-HSV1tk (ctPEG) successfully
depicted metastatic lesions in multiple tumor models via SPECT/
CT imaging following systemic administration. These nanoparticle
formulated with ctPEG induced significantly lower levels of acute
inflammatory cytokines, IFN-y, TNF-a, and IL-12 when injected
into immunocompetent mice, compared with those induced by the
CpG-rich research grade plasmid, pPEG (Fig 1B). The new clinically
compatible vectors and nanoparticle formulation exhibited promising
characteristics for both efficacy and safety to serve as a plasmid
backbone for clinical translation of the molecular-genetic imaging
system for human cancers. Reference: 1. Bhang, H. E. ef al. Tumor-
specific imaging through progression elevated gene-3 promoter-driven
gene expression. Nat. Med, 2011; 17(1), 123-129. 2. Minn, L et al.
Molecular-genetic imaging of cancer. Adv, Can. Res. 2014; 124:131-
69. 3. J. L. Santos et al., Continuous production of discrete plasmid
DNA-polycation nanoparticles using flash nanocomplexation. Small,
2016; 12(45), 6214-6222. Acknowledgements: This study is partially
supported by a research contract from Cancer Targeting Systems,
Inc. (CTS) and an NTH grant RO1EB018358. The authors thank Chris
Ullman and Christine Carrington of CTS for helpful discussions.
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Figure 1. New clinically compatible exhibited enh d efficacy and safety. (A)

Summary of data from BLI images of non-tumor-bearing NSG mice (Ctl) or NSG mice
carrying lung metastatic lesions of LL/2 and B16/F10 cells. Left graph: CpG-rich research
grade plasmid. Right graph: CpG-low clinical plasmid. Note: vertical scales differ. Each dot
represents the calculated total flux from region of interest of a single mouse. (B)
Inductions of acute inflammatory cytokines were measured 48 h post injection of the
indicated plasmids into immunocompetent mice.
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110. An RNAseq Directed Screening Method
to Identify Genes Modulating Titer in rAAV
Producing Cell Lines

Nicholas John Richards
Cell Line Development, Ultragenyx Gene Therapy, Cambridge, MA

Background: As rAAV gene therapy trials progress from Phase I/II to
Phase III clinical trials and commercialization, it is essential to develop
and establish manufacturing processes that consistently produce large
amounts of vector in a cost-effective manner. At Ultragenyx Gene
Therapy, the HeLaS3 producer cell line system has shown successful
scalability up to 2000L with high yields. To build on this progress,
we are devising approaches to engineer a producer cell line for even
greater yields. An impediment to engineering improved producer
cell lines is the lack of understanding of which genes are essential for,
or detrimental to, high titer production. RNAseq offers a powerful
tool for understanding global gene expression from a range of vector
production. Armed with knowledge of differential gene expression,
one can devise gene augmentation and or gene knockdown strategies
to improve vector yields. Methods: RNAseq was performed on
multiple producer cell lines prior to and during rAAV production to
determine global gene expression under these conditions. Differential
analysis revealed a small gene set with similar magnitude fold changes
conserved across two distinct producer cell lines. RNAseq results were
then confirmed through RT-qPCR of two genes with the largest fold
changes. Additionally, an siRNA knockdown method was established
to analyze the effects of individual genes on productivity. Finally, the
small gene set was put through an siRNA screen to evaluate the effect
of knockdown on rA AV titer compared to a missense control. Results
and Conclusions: A subset of 11 genes was identified as potentially
important for rAAV productivity based on RNA sequencing and
differential analysis. siRNA knockdown of those genes resulted in the
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identification of 4 genes that, when individually silenced, improved
titer 2-4 fold. These results support further utilizing an RNAseq-guided
siRNA knockdown method to identify targets for the purpose of
engineering permanent modifications. Ultimately this work could lead
to the development of improved methods for AAV gene therapy vector
production and of superior cell substrates for high producing cell lines.

111. AAV Gene Transfer with Tandem
Promoter Design Prevents Anti-Transgene
Immunity and Provides Persistent Efficacy in
Neonate Disease Mouse Models

Pasqualina Colella', Pauline Sellier?, Helena Costa-
Verdera?, Francesco Puzzo', Laetitia van Wittenberghe’,
Nicolas Guerchet!, Guillaume Tanniou', Nathalie
Daniele', Bernard Gjata', Severine Charles', Marcelo
Simon-Sola’, Fanny Collaud', Christian Leborgne’,

Federico Mingozzi’

!Genethon, UMR_S951 Inserm, Univ Evry, Université Paris Saclay, EPHE, Evry,
France,”Genethon, UMR_S951 Inserm, Univ Evry, Université Paris Saclay, EPHE,
Evry, France; Sorbonne University and INSERM_U974, Paris, France,’Genethon,
UMR_$951 Inserm, Univ Evry, Université Paris Saclay, EPHE, Evry, France; Spark
Therapeutics, Philadelphia, PA

The ability of achieving therapeutic levels of transgene expression in
multiple affected tissues concomitant with transgene immune tolerance
represents an important goal for the field of in vivo gene therapy with
Adeno-associated virus (AAV) vectors. Hepatocyte-restricted, AAV-
mediated gene transfer is being used to provide sustained, tolerogenic
transgene expression in gene therapy for the treatment of a variety of
diseases caused by protein deficiencies. However, given the episomal
status of the AAV genome, this approach cannot be applied to pediatric
disorders where hepatocyte proliferation may result in significant
loss of therapeutic efficacy over time. In addition, many multi-
systemic diseases require widespread expression of the therapeutic
transgene that when provided with ubiquitous or tissue-specific
non-hepatic promoters often results in anti-transgene immunity.
Here we have developed tandem promoter monocistronic expression
cassettes that, packaged in a single AAV, provide combined hepatic
and extra-hepatic, tissue-specific transgene expression and prevent
anti-transgene immunity. We validated our approach in infantile
Pompe disease, a prototype disease caused by the lack the ubiquitous
enzyme acid-alpha-glucosidase (GAA), presenting multi-systemic
manifestations and detrimental anti-GAA immunity. We showed that
the use of efficient tandem promoters prevents immune responses to
GAA following systemic AAV gene transfer in immunocompetent
Gaa” mice. Then, we demonstrated that neonatal gene therapy with
either AAV8 or AAV9 in Gaa” mice rescued the disease phenotype
whole-body and autophagy block in skeletal muscle only when using
a tandem liver-muscle promoter (LiMP) but not the single muscle-
and hepatocyte-specific promoters. The tandem configuration of the
tissue-specific regulatory elements within LiMP provided synergistic
effects on transgene transcription and high, persistent transgene
expression in muscle tissues. In conclusion, the tandem promoter
design overcomes important limitations of AAV-mediated gene transfer
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and can be beneficial when treating pediatric conditions requiring
persistent multi-systemic transgene expression and prevention of
anti-transgene immunity.

112. Novel AAV1 Mutants for Robust
Transduction of the Central Nervous System
Following Intravenous Injection

Kazuhiro Takahama', Miyuki Kimura', Kei Adachi’,
Gregory A. Dissen?, Hiroyuki Nakai"*?

'Department of Molecular & Medical Genetics, Oregon Health & Science
University, Portland, OR,?Division of Neuroscience, Oregon National Primate
Research Center, Beaverton, OR,’Molecular Microbiology and Immunology,

Oregon Health & Science University, Portland, OR

AAV9 has garnered significant attention as a gene therapy vector for
central nervous system (CNS) disorders due to its superb ability to
cross the blood-brain barrier (BBB) and globally transduce cells in
the CNS following systemic administration. Indeed, we have recently
used AAV Barcode-Seq technology to demonstrate that AAV9 vectors
express more transgene RNA transcripts per DNA vector genome than
many other AAV vectors, including AAV, following intrathecal (IT)
injection into the cisterna magna of non-human primates (rhesus
and cynomolgus macaques). However, the same study found that IT-
injected AAV1 vectors deliver vector genome DNA more efficiently
than AAV9 vectors. This indicates that, by a mechanism that has yet
to be elucidated, AAV1 is superior to AAV9 with respect to delivery
of vector genome DNA into the brain, while vector genome DNA
delivered by AAV9 becomes more transcriptionally active than vector
genome DNA delivered by AAV1. Here, we show that three novel
AAV1-derived mutants whose capsid amino acids are 96-97% identical
to those of AAV1 exhibit AAV9-like robust neuronal transduction
following intravenous (IV) injection in mice. These three mutants,
AAV1.9mt30, AAV1.9mt76 and AAV1.9mt100, carry 21 to 26 amino
acids from the AAV9 capsid at defined positions. We predicted that
novel AAV capsids possessing the advantages of both AAV1 and AAV9
would provide a novel platform for further capsid evolution and the
development of next-generation AAV capsids for CNS gene delivery. In
order to create such novel capsids, we identified seven potential regions
in the AAV9 capsid that confer robust CNS transduction following IV
injection and distinctively slowed blood clearance, and created 127
AAV1-derived mutants with AAV9 grafts. The 127 mutants represent
all possible combinations of the AAV9-derived regions grafted into the
AAV1 capsid. In vivo biological phenotypes (blood clearance rates and
tropism following IV injection) of all 127 mutants, as well as the parental
AAV1and AAV9 serotypes, were then determined by AAV DNA/RNA
Barcode-Seq technology. The RNA Barcode-Seq data analysis revealed
that AAV1.9mt30, mt76, and mt100 transduced the brain much better
than the parental wild-type AAV1 and at levels comparable to that of
AAV9. These three mutants were selected for a downstream validation
study and vectorized with a double-stranded AAV-hSynI-GFP vector
genome. We then injected mice with each vector intravenously at a
dose of 1 x 10" vector genomes (vg), and harvested the brain tissues
six weeks post-injection. Immunofluorescence microscopic analysis
of the brain tissues showed strong GFP expression across the brain
(cortex, hippocampus, caudate putamen, thalamus, hypothalamus and
amygdala). All three mutants showed comparable levels of expression to
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the AAV9 control, while AAV1 vector injection resulted in a very low
level of brain transduction. We also quantified neuronal transduction
by counting the number of GFP positive cells within HuC/D-stained
neuronal cells, which conformed to the AAV Barcode-Seq data. In
summary, we identified novel AAV1-derived mutants that may display
strengths of both AAV1 and AAV9 with respect to CNS transduction.
These AAV mutants are a promising platform for the development of
more robust AAV capsids.

113. Design Principles for AAV Mediated
Circular RNA Expression in the Brain
Trevor J. Gonzalez', Rita Meganck?, Marco Fanous?,

Kate Simon?, Aravind Asokan?
"Molecular Genetics and Microbiology, Duke University, Durham, NC,*Surgery/
Molecular Genetics and Microbiology, Duke University, Durham, NC

Circular RNAs (circRNAs) are covalently closed RNA molecules that
are more stable than their linear counterparts. These molecules are
highly abundant in the mammalian brain, synthesized during neuronal
differentiation and dynamically expressed during development.
Recently, our lab has shown that recombinant adeno-associated viral
(AAV) vectors can be utilized to express translatable circular RNAs
generated by backsplicing. Here, we describe design principles for
highly efficient circularization of RNA transcribed from AAV vector
genomes. Specifically, we have engineered novel circRNA yielding
constructs by manipulating different intronic elements flanking a
split GFP exon and different internal ribosomal entry sites (IRES)
driving translation. In addition to comparing natural and synthetic
intronic elements, we have mapped the expression profile of a panel
of AAV-circRNA vectors at the regional and cellular levels in the
murine brain. We characterize the circular RNA products through a
battery of biochemical and cellular assays demonstrating the versatility
of this new platform. These results contribute to our understanding
of circRNA biogenesis in the brain and reveal the potential for
translational control through different IRES elements in the CNS as
well. This multi-component AAV-circRNA platform has the potential
to enable robust control over tissue-specific and durable expression of
therapeutic transgenes and noncoding RNAs.

114. Cryo-EM, Biophysical and In Vivo Tropism
Analyses of a Novel Adeno-Associated Virus
Capsid Isolated from Human Tissue

Hung-Lun Hsu'?, Alexander Brown'?, Anna Loveland’,
Meiyu Xu'?, Li Luo**, Guangchao Xu'*, Jia Li', Qin Su'?,
Yuquan Wei*, Phillip W.l. Tai*?, Andrei Korostelev?,
Guangping Gao"*>*

"Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,’Department of Microbiology and Physiological Systems,
University of Massachusetts Medical School, Worcester, MA,’RNA Therapeutics
Institute, University of Massachusetts Medical School, Worcester, MA,*State
Key Laboratory of Biotherapy, Sichuan University, Chengdu, China,’Vector
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Core, University of Massachusetts Medical School, Worcester, MA,°Li Weibo
Institute for Rare Diseases Research, University of Massachusetts Medical School,
Worcester, MA

Recombinant adeno-associated viruses (rAAVs) have recently gained a
lot of attention within the human gene therapy field, as safe and reliable
gene delivery vehicles. AAV2 is currently most commonly used in
preclinical and clinical studies. However, AAV2-based drug Luxturna
is the only FDA approved virus-based biotherapeutic, so it is critical
to improve the pharmaceutical properties of AAV. AAV2 is known to
be a “poor producer” for vector production and “underperforms” in
many tissue- and cell-types. We therefore aimed to isolate virus variants
with improved properties, using a library of AAV2 variants isolated
from clinical samples. A variant named AAVv66 emerged as the most
abundant pro-viral capsid variant in a clinical pancreatic neoplasm
sample. The AAVV66 capsid harbors 13 residues that differ from AAV2.
The variant exhibits favorable tropism in the CNS following subcranial
injections. Furthermore, AAVv66 demonstrates better packaging
efficiencies than prototypical AAV2. Using differential scanning
fluorimetry (DSF), we found that the melting temperature of AAVvV66
is ~6°C higher than AAV2 across a pH range spanning pH4 - pH7.
Furthermore, DSF analysis shows that at pH4, AAVvV66 expunges its
vector DNA at higher temperatures than AAV2. We also demonstrate
that AAVv66 confers superior CNS transduction. Cryo-EM structure
at 2.9A resolution reveals structural differences between AAV2 and
AAVV66 at the 3-fold protrusions and at the interface of the 5-fold
axis of symmetry, suggesting that critical residues at these positions
confer improved stability and function for vector transduction. Our
data collectively suggest that AAVv66 is superior to AAV2 in capsid
stability and retaining its genome at low pH environments, likely
contributing to virus stability within late-endosomes and lysosome
compartments. Our work demonstrates that characterizing natural
AAV capsid isolates continues to reveal novel aspects of AAV biology
and may pave the way to improved gene therapy vectors. *Co-first
authors; #Co-corresponding authors.

115. Development of AAV Vectors with the
Potential to Dampen the Host Humoral
Immune Response

Hyung-Joo Kwon', Keyun Qing? Xu-Shan Wang?,
Selvarangan Ponnazhagan®, Arun Srivastava®

'Pediatrics, Hallym University College of Medicine, Chuncheon, Korea, Republic
of,’Pediatrics, University of Florida College of Medicine, Gainesville, FL,’Eli Lilly

& Company, Indianapolis, IN,*Pathology, University of Alabama at Birmingham,
Birmingham, AL,*Pediatrics, University of Florida, Gainesville, FL

Although AAV vectors have taken center stage in the potential gene
therapy of a wide variety of human diseases, the host immune response
to these vectors remains a major challenge. As a consequence, repeat
dosing with AAV vectors is not possible. We previously reported
that a cellular protein, which we designated as the double-stranded
D-sequence-binding protein (dsD-BP), interacts with the D-sequence
in the AAV inverted terminal repeats (ITRs) and plays a crucial role
in AAV DNA replication and encapsidation (J. Virol., 70: 1668-1677,
1996). We subsequently provided evidence that the dsD-BP also binds
to the X-box sequence of the major histocompatibility complex type
II (MHC-II) promoter, and suggested that the dsD-BP might be a
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putative REX transcription factor (Mol. Ther., 1: $190, 2000). Indeed,
RFX1 and RFX3 transcription factors were recently shown to bind to
the AAV D-sequence (Sci. Rep., 8: 210, 2018). In the present studies,
we document that MHC-II promoter-driven expression of a firefly
luciferase reporter gene was strongly inhibited both by X-box and the
D-sequence synthetic oligonucleotides, whereas no inhibition was
observed with non-specific synthetic oligonucleotides. Transgene
expression from a CMV promoter was not inhibited by either the
X-box or the D-sequence oligonucleotides. Furthermore, treatment
with interferon-gamma, known to lead to activation of the MHC-II
promoter, resulted in enhanced transgene expression, which was also
significantly inhibited both by the X-box and the AAV D-sequence
oligonucleotides in human cells in vitro. We have now generated AAV
vectors expressing the EGFP reporter gene under the control the MHC-
II promoter, which should facilitate further in vivo studies designed to
evaluate the extent of transduction of antigen-presenting cells, such as
dendritic cells, B-cells, and macrophages, by AAV vectors. We have also
generated AAV vectors containing the X-box, or the entire MHC-II
promoter sequences. Studies are currently underway to evaluate the
efficacy of these vectors in a murine model in vivo. Taken together,
these studies suggest that the D-sequence-mediated down-regulation
of expression of the MHC-II genes, which may be further augmented
by the inclusion of the X-box or the MHC-II promoter sequences,
might be exploited to dampen the host humoral immune response in
order to make it feasible to achieve repeat dosing with recombinant
AAV serotype vectors.

116. The Potential Role of Surface-Exposed
Tyrosine Residues on AAV Capsids in the
Diminution of Vector Neutralization by Human
Antibodies

Hua Yang'?, Himanshu K. Rambbhai', Frederick J.

Ashby', Chen Ling'?, Keyun Qing', Arun Srivastava'
'Pediatrics, University of Florida College of Medicine, Gainesville, FL,”The 3rd
Xiang-Ya Hospital, Central South University, Changsha, China,’Fudan University,
Shanghai, China

One of the major challenges in the use of AAV vectors for gene
therapy of human diseases is the presence of pre-existing antibodies
that neutralize these vectors. We have described the development of
next generation of AAV vectors in which specific surface-exposed
tyrosine (Y) residues were replaced with phenylalanine (F) residues.
The transduction efficiencies of 3 of these Y-F mutants (Y444F, Y500F,
Y730F) was significantly higher than their WT counterpart (Proc.
Natl. Acad. Sci, USA, 105: 7827-7832,2008). When the 3 most efficient
mutations were combined into one capsid, the resulting triple-mutant
(Y444F+Y500F+ Y730F) vector was ~30-fold more efficient than its
WT counterpart (Mol. Ther., 18: 2048-2056, 2010). Furthermore, this
triple-mutant AAV?2 vector was shown to minimizes in vivo targeting
of transduced human hepatocytes by capsid-specific CD8" T cells
(Blood, 121: 2224-2233, 2013). In the present studies, we wished to
evaluate whether the Y444F+Y500F+Y730F triple-mutant (TM)
AAV?2 vector was also capable of escaping neutralization by pooled
human intravenous immunoglobulins (IVIG). To this end, both WT
and TM scAAV2-EGFP vectors were pre-incubated with PBS, or
with 10-fold serial dilutions of pooled human IVIG (Privigen), and
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used to transduce HeLa cells in triplicates under identical conditions.
Transgene expression was determined by flow cytometry 72 hrs post-
transduction. The results indicated that both WT and TM AAV2
vectors were completely neutralized at a conc. of 1 mg/ml of IVIG.
This was perhaps not unexpected given that ~90% of humans are
sero-positive for anti-AAV2 antibodies, and thus, the pooled IVIG
would be expected to have significant levels of anti-AAV2 antibodies.
We next extended these studies to include the WT AAV6 and a
Y705+731F+T492V+K531R quadruple mutant (QM) AAV6 vectors.
Again, both WT and QM AAV6 vectors were pre-incubated with PBS,
or with 10-fold serial dilutions of pooled human IVIG, and used to
transduce human K562 cells in triplicates under identical conditions.
Transgene expression was determined by flow cytometry 72 hrs post-
transduction as described above. The results indicated that whereas
100% of the WT AAV6 vectors were neutralized at a conc. of 1 mg/
ml of IVIG, only ~25% of the QM AAV6 vectors were neutralized at
the same IVIG conc. These results are remarkably similar to those
reported in a recent publication (Mol. Ther. Meth. Clin. Dev., 9: 323-
329, 2018) in which ~80% of a F129L+Y445F+ Y731F triple-mutant
AAV6 vector was shown to be resistant to neutralization by 1 mg/
ml of IVIG, whereas only ~3% of the WT AAV6 vector was resistant
under identical conditions, albeit in HeLa cells. These observations
have led to the hypothesis that specific surface-exposed Y residues
may be a critical part of antigenic epitopes on AAV capsids. Additional
studies are currently underway with WT and various permutations
and combinations of specific surface-exposed amino acids on other
clinically-relevant AAV serotype vectors, such as AAV3, AAVS,
and AAV9Y, to further corroborate this hypothesis, which would be
instrumental in the development of novel AAV serotype vectors capable
of evading neutralization by pre-existing human antibodies.
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117. Tunable IFNa-Based Gene Therapy
Inhibits Glioblastoma Multiforme Growth in a
New Syngeneic Mouse Model

Filippo Birocchi'?, Melania Cusimano', Anna
Ranghetti', Tiziano Di Tomaso’, Barbara Costa’, Peter

Angel’, Nadia Coltella*!, Luigi Naldini*"?

'SR-TIGET: San Raffaele Telethon Institute for Gene Therapy, Milano,
Italy,?UNISR: Vita-Salute San Raffaele University, Milan, Italy, Milano,
Italy,’German Cancer Research Center (DKFZ), Heidelberg, Germany

Efficient and targeted delivery of cancer biotherapeutics to the tumor
may achieve substantial benefits with limited side effects. Our group
previously showed that is possible to exploit a population of tumor
associated macrophages (TEM, Tie2 expressing macrophages) to
deliver interferon alpha (IFNa) to tumors through a cell and gene
therapy approach. Transplant of hematopoietic stem cells (HSPCs)
transduced with lentiviral vector expressing IFNa under the control of
Tie2 enhancer/promoter induces TEM-specific release of the cytokine
in the tumor microenvironment (TME), reprogramming it towards
a pro-inflammatory state. This is particularly relevant in the case of
poorly immune infiltrated tumors, in which a strong immunoppressive
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microenvironment counteracts a possible immune response against
cancer cells. In this contest, glioblastoma multiforme (GBM) represents
a prototypical example of “cold tumor” with extremely poor prognosis
despite available standard therapies. The strong immunosuppressive
state of the GBM microenvironment, in addition with its highly
vascularized phenotype, makes GBM a suitable candidate for testing
our Tie2-dependent IFNa gene therapy strategy. We took advantage of a
novel orthotopic model of mouse GBM growing in immunocompetent
mice, closely recapitulating several features of the human pathology.
Upon GBM challenge, mice transplanted with HSPCs transduced with
Tie2-IFNa showed remarkable tumor inhibition and improved survival.
Notably, a fraction of treated mice efficiently cleared tumor cells. To
further improve our platform we developed an inducible strategy to
control the timing and amount of IFNa secreted in the TME. By fusing
a destabilizing domain (DD) to a protein of interest (POI) the former
confers instability to the latter. Destabilization can be rescued in a
reversible and dose dependent manner with the addition of a small
molecule specifically binding to the DD. We have designed and in vitro
tested different fusion proteins of IFNa and the destabilizing domain
DHER with or without the addition of flexible or cleavable linkers and
selected them for their capacity to be stabilized in presence of their
specific ligand (Trimethoprim) in vitro. Through this approach, we
have identified effective fusion proteins with low basal activity and
high fold induction upon ligand treatment. These novel regulated
forms of IFNa are functional in vitro and their specific activities are
comparable to the wild type form. To validate our inducible strategy in
vivo we transplanted mice with HSPC transduced with our best DD-
IFNa candidate selected in vitro and challenged them with GBM. 14
days upon GBM injection, magnetic resonance (MRI) analysis showed
comparable tumor growth in control and DD-IFNa transplanted
mice. We then started Trimethoprim treatment and followed GBM
growth overtime. DD-IFNa treated mice showed strong tumor growth
inhibition, and overall improved survival compared to controls, up
to full tumor clearance in a fraction of mice. These data indicate that
DD-IFNa-based strategy may represent an effective cell and gene
therapy approach for GBM treatment. Moreover, the possibility to
turn on and off the release of the cytokine allows to best tune delivery
to the clinical setting and explore synergy with chemotherapeutic or
immunomodulatory drugs. *Co-senior authorship

118. High Avidity T Cell Receptors Redirect
Natural Killer T Cell Specificity While
Outcompeting the Endogenous Invariant Chain
T Cell Receptor

Elisa Landoni', Christof C. Smith', Benjamin Vincent',
Leonid S. Metelitsa?, Gianpietro Dotti!, Barbara

Savoldo!

'Lineberger Cancer Center, University Of North Carolina, Chapel Hill,
NC,*Department of Pediatrics, Baylor College of Medicine, Houston, TX

TCR gene transfer represents a promising immunotherapeutic approach
for redirecting T cells targeting to intracellular antigens. However,
two major limitations remain when using T cells: the potential for
autoreactivity, if the transgenic TCR chains pair with the endogenous
chains, and the occurrence of Graft versus Host Disease in the allogenic
setting, as functional native TCRs are retained. To reduce the risk for
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TCR-chains mispairing and cross-reactivity we hypothesized that NKTs
would be a more appropriate platform for TCR engineering. NKTs are
indeed a conserved sub-lineage of T cells restricted to the monomorphic
CD1d molecule by their invariant TCR (iTCR), consisting of the
Va24Jal8 chain paired with a limited repertoire of TCRp chains.
From ten healthy donors, we isolated, expanded and transduced NKTs
with an HLA-A2-restricted Tyrosinase-TCR (TyrTCR, J Imm 2010;
184: 5988). TyrTCR was expressed by 76+£8% NKTs (TyrTCR-NKTs)
and stable for the 19-days culture period. Unexpectedly, 41+18%
of TyrTCR-NKTs downregulated the iTCR, generating 3 distinct
subsets: iTCR-TyrTCR+(44+15%), iTCR+TyrTCR+(34+11%) and
iTCR+TyrTCR-(19+11%). Confocal microscopy analyses showed that
the iTCR was retained in the cytoplasm of iTCR-TyrTCR+NKTs as
the ectopic TCR outcompeted the endogenous one for binding to the
CD3 complex. Indeed, the percentage of iTCR+TyrTCR+significantly
increased after overexpression of the CD3 complex (p=0.0001). While
neither CD4 or CD8 expression, nor the TCR V[ repertoire correlated
with the iTCR displacement, the mRNAs of the ectopic TCR chains
were overexpressed as compared to the endogenous iTCR, with higher
transcript numbers dictating which receptor was expressed on the
cell surface. Irrespective of the iTCR downregulation, TyrTCR-NKTs
efficiently lysed Tyr-peptide loaded HLA-A2+ targets and eliminated
HLA-A2+Tyr+ melanoma cell lines in vitro (Table 1).

N M14 wt SK-MEL- M14
TyrTCR-NKTs C8161A2 Tyr A2 Tyr SA2Tyr A2A2Tyr
Cr-release (% specific
lysis, 40:1 E:T) 20+7 22+10 91+5 87+5
0,
Coculture (% of 885 7747 142 242
residual tumors)

Killing activity of TyrTCR*NKTs was paralleled by significant IFNg
production. No killing nor IFNg release occurred for non-transduced
NKTs. More importantly, TyrTCR-NKTs controlled tumor growth in
vivo in two (subcutaneous and systemic) melanoma xenograft mouse
models, producing improved overall survival (p<0.0001) without toxic
effects. In contrast 60% of TyrTCR-Ts treated mice developed lethal
graft versus mouse disease. We finally validated the NKTs platform
using the low functional avidity MART-1 TCR (J Imm 2010; 184:
5988). TyrTCR and MART-1TCR showed similar functionality when
expressed in CD8* T cells, but not in NKTs, with MART-1TCR-NKTs
producing inferior IFNg and tumor elimination against HLA-A2*Tyr*
targets as compared to TyrTCR-NKTs. Overall our data show that, as
compared to T cells, NKTs represent an advantageous platform for the
expression of TCR as they do not require further gene manipulation to
down modulate endogenous TCR chains. Our study also suggests that
the intrinsic functional avidity of the TCR may be critical to redirect
NKTs via HLA class I restricted TCRs.
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119. LAG-3, but Not Tim-3, Disruption in TCR
Gene Edited Human Memory Stem T Cells
Enhance the Anti Tumor Activity Against
Multiple Myeloma

Beatrice C. Cianciotti', Barbara Camisa', Alessia
Potenza', Zulma Magnani', Valentina Vavassori?,
Luigi Naldini’, Fabio Ciceri*, Pietro Genovese’, Eliana

Ruggiero®, Chiara Bonini®

'"Experimental Hematology Unit, San Raffaele Scientific Institute, Milan,
Italy,’Division of Regenerative Medicine, Stem Cell and Gene Therapy, Telethon
Institute for Cell and Gene Therapy-San Raffaele Scientific Institute, Milan,
Italy,*Telethon Institute for Cell and Gene Therapy, Milan, Italy,*Bone Marrow
Transplantation Unit, San Raffaele Scientific Institute, Milan, Italy,’Division of
Regenerative Medicine, Stem Cell and Gene Therapy, Telethon Institute for cell
and gene therapy-San Raffaele Scientific Institute, Milan, Italy,’Experimental
Hematology Unit, San Raffaele Scientific Institute-Universita Vita-Salute San
Raffaele, Milan, Italy

Chronically stimulated lymphocytes infiltrating solid and hematological
tumors highly express several inhibitory molecules, such as PD-1,
CTLA-4, Lag-3 and Tim-3. Cancer cells up-regulate the ligands of
these inhibitory molecules and foster inhibitory pathways in T cells,
thus exploiting loss of effector functions of exhausted cells to evade
immune attack. The blockade of the interaction between inhibitory
receptors (IRs) on T cells and the ligands expressed by tumor cells
with monoclonal antibody (e.g. anti-CTLA-4, anti-PD-1) have shown
promising results in clinical trials for the treatment of several solid
tumors. However, autoimmune-related adverse events often occur
after immune checkpoint blockade, mainly due to the effect of these
molecules on the entire T cell repertoire, rather than on tumor-
specific T cells. These observations advocate us to develope a strategy
to simultaneously redirect T cell specificity by TCR gene editing
and permanently disrupt IRs by CRISPR/Cas9 system in long-living
memory stem T cells (T,,,) for adoptive cell therapy. Primary T cells
were activated with CD3/CD28-conjugated beads and cultured with
low doses of IL7 and IL15, to preserve their T phenotype, and
electroporated with CRISPR/Cas9 targeting a coding sequence of
TIM-3, LAG3, and of the TCR a and B chain constant region (TRAC
and TRBC1/2) genes. The efficiencies of NHE]-mediated inactivation of
each gene were assessed by flow cytometry and confirmed at molecular
level by ddPCR. To avoid mispairing between the endogenous TCR
and the tumor-specific TCR, we simultaneously inactivated TRAC and
TRBC1/2 genes. Efficiency of TRAC and/or TRBC1/2 gene disruption
was 98%. TCR-disrupted cells could be efficiently (70-85%) transduced
with a lentiviral vector encoding for TCR specific for an HLA-A2
restricted peptide from NY-ESO1 (LV-NY-ESO-1). We then combined
the TCR gene editing protocol with Tim-3 and LAG-3 disruptions
within a multiplexing approach. We obtained very high frequencies of
gene disruption, with a median of 76% of TCR/Lag-3-disrupted and
96% of TCR/Tim-3-disrupted T cells. We transduced TCR™s-IR™¢ T
cells with the LV-NY-ESO-1 and obtained a median of 65% of TCR-
edited/LAG-3"¢ cells and 57% of TCR-edited/Tim-3"¢cells. More than
90% of edited cells maintained an early differentiated T, phenotype.
We compared our TCR-edited-TR™#? cells in vitro and in vivo against
multiple myeloma. In co-colture assays, both TCR/LAG3-disrupted and
TCR/Tim-3-disrupted T, cells proved highly effective and specific
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in killing HLA-A2* NY-ESO1* multiple myeloma cells. When tested
in immunodeficient mice, limiting doses of TCR-edited-LAG-3"¢
lymphocytes, but not TCR-edited-Tim-3"¢, displayed a significantly
enhanced anti-tumor activity compared to TCR-edited-IR-competent
cells. In conclusion, by combining the versatility of multiplex gene
editing by CRISPR/Cas9 with culture conditions designed to engineer
T, cells, we can generate innovative tumor-specific cellular products
redirected against tumor antigens and resistant to inhibitory signals.

120. Targeting the Tumour Vasculature with
CAR T-Cells for Treatment of Solid Tumours
Rosalba Camicia!, Carolina P. Ricardo!, Juan M.
Sanchez-Nieto!, Roman Labbe', Andrea Keogh',
Luciana Gargiulo’, Juan J. Guijarro-Leach’, Katharine
Whitworth?, Joe Robinson? Xiaodong Zhuang?,
Elizabeth Jinx? Jonas Bystrom? Maria Sharif?,
Zsuzsanna Nagy?, Julie Tordo’, Ryan Mccoy', Michaela
Sharpe', Robert Kallmeier', Roy Bicknell?, Steven Lee?,
Mustafa M. Munye'

'Industrialisation, Cell and Gene Therapy Catapult, London, United
Kingdom,’Institute of Immunology and Immunotherapy, University of
Birmingham, Birmingham, United Kingdom,’Nuffield Department of Medicine,
University of Oxford, Oxford, United Kingdom

CAR-T cells have shown remarkable efficacy in haematological
malignancies but their use in solid tumours has produced less
encouraging results. Both the tumour microenvironment and the
difficulty in identifying specific target antigens on solid tumours remain
key challenges. An alternative therapeutic approach is to target the
tumour vasculature rather than the malignant cells directly. We have
shown Clec14a, a cell surface protein involved in angiogenesis, to be
upregulated in the vasculature of a range of solid tumours (e.g. ovarian,
liver, bladder, prostate, and breast). In contrast, expression in healthy
tissues was low or undetectable. We hypothesised that a functional
Clecl4a-targeted CAR-T cell therapy can act as a vascular disruptive
agent causing haemorrhagic necrosis and tumour bulk reduction,
which in turn may open further treatment options. The majority of
CAR-T cells administered in the clinic have been transduced with
a lentiviral or gamma-retroviral vector to permanently express a
specific CAR. An alternative approach is electroporation of mRNA
to generate transient CAR-T cells which has been shown to elicit
an anti-tumour effect in patients with transient persistence of the
CAR-T cells. This is an attractive approach to provide additional
safety in the clinic, minimising risk of CRS, whilst bypassing the need
for ‘suicide gene” induction systems. Electroporation of mRNA into
T-cells is also being used for delivery of gene editing components to
generate off-the-shelf CAR-T cells. A robust manufacturing process for
electroporation of mRNA into T-cells is therefore of broad interest with
wide applicability in the CAR-T cell field. Towards a clinical trial we
have developed a robust, automated and closed manufacturing process
for the generation of mRNA-based Clecl4a-targeted CAR-T cells
utilising an integrated system for T-cell isolation from leukapheresis
material, mRNA electroporation and cryoformulation. Following
optimisation of transfection parameters we reproducibly achieved 77-
98% transfection efficiency (CAR positive) and 80-90% cell viability
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in a range of donors. Importantly, T-cell activation was not required
enabling a 3-day manufacturing process significantly reducing COGs
and time to intervention. In an impedance based killing assay mRNA
CAR-T cells from this process were as potent as gamma-retrovirally
transduced CAR-T cells with antigen specific activation and T-cell
mediated killing seen within 4-hours of exposure to target cells. We
found in mice Clecl4a-targeted CAR-T cells resulted in a 50-60%
reduction in tumour burden, significant reduction in the vasculature
of the tumour and loss of Clec14a-expressing vessels in three different
solid tumour models, including spontaneous (RIP-Tag2 - beta cell
adenomas), orthotopic (pancreatic ductal adenocarcinoma) and
syngeneic transplantable (Lewis lung carcinoma) tumours. Large doses
(up to 15 million cells per mouse) of Clec14a-targeted mouse CAR-T
cells have been infused into over 200 mice without any signs of toxicity.
Histopathology studies have also found no evidence of toxicity, and
there has been no evidence of selective targeting of these CAR-T cells
to healthy tissues such as the lung or liver.

121. Rejection-Resistant Off-The-Shelf T Cells
for Adoptive Cell Therapy

Feiyan Mo"?, Madhuwanti Srinivasan'?, Royce Ma'?,
Tyler S. Smith"?, Mary K. McKenna'?, Erden Atilla'?,
Pinar Ataca Atilla'?, Helen E. Heslop'?, Malcolm K.

Brenner'?, Maksim Mamonkin®?
'Center for Cell and Gene Therapy, Baylor College of Medicine, Houston,
TX,?Texas Children’s Hospital, Houston, TX

‘Off-the-shelf’ (OTS) therapeutic T cell products pre-manufactured
from healthy donors would be a readily available and less expensive
alternative to autologous products with similar therapeutic potency. A
major obstacle preventing successful development of OTS therapies is
immune rejection by host T- and NK-cells before benefit is produced.
Here, we engineered rejection-resistant OTS T cells that recognize and
selectively eliminate activated alloreactive lymphocytes while retaining
desired anti-tumor activity. We showed that primed and activated
alloreactive lymphocytes transiently upregulate a costimulatory
receptor 4-1BB on the cell surface. T cells expressing a 4-1BB-specific
alloimmune defense receptor (ADR) specifically eliminated freshly
activated T- and NK-cells while sparing resting lymphocytes. Using
this mechanism, ADR-expressing T cells suppressed alloimmune
activation and resisted immune rejection by T- and NK-cells in a
mixed lymphocyte reaction (MLR) model in vitro. In an in vivo
model of allogeneic rejection, NSG mice pre-engrafted with human
PBMC:s rejected adoptively transferred allogeneic T cells within 7 days.
In contrast, ADR-expressing T cells were protected from immune
rejection and, despite the presence of allogeneic PBMCs, were able to
persist in the circulation for >7 weeks. We further demonstrated that
T cells co-expressing the ADR and a CD19 chimeric antigen receptor
(CAR) retained undiminished anti-tumor activity through the CAR
in vitro and in vivo. We established a mouse model of allogeneic cell
therapy in which NSG mice were simultaneously engrafted with
systemic CD19* leukemia and human T cells. In this model, subsequent
adoptive transfer of unmodified allogeneic CD19 CAR T cells generated
from an HLA mismatched donor produced only transient anti-tumor
activity, as the CAR T cells were rejected by pre-engrafted allogeneic
T cells within 7-10 days, leading to fatal leukemia relapse. In contrast,
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T cells co-expressing both CD19 CAR and ADR were protected from
immune rejection, resulting in long-term persistence (>9 weeks) and
durable leukemia eradication in most animals. In subsequent studies
using this model, we co-expressed ADR and the CD19 CARin T cells
that had been TCR-edited to ablate their capacity to induce GvHD.
These OTS TCR™CD19 CAR T cells were equally well protected from
immune rejection, enabling long-term anti-tumor activity and mouse
survival (CR>85% with CAR-ADR T cells vs 0% with CAR only T
cells). Thus, we have developed an OTS CAR T cell product that retains
uninhibited anti-tumor activity and resists allogeneic rejection from the
host immune system in vivo. These data support the efficacy of ADR
as a first-in-class engineered receptor suppressing immune rejection
and demonstrate the feasibility of using ADR to generate highly potent
OTS CAR-T cell products with the potential to produce long-term
therapeutic benefit even in immunocompetent recipients.

122. A Novel Approach to Targeting NKG2D
Ligands Using Engineered T cells Expressing
Dimerizing Agent Regulated Immunoreceptor
Complexes (DARIC)

Wai-Hang Leung, Unja Martin, Dong Xia, Anne-Rachel
Krostag, JayLee Johnson, Jordan Jarjour, Alexander

Astrakhan
Research, bluebird bio, Seattle, WA

Natural killer group 2D (NKG2D) ligands (NKG2DL) are widely
expressed in cancers, and thus may be attractive targets for chimeric
antigen receptor (CAR) T cell immunotherapy. However, certain
characteristics of NKG2DL expression may compromise traditional
CAR designs, specifically: (i) defects in ex vivo CAR T cell expansion
due to expression on activated T cells; (ii) enhanced risk of normal
tissue reactivity; and (iii) progressive T cell exhaustion due to persistent
antigen exposure. Early data from NKG2D-CAR T cell clinical trials
have demonstrated a promising safety profile with evidence of some
clinical responses. However, the accompanying pharmacokinetic data
indicating short persistence in vivo are consistent with concerns that
one or more of the above factors may be limiting their potential efficacy.
We have developed a dimerizing agent regulated immunoreceptor
complex (DARIC) to overcome limitations of constitutively responsive
CAR designs. The DARIC system separates the targeting and signaling
functions of a CAR molecule into two distinct polypeptides that
incorporate FKPB12 and FRB domains for conditional dimerization
in the presence of rapamycin. Here, we describe NKG2D-DARIC
T cells that exhibit normal ex vivo T cell expansion and enhanced
functional activity relative to NKG2D-CAR T cells. We systematically
characterized NKG2D-DARIC and standard NKG2D-CAR T cells
alongside control epidermal growth factor receptor (EGFR) targeting
CART cells. We observed comparable ex vivo expansion of the EGFR-
CAR T cells and the NKG2D-DARIC T cells over time, whereas the
NKG2D-CAR T cells had a 6-fold reduced expansion compared to
control and NKG2D-DARIC samples. Moreover, NKG2D-CAR T
cells were strongly lineage skewed, with nearly all the cells becoming
CD8+ at the conclusion of the expansion period. This phenotype was
not observed for any other samples. We next characterized functional
responses by monitoring cytokine secretion and cytotoxicity during T
cell co-culture with the A549 lung adenocarcinoma line that expresses
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both NKG2D and EGEFR ligands. As expected, the EGFR-CAR T
cells and NKG2D-CAR T cells constitutively produced inflammatory
cytokines during tumor co-culture, while the NKG2D-DARIC T cells
responded only under conditions of rapamycin-induced dimerization.
Notably, the NKG2D-CAR T cells produced considerably lower
levels of cytokines compared to NKG2D-DARIC and EGFR-CAR
T cells. An additional feature of the DARIC architecture is the facile
incorporation of additional signaling componentry in parallel with
traditional CAR endodomains. We evaluated a panel of additional
costimulatory molecules and determined that intracellular domains
derived from OX40 or tumor necrosis factor receptor 2 (TNFR2)
could be incorporated into the NKG2D-DARIC T cells without
significantly impacting ex vivo T cell expansion or phenotype.
Moreover, each of these domains greatly enhanced cytokine responses
and, surprisingly, the TNFR2 domain had the property of eliminating
the minor immunosuppressive impact that rapamycin treatment has
in comparison with the non-immunosuppressive rapamycin analog
AP21967. Taken together, these findings support the development
of the NKG2D-DARIC T cells as a regulated, potent, and adaptable
platform that addresses several of the complexities inherent to the
targeting of NKG2D ligands and may enable the broad application of
this target in solid and liquid tumor indications.

123. Exploiting Clonal Tracking of WT1-
Specific T Cells to Generate a Library of
Tumor-Specific T Cell Receptors (TCR), for
TCR Gene Editing of Acute Leukemia

Eliana Ruggiero', Zulma Magnani', Erica Carnevale',
Lorena Stasi', Beatrice Claudia Cianciotti', Michela
Tassara?, Birgit Schultes’, Adel Nada’, Mark McKee’,
Andrew Schiermeier?, Fabio Ciceri*, Chiara Bonini'®

'Experimental Hematology Unit, San Raffaele Scientific Institute, Milan,

Italy, Immunohematology and Transfusion Medicine, San Raffaele Scientific
Institute, Milan, Italy,’Intellia Therapeutics, Inc., Cambridge, MA,*Hematology
and Bone Marrow Transplantation Unit, San Raffaele Scientific Institute, Milan,

Italy,’Vita Salute San Raffaele University, Milan, Italy

Recent encouraging clinical results obtained with engineered T
lymphocytes have opened new opportunities for adoptive T cell
therapy for cancer. Unfortunately, two main issues are still present:
the difficulty in identifying appropriate tumor-specific antigens, and
the limited number of high avidity T cell receptors (TCRs) against
shared oncogenic antigens. Here, we aim at the identification of a
panel of novel tumor-specific TCRs, to be exploited by TCR gene
transfer and TCR gene editing. We focused on Wilms’ Tumor 1
(WT1), a tumor-associated antigen widely expressed on a variety of
hematological and solid tumors, elected as a high priority antigen by
the National Cancer Institute (NCI). We designed and implemented
an innovative protocol for the rapid isolation of WT1-specific T
cells and for the characterization of a library of tumor-specific TCRs
restricted to different human leukocyte antigen (HLA) alleles. We
repetitively stimulated T cells from healthy donors (HDs) with
autologous antigen-presenting cells, including immortalized B cells,
pulsed with overlapping peptides spanning the entire WT1 protein. T
cell recognition was assessed by flow cytometry in terms of CD107a
expression and IFNy production. Recognized peptides were mapped

Nonclinical Studies and Assay Development

by a deconvoluting grid and their HLA restriction assessed by using a
panel of cell lines harboring the HLA alleles of interest. Tumor-specific
TCRs were identified by TCR af sequencing. We achieved successful
expansion of tumor-specific T cells from 14 consecutive HDs, with
an average of 4 rounds of in vitro stimulation. Upon identification of
the immunogenic epitopes, we assessed the ability of WT1-specific
T cells to recognize naturally processed peptides and their on-target
specificity upon co-culture with antigen-expressing targets, including
primary leukemic blasts. TCR af sequencing at different time points
enabled the longitudinal clonal tracking of the tumor-specific T cells
and the correct pairing of TCR « and P chains, without the need of
performing single cell analysis. We identified 20 clonotypes recognizing
several tumor-associated peptides that were restricted by more than
5 HLA alleles, including HLA-A*02:01. Newly identified TCRs were
then expressed as transgenes via genome editing. Briefly, simultaneous
editing of endogenous TCR a and P chain genes was achieved by
using CRISPR/Cas9 technology (editing efficiency >90%), followed
by transduction of edited T cells with lentiviral vectors encoding
WT1-specific TCRs (transduction efficiency >95% CD8+ T cells).
Phenotypic characterization of engineered T lymphocytes showed a
major enrichment of cells exhibiting a T stem cell memory phenotype.
Functional validation of edited T cells is currently ongoing. Preliminary
results of a 6-hour co-culture experiment show that TCR-edited T cells
kill fresh WT1+ leukemic blasts harvested from HLA-matched patients
with an efficiency up to 70%, at an effector to target cell ratio of 5 to
1, while no killing of controls is observed. Comparative analysis of
both safety and efficacy profile of TCR edited T cells will be discussed.
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124. A Novel Non-Integrating DNA Vector
for the Persistent Genetic Modification of
Embryonic and Hematopoietic Stem Cells
Alicia Roig-Merino', Matthias Bozza', Marleen
Biichler?, Sina Stable?, Franciscus van der Hoeven?,

James Williams*, Michael Milsom?, Richard Harbottle!
'DNA Vectors, DKFZ, Heidelberg, Germany,’Experimental hematology,
HiSTEM/DKFZ, Heidelberg, Germany,*Transgenic Service, DKFZ, Heidelberg,

Germany,*Nature Technology Corporation, Lincoln, NE

Introduction: The capacity of stem cells to differentiate into all types of
specialised progeny, holds great promise for the future of gene therapy
and regenerative medicine. The most efficient way to genetically modify
a cell population is by targeting the originating population which can
propagate infinitely and can pass on genetic modifications to their
progeny. One example is the targeting of hematopoietic stem cells
(HSC) for the genetic correction of hematopoietic diseases. Typically,
the modification of these cells is done by using integrating viral vectors.
Although vectors based on modified viruses are the most effective
gene delivery systems in use today, their efficacy at gene transfer is,
however, tempered by their potential integration and genotoxicity.
An ideal vector for the genetic modification of cells should deliver
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sustainable therapeutic levels of gene expression without compromising
the viability of the host cell or their progeny in any way. Permanently
maintained, episomal and autonomously replicating DNA vectors,
might provide the most suitable method for achieving these goals.
Here we propose a non-viral, non-integrating and autonomously
replicating S/MAR DNA vector system based on minimally sized-
antibiotic free Nanoplasmids™ as a novel technology to persistently
genetically modify mESC cells and their progeny without causing any
molecular or genetic damage. Results: Murine embryonic stem cells
(mESCs) were stably labelled with GFP-S/MAR DNA nanoplasmids,
which yielded robust and persistent levels of transgene expression. The
S/MAR nanoplasmids remained episomal and did not modify the stem
cells’ properties, as demonstrated by the expression of pluripotency
markers such as Alkaline Phosphatase, Nanog, Oct4 and SSEA-1. The
behaviour of the vectors during differentiation was then evaluated in
vitro in random differentiation experiments, in which GFP-expressing
representatives of the three germ layers were obtained. Additionally,
S/MAR-labelled mESC were differentiated into hematopoietic
precursors, in which we observed sustained expression of our DNA
vectors throughout the process without observing transgene silencing.
Finally, the suitability of /M AR Nanoplasmids was challenged in vivo
by generating chimeric mice, whose transgenic organs, including the
hematopoietic tissues, showed high levels of transgene expression.
Our data demonstrates that S/MAR Nanoplasmids can sustain
episomal transgene expression from embryonic stem cells to fully
differentiated hematopoietic tissues without silencing, vector loss
or integration. Conclusions: For the first time, we have shown that
a non-viral episomal vector based on mammalian chromosomal
elements is capable of genetically modifying embryonic stem cells
while avoiding vector loss or differentiation-mediated transgene
silencing. We demonstrate that this DNA vector system provides
robust and sustained transgene expression in pluripotent cells during
hematopoietic differentiation, without damaging or altering the stem
cells’ properties. Our vector system represents an alternative tool for 1)
the modification of HSC and the treatment of hematopoietic diseases,
such as Fanconi Anemia; 2) for gene therapy approaches that rely on
a robust and continuous expression of transgenes; as well as 3) a cell
source for replenishment of HSC in diseases in which they are affected
or absent, such as bone marrow failure syndromes.

125. Failure to Mobilize Peripheral

Blood Hematopoietic Stem Cells Upon
Readministration of AMD3100 in Nonhuman
Primates

Clare Samuelson, Olivier Humbert, Stefan Radtke, Anai
Perez, Margaret Cui, Hans-Peter Kiem

Kiem Laboratory, Clinical Research Division, Fred Hutchinson Cancer Research
Center, Seattle, WA

Background: AMD3100 (plerixafor) is a small molecule CXCR4
antagonist used to mobilize hematopoietic stem cells (HSCs) into
the peripheral circulation. It is most commonly used to facilitate
peripheral blood HSC collection in patients who mobilize poorly with
G-CSF alone or in sickle cell disease (SCD) patient where G-CSF is
contraindicated. For poor mobilizers, upfront AMD3100 addition
to G-CSF is recommended during the first mobilization episode. A
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number of these patients will still collect inadequate CD34+ cells
for autologous HSC transplantation, and therefore undergo repeat
mobilization attempts including AMD3100 administration. Many
experimental gene therapy protocols require recurrent mobilization to
obtain sufficient numbers of HSCs and AMD3100 is used or considered
for this indication. The number of patients re-exposed to AMD3100
is therefore expected to increase. Thus, it is important to establish the
effect of recurrent AMD3100 administration on HSC mobilization.
Since mobilization using repeated G-CSF administration is reported
to result in lower CD34+ yields, we sought to determine whether
similar results are observed with AMD3100. Our group developed a
nonhuman primate (NHP) transplant model using rhesus macaques
to study therapeutic modalities for 3-hemoglobinopathies. In the
process, NHPs were mobilized with single agent AMD3100 repeatedly
and the effect on multi-lineage peripheral blood cell mobilization was
investigated. Methods: AMD3100 administration was at Img/kg (SQ).
5 adult NHPs received a 1st dose of AMD3100. 3 animals received 2
doses, after 6-14 weeks. One animal received a 3" dose, 4 weeks after
the 2. Peripheral blood samples were taken at multiple time points
post dose. Complete blood count and flow cytometry were undertaken
to characterize mobilization of CD34+ HSPCs as well as the prevalence
of the long-term repopulating HSCs within this population, previously
defined by our group to be CD34+CD45RA-CD90+ (CD90+).
Results: Peak white cell count was 2.5 hours post dose (range 2-3 hrs).
Following 1st dose all animals mobilized CD34+ cells well, with the
CD90+ subpopulation particularly enriched within these. Following
subsequent AMD3100 administration, both CD34+ mobilization
and CD90+ enrichment were significantly lower. Similar results were
obtained on paired analysis of response to 1** and 2™ doses of AMD3100
in 3 NHPs, reaching statistical significance for CD34+ mobilization.
(Figure) Conclusions: We have demonstrated a failure to remobilize
CD34+ cells, and also the long-term repopulating HSC population of
CD90+ cells, with repeated AMD3100 administration in NHPs. This
effect persists to 14 weeks following 1** dose of AMD3100 -longer
than the 2-4 weeks between mobilization attempts recommended
by ASBMT. Possible mechanisms include loss of mobilized cells; loss
of sensitivity to AMD3100; failure to reverse CXCL12 gradient on
repeated dosing; or development of inactivating antibodies. We are
currently conducting studies to investigate all above hypotheses. It is
vital that clinical response to repeat AMD3100 dosing is established
and our group is currently investigating this phenomenon. If such
remobilization failure persists in humans then alternative agents -single
and adjunctive - must be fast-tracked into clinical practice to allow
repeat mobilization for transplantation and gene therapy protocols.
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Figure 1. Compsarizon of CO34+ and COS0+ mobilization with first and subsequent AMD3100
administration. statistical significance: * p<o.os; ¥¥ pen.ot (r-tast).

126. DNA In Situ Hybridization Protocol for
the Detection of Integrated Lentiviral Vector in
Preclinical and Clinical Samples

James B. Rottman, Fay Eng, Ken Ganley, Melissa

Bonner, Christopher Horvath, Jenny Marlowe
Preclinical Development, Bluebird Bio, Cambridge, MA

Lentiviral vectors (LVVs) are commonly used to transduce both
mature immune cells and hematopoietic stem and progenitor cells with
novel genetic payloads encoding molecules such as chimeric antigen
receptors (CAR) and therapeutic proteins for disease correction.
Following transduction, the LVV is semi-randomly incorporated as
a provector into the genome, transcribed and translated into protein
by the engineered cells. After adoptive transfer of these engineered
cells, collected tissues can be evaluated by RNA in situ hybridization
(R-ISH) to determine the frequency and distribution of cells that were
actively transcribing the transgene at the time of sample collection.
For example, R-ISH may be utilized to track CAR mRNA-expressing
cells in preclinical and clinical samples when an appropriate reagent
to detect the mature CAR protein is not available. The R-ISH protocol
utilizes a probe that is complementary to provector mRNA and because
mRNA may be distributed in the cytoplasm or nucleus, the R-ISH
signal can be located anywhere in the cell. This becomes problematic
in densely cellular tissues because robust cytoplasmic R-ISH signal may
make it difficult or impossible to specifically identify and enumerate
the engineered cells. In these circumstances, detection of integrated
provector via DNA in situ hybridization (D-ISH) may be preferable.
The D-ISH protocol utilizes a probe that is the same sense as provector
mRNA and therefore only detects incorporated provector DNA and
the D-ISH signal is localized to the nucleus. Using D-ISH, engineered
cells can be readily detected and enumerated in even densely cellular
tissues such as neoplasms or bone marrow. Therefore, we adapted the
ACDBio RNAscope” R-ISH protocol to detect integrated provector
DNA. Complementary probes against sequence in the LVV backbone
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were subsequently designed in collaboration with ACDbio, including
one probe anti-sense to the LVV mRNA (for R-ISH) and another probe
the same sense as the LVV mRNA (for D-ISH). Using these probes,
both the R-ISH and D-ISH protocols were subsequently compared on
a sample of preclinical and clinical samples. In NSG mice implanted
with RPMI-8226 xenografts and treated with anti-huBCMA CAR T
cells, the R-ISH signal within the xenografts was robust, overlying
both the nuclei and cytoplasm of adjacent CAR T cells so that it was
difficult to determine the cell of origin. In contrast, D-ISH analysis of a
serial xenograft section revealed 1-5 provector signals directly over the
nuclei of infiltrating CAR T cells, thus allowing for easy enumeration
(see figure). We used the same strategy to evaluate a bone marrow
core biopsy from a patient treated with the LentiGlobin BB305 Drug
Product (an investigational gene therapy consisting of autologous
CD34+ hematopoietic stem cells transduced with the BB305 LVV).
Like the xenograft experiment, the bone marrow R-ISH signal was
predominantly cytoplasmic, rendering the cells of origin unclear and
engineered cell enumeration difficult. In contrast, the D-ISH protocol
provided a clear nuclear provector signal, allowing for identification
and enumeration of engineered cells with integrated provector.
Additional potential applications of a LVV provector-specific D-ISH
protocol include assessment of unintended germline and/or vertical
transmission during safety studies, as well as a method for assessing the
potential role of LVV-mediated insertional mutagenesis in oncogenesis
during preclinical or clinical studies.

127. Biodistribution and Tolerability of HMI-
102, a Novel AAVHSC15 Encoding Human
Phenylalanine Hydroxylase, in Cynomolgus
Monkeys

Teresa L. Wright, Jeff L. Ellsworth’, Seemin S. Ahmed’,
Ludovic Benard!, Diana Lamppu!, Eric A. Faulkner’,
Maria Lobikin!, Anton V. Gorbachev?, Michael R.
Bleavins?, Jia-Hao Xiao*, Jeffery M. Kasperski*, Elaina B.

Brezanau*, Omar L. Francone', Albert Seymour'
'Homology Medicines, Bedford, MA,*Cellular Technology Limited, Shaker
Heights, OH,’White Crow Innovation, LLC, Dexter, MI,*Charles River Labs CR-
MWN, Mattawan, MI

A six-month GLP study to assess the biodistribution and tolerability
of HMI-102, a recombinant AAVHSCI15 gene transfer vector
encoding human phenylalanine hydroxylase (PAH), was conducted
in cynomolgus monkeys. The AAVHSC15 capsid is a natural Clade F
adeno-associated virus (AAV) variant that was isolated from CD34+
human peripheral blood stem cells from healthy adults. HMI-102 is
an investigational AAV vector-based gene therapy under development
for the treatment of patients with phenylketonuria (PKU), a rare
disease caused by inherited mutations in the PAH gene that result
in the absence or deficiency of PAH activity. PAH, which in humans
is expressed in hepatocytes, is a critical enzyme for the formation
of tyrosine (Tyr) from phenylalanine (Phe), an essential amino acid
obtained exclusively from the diet. This study consisted of three
groups, each with 2 male and 2 female cynomolgus monkeys, and each
group received either vehicle or HMI-102 at a low or a high dose as a
30-minute intravenous (IV) infusion. The dose range was selected to
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approximate the expected clinical dose range. Animals were sacrificed
at 3 months (low dose) and at 6 months (vehicle and high dose). A
concurrent study with the same manufactured lot was conducted in
the mouse model of disease, the Pah*™? mouse, and timepoints were
selected to allow for direct comparison. This also allowed comparison
of the pharmacodynamic activity of HMI-102 in mice to the potential
exaggerated pharmacology in nonhuman primates expressing
supranormal levels of human PAH. A key endpoint was also to assess
the allometric scaling of AAVHSCI15 between mouse and cynomolgus
monkey to allow for dose extrapolation to humans. Endpoints in this
study included both safety and biodistribution. Safety was assessed
by physical examinations, clinical observations, body weight, food
consumption, ophthalmoscopic examinations, ECG’s, immune
response to capsid and transgene, clinical pathology and histopathology.
Biodistribution (vector genome and human PAH mRNA levels) were
assessed in liver biopsies taken at 1 month and 3 months post-dose, and
comprehensive tissue collections at 3 months and 6 months post dose.
HMI-102 was well tolerated at the doses tested for up to 6 months.
Vector genome levels per cell in the liver were similar to the levels found
in the livers of Pah®* mice receiving the same doses of HMI-102. The
doses utilized resulted in normalized Phe levels in Pah*™? mice within
one week, with concomitant increases in Tyr levels. In cynomolgus
monkeys, treatment with HMI-102 did not alter blood Phe or Tyr
concentrations, as expected given the known allosteric regulation of
PAH. The results of this study support the planned Phase 1/2 gene
therapy clinical trial of HMI-102.

128. Development of an Objective Image-
Based Flow Cytometry Sickling Assay for
Quantification of Amelioration of Sickle Cell
Disease Phenotype in Erythroid Differentiated
CD34+ Cells

Gretchen Lewis, Brandon Nguyen, Francis J. Pierciey,

Ilya Shestopalov, Gabor Veres, Melissa Bonner
Bluebird Bio, Cambridge, MA

Sickle Cell Disease (SCD) is caused by a single point mutation
in the human B-globin gene that leads to the production of
abnormal sickle hemoglobin (HbS) in erythroid cells. Under low
oxygen conditions, HbS can polymerize and cause red blood
cells (RBCs) to assume the characteristic “sickled” shape that is
responsible for much of the pathophysiology in SCD. Early clinical
results with ex vivo gene therapy have shown promise in SCD
[Ribeil, 2017], and as these and other therapies advance, there
is a need to objectively quantify the degree of amelioration of
disease phenotype in gene-modified cells in a laboratory setting.
Here, we describe a robust and objective assay that can quantify the
hypoxia-induced sickling of SCD RBCs differentiated from CD34+
hematopoietic stem and progenitor cells (HSPCs). Moreover, this
assay can be used to assess the relative level of correction of sickling
in RBC:s differentiated from SCD HSPCs transduced with a lentiviral
vector (LVV) encoding an anti-sickling B-globin. Transduced and cell
lot-matched untransduced control cells were cultured in a two-phase
erythroid differentiation protocol to generate RBCs, with the second
phase of culture occurring in 2% oxygen. Cells were fixed, stained
with thiazole orange, and images of the cells collected on the Amnis
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ImageStream imaging flow cytometer. Fixed erythroid differentiated
cells were found to be stable for up to 3 months. Images of the
erythroid differentiated RBCs were then analyzed using a stringent
gating strategy to determine the proportion of sickled cells in the
cell population, and to quantify the relative amelioration of disease
phenotype in RBCs derived from transduced cells. Assessment of
assay readout precision spanning two operators, two sampling time
points, and two instruments resulted in a 5.8% coeflicient of variation
(CV), indicating reliable performance of the method and ImageStream
analysis. Assessment of overall assay precision spanning six cell culture
runs with two operators and three to six replicates of test article per
cell culture run resulted in a 4.0% CV for untransduced cells and 9.2%
CV for cells transduced with LVV encoding an anti-sickling -globin.
Transduction with LVV encoding an anti-sickling p-globin results
in a decrease in the proportion of sickled cells as compared to the
untransduced controls across cells from six subjects with SCD, and
the reduction in sickling was found to be specific to transduction with
LVVs that lead to increased expression of anti-sickling hemoglobins.
This relative decrease is correlated with vector copy number, the
percentage of transduced cells, and the amount of protein expressed.
This assay is robust, precise, and suitable for the in vitro characterization
of the anti-sickling properties of LVV encoding an anti-sickling
B-globin in CD34+ cells from subjects with SCD. Moreover, these
data demonstrate a marked reduction in sickled in vitro derived RBCs
driven by transduction with LVV encoding an anti-sickling f-globin.
Ribeil, et al. The New England Journal of Medicine, 2017.

129. The Pi3k/Akt Pathway Impacts Early
RAAV Transduction Events and is Activated by
Insulin Receptor Signaling

Sean Carrig, Ashley T. Martino

Pharmaceutical Sciences, St John's University, Queens, NY

Our lab previously reported a 3-5 fold increase in transgene expression
by co-administering insulin with AAV vector. Based on these early
results some aspect of the insulin receptor (INSR) pathway impacts
AAV transduction. These preliminary studies also focused on
determining which event in transduction process is involved: uptake,
intracellular trafficking and/or stable gene expression. Based on testing
different time periods for co-administration of insulin with AAV
vectors and measuring vector genomes in transduced cells the proposed
mechanism is vector uptake. This is further supported given that
endocytosis of the liganded insulin receptor uses the same mechanism
that has been reported for AAV. Therefore a brief spike (2 hr) in insulin
is sufficient for enhancing transduction. Given, the expansive network
of signaling associated with the INSR it is not surprising that insulin
impacts AAV transduction. However, to verify that INSR signaling does
indeed impact AAV transduction, we are inhibiting points along the
INSR pathway starting with the Pi3k/Akt pathway. Pi3k/Akt impacts
a significant amount of cellular activities including dynamin clathrin-
mediated endocytosis. While it is well established that insulin activates
this pathway, we had to confirm that this pathway is functional in
our cell lines and that it can be activated by insulin. In human liver
cells, Hep3B and HepG2, phosphorylated Akt was measured via
Western Blot following insulin treatment. Biologically, Hep3B cells
downregulate phosphatase and tensin homolog, a modulator of the
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dephosphorylation of phosphatidylinositol triphosphate (PIP,) to
phosphatidylinositol diphosphate (PIP,). Due to this downregulation
baseline Akt phosphorylation is naturally increased. Despite this
innate increase in Akt activation, treating Hep3B cells with insulin
resulted in a 2.5 fold increase in phospho-Akt. Using the Pi3K inhibitor,
Zstk-474, phospho-Akt levels were reduced in both insulin treated (3
fold drop) and untreated (2 fold drop). Therefore it is clear that the
Pi3k/AKt pathway is functional in Hep3B cells and that this pathway
responds to insulin treatment and Pi3k inhibition. Next we tested
co-administration of insulin with AAV transduction combined with
Pi3k inhibitor. AAV2-CMV-eGFP was co-administered with insulin to
cultured Hep3B cells for 2 hrs. AAV and insulin was removed and GFP
levels were measured 72 hrs later. GFP+ cells were assessed by FACS
using side scatter analysis. These cell culture studies were done with low
glucose (1 g/dL) and no FBS to reduce signaling events from effectors
in FBS. As expected, there was a 2.5 fold increase in transduction when
using insulin. This insulin enhanced AAV2-CMV-eGFP transduction
was reduced 3-fold with the Pi3K inhibitor. The Pi3K inhibitor was also
tested on AAV2-CMV-eGFP without insulin co-administration and
while there was a trend that showed a mild 1.5 fold decrease in GFP+
cells this was not significant. This study clearly demonstrates that inulin
activates the Pi3k/Akt pathway in human liver cell lines and that this
pathway impacts AAV transduction. Additionally, since insulin was
only administered for 2 hrs and transduction was measured 72 hrs
later, the activation of this pathway impacts early transduction events
in this model. Also, based on previous data from this lab, insulin was
given after AAV treatment and had no impact on transduction. This
suggests that the activation of the Pi3k/Akt pathway does not impact
transcription of the transgene. Since the Pi3k/Akt pathway is common
to many receptor pathways other ligands need to be tested including
ones that inactive this pathway. Additionally, the link between the Pi3k/
Akt pathway and endocytosis needs to be explored to be definitive that
insulin and the Pi3k/Akt pathway impacts uptake of rAAV.

130. Comparison of ddPCR and qPCR in
Quantification of Advanced Therapy Products
in Biological Samples

Shingo Jogasaki, Yurie Okawa, Asako Uchiyama

Preclinical Research Support Unit, Shin Nippon Biomedical Laboratories,

Kagoshima, Japan

Droplet digital PCR (ddPCR) is a new methodology that is expected to
be an alternative to quantitative real-time PCR (qPCR). The advantages
of ddPCR over qPCR include better reproducibility, higher sensitivity,
higher tolerance to PCR inhibitory substances, and the capability for
absolute quantification without using standard curves. Also, ddPCR is
more suited for automation, which significantly increases processivity.
In the advanced therapy field, researchers often need to perform time-
consuming and labor-intensive mass qPCR to quantify products, such
as plasmids, virus vectors, and cell-based therapy products (CTP), in
biological samples, which may contain high amounts of PCR inhibitory
substances. ddPCR can be a savior for such applications. However, to
use ddPCR in place of qPCR for the quantification of CTP, the ddPCR
assay needs to overcome some technical problems, such as the selection
of the target sequence and the need for human cell-derived gDNA
to be digested with restriction enzyme before ddPCR, which may
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inhibit absolute quantification. Here, we have tested whether ddPCR
is a better alternative to qPCR in detection of gene therapy products
(GTP) by comparing their reproducibility, sensitivity, and the tolerance
to inhibitory effects, and have attempted to establish a ddPCR assay to
quantify human gDNA. To compare ddPCR and qPCR in detection
of GTP, we used the herpes simplex virus-1 (HSV-1) genome or a
synthetic oligo to analyze the coefficient of variation (CV) of quantified
copy numbers, limit of detection (LOD), and inhibitory effects on
the detected copy numbers under the existence of matrices using the
QX100 Droplet Digital PCR System (Bio-Rad) and the CFX96 Touch
Real Time PCR System (Bio-Rad). To establish an assay to quantify
human gDNA, we designed primers/probe set to target DUF1220, a
multiple copy gene, in order to achieve higher sensitivity than with
targeting a single copy gene. Human gDNA, digested with Haelll,
Mse I, or CviQ I, was tested for the DUF1220 assay. For the HSV-1
assay, the CVs of quantified copy numbers in the quantitative range
for ddPCR and qPCR were under 5% and about 20%, respectively. The
LOD of ddPCR was under 50 copies, which was not reliably achieved
by qPCR. Matrices that are known to contain inhibitory substances did
not significantly affect copy number quantification in ddPCR, unlike in
qPCR, where the existence of matrices completely inhibited reaction or
significantly lowered the quantified copy number. For the quantification
of human gDNA, the DUF1220 assay demonstrated a linear standard
curve (R?=1.00) with the serial dilution of digested human gDNA,
which suggests that the assay can perform quantification. However,
when each aliquot of gDNA was digested with a different enzyme, each
quantified copy number varied, which suggests that the DUF1220 assay
cannot perform absolute quantification. Our results suggest that ddPCR
has advantages over qPCR in GTP quantification due to its better
reproducibility, higher sensitivity, and higher tolerance to inhibitory
effects. Taken together with its suitability for automation, ddPCR is
useful for the quantification of GTP. On the other hand, in establishing
a ddPCR assay to quantify human gDNA, the assay targeting multiple
copy genes had difficulty performing absolute quantification, probably
because every enzyme digested fragments may not carry only a single
copy of the target sequence. Although the cell numbers derived from
quantitated human gDNA are of the most interest to researchers in a
biodistribution study, cell number quantification by ddPCR is difficult
due to its lack of absolute quantification capability for human gDNA.
Our results only suggest that ddPCR allows comparison of the amount
of human gDNA between samples. Whether ddPCR allows relative
quantification may require further analyses.
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131. Self Cleaving Guide RNAs for Selective
Expansion of Precisely Gene Edited
Hepatocytes In Vivo

Amita Tiyaboonchai, Jeffrey A. Posey, Sean C. Nygaard,
Anne G. Vonada, Markus Grompe

Oregon Health and Science University, Portland, OR

Transplantation of precise recombinant adeno-associated virus
(rAAV) gene edited cells is an attractive approach for cell-based
therapies, especially for genetic disorders. However, gene editing
in vivo by homologous recombination is inherently inefficient.
One strategy to achieve a higher overall efficiency of gene editing
is to selectively expand cells that have acquired the desired
targeting event in vivo after transplantation. This can be achieved
by linking the desired genetic modification to a selectable gene
disruption cassette in cis, such that selection and expansion can
only occur if proper gene targeting has been achieved in that cell.
Using a Factor 9 (F9) expressing Generide rAAV vector targeted to the
albumin locus we previously showed that an shRNA embedded in a
microRNA within an intron can protect hepatocytes from a hepatotoxic
drug and result in high transgene levels. While this approach can
work, shRNAs usually can only knock down a gene by ~ 80-90%, thus
limiting its utility for drug protection regimens. In contrast, complete
gene knockouts can be achieved by CRISPR-Cas9 gene editing. In
order to generate selectable CRISPR-mediated gene knockouts, it is
necessary to restrict its endonuclease activity to only cells that have
proper gene targeting. This strategy requires that the guide RNA
(gRNA) expression is driven by a tissue-specific polymerase 2 promoter.
Here we show that flanking gRNAs with self-cleaving ribozymes
permits proper processing of active gRNAs from polymerase 2
transcripts. In Fah” mice, loss of Hpd or Hgd, genes upstream
of FAH in tyrosine degradation, provides a selective advantage
for hepatocytes. We observed strong in vivo selection of the
Albumin-F9 Generide rAAV vectors harboring self-cleaving gRNA
(scgRNA) against Hpd and Hgd. In Fah' mice treated with these
vectors and then taken off NTBC, we observe clonal expansion of
cells expressing human F9. Insertion/deletion analysis show that
hepatocytes with the integration can expand to 60% of the liver
mass and the mice display superphysiologic levels of human F9.
In order to broaden this paradigm, we engineered a system that renders
hepatocytes resistant to the hepatotoxic drug acetaminophen. A
scgRNA designed to knock out NADPH-cytochrome P450 reductase
(Cypor) was incorporated into the albumin-human F9 gene ride vector.
Loss of Cypor prevents the conversion of acetaminophen into its toxic
metabolite. Acetaminophen treatment resulted in the expansion of
Cypor null hepatocytes up to ~20% of the liver mass. To track the
progression of selection, the humanF9 was replaced with luciferase.
We found that luminescence increased over the selection process. The
use of an easily visualized biomarker will allow us to target other lower
expressed hepatocyte specific genes with a gene ride vector and track
the expansion of hepatocytes with the integration. Targeting of lower
expressed genes is one way to modulate the expression levels of the
transgene that is delivered.
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132. A Novel Preclinical Genotoxicity
Assay, CAST-Seq, Enables New Insights in
DNA Repair Dynamics and Chromosomal
Aberrations in CRISPR-Cas Edited Human
Hematopoietic Stem Cells

Giandomenico Turchiano', Geoffroy Andrieux?,
Georges Blattner', Valentina Pennucci', Gianni
Monaco!, Sushmita Poddar!, Claudio Mussolino!,

Tatjana Cornu', Melanie Boerries?, Toni Cathomen'
'Institute for Transfusion Medicine & Gene Therapy, Medical Center - University
of Freiburg, Freiburg, Germany,’Lab for Systems Biology and Systems Medicine,
Medical Center - University of Freiburg, Freiburg, Germany

Therapeutic genome editing with designer nucleases has shown great
success in the last few years, leading to their application in several
clinical trials. Despite their potential, engineered nucleases can lead to
genotoxic side effects by introducing mutations and/or chromosomal
aberrations through activity at unintended sites, so called off-target
sites. Computational prediction tools and recently developed unbiased
methods to identify such off-target activity unveiled these risks but had
major limitations, including insufficient sensitivity and/or specificity
as well as failure to detect particular gross chromosomal aberrations.
To overcome these limitations, we established a new assay termed
CAST-Seq that allows us to detect chromosomal aberration by single
targeted LM-PCR. Unlike other unbiased methods, CAST-Seq is
capable of detecting chromosomal aberrations derived from on- and
off-target activity of designer nucleases, including large deletions,
inversions and translocations, with unmatched sensitivity in clinically
relevant human cells. To this end, primary human hematopoietic stem
cells were treated with CRISPR-Cas or TALEN designer nucleases
targeting various loci. Using less than 1 pg of genomic input DNA, we
were able to detect off-target sites and chromosomal aberrations that
were neither predicted in silico nor identified using other unbiased
methods, confirming the high sensitivity of CAST-Seq. In addition,
we were able to detect on-target activity mediated chromosomal
aberrations, such as homology-mediated translocations, acentric and
dicentric translocations between homologous chromosomes, and large
chromosomal deletions. Finally, validation of the results by digital PCR
gave new insights in the DNA repair kinetics in human stem cells. In
conclusion, we have developed highly sensitive assays in clinically
relevant cells that allowed us to expand our understanding of the DNA
repair dynamics and to detect hitherto unidentifiable chromosomal
aberrations in gene edited human stem cells.
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133. Optimizing Nuclease Specificity via
Catalytic Domain Engineering Enables
Complete Gene Modification with No
Detectable Off-Targets

Edward J. Rebar, Deepak P. Patil, Charles B. Paine,
Friedrich Fauser, Danny F. Xia, Nicholas A. Scarlott,
Stephen C. Lam, Sarah J. Hinkley, David A. Shivak, Yuri
R. Bendana, David E. Paschon, Lei Zhang, Gary Lee,

Jeffrey C. Miller
Technology, Sangamo Therapeutics, Richmond, CA

Engineered nucleases have gained broad appeal for their ability to
mediate highly efficient genome editing. However the specificity
of these reagents remains a concern, given the potential mutagenic
consequences of off-target cleavage. Although diverse strategies have
been described for improving the specificity of designed nucleases,
almost all such approaches have focused on initial target binding as
the principle determinant of specificity, leaving downstream steps such
as the cleavage event itself largely unexplored. In the studies described
below, we have developed a new approach for improving the specificity
of zinc finger nucleases (ZFNs) that modifies the FokI nuclease domain
with the goal of reducing cleavage rate, in order to allow sufficient
time prior to catalysis for dissociation from suboptimal targets.
Our studies proceeded in four stages. In the first, we examined several
hundred single-residue substitutions in the Fokl domain of a previously
characterized ZFN dimer' for impact on cellular specificity, and
identified over twenty variants that improved on-target preference.
This included point mutations of three distinct residues that reduced
off-target modification to below the limit of detection of standard,
sequencing-based indel analysis (>1000-fold) while retaining full
on-target activity. Next, to enable more accurate assessment of the
specificity enhancement afforded by this approach, we developed a
new, more sensitive protocol for sequencing-based indel analysis that
uses oversampling to discern bona-fide indels from protocol artifacts.
This allowed indel detection at levels as low as 0.001% (100-fold lower
than conventional sequencing-based protocols), which revealed a single
FoklI point mutation that could reduce off-target cleavage >3000-fold.
We then characterized our variant ZFNs in a series of biochemical
binding and cleavage studies, which confirmed that the Fokl domain
mutations altered neither affinity nor binding preference of the ZFNs,
but instead reduced catalytic rate. Finally, we combined our strategy of
engineering the Fokl domain with a second specificity improvement
strategy - removing a conserved, well-characterized zinc finger
phosphate contact - to generate ZFNs targeted to the TCR alpha and
B2M genes that can introduce indels into the targeted loci in T cells at
levels exceeding 98%, with no detectable off-target activity. These results
establish a new approach for optimizing ZFP specificity that will enable
the development of highly specific ZFNs for virtually any gene target.
! Nat Biotechnol. 2016 Apr;34(4):424-9
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134. Evaluation of Homology-Independent
CRISPR-Cas9 Off-Target Assessment Methods
Hemangi G. Chaudhari, Jon Penterman, Elaine Huang,
Sarah J. Spencer, Holly Whitton Kokoris, Nicole
Flanagan, Tony W. Ho, Thomas J. Cradick, Andrew
Kernytsky

CRISPR Therapeutics, Inc., Cambridge, MA

Introduction: CRISPR-Cas systems are widely used for genome
editing, in both in research and therapeutic settings. To bring CRISPR
to the clinic, CRISPR-Cas guides must have high rates of editing at
the on-target sites, while minimizing off-target editing. Typically, a
two-pronged approach is used to comprehensively identify potential
off-target sites and select a highly specific guide. In the first, a
homology-dependent approach, computational tools are used to
nominate potential off-target sites based on the presence of a PAM
sequence and the degree of homology between the adjacent DNA
sequence and the guide. In the second, a homology-independent
approach, genome-wide assays and next-generation sequencing (NGS)
based assays are used to empirically nominate genomic sites edited by
a guide. Potential off-target sites nominated by any of the methods are
then deep sequenced after editing, using amplicon or hybrid capture
NGS to measure possible editing activity. Cell-based and biochemical
homology-independent approaches for nominating off-targets have
been developed, and studies have suggested that biochemical methods
may be more sensitive. However, a head-to-head comparison study
of these methods paired with confirmatory deep sequencing has not
previously been performed. Here, we compared the performance of the
cell-based assay GUIDE-seq and the biochemical assays CIRCLE-seq
and SITE-seq. Methods and Results: We used a panel of eight guides
previously shown to have a range of off-target activities to evaluate
the methods in terms of sensitivity of nominating potential off-target
sites. We confirmed that GUIDE-seq and CIRCLE-seq yielded semi-
quantitative data with a strong correlation between the sequencing read
count for a given site and the degree of guide homology. In contrast, we
found that SITE-seq was less quantitative, with low correlation between
the sequencing read count for a given site and the degree of guide
homology. While most GUIDE-seq nominated sites were also detected
by CIRCLE-seq, CIRCLE-seq produced two orders of magnitude more
nominated off-target sites than GUIDE seq. Hybrid capture followed
by deep-sequencing of greater than 75,000 nominated off-target loci in
edited cells revealed that both GUIDE-seq and CIRCLE-seq performed
equally well in capturing true off-target sites of a given guide. The
number of sequence-confirmed false positives nominated by CIRCLE-
seq was significantly more than GUIDE-seq. The data also suggest
that the false negative rate is low, which is an important consideration
when using the assay in clinical applications. Conclusions: Our work
provides a comprehensive comparative assessment of these methods
benchmarked to an extensive NGS assessment. Our data support the
use of GUIDE-seq as an efficient homology-independent off-target
nomination method, especially in therapeutic programs leveraging ex
vivo CRISPR editing. The data show that CIRCLE-seq also performed
well, albeit with more false positives, indicating that CIRCLE-seq will be
avaluable homology-independent method in situations that prevent the
use of GUIDE-seq. The false positive rate of these methods highlights
the critical need for confirmation of any off-target sites with NGS.
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135. Engineering Potent, Small, Chimeric,
Synthetic, RNA-Guided Nucleases (sSRGN) from
Four Uncharacterized Cas9 Genes

Moritz Schmidt!, Ashish Gupta', Christian Pitzler!,
Michael Gamalinda', Florian Richter!, Katharina
Schaefer!, Helen Dietmar', Jan Tebbe', Ryo Takeuchi?,
Peter Nell?, Axel Bouchon', Andrew Scharenberg?,

Andre Cohnen', Wayne Coco'
'Bayer AG, Cologne, Germany,’Casebia Therapeutics LLC, Cambridge, MA

Adeno-associated viruses (AAVs) and lipid nanoparticles (LNP) are
among the methods of choice for delivery of nucleases for in-vivo
genome editing. The widely used and highly active Streptococcus
pyogenes (Spy) Cas9 nuclease is specific for an advantageously short and
non-degenerate PAM sequence. However, the large size of SpyCas9, in
combination with required sgRNA and expression elements, presents a
challenge to the 4.5 kb DNA packaging limit of AAV’, as well as to the
synthesis of long mRNA templates and their stable formulation into
LNPs. On the other hand, the best-characterized smaller Cas9s, such
as Staphylococcus aureus Cas9, frequently recognize degenerate and
longer PAMs, which significantly reduce the number of addressable
genomic target sites. To address these issues, we evaluated four related,
previously uncharacterized Cas9 nucleases of ~1050 amino acids in
length. Surprisingly, most were found to be specific for a common,
non-degenerate, small PAM motif. Using multiple protein engineering
approaches, we altered these genes to generate novel, chimeric,
synthetic, RNA-guided nucleases (SRGNs) and demonstrated efficient
editing in human cells. Analyses using all 60 possible, single-nucleotide
mismatched off-targets of a DNA substrate indicated high overall
specificity for each clone. Importantly, the different clones displayed
a localized signature of higher specificity for different mismatches at
different sites along the target. Thus, we have generated a set of novel,
small sSRGNs, from which improved nucleases can be selected for
particular targets of interest. LNP packaging and in-vivo performance
vs. SpyCas9 will be reported in a separate abstract. Because these
sRGNs were not derived from Spy or S. aureus Cas9s, we are working
toward assessing these alternative nucleases regarding the potential for
lower occurrence of pre-existing antibodies in human populations. All
in all, these engineered, chimeric, synthetic, RNA-guided nucleases
are thus expected to be valuable additions to the canon of known
genome-editing nucleases that can be employed for human gene
therapy applications.
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136. In Vivo Validation and Tracking of
CRISPR-Cas9 Off-Targets Predicted In Vitro by
CircleSeq in Rhesus Macaques

Aisha AlJanahi'?, Cicera Lazzarotto®, Kyung-Rok Yu',
Shirley Chen', Yuesheng Li', Taehoon Shin', So Gun
Hong', Miriam Kim*, Katherine Cummins*, Saar Gill*,
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'NIH, Bethesda, MD,’Georgetown University, Washington, DC,’St. Jude Children’s
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Cas9 nucleases can be programed by gRNAs to induce specific DNA
breaks. However, Cas9 has been shown to tolerate mismatches between
gRNAs and unintended off-target sites. Accurate methods of CRISPR/
Cas9 off-target characterization are crucial prior to applying the system
therapeutically. Here, we aim to investigate the predictive power of
CIRCLE-Seq (CS), an in vitro off-target prediction method that can
be performed on genomic DNA. We compare CS results to the more
commonly used in silico predictions (ISP), which rely on sequence
similarity to the gRNA, to determine which of is more accurate at
predicting in vivo edits. To date, CS has been validated in cell lines
and mouse models (following in vivo editing of liver via adenoviral
injection). Here, we utilize our rhesus model to ask whether top off-
targets identified via CS and ISP can be detected in blood cells collected
from animals following autologous transplantation with CRISPR/
Cas9-edited HSPCs, and if the edits can be followed long-term. First,
we performed CS to test its efficacy on DNA from primary rhesus
cells focusing on a gRNA designed against the CD33 gene and being
developed for CD33 knockout in HSPC to facilitate CAR-T therapy of
AML(Kim et al, CELL, 2018). We tested the reproducibility of CS by
running replicates with the CD33 gRNA on the same animal and found
it to be reproducible(R > 0.92). We then ran CS with the CD33 gRNA on
DNA from 3 macaques and found high correlation among the predicted
sites across all animals(R > 0.80). The CS predicted sites showed little
correlation with the ISP sites. We pilot tested the predictive power of
CD33 off-target sites identified with CS versus ISP by sequencing the
15(out of 870) CS sites with the highest read counts, and the 15(out
of 2586) top scoring ISP sites via targeted Illumina sequencing on an
aliquot of the edited CD34+ infusion product (IP) prior to autologous
transplantation. 4/15 CS sites were edited in the IP. 2 of the edited
sites were also in the top 15 of ISP, the 3rd ranked 1258th, and the 4th
was not predicted by ISP. Likewise, 4 of the ISP sites were found to be
edited. Of these, 2 were among the top 15 by CS read count and 2 were
in the top 30. We next tuned our CS site ranking by creating a “site
score” taking into account both the CS read number and similarity to
the gRNA, using the following formula: Site Score = (on-target read
count/off-target read count) * Levenshtein distance. We then sequenced
the 15 CS sites with the highest site score. 5/15 were edited in the IP,
capturing one more relevant site than CS read count alone. In total, we
have identified 7 bona fide off-target sites in IP between CS and ISP.
Before proceeding to large scale in vivo sequencing, we asked whether
these edits were present in HSPC and blood cells post transplant. We
sequenced 5 of the bona fide sites in blood cells collected 1 month
after transplantation and found 3 of the 5 sites to be edited in vivo, at
levels of 4% to 6% with concurrent on target editing of 62%. Some of
the sites being validated had sequence changes close to the Illumina
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limit of detection, thus we concluded site screening might benefit from
error-corrected sequencing. We are performing large-scale multiplexed
error-corrected targeted sequencing with custom AmpliSeq-HD panels
of the top 500 sites ranked by CS site score and the top scoring 500
ISP sites. These sites will be tested in blood lineages and HSPC from
3 CD33-edited macaques, followed for as long as two years post-
transplant, looking for any evidence of clonal expansions of off-target
edited sites and will represent the first longitudinal in vivo follow-up of
off-target editing. The resulting data will also provide insights into the
variability in off-target effects between animals due to polymorphisms.
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138. Control of Natural Killer Cell Expansion,
Anti-Tumor Activity and Safety with Small
Molecule-Regulated Molecular Switches and
Chimeric Antigen Receptors

Xiaomei Wang, Daniel Jasinski, MyLinh Duong, Jan
Medina, Wei-Chun Chang, Ming Zhang, Aaron Foster,
David Spencer, Henri Bayle

Bellicum Pharmaceuticals, Houston, TX

The innate anti-tumor activity of Natural Killer (NK) lymphocytes can
be used as an allogeneic cell therapy with reduced risk of GvHD relative
to oy T cells. Despite their potential, adoptive NK cell immunotherapies
have been limited by poor expansion in vivo. Previously, we described
a Chimeric Antigen Receptor-T (CAR-T) cell strategy that relies on
rimiducid-based dimerization of inducible MyD88/CD40 (iMC) to
regulate T cell expansion and survival. Here, we apply iMC to NK
cell growth and anti-tumor efficacy along with a Chimeric Antigen
Receptor (CAR) to further drive antigen-specific tumor killing in vitro
and in vivo. Further, we incorporate an orthogonally regulated safety
switch, rapamycin-inducible Caspase-9 (iRC9), to reduce toxicity
risk.CD56* NK cells were selected from peripheral blood of human
donors, activated and transduced with y-retrovirus encoding iRC9-
2A-ACD19 (marked negative control), iRC9-2A-ACD19-2A-iMC
(dual-switch NK) or iRC9-2A-1L-15-2A-ACD19-2A-iMC (dual-switch
plus IL-15 NK). iMC expression and activation with 1 nM rimiducid
enhanced the growth potential of NK cells. In cocultures with THP1
leukemia cells at increasing Target:Effector (T:E) ratios, presence
and activation of iMC increased tumor killing. Coexpression of a
first-generation CAR targeting CD123 or BCMA with dual-switch
expression vectors further enhanced anti-tumor efficacy in vitro with
performance similar to CAR-T cells derived from the same donors.
Cytokine and chemokine production was elevated (10 to >1000 fold)
in an iMC-dependent fashion with a pattern of activated expression
distinct from dual-switch CAR-T cells. To study NK growth and anti-
tumor activity in vivo, immunodeficient NSG mice were engrafted with
dual-switch NK cells with or without autocrine IL-15 expression in the
presence or absence of THP-1 tumor targets. In tumor-free animals
only dual-switch/IL-15 NK cells with weekly rimiducid stimulation
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expanded and persisted in vivo (up to 7 weeks). In THP-1 tumor-
bearing animals, rimiducid-treated dual-switch/IL-15 NK cells without
a CAR exhibited enhanced but modest tumor control in vivo; however,
coexpression of a first-generation CAR targeting CD123 or BCMA led
to rimiducid-dependent control of tumor outgrowth in vivo beyond six
weeks. Persistence of dual-switch CAR-NK was observed at day 53 in
the bone marrow and spleens of rimiducid-treated mice. Conversely,
temsirolimus-mediated activation of the iRC9 safety switch rapidly (<
24 hours) ablated dual-switch NK cells in vivo. This regulated platform
provides solutions to several of the challenges facing NK cell-based
therapy as an off-the-shelf cellular therapy for cancer.
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139. UCARTCS1A: Allogeneic CAR T-Cells
Targeting CS1 as Treatment for Multiple
Myeloma

Roman Galetto!, Rohit Mathur?, Mathilde Dusseaux’,
Isabelle Chion-Sotinel', Jing Yang? Diane Le Clerre’,
Stephanie Filipe', Sattva Neelapu?, Julianne Smith?,
Agnes Gouble', Stephan Depil'

ICellectis SA, Paris, France,’MD Anderson Cancer Center, Houston, TX,*Cellectis
Inc, New York, NY

Data accumulated over the past years using autologous T-cells
expressing chimeric antigen receptors (CARs) have positioned CAR
technology as a major breakthrough in cancer treatment, with long-
term durable remissions achieved in patients with B cell leukemia.
Multiple Myeloma (MM) is a B-cell neoplasia of clonal malignant
plasma cells in the bone marrow which still remains incurable in most
of the cases, even if current available therapies can improve patient’s
overall survival. Nevertheless, promising clinical activity has been
reported for autologous CAR T-cells targeting B-Cell Maturation
Antigen (BCMA) in patients with relapsed/refractory disease.
Most CAR T-cell therapy products are currently generated from
autologous cells, with the limitation that they have to be manufactured
in a “per patient” basis, and remain still difficult to implement for
lymphopenic and critically ill patients. In the present work we will
present UCARTCSIA as a new therapy for MM, an off-the-shelf
product composed of allogeneic CAR T-cells engineered from healthy
donors and targeting the CSI antigen (also known as SLAMF7).
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MM tumor cells express indeed high levels of CS1, which displays
limited expression in normal tissues. UCARTCS1A cells are engineered
to lack expression of the TCRap receptor, in order to limit graft-
versus-host disease when infused into patients. This is performed by
inactivation of the TCRa constant (TRAC) gene using TALEN', a gene-
editing technology already in the clinic. Since CS1 is also expressed on
normal activated CD8+ T-cells, the CSI gene is also inactivated so as to
minimize fratricide of CS1-specific CAR* T-cells during manufacturing.
Preclinical efficacy results against MM cell lines and primary MM
tumor cells generated with double knock-out (TRAC/CSI) CS1-specific
universal CAR T-cells will be presented, showing increased cytotoxic
activity of gene-edited CAR T-cells against MM cell lines compared
to non-engineered T-cells expressing the same CAR. In addition, the
CD8+ population is preserved in CS1 KO T-cells, while a progressive
loss of CD8+ T-cells is observed in non-edited cells during expansion
of CAR+ cells. UCARTCS1A was shown to specifically lyse primary
MM tumor cells and showed degranulation in presence of CS1+ target
cells, as well as significant antigen specific proliferation. Cytokine
release was as well measured in supernatants of UCARTCSI1A cells
co-cultured with primary MM tumor cells, showing efficient antigen
driven cytokine release. In addition, in vivo activity was evaluated in
an orthotopic mouse model, showing that intravenous UCARTCS1A
treatment allowed to control tumor progression and extend overall
survival, as well as to maintain undetectable M-protein levels in sera.
Similar results were obtained in immunodeficient mice in which
primary MM xenografts were implanted in human fetal bone chips.
Our results support therefore further development of these allogeneic
CS1-specific CAR T-cells as a universal “off-the-shelf” product for the
treatment of MM patients. Manufacturing of GMP grade UCARTCS1A
is currently ongoing, and a Phase I dose escalation clinical trial is
planned to be initiated in 2019.

140. Base Editors Generate Allogeneic
CAR-T Cells with No Detectable Genomic
Rearrangements and Reduced Genotoxicity

Aaron Edwards, Giuseppe Ciaramella, Jason Gehrke
Beam Therapeutics, Cambridge, MA

Autologous, patient-derived chimeric antigen receptor-T cell (CAR-T)
therapies have demonstrated remarkable efficacy in treating some
hematologic cancers. While these products have led to significant
clinical benefit for patients, the need to generate individualized
therapies creates substantial manufacturing challenges and financial
burdens. Allogeneic CAR-T therapies were developed as a potential
solution to these challenges, having similar clinical efficacy profiles to
autologous products while treating many patients with cells derived
from a single healthy donor, thereby substantially reducing cost of
goods and lot-to-lot variability. Most first-generation allogeneic CAR-
Ts use nucleases to introduce two or more targeted genomic DNA
double strand breaks (DSBs) in a target T cell population, relying on
error-prone DNA repair to generate mutations that knock out target
genes in a semi-stochastic manner. Such nuclease-based gene knockout
strategies aim to reduce the risk of graft-versus-host-disease and host
rejection of CAR-Ts. However, the simultaneous induction of multiple
DSBs results in a final cell product containing large-scale genomic
rearrangements such as balanced and unbalanced translocations,
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and a relatively high abundance of local rearrangements including
inversions and large deletions. Furthermore, as increasing numbers
of simultaneous genetic modifications are made by induced DSBs,
considerable genotoxicity is observed in the treated cell population.
This may significantly reduce the cell expansion potential from each
manufacturing run, thereby decreasing the number of patients that
can be treated per healthy donor. Base editors (BEs) are a class of
emerging gene editing reagents that enable highly efficient, user-
defined modification of target genomic DNA without the creation of
DSBs. Here, we propose an alternative means of producing allogeneic
CAR-T cells by leveraging base editing technology to reduce or
eliminate detectable genomic rearrangements while also improving cell
expansion. We show that, in contrast to a nuclease-only editing strategy,
concurrent modification of three genetic loci by base editing produces
highly efficient gene knockouts with no detectable translocation events
by Uni-Directional Targeted Sequencing (UDiTaS). Further, coupling
nuclease-based knockout of the TRAC gene with simultaneous BE-
mediated knockout of two additional genes yields a homogeneous
allogeneic T cell population with minimal genomic rearrangements,
enabling the targeted insertion of a CAR transgene at the TRAC
locus. Taken together, we demonstrate that base editing alone or in
combination with a single nuclease knockout and viral CAR insertion
is a feasible strategy for generating allogeneic T cells with minimal
genomic rearrangements compared to nuclease-alone approaches.
This method addresses known limitations of multiplex-edited T cell
products and represents a promising new development towards the
next generation of precision cell based therapies.

141. Point-of-Care Production of CD19 CAR-T
Cells in an Automated Closed-System: Report
on First Clinical Experience

Michael Maschan', Olga Molostova', Larisa Shelikhova',
Rimma Khismatullina', Yulia Abugova’, Elena
Kurnikova!, Yakov Muzalevskii', Alexei Kazachenok!,
Dmitriy Pershin', Maria Fadeeva', Alexander Popov’,
Olga Illarionova', Alexander Komkov'?, Ilgar
Mamedov"?, Julia Olshanskaya', Natalya Myakova',
Dmitriy Litvinov', Dina Shneider®, Liane Preusner?, Lili
Khachatryan', Boro Dropulic?, Galina Novichkova’,

Alexei Maschan'
'Dmitriy Rogachev National Medical Center of Pediatric Hematology, Oncology

and Immunology, Moscow, Russian Federation,’Shemiakin-Ovchinnikov Institute
of Bioorganic Chemistry, Moscow, Russian Federation,’Lentigen, A Miltenyi

Biotec Company, Gaithersberg, WA,*Miltenyi Biotec, Bergish Gladbach, Germany

Introduction CD19 CAR-T cell products were recently approved as
therapy for B-lineage malignancies. We initiated an IIT trial of CAR-T
cell delivery to the patient is via a point-of-care manufacturing process.
Patients and methods A total of 23 pts with relapsed/refractory B-cell
lineage malignancies (7 female, 16 male, median age 11 y) were screened,
16 pts were enrolled for a trial, 7 were eligible for compassionate use of
CD19 CAR-T cell therapy. Eleven patients had relapsed B-ALL after
haploidentical HSCT, 10 pts refractory relapse, 1 induction failure,
one patient had refractory B-cell lymphoma, 11 patients had previous
blinatumomab infusion. Fifteen patients had >5% blast cells (median-
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65%), 7 pts had minimal residual disease (MRD) >0,1% in BM, two had
skeletal involvement, one CNS involvement. The CliniMACS Prodigy
T cell transduction (TCT) process was used to produce CD19 CAR-T
cells. Automatic production included CD4/CD8 selection, CD3/CD28
stimulation with MACS GMP T Cell TransAct, transduction with
lentiviral (second generation CD19.4-1BB zeta) vector (Lentigen,
Miltenyi Biotec company) and expansion over 10 days in the presence
of serum-free TexMACS GMP Medium supplemented with MACS
GMP IL-7/IL-15 combination. Final product was administered without
cryopreservation to the patients after fludarabine/cyclophosphamide
preconditioning. All patients received tocilizumab at 8mg/kg before
CAR-T cell infusion. Results All production cycles were successful.
Median transduction efficacy was 60% (20-80). Median expansion of
T cells was x 46 (18-51). CD4/CD8 ratio in the final product was 0,73.
The CAR-T cells were administered at a dose of 1*10°/kg of CAR-T
cells in 6 pts, 5¥10°/kg in 12 pts, 1*10°/kg in 5 pts. The cytokine release
syndrome (CRS) occurred in 13 (56%) pts: grade I - 10 pts, grade II- 2
pts, grade IV - 1 pt. Neurotoxicity occurred in 8 (35%), grade I in 2
pts, grade IT - in 5 pt, grade IIT - in 1 pt, grade V - 1 pt. In a patient
with grade V neurotoxicity concomitant culture-positive K.pneumonia
sepsis was documented. Six patients were admitted to the intensive
care unit (ICU) - 3 for management of the CRS and 3 dues to severe
condition caused by sepsis. Four patients died before day 28 (3 due to
sepsis, 1 due to fatal brain edema and sepsis, on brain autopsy Klebsiella
pneumoniae emboli were detected), 2 of them had blast clearance on
day 14, 2 died before first evaluation and 19 patients were evaluable
for response at day 28. Three pts had persistent leukemia. In 15 (83%)
cases MRD-negative remisson were achieved. Patient with lymphoma
had a PET/CT major response. Disease relapse/progression after
initial response was registered in 2 cases. At the moment of reporting
17 pts are alive, 15 in complete remission with a median follow up of
3 months (0,08-0,9 m). Conclusion Production of CAR-T cells with
the CliniMACS Prodigy TCT process is a robust option that provides
a point-of-care manufacturing approach to enable rapid and flexible
delivery of CAR-T cells to patients in need. Robustness and consistency
of this approach provides a solid basis for multi-center academic trials
in the field of adoptive cell therapy.

142. Design and Characterization of Persistent
CAR-T Cells Targeting Multiple Tumor Antigens
Simultaneously

Paul D. Rennert, Fay Dufort, Lihe Su, Alyssa Birt, Lan
Wu, Thomas Sanford, Roy R. Lobb, Christine Ambrose

Aleta Biotherapeutics, Natick, MA

Introduction: Clinical data from diverse cell therapeutics highlight
two critical issues: First, in many indications cell therapeutics fail to
persist after initial expansion. This is particularly true in the case of
solid tumors. Second, tumors rapidly respond to cell therapeutics by
reducing or eliminating target antigen expression. Antigen loss has
been widely reported in the context of cell therapies targeting both
clonal hematologic cancers and heterogeneous solid tumors. Here we
present a novel solution to the critical issues of CAR T cell persistence
and antigen loss. Results & Discussion: 1 - A stabilized form of the
CD19 extracellular domain (ECD) was cloned in frame with antigen
binding domains (eg. scFv, VHH) targeting antigens of interest. For
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example, an scFv targeting HER2 was linked together with the CD19
ECD to create a CD19-anti-Her2 fusion protein (FP). The purified
soluble FP was used to bridge CAR-T cells specific for CD19 (CAR19s)
to Her2+ tumor cells, effectively forming a cytotoxic synapse. We have
generated FPs that target EGFR, Clecl2a, BCMA, CD20 and many
other tumor antigens. FPs mediated selective tumor cell killing at very
low concentrations, eg. 10pm for the CD19-anti-Her2 FP and 8.3pm
for a CD19-anti-Clec12a VHH FP. Thus, FPs can coat any target tumor
cell with CD19, allowing for robust killing. 2 - CAR T cell secretion of
the the CD19-anti-Her2 FP was evaluated in vitro. The CAR19 and FP
were encoded in a lentiviral vector. The transduced T cells expressed
both CAR19 and secreted the FP at 10ng/ml (140pm), and effectively
killed Her2-positive tumor cells in vitro. Next we used an adenoviral
vector to transduce the target tumor cells with the CD19-anti-Her2
FP expression construct, and then added the CAR19 T cells, which
eliminated the CD19-coated tumor cells. Finally, a soluble, half-life
extended form of CD19-anti-Her2 FP was used to coat SKOV3 cells
with CD19, and the CAR19 T cells were then added to kill the coated
tumor cells. Thus three methods of FP delivery are effective: T cell
secretion (lentiviral), tumor cell secretion (oncolytic viral) and systemic
delivery (biologics). 3 - The CD19-anti-Her2 FP was evaluated in vivo
using the Her2+ SKOV3 model and two methods of delivery: CAR-T
cell expressed, and systemic injection (using the biologic form). In both
models tumor cell killing in vivo was robust and complete eradication
of established tumors was achieved. Long term tumor control was
observed with no tumor relapse in the treated groups. 4 - Next we added
an scFv to EGFR, thus creating an anti-EGFR-CD19ECD-anti-Her2 FP.
This FP binds either or both antigens, as demonstrated using in vitro
binding and cytotoxicity assays. The dual antigen binding FP addresses
the potential of antigen loss in heterogeneous tumor types such as solid
tumors. We add a third domain in an indication-specific manner, eg.
an anti-IL-13Ra binding domain. The resulting FP therefore can bind
EGFR or HER2 or IL13Ra, and all binding events display CD19 on
the surface of the tumor cell (eg. glioblastoma) and can be attacked by
CAR19 T cells. This addresses the issues of tumor heterogeneity and
antigen loss relapse. 5 - In these examples the persistence of CAR19
T cells will be enhanced by the presence of normal B cells. Clinically,
eg. in a solid tumor patient, normal B cells will present a non-tumor
dependent, self-renewing source of antigen due to the presence of
peripheral B cells and ongoing B cell hematopoiesis from the bone
marrow. This addresses the issue of CAR persistence. Summary We
have created a robust and highly modular system for attacking tumors
with multiple antigens simultaneously and in a manner that supports
CAR-T cell persistence independently of tumor antigen expression.
This technology will support CAR19 attack against diverse cancer
indications, including hematologic and solid tumor cancers.
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143. Enhancing Chimeric Antigen Receptor-
Modified Gamma Delta T-Cell Killing of T-Cell
Leukemia by Modulating Antigen Expression in
the Effector Cells

Lauren C. Fleischer, Christopher B. Doering, H. Trent

Spencer
Aflac Cancer and Blood Disorders Center, Department of Pediatrics, Children’s
Healthcare of Atlanta, Emory University, Atlanta, GA

Chimeric antigen receptor (CAR)-modified T cells have demonstrated
efficacy against B-cell leukemias. However, redirecting the cytotoxicity
of T cells to malignant T cells is more challenging. Some limitations
to using CAR T-cell therapy in the setting of T-cell malignancies
include fratricide, which can limit the expansion and total number of
the modified cells, and memory cell formation of CAR T cells, which
can result in life threatening T-cell aplasia. To overcome the latter, we
propose utilizing gamma delta (gd) T cells instead of alpha beta (ab)
T cells. Vg9/Vd2 gd T cells are predicted to persist in vivo for a finite
time (weeks to months) and do not develop into memory cells. In
addition, gd T cells are not actively involved in the generation of graft
vs host disease. Therefore, with repeated infusions, it is possible that
CAR-modified gd T cells could be useful in autologous or allogeneic
clinical settings. We developed a serum-free protocol for gd T-cell
expansion from PBMCs, resulting in a population of up to 90% gd
T cells. Using an anti-CD5-scFv-CD28-CD3z CAR, we optimized
the transduction efficiency of the gd T-cell product. Similar to our
previous findings and that of others for ab T cells, the CD5-CAR
gd T cells down regulate endogenous CD5 surface expression. This
mechanism of modulating endogenous CD5 expression allows for
CAR expression without robust fratricide. Although gd T cells have
intrinsic abilities to kill T-cell leukemia, cytotoxicity is enhanced
against CD5+ target cells after transduction compared to cytotoxicity
of non-transduced gd T cells. Although endogenous CD5 expression
is modulated by expression of the anti-CD5-CAR, we recently showed
elimination of the targeted antigen expression from the effector cells
using CRISPR-Cas9 results in increased CAR expression in effector
cells. Therefore, to reduce fratricide and increase CAR expression,
we tested various methods of manipulating CD5 expression in gd T
cells. Electroporation methods for editing gd T cells were found to
be inefficient. We designed and tested anti-CD5-based decoy CARs,
which contain the scFv and transmembrane portions of the CAR but
not the intracellular activation domains. Expression of the decoy-CAR
virtually eliminated CD5 surface expression. Decoy-CAR-modified
cells showed no differences in cytotoxicity compared to that of naive
cells. However, gd T cells expressing both the anti-CD5-decoy-CAR
and the anti-CD5-CAR exhibited over 1.5-fold increase in cytotoxicity
than that of CD5-CAR only cells. Furthermore, the cytotoxicity of gd
T cells expressing both the anti-CD5-decoy-CAR and the anti-CD5-
CAR was 4-fold higher against CD5+ target cells compared to that
against CD5- target cells, suggesting CD5-specific cytotoxicity. To
more fully understand the mechanism of the enhanced killing, the
Jurkat T-cell line was used to investigate modulation of CD5 expression
by the anti-CD5-decoy-CAR and the anti-CD5-CAR. These results
show the anti-CD5-decoy-CAR Jurkats exhibit reduced activation,
measured by CD69, when further modified with the anti-CD5-CAR
in a dose-dependent manner, which in cytotoxic cells would result in

76  Molecular Therapy Vol 27 No 4S1 April 2019

Molecular Therapy

reduced fratricide. Therefore, we propose gd T cells may also display
decreased activation upon anti-CD5-CAR modification, and this may
be one mechanism of the enhanced cytotoxicity observed in gd T cells.
The anti-CD5-decoy-CAR may provide a mechanism to modulate
endogenous CD5 expression while minimizing activation of the effector
cells, thereby eliminating the potential issues of fratricide and allowing
for increased CAR expression, augmenting anti-tumor cytotoxicity.

144. T-cells Expressing an Anti-Signaling
Lymphocytic Activation Molecule F7 (SLAMF7)
CAR and a Suicide Gene Exhibit Anti-Tumor
Activity and Can be Eliminated On-Demand
Christina Amatya’, Norris Lam', Melissa Pegues',
Steven Feldman?, James Kochenderfer!

'Experimental transplantation and immunology branch, National Cancer
Institute/NIH, Rockville, MD,’Med/Blood and marrow transplantation, Stanford
School of Medicine, Stanford, CA

Multiple Myeloma (MM) is hematological disorder manifested by
clonal proliferation of malignant plasma cells. Current therapies
for MM have been ineffective due to short remission, relapse, and
death, so better therapeutic strategies for MM are needed. Chimeric
antigen receptors (CARs) are artificial fusion protein with antigen-
recognition domains and T-cell signaling domains. T-cells expressing
CARs targeting the MM surface antigen B-cell maturation antigen
(BCMA) have proven clinical efficacy. However, clinical studies by
our group recently reported a loss of BCMA expression on MM cells
after CAR T-cells infusions thus warranting an investigation of new
antigen targets for MM. SLAMF7 is a heavily investigated target for
MM. SLAMF?7 is uniformly expressed on MM cells; SLAMF7 is also
expressed on a variety of other leukocytes including some CD8+
T-cells, dendritic cells and most natural killer (NK) cells. Despite
being a promising therapeutic target for MM in preclinical studies by
different groups, anti-SLAMF7 CAR T-cells pose a risk of cytopenia,
especially NK cell deficiency. We designed constructs encoding both
an anti-SLAMF7 CAR and a suicide gene known as ICas9 (IC9). The
IC9 suicide gene system is a clinically proven suicide gene system
that eradicated T-cells in humans. The IC9 suicide gene contains the
inducible caspase 9 gene fused to FK binding protein-12 (FKBP12).
Binding of the small molecule Rimiducid (AP1903) to FKBP12 leads
to dimerization and activation of caspase 9, leading to apoptosis of
anti-SLAMF7 CAR T-cells. Our CAR constructs were encoded by a
Y-retroviral vector that harbored the IC9 gene, a 2A-ribosomal skip
site, followed by the CAR sequence of a single chain variable fragment
(ScFv) derived from the Luc90 (anti-SLAMF?7) antibody, a CD8a hinge
and transmembrane domain, a CD28 costimulatory domain and a
CD3 zeta T-cell activation domain. We transduced patient T-cells with
the CAR constructs and assessed the expression and function of T
cells expressing the Luc90-CD828Z CAR and IC9. We found that our
engineered Luc90 CARs were expressed on T-cells after transduction,
and we found a higher ratio of CD4+: CD8+ T-cells, which was
possibly due to CAR T-cell killing of CD8+ T cells. Importantly, T-cells
expressing Luc90 CARs demonstrated SLAMF7-specific cytokines
release, degranulation, cytotoxicity and proliferation. Based on in vitro
experiments we selected construct IC9-Luc90-CD828Z for extensive
testing. Our murine experiments showed that T-cells expressing both
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IC9 suicide gene and Luc90-CD828Z CAR can eliminate both solid
tumors or disseminated SLAMF7-expressing human MM cell from
immune-deficient NSG mice. Next, we demonstrated a significant
and exclusive elimination of T-cells expressing IC9 suicide gene +
Luc90-CD828Z CAR in vitro and in vivo by the AP1903 dimerizer.
We cultured normal peripheral blood mononuclear cells (PBMC)
with: untransduced T-cells, T-cells expressing the anti-CD19 CAR
Hu19-CD828Z (control), the Luc90-CD828Z CAR, or the IC9 suicide
gene+ Luc90-CD828Z CAR. In this experiment, we evaluated the IC9
suicide gene+Luc90-CD828Z CAR T cells with and without AP1903.
We found that addition of the AP1903 to cultures of PBMC and T cells
expressing IC9 suicide gene+Luc90-CD828Z CAR, eliminated the CAR
T-cells and resulted in prevention of NK cell elimination. In summary,
we constructed and tested an anti-SLAMF7 CAR construct containing
asuicide gene. CARs expressing this construct specifically recognized
SLAMF?7 in vitro and eradicated tumors from mice. Furthermore, we
demonstrated that IC9 acted as an efficient safety switch that eliminated
the CAR T-cells.

Use of Immune Modulation in Gene
Therapy

145. Direct Type | Interferon Signaling in
Conventional Dendritic Cells and T Help are
Required for Cross-Priming AAV Capsid-
Specific CD8* T Cells

Jamie L. Shirley', Roland W. Herzog?

'Pediatrics, University of Florida, Gainesville, FL,?Pediatrics, Indiana University,

Indianapolis, IN

AAV vectors have now been used for in vivo gene transfer to successfully
treat several human diseases. However, broadening this approach to
a more diverse set of disorders, especially those that require systemic
delivery, has largely been stymied by CD8" T cell responses against
the viral capsid. We have made progress toward defining mechanisms
that govern anti-capsid CD8" T cell activation. Previously, we found
that anti-capsid CD8* T cell priming requires the cooperation of two
distinct dendritic cells (DC) subsets, plasmacytoid DCs (pDCs) and
conventional DCs (cDCs). Specifically, TLR9 sensing of the vector’s
DNA genome occurs in pDCs, while cross-presentation of AAV-vector
derived antigen to naive CD8* T cells is carried out by ¢cDCs. The
segregation of innate sensing from cross-presentation implies that
cDC licensing signals, which are required for effective T cell priming,
must be delivered in trans from pDCs to ¢cDCs. Type I Interferons
(T1 IFNs) are abundantly produced by pDCs downstream of TLR9
signaling and are considered key mediators of anti-viral immunity.
Our prior studies showed that mice deficient in the T1 IFN receptor
(IFNAR-1) fail to generate a CD8" T cell response to capsid and ruled
out an indirect effect of T1 IFN via activation of NK cells. Hence, to test
for a requirement for a direct effect of T1 IFN signaling in ¢cDCs, we
generated a CD11c-Cre x IFNAR-1""mouse model (CD11¢-IFNAR")
in which the IFNAR-1 gene is selectively deleted in cDCs but not pDCs.
In CD11c-IFNAR” mice treated with AAV2-SIIN, the absence of T1
IFN signaling in ¢cDCs substantially mitigated CD8" T cell responses
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against the viral capsid (n=7/group; AAV2-SIIN has an engineered
capsid for detection of anti-capsid CD8* T cells using an H2-K"-
SIINFEKL tetramer). This result supports the model that T1 IFN is the
critical mediator that translates innate sensing in pDCs to a licensing
signal in cDCs that permits anti-capsid CD8* T cell priming. To test
whether this information can be exploited for therapeutic intervention,
WT C57BL/6 mice were treated with a blocking antibody for aIFNAR-1
one day prior to i.m. injection of 1x10'" vg AAV2-SIIN. Anti-capsid
CD8* T cells were significantly reduced on day 7 and day 14 p.i. in
alFNAR-1 treated mice compared to isotype control treated. Moreover,
the anti-capsid CD8* T cell response never rebounded in alFNAR-1
treated mice after 2, 3 & 4 weeks, underscoring its importance during
the early priming phase. Although we've demonstrated that T1 IFNs
are distinctly essential for cDC licensing, the canonical mechanism
for cDC licensing is through CD40-CD40L interaction with CD4*
T cells. To determine whether this pathway is also involved in ¢cDC
licensing in response to AAV, WT mice were treated with an aCD40L
blocking antibody 1 day prior to AAV2-SIIN. We observed a significant
reduction in anti-capsid CD8* T cells in aCD40L treated mice, which
averaged 0.48% tetramer* compared to 2.1% in isotype control treated
mice (n=5/group, with 4 of 5 mice having undetectable responses).
Furthermore, MHC class II""mice, which completely lack CD4" T cells,
had a similar reduction in anti-capsid CD8" T cell responses (n=7/
group). Therefore, T help is another requirement for DC licensing
that results in cross-priming of CD8+ T cells against AAV capsid and
represents an alternative target for preventing this response. Taken
together, direct T1 IFN signaling in ¢DCs as well as CD4* T cell help
through CD40-CD40L are critical licensing signals during the early
stages of CD8" T cell priming against the AAV capsid. Leveraging these
pathways may minimize CD8* T cell responses that have previously
curtailed clinical efficacy for many AAV applications.

146. Tolerogenic InmTOR™ Nanoparticles
Enhance Vector Transduction, mRNA
Synthesis and Transgene Expression after
Initial and Repeated Administrations of
AAV-Based Gene Therapy Vectors through
Immunological and Non-Immunological
Mechanisms

Petr O. Ilyinskii, Alicia Michaud, Chris Roy, Gina Rizzo,
Stephanie Elkins, Teresa Capela, Aparajita Chowdhury,
Sheldon S. Leung, Takashi Kei Kishimoto

Selecta Biosciences, Watertown, MA

Achieving clinically effective and stable expression of therapeutic
transgenes is a key challenge for gene therapy. In particular, transgene
expression following liver-directed systemic delivery of AAV vectors
in pediatric patients is expected to wane over time, and the formation
of neutralizing antibodies prevents AAV re-administration. We
have previously shown that tolerogenic nanoparticles encapsulating
rapamycin (ImmTOR™ or SVP-Rapamycin) have the ability to
block the humoral and cellular responses against the capsid,
thereby enabling repeat administration of AAV vectors (Meliani
et al., Nat. Commun., 2018). Here we further demonstrate that co-
administration of InmTOR™ with AAV-based vectors also enhances
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transgene expression after the first dose of AAV vector in naive mice.
This beneficial effect of InmTOR™ on first dose transgene expression
appears to be largely independent of its immunomodulatory effects on
adaptive immunity. Admixing InmTOR™ and AAV prior to injection
is required for enhanced transgene expression after the first dose,
but is not required for inhibition of the antibody response to AAV
or for repeated administration of AAV vectors. Moreover, the first
dose benefit of ImmTOR™ is also observed in beta 2-microglobulin-
and Rag2-deficient mice. However, the partial or complete absence
of adaptive responses in these mice enhances transgene expression,
compared to wild type mice, even without ImnmTOR™, especially after
repeated vector administrations, thus confirming that the adaptive
immune response is a crucial impediment for repeat AAV dosing.
Mechanistically, our data suggests that InmTOR™ can affect multiple
aspects of AAV biology at first dose, including trafficking to the
liver, inhibition of acute inflammation, and autophagy. The physical
association of InmTOR™ and AAV, which is time- and dose-dependent
and can be blocked in vitro by pre-exposure of AAV to low levels
of neutralizing antibodies, may facilitate trafficking of AAV to the
liver, which results in increased vector copy numbers and transgene
mRNA expression in the liver. The combination of ImmTOR™
and AAV also inhibits AAV-induced NF«B activation in the liver
of transgenic NFkB reporter mice. Finally, InmTOR™ appears to
enhance autophagy in vivo, which is consistent with a recent report
that autophagy induced by mTOR inhibitors, such as rapamycin,
increases AAV transduction, nuclear localization, and transgene
expression in vitro and in vivo (Hésel et al. Hepatology, 2017).
This multi-pronged mechanism of ImmTOR™ action makes it an
attractive candidate to enhance systemic gene therapeutic applications,
particularly in those clinical indications where repeat vector dosing
may be necessary. The first dose benefit of adding InmTOR™ to AAV
gene therapy is immediate, dose-dependent and not mouse strain-
specific. It requires direct interaction of ImmTOR™ particles with
AAV virions and is characterized by increased vector copy number in
liver cells and elevated synthesis of transgene-encoded mRNA. The
rapid and enhanced transgene expression may enable therapeutic
benefit at lower doses of AAV and faster onset of transgene-directed
therapeutic effects. Importantly, the inhibition of the formation of
neutralizing antibodies by InmTOR™ enables productive expression
of the transgene with repeat administration.

147. Combination Therapy Reduces Existing
Anti-AAV Antibody by Logs and Allows for Safe
and Efficacious Redosing

Julie M. Crudele'?, Garrett C. Heffner?, Jordan M.
Klaiman'?, Jessica M. Snyder’, David M. Lin*, Naomi

P. Linn* I. Winnie Lin’, Ana Buj Bello®, Martin K.
Childers"?, John T. Gray?, Jeftrey S. Chamberlain'?,

David L. Mack"?

"University of Washington, Seattle, WA,*Wellstone MDSRC, Seattle,

WA ,*Audentes Therapeutics, San Francisco, CA,*Bloodworks Northwest, Seattle,
WA,*Genethon, Evry, France

Previous studies have shown the efficacy of repeat adeno-associated
viral vector (AAV) administrations is inhibited by anti-AAV antibodies
(Ab) that develop after initial vector dosing. Treating patients with
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high-titer Ab also poses safety risks, as Ab-antigen complexes can
cause hypersensitivity reactions resulting in adverse events such as
anaphylaxis, nephritis, or arthritis. Regardless, such repeat dosing
may be necessary for some patients. While protocols are developing
to prevent the initial formation of Ab, many patients will have already
been exposed to AAV through clinical trials, commercial treatments, or
wild type infections. Here we tested the ability of immune suppression
coupled with therapeutic plasma exchange (TPE) to reduce anti-AAV8
Ab following an initial dose to levels allowing for safe and efficacious
redosing of vector. We have shown that AAV8 expressing canine
myotubularin 1 (¢tMTM1) from the muscle-specific desmin promoter
can successfully treat X-linked myotubular myopathy (XLMTM) dogs
(Mack et al Mol Ther 2017). Here, two 11-week old XLMTM dogs
were systemically treated with 8el3 vector genome (vg)/kg of the
aforementioned vector with only a 4-week corticosteroids course—
current standard of care for high-dose AAV in patients—for immune
modulation. As expected, high-titer (titers > le5) anti-AAVS8 IgG2
Ab developed. ~4 months after the 1st AAV dose, 1.4e14 vg/kg of the
same vector was re-administered. For redosing safety and to reduce
anti-AAV Ab, rapamycin was started 38 days prior to the second dose
and maintained for 2 weeks after redosing, prednisolone was started 24
days prior and tapered beginning 2 weeks after, and a canine anti-canine
CD20 Ab was infused 32 days prior. Finally, each dog went through
three rounds of TPE: 1.5x the dogs’ plasma volume was exchanged
for saline and donor plasma 4 days, 2 days, and 30 minutes prior to
redosing. The potential exists that additional rounds could reduce Ab
titers even further. Baseline anti-AAV8 total Ab levels as determined by
ELISA were 128 (Dog #1) and 216 (Dog #2) ng/mL, corresponding with
titers of 100 and 315, respectively. Ab peaked on day 87 (#1: 6.0e5, #2:
3.0e5 ng/mL). A 25-45% reduction was achieved with pharmaceuticals/
biologics, with an additional log decrease achieved with TPE. At the
time of redosing, Ab concentrations were 4.3e4 (#1) and 1.5e4 (#2) ng/
mL; titers were within 1.5 logs of baseline. Vector copy number was 0.52
+ 0.25 vg/diploid genome (dg) in 3 muscle biopsies per dog 25 days
after 1st AAV. That dropped to 0.10 + 0.05 vg/dg on day 98, but then
rebounded to 0.59 + 0.17 vg/dg 25 days after redosing. This increase
in intramuscular vector copy number suggests that despite residual
anti-AAV Ab, redosing successfully led to new transduction. Additional
quantitation of vector expression is ongoing to confirm this conclusion
and will be presented at the meeting. Neurology assessments, which
score gait, exercise tolerance, and muscle tone (10 is normal), increased
in Dog 2 after redosing (low 8 baseline; scores of 8-9 after 1st AAV;
8-10 after 2nd AAV). Dog 1 maintained scores of 9 throughout. Limb
reflex scores increased for both dogs after redosing (1.33 + 0.18 baseline,
1.74 £ 0.11 after 1st AAV, 1.91 + 0.13 after redosing, p<0.01). Neither
doghad overt hypersensitivity responses to the 2nd infusion of vector.
Together, these data suggest that anti-AAV8 Ab can be overcome for
safe and efficacious repeat vector dosing.
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148. Toll-Like Receptor Agonists Have Distinct
Effects on Activation of Dendritic Cell Subsets
and Antibody Formation in Muscle AAV Gene
Transfer

John S. S. Butterfield!, Moanaro Biswas? Sandeep R.

P. Kumar?, Jamie Shirley’, Cox Terhorst’>, Chen Ling',
Roland W. Herzog?

'University of Florida, Gainesville, FL,’Indiana University, Indianapolis,
IN,*Harvard Medical School, Boston, MA

The effects of innate immune signaling, including through toll-like
receptors (TLRs), on dendritic cell (DC) activation and frequency
during AAV gene transfer is not well-defined. Promotion of adaptive
immune responses by activated DCs, such as enhancement of follicular
helper T cells by TLR9 activation of monocyte-derived DCs (moDCs),
was previously shown to promote antibody formation during AAV
gene transfer. Like TLR9, TLR7 is found in the endosomes of many of
the same subsets of DCs and couples with the same adaptor signaling
molecule, myeloid differentiation factor 88, which increases production
of pro-inflammatory cytokines and surface levels of costimulatory/
presentation molecules and causes nucleated cells to become resistant
to viral infection. TLR7 agonists are approved for treatment of basal
cell carcinoma and are being tested for use in a wide variety of other
therapies. With continued development of both TLR7 agonist and AAV
gene therapies, there is additional potential for overlap in patients,
making investigation of their possible interactions increasingly
important. Additionally, during AAV gene transfer, patients may be
exposed to TLR7-stimulating RNA viruses (e.g., influenza virus), which
could potentially hamper gene therapy if TLR7 activation enhances
antibody formation similarly to TLR9. Therefore, we asked whether
activation of endosomal TLRs, by adenine analog CL264 (TLR7
agonist), imidazolquinolone compound R848/resiquimod (dual TLR7/8
agonist), or class B CpG oligonucleotides ODN1826 (TLR9 agonist)
could augment antibody formation upon intramuscular administration
of AAV1 expressing human clotting factor IX (AAV1-hFIX) in mice.
The TLR9 agonist robustly enhanced antibody formation within 2
weeks, initially eliminating systemic hFIX expression. In contrast, the
TLR7 and dual TLR7/8 agonists did not promote antibody formation.
A transient reduction of circulating hFIX was nonetheless noted
after AAV treatment with the TLR7 agonist but not the dual TLR7/8
agonist. Concurrently, we investigated the effects of these TLR agonists
on splenic and draining lymph node (dLN) DCs, including: moDCs,
conventional DCs (CD11b* or CD8a"), and plasmacytoid DCs (pDCs).
When administered AAV only, mice displayed increased surface levels
of MHCII on splenic moDCs, CD11b* DCs, and CD8a* DCs. Among
other changes, TLR9 stimulation increased frequencies of dLN moDCs
and CD11b* DCs. Treatment with the dual TLR7/8 agonist resulted in
both increased dLN moDCs and expanded and activated dLN pDCs.
Lastly, the TLR7 agonist increased splenic CD8a* and dLN pDCs
but failed to increase moDCs. Thus, these TLR ligands have various
effects on DC populations, yet only the TLR9 agonist enhanced the
humoral immune response against AAV-expressed hFIX. These new
findings and literature data indicate that TLR9 is unique among TLRs
in its ability to stimulate B cell activation in muscle gene transfer. Our
new findings further show that antibody formation cannot merely be
explained by expansion of moDCs via TLR activation but is likely also

Use of Immune Modulation in Gene Therapy

influenced by effects on other subsets of DCs, such as pDCs. Although
the TLR7 agonists had somewhat diverse effects on DC populations
and may therefore shape immune responses differently from each
other, neither TLR7 agonist induced antibody formation against the
transgene product in muscle AAV gene transfer.

149. LV.Insulinb9-23/Anti-CD3 Combined
Therapy Inhibits Recurrence of Autoimmunity
in NOD Mice after Allogeneic Pancreatic Islets
Transplant

Fabio Russo', Giorgia Squeri', Antonio Citro?,
Francesca Sanvito’, Paolo Monti?, Silvia Gregori', Maria

Grazia Ronacarolo?, Andrea Annoni!

!San Raffaele Telethon Institute for Gene Therapy, IRCCS San Raffaele Scientific
Institute, Milan, Italy,San Raffaele Diabetes Research Institute, IRCCS San
Raffaele Scientific Institute, Milan, Italy,’Pathology Unit, IRCCS San Raffaele
Scientific Institute, Milan, Italy,*Stanford School of Medicine, Stanford, CA

Type 1 diabetes (T1D) is an autoimmune disease resulting in the
complete destruction of pancreatic beta-cells by auto-reactive T cells
targeting islet-associated antigens and induction of antigen (Ag)-
specific tolerance represents a therapeutic option. We previously
showed that systemic administration of a single dose of lentiviral vector
(LV), enabling stable or transient expression of insulin B chain 9-23
(InsB9-23) in hepatocytes, arrests beta-cell destruction in NOD mice
atadvanced pre-diabetic stage, by generating InsB9-23-specific FoxP3*
T regulatory cells (Tregs). Here we show that LV.InsB in combination
with a suboptimal dose (1X 5pg) of anti-CD3 mAb (combined therapy
CT5) reverts overt diabetes, prevents recurrence of autoimmunity and
maintains insulin independence when provided the day after syngeneic
or allogeneic pancreatic islet transplantation in 50% and 40% of treated
mice, respectively. Moreover, we investigated whether an optimized CT
(1X25ug of anti-CD3 mAD plus LV.InsB-CT25) could arrest recurrence
of autoimmunity and possibly suppress allo-response to transplanted
islets. To obtain stabilization of disease progression and to establish
the CT-driven tolerogenic program prior to islet transplantation, we
transplanted allogeneic islets 7 days after CT25. Results indicate that
100% of diabetic NOD mice treated with CT25 and transplanted with
Balb-c islets (at glycemia <500mg/dL) remained normoglycemic
for 100 days, displayed a reduced T cell responsiveness to InsB9-23
stimulation and an increased frequency of Tregs in pancreatic inflitrates
and lymphnodes. Histological analysis showed that the transplant
under the kidney capsule was lost and cured mice showed a reduced
insulitis compatible with their glycemic level. Overall, results indicate
that optimized CT25, via induction of Ag-specific FoxP3* Tregs and
control Ag-specific effector T cells, represents a curative treatment for
T1D when associated with allogeneic islets transplantation to restore
activity of the endogenous beta cell mass.
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150. Transient Immunosuppression and
Adeno-Associated Virus (AAV) Vector Gene
Transfer of Programmed Death Ligand-1
(PD-L1) Prevents the Development of Chronic
Cardiac Transplant Rejection

Susan M. Faust', Guanyi Lu?, Bernard L. Marini’, D.
Keith Bishop®, Douglas M. McCarty*

"ImmunoCurex LLC, Washington, DC,?University of Florida, Gainesville,
FL,*University of Michigan, Ann Arbor, ML, *Pfizer, Morrisville, NC

The accepted treatment for end-stage heart failure is transplantation.
Immunosuppressive therapies diminish the incidence of graftloss due
to acute graft rejection, leaving chronic rejection (CR) as the main
impediment to long-term transplant survival. CR in cardiac allografts
is characterized by interstitial fibrosis, vascular occlusion, cardiac
hypertrophy, and progressive dysfunction of the graft. In the mouse
vascularized cardiac allograft model, prolonged allograft survival can
be achieved by transiently depleting recipients of CD4+ T cells or by
disrupting CD40-CD40L interactions. However, allografts in mice
treated with anti-CD40L monoclonal antibody (mAb) remain free of
CR, while grafts in mice transiently depleted of CD4+ T cells develop
CR. Programmed death-1 (PD-1) is an immune checkpoint receptor
on cytotoxic T cells. Upregulation of the PD-1 receptor plays a key
role in the debilitating process of T cell exhaustion, as well as being
an important factor during the normal immune response to prevent
autoimmunity. In this study, AAV gene transfer of programmed
death ligand-1 (PD-L1) into cardiac allografts was employed to
assess the impact of intragraft PD-L1 expression on both acute and
chronic rejection of the transplanted organ and donor-reactive T cell
responses. To evaluate efficacy of PD-L1 gene transfer in the acute
and chronic rejection mouse cardiac allograft models, allografts were
transduced by perfusion with self-complimentary AAV vectors that
encoded a mouse PD-L1 gene (scAAV9-PD-L1) or a Null vector
encoding a scrambled mouse PD-L1 gene sequence (scAAV9-Null)
and heterotopically transplanted into fully-MHC disparate recipients
that either received no immunosuppression (acute rejection model)
or inductive anti-CD4 mAb therapy on days -1, 0, and 7 transplant
(chronic rejection model). Graft function was monitored by palpation,
and overexpression of PD-L1 in transduced allografts was verified
by quantitative RT-PCR. In the acute rejection model, all recipients
rejected the grafts by day 9 post-transplant. Gene transfer of PD-L1 to
allografts failed to alter the splenocyte cellular composition or abrogate
the dominant Th1 response associated with acute rejection. Cellular
infiltrate, myocyte necrosis, and hemorrhage—all hallmarks of acute
rejection—were observed in both the scAAV9-PD-L1 or scAAV9-
Null transduced allografts, indicating that PD-L1 gene transfer did
not alter the course or pathological characteristics of acute rejection.
Conversely, in the chronic rejection model, PD-L1 overexpression in
combination with inductive anti-CD4+ mAb treatment significantly
attenuated cardiac hypertrophy, improved graft function, and
significantly reduced the percentage of graft-infiltrating lymphocytes
compared to the control group. Donor-reactive T and B cells also
remained in a hyporesponsive state in the PD-L1-gene transferred
recipients. Furthermore, morphometric trichrome analysis revealed a
significant reduction in interstitial fibrosis in the PD-L1-overexpressing
allografts compared to the Null vector transduced grafts. Strikingly,
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allografts transduced with scAAV9-PD-L1 combined with transient
depletion of CD4+ T cells exhibited comparable collagen deposition
to allografts in mice treated with inductive anti-CD40L mAb therapy,
which remain free of CR. These findings demonstrate that combined
transient immunosuppression and AAV-mediated PD-L1 cardiac gene
transfer holds great promise in preventing the development of chronic
allograft rejection, and provides a new treatment strategy to overcome
a critical challenge to long-term transplant success.

151. In Vivo Chemoselection of Antibody-
Secreting Hematopoietic Cells

Anne-Sophie Kuhlmann, Zachary Yaffe, Jacob Parrott,
Christina Ironside, Jerry Chen, Kevin Haworth,

Christopher Peterson, Hans-Peter Kiem
Stem Cell and Gene Therapy Program, Fred Hutchinson Cancer Research Center,
Seattle, WA

Despite efficacy of the antiretroviral therapy (ART) for the treatment
of HIV-infected patients, replication-competent latent viral reservoirs
persist in sanctuaries, leading to viral rebound after treatment
interruption. Alternative treatment approaches are necessary to
address this challenge. Broadly neutralizing antibodies (bNAbs)
represent an encouraging and safe novel treatment strategy, as
recently demonstrated in clinical trials. However, sustained antibody
expression still has to be achieved. We have previously established that
in vivo secretion of bNAbs by gene-modified hematopoietic stem and
progenitor cells (HSPCs) represent a promising alternative to address
these issues and we are now investigating approaches to reach higher
therapeutic concentrations of secreted antibody. We have modified
human HSPCs CD34*cells with lentiviral vectors conferring not only
antibody secretion but also resistance to O6-benzylguanine (O6BG)
and bis-chloroethylnitrosourea (BCNU) chemotherapy through
expression of the MGMT, , protein. The cells, either modified or
unmodified for control, were injected into irradiated NOD-SCID-
gamma (NSG) neonate mice which underwent chemoselection with
O6BG and BCNU at 11 weeks following the infusion. We found that
treatment with the chemoselection drugs stabilized the engraftment of
the gene-modified GFP-expressing human cells in the peripheral blood
relative to non-chemoselected mice until 40 weeks, duration of the
experiment. Indeed, after 24 weeks, the engraftment in the antibody-
secreting group reached a plateau averaging 65% of CD45*GFP*cells
in the chemoselected mice, which was higher than in the non-
chemoselected mice averaging 30% of CD45*GFP*cells (see figure).
Longitudinal and necropsy analyses revealed that the engraftment
and differentiation of HPSCs into CD3*T cells, CD20'B cells and
CD14'monocytes were unaffected by the treatment of mice with the
chemoselection drugs relative to the untreated mice. The CD34*derived
hematopoietic cells secreted anti-HIV PGT128 bNAb in the plasma at
a slightly higher concentration than in the non-chemoselected mice
despite engraftment of human CD45"cells below 10%. At 22 weeks
of age, the mice were challenged with HIV-1 virus and the antiviral
antibody function is now being investigated. Future experiments will
also assess MGMT, , . expression in the modified cells and trafficking
to the tissues of interest. The indefinite renewal potential of HSPCs and
ability to differentiate into lineages migrating to tissues hosting the
viral reservoirs is a relevant advantage to address sustained antibody
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secretion and delivery to the sanctuaries. In vivo chemoselection
with O6BG and BCNU drugs further support the persistence of the
engraftment of the gene-modified cells rather than an increase in
the engraftment, as well as increased antibody concentrations. Such
strategy highlights the promising potential of using HSPCs as a means
to improve therapeutics delivery and importantly, could be applied to
other infectious or non-infectious diseases whose treatments require
sustained antibody expression.Figure 1: Selected mice from mock
(unmodified cells), GFP (GFP expression) and PGT128 (GFP and
PGT128 antibody expression) groups were chemoselected at 11 weeks.
Gene-modified CD45'GFP"cells were quantified in the peripheral
blood by flow cytometry at the indicated time points.
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152. Novel Commercially Available Autologous
Homologous Skin Construct Yields Neo-
Generation of Full-Thickness Skin Following
Burn, Acute Traumatic, and Chronic
Cutaneous Wounds That Can Be Genetically
Modified

Nikolai A. Sopko!, Caroline Garrett', Michael A.
Marano?, Gerhard S. Mundinger’, David J. Smith?,

Joanna L. Partridge’, Mark S. Granick®

'Research and Development, PolarityTE, Salt Lake City, UT,*Surgery, Saint
Barnabas Medical Center Burn Center, Livingston, NJ,*Plastic and Reconstructive
Surgery, Children’s Hospital of New Orleans, New Orleans, LA,*USF Plastic
Surgery, Tampa General Hospital, Tampa, FL,*Surgery, Barnabas Health Rutgers
Robert Wood Johnson Medical School, New Brunswick, NJ,*Surgery, Division of
Plastic Surgery, Rutgers New Jersey Medical School, Newark, NJ

Despite advancements in tissue engineering, current therapies cannot
regenerate fully-functioning skin. Established therapies for cutaneous
wounds like split-thickness skin grafts (STSG) and advanced skin
substitutes are limited by incomplete healing, scarring, contraction,
and lack the function of normal skin. Burn, acute traumatic, and
chronic wounds affect approximately 40,000, 700,000, and 2 million
Americans, respectively costing the healthcare system >$30 billion.
An Autologous Homologous Skin Construct (AHSC) comprised of
minimally polarized functional units (MPFUs) is created from a small
piece of full-thickness skin. AHSC processing activates cutaneous
endogenous regenerative cellular niches seen by increased RNA
expression on stem cell associated gene array (Figure 1A). AHSC is
not cultured ex-vivo, rather it is returned to the wound bed following
processing where using the endogenous wound bed signaling and
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supportive environment, the MPFUs generate expanding neodermal
islands that close the wound from the inside out in a manner similar
to natural healing. Following pre-clinical validation in a swine model
of wound healing, efficacy of AHSC to close burn, acute traumatic,
and chronic wounds was evaluated clinically. Digital photography,
functional analysis, and biopsied tissue analysis including confocal
fluorescent microscopy, environmental scanning electron microscopy,
multiphoton second harmonic generation microscopy, and RAMAN
spectroscopy demonstrated regeneration of full-thickness skin (Figures
1B-D). Ex vivo processing of the patient’s skin and activation of its
regenerative cellular populations during AHSC processing provides
an opportunity to manipulate AHSC including genetic modification.
Preliminary gene transfer results using fluorescent protein lentiviral
reporter constructs demonstrated the ability to transduce cellular
elements of murine-AHSC (Figure 1E). These data demonstrate
AHSC is able to close complex cutaneous defects with full-thickness,
functional skin, which may be genetically manipulated to potentially
treat debilitating genetic cutaneous defects.
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153. Morphological and Functional Rescue of
Retina in a Laser Induced RPE Injury Swine
Model Using iPSC-Derived RPE Patch

Aaron C. Rising, Yichao Li, Juan Amaral, Haohua
Qian, Irina Bunea, Kristi Creel, Arvydas Maminishkis,

Sheldon Miller, Kapil Bharti
NIH/NEI, Bethesda, MD

Purpose: Geographic atrophy (GA) is an advanced stage of age-related
macular degeneration (AMD) that results in severe visual impairment
and blindness in the elderly. GA is caused by degeneration of
photoreceptors, which is triggered by retinal pigmented epitheial (RPE)
atrophy. The purpose of this study was to perform a pre-clinical Good
Lab Practices (GLP) efficacy analysis of human induced pluripotent
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stem derived RPE (iRPE) patch. Methods: Yucatan pigs were used
to test a degradable PLGA scaffold with iRPE cells (N=6), without
cells (N=5) or iRPE-suspension without scaffold (N=6). To induce
an AMD-like phenotype, laser injury of the RPE was performed in
the pig visual streak 2 days prior to the surgical intervention. Multi-
focal electroradiograph (mfERG) and optical coherence tomography
(OCT) were used to assess longitudinal changes over the course of
the project (baseline, 14, 35 and 54 days). For the mfERG, 7 different
waveform components (N1 and P1 amplitude, N1 and P1 width,
NI1P1, scalar product and area under the curve) were calculated and
grouped together for linear mixed effect modeling (LME). Eyes were
histologically processed to determine basic morphological changes in
the ONL and RPE and other retinal features. Results: mfERG results
indicate the PLGA-iRPE implant improve significantly over both the
implant without cells and cell suspension (LME: vs implant no cells,
p =0.03 and vs suspension p=0.05). 6 of the 7 waveform components
of the PLGA-IiRPE were higher than the implant without cells at the
final time point. iRPE-suspension showed no differences to the impant
without cells (p=0.18). OCT results showed the retina of the PLGA-
iRPE had moderately better morphology as compared to those without
cells. The retina in the iRPE-suspensions did not reattach, but it did in
the two other groups. Histologically the areas above the PLGA-iRPE
implant showed improved morphology. Conclusions: Our results show
in the pre-clinical GLP study that a PLGA-iRPE scaffold can improve
functionality in a laser induced AMD model as compared to both an
empty scaffold and a iRPE-suspension. Additionally morphological
improvements were evident from both the OCT and histological
assessments in the PLGA-iRPE when compared to the other treatments.
These promising results will provide the necessary pre-clinical work
for a phase I IND-enabling study.

154. Platelet-Based Cell Therapy Ameliorates
CNS Inflammation in Mice with Neuropathic
Gaucher Disease by Reversing Leukocyte
Recruitment
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Pediatrics, University of Cincinnati School of Medicine, Cincinnati, OH,*National
Institutes of Health, Bethesda, MD

Gaucher disease is caused by mutations in the GBAI gene encoding
acid B-glucosidase (GCase). There has no effective treatment for
neuronopathic Gaucher Disease (nGD) due to the difficulty of
therapeutics to cross the blood-brain-barrier (BBB). Platelets are
one of blood components that contain secretory macromolecules,
including certain lysosomal enzymes, cytokines and chemokines
that are involved in hemostasis, angiogenesis and inflammation. We
have recently shown that weekly platelet transfusion achieved CNS
benefits as indicated by significantly extended life-span, improved
neurological function and reduced pro-inflammation and neuronal
necroptosis in a nGD (4L;C) mouse model. However, GCase carried
by normal platelets is not sufficient to provide such CNS benefits
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as diseased BBB was not penetrable for 10kDa dextran (vs. GCase
~60kDa) and no significant increase of enzyme activity was detected in
brain parenchyma after platelet transfusion. Interestingly, we detected
2.5-fold increase in the percentages of leukocyte-platelet aggregates
(CD45+CD61+) in peripheral blood from 4L;C mice compared
to normal controls, indicating a higher initiation rate of leukocyte
transmigration in Gaucher mice. Indeed, we observed significantly
higher percentages of brain leukocytes (CD45+, ~2-fold), CNS
macrophage (CD45""CD11b+, 2.1-fold) and T cell subpopulation
(CD45+CD3+, 4.3-fold) in the diseased mice than those in normal
controls by flow cytometry analysis. These data indicate elevated
level of leukocyte recruitment and subsequent pro-inflammation
in Gaucher brain. In line with high immune cell infiltration, we
found that levels of certain chemokines such as Ccl2, Rantes, and
cytokines such as II-1f3, II-6 and Tnf-a were dramatically elevated
in diseased brain, and significantly reduced by platelet transfusion.
Consequently, the severe astrogliosis in nGD brain was significantly
ameliorated with normalized astrocyte morphology in certain brain
regions including brain stem and thalamus of platelet-treated mice
by immunohistochemistry staining of glial fibrillary acid protein
(GFAP). In addition, the elevation of two adhesion molecules involved
in endothelium activation (Icaml and Veaml) found in nGD brain
was significantly reduced after platelet transfusion. Interestingly, after
quantifying cytokine/chemokine concentrations in circulation with
Luminex assay, we found that elevated RANTES and KC1 protein levels
observed in 4L;C mice were normalized in plasma from mice treated
with platelet transfusion. Importantly, purified platelets from 4L;C mice
demonstrated significantly higher levels of KC1, IL-6 and CCL2 than
those from normal controls. Taken together, these results suggest that
hypoactive platelets in Gaucher disease may partially contribute to CNS
inflammation. Transfusion of healthy platelets reduced activation status
of BBB-forming endothelium, as well as normalized pro-inflammation-
related cytokine/chemokine profiles in blood, which may reverse high
leukocyte recruitment from blood to CNS in diseased mice. These
studies not only provide a proof-of-concept with platelet transfusion
asa new treatment approach for neuropathic lysosomal storage disease,
but also shed lights on the pathogenesis of CNS involvement in nGD.

155. Genome Edited Airway Stem Cells as a
Durable Cell-Based Therapy to Treat Cystic

Fibrosis

Sriram Vaidyanathan', Zachary M. Sellers', Dawn T.

Bravo?, Wei Le?, Jayakar V. Nayak?, Matthew H. Porteus'

'Pediatrics, Stanford University, Stanford, CA,*Otolaryngology, Stanford
University, Stanford, CA

Cystic fibrosis (CF) affects about 30,000 Americans and 75,000 people
globally. Mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) CI" channel cause CE. CF results in chronic lung
infections that cause lung failure and can only be treated by lung
transplantation, which is limited by a short supply and poor prognosis
after transplant. Although CFTR modulators have benefited many
patients, they cannot treat about 10% of patients who produce no
CFTR (e.g premature stop codons). The ideal therapy for CF is a gene
therapy that corrects CF causing mutations in airway stem cells and
generate a durable layer of corrected airway cells. In vivo viral and
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non-viral gene therapy strategies have been attempted but success has
been limited due to the thick mucus, immune response to viral vectors,
the inflamed nature of the epithelial surface and rarity of basal stem
cells. In this study, we describe the development of autologous gene
corrected primary Krt5+ airway basal stem cells as a cell therapy for
CE. We use CRISPR/Cas9 and AAV to insert the cDNA of CFTR in
exon 1 of primary Krt5+ basal stem cells (basal cells) obtained from
CF and non-CF patients and address almost 100% of CF mutations.
A major challenge in using CRISPR/cas9 for CF is the achievement of
high frequency correction in physiologically relevant airway stem cells.
We have achieved high frequency correction of the F508del mutation in
primary airway basal cells (up to 60%) and restore CFTR function (up
to 99%). In this study, we extend these techniques to further address
the more challenging task of inserting the full-length CFTR ¢cDNA.
In preliminary studies, we have inserted CFTR cDNA with a selection
marker (truncated CD19) in 5-10% primary Krt5+ airway basal stem
cells and further purified the edited cells to obtain a 50-80% edited
population. After differentiation in air-liquid interface, we observed
restoration of CFTR mediated Cl- transport in the differentiated
epithelial sheets using Ussing Chamber analysis. These experiments
are an important first step for the autologous transplantation of edited
airway stem cells to treat CE. Subsequent studies will investigate
transplantation of corrected cells seeded in scaffolds approved for

sinonasal repair into the upper and lower airways of animal models.
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Figure 1: A. In preliminary studies, CFTR cDNA with tCD19 was
inserted into exon 1 of primary F508del homozygous bronchial
cells. Edited cells were sorted by flow cytometry (FACS) to obtain
75% corrected cells. B. FACS sorted cells displayed forskolin and
CFTR,,-172 responses similar to non-CF samples (not shown) in
ussing chamber assays C. Uncorrected CF cells from the same donor
as B did not exhibit the same responses to forskolin or CFTR_ -172

156. Messenger RNA-Correction of MAGT1-
Deficient T- and NK Cells from Patients with
XMEN Disease

Julie Brault!, Ronald J. Meis?, Kennichi C. Dowdell?,
Linhong Li*, Cornell Allen*, Ezekiel Bello', Narda
Theobald!, Janet Lee!, Aaron B. Clark?, Juan C. Ravell®,
Michael J. Lenardo®, Gary A. Dahl?, Harry H. Malech',
Suk See De Ravin!

"National Institutes of Allergy and Infectious Diseases/Laboratory of Host
Defenses, National Institutes of Health, Bethesda, MD,?CellScript, Madison,
WI,’National Institutes of Allergy and Infectious Diseases/Laboratory of
Infectious Diseases, National Institutes of Health, Bethesda, MD,*MaxCyte
Inc., Gaithersburg, MD,’National Institutes of Allergy and Infectious Diseases/
Laboratory of Immune System Biology, National Institutes of Health, Bethesda,
MD

X-linked immunodeficiency with magnesium defect, Epstein-Barr
virus (EBV) infection, and neoplasia’ (XMEN) disease is a primary
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immunodeficiency disease due to the deficiency of the magnesium
transporter 1 encoded by the MAGTI gene. Mutations in MAGTI
abrogates the expression of “Natural-Killer Group 2, member D”
(NKG2D) receptor in natural killer (NK) and CD8 T cells which
is essential for the recognition and the killing of virus-infected or
transformed cells. Chronic elevated EBV viral load increases risks
of secondary lymphoid expansion and recurrent lymphomas in
XMEN patients. There is no specific treatment for XMEN disease and
to date, hematopoietic stem cell transplant for these patients have
resulted in high mortality that may be compounded by uncontrolled
infections. We sought to develop an approach to functionally correct
XMEN patient immune cells by MAGTI mRNA transfection. Our
objective was to optimize a scalable, clinically applicable therapeutic
approach for the purpose of treatment of severe infections in these
immunodeficient patients. Peripheral blood mononuclear cells were
collected by leukapheresis from a MAGT1-deficient XMEN patient
(c.598del) and healthy donors (Protocol 94-1-073). We performed
selective activation and expansion of T cells with CD3/CD28 beads
in RPMI medium supplemented with fetal calf serum and 200 UI/
mL rhIL2 for 1 week. NK cells were also bead-isolated and expanded
for 10 days. XMEN cells were electroporated with MAGT1 mRNA
400 ug/mL and in vitro cultured for up to 28 days. We observed
restored MAGT1 expression by western blot at 6h and 24h post-EP.
To determine if corrected MAGT1 was functional, we performed
serial FACS analysis for restoration of NKG2D expression in T (CD4+,
CD8+) and NK cells following EP. We detected that >90% of CD8+
T cells and NK cells showed restored NKG2D expression at 48h that
persisted in 40.5% and 8% of cells at day 7 and day 14 respectively. In
addition, Mg flux was restored in CD8 T cells after EP. To analyze the
cytotoxic function of mRNA-corrected XMEN cells, we co-cultured
CD8 T and NK cells with L1210 (mouse lymphocytic leukemia cell
line) and K562 (human chronic myelogenous leukemia cells) target
cells respectively at several effector:target ratios and demonstrated
improved cytotoxicity following MAGT1 mRNA transfection. To
determine if mRNA-transfected PBMC maintain their restored
function following cryopreservation, we cryopreserved transfected
cells at 24h following EP, which were then thawed two weeks later for
analysis. We confirmed that mRNA-corrected lymphocytes that had
undergone cryopreservation exhibited the same NKG2D expression
kinetic and restored cytotoxic function following thaw, an attractive
feature for potential clinical utility of cryopreserved cell products.
In summary, we provide the first demonstration of highly efficient
correction of T and NK cells by mRNA transfection to restore protein
expression and improve cytotoxicity. This transient approach is devoid
of genotoxicities, an important safety feature. Retained functional
correction following cryopreservation will allow repeat dosing of
mRNA-corrected autologous cells for control of intractable infections.
This mRNA-based therapy may offer a new therapeutic approach for
XMEN patients.
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157. Rescue of Autophagic Flux in a Mouse
Model of Danon Disease by Hematopoietic
Stem and Progenitor Cell Transplantation
Sherin I. Hashem', Emily C. Gault?, Jay Sharma?, Sylvia

M. Evans?, Stephanie Cherqui?, Eric Adler?

'Pathology, University of California San Diego, La Jolla, CA,*Medicine, University
of California San Diego, La Jolla, CA,*University of California San Diego, La Jolla,
CA

Purpose: Danon disease is a lethal familial cardiomyopathy associated
with impaired autophagic flux due to mutations in the gene encoding
lysosomal associated membrane protein type 2 (LAMP-2). Most Danon
disease patients die from progressive heart failure in the second and
third decade of life without heart transplantation. There are currently
no specific treatments for this deadly disease. We investigated
the potential for hematopoietic stem and progenitor cell (HSPC)
transplantation to rescue autophagic flux in Danon disease. Methods:
We isolated HSPCs from wild-type (WT) transgenic GFP mice, and
systemically transplanted irradiated LAMP-2 knockout (KO) mice.
A year post-transplantation, we investigated the fate and function of
HSPCs by confocal and fluorescence microscopy, electron microscopy,
and by western blotting. Results: We found that a single systemic
transplantation of WT-HSPCs rescued autophagic flux in the LAMP-
2 KO mouse model. Following transplantation, the HSPCs engrafted
and then differentiated into CD68-positive macrophages in the heart
of the transplanted LAMP-2 KO recipient mice. HSPC-transplanted
LAMP-2 KO mouse hearts exhibited the presence of LAMP-2-positive
lysosomes within cardiac myocytes, demonstrating the transfer of
wild-type lysosomes from WT-HSPC-derived macrophages to LAMP-
2 KO mouse cardiac myocytes in vivo. Moreover, HSPC-transplanted
LAMP-2 KO mouse hearts showed rescue of autophagic flux and
decreased accumulation of autophagic vacuoles, the major hallmarks
of Danon disease, compared to non-transplanted LAMP-2 KO mice.
Conclusion: Our results demonstrate the WT-HSPC-mediated rescue
of autophagic flux in Danon disease mice and supports a new potential
therapeutic strategy for treating Danon disease.

158. Cdx2 Cells for Cardiac Regeneration
Sangeetha Vadakke-Madathil', Gina Larocca', Koen
Raedschelders?, Jesse Yoon®, Sarah Parker?, Joseph
Tripodi’, Vesna Najfeld®, Jennifer E. Van Eyk?, Hina
Chaudhry!

!Cardiology, Icahn School of Medicine at Mount Sinai, New York, NY,?Cedar Sinai
Medical Center, Los Angeles, CA,’Icahn School of Medicine at Mount Sinai, New
York, NY

The extremely limited regenerative potential of adult mammalian heart
has prompted the need for novel cell-based therapies that can restore
contractile function in heart disease. However, the lack of an appropriate
cell-type that can differentiate to cardiomyocytes in vivo persists as an
ultimate unmet need. Our prior study demonstrates that experimental
myocardial injury in pregnant mice triggers the flux of fetal cells via
the maternal circulation into the injured heart where they undergo
differentiation into diverse cardiac cell fates. One subpopulation of
placenta-derived cells, which was unique and highly prevalent in
the maternal hearts, expressed Caudal-related homeobox2 (Cdx2); a
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trophoblast stem cell marker involved in placental development. To
understand the intriguing role of murine placental Cdx2 cells as a novel
source for cardiac regeneration, we utilized a lineage-tracing strategy to
label fetal-derived Cdx2 cells with enhanced green fluorescent protein
(Cdx2-eGFP). Cdx2-eGFP cells from end-gestation placenta were
characterized and assayed for cardiac differentiation in vitro and in vivo
using a mouse model of myocardial infarction. We observed that Cdx2-
eGFP cells differentiated into spontaneously beating cardiomyocytes
and vascular cells in vitro, suggesting a multipotent nature compared
to the extremely limited differentiation ability of Cdx2 negative cell
population from the placenta. When administered via tail vein to
infarcted wild-type male mice, Cdx2 cells selectively and robustly
homed to the heart and differentiated to cardiomyocytes and blood
vessels, significantly improving the contractility noted by magnetic
resonance imaging. Proteomics and immune transcriptomics studies
of Cdx2-eGFP cells compared to embryonic stem (ES) cells reveal that
they appear to retain ‘stem’-related functions of ES cells, but exhibit
unique signatures supporting roles in homing and survival, with an
ability to evade immune surveillance, critical for cell-based therapy.
Advancing towards a translational role, we recently found that CDX2
expressing cells can be isolated from human term placenta. Our results
herein may represent a paradigmatic shift in the way we approach
early embryonic lineages and cell fate choices and will establish the
translational potential of placental Cdx2 cells for cardiac repair.

Cellular Engineering; Novel Cell Types
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159. Fully-Closed System Cell Sorting of
CD90* Results in More Efficient Hematopoietic
Stem/Progenitor Cell Transduction

Stefan Radtke!, Margaret Cui', Yan-Yi Chan', Anai

M. Perez', Andrew Berger', Tom Eunson', Hans-Peter
Kiem!??

'Fred Hutchinson Cancer Research Center, Seattle, WA,Department of Medicine,

University of Washington School of Medicine, Seattle, WA,’Department of
Pathology, University of Washington School of Medicine, Seattle, WA

Hematopoietic stem cell (HSC) gene therapy is a viable treatment
option for many hematological diseases and disorders. Most if not
all approaches currently target CD34" cell fractions, a heterogeneous
mix of mostly progenitor cells and only very few long-term engrafting
HSCs. We recently described a novel HSC-enriched CD34 subset
(CD90*CD45RA") that is exclusively responsible for rapid short-
term recovery, robust long-term multilineage engraftment as well
as entire reconstitution of the bone marrow stem cell compartment
(Radtke et al. 2017, STM). Most importantly, we demonstrate that this
CD34 subset reduces the number of target cells, modifying reagents
and costs by more than 10-fold without compromising the long-
term efficiency of gene-modification in our pre-clinical nonhuman
primate (NHP) stem cell transplantation and gene therapy model.
Here, we aimed to develop a clinical protocol to reliably purify and
efficiently gene-modify human HSC-enriched CD90* cell fractions.

Cellular Engineering; Novel Cell Types and Approaches

Large-scale enrichment of CD34" cells from GCSF-mobilized
leukapheresis products was initially performed on the Miltenyi
CliniMACS Prodigy according to previously established protocols
(Adair et al. 2017, Nat. Comm.). Yield, purity, and feasibility of CD90
sorting was then tested on two different systems comparing the
jet-in-air sorter FX500 from Sony with the cartridge-based closed-
system sorter MACSQuant Tyto from Miltenyi Biotech. Sorted CD90*
cells were transduced with a lentivirus encoding for GFP and the
multilineage differentiation as well as engraftment potential tested
using established in vitro assays and the NSG mouse xenograft model.
Sort-purification of CD90* cells was similarly efficient in purity and
yield using either the FX500 or Tyto (Figure A,B). Both strategies
reliably reduced the overall target cell count by 10 to 15-fold
without impacting the cells viability and differentiation potential.
Interestingly, the transduction efficiency of sort-purified CD90*
cells was significantly improved compared to bulk-transduced
CD34* cells and CD34 subsets (Figure C). Similarly, significantly
higher levels of GFP* expression in the peripheral blood and bone
marrow were observed after transplantation of gene-modified
CD90* compared to bulk CD34* cells in NSG mice (Figure D,E).
In summary, purification of human CD90*CD34* cells significantly
increased the targeting efficiency of HSCs with multilineage
engraftment potential. These findings should have important
implications for current HSC gene therapy and gene editing
protocols, allow more targeted gene modification and thus also
reduce unwanted off target effects. Our approach further reduced
the overall costs for gene modifying reagents, can be combined
with a closed transduction system, increase the portability and
ultimately make HSC gene therapy GMP-facility independent.
Figure: A) Purity and B) yield of CD90* cells after sort-purification
on the FX500 (Sony) and Tyto (Miltenyi). C) Transduction efficiency
of bulk CD34" cells, CD34 subsets and sort-purified CD90* cells.
Frequency of GFP* human CD45* cells in the D) peripheral blood and
E) bone marrow after transplantation of gene-modified bulk CD34*
or sort-purified CD90* cells.
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160. Analysis of T-Cell Vector Integration
Sites for a Murine Gamma-Retroviral
Vector Encoding the Anti-CD19 Chimeric
Antigen Receptor Used in the Production of
Axicabtagene Ciloleucel

Edmund C. Chang, Martha G. Sensel, John M. Rossi
Kite, A Gilead Company, Santa Monica, CA

Currently licensed engineered chimeric antigen receptor (CAR) T-cell
products use replication-incompetent viral vectors to deliver the CAR
transgene. Although the vector cannot replicate, vector integration sites
(VIS) in such therapies are a topic of concern because of the theoretical
risk of insertional mutagenesis, ie, dysregulated activation of oncogenic
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genes at the site of vector integration in the host chromosome. To
address this concern, VIS were assessed in CAR T cells manufactured
from healthy donor T cells transduced with a replication-incompetent
murine gamma retroviral vector engineered to express the anti-
CD19 CAR construct used in the manufacture of axicabtagene
ciloleucel. CAR T-cell products from 3 donors were analyzed.
VIS were identified in the T-cell products by ArcherDX Anchored
Multiplex PCR (AMP™) targeted sequencing using primers directed
against the retroviral long terminal repeat (LTR). Amplicons spanning
the integration junction were mapped to the human genome reference
by the Basic Local Alignment Search Tool (BLAST") and quantified
by their unique molecular sequence tags. The analysis utilized
5 independent cell aliquots per donor product, each containing
approximately 500,000 total T cells (ie, both transduced and
nontransduced) from a culture containing approximately 2 x 10% total T
cells. Results showed 6819, 10864, and 11578 unique VIS, respectively,
for 3 donors analyzed, which paralleled the percent transduction
for each donor (38.6%, 56.4%, and 57.2%, respectively). Across
chromosomes, VIS were found preferentially near transcriptional start
sites (TSS), which is consistent with VIS mapping for other murine
gamma retroviral vectors reported in literature. Furthermore, we
observed strong distance association between VIS and T-cell-related
genes, as expected of transcriptionally active chromatin at the time of
vector integration, consistent with previous reports in the literature.
Across donors, only 8% to 9% of integrations mapped to exons and no
specific VIS integrant was over-represented, indicating that no transduced
T-cell clone acquired a growth advantage during manufacturing
resulting from the integration event. The likelihood of detecting a given
VIS in all 5 aliquots was < 1%, indicating no predominance of a single
VIS; conversely, 64% of all VIS were found in only a single aliquot.
These findings indicate that capturing the complete VIS diversity
would require sequencing of an entire product, and that genotoxicity
cannot be adequately assessed by integration site mapping alone.
Taken together, these VIS characterization studies indicate that
T-cell transformation due to murine gamma retroviral insertional
mutagenesis would be an extremely rare event that likely requires the
contribution of multiple additional factors beyond the integration site
of the viral vector. Nevertheless, a risk monitoring approach is being
used in clinical trials and the post-approval setting to characterize
adverse events, such as secondary malignancies and presence of
replication competent retrovirus (RCR), that have the potential to be
related to genotoxicity.

161. Ultra-Short Manufacturing of Quiescent
Chimeric Antigen Receptor T Cells for
Adoptive Immunotherapy

Saba Ghassemi
Pathology and Lab Medicine, Upenn, Philadelphia, PA

The recent success of immunotherapy using chimeric antigen receptor
modified T cells (CART) in ALL highlights the potential of these
cytotoxic “drugs” for cancer therapy. All current CART therapies
rely on the prior activation, genetic modification and expansion of
patient-derived T cells. 6-14 days of ex vivo culture are routinely
used to generate large numbers of cells for adoptive transfer. Our
group has shown that the commonly used CD3/CD28 stimulation,
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while a potent mitogenic signal for T cells, promotes progressive T
cell effector differentiation over time in culture. This differentiation
is associated with reduced engraftment and long-term persistence
of T cells required for durable anti-tumor efficacy. Since cell division
is not a prerequisite for lentiviral vector-mediated gene delivery,
we hypothesized that lentiviral transduction of quiescent T cells
without prior activation will enhance engraftment and persistence
of CART cells that is associated with long-term leukemia control.
Here, we describe a novel approach that can generate potent CD19-
specific CART cells using lentiviral vectors that can be infused within
24 hours of T cell collection. In a murine xenograft model of acute
lymphoblastic leukemia, CD19-specific CART cells generated using
this ultrashort manufacturing process exhibit potent, dose-dependent
anti-leukemic activity associated with persistent engraftment and
durable anti-leukemic activity (Fig. 1). CART cells manufactured
using our highly abbreviated process also exhibit a greater fraction
of naive-like and central memory T cells when compared with
standard anti-CD3/CD28 microbead-based manufacturing.
The ultrashort manufacturing approach described has the potential
to markedly reduce the ex vivo manipulations required for CART cell
manufacturing, providing a fast, simple and less costly method for
achieving a potent CART cell immunotherapy.
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Fig. 1. (A) Schematic of the xenograft model and CART19 cell treatment in NSGs IV-injected with
2x10° NALM6 cells. Serial quantification of disease burden by bioluminescence imaging of (B)
control cells (NTD), (C) day 9 CART19 (3x10° CAR+), and (D) day1 CART19 (2x108, 0.7x10°,
0.2x10°) show the disease progression.

162. Intraocular Cell Implant Technology to
Treat Diseases of the Eye
Konrad Kauper

Development, Neurotech Pharmaceuticals, Cumberland, RI

Treating diseases of the back of the eye remains a challenge due to not
only a lack of existing therapies, but also due to the lack of localized,
sustained delivery options. Take for example ciliary neurotrophic
factor (CNTF), a member of the IL-6 cytokine family. CNTF has
been shown to promote both photoreceptor and retinal ganglion
cell survival in laboratory studies and in multiple animal models of
disease. However, practical delivery of CNTF to the eye has been a
significant challenge due to both the extremely short half-life of this
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drug as well as the eye’s blood-retina barrier. To address the need for
sustained, long-term and localized drug delivery, Encapsulated Cell
Therapy (ECT) has been developed. ECT is an intraocular implant
utilizing a proprietary, immortalized, human, non-tumorigenic retinal
pigment epithelial cell line, genetically engineered to constitutively
produce therapeutic proteins for a minimum of two years or longer.
This presentation will review the manufacturing, regulatory and pre-
clinical development of ECT delivery of CNTF and discuss preliminary
data from two completed Neurotech clinical trials. Data from both
macular telangiectasias and glaucoma clinical trials suggest that
sustained, intraocular delivery of CNTF may slow down or even arrest
retinal disease progression and prevent vision loss in both diseases,
providing a novel therapy for patients currently without effective
treatment options.

163. CAR-T Cell Manufacturing with
CliniMACS Prodigy

Xiuyan Wang, Jolanta Stefanski, Jagrutiben Chaudhari,
Melanie Hall, Keyur Thummar, Zeguo Zhao, Michel

Sadelain, Isabelle Riviere
Memorial Sloan Kettering Cancer Center, New York, NY

The remarkable success of CAR-T cell therapy for the treatment of
acute lymphoblastic leukemia (ALL) and non-Hodgkin’s lymphoma,
and its approval by FDA as a new therapeutic modality for these
diseases are drastically increasing academic and industrial interest in
using this approach for the treatment of other types of cancer. One
integral component for the success of this promising therapy relies
on reproducible CAR-T cell manufacturing. With more applications
and growing numbers of patients, the reproducible manufacturing of
high-quality clinical-grade CAR T cells with less demands on technical
specialty has become an even greater challenge. The manufacturing
process for CAR-T cells is complex; it includes T cell isolation,
activation, transduction, expansion, formulation and cryopreservation.
Over a decade ago we established a robust modular CAR-T production
platform that has allowed us to successfully manufacture more than
350 CAR-T cell products supporting 12 CAR-T cell clinical trials and
allowed us to obtain FDA breakthrough designation for our clinical
trial in patients with ALL (NCT01044069). In order to further increase
the throughput in CAR T cell production at our center and to enable
reproducible manufacturing between multiple point of care for
multi-center trials, we are evaluating the CliniMACS Prodigy system,
which incorporates all steps of the manufacturing process from T cell
selection to end of process CAR T cell formulation. To date we have
performed a total of 10 Prodigy runs to generate T cells expressing
CARs encoded by gammaretroviral vectors starting from either healthy
donors or from cryopreserved apheresis products derived from patients
with ALL, chronic lymphocytic leukemia (CLL) and prostate cancer.
Among the 10 runs, 1 run was aborted due to temperature failure,
6 runs were conducted with a TCT program without spinoculation
and 3 runs were conducted with TCT program with spinoculation.
During the 10 to 14 days of production period, we were able to generate
1.9E9 to 5.6E9 total viable T cells, with a medium of 2.8E9. We found
that spinoculation is essential to enable transduction of T cells with
gammaretroviral vectors, with a medium transduction efficiency
of 46.3% using TCT program with spinoculation (vs 2% without
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spinoculation). We further evaluated the in vivo anti-tumor activity of
the CAR-T cells generated from Prodigy in comparison to the CAR-T
cells generated with our current manufacturing platform using either
PC3 tumor model for our PSMA specific CAR-T cells or NALM6
leukemia model for our CD19 specific CAR-T cells. In our PC3 model,
tumor bearing NSG mice were treated with 150,000 or 300,000 CAR-T
cells. PSMA-CAR-T cells from both platforms showed comparable and
significant anti-tumor activity. In our NALM6 model, tumor bearing
NSG mice were treated with either 50,000 or 200,000 CD19-CAR-T
cells. Interestingly, CAR-T cells generated from the Prodigy platform
showed superior anti-tumor activity than the CAR-T cells generated
with our current manufacturing platform. Correspondingly, we found
that CAR-T cells generated from Prodigy displayed a significant higher
level of CCR7+, CD62L+ and CD27+ central memory phenotype.
These encouraging preliminary results indicate that Prodigy could be
an exciting alternative manufacturing platform for our future CAR-T
cell clinical trials.

164. Highly Efficient and Selective CAR-
Gene Transfer Using CD4- and CD8-Targeted
Lentiviral Vectors

Laura Kapitza'?, Arezoo Jamali'?, Thomas Schaser?,
Ian C. D. Johnston*, Christian J. Buchholz'?, Jessica

Hartmann'

"Molecular Biotechnology and Gene Therapy, Paul-Ehrlich-Institut, Langen,
Germany,’German Cancer Consortium (DKTK), Heidelberg, Germany,’Faculty of
Advanced Technologies in Medicine, Iran University of Medical Sciences, Theran,

Iran, Islamic Republic of,*Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

Chimeric antigen receptor (CAR) modified T cells have revealed
promising results in the treatment of cancer but still need to overcome
various hurdles including a complicated manufacturing process.
Receptor-targeted lentiviral vectors (LVs) delivering genes selectively
to T cell subtypes may facilitate and improve CAR T cell generation
but so far resulted in lower gene delivery rates than conventional LV's
(VSV-LV). To overcome this limitation, we studied the effect of the
transduction enhancer Vectofusin-1 on gene delivery to human T cells
with CD4- and CD8-targeted LVs, respectively, encoding a second
generation CD19-CAR in conjunction with ALNGFR as reporter.
Vectofusin-1 significantly enhanced the gene delivery of CD4- and
CD8-LVs, without a loss in target cell selectivity and killing capability
of the generated CAR-T cells. Notably, delivery rates mediated by
VSV-LVs were substantially reduced by Vectofusin-1. Interestingly,
a transient off-target signal in samples treated with Vectofusin-1 was
observed early after transduction. However, this effect was not caused
by uptake and expression of the transgene in off-target cells but rather
resulted from cell-bound LV particles having ALNGFR incorporated
into their surface. The data demonstrate that gene transfer rates in the
range to those mediated by VSV-LVs can be achieved with receptor-
targeted LVs.
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165. An Automated Manufacturing Solution for
Patient Specific CAR-T Cell Therapies

Joseph William O’Connor, Debargh Dutta, Kalyani
Daita, Eytan Abraham, Yaling Shi

Personalized Medicine, Lonza, Rockville, MD

Autologous cell therapies, such as chimeric antigen receptor T-cell
(CAR-T) immunotherapies, are becoming a promising treatment
option for difficult diseases. However, as a greater number of clinical
trials begin globally, the challenge of manufacturing autologous cell
therapies remains significant. Closed and automated systems are a
solution to produce cost effective and robust therapies to enable clinical
success. To accomplish a successful CAR-T process translation from
a manual process to an automated patient scale system, we utilized
a platform that automates cell seeding, activation, transduction,
real time process monitoring, feeding, washing and concentration,
and harvesting. In these processes, 100 million peripheral blood
mononuclear cells (PBMC) were activated with CD3/CD28 beads,
transduced with HER-2 lentivirus, and expanded with a defined feeding
strategy and IL-2 supplements. After harvest, cells were analyzed for cell
yield, viability, transduction efficiency, and an array of cell phenotype,
potency and functionality via FACS and killing assays. Automated
runs using the above process yielded an average of 2 x 109 cells with a
viability > 90% with a population of 73% CD4+ T cells and 20% CD8+
T cells. Harvested cells yielded approximately 80% NGFR+ cells with
a higher detection of NGFR in the CD4+ fraction than in CD8+. Both
CD4+ and CD8+ subsets also demonstrated T cell phenotype such
as naive T cells, T stem cell memory, T central memory, T effector
memory, and T effector cells. Cell health was demonstrated by low
levels of senescent T cells and anergic cells and low expression of the
exhaustion marker, PD-1, and the apoptotic marker, Caspase-3. In
addition, cells from automated runs showed the specific killing of
NGFR+ tumor line and were correlated with high levels of effector
cytokines: TNF-alpha (~34%) and IFN-gamma (20-25%) as compared
to a manual control. In summary, this system is a viable solution to
translate labor-intensive CAR-T manual process into a fully automated
system for commercial success, thus allowing scalability, reduction of
manufacturing cost, and better process control to yield high quality
CAR-T cells.
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166. Developing an Adeno-Associated Virus-
Based Protein Display Platform for Modular
Delivery of Gene Editing Machinery

Nicole N. Thadani', Joanna Yang', Ciaran Lee', Buhle
Moyo', Biki Kundu?, Xue Gao’, Gang Bao', Junghae
Suh!

'Bioengineering, Rice University, Houston, TX,*Systems, Synthetic and Physical
Biology, Rice University, Houston, TX,’Chemical and Biomolecular Engineering,

Rice University, Houston, TX

Adeno-associated virus (AAV) has emerged as a promising vehicle
for the delivery of gene-editing machinery, primarily due to its
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nuclear entry ability and low immunogenicity. However, AAV’s
genomic carrying capacity (4.7kB) is too small to package the well-
characterized Streptococcus pyrogenes Cas9 (spCas9) gene along with
standard promoters. AAV can fully package smaller Cas9 variants,
but no room is left to spare for repair DNA templates. Additionally,
AAV-delivered transgenes can persist episomally in cells for several
years, resulting in prolonged Cas9 expression and increased of-target
editing. To resolve these concerns, we have developed an AAV-based
delivery system displaying Cas9 protein on the surface of the capsid.
This delivery approach will result in transient presence of Cas9 in
target cells limiting off-target editing, and free up space within the
AAV capsid for repair template delivery and inclusion of reporter
genes. To attach Cas9 to the surface of AAV, we have functionalized
the AAV capsid and Cas9 proteins with coiled-coil binding motifs.
These motifs exhibit specific heterodimerization, allowing for AAV
and Cas9 to be synthesized separately and avoiding the need for a
combined purification protocol. We have established that both Cas9
and AAV retain their structural and functional properties with these
coiled-coil motifs attached through gene editing activity and infectivity
assays. Successful Cas9 attachment to AAV is demonstrated through
column chromatography. The Cas9-AAV assemblies are currently
being characterized to determine the copy number of Cas9 proteins
bound per viral capsid. Cas9-AAV will be evaluated for infectivity and
genome editing capacity in vitro and screened for immunogenicity
through serum neutralization assays. Finally, this platform will be tested
for in vivo genome editing in a mouse model. This coiled-coil display
approach is modular and versatile in design, allowing for the display
of multiple proteins in addition to Cas9. In the future, our engineered
AAV-protein display platform may be used to create multifunctional
viral therapeutics capable of targeting tissues and delivering a variety
of functional protein domains.

167. Epidemiological Deep Sequencing of
Signature-PCR Amplicons from AAV-Positive
Tissues Reveals Significant Inter-Patient and
Intra-Tissue Capsid Diversity

Phillip W. L. Tai', Wanru Qin?, Chunmei Wang?,
Guangchao Xu'?, Li Luo'?, Yuanyuan Xiao"?, Qin Su',
Li Yang?, Yuquan Wei?, Terence R. Flotte**, Guangping

Gao™*

"Horae Gene Therapy Center, University of Massachusetts, Medical School,
Worcester, MA,*State Key Laboratory of Biotherapy, West China Hospital, Sichuan
University, Chengdu, China,’Pediatrics, University of Massachusetts, Medical
School, Worcester, MA,‘Li Weibo Institute for Rare Diseases Research, University
of Massachusetts Medical School, Worcester, MA

We previously performed a large-scale molecular epidemiological
study of adeno-associated virus (AAV) in a cancer patient population
receiving care at West China Hospital (Chengdu, China; N=413) to
determine whether AAV positivity correlated with tumor incident
and progression. Our conclusions were that, 1) there is no significant
difference in AAV detection in patient matched tumor and adjacent
non-lesion tissues in incidence (~80%) and abundance, and 2) no
specific AAV sequences were overrepresented in tumor samples as
compared with normal tissues, suggesting that tumor tissues did not
contain stable integration and clonal expansion of AAV genomes.
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Rather, both tumor and non-tumor tissues showed a high degree of
sequence variability. Notably, the latter findings were drawn from
analysis of low-throughput TOPO vector screening of “signature”
PCR amplicons that span a known hypervariable region within the
AAV capsid sequence.

Intrigued by the diversity of sequences obtained in the signature
region among tissues, we proposed to profile the signature-PCR
amplicons by deep sequencing in order to define the diversity of AAV
proviral sequences in our tissue cohort. Resected tumor samples
reflecting six different carcinoma types (breast carcinoma, rectal
cancer, hepatocellular carcinoma, gastric carcinoma, lung squamous
cell carcinoma, and lung adenocarcinoma), diagnosed by radiological
and histopathological examination were used in this study. In addition,
patient-matched neoplastic masses and adjacent non-lesion tissues
were specifically selected to further investigate any correlation between
AAV infection and tumorigenesis. In total, amplicon libraries of 190
samples were analyzed by HiSeq sequencing, yielding approximately
2-3 million reads per library. Reads were then mapped to a reference
list containing the signature regions of 14 contemporary AAV capsids
(AAV1, AAV2, AAV2-3-hybrid, AAV3, AAV4, AAV5, AAV6, AAV7,
AAVS8, AAVY9, AAVrh.8, AAVrh.10, AAVrh.39, and AAVrh.43).
Majority of reads mapped to the AAV2-3-hybrid signature sequence,
coinciding with our previous analysis. Interestingly, all tissue samples
yielded reads mapping to at least five different serotypes, suggesting
that individuals positive for AAV have undergone multiple infection
cycles. Furthermore, we discovered intra-sample and inter-patient
variation in reads, suggesting that AAV is indeed very diverse. Our
new findings are in fact supported by our recent single molecule,
real-time sequencing of proviral sequences that spanned the full AAV
capsid ORE In this previous study, we reported significant diversity
within individual tissues. Here, the depth of coverage, although only
over a short 250-bp fragment, is >200-fold over what was achieved
previously. Importantly, we observed some sequence differences in the
signature region between a few patient-matched tumor and non-tumor
samples, but there was no consistent trend; again, providing evidence
that AAV prevalence in our cohort of tumor tissues is a correlative,
not a causative factor for cancer.

In summary, this body of ongoing work critically adds to the
epidemiological profile of AAV in humans, highlights the evolvability
of the virus, and provides important and informative findings that may
be helpful for rAAV-based clinical studies, gene therapeutics, and its
overall safety for human application.

168. Self-Deletion of AAV-CRISPR Reduces
Off-Target Gene Editing In Vivo

Ang Li', Ciaran M. Lee!, Ayrea E. Hurley?, Weiqi Lu',
Marco De Giorgi? Kelsey E. Jarrett?, Alexandria M.
Doerfler?, Harshavardhan Deshmukh'!, William R.
Lagor?, Gang Bao'

'Bioengineering, Rice University, Houston, TX,”Molecular Physiology and

Biophysics, Baylor College of Medicine, Houston, TX

Significance/Background: Adeno-Associated Virus (AAV) has
been a promising method for delivering CRISPR-based gene editing
reagents in vivo with high efficiency and specificity. However, persistent
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expression can introduce off-target cutting. We previously reported a
self-deleting AAV-CRISPR system that has been shown to reduce S.
Aureus Cas9 (SauCas9) protein upwards of 79% in mouse liver. We
have further investigated the potential benefits of this self-deleting in
reducing off-target cutting in vivo. Methods: Potential gene candidates
were initially screened for off-target sites in silico using COSMID. A
gRNA targeting the mouse olfactory family of genes was selected based
on the high frequency of 1 and 2 base mismatches. Off-target activity
was initially screened in vitro using a firefly luciferase single-strand
annealing assay (SSA), confirming off-target activity. AAV encoding
SauCas9 driven by a small liver specific promoter along with a gRNA
targeting the OIf207 gene were packaged into AAVS. Self-editing
gRNAs were similarly packaged along with an EmGFP reporter. AAV
were co-injected into 6-8 week male C57BL/6 mice and followed for
four weeks. Off-target sites predicted in silico were analyzed for indel
formation using next-generation sequencing. Results: Our SSA data
revealed that the OIf1 gRNA targeting the OIf207 gene had significant
off-target cutting at multiple 1 and 2 mismatch gRNA sites. Although
our previous work showed that “Self-5” had a much higher indel rate
than “Self-1” based on the SSA, SaCas9 protein levels were reduced
at a similar rate in vivo. Interestingly, Self-1 had a higher indel rate at
the SauCas9 locus than Self-5 upon ICE analysis. Deep sequencing
revealed 10 true off-target sites that had indels above background. Mice
that were co-injected with either Self-1 or Self-5 all had significantly
reduced off-target cutting, with Self-5 having the largest reduction at
most sites. Although on-target editing of the OIf207 gene was decreased,
the on-target cutting of mice injected with a self-editing gRNA were
significantly increased. Summary/Conclusions: We previously
reported a self-deleting AAV-CRISPR system that is able to reduce
Cas9 protein expression in vivo, while maintaining high endogenous
on-target editing. We have shown that this system is capable of reducing
off-target editing in vivo while also increasing the on-target specificity.
This will allow for a more controlled

169. Characterization of Novel Human-Derived
AAV2 Variants with Brain Transduction Profiles
that are Comparable to AAV9

Meiyu Xu'?, Alexander Brown'?, Li Luo"?, Guangchao
Xu'?, Wanru Qin’, Yuanyuan Xiao’, Chunmei Wang?,
Jia Li', Hong Ma*, Ran He*, Qin Su*, Yuquan Wei’,
Phillip W1. Tai"?, Guangping Gao"***

'Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,’Department of Microbiology and Physiological Systems,
University of Massachusetts Medical School, Worcester, MA,*State Key Laboratory
of Biotherapy, Department of Urology, West China Hospital, Chengdu,
China,*Viral Vector Core, University of Massachusetts Medical School, Worcester,

MA,’Li Weibo Institute for Rare Diseases Research, University of Massachusetts
Medical School, Worcester, MA

Recombinant adeno-associated viruses (rAAVs) are promising vectors
for human gene therapy, due to their excellent safety profiles and
therapeutic transgene delivery efficacies. To date, AAV serotype-2
(AAV2) is the most commonly used and best characterized serotype
in clinical studies. Nevertheless, the development of novel AAVs with
improved transduction efficiencies, unique tissue specificities, and
reduced host immunities, continues to be a major focus of the field.
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Using single molecule, real-time (SMRT) sequencing of proviral
capsid libraries from >800 human surgical specimens, a pool of new
AAV capsids that are closely related to AAV2 were discovered. Among
these AAV capsids, approximately 27% exhibited higher packaging
efficiencies than prototypical AAV2. We screened a selection of these
capsids for in vivo tissue tropism in mice by combining together
multiple capsids that each package unique barcoded transgenes, and
injected them as a pool into animals via three routes of administration:
intravenous, intramuscular, and intracranial. Whole DNA and RNA
were isolated from livers, muscles, or brains of treated animals, and
detection of barcoded transgenes was performed by high-throughput
sequencing to quantify both vector genomes and transcript abundances
in tissues. In this way, we have identified a class of AAV2 variants
that can confer brain transduction levels that rival that of AAV9 after
intracranial injection. But unlike AAV9, they exhibit relatively low
muscle and liver transduction profiles. In addition, these AAV2 variants
also showed high transcript abundances (transgene RNA) per vector
genomic copies (transgene DNA) in tissues. This indicates that the
selected capsids are more efficient at intracellular trafficking, endosomal
escape, and/or nuclear import. Preliminary characterization of these
novel capsids reveals multiple function-defining residues located
around the three-fold protrusion and five-fold interface that may confer
their unique properties. Overall, we have identified a novel population
of AAV?2 variants from natural isolates with high brain transduction
profiles, which will help expand the toolkit of vectorized AAVs and
are potentially suitable for clinical utility. “Co-corresponding authors

170. The Effect of Glucocorticoids on Global
Transduction Efficacy of Adeno-Associated
Virus Vectors

Zheng Chai', Xintao Zhang', Amanda Dobbins', Bin
Wang?, Richard Jude Samulski', Chengwen Li'

"University of North Carolina Chapel Hill, Chapel Hill, NC,’Department of
Orthopaedic Surgery, University of Pittsburgh, Pittsburgh, PA

Adeno-associated virus (AAV) vector mediated gene delivery has been
used in clinical trials for patients with eye diseases and hemophilia.
AAV vectors have also been broadly studied in central nervous system
(CNS) and muscular disorders. Most patients with CNS or muscular
diseases need systemic administration of AAV vector for global
targeting via high-dose of AAV vector administration. However,
clinical studies have demonstrated that administration of high doses
of AAV vectors may induce a higher risk of treatment related adverse
effects, especially for the liver. Glucocorticoids are a well-known potent
anti-inflammatory and immunosuppressive regimen, and have been
proposed to prevent these side effects when systemic administration
of AAV vectors is required in patients. In some clinic trials with AAV
vectors, glucocorticoids (prednisolone and dexamethasone) have
been used to prevent liver toxicity and rescue transgene expression
by blocking the immune response. Furthermore, glucocorticoids have
the ability to modulate vascular permeability during inflammation.
To date, there are no studies about whether the administration of
glucocorticoids impacts global transduction after systemic application
of AAV vector. Therefore, it is important to elucidate whether
glucocorticoids have an effect on the whole body transduction of AAV
after systemic administration. In this study we first investigated the

90  Molecular Therapy Vol 27 No 4S1 April 2019

Molecular Therapy

impact of dexamethasone on AAV9 global transduction after systemic
injection. When a low-dose of AAV9 (2 x 10'°vg) was injected into
the mice pre-treated with dexamethasone, the global transduction
and vector bio-distribution were not significantly different in most
of the tissues other than the liver and the heart when compared to
the control mice. Furthermore, an enhanced liver transduction was
only observed in the mice with a pre-injection of dexamethasone
when we attempted to investigate whether the administration timing
of the first dose of dexamethasone affected the AAV9 transduction.
Amuch higher dose of AAV vector has been proposed for brain or
whole body muscular transduction with a systemic administration
of AAV vector at a minimum of 1 x 10"vg of AAV/kg in clinic trails.
Therefore, AAV9 vectors were used at a high dose (2 x 10"'vg/mouse)
for systemic administration in mice. Both the transgene expression
and the AAV vector genome copy number were significantly decreased
in the majority of murine tissues, such as heart, kidney, and brain.
When the mice was given dexamethasone treatment prior to AAV
injection. Next, we applied dexamethasone at different time points
for optimizing the strategy of AAV administration (2 x 10" vg). No
effect on the global transduction was observed when dexamethasone
was administered 2-hours after AAV vector injection. The study on
the kinetics of AAV virus clearance demonstrated that dexamethasone
slowed down the clearance of AAV9 in blood after systemic application.
The mechanism study showed that dexamethasone inhibited the
enhancement of AAV9 vascular permeability mediated by the serum
proteins. These findings indicate that dexamethasone is able to inhibit
the vascular permeability of AAV and compromise the therapeutic
effect after systemic administration of AAV vector. In conclusion, this
study provides valuable information to design future clinical studies
when glucocorticoids are needed to be compatible with the systemic
administration of AAV vectors in patients with CNS and muscular
diseases.

171. Classical Mouse Genetics Identifies a
Locus on Chromosome 15 Responsible for the
Exceptional CNS Gene Transfer Properties of
AAV-PHP.B in C57BL/6J Mice

Ana Rita Batista', Christopher P. Reardon’, Crystal
Davis?, FNU Shankaracharya’®, Vivek Philip? Cathleen

Lutz?, John Landers’, Miguel Sena-Esteves'
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Massachussets Medical School, Worcester, MA,*The Jackson Laboratory, Bar
Harbor, ME,’Department of Neurology, University of Massachussets Medical
School, Worcester, MA

The AAV gene therapy field has been evolving to the development of
new and better capsids capable of crossing the blood-brain barrier
(BBB). This ability will allow for systemic delivery that enhances
the potential for therapeutic applications of gene therapy for central
nervous system (CNS) diseases. Recent reports have shown that new
capsids selected from a specific species don’t necessarily transpose
their characteristics to other species. The AAV9 derived capsid AAV-
PHP.B was initially selected from Cre transgenic mice in a C57BL/6]
genetic background and showed exceptional ability to transduce the
mouse CNS. When compared to AAV9, AAV-PHP.B is ~60 times more
efficient in transducing the mouse brain, but it's only 2-fold higher in
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rats and shows comparable efficacy in marmosets and cats. Here we
show that AAV-PHP.B also does not retain the same properties across
mice with different genetic backgrounds. Unlike a previous report
showing the CNS tropic properties of AAV-PHP.B are limited to
C57BL/6] mice, we show that is capable of efficient CNS gene transfer
in the inbred strains FVB/NJ, DBA/2], 129S1/SvIim], AKR/J and also
the outbred strain CD-1. In addition, we show that AAV-PHPB is
ineffective for systemic CNS gene transfer in BALB/cJ, BALB/cBy]J, A/,
NOD/ShiLt], NZO/HILt], C3H/HeJ or CBA/] mice. The apparent gene
transfer deficit seems limited to CNS as liver transduction is observed
in all tested mouse strains, albeit at different levels. The variability in
CNS tropism across mouse strains is a unique opportunity to use the
power of classical genetics to uncover the molecular mechanisms AAV-
PHP.B engages to transduce CNS at high efficiency. For this purpose,
we used CB6F1/] mice backcrossed to BALB/cJ for QTL mapping,
which presented some animals with about 50% transduction efficiency
and others with zero, identified a 6 Mb region in chromosome 15
with a LOD score ~20 with SNPs in the coding region of 9 different
genes. Studies in mice from the Collaborative Cross strains as well as
transcriptomics analysis of CNS are ongoing to identify the gene or
genes involved in the mechanism used by AAV-PHP.B to cross the BBB.

172. AAV-Mediated Protein Trans-Splicing in
the Retina
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Retinal gene therapy with AAV vectors is safe and effective, yet it
is limited by AAV cargo capacity of about 5 kb. To overcome this
limitation we explored the use of intein-mediated protein trans-
splicing to reconstitute large proteins in the retina. Inteins work as
independent peptides fused to C- and N-termini of two host proteins
(i.e. the two halves of a large protein) and mediate their association
in a multistep autocatalytic process.To test protein trans-splicing
in the retina, we generated two AAV vectors separately encoding
each of the two halves of either the reporter EGFP protein or large
therapeutic proteins flanked by split-inteins. These include ABCA4
and CEP290, respectively defective in Stargardt disease (STGD1) and
Leber congenital amaurosis 10 (LCA10), two severe and common
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inherited blinding diseases. We identified in each protein optimal
splitting points for the generation of AAV-intein constructs which take
into account both amino acid residue requirements for trans-splicing
to occur, as well as the preservation of the native protein domains.
Upon co-administration of both AAV split-intein vectors, full-length
proteins were reconstituted in the mouse and pig retina as well as
in human retinal organoids derived from induced pluripotent stem
cells. Importantly, the levels of large protein reconstitution achieved
reduced lipofuscin accumulation and retinal degeneration in the
mouse models of STGD1 and LCA10, respectively. Our data support
the use of intein-mediated protein trans-splicing in combination with
AAV subretinal delivery for gene therapy of inherited blindness due
to mutations in large genes.

173. Effective Transduction of Rhesus
Macaque Lung and Human Enteroids with

AAV1-CFTR

Murali Yanda', William Guggino', Liudmila Cebotaru?
"Johns Hopkins University School of Medicine, Baltimore, MD,’Medicine and
Physiology, Johns Hopkins University School of Medicine, Baltimore, MD

Several gene therapy human and non-human primate studies have
shown that AAV delivery of CFTR is safe. A challenge is to deliver
enough CFTR to be therapeutic. Given that the turnover of airway
cells may make gene transfer with recombinant AAV-based vectors
transient, repeat dosing of AAV1 will be required. The goal is to assess
whether repeat dosing of AAVICFTR leads to widespread gene transfer
and CFTR expression. To test the ability of AAV1 to transduce human
cells, normal human enteroids were grown on permeable supports,
infected with AAV1 containing del264- or del27-264-CFTR and Isc
measured. These versions of CFTR increased endogenous CFTR via
transcomplementation. Significant increases in forskolin-activated
currents were detected indicating that transduction occurred after
apical and/or basolateral exposure. To test whether repeat dosing of
AAV1 is effective, we sprayed into the airways of 4 healthy Rhesus
monkeys, 2 doses of 10 vg of AAV1A27-264-CFTR at 0 and 30 days,
respectively, followed by a single dose of 10**vg of AAV1GFP at day 60.
Monkeys were sacrificed at day 90. There were no adverse events related
to the study indicating that triple dosing with AAV1 vectors is safe.
Sera from treated animals were analyzed for anti-AAV1 neutralizing
antibodies. There was a significant rise in the titer after the first dose
in all 4 animals as the animals transitioned from a preimmune state to
post-vector exposure. An elevated anti-AAV 1 titer was established in
all treated monkeys 30 days after the first dose and increased further
30 days after the second dose. By the third dose all four monkeys had
escalating titers. A positive T cell response was noted after the second
dose in one animal and after the third dose in all the animals. Thus,
AAV1 antibodies were induced in sera upon reexposures to vector
but no adverse events occurred. Samples were taken from 17 different
lung regions and the vector genomes measured in lung using vector-
specific real-time PCR. rAAVICFTR and rAAV1GFP vector DNA
was detectable in all lung sections and animals respectively. The lung
cells were estimated to contain between 1 and 60 particles per cell
of AAVICFTR. Interestingly, vector genomes were detectable in the
liver with a tendency to detect more AAV1GFP containing genomes
compared to those containing CFTR. Despite the presence of AAV1,
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there was no liver toxicity detected in any of the animals. GFP protein
expression detected by western blot was detected in the lungs of
all animals. CFTR protein expression detected by western blot was
significant higher compared to an uninfected control. All lung sections
assessed by confocal microscopy showed increased CFTR staining
compared with uninfected monkey and were positive for GFP staining
indicating widespread gene transduction by AAV1GFP. Our results
show that the AAV1 serotype transduces both human and monkey
airway cells. Given that significant numbers of vector genomes from
AAVI1CFTR virus were present in monkeys four months after the first
instillation coupled with CFTR and GFP transduction suggests that
repeat dosing of AAV1 based vectors is feasible.

174. Assessing Purity and Structures of AAV
Vector Genomes by High Performance Size
Exclusion Chromatography

Li Zhi, Akanksha Kaushal, Zhuchun Wu
Analytical Development, REGENXBIO, Rockville, MD

Product purity is a critical quality attribute for therapeutic biologics
including gene therapy products with the potential to impact safety
and efficacy, thus assurance of control, including release testing, is
critical. The AAV vector genome is delivered to the cell nucleus in
gene therapy and can be persistent for a long period, much longer
than that for capsid proteins. Thus, it is desirable to assess the vector
genome purity for AAV products. The relative purity of intact AAV
that quantify the empty and full capsid ratio can be determined by
Analytical Ultracentrifugation (AUC), cryo-electron microscopy, and
ion-exchange chromatography. In addition, the presence of vectors with
fragmented genomes and non-transgene-related DNA contaminants,
often referred to as partially-filled capsids, can be resolved by AUC.
Capsid protein purity can be determined by SDS-PAGE or SDS-CGE.
While a few studies have been published to analyze AAV genome
by capillary and gel electrophoresis, no consensus method has been
established for AAV genome purity. Here, we report our work to assess
AAV vector genome purity and structure with high sensitivity and
high reproducibility by Size Exclusion Chromatography (SEC). AAV
vector genome is a single stranded DNA (ssDNA). Once released from
AAV vectors, the single-stranded DNA may anneal spontaneously to
form double-stranded DNA (dsDNA dependent on the denaturing
conditions. At low temperature where denaturation is incomplete,
ssDNA with different secondary structures can be detected by SEC
in addition to dsDNA. Under a complete denaturing condition at
high temperature, all ssDNA was converted to dsDNA. However,
we found there were certain AAV populations isolated from anion-
exchange chromatography that displayed an increased resistance to
denaturation, suggesting these AAV vectors may contain ssDNA with a
compact structure. Genome content of these AAV vectors determined
by ddPCR was lower than that determined by spectrophotometry or
SEC quantification, indicating the presence of compact DNA structures
and the need for further denaturation for improved PCR efficiency.
Upon complete denaturation, all released vector genome forms dsDNA,
which can be separated by SEC from impurities including host cell
residual DNA, plasmid DNA, and genome fragments. Analysis of the
released DNA from AAV by SEC provides a quantitative assessment
of the size purity of the AAV vector genome. The percentage of
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DNA fragments determined by this method correlates well with the
percentage of partially-filled capsids determined by AUC. AUC analysis
is time-consuming, requiring advanced techniques and knowledge
for system operation and data analysis, and often consuming a large
sample size. In contrast, purity analysis by SEC is fast, reproducible,
highly sensitive with improved limit of quantitation (LOQ), and can
be automated to a certain degree for high throughput analysis. The
SEC method developed here has been used for quick assessment
of the partially-filled capsids to support product development and
process optimization, and as an orthogonal method for AAV product
characterization. In addition, vector genome titers can be determined
using the peak area detected by this SEC method with UV absorbance
at 260 nm.

175. Widespread Axonal Transport of a
Modified AAV2 Capsid in the Non Human
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Background: Axonal transport of adeno-associated virus (AAV) is an
essential feature of neurological gene therapy. We previously reported
that a modified AAV serotype 2, incapable of binding to its receptor
heparan sulfate proteoglycan (AAV2-HBKO), distributes extensively
after thalamic injection in the non-human primate (NHP). Objective:
The goal of this study was to evaluate the efficiency of axonal transport
of this AAV2 variant encoding green fluorescent protein (GFP) after
putaminal injection in the NHP. Results: Putaminal infusions of
AAV2-HBKO resulted in widespread axonal transport to the cortex,
deep cerebellar nuclei, and several subcortical regions. The presence
of GFP-positive fibers in the substantia nigra pars reticulata, a region
that receives projections from putamen, indicated anterograde
transport of AAV2-HBKO. GFP-positive cell bodies in the substantia
nigra pars compacta indicated retrograde transport of AAV2-HBKO.
A 10-fold lower dose of AAV2-HBKO was infused into in the left
hemisphere of a separate subgroup of animals compared to the right
hemisphere. Both GFP immunoreactivity and bovine growth hormone
(BGH) mRNA levels were higher in the right hemisphere than the
left hemisphere. GFP immunoreactivity revealed a titer-dependent
effect on axonal transport directionality where the high dose led
to enhanced transgene expression in retrograde-linked rather than
anterograde-linked structures. Conclusion: Our results demonstrate
AAV2-HBKO undergoes extensive, dose-dependent bidirectional
axonal transport, and support its use in treatment of neurological
diseases with substantial cortico-striatal pathology.
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176. In Vivo Characterization of a Novel
Adeno-Associated Virus Natural Isolate that
Targets Brain Endothelial Cells

Kalyani Nambiar', Qiang Wang', Peter Bell', Elizabeth
Buza!, Jean-Pierre Louboutin?, James M. Wilson'

'Gene Therapy Program, Department of Medicine, University of Pennsylvania,

Philadelphia, PA,?University of West Indies, Kingston, Jamaica

Adeno-associated viruses (AAVs) are among the most effective vector
candidates for gene therapy due to their low immunogenicity and
non-pathogenic nature. However, despite allowing for efficient gene
transfer, the AAV vectors currently used in the clinic can be hindered by
preexisting immunity to the virus and restricted tissue tropism. To find
vectors that overcome these issues, we explored the genetic variation
of AAV in natural hosts by using AAV single genome amplification
to discover five novel AAV sequences from clades A, D, E, and the
primate outgroup. We assessed the biological properties of the five
natural isolate-derived AAV vectors in mice after intravenous (IV)
and intracerebroventricular (ICV) delivery. We assayed expression
of the reporter transgene (enhanced green fluorescent protein) and
vector biodistribution in heart, brain, spinal cord, liver, and skeletal
muscle of C57BL6 mice. Our results show both clade-specific and
variable transduction patterns of the new variants compared to
their respective prototypical clade member controls. Fluorescence
microscopy of tissues showed notable transduction of heart tissue
by the novel clade A variant after IV delivery; after ICV delivery, this
variant showed higher transduction levels in rostral regions of the
brain than AAV6.2. The novel clade D variants showed lower levels of
transduction than AAV7 in all tissues sampled. AAV8 and our novel
clade E variant showed comparable levels of robust transduction in
all tissues assayed for both delivery methods. Interestingly, the novel
primate outgroup clade vector showed high levels of transduction in
CD31-positive brain vascular endothelial cells after IV delivery. The
potent transduction of this cell type has the potential for the treatment
of a variety of neurovascular diseases.

177. Development of AAV3-GRE Vectors
for their Potential Use in Gene Therapy of
Hemophilia

Frederick J. Ashby', Hua Yang"?, Himanshu K.

Rambhai', Chen Ling"?, Keyun Qing', Arun Srivastava'
'Pediatrics, University of Florida College of Medicine, Gainesville, FL,*The 3rd
Xiang-Ya Hospital, Central South University, Changsha, China,’Fudan University,
Shanghai, China, China

Various AAV serotype vectors and their variants have been used, or are
currently being used, for gene therapy of hemophilia. AAV2 vectors
yielded therapeutic levels of hEIX, but the expression was short-lived
due to capsid-specific CTL response. AAV8 vectors were successful,
but hFIX levels declined over time. A second trial with AAVS
vectors yielded inconsistent results, AAVrh10 vectors failed to lead to
expression of therapeutic levels of h.FIX. AAV5 vectors yielded modest
levels of expression of hEIX, but high vector doses were required.
Although the use of a capsid-modified AAV8 vector led to therapeutic
levels of hEIX at a lower dose, it is clear that AAV8 vectors, although
highly efficient in transducing mouse liver, are not optimal for human

AAV Vectors

liver. We have reported that AAV3 vectors possess a natural tropism
for human hepatocytes, and thus, may prove to be more efficacious in
gene therapy of hemophilia. In addition to the development of next
generation of capsid-modified AAV3 vectors, our recent efforts have
focused on improving the transduction efficiency through vector
genome-modifications, thereby further reducing the vector dose,
and mitigating the risk of host immune response [https://www.ncbi.
nlm.nih.gov/ pubmed/27431826]. We have reported that the AAV2
inverted terminal repeats (ITRs) contain a 20-nt sequence, termed the
D-sequence, which shares partial homology to glucocorticoid response
element (GRE) [https://www.cell.com/molecular-therapy-family/
molecular-therapy/fulltext/S1525-0016(16)32820-9]. We have also
reported that GR enhances transgene expression from AAV2 ITR-GRE
vectors [https://www.cell.com/molecular-therapy-family/molecular-
therapy/fulltext/S1525-0016(16)38147-3]. Since AAV3, which has
lower prevalence of neutralizing antibodies in the general population,
has a D-sequence which differs from AAV2 in the last 10 nts, and since
bioinformatic analysis identified a slightly offset partial-GRE motif,
which is conserved between the two serotypes, we investigated whether
GR also plays a role in augmenting transgene expression from AAV3
vectors. To this end, human Huh?7 cells were transduced with scAAV2
or scAAV3 vectors expressing the EGFP reporter gene, each with their
native ITRs and D-sequences, under identical conditions. Transgene
expression was compared in the absence or presence of Dexamethasone
(DexM) or Prednisolone (PredL). At 10 uM final conc, ~10-fold
increase with DexM, and ~13-fold increase with PredL was observed in
transgene expression from scAAV2 vectors. Similarly, ~4-fold increase
with DexM, and ~5.0-fold increase with Pred was also also observed
from scAAV 3 vectors. Cyanine5-labeled oligonucleotides of AAV2 and
AAV3 D-sequences were compared qualitatively for GR binding affinity
by electrophoretic mobility-shift assays (EMSA) using partially purified
GR. The results showed competitive binding of GR with both AAV2 and
AAV3 D-sequences. These results corroborated that despite a slightly
offset, the GRE motif provided sufficient binding to GR in AAV3 ITRs
to allow it to be positively regulated by glucocorticoids, suggesting that
the GR pathway can be exploited to improve transduction efficiency
of AAV3 vectors as well. Genome-modified AAV3 ITR-GRE vectors
expressing either hEIX or hEVIII are currently being generated. By
combining these with capsid-modified next generation AAV3 vectors,
we aim to utilize the GR-GRE interaction to achieve therapeutic levels
of hEIX and hEVIII for gene therapy of hemophilia B and hemophilia
A, respectively.

178. Optimized AAV6 Vectors Stimulate
Cellular and Humoral Immune Responses
Against a Self-Antigen

Andrew Whittier Day, Karina Krotova, Edward
Hinchcliffe, George Aslanidi

Hormel Institute, University of Minnesota, Austin, MN

Adeno-associated virus (AAV) vectors have been widely used for
clinical-stage gene therapy for diseases ranging from Leber’s congenital
amaurosis to hemophilia B. More recently the use of AAV for cancer
vaccines has been studied; however, much of this research is performed
using a foreign, strong immunogen, namely chicken ovalbumin (OVA).
Here we focused on the ability to use an AAV vaccination against
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melanoma using the endogenous melanocyte protein—tyrosinase
(Tyr). We have shown that using optimized AAV6 (AAV6-Opt)
vectors expressing amino-terminal (TyrI) or the carboxy-terminal
(TyrII) halves of the gene can be used in relatively small AAV titers
to stimulate antigen specific cell-mediated and humoral responses.
Furthermore, we have shown that activated T-lymphocytes from
immunized animals sufficiently kill BI6F10 melanoma cells using an
in vitro killing assay. Methods: Vaccination was carried-out through
one intramuscular (i.m.) injection in the tibialis anterior of C57BL/6
mice. A Tyr-specific cellular immune response was estimated using
IFNy and TNFa production measured by ELISpot. The humoral
response was determined by the presence of antigen specific antibodies
in mouse serum measured by indirect ELISA or Immunoblotting.
Killing activity of tyrosinase-specific T-cells against B16F10 was
measured on a Live Cell Imager (Essen Biosciences) IncuCyte S3. To
determine the role of dendritic cells (DCs) in AAV-based vaccination,
AAV6-Opt encoding GFP was used to show the direct targeting and
expression of antigens in mouse DCs. Vectors were injected i.m into
C57BL/6 mice. Three days post-infection, inguinal draining lymph
nodes (LN) were harvested and DCs were isolated using FACS sorting
for CD11c+/MHCII+ cells. The presence of GFP expression in LN DCs
was analyzed by wide-field fluorescence microscopy. Results: From
these experiments, it was determined that AAV6-Opt-Tyr vaccinations
produce more robust cellular immune responses when compared to
AAV6-WT-Tyr vaccinations. The vaccination with AAV6-Opt leads to
significantly higher IFNy and TNFa-producing splenocytes than the
WT vector. It also results in a strong humoral response that increases
antibody production through six weeks post-infection. We confirmed
that AAV vectors directly target DCs and initiate expression of the
transgene after i.m. injection. Direct AAV infection and consequent
expression of the transgene in DCs could be further evidence that AAV
can induce an MHC class I driven immune response both directly and
by cross-presentation. Our data show our optimized AAV6 vector
can be used to elicit a DC-based cell-mediated and humoral immune
response against an endogenous antigen. Our future directions will
include targeting a combination of melanoma antigens, as well as
using immune checkpoint blockade, to show a synergistic effect and
improved tumor killing in vivo.

179. Functional and Histological
Improvements Comparing 4 Micro-Dystrophin
Constructs in the mdx Mouse Model of DMD
Rachael A. Potter'?, Danielle A. Griffin"?, Kristin N.
Heller', Jerry R. Mendell'?, Louise R. Rodino-Klapac"*’

!Center for Gene Therapy, The Research Institute at Nationwide Children’s
Hospital, Columbus, OH,*Sarepta Therapeutics, Inc., Cambridge,
MA,’Department of Pediatrics and Neurology, The Ohio State University,
Columbus, OH

Introduction: Duchenne muscular dystrophy (DMD) is the most
common severe childhood form of muscular dystrophy. More than
2000 mutations of the DMD gene are responsible for progressive loss
of muscle strength, loss of ambulation, and ultimately respiratory and
cardiac failure. In order to evaluate the 4 different micro-dystrophin
constructs, a head-to-head comparison was evaluated to compare
functional and histological benefit across constructs. The constructs

94 Molecular Therapy Vol 27 No 4S1 April 2019

Molecular Therapy

include the use of the MHCK?7 promoter in comparison to a less
active MCK promoter with the same micro-dystrophin transgene
that contains the N-terminus and spectrin repeats R1, R2, and R3,
respectively (AAVrh74.MHCK7.micro-dystrophin; AAVrh74.MCK.
micro-dystrophin), a mini-dystrophin construct that contains the
nNOS binding site (AAVrh74.DV.minidystrophin), and a micro-
dystrophin containing the C-terminus (AAVrh74. MHCK7.microdys.
Cterm). The study to be presented demonstrates efficacy following
intramuscular delivery of 4 unique AAVrh74.micro-dystrophin
constructs in the mdx mouse model of DMD. Methods: We designed
4 constructs of AAVrh74 vector containing human micro-dystrophin
transgene driven by a muscle-cardiac specific promoter, MHCK7
or less active muscle specific promoter, MCK. To test the efficacy of
the 4 constructs of AAVrh74.micro-dystrophin, we evaluated both
functional and histological benefit 4 weeks post vector delivery.
Results: The results of this study demonstrate that vector delivery
of the AAVrh74. MHCK?7.micro-dystrophin construct is the most
advantageous in normalizing histologic and functional outcome
measures in the mdx mouse model, among these constructs. Specific
force output increased in the tibialis anterior muscle significantly
compared to the other 3 constructs and there was no difference from
wild-type levels. Additionally, muscle environment was normalized,
which was demonstrated by reductions in centralized nucleation and
normalized myofiber diameters. Finally, transgene expression through
immunofluorescent staining and Western blot was significantly
increased in comparison with the other constructs, indicating the
functional and histological advantages of the AAVrh74. MHCK?7.micro-
dystrophin construct. Conclusions: The findings in this preclinical
study provided proof-of-principle for safety and efficacy of systemic
delivery of AAVrh74. MHCK?7.micro-dystrophin in a dose-escalation
study in the mdx mouse model for DMD.

180. AAV2.7m8 is a Powerful Viral Vector for
Inner Ear Gene Therapy
Kevin Isgrig', Devin S. McDougald?, Jianliang Zhu',

Hong Jun Wang', Jean Bennett’>, Wade Chien'
'NIH, NIDCD, Bethesda, MD,’EM. Kirby Center for Molecular Ophthalmology,
Perelman School of Medicine, Philadelphia, PA

Background: Adeno-associated viruses (AAVs) are commonly used
for inner ear gene delivery. While conventional AAVs are capable of
transducing inner hair cells (IHC) in the cochlea to varying degrees,
outer hair cells (OHC) and supporting cells are transduced less
efficiently. In this study, we examined the transduction patterns of two
synthetic AAVs (AAV2.7m8 and AAV8BP2) in the neonatal mouse
inner ear. Methods: Neonatal (P0-P5) CBA/J mice were used in this
study. Synthetic AAV-GFPs were injected into mouse inner ear using
the posterior semicircular canal approach. Immunohistochemistry
was used to assess the infection efficiency. Auditory function was
assessed by auditory brainstem responses (ABR). Results: AAV2.7m8
transduced both IHCs and OHCs with very high efficiency. AAV8BP2
transduced the THCs with high efficiency, but the transduction
efficiency of OHCs was lower. AAV2.7m8 also transduced a subset
of supporting cells (inner pillar cells and inner phalangeal cells) with
high efficiency. Mice that underwent AAV2.7m8 injections had similar
ABR thresholds compared to non-injected controls. Conclusions:
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AAV2.7m8 transduced both IHCs and OHCs with high efficacy. In
addition, it transduced inner pillar cells and inner phalangeal cells
with high efficacy. Our results suggest that AAV2.7m8 is an excellent
viral vector for inner ear gene delivery.

181. Modulation of Glycosylation Status

of Adeno-Associated Virus (AAV) Vectors
Improves its Hepatic and Ocular Gene Transfer
In Vivo

Bertin Mary, Shubham Maurya, Mohit Kumar,
Giridhara R. Jayandharan

Biological Sciences and Bioengineering, Indian Institute of Technology Kanpur,

Kanpur, India

AAV mediated gene transfer has been successfully translated for gene
therapy of hemophilia B and Leber congenital amaurosis. For this
mode of therapy to be widely embraced in the presence of multiple
transduction and immune challenges in humans, it is crucial to develop
high transduction and permeating vectors to enhance gene delivery into
the liver or the eye. We reasoned that a thorough study and modification
of the capsid regions that trigger vector recognition and loss of function
is likely to improve gene transfer. Given the paucity of data on post
translational modifications in AAV2 capsids other than ubiquitination,
we hypothesized that a study of glycosylation motifs in AAV2 capsid
is likely to be rewarding as its role in several viruses such as HIV and
Influenza towards improving their infectivity or their adaptation to
host immunity is known. Towards this, we first characterized the
glycosylation status of AAV2 capsid by MALDI-TOF analysis which
revealed the presence of a low level of glycosylation. This was further
confirmed by enzymatic de-glycosylation and immunoblotting
analysis. We then estimated the regulation of AAV transduction and its
packaging in conditions of altered cellular glycosylation. We observed
that the transduction potential of scAAV2-EGFP vectors increased
by 74% in HeLa cells with glycosylation inhibitors, but decreased
(up to 1-fold ) its vector yield in AAV-293 packaging cells under
similar conditions. These studies presented preliminary evidence for
the involvement of glycosylation during AAV2 life cycle. In the next
set of studies, we postulated that modulation of glycosylation sites
within or around specific epitope regions in the capsid will lead to
the generation of improved vectors for gene delivery. The VP1 region
of AAV2 capsid was further analysed to predict the T-cell and B-cell
immunogenic epitopes as well sites of potential glycosylation. Twenty-
four glycosylation sites were selected and further mutagenesis was
performed with an aim to create or disrupt a potential glycosylation
site within the target sites. AAV2-EGFP vectors containing the wild-
type (WT) and each one of the 24 glycoengineered mutants were then
evaluated for their transduction efficacy in multiple cell lines (HeLa,
Huh7, ARPE19) in vitro. We observed a 1.3 to 2.5-fold increase in
EGFP expression with at least three glycoengineered mutant vectors
in all the three cell types. Further, we analysed the in vivotherapeutic
potential of the two best glycoengineered vectors by hepatic gene
therapy in a murine model of haemophilia B (B6.129P2-F9"™!P*/])
or by ocular gene transfer in C57BL6/J] mice. During hepatic gene
transfer of the novel vectors encoding human coagulation factor (F)
IX in haemophilia B mice, we observed a 2-fold increase in FIX levels
with the glycoengineered mutant vectors, 4-12 weeks after gene therapy.
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Our experiments also demonstrated no significant difference in T and
B cell activation between WT-AAV?2 treated and glycoengineered
mutant treated hemophilia B mice. These findings suggest that it
should be possible to obtain a similar level of therapeutic hFIX
expression with a significantly lower dose of AAV2 glycoengineered
vector than AAV2-WT vectors.Subsequently, retinal gene transfer
of the top three glycoengineered vectors through intravitreal
administration,demonstrated an enhanced EGFP expression (~2 to
4.4-fold at 4-8 weeks) for two of the glycoengineered vectors. Further,
these vectors also demonstrated increased permeation across retina at
significantly lower doses (3x10e8 vector genomes). Taken together, our
studies demonstrate the role of glycosylation during AAV mediated
gene transfer and highlights the improved translational potential of the
glycoengineered AAV2 vectors for hepatic and ocular gene therapy.

182. Decoding AAV through In Silico Design
and Multi-Parametric Screening

Eric Zinn"?, Pauline Schmit??, Heikki T. Turunen?,
Carmen Unzu?, Eva Andres-Mateos?, Julio Sanmiguel?,
Allegra Fieldsend? Luk H. Vandenberghe?

'"Department of Systems Biology, Harvard Medical School, Boston,
MA,*Grousbeck Gene Therapy Center, Mass Eye and Ear, Harvard Medical
School, Boston, MA,*Harvard Ph.D. Program in Biological and Biomedical

Sciences, Division of Medical Sciences, Harvard University, Boston, MA

The Adeno-associated virus (AAV) capsid is a primary driver of the
safety and efficacy of an AAV-based gene therapy drug. Biomining
and mutational studies of the AAV capsid have highlighted that
minor variation of the capsid’s amino acid sequence can impact
translationally relevant phenotypes such as manufacturability, tissue
targeting, and host response. Researchers have leveraged this property
of the AAV capsid to discover new and improved vectors through
innovative approaches such as directed evolution and more recently
through barcode-based sequencing of mutational libraries of AAV
capsids. However, these studies have remained largely descriptive, in
part due to the many challenges inherent to linking capsid sequence
diversity with phenotypic diversity. Among these challenges is the
limitation that the AAV capsid’s structure imposes on the sequence
space that a researcher can explore; capsid mutants within these
libraries must fold and assemble correctly in order to be informative to
many therapeutically relevant questions. Here, we aimed to overcome
several of these technical constraints to build (a) DNA/RNA barcoded
libraries of functionally assembling AAV capsids (b) libraries which
are diverse with respect to several viral functions (e.g. viral assembly,
tissue targeting, transcriptional activity), and (c) quantitative methods
to characterize each capsid within a library with respect to each of
these functions. To accomplish this, we revisited our earlier work using
ancestral sequence reconstruction to build libraries of functionally
diverse AAV capsids. This entailed developing a new combinatorial
assembly method called CombiAAV to generate these libraries as well
as to associate each mutant with a single, unique DNA/RNA barcode
compatible with Illumina sequencing. As a proof of concept, a library of
2048 different AAV capsids plus eight well-characterized AAV controls
were evaluated across a variety of phenotypes through a barcode-based
sequencing approach which we call AAVSeq. Within the library we
observed significant functional differences with respect to capsid
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assembly and packaging, gene delivery to murine tissues (including
liver, heart, skeletal muscle, and hippocampus), and the transcriptional
activity of the library within those tissues. Moreover, the combinatorial
nature of the library enabled discovery of novel sequence determinants
governing the observed functional differences with respect to vector
yield and tissue tropism. By leveraging the suite of methods and tools
presented here, researchers can build large functional datasets and

uncover novel capsid mutations which affect these capsid functions.
We believe that these techniques will further inform capsid selection for

clinical use and may provide a pathway toward rational design of AAV.
Barcoded viral library generation, screening
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183. Computational Design of AAV Capsids
Using Machine Learning Models Trained on
Deep Mutational Libraries

Drew Bryant', Sam Sinai*’, Pierce Ogden**, Nina

Jain**, Ali Bashir', Lucy Colwell', Eric Kelsic**, George
Church**

'Google Accelerated Science, Google, Mountain View, CA,?Wyss Institute For
Biologically Inspired Engineering, Harvard Medical School, Boston, MA,’Program
for Evolutionary Dynamics, Harvard University, Cambridge, MA,*Dept. of

Genetics, Harvard Medical School, Boston, MA,"Dyno Therapeutics, Cambridge,
MA

The complexity of AAV biology and the difficulty of predicting the
functional effects of mutations have hindered efforts to engineer
improved capsids for therapeutic applications. In many contexts,
deep learning models have bypassed the need for detailed mechanistic
understanding, instead learning patterns directly from data that cannot
be detected by human intelligence but that are highly predictive of
functional outcome. Can this approach be applied to AAV? Our
previous work showed that experimental single site saturation
mutagenesis data can be used to design highly mutagenized variants
that produce capsids viable for packaging of DNA genomes and
delivery to target tissues. Here, we ask whether adding limited random
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mutagenesis data to the corpus used to train deep learning models can
provide additional lift over (i) our previous design strategy, and (ii)
logistic regression models that have access to the same data. Post-hoc
analysis of our existing set of 80,000 designed variants suggests the
deep learning models increase performance, lifting the ROC curve.
To prospectively test these approaches, we built convolutional and
recurrent neural networks (NNs) together with baseline logistic
regression models. We scored sequences from a large sweep of the
design space, and selected sequences for synthesis and evaluation.
Furthermore, we developed a local search strategy to follow model
gradients and find sequences with even higher scores. In total, we
experimentally tested 244,000 capsid variants for assembly and genome
packaging. We identified viable sequences with 29 differences from
wild type within a single contiguous 28 amino acid stretch of the AAV2
capsid protein. Our local search significantly improved the proportion
of viable sequence variants found. This work highlights the potential
of deep learning approaches that leverage limited amounts of data to
search a broad space of putative AAV capsid sequences. These emerging
technologies will diversify the set of functional AAV capsid designs
that are available, enabling the creation of synthetic AAV capsids that
are highly distinct in sequence from natural variants, and are enhanced
for delivery, safety and manufacturability.

184. Determination of AAV Genome Content
and Capsid Content by SEC

Brian Howie, Keith Webber, Zhuchun Wu
RegenxBio, Rockville, MD

AAV genome content can be determined by either polymerase chain
reaction (PCR) or by optical density (OD). The latter method has a
higher throughput and can also determine the capsid content and
assess empty/full ratio’. However, the OD method lacks specificity
and it is only applicable to relatively pure AAV samples. Alternatively,
Size exclusion chromatography (SEC) separates analytes based on
their size, which allows AAV to be separated from other components
in the solution that may interfere with AAV UV absorbance, including
excipients and in-process impurities. In addition, since the elution time
and profile of AAV in SEC depends on genome size, the method is
specific for each product. Here we explored the native UV absorbance
of AAV at different wavelengths and developed two SEC methods to
quantify AAV titer. Quantification of AAV titer by UV absorbance
is complicated by the presence of both capsid protein and genome
DNA. The UV absorbance coefficient of AAV varies with different
ratios of empty to full capsids. In our previous study’, the OD method
was demonstrated to be capable of measuring both AAV DNA and
protein by measuring UV absorbance directly at two wavelengths,
with results that are in good correlation with PCR and AUC values.
Here we found that SEC can be used to determine genome and
capsid contents through UV absorbance peak areas at 260 nm and
280 nm. Similar to the OD method, the genome and capsid contents
are absolute depending on the UV coeflicients of the capsid protein
and genome DNA only. The quantification of AAV content is direct
without a calibration curve. The method, referred to as SEC-titer,
utilizes detection similar to a spectrophotometer, with the advantage
that there is no matrix or light scattering interference, and sensitivity
is much improved. The method also can be extended to quantify any
therapeutic proteins including antibody products absolutely without a
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calibration curve. Quantification of AAV capsid content is also possible
using UV absorbance at 214 nm, where capsid protein UV absorbance
dominated. The small portion of UV absorbance contributed by
genome DNA can be corrected by estimating the empty/full capsid ratio
from A260/A280 and its correlation with DNA UV absorbance at 214
nm. A standard solution with only empty capsids is used to generate
a calibration curve. The concentration of the empty capsid standard
was determined by a conventional protein A280 method, which in
general is considered to be an accurate method within 10% error to the
true values®. The relative difference in capsid contents by OD and this
method (referred as SEC-A214) is less than 5%, assessed over a wide
capsid protein concentration range. Both SEC quantitation methods
are very sensitive with Limits of Quantitation > 1 x 10" capsid/mL,
allowing quantification of low AAV concentration samples. Reference:
1. Keith Webber, Brian Howie, Kevin O’Brien and Zhuchun Wu, “The
Application of Spectrophotometry for the Estimation of Genome
Copies and Full versus Empty Ratios of Adeno-associated Particles’,
poster presented to ASGCT 21st Annual Meeting (2018). 2. Pace, C.N.
etal., “How to Measure and Predict the Molar Absorption Coefficient
of a Protein,” Protein Sci. 4, 2411-2423 (1995).

185. Characterization of a New AAV Vector
Targeting Expression of Transthyretin to the
Correct Tissues after Systemic Delivery in
Mice

Ana Rita Batista, Miguel Sena-Esteves

Department of Neurology, Horae Gene Therapy Center, University of
Massachussets Medical School, Worcester, MA

Alzheimer’s Disease (AD) is the most common neurodegenerative
disorder and the leading cause of dementia and mortality in the
industrialized world. Many risk factors have been associated with AD,
like mutations in APP and presenilins, mitochondrial dysfunction,
carrying the APOE &4 allele, Down syndrome, among others. Presently
there are no drugs commercially available that can reverse the disease
and it is urgent to develop new therapies that can impact disease
progression. The plasma- and CSF- circulating protein transthyretin
(TTR) may modulate disease presentation or progression in humans
as it has been associated with the prevention of AP aggregation, and
it has also been described as a biomarker with AD patients exhibiting
lower levels of TTR in the CSF when compared to normal individuals
in the same age group. We proposed to develop an AAV-based gene
therapy approach to express TTR somatically in a mouse model and
assess the impact that overexpression of TTR has in disease progression
by using AAV9 to express the gene in both liver and choroid plexus.
We have developed a new AAV vector carrying a mouse TTR promoter
driving expression of human TTR. Systemic infusion of 10'* gc AAV9-
TTRp-TTR in C57BL/6] mice resulted in TTR expression in serum
and CSF, at levels comparable to those in humans. When we used the
same vector and dose in the AD mouse model APPN"GF we detected
low levels of human TTR in the plasma of female mice and no protein
in the CSF, whereas APPN-F males showed TTR levels comparable to
C57BL/6] male mice. Interestingly, no differences in vector genome
copy numbers were observed in either liver or choroid plexus of
transgenic mice compared to wild-type littermates gender-matched.
Therefore, we hypothesize the mouse TTR promoter used in the
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current AAV-TTRp vector might be subjected to hormonal regulation
in females, similar to what has been documented for the endogenous
Ttr gene. To our knowledge this is the first demonstration of an AAV
vector that replicates the normal TTR tissue expression profile after
systemic delivery, and thus an outstanding platform for therapeutics
development and address biologically relevant questions about the
role of TTR in AD.

186. Intrathecal Lumbar Administration of
AAV9 in Nonhuman Primates is Safe and
Effective in Targeting Cells of the Central
Nervous System

Kevin Foust', Gretchen M. Thomsen', Martin Fugere’,
Binh Chu!, Janet Do', Caroline Hsieh!, Stephanie
Solano', Pablo Morales?, Allan Kaspar', Brian K.
Kaspar!

!AveXis Research and Development, San Diego, CA,*The Mannheimer
Foundation, Inc., Homestead, FL

Naturally occurring and recently derived serotypes of adeno-associated
viral vectors are used for CNS gene therapy because they can cross
the blood brain barrier. The first description of an AAV serotype
with these properties was AAV9. AAVY is used by multiple academic
and commercial groups as a research tool and a gene therapeutic
including the AveXis product, AVXS-101. Intravenous delivery of
AVXS-101, an AAV9 therapeutic for the treatment of the pediatric
motor neuron disease spinal muscular atrophy, is currently under
review for approval in the US, Europe and Japan. Data suggest that
intrathecal administration is an important delivery route for CNS
therapy development. Here we show the scale up of CSF delivery
from mice to non-human primates with three different AAV9 vectors:
scAAV9 CB GFP, AVXS-201 and AAV9-SODI1. AVXS-201 and
AAV9-SOD1 are AveXis products in development for the treatment
of the neurodevelopmental disorder Rett Syndrome and Superoxide
Dismutase mediated Amyotrophic Lateral Sclerosis (ALS), respectively.
Intrathecal infusion of AAV9 vectors via lumbar puncture followed
by Trendelenburg tilting of subjects was safe and well tolerated in
juvenile cynomolgus macaques through 18 months post injection.
Distribution of vector genomes, transgene mRNA expression, RNAi
target knockdown and protein expression were shown in the brain,
spinal cord, and peripheral tissues including the heart, liver and
skeletal muscle.

187. Physical Positioning Dramatically
Improves Brain Transduction after Intrathecal
Infusion of AAV9

Michael J. Castle!, Yuhsiang Cheng', Aravind Asokan?,
Mark H. Tuszynski'

'Department of Neurosciences, University of California, San Diego, La Jolla,
CA,’Department of Surgery and Department of Molecular Genetics and
Microbiology, Duke University School of Medicine, Durham, NC

Effective treatment of the cerebral cortex is important for gene therapy
of neurological disorders such as Alzheimer’s disease, Lewy body
dementia, frontotemporal dementia, Huntington’s disease, and others.
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The human cortex is extensively folded, with a total surface area of
approximately five square feet, and methods to broadly transduce
the cortex by direct intraparenchymal injection do not currently
exist. Intrathecal administration of adeno-associated virus 9 (AAV9)
to the cerebrospinal fluid (CSF) drives gene expression throughout
the nervous system, but gene transfer to the cortex is inconsistent in
rodents and monkeys. Following intrathecal AAV9 infusion in rats,
we observed gene expression in brain regions where CSF appears to
settle under gravity. We hypothesized that inverting rats with feet 30
degrees above the head, as well as rotating rats continuously between
upright and inverted positions, for 2 hours after intrathecal AAV9
infusion would enhance gene delivery to the brain. Both inversion
and rotation significantly increased the number of transduced neurons
by more than 15-fold compared to rats that recovered in an upright
position. In addition to entorhinal, prefrontal, frontal, parietal, and
limbic cortices, transduction of hippocampus and of basal forebrain
were also enhanced by more than 15-fold. 95% of transduced cells were
neurons. This simple and effective method for broad gene transfer to
cerebral cortex represents a potentially important advance in gene
therapy for cortical disorders such as Alzheimer’s disease.

188. AAV Vectors and Zinc: A Possible Role in
Gene Therapy of Human Liver Cancer
Himanshu K. Rambhai', Frederick J. Ashby', Keyun
Qing', Arun Srivastava®

'Pediatrics, University of Florida College of Medicine, Gainesville, FL,?Pediatrics,

University of Florida, Gainesville, FL

We have reported that of the 12 essential metal ions, Zn?* is the most
efficient in increasing the transduction efficiency of AAV2 vectors in
HeLa cells. For example, at a final concentration of 30 pg/ml, an ~8-
fold increase was observed (Mol. Ther., 26: 551, 2018). However, at a
final concentration exceeding 30 pg/ml, Zn** also induced significant
cytotoxicity, an observation consistent with a previously published
report (Exp. Biol. Med., 235: 741-750, 2010). In subsequent studies,
similar results were obtained with HEK293 cells. However, when these
studies were extended to include a human hepatocellular carcinoma
(HCC) cell line, Huh7, we also observed an ~7-fold increase in the
transgene expression, but in the presence of only 15 pg/ml of Zn*',
and concentrations exceeding 20 ug/ml of Zn** were cytotoxic to Huh7
cells. Further mechanistic studies to gain a better understating of these
phenomena revealed that the increase in transduction occurred due
to higher levels of extracellular levels of Zn?*. Interestingly, hallmark
decreases in intracellular Zn?* levels have been reported in HCC
patients dating back to the 1970s. Numerous population studies have
reported a significant decrease (55-75%) in Zn** levels in HCC tissues,
compared with healthy liver tissues (Cancer Bio. & Ther., 15: 353-
360, 2014). It has also been reported that the decrease in Zn** levels
in HCC tissues is due to under-expression of an essential metal ion
transporter, SLC39A14 (ZIP14), and that ZIP14 plays a major role in
the transport of Zn?* in liver cells (J. Gastrointest. Cancer, 43: 249-257,
2012). We reasoned that targeting ZIP14-deficient HCC tumors would
be ideal for Zn*" infusions due to their tendency to prevent zinc uptake,
and therefore, increase the level of environmental Zn?*. To test this
hypothesis, Huh7 cells were either mock-transfected, or transfected
with a recombinant plasmid containing a CMV promoter-driven
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ZIP14-EGFP fusion protein, and were transduced with scAAV2-
mCherry vectors under identical conditions. The results showed that
ZIP14 over-expressing, but not mock-treated Huh7 cells, evaded
Zn**-induced cytotoxicity at a final concentration of 20 ug/ml. We
have now generated recombinant AAV vectors containing the ZIP14
gene, and we propose to develop a co-administration strategy with
AAV vectors carrying a therapeutic gene such that subsequent Zn**
infusions directly into ZIP14-deficient HCC tumors, especially in
view of a negative correlation between ZIP14 expression and patient
survival times (J. Trace Elem. Med. Biol., 49: 35-42, 2018) indicating
intracellular zinc imbalances may play a role in cancer survival as well.
These concerns notwithstanding, AAV vector-mediated delivery and
expression of ZIP14 gene would be expected to augment not only Zn**
uptake, but also Zn?*-mediated increased expression of a therapeutic
gene in human liver cancer tissues.

189. Identification of AAV-TT Residues
Determining CNS Gene Transfer Efficiency
Adam Dyer', Nelly Jolinon', Julie Tordo', Nuria
Palomar’, Antonette Bennett?, Mavis Agbandje-
McKenna?, R. Michael Linden?, Els Henckaerts!

'School of Immunology and Microbial Sciences, King’s College London, London,
United Kingdom,”Department of Biochemistry and Molecular Biology, Center
for Structural Biology, The McKnight Brain Institute, University of Florida,
Gainesville, FL,°Handl Biopartners, London, United Kingdom

AAV True-Type (AAV-TT) is a novel gene therapy vector, which
contains 14 amino acids evolutionarily conserved in natural AAV2
human tissue isolates. AAV-TT displays potent neurotropism in
vivo, and in a murine disease model of the lysosomal storage disease
mucopolysaccharidosis IIIC AAV-TT displays superior efficacy
compared to AAVY, currently the preferred choice for treatments of
the CNS. Both serotypes restore whole brain HGSNAT enzyme activity,
yet only AAV-TT corrects the behavioural phenotype.

One discernible difference between AAV-TT and AAV2 is the mutation
of two key residues at the HSPG binding site. It is known that removal
or attenuation of the HSPG binding site in AAV2 improves vector
spread within the brain after local injection. We show here that while
removal of HSPG binding from AAV2 improves vector spread and
transduction in the brains of adult rats, levels are still inferior to those
observed with AAV-TT. We further show that re-introduction of the
HSPG binding site into AAV-TT does not reduce transduction and
spread to levels seen with AAV2. These results indicate that some or
all of the remaining 12 mutations also contribute to the improved
transduction properties of AAV-TT.

To investigate which of the amino acids support the enhanced brain
transduction and spread of AAV-TT, we conducted biodistribution
studies after intrastriatal injection of multiple AAV-TT variants in
adult rats. Amino acids were grouped based on putative function
and reverted to those present in AAV2; some single amino acids
were selected for reversion based on their position in the viral capsid.
These AAV-TT alterations resulted in varying effects on transduction
in the brain. Most notably, one amino acid at the base of the threefold
spike, when mutated back to its original state, resulted in a significant
reduction of viral spread. Reversion of another single amino acid,
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with a side chain pointing toward the capsid interior resulted in
comparable transduction to AAV-TT, but with a more favourable in
vitro immunogenicity profile.

To summarise, we have engineered a novel gene therapy capsid that
utilises key residues found in natural variants of AAV2 to produce a
unique gene therapy vector for the treatment of diseases that affect
the central nervous system. These mutations are being investigated
in detail and the data generated have the potential to further improve
the performance of AAV-TT, and potentially other serotypes as well.

190. Characterization of Hepatic and Retinal
Cell MicroRNAome During AAV Infection
Reveals Their Diverse Impact on Viral
Transduction and Cellular Physiology
Sathyathithan Arumugam, Bertin Mary, Mohit Kumar,
Giridhara R. Jayandharan

Biological Sciences and Bioengineering, Indian Institute of Technology Kanpur,

Kanpur, India

Background:Adeno-associated virus (AAV) based vectors have
shown excellent safety and efficacy profile for the treatment of
inherited retinal diseases (Achromatopsia, Choroideremia and Leber
congenital amaurosis) and liver diseases (Haemophilia A & B); however
challenges to its widespread use remain. AAV enters the host cells
through receptor mediated endocytosis, then escape from endosomes
and traffick towards nucleus to uncoat and deliver the encapsidated
transgene. Each of these steps are known to act as a barrier restricting
AAV transduction. Understanding the host factors impacting viral
transduction at early stages of AAV infection with high throughput
technologies may help us to derive plausible therapeutic strategies
to circumvent and enhance the AAV delivery system. Methods:We
utilized Illumina NextSeq500 technology to profile the small RNA
changes post 12 hours of AAV2 and AAV3 infection in Huh-7, a
liver origin cell line and ARPE-19, a retinal origin cell line with 2
biological replicates under each condition. Differentially expressed
miRs(DE-miRs) were mapped to specific pathways using InnateDb
and MiRNet tools. Impact of selected pathways were validated; cell
cycle analysis by propidium iodide staining-flow cytometry method,
quantification of ER stress markers by qPCR; and assessment of
lipids by NileRed staining-confocal microscopy. Synthetic mimic and
inhibitors assays were performed to elucidate the role of a dysregulated
miR-4488 in AAV transduction.Results:Six percentage of miRNAs
were dysregulated between mock and AAV infected samples. Pathway
characterization of experimentally validated miR target genes showed
“Cancer, Viral carcinogenesis, FoxO signalling pathway, cell cycle,
bladder cancer” as common significant hits and ‘protein processing
in endoplasmic reticulum’ and ‘sphingolipid signalling’ as unique
hits in Huh-7 and ARPE-19 respectively. Pathway validation showed
AAV infected Huh-7 cells were arrested at GO/G1 check point (4%),
increased expression of ER stress markersBiP (1.6 fold) and CHOP (2.2
fold) and IRE1A (1.53 fold),and unaltered lipid droplet levels. Whereas,
ARPE-19 cells were delayed in S-phase (2%) with downregulation
of ER stress markersATF4 (-8.26), ATF6 (-8.24), BIP (-2.56), IRE1A
(-4.97), PERK (-7.03) and moderate increase in the percentage of lipid
droplets. Irrespective of serotypes and hosts used, we found miR-4488
as commonly dysregulated(-2.24 fold in Huh-7 and -3.32 fold in
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ARPE-19). Increasing miR-4488 levels showed a positive regulation of
AAV transduction in Huh-7 cells (126-128%), whereas inhibiting the
function of miR-4488 showed increased transduction in ARPE-19 cells
(142-158%). Discussion:Overall our findingssuggest that recombinant
AAV mediated changes to microRNA expression is altered during AAV
infection and can target specific biological pathways. We have further
demonstrated that miR-altered biological pathways such as cell-cycle
regulation, endoplasmic reticulum stress and lipid signalling are
impacted upon AAV2 or AAV3 transduction. We have also identified
for the first time that miR-4488 is commonly dysregulated during
AAV infection of these cells, independent of the serotype employed.
Furthermore, our studies have shown that modulation of miR-4488
levels can improve AAV transduction. Conclusion:A comprehensive
study of the specific biological functions of the many small RNAs
described in our work and their interaction with multiple AAV
serotypes is likely to be rewarding to improve their hepatic or retinal
gene transfer efficiency.

191. Adeno-Associated Virus Serotypes
Screening in Non-Human Primates for
Hemophilia A Genome Editing Treatment

Zoya Gluzman-Poltorak, Avital Gilam, Yin Zhang, Ivka
Afrikanova, Hainan Chen, Mi Shi, Milena Veselinovic,
Aanal Bhatt, Ruhong Jiang, Ling-Jie Kong, Ruby Yanru

Chen-Tsai
Applied StemCell, Milpitas, CA

Adeno-associated virus (AAV) can be engineered to safely deliver
DNA to target cells in vivo, and is being widely used in emerging gene
therapies. Several AAV serotypes have been isolated in recent years,
however, the landscape for their optimal use for therapeutic purposes
has not fully investigated. Here we report the results of a comprehensive
study comparing liver infection efficiencies of several AAV serotypes
(AAV5, AAVS, AAV100M and Anc80) in Non-Human Primates
(NHP) in vivo, delivering CRISPR/Cas9 genome editing vectors for
Hemophilia A treatment (See abstract # 2019-A-523-ASGCT for
details and proof of concept in mice). In this study, sixteen adult male
cynomolgus macaques (Macaca fascicularis) received intravenous
injections of two viruses, AAV-Staphylococcus aureus Cas9 (SaCas9)-
guideRNA and AAV-B domain-deleted human FVIII (BDD-E8)
Donor, in several doses (3x10%- 5.5x10'2 vg/kg). Liver infectivity of
both viruses was determined up to 18 weeks later by droplet-digital
PCR (ddPCR), showing higher infectivity efficiencies for AAV8 and
100M serotypes compared to AAV5 and Anc80 serotypes. Liver SaCas9
mRNA expression was determined by RNAscope in situ hybridization
(ISH) method, showing higher saCas9 levels following infections with
AAV8 and 100M serotypes, supporting the infectivity findings. Safety
studies, including clinical observations, food consumption monitoring,
body weight and temperature, liver enzyme and gross pathology
evaluation showed no toxicity effects following administration of the
tested serotypes. Anti-SaCas9 immunogenicity was evaluated prior and
post viral administration and no increase of anti-SaCas9 antibodies
post-dosing was detected. Taken together, AAV-based in vivo delivery
to non-human primate livers was the most efficient using AAV8 or
100M serotypes with no safety concerns. Further studies are ongoing
to determine optimal dose as well as genome editing efficiency.
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192. Cre-Dependent Reporter Mice Improve
the Sensitivity of AAV Tropism Screens:
Implications for AAV as a Genome Editing
Platform

Jonathan F. Lang"?, Sushila A. Toulmin'?, Kasey L.

Brida', Laurence C. Eisenlohr"?, Beverly L. Davidson'?
"The Children’s Hospital of Philadelphia, Philadelphia, PA,*The Perelman School
of Medicine, The University of Pennsylvania, Philadelphia, PA

Conventional methods to discern adeno-associated virus (AAV)
vector tropisms are based on the high, stable expression of a reporter
gene in the AAV transgene cassette. As a consequence, conventionally
described AAV tropisms omit cell types that exhibit transient or low
transgene expression. This creates a blind spot for AAV vectors that
deliver genome editing machinery because only minimal transgene
expression is required for activity. To fill in this blind spot, we
present an AAV tropism screening method that captures both stable,
high transgene expression and transient expression. Using AAVS,
we demonstrate the superiority of the approach in a side-by-side
comparison with traditional screening and find unexpected sites
of transduction. From these results, we predict cell-specific oft-
target events upon AAV-delivery of CRISPR/Cas9 components. We
anticipate that this system, which captures transient and persistent
gene expression from AAV vectors in vivo, will be foundational to
future applications of AAV.

193. AAV3-miRNA Vectors for the Potential
Gene Therapy of Human Liver Cancer
Ling Yin'?, Yuanhui Zhang’, Chunbao Sun'?, Chen

Ling"?, Arun Srivastava'

'Pediatrics, University of Florida College of Medicine, Gainesville, FL,’Fudan
University, Shanghai, China,’Shanghai University of Traditional Chinese
Medicine, Shanghai, China

Liver cancer is predicted to be the sixth most commonly diagnosed
cancer, and the fourth leading cause of cancer death worldwide reported
in 2018, with about 841,000 new cases and 782,000 deaths annually.
During the past two decades, the incidence of liver cancer in the US
has tripled while the 5-year survival rate has remained below 12%.
Thus, novel therapeutic strategies are needed to target this disease.
AAVS vectors expressing miRNA-26a (Cell, 137: 1005-1017, 2009)
and miRNA-122 (J Clin Invest, 122: 2871-2883, 2012) have been used
to achieve strong inhibition of growth of mouse liver tumors. Since
we have reported that AAV3 vectors transduce human liver tumors
more efficiently in a mouse xenograft model following systemic
administration (Hum Gene Ther, 25: 1023-1034, 2014), in the present
studies, we wished to evaluate the efficacy of AAV3-miRNA-26a and
AAV3-miRNA-122 vectors. To this end, a human hepatocellular
carcinoma (HCC) cell line, Huh7, was transduced with various
multiplicities of infection (MOIs) of scAAV3-miRNA-26a or scAAV3-
miRNA-122 vectors, both also co-expressing a Gaussia luciferase (Gluc)
reporter gene. A modest yet significant (~12-13%; p<0.05) level of
dose-dependent growth inhibition of Huh7 cells was observed at the
highest MOI (1x10° vgs/cell) with each vector. When Huh?7 cells were
co-transduced with both vectors, the extent of growth inhibition was
additive (~26%). Similar results were obtained with Huh7 cells stably
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transfected with a Firefly luciferase (Fluc) expression plasmid. Studies
are currently underway to evaluate the efficacy of capsid-optimized next
generation of scAAV3-miRNA-26a and scAAV3-miRNA-122 vectors
alone, or in combination, in targeting Huh-Fluc cells-derived human
liver tumors in a mouse xenograft model in vivo. These studies should
yield information on whether in contrast to mouse liver tumors, the
miRNA-26a and/or miRNA-122-mediated suppression is an effective
gene therapy strategy to target human liver cancer.

194. AAV Gene Therapy Vectors for Remote
Modulation of Peripheral Nerves Targeting the
Pancreas

Lisa E. Pomeranz', Maria Jimenez-Gonzalez?, Rosemary
Li%, Rupangi Vasavada’®, Gary Schwartz*, Jeffrey M.

Friedman', Sarah Stanley’

"Laboratory of Molecular Genetics, The Rockefeller University, New York,
NY,?Diabetes, Obesity and Metabolism Institute, Icahn School of Medicine,
Mount Sinai, NY,*City of Hope, Duarte, CA,*Department of Medicine, Albert
Einstein College of Medicine, New York, NY

Type 2 diabetes mellitus (T2DM), which affects greater than 300
million people worldwide, is marked by an inability to produce
appropriate amounts of insulin in response to high blood glucose.
Long-term complications of T2DM include blindness, heart disease,
stroke and lower limb amputation. One novel approach to treat
T2DM is to control production of glucose regulatory hormones by
delivery of neuromodulatory agents directly to the peripheral nerves
that target endocrine cells of the pancreas. The development of this
strategy relies on a better understanding of the anatomy of pancreatic
innervation and how stimulation and inhibition of these nerves
affects pancreatic production of insulin, glucagon, somatostatin and
pancreatic polypeptide.One means of remotely controlling activity
in pancreatic nerves to regulate pancreatic hormone production and
ultimately glucose homeostasis is through the use of magnetogenetics,
a technique for manipulating neuronal activity using magnetic fields.
We fused a ferritin binding nanobody to the transient receptor potential
V1/TRPV1/vanilloid receptor-1/capsaicin receptor (NbFT-TRPV1).
The NDFT-TRPV1 receptor recruits iron binding ferritin complexes
to the membrane. Magnetic stimulation of neurons expressing NBFT-
TRPV1 leads to increased intracellular calcium in vitro. Here we focus
on three approaches to efficiently express neuromodulatory NbFT-
TRPV1 in pancreatic nerves: 1) optimizing the regulatory elements
within AAV constructs, 2) comparing different capsid serotypes for
AAV-mediated delivery to pancreatic nerves and 3) downregulating
expression of therapeutic protein in off-target organs.We compared
mCherry expression in Neuro2A and non-neuronal cell types using
three promoters: the prototypic neuron-specific promoter for human
synapsin (hSyn), the small, synthetic JeT promoter, and the promoter
for neuron-specific enolase (NSE) a marker for neuroendocrine
cells. We found that the NSE promoter results the highest level of
neuron-specific protein expression while the JeT promoter leads to
highest expression overall and is ideal for inducible systems such as
Cre-activation. Because the NBFT-TRPV1 receptor is nearly 3kb,
we conserved space within the AAV construct by testing different
promoter/enhancer/ polyadenylation signal combinations. Our second
strategy to deliver AAV to pancreatic nerves involved testing different
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AAV capsid serotypes. We directly compared the ability of AAV
serotypes -6, -8 and -9 to accumulate in the celiac ganglia innervating
the pancreas and we are currently testing additional capsid moieties
for delivery of AAV to peripheral nerves of the pancreas. Finally,
we incorporated micro RNA antisense target sequences into the 3
untranslated region of our expression vectors in order to downregulate
expression of neuromodulatory constructs in off-target organs such
as the liver. These studies have shaped the design of the AAV vectors
we are testing for maintaining glucose homeostasis through remote
modulation of peripheral nerves targeting the pancreas.

195. Integrase-Deficient Lentiviral Vector for
Efficient CRISPR/Cas9-Mediated Gene and
Epigenome-Editing Applications

Boris Kantor'?, Ekaterina Ilich'?, Lidia Tagliafierro**,
Ornit Chiba-Falek®*

Viral Vector Core Department, Duke University, Durham, NC,?Department
of Neurobiology, Duke University Medical Center, Durham, NC,’Center
for Genomic and Computational Biology, Duke University, Durham,

NC,*Department of Neurology, Duke University Medical Center, Durham, NC

The CRISPR/Cas9 systems have revolutionized the field of genome
editing by providing unprecedented control over gene sequences and
gene expression in many species, including humans. Lentiviral vectors
(LVs) are one of the primary delivery platforms for the CRISPR/
Cas9 system due to their ability to accommodate large DNA payloads
and sustain robust expression in a wide range of dividing and non-
dividing cells. However, long-term expression of LV-delivered Cas9/
guide RNA may lead to undesirable off-target effects characterized by
non-specific RNA-DNA interactions and off-target DNA cleavages.
Integrase-deficient lentiviral vectors (IDLVs) present an attractive
means for delivery of CRISPR/Cas9 components because: (1) they
are capable of transducing a broad range of cells and tissues, (2) have
superior packaging capacity compared to other vectors (e.g., adeno-
associated viral vectors), and (3) they are expressed transiently and
demonstrate very weak integration capability. Here, we aimed to
establish IDLV's as a means for safe and efficient delivery of CRISPR/
Cas9. To this end, we developed an all-in-one vector cassette with
increased production efficacy and demonstrated that CRISPR/Cas9
delivered by the improved IDLV vectors can mediate rapid and robust
gene editing in human embryonic kidney (HEK293T) cells and
post-mitotic brain neurons in vivo, via transient expression and with
higher gene-targeting specificity than the corresponding integrase-
competent vectors (Ortinski et al, 2017; Mol.Therapy Methods &
Clin. Dev.). As to further validate the novel system in the clinically-
relevant setting, we most recently developed an all-in-one IDLV vector
for the delivery of gRNA-dCas9- fused with the catalytic domain of
DNA-methyltransferase3A (DNMT3A) enzyme. To facilitate the
drug discovery pipeline, we applied the system into human induced
pluripotent stem cells (hiPSC)-derived ‘aged’” dopaminergic neurons
from a PD-patient with the SNCA triplication. The experiment resulted
in fine-tuned downregulation of SNCA-mRNA and protein levels
mediated by targeted DNA-methylation at intron 1, thus providing a
strong foundation for advancing the IDLV- platform towards various
therapeutic applications involving genome and epigenome editings
prospectives. Key Word: Integrase-Deficient Lentiviral Vectors,

AAV Vectors

transient delivery, CRISPR/Cas9 systems, off-target effects, hiPSC-
derived neurons, SNCA, expression regulation, aging, epigenome
editing, Parkinson’s disease

196. Stability Evaluation of rAAV Serotype

1, 2, 8 ,9 and Wild-Type AAV2 Under Various
Conditions

Taro Tomono'?, Yukihiko Hirai?, Hideto Chono?,
Shuohao Huang?, Yasuhiro Kawano?®, Junichi Mineno?,
Akiko Ishii!, Akira Tamaoka!, Masafumi Onodera®,
Takashi Okada?

"University of Tsukuba, Ibaraki, Japan,’Nippon Medical School, Tokyo,
Japan,*Takara Bio Inc, Shiga, Japan,*National Center for Child Health and
Development, Tokyo, Japan

Background: The different recombinant adeno-associated virus
(rAAV) serotypes display different tissue tropisms in vivo. Because
of this, rAAVs have emerged as a versatile delivery vehicle for
genetic treatment. Currently, there are several rAAV-based drugs for
gene therapy that have already been approved. In order to further
increase the possibility of introducing new rAAV-based treatments
on the market, it is necessary to investigate how rAAV shedding from
patients could influence biodiversity. However, there is not enough
data available concerning the stability of the different rAAVs that are
released from the patients under treatment into the ecosystem. In this
study, to research the environmental effect on the stability of rAAVs,
they were exposed to ultraviolet ray (UV), 0.1M Sodium hydroxide
(NaOH), 0.06% Sodium hypochlorite (NaClO), tap water, and 70%
ethanol (EtOH). Furthermore, to compare the stability between
recombinant and wild type AAV, wtAAV2 was also analyzed. Methods:
rAAVs (ssAAV(1, 2, 8, 9)-CMV-ZsGreenl) were produced by the
triple-transfection of HEK293EB cells in serum-free medium. For
rAAV1, rAAVS, and rAAVY, the cultured supernatant was harvested
5 days after transfection, filtrated through a 0.45-um filter, and finally
purified by AAVpro” Concentrator (TaKaRa Bio, Japan). rAAV2 was
purified by AAVpro™ Purification Kit (All Serotypes, TaKaRa, Japan)
from the cell lysate. Next, 1.12 x 10°v.g. of each rAAV and wtAAV2
were exposed to UV for 40 min, 0.1M NaOH for 15 min, 0.06% NaClO
for 15min, 70% EtOH for 10 days, and 0.22um filtrated tap water for 10
days. The treated samples were transduced to HeLaRC cells (a clone of
HeLa cells that harbors rep-cap gene) with adenovirus type 5, and their
biological activity was analyzed by fluorescent microscopy and TCID, .

Results and Conclusion: The activity of all rAAVs was weakened by
exposure to UV, NaOH, and NaClO for 15 or 40 min. rAAV1, 8, and
9 were not inactivated at all by tap water nor 70% EtOH even after
exposure for several days, but rAAV2 and wtAAV2 were inactivated to
some extent. Furthermore, there was no difference observed between
the stability of wtAAV2 and of rAAV2. We consider that these results
can be an important contribution to the data necessary for the study
of the impact of rAAV on biodiversity.
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197. Development of Adenoviral Vectors
for the Treatment of Duchenne Muscular
Dystrophy with One Single Vector

Eric Ehrke-Schulz, Alexander van den Boom, Wenli
Zhang, Anja Ehrhardt

Human Medicine, Witten/Herdecke University, Witten, Germany

Advances in gene editing enable the correction of mutations causing
Duchenne muscular dystrophy (DMD) by developing personalized
CRISPR/Cas9 treatments for the different mutations underlying
the disease. Recent studies showed efficient in vivo genome editing
following AAV delivery of a DMD specific CRISPR/Cas9 machinery.
Nevertheless viral delivery of all required CRISPR/Cas9 components
including multiple guide RNA (gRNA) expression units within one
single vector has not been fully exploited yet. Gene deleted high-
capacity adenoviral vectors (HCAdVs) can transport up to 35 kb of
foreign DNA and allow e.g. to deliver the complete CRISPR/Cas9
machinery including several gRNAs within a single vector. Exemplarily
we produced a CRISPR-HCAAV containing two gRNAs specific for
intronic sequences flanking DMD exon 51. We used this DMD specific
CRISPR-HCAGAV to transduce immortalized dystrophic skeletal
myoblasts carrying a Aexon 48-50 mutation leading to frameshift
and premature stop codon in DMD exon 51 and absence of full
length protein. Upon transduction locus specific PCR and sequencing
confirmed efficient locus specific deletion of DMD exon 51 on genomic
level and seamless splicing of DMD Exon 47 to exon 52 on mRNA
level. Reconstitution of DMD expression after treatment of dystrophic
muscle cells was shown using immunofluorescent DMD staining.
Moreover DMD protein quantification using in cell western analysis
showed that treatment lead to DMD levels of up to 50% of wild type
myoblasts. As Adenovirus (AdV) serotype 5, which is commonly used
as gene therapy vector, has limitations for in vivo applications, we used
a library of 19 different reporter gene expressing AdV serotypes and
tested their efficiency to transduce various human and rodent skeletal
and cardiac muscle cells. In rodent cells no other AdV could compete
against AdV5. In contrast human cells were easier to transduce with
AdV37,35and 21 compared to AdV5. These are promising candidates
for the conversion into highly efficient vectors for the treatment of
muscular diseases including DMD. We believe that in addition, or as
an alternative to AAV, HCAdVs could be efficient delivery vehicles for
gene therapy in the context of DMD and other muscular disorders.

198. A Hypoxia-Responsive Oncolytic
Adenovirus Expressing Secretable TRAIL for
Cancer Gene Therapy

Eonju Oh', JinWoo Hong', Oh-Joon Kwon? Chae-Ok

Yun!

'Hanyang University, Seoul, Korea, Republic of,’Balyor College of Medicine,
Houston, TX

Here, we hypothesized that overexpression of proapoptotic therapeutic

gene in glioblastoma by oncolytic adenovirus may overcome apoptosis
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resistance of glioblastoma while enhancing viral distribution through
induction of apoptosis. In this regards, we constructed a hypoxia-
responsive and cancer-specific modified human telomerase reverse
transcriptase (HmTERT) promoter to drive replication of an oncolytic
adenovirus (HmTERT-Ad), aiming to overcome hypoxia-mediated
downregulation of viral replication. As our primary objective
was inducing apoptosis in glioblastoma, we have also generated
HmTERT-Ad expressing secretable trimeric tumour necrosis factor-
related apoptosis-inducing ligand (HmTERT-Ad-TRAIL). HmTERT
promoter-regulated oncolytic adenoviruses showed cancer-specific
and superior cell killing effect in contrast to a cognate control
oncolytic adenovirus replicating under the control of the endogenous
adenovirus promoter or conventional human TERT promoters. The
cancer cell-killing effects of HMTERT-Ad and HmTERT-Ad-TRAIL
were both enhanced under hypoxic conditions, owing to hypoxia-
responsiveness of the promoter. HmTERT-Ad-TRAIL showed more
potent antitumor efficacy than HmTERT-Ad in subcutaneous and
orthotopic glioblastoma models that are resistant to conventional
TRAIL therapy. The potent antitumor effect of HMTERT-Ad-TRAIL
was mediated by superior induction of apoptosis and more extensive
virus distribution in the tumor tissues. Collectively, our findings show
that HMTERT-Ad-TRAIL can promote dispersion of an oncolytic
adenovirus through robust induction of apoptosis in a highly TRAIL-
resistant glioblastoma.

199. HIV Tat-Induced HIV Gene

Expression Precedes the Proliferation and
Dedifferentiation of Renal Cells in HIV-Tg26
Mice

Pingtao Tang"?, Jharna Das', Marina Jerebtsova’,

Patricio Ray’

'Center for Genetic Medicine, Children's National Health System, Washington,
DC,2*GWU School of Medicine and Health Since, Washington, DC,’Dept of
Microbiology, Howard University, Washington, DC

Background: The HIV-Tat protein is a powerful activator of HIV
transcription, but can also be released by infected cells and induce
the dysregulation and proliferation of cultured human podocytes not
infected with HIV-1. However, it is unclear whether HIV-Tat can induce
proliferation and de-differentiation of podocytes and activation of the
ERK pathway thereby enhance renal injury of effect of HIV-1 gene in vivo.
Objective: To determine whether HIV-Tat can induce the renal
expression of HIV-1 gene and the proliferation and de-differentiation
of glomerular epithelial cells, and activation of ERK pathway
thereby effect of renal injury in HIV-Transgenic (HIV-Tg26) mice.
Methods/Design: rAd-Tat and LacZ control vectors (2 x 10°) were
expressed in renal glomeruli of WT and HIV-Tg 26 young mice
without pre-existing renal disease. Mice were sacrificed at seven days
and thirty five days. The renal expression of HIV-genes, nephrin,
synaptopodin, WT-1, Cyclin D-1, FGF-2, VEGF and signaling
pathways that modulate the growth of glomerular epithelial cells was
assessed by RT-PCR, immunohiostochemistry and Western blots.
Results/Discussion: At seven days, rAd-Tat induced the renal
expression of HIV envelope gene in HIV-Tg26. This change was
associated with activation of the ERK pathway and up regulation of
FGF-2 and VEGF that preceded the proliferation and de-differentiation
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(down regulation of nephrin, synaptopodin and WT-1) of renal
glomerular epithelial cells. rAd-Tat reduced activate caspase-3 and
apoptosis of renal cells at seven days. It also preceded the down
regulation of Cyclin D1, WT-1, nephrin, synaptopodin and the
proliferation of renal glomerular epithelial cells at 35 days. rAd-Tat
induces the expression of HIV-1 gene (env) in the kidney of HIV-Tg26
mice. This change was associated with activation of the ERK pathway
and up regulation of FGF-2 and VEGF that preceded the development
of proliferative changes in renal epithelial cells, and de-differentiation
of podocytes in HIV-Tg26 mice.

200. Adenovirus-Mediated Expression of
Relaxin for Treatment of Scar Remodeling
In-WooK Kim!, Bok Ki Jung?, Won Jai Lee?, Eunhye
Kang’®, Yong Oock Kim?, Dong Kyun Rah?, In Sik Yun?,
Chae-Ok Yun'

'Department of Bioengineering, College of Engineering, Hanyang University,
Seoul, Korea, Republic of,’Department of Plastic and Reconstructive Surgery,
Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul,
Korea, Republic of,’Institute for Human Tissue Restoration, Department of Plastic
and Reconstructive Surgery, Yonsei University College of Medicine, Seoul, Korea,

Republic of

Scars occurring as the result of wound healing are able to elicit
functional disability. Although a large number of studies have
investigated the mechanism of scar development to both minimize and
alter scar formation, treatments for scars have not yet been fully realized.
Relaxin is a peptide hormone that functions as transforming growth
factor B1 antagonist. As transforming growth factor p1 is associated
in extracellular matrix regulation and fibrosis, we hypothesized that
relaxin gene delivery may improve scar remodeling. To determine the
effects of relaxin on scar reduction, we investigated the scar remodeling
process by injecting relaxin-expressing adenoviruses using a pig scar
model. In specific, scars with full thickness were generated on the backs
of Yorkshire pigs. At 50 days after the treatment, relaxin-expressing
adenovirus-treated groups exhibited decreased surface areas of scars,
normalization in color of scars, and increase in pliability of scars
compared to those treated with vehicle control. Collectively, our
findings demonstrate that relaxin-expressing adenovirus improves the
surface area, color, and pliability of scars.

201. Relaxin Expression by Oncolytic
Adenovirus Chemo Sensitizes and Enhances
Therapeutic Efficacy in Highly Desmoplastic
Tumors

Hyo Min Ahn

Department of Bioengineering, College of Engineering, Hanyang University,

Seoul, Korea, Republic of

In advanced stages of pancreatic cancer, the only treatment option
available is chemotherapy, which often combines gemcitabine with
other chemotherapeutics. However, these chemotherapeutics are
highly toxic and lack therapeutic efficacy. Specifically, clinical beneficial
response to gemcitabine are observed in approximately 25% of cases,
but even this limited therapeutic efficacy rapidly declines owing
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to long-term tolerance, resulting in a median overall survival of 6
months. Here, we examined the ability of combined treatment with
gemcitabine and relaxin-expressing oncolytic adenovirus (0Ad), which
degrades extracellular matrix (ECM), to efficiently treat chemoresistant
pancreatic cancer. Our findings show that gemcitabine alone induced
low level of cancer cell death in 3 different pancreatic cancer cell lines.
The anticancer effect of gemcitabine was greatly enhanced through
combination therapy with 0Ad; a subtherapeutic dose of gemcitabine
(0.01~0.05 uM) resulted in potent anticancer effects through robust
induction of apoptosis. Importantly, 0Ad combined with gemcitabine
attenuated the expression of major ECM components in both tumor
spheroids and xenograft tumors compared with gemcitabine or
0Ad treatment alone, resulting in potent induction of apoptosis,
gemcitabine-mediated cytotoxicity, and an oncolytic effect through
degradation of tumor ECM. Our results demonstrate that 0Ad can
selectively degrade aberrant ECM to sensitize desmoplastic pancreatic
tumor to both oncolytic virotherapy and conventional chemotherapy.

202. Considerations for Biosafety Testing of
Cell and Gene Therapies

Richard Adair
Virology, SGS Vitrology Limited, Clydebank, United Kingdom

Regulatory authorities such as the US Food and Drug Administration
(FDA) and the European Medicines Evaluation Agency (EMEA)
impose stringent limits on the amount of microbial contaminates and
impurities present during the manufacturing of biological medicines
and vaccines, and present in cell and gene therapy products. These
regulations ensure sterile products and thus patient safety. To establish
that the testing procedures are accurate, regulatory authorities require
proof of testing before clinical trials can be approved or a batch of
commercial biopharmaceuticals or vaccines be released. Consequently,
all components of the manufacturing process must undergo extensive
safety testing to demonstrate identity, stability, and purity. This talk
will review general approaches to biosafety testing, with specific focus
related to cell and gene therapies.

203. Development of Helper-Dependent
Adenovirus for Gene Therapy in the Inner Ear
Stacia Phillips’, Lintao Gu?, Linjing Xu? Marlan
Hansen?, Samuel Young*

'Anatomy & Cell Biology, The University of Iowa Carver College of Medicine,
Towa City, IA,’Otolaryngology, The University of Iowa Carver College of
Medicine, Iowa City, IA,’Otolaryngology and Neuroscience, The University of
Iowa Carver College of Medicine, Iowa City, IA,*Anatomy & Cell Biology and The
Iowa Neuroscience Institute, The University of lowa Carver College of Medicine,
Iowa City, IA

The most common type of hearing loss is sensorineural, due to
loss of hair cells and spiral ganglion neurons, the two inner ear cell
types essential for transducing auditory information. Gene therapy
strategies to restore inner ear function by reestablishing functional
sensory cells may require the expression of large or multiple transgenes
with promoters or cis-acting regulatory elements that impart
coordinated expression with cell-type specificity. Such approaches
are only achievable using a viral vector that has sufficient capacity to
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accommodate multiple coding sequences and necessary regulatory
elements. Helper-dependent adenovirus (HdAd) has great potential for
the development of such strategies due to its large capacity for genetic
cargo. Further, HAAd is completely devoid of viral genes, eliminating
the potential for ototoxicity that is associated with first generation
adenoviral vectors. Despite its promise, technology for the use of HdAd
for inner ear gene therapy has thus far not been developed. Therefore,
we have generated reporter vectors for the characterization of HdAd
as a platform technology for use in the inner ear in vivo. Vectors were
delivered to the adult murine inner ear by injection through the round
window membrane, a clinically viable route of delivery for therapeutic
strategies that require the preservation of existing cochlear function.
Using this surgical technique, transduction was observed in various cell
types throughout each turn of the cochlea. Expression of the reporter
gene was stable at 28 days post-injection, with minimal damage to hair
cells compared to cochlea injected with a first generation adenoviral
vector. Studies are ongoing to further characterize the transduction
pattern, safety, and stability of HdAd in the inner ear.

204. Precise Genetic Modification of Canine
Adenovirus Type 2 (CAV2) Genome by CRISPR/
CAS9

Abdul Mohin Sajib', Rebecca Nance?, Will

Kretzschmar?, Payal Agarwal? Bruce E. Smith’
'Pathobiology, Auburn University, Auburn, AL,’Scot Ritchey Research Center,
Auburn University, Auburn, AL,*Pathobiology and Scot Ritchey Research Center,
Auburn University, Auburn, AL

Genetically modified oncolytic adenoviruses are an outstanding
and common vehicle for efficient cancer gene therapy. They account
for 23.8% of nearly 1700 clinical trials that were conducted using
both viral and non-viral vectors. However, several concerns, such
as normal cell/organ toxicity, lack of suitable cell surface receptors
to allow viral entry to the desired cancer cell, and activation of both
innate and adaptive immune systems in patients restrict the successful
clinical application of adenoviral-mediated cancer gene therapy. As a
result, successful virotherapy will require efficient transductional and
transcriptional targeting to enhance therapeutic efficacy by ensuring
targeted and long-term adenoviral replication or therapeutic transgene
expression. Targeted modification of several viral components, such as
viral capsid, fiber knob, and the insertion of transgenes for expression,
are prerequisites for conducting the necessary transductional and
transcriptional targeting of adenovirus. However, the conventional
approach to modify the adenoviral genome is not only complex but also
time consuming and expensive. It is solely dependent on the presence
of unique restriction enzyme sites that may or may not be present
in the target site. Clustered regularly interspaced short palindromic
repeat (CRISPR) along with an RNA-guided nuclease called Cas9
(CRISPR/Cas9) is one of the most powerful tools that has been adopted
for precise genome editing in various cells and organisms. However,
whether the CRISPR/Cas9 system can precisely and efficiently make
genetic modification as well as gene replacements in adenoviral
genomes remains essentially unknown. Here, we propose to utilize in
vitro CRISPR/CAS9 mediated editing of the canine adenovirus type 2
(CAV2) genome to promote targeted modification in the viral genome.
To demonstrate the feasibility of this goal, we have conducted CRISPR/
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Cas9 mediated insertional mutagenesis and successfully inserted
the RFP (red fluorescent protein) reporter construct into the CAV-2
genome. Initial results provided high efficiency and accuracy for in vitro
CRISPR mediated editing of the large CAV2 genome. Furthermore, we
are also in the process of utilizing the CRISPR/Cas9 system to conduct
wild type gene replacement with our desired ligand into the CAV-2
genome to construct tumor-targeted vectors. Thus, we hope that our
work will provide a significantly improved and efficient method for
targeted editing of adenoviruses to generate oncolytic adenoviruses in
the shortest possible time.
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205. Enhancing Genome Editing with
Engineered CRISPR Nucleases

Russell T. Walton'?, Alexander A. Sousa?, Moira M.
Welch?, Y. Esther Tak??, Jonathan Y. Hsu?*, Kendell
Clement**”, Joy E. Horng?, Luca Pinello**7, J. Keith

Joung>?*, Benjamin Kleinstiver'*?

!Center for Genomic Medicine, Department of Pathology, Massachusetts
General Hospital, Boston, MA,?Molecular Pathology Unit, Center for Cancer
Research, and Comp. and Integrative Biol, Massachusetts General Hospital,
Charlestown, MA, Department of Pathology, Harvard Medical School,

Boston, MA,*Department of Biological Engineering, Massachusetts Institute of
Technology, Cambridge, MA,*Cell Circuits and Epigenomics Program, Broad
Institute of MIT and Harvard, Cambridge, MA

The rapid pace of genome editing technology development has led
to important advances in biomedical research, while also enabling
clinical applications to treat human disease. Despite the vast potential
of these technologies, several natural characteristics of CRISPR-Cas9
and Cas12a enzymes, evolved over millennia to combat pathogens, are
suboptimal for modern-day implementations. Three such properties
include on-target activity (the ability to edit the intended site), genome-
wide specificity (the ability to edit precisely and avoid off-targets), and
targeting range (the ability to target accurately and frequently within a
desired sequence). Thus, the intrinsic properties of CRISPR nucleases
must be optimized to enable their safe and effective implementation in
therapeutic settings. To impart more desirable properties into Cas9 and
Cas12 nucleases, we have developed and utilized protein engineering
strategies that independently enhance each of these properties. We are
pursuing high-throughput approaches to engineer and characterize
hundreds of variants simultaneously, enabling a more thorough
understanding of protein-DNA and protein-protein interactions that
govern these properties. Using this information, we have engineered
CRISPR nuclease variants with improved on-target activities, genome-
wide specificities, and targeting ranges, and demonstrate the superiority
of these variants for applications including genome, epigenome, and
base editing. Collectively, we have improved the on-target activities
of several CRISPR nucleases by more than 2-fold, reduced their
off-target propensities to undetectable levels, and have increased
their targeting ranges by 4-to-8 fold. Our results provide insight into
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important properties of Cas9 and Cas12a nucleases, and offer optimized
technologies to the research and therapeutic communities for the study
and treatment of genetic diseases.

206. Heterotopic Activation of Enhancers as a
General Targeted Strategy to Increase Human
Gene Expression

Y. Esther Tak"?, Joy E. Horng', Nick T. Perry', J. Keith

Joung'?
'MGH, Charlestown, MA,*Harvard Medical School, Boston, MA

Enhancers serve an essential function in regulating spatiotemporal gene
expression but are typically active in only certain cell types. Leveraging
enhancer activities in heterotopic cell types (i.e., cells in which an
enhancer is not normally active) would increase options for variably
increasing the expression of specific target genes. We have developed
a general strategy that leverages synthetic CRISPR-Cas-based gene
regulators to enable the robust activation of enhancers in cell types
in which they are normally inactive. We have used this approach to
increase the expression of a series of different endogenous human
genes across multiple cell types. In addition, we show that this method
can be used to selectively direct the enhancer activity of the locus
control region (LCR) to different gene promoters in the beta-globin
gene cluster, enabling differential regulation of epsilon-, gamma-,
and beta-globin genes in cells in which these genes are normally not
expressed. The general strategy for heterotopic enhancer activation we
have developed provides a powerful method for modulating human
gene expression and also has important implications for understanding
how enhancers function in their normal cell-type specific contexts.

207. A Complete Strategy for Characterizing
On- and Off-Target CRISPR/Cas9 Editing
Events via Target Enrichment and High-
Resolution NGS Analysis

Garrett Rettig, Matthew McNeil, Rolf Turk, Ashley

Jacobi, Mark Behlke
Integrated DNA Technologies, Coralville, IA

Genome editing with the CRISPR/Cas9 system is moving towards
therapeutic applications, which drives an increased need for in-depth
characterization of both on- and off-target genome editing events. Here
we present a workflow and useful guidelines for prediction, validation,
quantification, and analysis of on- and off-target editing events. First,
we provide comparison of several commonly-used off-target prediction
tools for in silico selection of target sites throughout the genome.
Then, using previously-published, unbiased methods for experimental
off-target validation, we are able to compare these algorithm-based
selections to bona fide sites exhibiting editing mediated by more than
twelve guide RNAs. The unbiased detection methods are carried out
with experimental and bioinformatics advancements to improve the
efficiency of empirical off-target validation. A multiplexed, amplicon-
based enrichment method (thAmpSeq™) for next-generation
sequencing is then employed for strict quantification of editing events at
validated as well as predicted off-target sites. The rhAmpSeq technology
enables interrogation of >1000 genomic loci in a single reaction

Gene Targeting & Gene Correction

using RNase H2-cleavable primers which facilitate almost complete
suppression of non-target location and primer dimer amplification.
Moreover, amplicon coverage is uniform and reproducible, removing
the need for primer re-balancing. The relationship between coverage
depth and statistical confidence in quantification of editing events was
characterized. Finally, we developed and rigorously validated a data
analysis package to confidently detect Cas9 edits via synthetic reads that
contain diverse editing events and varied genomic target complexities.

208. Strategies for Multi-Gene Editing and
Reduction of Translocations with CRISPR-
CPF1in T Cells for the Development of
Improved Cell Therapies

John A. Zuris, Anne Bothmer, Ramya Viswanathan,
Hayat S. Abdulkerim, Ken Gareau, Stephen M.
Winston, Sean N. Scott, Justin W. Fang, Melissa S. Chin,
Jennifer A. DaSilva, Tongyao Wang, Gregory M. Gotta,
Christopher M. Borges, Fred Harbinski, Eugenio Marco,
Christopher J. Wilson, G. Grant Welstead, Vic E. Myer,

Cecilia A. Fernandez
Editas Medicine, Cambridge, MA

Gene editing using RNA-guided nuclease technology has gained
widespread attention for its potential application to current cell
therapies. The CRISPR-Cpf1 system (also known as Casl2a) is
complementary to Cas9 with several distinct differences. Cpfl uses
a single ~40 nucleotide crRNA and can target T- and C- rich PAMs
with the WT and engineered PAM variants. The expanded targeting
space, when compared to the purine rich PAMs of Cas9, makes it an
attractive addition to enable broader targeting opportunities. Unlike
SpCas9, Cpfl makes a staggered cut in the DNA leaving behind a
4-5 nucleotide 5’-overhang, which could result in different editing
outcomes. We screened multiple loci of therapeutic interest, including
TRAC, B2M, and CIITA, in primary human CD4+ and CD8+ T cells
with Cpfl and its engineered RR and RVR PAM variants. We obtained
active hits for all variants when these different enzymes were delivered
as ribonucleoproteins (RNPs). We conducted specificity studies using
GUIDE-seq, Digenome-seq, and in silico analysis followed by targeted
next-generation sequencing and verified that there was no off-target for
these top hits for any RNP at a sensitivity level of ~0.1% editing. The
results were consistent with Cpf1 being a highly specific enzyme. With
these top hits, we were able to consistently achieve robust single (>95%
KO) and multiplexed (>80% triple KO) gene disruption. To examine
the genomic consequences of multiplexed editing, we applied a set of
detection technologies including targeted and genome-wide methods
to quantitate editing efficiency and genomic rearrangements within and
between target loci. Simultaneous targeting of multiple loci resulted in
readily detectable translocations between loci. We have developed and
characterized multiple strategies with which to reduce rearrangement
frequencies. We observed that multi-gene editing with a CRISPR-
Cas9/CRISPR-Cpfl combination reduced translocation frequencies
compared to multiplexing with only CRISPR-Cas9. Taken together,
for the development of T cell-based medicines, these data suggest
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that CRISPR-Cpfl is both robust, specific, and capable of reducing
genomic rearrangements when making multiple gene edits compared
to the CRISPR-Cas9 system alone.

209. CRISPR-READI: Efficient Generation

of Knock-In Mice with CRISPR RNP
Electroporation and AAV Donor Infection
Sabrina Sun', Sean Chen?, Dewi Moonen?, Clancy Lee’,
Angus Y. Lee?, David V. Schaffer’, Lin He?

'Chemical and Biomolecular Engineering, University of California, Berkeley,
Berkeley, CA,’Molecular and Cell Biology, University of California, Berkeley,
Berkeley, CA,’Environmental Science and Policy Management, University of
California, Berkeley, Berkeley, CA,*Cancer Research Laboratory, University of
California, Berkeley, Berkeley, CA

Genetically modified animal strains are invaluable assets for
modeling human disease and assessing the safety and efficacy of gene
therapies. In particular, knock-in mice harboring large sequence
insertions or substitutions are essential for a variety of applications
including endogenous gene tagging, conditional gene knockout,
site-specific transgene insertion, and gene replacement. However,
existing methods used to generate such animals remain laborious,
costly, or suboptimal in efficiency. To address these shortcomings, we
developed a novel approach, designated as CRISPR-READI (CRISPR
RNP Electroporation and AAV Donor Infection), which combines
adeno-associated virus (AAV) donor delivery with Cas9/sgRNA
RNP electroporation to engineer large site-specific modifications
in the mouse genome with high efficiency and throughput. We first
identified AAV1 as an efficient, naturally occurring serotype for robust
transduction of mouse zygotes. When paired with RNP electroporation,
recombinant AAV donors mediate precise sequence modification by
homology-directed repair (HDR) in up to 77% of treated zygotes,
exceeding the 46% editing frequency previously achieved with short
oligo donors. Using CRISPR-READI, we successfully inserted a 774 bp
fluorescent reporter, a 2.1 kb inducible CreERT2 driver, and a 3.3 kb
expression cassette into targeted endogenous loci with ex vivo knock-
in efficiencies ranging from 33% to 69%. We also applied CRISPR-
READI to produce viable transgenic mice, resulting in 18% of live
pups harboring the correctly targeted fluorescent tag. Currently, we are
assessing the ability of CRISPR-READI to generate live animals with
multi-kilobase insertions and verifying germline transmission of our
targeted gene knock-ins. Our findings show that CRISPR-READI is
applicable to a variety of widely used gene targeting schemes, enabling
rapid mouse line generation for gene expression studies and disease
modeling with great economic and technical ease. Altogether, CRISPR-
READI provides a simple, efficient, and high-throughput alternative
to microinjection and ESC-based methods for sophisticated mouse
genome engineering.
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210. Inducible Staphylococcus Aureus Cas9
Mediated Hypermutation
Brian Iaffaldano, Michael Marino, Jakob Reiser

Division of Cellular and Gene Therapies, Center for Biologics Evaluation and
Research, FDA, White Oak, MD

The ability of catalytically inactive S. pyogenes Cas9 (SpCas9) proteins
to precisely target specific genomic loci, while also delivering additional
functional domains has recently been leveraged to yield numerous
molecular tools. For example, the commonly used SpCas9 has been
repurposed to allow somatic hypermutation at endogenous target
sequences by using catalytically inactive versions of Cas9 (referred to
as dCas9) to recruit variants of activation-induced cytidine deaminase
(AID). Using such programmable hypermutators, sequence diversity
can be introduced at defined genomic loci in a mammalian cell context,
allowing for the evolution of proteins and study of gene function,
which may facilitate novel gene therapy approaches involving evolved
envelopes, nucleases and base editors. In order to expand the number
of loci and breadth of experiments that may be conducted with this
strategy, we developed an inducible hypermutator using a catalytically
dead Staphylococcus aureus Cas9 (dSaCas9). The use of an inducible
approach may allow multiple rounds of evolution to be conducted,
while minimizing toxicity. To do this, lentiviral vectors were used to
stably deliver sequences encoding dSaCas9, a hyperactive AID variant
fused with a MS2 coat protein (MCP) domain, as well as gRNAs
containing MS2 aptamer sequences that recruit MCP-AID. As a proof
of principle, we investigated changes at four regions of the EGFP coding
sequence in HEK293 cells. Loss of EGFP expression was observed in
doxycycline treated cells, indicating mutagenesis activity. The EGFP
sequences of unsorted cell populations were then deep sequenced.
Utilizing four guide sequences we observed the expected increase in the
mutation rates of guanine and cytosine bases. Increases of substitution
frequency of approximately 20-fold were observed within a window of
600 base pairs. The highest rates of mutation were observed within the
guide sequence. The use of SaCas9 in this work allows for additional
experiments to be designed, as SaCas9 operates orthogonally to SpCas9
and is substantially smaller. For example, such Cas9 orthologues could
be used in parallel to evolve functionality in a mammalian context.
Additionally, as SaCas9 has a different PAM sequence requirement than
SpCas9 it expands the range of loci that can potentially be targeted by
programmable hypermutators.

211. AAV-Mediated Delivery of Single Base
Editors Using Intein Trans-Splicing

Jackson S. Winter', Alan Luu?*?, Alejandra Zeballos',
Michael Gapinske', Wendy S. Woods', Thomas Gaj', Jun
S. Song??, Pablo Perez-Pinera'**?

'Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL,?Physics,
University of Illinois at Urbana-Champaign, Urbana, IL,’Carl R. Woese Institute
for Genomic Biology, Urbana, IL,*Carle Illinois College of Medicine, Champaign,
IL,°Cancer Center at Illinois, University of Illinois at Urbana-Champaign, Urbana,
IL

Since their inception, CRISPR-Cas9 editing systems have gained
widespread adoption for introducing targeted modifications in
genomic DNA of living cells. However, their reliance on creating double
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stranded breaks (DSBs) in DNA to achieve targeted modifications
limits their therapeutic potential due to the unpredictability of the
mutations created during repair of the DSB. Recently developed
single base editors (SBEs) consisting of a deaminase domain fused
to a Cas9 nickase overcome these limitations by introducing C>T
or A>G targeted mutations without creating a DSB. SBEs have been
employed for a wide variety of therapeutic strategies, such as correcting
disease-causing single nucleotide polymorphisms or controlling gene
splicing by selectively mutating splice donor and splice acceptor sites.
While these tools show great promise for the treatment of human
disease, the large size of the constructs that encode them has made
in-vivo delivery a challenge. One effective delivery vehicle for in vivo
gene therapy are adeno-associated virus (AAV) vectors. AAV are
non-integrating viral vectors capable of infecting a wide range of cell
types including heart cells, muscle cells, and neurons. However, one
important shortcoming of AAV is its limited packaging capacity, which
prevents the packaging of large open reading frames. To overcome the
packaging limitation of AAV and enable in vivo delivery of SBEs, we
have split the open reading frame of an adenine base editor (ABE) into
two separate vectors through the use of Rhodothermus marinus inteins,
which can be packaged and delivered as two separate AAV particles.
Upon translation, the two intein peptides dimerize, and simultaneously
excise themselves to reconstitute the full length ABE. We have tested
this split-base editor architecture in-vitro using multiple cell lines and
confirmed the introduction of precise A>G mutations at genomic
target sites through both Sanger and high-throughput sequencing.
Additionally, we were able to achieve programmable exon skipping
using the split ABE for several gene targets as confirmed by RT-PCR
and RNA-seq. Finally, we demonstrated that split base editors packaged
into AAV can effectively infect cells and induce targeted exon skipping.
We anticipate that in vivo delivery of SBEs will enable a wide range
of future studies to expand their therapeutic relevance. We envision
this system will gain widespread use as a new, minimally disruptive,
and permanent treatment modality for a variety of genetic diseases.

212. A Novel Light-Inducible CRISPR/dCas9
System for Controlling Gene Expression
Corey G. Duke, Nicholas T. Southern, Katherine E.
Savell, Faraz A. Sultan, Jeremy J. Day

Neurobiology, University of Alabama at Birmingham, Birmingham, AL

Gene expression both directly influences and is altered by cellular
activity, and rapid gene expression fluctuations are critical to normal
cellular physiology and disrupted in many diseased states. Development
of technology capable of mimicking these fine-tuned alterations
has proven difficult, and currently available approaches suffer from
significant drawbacks such as unintended interactions with endogenous
proteins and leaky baseline effects. Through the fusion of the light
regulated Flavin Kelch-repeat F-box1 (FKF1) and GIGANTEA (GI)
elements with deactivated Cas9 (dCas9) and a transcription activator,
we created a new system to target specific genes for upregulation in
the presence of blue waveform (470nm) light. When this FKF1 Light
Induced CRISPR Construct system (FLICC) is compared to an existing
light-activated CRISPR effector system (LACE), FLICC confers several
specific advantages. For example, previous reports suggest that FLICC
will require shorter exposure times to harsh blue light than LACE to
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activate. Under the control of blue waveform light, FLICC successfully
upregulated both endogenous gene targets at the mRNA level and a
luciferase reporter at the protein level, allowing tight temporal control
of gene expression. FLICC also demonstrates less leaky baseline gene
upregulation relative to LACE at targeted loci. FLICC provides the tight
temporal control of gene expression required to mimic fluctuations in
gene expression at the time scale on which they occur, while offering
specific benefits over currently available technologies. Future directions
include using this system to dissect gene regulatory contributions to
neuronal function in the context of experience-dependent plasticity
and memory formation.

213. A Single Vector Approach in the Self-
Inactivating KamiCas9 System with a Viral-
Mediated Retrograde Transport

Sara Regio, Gabriel Vachey, Maria Rey, Catherine
Pythoud, Virginie Zimmer, Mergim Ramosaj, Nicole

Deglon
CHUYV, Lausanne, Switzerland

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused
by CAG expansion in the huntingtin (HTT) gene. Genome editing with
the recently discovered CRISPR/Cas9 system represents an exciting
alternative to tackle dominantly inherited genetic disorders such as
HD. In a previous study, we developed a KamiCas9 self-inactivating
editing system to achieve transient expression of the Cas9 protein and
high editing efficiency using a double viral vector approach. Mutant
huntingtin (HTT) was efficiently inactivated in mouse models of HD,
leading to an improvement in key markers of the disease. Sequencing of
potential off-targets with the constitutive Cas9 system in differentiated
human iPSC revealed a very low incidence with only one site above
background level. This off-target frequency was significantly reduced
with the KamiCas9 system. In the present study, we improve this system
in term of editing and delivery. At first, we combine the KamiCas9 in
a single vector to avoid editing of the Cas9 gene during viral vector
production in HEK-293T cells using the inhibitor proteins encoded
by Listeria monocytogenes prophages (acrIIA4). Furthermore, to
maximize viral-mediated gene transfer and retrograde transport,
we took advantage of the neuronal circuitry using an improved
version of HiRet lentiviral vector. This FuG/B2 envelope efficiently
transduces neuronal and glial cells around the injection site and lead
to high retrograde transport. This new generation of the KamiCas9
self-inactivating system will facilitate pre-clinical validation of gene
editing in the CNS.
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214. CRISPR/Cas9 Genome Nuclease Editing
Induces Megabase Scale Chromosomal
Truncations

Francois Moreau-Gaudry', Gregoire Cullot’, Julian
Boutin!, Jerome Toutain?, Perrine Pennamen?, Caroline
Rooryck?, Martin Teichmann’, Isabelle Lamrissi-
Garcia', Veronique Guyonnet-Duperat', Magalie
Lalanne', Valerie Prouzet-Mauleon?, Béatrice Turcq®,
Cecile Ged!, Jean-Marc Blouin!, Emmanuel Richard!,

Sandrine Dabernat', Aurelie Bedel'
'INSERM 1035, Universite Bordeaux, Bordeaux, France,’Genetique Medicale,
CHU Bordeaux, Bordeaux, France,> ARNA, Universite Bordeaux, Bordeaux,

France,'INSERM 1218, Universite Bordeaux, Bordeaux, France

CRISPR/Cas9 is a promising technology for genome-editing. Using the
congenital erythropoietic porphyria disease model, we demonstrate
that using Cas9 nuclease-induced double strand break DNA (DSB),
homology-directed repair is rare compared with the preferred non-
homologous end-joining (NHE]) repair pathway leading to in-target
insertions/deletions (indels), and causing unwanted dysfunctional
protein. Moreover, using FISH analysis with a subtelomeric probe at
Chrl0 p-arm and another one at Chr10 q-arm, we describe for the
first time unexpected alarming chromosomal megabase-scale terminal
truncations (up to 10% of transfected cells) resulting from only one
Cas9 nuclease-induced DSB in cell lines (HEK293T and K562). High-
resolution Array-CGH confirms on several clones the complete loss
of chromosomal arm extremity exactly starting at CRISPR/Cas9
nuclease DSB. In addition, one clone has an unexpected 30 megabases
duplication upstream DSB. This truncation is critical not only for our
gene of interest (UROS) activity but also for the elimination of multiple
downstream genes and telomere. We extend our data from cell lines to
primary cells with higher impact for future CRISPR clinical application.
We demonstrate that this chromosomal truncation can also occur in
primary fibroblast cells risk if TP53 is invalidated. Our findings reveal
the global damaging effects of DSB on human genome. Further studies
will be necessary to evaluate if chromosomal truncation risk is DSB
locus dependent. We show that single nickase could be an efficient
and a safer approach to edit genome: it drastically prevents in- and
off-target indels and dramatically reduces chromosomal truncations.
These results demonstrate that single nickase but not nuclease approach
should be preferred to model disease, but more importantly for safe
management of future CRISPR/Cas9-mediated gene therapies.

215. Efficient In Vitro and In Vivo Self-
Repression of Spcas9 Gene and Reduction of
Off-Target Mutations Using a Molecular Hara-
Kiri Method

Jacques P. Tremblay, Jean-Paul Iyombe-Engembe,
Benjamin Duchéne, Joél Rousseau, Dominique Ouellet,
Khadija Cherif, Antoine Guyon

Médecine Moléculaire, Université Laval, Québec, QC, Canada

The CRISPR/Cas9 system is currently a major revolution in the field
of biology. Because of its simplicity compared to other endonucleases,
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this system is being experimented in diverse fields. However, a major
disadvantage is the toxicity linked to sustained Cas9 expression. In
the present study, we present an approach to effectively suppress the
expression of the Streptococcus pyogenes Cas9 (SpCas9) gene. This
approach that we call the molecular Hara-Kiri method, involves two
sgRNAs targeting two sequences in the SpCas9 gene. The SpCas9
enzyme binds to the Protospacer Adjacent Motifs following the two
sequences targeted by the sgRNAs and induces two Double Strand
Breaks (DSBs) in its own gene (Hara-Kiri). The sequence located
between the DSBs is then deleted. Most of the time, the SpCas9
gene is repaired by Non Homologus End Joining without INDELs.
By adequately selecting the targeted sequences, the junction of the
SpCas9 gene residues generates a TAA type stop codon within this
truncated gene to effectively suppress its expression. This results in a
dramatic decrease of the SpCas9 protein in vitro and in vivo. In vitro
repression in 293T and in vivo in the muscles of the 52hDMD / mdx
model mouse was made by two different methods. The first method,
called immediate repression, was tested in 293T cells in vitro by
transfecting a pBSU6 plasmid coding for two gRNAs (i.e., gRNAs 1-50
and 5-54 targeting exons 50 and 54 of the DMD gene) and the pX458
coding for SpCas9. The plasmid pBSUG6, ., coding for two gRNAs
targeting the SpCas9 gene was also transfected simultaneously. The
second method was a delayed repression, the plasmid PBSU6, 0
was transfected either 12h, 24h or 48h after the first transfection. The
results obtained showed an efficient repression of the SpCas9 gene by
the formation of a truncated gene with a stop codon of TAA at the
junction point of the residues of SpCas9 gene in the samples transfected
with pBSU61-2SpCas9. They also showed a dramatic decrease in Cas9
protein in the samples treated with the sgRNAs targeting SpCas9
compared to untreated samples. The results finally showed that the
delayed repression allowed the editing of the DMD gene resulting in
the formation of the hybrid exon 50-54 while avoiding the sustained
SpCas9 expression. Similar results were also obtained in vivo in the
52hDMD/mdx model mouse, which contains a human DMD gene with
an exon 52 deletion resulting in a reading frame shift. Two AAV9 were
injected intra-venously, i.e, AAV9, . coding for SpCas9, AAV9, .,
coding two sgRNAs targeting DMD exons 50 and 54. Twenty-four later,
the AAV9, ., coding for the two sgRNAs targeting the SpCas9 gene
was injected into the same mouse. The mice were sacrificed 4 weeks
later. The formation of a truncated SpCas9 gene with a TAA stop codon
was detected in the heart and skeletal muscles. A large decrease in the
Cas9 protein was observed in the muscles of the mouse treated with
AAVY, ¢ .o cOmpared to the untreated mouse. However, the formation
of the DMD hybrid exon 50-54 was only slightly reduced. A study of off-
target mutations with the Guide-Seq method indicated an important
reduction of off-target mutations in 293T cells, which received the
PBSU61,zspcasg (Hara-Kiri treatment). Our results demonstrated that
the Hara-Kiri treatment could eventually reduces the risks of off-target
mutations in therapeutic application of the CRISPR/Cas9 technology.
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216. Recombinant R2 Retrotransposon
for Targeted Integration of Large Genetic
Cassettes into the Human Genome

Christopher Barnes, David Schaffer
CBE, UC Berkeley, Berkeley, CA

Maintaining stable and uniform transgene expression following
delivery, particularly of large genetic constructs and in dividing cells,
is a major challenge in gene therapy. Homologous recombination
mediated insertion is promising but is limited by efficiency and
insert size. DNA transposons can integrate large constructs, but the
insertion sites are difficult to control or predict. A second class of
transposons termed retrotransposons also has the ability to integrate
large constructs, and some possess the unique capability to integrate
this cargo site-specifically. We have developed to our knowledge
the first retrotransposon-based system for the use of site-specific
integration in mammalian cells using a human-codon optimized R2
from the silk worm B. mori. Our aim was to achieve in vitro expression
of transgenes at a defined locus using a two-vector system involving
of a donor plasmid and a retrotransposase construct. The transgene
donor is flanked by targeting sequences from R2, all of which is
transcribed into an RNA that is bound and reverse transcribed by the
retrotransposase. We show that the system can successfully integrate
DNA cassettes of >10 kb in both Human Embryonic Kidney (HEK) 293
cells and primary T cells at the defined target locus of R2, ribosomal
DNA (rDNA). Junctions between the R2 construct and human genome
at the target site were sequenced to confirm site-specific integration,
and a full length integrant was successfully amplified. Additionally, we
see a 5-fold increase the fraction of transgene-expressing cells in the
presence of human-codon optimized R2 (5% GFP+) as compared to
when only the donor is present (1% GFP+). This increase was further
confirmed by a HEK293 colony counting assay of drug resistant
colonies that survived 2 weeks under selection. We were also able to
integrate and probe for expression of a Chimeric Antigen Receptor
(CAR) in HEK293s as a proof of concept (1.8% CAR+). In sum,
recombinant retrotransposons offer the potential for site-selective
integration of large genetic constructs into the human genome, with
broad applications for gene therapy.

217. Precise Therapeutic Gene Correction by
a Simple Nuclease-Induced Double-Stranded
Break

Sneha Suresh!, Sukanya Iyer', Dongsheng Guo?, Katelyn
Daman?, Jennifer C. J. Chen?, Pengpeng Liu', Marina
Zieger’, Kevin Luk', Benjamin P. Roscoe', Chris
Mueller?®, Oliver D. King? Charles P. Emerson?, Scot
Wolfe!

'Molecular, Cell & Cancer Biology, UMass Medical School, Worcester,
MA,’Neurology and Wellstone Muscular Dystrophy Program, UMass Medical
School, Worcester, MA,"Horae Gene Therapy Center, UMass Medical School,
Worcester, MA

The development of improved and efficient programmable nucleases
such as CRISPR-Cas9 has greatly enhanced our ability to precisely
correct pathogenic mutations. Current methods that rely on the
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Homology Directed Repair (HDR) pathway have several limitations
including the requirement for co-delivery of an exogenous DNA donor
and the inefficiency of HDR in many cell types. These limitations
call for the development of other strategies that will enable precise
correction of pathogenic mutations. Here, we show that disease-
causing frameshift mutations resulting from microduplications can
be efficiently reverted to the wild-type sequence simply by generating
a double-strand break (DSB) near the center of the duplication. We
demonstrate efficient repair of microduplications in patient-derived
cell lines for two diseases: Limb-Girdle Muscular Dystrophy 2G
(LGMD2G) and Hermansky-Pudlak Syndrome Type 1 (HPSI).
Clonal analysis of Streptococcus pyogenes Cas9 (SpyCas9) nuclease-
treated LGMD2G iPSCs revealed that ~80% contained at least one
wild-type allele and that this correction restored TCAP expression in
LGMD2G iPSC-derived myotubes. Efficient genotypic correction was
also observed upon SpyCas9 treatment of an HPS1 patient-derived
B-lymphoblastoid cell line (B-LCL). Inhibition of PARP-1 (poly (ADP-
ribose) polymerase) suppresses the nuclease-mediated collapse of the
microduplication to the wild-type sequence, confirming that precise
correction is mediated by the MME] (microhomology-mediated end
joining) pathway (Figure 1).
Unedited CCCCCAGCAGGGGAGGCCCCCAGCAGGGEAGGCCCACA
MH mediated del CCC-—-—mmmmmm—mmem CCAGCAGGGGAGGCCCACA
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Figure 1. (Top) Schematic of HPS1 16bp microduplication (Unedited) (repeats
shown in red and blue text). SpyCas9 induced DSB is denoted by magenta carets.
The expected sequence upon MMEJ mediated collapse of the repeat is denoted by
red/blue text (MH mediated del). (Bottom) Percentage of wild-type reverted alleles
(16bp deletion) among all other edited alleles (indels) observed in patient-derived
HPS1 B-lymphoblastoid cells treated with SpyCas9 in the presence of 0, 10 and 20
UM rucaparib based on UMI-based lllumina deep sequencing. Each value corre-
sponds to the mean ts.e.m. from 3 biological replicates. “****” indicates P value
<0.0001 calculated using unpaired two tailed t-test.

Analysis of editing by SpyCas9 and Lachnospiraceae bacterium
ND2006 Casl2a (LbaCasl2a) at non-pathogenic microduplications
within the genome that range in length from 4 bp to 36 bp indicates
that this correction strategy is broadly applicable to a wide range of
microduplication lengths and can be initiated by a variety of nucleases.
The simplicity, reliability and efficacy of this MME]-based therapeutic
strategy should permit the development of nuclease-based gene
correction therapies for a variety of diseases that are associated with
microduplications.
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218. Gene Delivery to Non-Human Primate
Embryos Using AAV Vectors

Dan Wang"?, Yuyu Niu’, Lingzhi Ren', Phillip W. L.
Tai'?, Weizhi Ji*, Guangping Gao"**

"Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,’Department of Microbiology and Physiological Systems,
University of Massachusetts Medical School, Worcester, MA,’Institute of Primate
Translational Medicine, Kunming University of Science and Technology,

Kunming, China,*Li Weibo Institute for Rare Diseases Research, University of
Massachusetts Medical School, Worcester, MA

Delivering CRISPR reagents to mammalian zygotes for gene editing
has greatly expedited the generation of genetically modified animals.
However, the delivery of nucleic acid or proteins mostly relies on
laborious and time-consuming procedures including microinjection,
as well as specialized equipment and techniques that collectively incur
substantial expenses and turnaround. Furthermore, such mechanical
procedures face species-specific difficulties regarding practicality.
For example, the bovine and porcine zygotes appear opaque due to
lipid droplets, making the pronucleus not readily discernable for
microinjection. Previously, we and others developed a simple method
for gene delivery to mouse pre-implantation embryos using AAV
vectors. This technique allowed us to conveniently deliver the Cre
recombinase or CRISPR components to mouse zygotes by incubating
with AAV vectors expressing the related genes, which enabled highly
efficient genome editing and resulted in the generation of genetically
modified mice (Yoon and Wang et al. Nature Communications 2018).
Encouraged by the results obtained in rodent, we tested this approach
in non-human primate (NHP). We found that cynomolgus monkey
zygotes are also permissive to rAAV infection. Through a series of
optimization steps, highly efficient gene editing (up to 100% in most
embryos) can be achieved without detectable off-targeting or rAAV
genome integration, consistent with our mouse study. We attempted
to utilize this method to create NHPs modeling Canavan disease,
an inherited lethal pediatric leukodystrophy caused by ASPA gene
mutations, which would provide a valuable pre-clinical large animal
model to test gene therapy for this currently untreatable disease. We
obtained three aborted fetuses carrying ASPA gene editing, and two
live births negative for editing. Possible reasons include, but not limited
to, the small sample size and impact of ASPA gene editing on NHP
embryo development. Together, our rAAV-mediated approach offers
unparalleled ease and efficiency of gene delivery to pre-implantation
embryos, and is potentially suitable to a broad range of mammalian
species. In addition to gene editing and animal modeling, this method
can also facilitate gene function studies in early-stage embryos. *Co-
first authors; “Co-corresponding authors.
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219. Carboxylated Branched Poly(Beta-
Amino Ester) Nanoparticles Enable Non-Viral
CRISPR/Cas9 Gene Editing via Intracellular
Ribonucleoprotein Delivery

Yuan Rui, David R. Wilson, Katie Sanders, Jordan J.
Green

Biomedical Engineering, Johns Hopkins University, Baltimore, MD

Introduction: Direct intracellular delivery of CRISPR/Cas9
ribonucleoproteins (RNPs) reduces the probability of off-target editing
by reducing RNP persistence time. Intracellular protein delivery is
challenging, however, as naked proteins are generally membrane
impermeable. In this study, we modified poly(beta-amino ester)
s (PBAEs) with amino acid-like carboxylate ligands and examined
their ability to enable intracellular protein delivery. We hypothesized
that the carboxylate end-caps facilitate protein encapsulation through
hydrogen bonding and salt bridges, resulting in a versatile protein
delivery platform.

Methods: Carboxylate ligands were synthesized via acrylation of amino
acid derivatives to yield a series of acrylated amino acids with varying
numbers of carbons between the carboxyl and amide groups (ligands
are referred to by the number of carbons). PBAEs were synthesized
via a Michael addition reaction and end-capped with carboxylate
ligands. Protein-encapsulated nanocomplexes were formed by allowing
polymer and proteins to self-assemble in sodium acetate solution.
Results: Nanoparticles encapsulating FITC-labeled bovine serum
albumin were used to assess nanoparticle uptake in CT-2A murine
brain cancer cells and human mesenchymal stem cells (MSCs); C5
and C7 polymers achieved the highest levels of uptake. Intracellular
delivery of the ribosome-inactivating protein saporin demonstrated
functional cell killing in several cell lines. Nanoparticles delivering
FITC-labeled human IgG antibodies revealed FITC-IgG fluorescence
distributed throughout the cytosol 5 hours after delivery using confocal
microscopy imaging.
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Figure 1.(A)Assembly of carboxylated branched PBAEs with proteins.
(B) Nanoparticle uptake using FITC-BSA reveals biphasic response.
(C) Polymer C5 encapsulating saporin enables robust cell killing. (D)
Distributed cytosolic fluorescence visible 5 hours after FITC-IgG delivery;
scale bar = 50 ym. CRISPR RNPs were encapsulated into nanoparticles
approximately 180 nm in diameter. Over 50% knockout of GFP was
observed in HEK-293T cells and GL261 murine brain cancer cells
following a single administration of nanoparticles delivering 35
nM RNPs. To assess efficiency of gene deletion edits, we designed a
reporter system whereby excision of a 630 bp stop cassette turns on
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red-enhanced nanolantern (ReNL) fluorescence. Delivery of CRISPR
RNPs targeting the stop cassette resulted in 23% editing in GL261 cells
and nearly 45% editing in B16-F10 murine melanoma cells.
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Figure 2.(A) Fluorescence micrographs show GFP-null cells after
Cas9 RNP delivery; scale bar = 50 ym. GFP knockout was quantified
using (B) flow cytometry and (C) Surveyor® endonuclease assay. (D)
CRISPR-mediated deletion of transcription stop cassette turned on ReNL
expression. Conclusions: Carboxylated branched PBAEs enabled high
levels of cytosolic protein delivery and CRISPR gene knockout up to
80%. These polymers are a versatile protein delivery platform and a
promising tool for gene editing applications.
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220. AVXS-101 Gene Replacement Therapy for
Spinal Muscular Atrophy: A Comparative Study
with a Prospective Natural History Cohort
Samiah Al-Zaidy"?, Stephen J. Kolb**, Linda Lowes'?,
Lindsay N. Alfano'?, Richard Shell?, Kathleen R.
Church', Sukumar Nagendran®, Douglas M. Sproule’,
Douglas E. Feltner’, Courtney Wells®, Francis Orginc®,
Melissa Menier®, James LItalien®, W David Arnold?,
John T. Kissel?, Brian K. Kaspar®, Jerry R. Mendell"**

!Center for Gene Therapy, Research Institute, Nationwide Children’s Hospital,
Columbus, OH,’Department of Pediatrics, The Ohio State University Wexner
Medical Center, Columbus, OH,’Department of Neurology, The Ohio State
University Wexner Medical Center, Columbus, OH,*Department of Biological
Chemistry and Pharmacology, The Ohio State University Wexner Medical Center,
Columbus, OH,*AveXis, Inc., Bannockburn, IL

Background: Spinal muscular atrophy type 1 (SMA1) is the leading
genetic cause of infant mortality for which therapies, including
onasemnogene abeparvovec (AVXS-101) gene-replacement therapy,
are emerging. Objectives: This study compared the effectiveness of
AVXS-101 in SMAL infants with a prospective natural history cohort
and a cohort of healthy infants. Approach: Between December
2014 and December 2015, 12 SMA1 infants received the proposed
therapeutic dose of AVXS-101 (NCT02122952). Where possible, the
following outcomes were compared with a natural history cohort of
SMALI infants (n=16) and healthy infants (n=27) enrolled between
December 2012 and September 2014 in the NeuroNEXT (NN101)
study (NCT01736553): event-free survival (composite endpoint of time
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to death or permanent ventilation), Childrens Hospital of Philadelphia
- Infant Test of Neuromuscular Disease (CHOP-INTEND score), motor
milestone achievement, electrophysiology assessment (compound
muscle action potential [CMAP]), and adverse events. Results: Baseline
characteristics of SMAL1 infants in the AVXS-101 and NN101 studies
were similar with respect to age at first study visit or dosing (3.4 vs 4.0
months, respectively) and genetic profile (homozygous SMNI exon 7
deletions and 2 SMN2 copies). The proportion of AVXS-101-treated
infants who survived by 24 months of age was 100% compared with
37.5% in the NN 101 study. The average baseline CHOP-INTEND score
for NN101 SMAL1 infants was 20.3, worsening to 5.3 by 24 months
of age; average baseline score in AVXS-101-treated infants was 28.2,
improving to 56.5 by 24 months of age. Eleven infants (92%) receiving
AVXS-101 sat unassisted, and two stood and walked independently.
Improvements in CMAP peak area were observed in AVXS-101-treated
infants at 6 and 24 months of age (1.1 and 3.2 mV/s, respectively).
During long-term follow-up, two patients gained the ability to
stand with support. Conclusions: AVXS-101 significantly increases
probability of survival, rapidly improves motor function, and enables
motor milestone achievement in SMA1 infants.

221. Primary Mouse RPE as a Cellular Model
of Oxidative Stress to Evaluate the Antioxidant
Therapy

Kai Wang, Min Zheng, Zongchao Han
Ophthalmology, The University of North Carolina at Chapel Hill, Chapel Hill, NC

The elevated oxidative stress and associated retinal pigment epithelium
(RPE) damage are hallmark to incidence of age-related macular
degeneration (AMD). Primary mouse RPE and human immortal
APPE-19 cells were cultured under oxidative stress induced by
blue light exposure at 4000 lux for 1 h. The blue light could induce
oxidative stress damage in both cells. Western blot analysis showed
that oxidative stress markers, hypoxia-inducible factor 1-alpha and
4-hydroxynonenal, were significantly upregulated. Fluorescent
probes (MitoSox and live dead assay) indicated an increased level in
ROS-oxidized products and a reduced level of cell viability in both
types of cells. Compared to ARPE-19 cells, the mouse primary RPE
cells exhibited a lower viability and were more sensitive to oxidative
stress. After light exposure, we carried out the treatment using our
previously studied glycol chitosan coated nanoceria as an antioxidant
(namely glycol chitosan coated ceria nanoparticles (GCCNP)). The
treatment significantly reduced blue light-induced oxidative stress in
ARPE-19 and mouse primary RPE cultures. We showed that GCCNP
significantly reduced oxidative stress and cell damage as revealed by
Western blot, Mitosox, and live/dead assay. The cellular model we
reported here provided a relatively easy and fast approach to obtain
oxidative damage phenotypes in vitro for studying and evaluating the
treatment using antioxidative nanomedicine.
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223. CNS Anti-Phospho-Tau Gene Therapy for
Chronic Traumatic Encephalopathy

Chester Bittencourt, Dolan Sondhi, Jonathan B.
Rosenberg, Alvin Chen, Eduard Pey, Stephanie
Giordano, Vladlena Lee, Philip L. Leopold, Stephen M.
Kaminsky, Ronald G. Crystal

Genetic Medicine, Weill Cornell Medical College, New York, NY

Chronic traumatic encephalopathy (CTE) is a devastating, debilitating
neurodegenerative disorder of soldiers, contact sports athletes, and
trauma victims, resulting from concussive traumatic brain injury
(TBI) to the central nervous system (CNS). CTE is a CNS tauopathy,
generated by the accumulation of hyperphosphorylated forms of the
microtubule-binding protein Tau (pTau), resulting in neurofibrillary
tangles and the progressive loss of neurons. There are no therapies to
effectively treat CTE. We hypothesized that direct CNS administration
of an adeno-associated virus (AAV) vector coding for an anti-pTau
antibody would generate sufficient levels of anti-pTau antibodies in
the CNS to suppress pTau accumulation. To evaluate this hypothesis,
we developed a mouse model of CTE inducing the accumulation
of pTau in the CNS by repeat traumatic brain injury using a closed
cortical impact procedure and 2X/daily impacts at 3 m/s and 2.2 mm
depth. C57Bl/6 mice (n=>5 sacrificed at each of 6 wk, 3 and 6 months
post impact) receiving a total of 10 impacts over 5 consecutive days
developed high levels of CNS pTau for at least 6 months (p<0.002
compared to untreated). To assess the optimal antibody for treatment of
CTE, the variable region of 2 different anti- Tau antibodies were cloned
into AAVrh.10 gene transfer vectors (AAVrh.10PHF1, AAVrh.10IPN).
Three wk after the impacts, the animals were randomly assigned to
cohort groups (n=10 mice/group), and 10"! genome copies (gc; 5x10"°
gc in 2 pl/hemisphere) of the anti-pTau vectors or control vector
(AAVrh.10-Null) were administered directly to the hippocampus.
Mice were euthanized 6 wk post-vector administration, the brains
extracted and pTau levels were assessed by protein quantification
and immunohistochemistry. Protein quantification data of pTau
levels demonstrated that vector expressed antibodies PHF1 and
IPN significantly reduced the pTau levels after impacts compared to
untreated group (impacts, no AAV; p<0.03, p<0.02, respectively). As a
further demonstration of the efficacy of this therapy, a detailed analysis
of the mouse CNS cortical and hippocampal regions was assessed using
immunohistochemical detection of pTau and Image] quantification.
Mice treated with AAVrh.10PHF1 demonstrated marked suppression
of the accumulation of pTau in the CNS in both the outer cortex and
hippocampus regions (PHF1 vs untreated group in cortex, p<0.0001;
or in hippocampus, p<0.0002). In summary, using doses that can be
safely scaled to humans, direct CNS delivery of AAVrh.10 expression
vectors coding for anti-pTau antibodies to the CNS of mice with
repeated traumatic brain injury significantly reduced pTau levels across
the CNS. This strategy provides new modality in the prevention of the
CTE consequences of TBI.
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224. CRISPR-Cas9 Gene Editing Strategies of
ATXN2 for the Treatment of Spinocerebellar
Ataxia Type 2

Bryan P. Simpson"?, Megan S. Keiser', Alex Mas

Monteys'?, Beverly L. Davidson'?

"The Raymond G. Perelman Center for Cellular and Molecular Therapeutics, The
Children’s Hospital of Philadelphia, Philadelphia, PA,*The Perelman School of
Medicine, The University of Pennsylvania, Philadelphia, PA

Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant
neurodegenerative disease characterized by progressive loss of
coordinated movement. SCA2 is caused by a CAG repeat expansion
within exon 1 of ATXN2, encoding mutant ATXN2 with an expanded
polyglutamine (polyQ) tract. Cerebellar Purkinje cells and other
neurons of the central nervous system (CNS) are affected in SCA2, with
neuronal dysfunction and atrophy caused by a toxic gain-of-function
mechanism. There are currently no effective treatments for SCA2. We
and others have shown that RNA interference (RNAi) and antisense
oligonucleotide (ASO)-mediated gene silencing strategies provide
therapeutic benefit in SCA1 and SCA2 mouse models, respectively.
However, these gene silencing strategies have their own unique
limitations. To overcome these, we propose targeted gene editing of
ATXN? at the DNA level with Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)-associated protein 9 (Cas9). We
hypothesize that CRISPR-Cas9 editing of ATXN2 will reduce toxic,
mutant ATXN?2 expression and provide therapeutic benefit in a SCA2
mouse model. For this, we are investigating two editing strategies: an
indel mutation strategy with one sgRNA (1-sgRNA) and a deletion
strategy to remove the CAG repeat with two sgRNAs (2-sgRNAs).
With co-expression of the endonuclease, Streptococcus pyogenes Cas9
(SpCas9), we screened for candidate single-guide RNAs (sgRNAs)
that target SpCas9 to ATXN2 in HEK293 cells. Evaluation of genomic
editing of ATXN2 by PCR amplification and Sanger sequencing
showed 1-sgRNA resulted in indel formation at the target site and
2-sgRNAs resulted in deletion of the CAG repeat. Both strategies
reduced ATXN?2 protein levels by western blot analysis. For in vivo
application, we packaged AAV1 with an expression cassette encoding
a neuronal-specific promoter driving expression of SpCas9, and,
AAV1 with a Pol IIT promoter driving expression of either 1-sgRNA or
2-sgRNAs. We also included an eGEP reporter to visualize transduction
biodistribution. Stereotaxic injection of AAV1 into the deep cerebellar
nuclei (DCN) of the cerebellum of SCA2 mice resulted in widespread
transduction of Purkinje cells and other cells of the cerebellum, and
western blot of cell lysates showed reduced mutant ATXN2 protein
levels with both 1-sgRNA and 2-sgRNA strategies. Our results indicate
the feasibility of AAV delivery of CRISPR-Cas9 into the cerebellum
of SCA2 mice to reduce mutant ATXN2 and suggest the potential for
translating the therapy into humans.
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225. Novel AAV Capsids Demonstrate Strong
Retinal Expression in Non-Human Primates
after Intravitreal Administration

Brian M. Kevany', Susie Suh?, Jennings Lu?, Linas

Padegimas', Krzysztof Palczewski’, Timothy J. Miller!
'Abeona Therapeutics Inc., Cleveland, OH,”Ophthalmology and the Gavin
Herbert Eye Institute, University of California -- Irvine, Irvine, CA,*University of

California -- Irvine, Irvine, CA

The eye represents a unique opportunity for the use of gene therapy
due to its immune privileged status, relatively small size and the
availability of non-invasive imaging to monitor safety and efficacy.
Historically, AAV administration to the eye has been performed by
subretinal injection between the neural retina and underlying retinal
pigmented epithelium (RPE). While this method provides the benefit
of positioning the vector directly next to its cellular target, it requires
a retinal detachment, possibly damaging the retina, as well as an
operating room and trained retinal surgeon, likely limiting the broad
applicability of any therapy. Ideally, a therapy that is administered
directly into the vitreous of the eye would provide a safer and likely
more applicable approach. While testing of natural serotypes for
their ability to reach the outer retina have failed after intravitreal
injection, we have used both shuffled and rationally designed vectors
to identify several promising AAV candidates. Here, we describe the
identification of a novel AAV capsid that provides robust expression
in both the inner and outer retina after intravitreal administration
in both mice and non-human primates (NHPs). Using an EGFP
reporter, we demonstrate broad expression in photoreceptors, bipolar
cells and RPE in wild type mice dosed at 2.5E+10 vg/eye that shows a
time dependent increase in expression. Administration of this novel
AAV to NHP retinal explant cultures demonstrated similar or higher
expression compared to naturally occurring AAV, including expression
in the photoreceptors. To evaluate the potential for clinical translation,
intravitreal administration to NHPs at 1.5E+12 vg/eye showed strong
foveal expression as well as wide-spread expression in the peripheral
retina within four weeks post-treatment. NHP retinal expression was
highest in the photoreceptor cell layer, found in both rod and cone cells,
bipolar, ganglion and RPE cells. Due to its broad cellular tropism, this
engineered AAV capsid is clinically translatable to treat a wide range
of retinal dystrophies, including both inherited and acquired forms.
Importantly, this novel AAV can be administered using a relatively
safe method that can be administered in an out-patient retinal clinic,
allowing broader availability of any new therapy to previously under-
treated communities.

226. XIST-Mediated Trisomy Silencing
Enhances Neuron Formation in a Human Cell
Model of Down Syndrome

Jan T. Czerminski, Jeanne B. Lawrence
Neurology, UMass Medical School, Worcester, MA

Although Down Syndrome (DS) is the leading genetic cause of
intellectual disability in children, the developmental pathogenesis
remains largely unknown, and better strategies are needed to
investigate this. We previously showed that one copy of chromosome
21 can be epigenetically silenced in DS iPSCs by insertion of
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an XIST transgene, which produces a non-coding RNA that
normally silences one X chromosome in female cells. XIST was
shown to induce heterochromatin and silence transcription across
chromosome 21 in pluripotent stem cells, the natural developmental
context of XIST function. Prior literature indicated that initiation
of chromosome silencing is only possible within 48 hours of mES
cell differentiation, however it would be highly advantageous
experimentally if trisomy silencing could be initiated in differentiated
cells, and this is critical for any therapeutic potential of XIST.
Here we use RNAseq and molecular cytology to investigate the
effectiveness of XIST for trisomy silencing in cells undergoing in
vitro neural differentiation and examine the potential cell phenotypic
effects of chromosomal silencing. Induction of XIST from the onset
of differentiation resulted in comprehensive silencing of chromosome
21 genes, providing a powerful approach to examine effects of trisomy
on neurogenesis. To determine whether human neural stem cells can
initiate XIST-mediated silencing, we induced XIST at several times
during neural differentiation. We demonstrate for the first time that
differentiated normal human cells can initiate chromosome silencing in
response to XIST expression. While this process only takes a few days
in pluripotent cells, we show that it takes 2-3 weeks in differentiated
cells. Importantly, single-cell RNAseq revealed that cells which express
XIST preferentially differentiate into neurons, providing evidence of
phenotypic improvement with trisomy silencing, which is seen even
when XIST is initiated weeks into differentiation. We are currently
investigating whether silenced neurons show other non-chromosome
21 transcriptional changes suggestive of potentially improved function.
These studies have important implications for the understanding of
XIST biology and DS neurobiology, and also further open the possibility
of a chromosomal therapy for DS using a single gene: XIST.

227. Using MAPseq to Assess Serotonergic
Hyperinnervation in Non-Motor Circuits in the
Parkinsonian Rat

Marcus Davidsson', Rhyomi C. Sellnow’, Reid Yonkers',
Anthony M. Zador?, Fredric P. Manfredsson'

'Department of Translational Science & Molecular Medicine, Michigan State
University, Grand Rapids, MI,*Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

It is becoming increasingly clear that non-motor symptoms (NMS) in
Parkinson’s disease (PD) comprise a significant portion of debilitating
features of disease, and such symptoms are often more debilitating
than the motor symptoms themselves. Despite its initial effectiveness,
chronic L-DOPA administration leads to motor side effects such as
L-DOPA-induced dyskinesias (LID) in up to 90% of patients and
NMS in as many as 60% of patients. Reports have revealed extensive
modifications to serotonergic (5-HT) innervation of the striatum
as dopamine (DA) cells are lost, and that these 5-HT terminals are
crucial in the formation of LID. However, it is unclear what changes
occur in other areas of the brain. To address this we utilized an AAV
reporter virus to label the dorsal raphe (DR) 5-HT innervation
in the hemiparkinsonian rat. 5-HT innervation from the DR was
dramatically enhanced in areas such as the amygdala and prefrontal
cortex, suggesting that changes 