www.moleculartherapy.org

Gene Therapy for the Special Senses
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X-linked retinitis pigmentosa (RP), caused by mutations in the RP
GTPase regulator (RPGR) gene, is the most common form of recessive
RP. It is characterised by a primary degeneration of rod and cone
photoreceptors in childhood, leading to visual field constriction and
early, severe sight loss. Currently, there is no treatment for RPGR
related RP. The inherent instability of the RPGR coding sequence,
which has a repetitive purine rich region, presents challenges to
translate this therapy into human trials. Codon optimisation of the
sequence has increased RPGR stability and fidelity, providing the
basis for this Phase I/II dose escalation retinal gene therapy clinical
trial. In total, 18 patients with genetically confirmed variants in RPGR
were recruited in the trial and received increasing subretinal doses of
adeno-associated viral vector serotype 8 encoding codon-optimized
human RPGR driven by the photoreceptor specific rhodopsin kinase
promoter (AAV8.RK.coRPGR). The vector uses codon optimisation to
disable the alternate splice donor site and stabilise the open reading
frame (ORF) 15 region of RPGR. As a result, the ORF15 domain of the
retinal isoform of the RPGR protein is preserved and fully functional,
as evidenced by glutamylation levels which are indistinguishable from
the wildtype protein. The primary outcome of the study was safety
and secondary outcomes included visual acuity, microperimetry and
central retinal thickness. Apart from steroid-responsive subretinal
inflammation in patients at the higher doses, a gene therapy trial with
AAV8.RK.coRPGR vector did not have any dose limiting toxicities,
meeting the pre-specified primary endpoint. Visual field improvements
beginning at one month and maintained to the last point of follow-up
were observed in six patients. One patient with an exceptional visual
improvement had evidence of possible outer segment regeneration seen
on retinal imaging. In conclusion, this first in human gene therapy trial
with AAV8.RK.coRPGR vector had no significant safety concerns.The
observed reversal of visual field loss may relate to regeneration of outer
retinal structures following successful gene transfer.
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The P23H mutation in the rhodopsin (RHO) gene represents the most
common form of autosomal dominant retinitis pigmentosa (adRP)
in North America. Patients progress from night blindness to tunnel
vision as rods degenerate. Disease onset occurs in early adulthood
and may progress to complete blindness when cones degenerate
in the absence of rods. This autosomal dominant genetic disease is
caused by a toxic gainoffunction mutation in rhodopsin and does not
respond conventional gene replacement strategies. Here we report a
replication of our original allelespecific genome editing approach in
a transgenic pig model of P23H human adRP. We show that this gene
editing approach produces a sustained reduction of mutant RHO
following a single administration of an engineered ICrel homing
endonuclease (ARCUS). In our well characterized transgenic swine
model of human P23H adRP (Tg hP23H), we treated one eye with a
single subretinal injection of an self-complementary AAV5 (scAAV)
vector containing (ARCUS) between postnatal day 3 and 7 (P3-7).
The fellow eye served as an internal control and either received an
injection of vehicle or no injection. A range of viral titers was tested to
determine both the minimal effective dose as well as any dose response
function. Non-invasive structural and functional assessments were
made at regular intervals after treatment (weeks post injection, wpi),
using full-field electroretinogram (ffERG), spectral domain ocular
coherence tomography (OCT) and fundus imaging. Following up to
42 weeks post-injection, animals were sacrificed and the morphology
of their retinas examined using immunohistochemistry. Untreated Tg
hP23H retinas have no rod function from birth onward. All Tg hP23H
eyes treated with scAAV5ARCUS (2 x 10°to 6 x 10'% n=32) showed
a significant rod driven response (scotopic ERG flash = 0.001 cd/m2)
that was first measured at ~6wpi (p=0.0016), increased up to ~ 12
wpi and plateaued through 42 wpi. The outer retinal morphology was
rescued by scAAV5ARCUS, e.g., rod photoreceptors were maintained
along with rhodopsin expression. Cone function and cone morphology
also was retained in the treated retinas. The minimum effective dose to
induce rod function is to 6 x 10° and there is a correlation of dose with
fIERG b-wave amplitude (2 x 10°to 6 x 10'). Along with treating Tg
hP23H mutants, we tracked the safety of this therapeutic approach in
WT littermates. To the best of our knowledge, this is the first collection
of data to demonstrate positive preclinical efficacy of gene editing in
a large animal model of hP23H adRP. These results suggest that this
scAAV ARCUSbased gene editing of P23H RHO may be applicable
to treat adRP patients with the same P23H mutation.
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3. Gene Therapy in a Novel Large Animal
Model of Stargardt Disease

Ivana Trapani'?, Eugenio Pugni', Mariangela Lupo',
Carolina Iodice!, Carlo Gesualdo?, Settimio Rossi?,
Domenico Ventrella?, Francesca Simonelli’, Maria

Laura Bacci®, Cesare Galli®, Alberto Auricchio®”

'Telethon Institute of Genetics and Medicine (TIGEM), Pozzuoli, Italy,"Medical
Genetics, Department of Translational medicine, Federico II University, Naples,
Italy,’Eye Clinic, Multidisciplinary Department of Medical, Surgical and Dental
Sciences, University of Campania Luigi Vanvitelli, Naples, Italy,*Department

of Veterinary Medical Sciences, University of Bologna, Ozzano dell’ Emilia,
Italy,"Department of Veterinary Medical Sciences, University of Bologna, Ozzano
Dell’Emilia, Italy,°Avantea, Laboratory of Reproductive Technologies, Cremona,
Italy,/Department of Advanced Biomedicine, Federico IT University, Naples, Italy
Stargardt disease type 1 (STGD1), due to bi-allelic mutations in
ABCA4, is the most common form of inherited macular degeneration,
for which no therapeutic options are currently available. We have
recently developed a gene therapy approach for STGD1 which
relies on the use of two adeno-associated viral vectors (AAV) each
encoding for one of the two halves of the ABCA4 protein flanked by
split-inteins, which catalyze trans-splicing of the two ABCA4 half
proteins following AAV administration. We have previously shown that
subretinal administration of the AAV intein vectors results in precise
reconstitution of the full-length ABCA4 protein and in therapeutic
efficacy in Abca4-/- mice. However, the mouse retina largely differs
from that of humans both in terms of size and retinal architecture.
Given the similarity between the swine and human retina, we have
recently generated pigs through somatic cell nuclear transfer from
primary fibroblasts in which ABCA4 has been knock-out (KO) using
CRISPR/Cas9. We have found that ABCA4 KO pigs have increased
lipofuscin accumulation in the retinal pigmented epithelium, as it also
occurs in STGDI patients, up to 24 months, the longest time-point
evaluated. In addition, subretinal delivery of AAV-ABCA4 intein
vectors in ABCA4 KO pigs results in efficient reconstitution of the
ABCA4 protein at 2 months post-injection. Further analysis of the
impact of subretinal delivery of AAV intein on lipofuscin accumulation
will provide important insights towards the clinical translation of this
platform for gene therapy of STGD1.

4. Preclinical Testing of AAV9-PHP.B for
Transgene Expression in the Non-Human
Primate Cochlea

Maryna V. Ivanchenko’, Killian S. Hanlon', Maya K.
Devine?, Kelly Tenneson’, Frederick Emond®, Jean-
Frangois Lafond®, Margaret A. Kenna*, David P. Corey’,
Casey A. Maguire’

"Neurobiology, Harvard Medical School, Boston, MA,?Smurfit Institute of
Genetics, Trinity College Dublin, Dublin, Ireland,’Charles River Laboratories,
Senneville, QC, Canada,*Department of Otolaryngology, Boston Children’s
Hospital, Harvard Medical School, Boston, MA,’Department of Neurology,
Massachusetts General Hospital, Charlestown, MA

Hereditary hearing loss often results from mutation of genes expressed
by cochlear hair cells. Gene therapy has recently made tremendous
progress in animal models through transgene delivery to the inner ear
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with adeno-associated virus. However, significant challenges remain
before AAV-based technologies can be translated to the clinic. Recently
our group reported transmastoid injection of an AAV9 capsid variant,
PHP.B, via the round window membrane (RWM) in a cynomolgus
monkey. PHP.B mediated efficient transgene expression of a GFP
reporter in many cochlear cells including both inner and outer hair
cells. However, results were inconsistent, as a second monkey injected
with a lower dose showed limited transduction with no obvious
transduction of hair cells. The difference might be attributed to steep
dose dependency, to a pre-existing immunity to the AAV vector, or to
the technical reproducibility of RWM injections in larger mammals.
In order to further define the transduction potential of AAV9-PHP.B,
we performed a dosing study and assessed GFP expression in the
cynomolgus macaque inner ear after RWM injection of AAV9-PHP.B
via the transmastoid route. Four animals were studied and four doses
tested. Three female juvenile/adult macaques were administrated with
doses of 1x10'! VGs (n=1), 2x10" VGs (n=1), 3.5x10"! VGs (n=2), and
7x10'" VGs (n=2); the fourth animal served as a vehicle (PBS) control.
At the higher doses (3.5x10' and 7x10" VGs) AAV9-PHP.B transduced
nearly 100% of both THCs and OHCs, uniformly from base to apex.
Anti-GFP staining was also present in the supporting cells of the organ
of Corti, the spiral ligament, the spiral limbus, spiral ganglion neurons
and Reissner’s membrane, from the base to the apex. No specific anti-
GFP staining was observed in the uninjected ear. However, at lower
doses there was a steep reduction in viral transduction. In a cochlea
administrated with 2x10"" VGs we observed ~50% of IHCs and ~60%
of OHCs transduced, and very limited transduction in a cochlea
injected with 1x10" VGs. The steep dose dependency probably explains
the limited transduction previously reported with a lower dose. In
conclusion, AAV9-PHP.B efficiently transduces the IHCs and OHCs of
nonhuman primates, but shows a striking dose dependency. Together,
these data support a feasible path towards clinical development of gene
therapy for hereditary hearing loss with AAV9-PHP.B.
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Otoferlin deficiency secondary to biallelic mutations of the OTOF
gene causes permanent congenital severe-to-profound deafness.
Otoferlin is expressed in the primary sensory receptors of the ear (the
inner hair cells) and enables synaptic transmission between the inner
hair cells and the dendrites of the auditory nerve by functioning as a
calcium sensor for exocytosis during synaptic vesicle release, vesicle
trafficking, and replenishment. Of the 1 in 500 neonates who are born
with hearing loss annually in the US, 50 to 200 are caused by Otoferlin
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deficiency. There are no approved therapies for Otoferlin deficiency;
infants with biallelic OTOF mutations are currently managed with
assistive devices. We generated a mutant mouse line that mimics a
common human OTOF mutation (OTOF28VQ82X) to evaluate the
use of Adeno-Associated Virus (AAV)-based gene transfer therapy
for restoration of hearing in an Otoferlin deficiency model. Because
human OTOF cDNA exceeds the packaging capacity of a standard
AAV, we used a dual AAV system to locally deliver Otoferlin to the
inner ears of OTOQF28%/Q828X mjce, QTOQF®2XQ28X mjce replicated the
phenotype of patients with orthologous mutations. Physiologic hearing
assessments in these mice demonstrated stable profound deafness.
Histological analysis revealed maintenance of the sensory epithelia
in the ear. Specifically, inner hair cells with no detectable Otoferlin
did not degenerate with age, offering a robust cellular substrate for an
AAV-based gene transfer approach. Using a dual hybrid AAV system,
we packaged human OTOF c¢cDNA under the control of a cell-type
specific Myo15 promoter that restricted transgene expression to inner
ear hair cells. Dual AAV vectors were locally delivered to the inner ear
by direct viral injection through the round window membrane. Four
weeks after injection, OTOF transgene expression was detected in inner
hair cells throughout the cochlea. We assessed hearing in dual AAV
injected and sham injected OTOF¥28%/Q%28X mjce using the auditory
brainstem response test, the same physiologic measure used to assess
hearing in infants. No physiologic auditory responses were detected in
sham injected OTOF¥2¥®25X mjce, consistent with the stable profound
deafness seen in untreated mice. By contrast, hearing was rescued to
normal sensitivity in injected mice. Furthermore, rescued hearing with
dual AAV-OTOF was maintained at least 6 months post-treatment.
We assessed the translational potential of AAV-Myol5 in non-
human primates by locally injecting AAV through the round window
membrane into the ears of cynomolgus monkeys, leveraging a surgical
approach that is routinely performed in children to place cochlear
implants. Using in situ hybridization and immunohistochemistry we
found that AAV-Myol15 produced transgene expression in the inner
hair cells of non-human primates. Dual-AAV-OTOF delivery provides
robust and durable functional recovery in rodent disease models.
Clinical delivery of a normal copy of the OTOF gene to inner ear
hair cells in patients with Otoferlin deficiency should instate protein
production and provide hearing to congenitally deaf children.
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PURPOSE: Usher syndrome is the most common combined blindness-
deafness disorder with Usher Syndrome 1B (USHI1B), caused by
MYO7A mutations, resulting in the most severe phenotype. USH1B
patients have deafness/vestibular defects from birth, progressive retinal
degeneration, and vision loss within the first decade. Our goal is to
develop a safe and effective dual Adeno-associated virus (AAV)-based
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gene therapy for the treatment of USH1B. We previously showed that
both hybrid and overlap dual AAV vector platforms drive full length
MYOT7A expression in subretinally injected mice. The hybrid system
produces higher levels of full length MYO7A relative to the overlap
platform, but it also produces a truncated protein that causes a slight
loss of rod-mediated function in mice. This truncated MYO7A retains a
portion of the protein’s tail domain that may interact with and thereby
disrupt the function of other retinal proteins. We hypothesized that
moving all tail domain coding sequence from the front to the back
half vector would eliminate the functional decreases observed. We also
identified potential in-frame stop codons downstream of the MYO7A
coding sequence in the front half hybrid vector. Three potential stop
codons were located within the alkaline phosphatase (AP) intron and
one within the AP head sequence. We hypothesized that substitutions
in these sequences would eliminate the production of truncated
protein altogether. APPROACH: Hybrid dual AAV-MYO7A vectors
were optimized by altering the split point of the gene between the
two vectors (hybrid-v2 dual vectors). The hybrid-v2 vectors were
then further altered by eliminating potential in-frame stop codons
in the front half sequence. Two codon modified hybrid front half
vectors (CM) were created: 1) hybrid-v2_CMv1: modification of 3
potential in-frame stop codons in the AP intron, 2) hybrid-v2_CMv2:
modification of 3 potential in-frame stop codons in the AP intron + 1
potential in-frame stop codon in the AP head coding sequence. Hybrid
dual AAV vectors were packaged into AAV2 or AAV8(Y733F) via
triple transfection. All vectors used for preliminary in vitro testing in
HEK293 cells were packaged in AAV2. Cells were collected three days
post infection and analyzed for the presence of dual vector-mediated
MYO7A genomes/transcript and protein using qRT-PCR and western
blot (WB), respectively. Myo7a” mice were subretinally injected with
5E8 vg of optimized hybrid dual vectors packaged in AAV8(Y733F).
Control eyes were injected with BSS. Retinal structure and function
were analyzed using optical coherence tomography (OCT) and
electroretinogram (ERG) at 6 weeks post injection. Retinas from
all experiments were analyzed using qQRT-PCR and WB. RESULTS:
Retinal function/structure were preserved in mice injected with the
hybrid-v2 dual vectors compared to eyes that received the original
hybrid dual vectors. In addition, the hybrid-v2 dual vectors produced
comparable levels of full length MYO7A to the original hybrid vectors.
Preliminary in vitro testing revealed that the hybrid-v2_CMv1 hybrid
vectors still produce truncated protein. However, the production of
the truncated protein is eliminated in hybrid-v2_CMv2 vectors in
vitro. In vivo testing of the hybrid-v2_CMv2 dual vectors is on-going.
CONCLUSIONS: By altering the split point of MYO7A in the hybrid
dual vectors, we eliminated toxicity mediated by truncated MYO7A.
Our preliminary results suggest that removal of adventitious stop
codons in the AAV-MYO7A hybrid dual vectors has the potential to
eliminate truncated protein expression altogether, thus increasing the
safety and translatability of this dual vector system.
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Mutations in IGHMBP2 lead to a spectrum of rare, autosomal recessive
disease phenotypes characterized by neurodegeneration and muscle
atrophy. Currently there is no evidence of a close genotype-phenotype
correlation, as even siblings carrying the same mutation present a broad
spectrum of clinical features ranging from distal muscle weakness
with fatal respiratory distress/failure (Spinal muscular atrophy with
respiratory distress type 1-SMARDI) to sensory and milder motor
neuropathies with lesser respiratory involvement (Charcot Marie
Tooth Disease 2S- CMT2S). Current treatment strategies only focus on
management of symptoms and do not impact disease progression. Thus,
there is an urgent need to develop an effective therapy for SMARD1/
CMT?2S. Previous studies by us and others show that intravenously
delivered adeno-associated virus 9 (AAV9), carrying a functional
IGHMBP2 cDNA rescues the disease phenotype in an intermediate
mouse model. However, prior to moving this therapy to clinic, the
delivery method and promotor selection required further optimization.
We designed two transgene cassettes using different promoters driving
IGHMBP2 cDNA expression suitable for clinical vector production.
Both constructs were packaged in AAV9 and efficacy testing was
performed in three independent groups simultaneously in a blinded
manner. To gain confidence that the treatment would work in the
context of severe SMARD disease, the therapeutic constructs were also
tested in a new severe mouse model developed by the Cox laboratory
(survival untreated ~ 21 days). The focus of this study is to evaluate
the efficacy of two different AAV9.IGHMBP2 constructs in multiple in
vivo disease models in preparation for IND-enabling studies. All labs
included are blinded to the nature of the constructs and received either
2 or 3 viral vectors labelled Virus A, B and C (comprising in random
order empty capsid, AAV9-Promoter1-IGHMBP2; AAV9-Promoter2-
IGHMBP2). Outcome measures of this study have a strong focus on
clinical translation and evaluation of potential biomarkers. Animals
received a single intracerebroventricular injection on postnatal day 1
to spread the viral vector via CSE All labs independently found that
virus A and C improved survival of either the severe or milder mouse
model. Similar to previous studies, animals showed improvement in
body weight and survival. While the 2 viral vector constructs performed
comparable in the milder disease model, the severe model revealed
differences in performance. Virus C treated animals showed superior
strength performance at early time points measured by the hanging
wire test, while virus A showed a slower gain of strength, ultimately
catching up at later time points. Both virus A and C show improvement
on histological and pathological analyses of muscle, with a larger %
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of fully innervate neuromuscular junctions in virus C treated animals
compared to virus A. In both animal models, electrophysiological
measures previously used in Spinal Muscular Atrophy type 1 pre-
clinical and clinical trials showed marked improvement in treated
animals. In summary, strong in vivo efficacy data shows CSF delivery
is a viable route for AAV9.IGHMBP2-mediated therapy and testing
in a more severe animal model revealed differences between the two
constructs that are less evident in the milder disease form. Clinically
applicable outcome measures were evaluated in both animal models
and will support development of upcoming clinical studies.
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The scope of genome engineering in hematopoietic stem/progenitor
cells (HSPCs) has broadened from random to precise genome insertions
for treating genetic diseases of the blood lineages. Targeted editing
of inherited mutant genes allows in situ correction and functional
reconstitution with preserved expression control. Improvements in
HSPC editing efficiency have been made by delivering CRISPR/Cas
nucleases as pre-assembled ribonucleoprotein and the donor template
for homology-directed repair (HDR) by a serotype-6 adeno-associated
viral vector (AAV6). However, we recently showed that both the
induced double-strand DNA breaks and the AAV6 genome trigger a
p53-dependent DNA damage response in HSPC delaying proliferation
and decreasing hematopoietic reconstitution after xenotransplantation.
Suppression of this response by transient expression of a dominant
negative p53 released cell-cycle block and rescued hematopoietic
reconstitution. Yet, the underlying biology remained unknown as well
as the impact of gene editing on clonal dynamics of HDR-edited HSPC
upon transplantation. Moreover, it has long been contended that the
quiescence of primitive HSC constrains HDR-mediated gene editing,
thus limiting its perspective clinical applications in several diseases.
Here, we first overcame such constraints by transiently expressing the
adenovirus 5 protein E4orf6/7, which operates the major cell cycle
controller E2F, together with the nuclease. By global and targeted gene
expression analysis we showed engagement of targeted cells in S/G2
phases with concomitant upregulation of all major components of the
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HDR machinery, thus increasing the efficiency of targeted transgene
insertion. Combined E4orf6/7 expression and p53 inhibition enhanced
>50% HDR efficiency within human graft surpassing the levels reported
until now in the literature. Such outcome was reproducible across
several HSPC donors and sources, genomic loci and conceivably
portable to most types of editing platforms. In parallel, we devised a
novel technology (BAR-seq) which enables clonal tracking of individual
HDR-edited HSC by introducing a unique heritable barcode in the
AAV6 template. Deep sequencing of integrated BARs in human
hematochimeric mice showed that only few (5-10) dominant clones
of edited HSC robustly contributed to the hematopoietic graft long-
term after transplant. Transient p53 inhibition during editing enabled
substantial increase in polyclonal graft composition without altering
individual HSC output, thus explaining the improved engraftment
and highlighting the p53-mediated response as culprit of an otherwise
oligoclonal hematopoiesis. Importantly, BAR-seq provided the first
direct evidence that human HDR-edited HSC maintain multilineage
potential and undergo multiple rounds of symmetric and asymmetric
divisions in primary and secondary xenogeneic hosts. Altogether,
we expect that the substantial gains obtained in HDR efficiency and
polyclonal repopulation by our improved editing protocol should
broaden applicability of HSC gene editing and pave its way to clinical
translation.

9. Therapeutic Base Editing of Human
Hematopoietic Stem Cells
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Base editing by nucleotide deaminases linked to programmable DNA-
binding proteins represents a promising approach to permanently
remedy blood disorders, although its application in engrafting
hematopoietic stem cells (HSCs) remains unexplored. Here we purified
A3A (N57Q)-BE3 protein for ribonucleoprotein (RNP) electroporation
of human peripheral blood (PB) mobilized CD34* hematopoietic
stem and progenitor cells (HSPCs). We observed frequent on-target
cytosine base edits at the BCL11A +58 erythroid enhancer with few
indels. Fetal hemoglobin (HbF) induction in erythroid progeny after
base editing or nuclease editing was similar. A single therapeutic base
edit of the BCL11A enhancer prevented sickling and ameliorated globin
chain imbalance in erythroid progeny from sickle cell disease (SCD)
and B-thalassemia patient derived HSPCs respectively. Amplicon
sequencing showed minimal guide RNA-dependent off-target potential
with low-level off-targets observed at only 2 of 59 possible off-target
sites. Moreover efficient multiplex editing could be achieved with
combined disruption of the BCL11A erythroid enhancer and correction
of the HBB -28A>G promoter mutation. Finally base edits could be
produced in multilineage-repopulating self-renewing human HSCs
with high frequency as assayed in primary and secondary recipient
immunodeficient NBSGW mice, resulting in potent HbF induction
in vivo. Compared to non-engrafting progenitor cells, quiescent
HSCs favored C to T editing. Together these results demonstrate the
potential of RNP base editing of human HSPCs as a feasible alternative
to nuclease editing for HSC-targeted therapeutic genome modification.
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Background. Site-specific gene correction of hematopoietic stem cells
(HSCs) via HDR is a curative approach for many genetic diseases.
HDR requires active cycling of cells, but conditions that permit cycling
without compromising HSC number and function remain elusive.
Therefore, most HDR protocols minimize culture time, limiting
HDR rates and cell yield. Ex vivo HSC expansion may circumvent
this limitation. Aryl hydrocarbon receptor (AHR) antagonism is a
clinically validated method to achieve high numbers of HSCs and rapid
and robust engraftment following transplant in malignant and non-
malignant settings (Wagner 2019; Orchard 2019). Here, we show for the
first time that ex vivo expansion of human mobilized peripheral blood
cells with a novel, potent AHR antagonist, E478, leads to higher rates of
HDR and up to a ~175-fold increase in engraftment of gene-modified
HSCs in primary and secondary recipients. Results. In limit dilution
studies, E478 expanded the number of NSG-engrafting mobilized blood
CD34+ cells by 10-fold compared to uncultured CD34+ cells (p<0.001,
n=8 mice). Cells were gene modified by lentiviral vector (LVV) or
CRISPR/Cas9 and expanded for 1-7 days in the presence of E478,
resulting in up to 10-fold higher multilineage engraftment of LVV-
transduced cells and CRISPR/Cas9 knockout cells compared to cells
in culture for 2 days (n=2 donors, p<0.001, n=8 mice). Transduction
(~40%) and editing rates (~80%) were maintained in vivo at 16 weeks
post-transplant. Gene correction approaches rely on cytokines to
promote HSC cycling, but this leads to differentiation and loss of
durable engraftment. A conventional HDR protocol uses a 2 day pre-
stimulation period followed by 1 day of culture post-electroporation
(herein called a 2+1 culture), but 33+1.8% of CD34+CD90+ cells
remain quiescent after 2 days in culture, whereas only 0.92+0.06% of
CD34+CD90+ cells were quiescent after 3-4 days (n=2 donors). To
determine whether more active cycling is associated with higher HDR
rates, we cultured cells for 1, 2, 3, and 4 days prior to electroporation
with CRISPR gRNA targeting the beta-globin gene and transduction
with a GFP-containing adeno-associated virus (AAV) donor template.
With a 4 day pre-stimulation followed by a 4 day expansion with E478
(4+4 culture), we saw a 6-fold increase in HDR rates and a 134-fold
increase in the number of HDR+ CD34+CD90+ cells relative to
conventional 2+1 cultures (p<0.01). Transplant into NSG mice led to
10-fold higher engraftment (Fig A, p<0.001, n=8 mice), 18-fold higher
HDR rates (Fig B, p<0.001) and a 169-fold increase in the number of
HDR+ NSG-engrafting cells relative to 2+1 cultures (Fig C, p<0.001)
at 16 weeks post-transplant. Notably, a 2+1 culture with E478 led
to 12-fold higher engraftment versus 2+1 cultures with DMSO (Fig
C, p<0.001). Multi-lineage engraftment was observed in all groups.
Compared to 2+1 cultures, >175-fold increase in engraftment was
observed with E478-expanded cells in secondary recipients (p<0.001,
n=8 mice). Conclusions. Culture with E478 enables higher HDR
rates and up to >175-fold higher numbers of NSG-engrafting cells
after gene modification by CRISPR/Cas9 and LVV based approaches.
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E478 may enable reduced cost-of-goods and vector requirements and
represents a promising approach to realize the full potential of HSC-
based gene therapy, including targeted gene correction, for a variety
of genetic diseases.
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Figure: E478 Optimizes Frequency and Number of HDR+ NSG-Engrafting HSCs. Transplant of 4+4 cuitures with E478 led to higher levels of hCD45
engrafiment in sublethally-irradiated NSG mice (A), a higher rate of HDR in mice (B), and significantly higher levels of NSG-engrafiing hCD45+HDR+
cells (C) at 16 weeks post-ransplant, Bars and each individual BLQ = Below limit of quantification.

11. Development of AAV-Based CRISPR/Cas9
Therapies for Correcting Duchenne Muscular
Dystrophy by Targeted Genomic Integration
Adrian Oliver, Christopher Nelson, Joel Bohning, Kylie

Gilcrest, Charles Gersbach

Biomedical Engineering, Duke University, Durham, NC

Genome engineering technologies are the foundation of exciting
potential therapies for correcting genetic diseases. Specifically,
Duchenne muscular dystrophy (DMD) is the most prevalent lethal
heritable childhood disease occurring in ~1:5000 newborn males.
Progressive muscle weakness leading to mortality in patients’ mid-
20s is a result of mutations in the dystrophin gene. In most cases
(~60%), the mutations consist of deletions in one or more of the 79
exons that disrupt the reading frame of the dystrophin transcript.
Previous therapeutic strategies typically aim to generate expression of a
truncated but partially functional dystrophin protein that recapitulates
a genotype corresponding to Becker muscular dystrophy, which is
associated with milder symptoms relative to DMD. For example, several
groups have adapted the CRISPR/Cas9 technology for gene editing
in cultured human DMD cells and the mdx mouse model of DMD
to restore the dystrophin reading frame by removing specific exons.
However, there remains a need to develop gene editing strategies to
restore the complete, fully functional dystrophin protein. This could be
accomplished by the targeted insertion of the exonic regions that are
lost from the patient’s genome. Previously, AAV delivery of CRISPR/
Cas9 for homology-independent targeted integration (HITI) was
developed for genome editing of neurons in vivo. Here, we demonstrate
AAV-based HITI-mediated gene editing therapies for correcting the
dystrophin gene. Specifically, we adapt the CRISPR/Cas9 gene editing
technology to direct the targeted insertion of missing exons into the
dystrophin gene. As a therapeutically relevant target, we optimize
HITI-mediated genome editing strategies in a humanized mouse
model of DMD in which exon 52 has been removed in mice carrying
the full-length human dystrophin gene (hDMDA52/mdx mice). To
achieve targeted integration, an AAV vector containing the deleted
genome sequence including exon 52 was co-delivered with AAV
encoding Cas9/gRNA expression cassettes. Following local injection
in the tibialis anterior muscle, we have confirmed targeted exon 52
genomic integration, splicing of exon 52 in dystrophin transcripts,
and dystrophin protein restoration in our hDMDA52/mdx mouse
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model. Current studies include assessment of HITI-mediated editing
following systemic injection. Additionally, to address a larger patient
population, we are evaluating insertion of a single “superexon” that
encodes the complete dystrophin cDNA sequence downstream of
exon 51 in cultured cells and in our hDMDA52/mdx mouse model.
Combined with AAV delivery, the development of HITI-mediated
strategies for targeted insertion of missing exons provides a method to
restore full-length dystrophin, which could potentially lead to improved
functional outcomes.

12. Regulated Allele Specific Gene Editing for
Huntington’s Disease

Alex Mas Monteys, Ammiel A. Hundley, Paul T.
Ranum, Euyn Lim, Luis Tecedor, Amy Muehlmatt,

Beverly L. Davidson

University of Pennsylvania/CHOP, Philadelphia, PA

Huntington disease (HD) is a fatal dominantly inherited
neurodegenerative disorder caused by CAG repeat expansion
within huntingtin exon 1. Although mutant huntingtin (mHTT) is
ubiquitously expressed, the brain shows robust and early degeneration.
To exclusively mitigate expression from the mutant allele, we developed
allele-specific genome editing tools that take advantage of single
nucleotide polymorphisms that when present in heterozygosity allow
us to generate targeted deletions of mHTT exonl. The efficacy and
specificity of our tools have been validated in vitro in fibroblasts from
HD patients, and in vivo in a HD mouse model using viral-based
delivery methods. Here, we show a novel drug-inducible cassette that
allows us to control protein translation both in vitro, and in vivo in brain
and peripheral tissues. To demonstrate the efficacy of our approach, the
drug-inducible cassette was cloned to control translation of the SaCas9
protein. Our results show that SaCas9 protein is only transalated when
the drug is administrated, and subsequently HTT exon 1 is eliminated.
Overall, this unique regulated system will improve the safety of viral-
based delivery methods for gene editing.

13. Engraftment and Persistence of HDR-
Edited Hematopoietic Stem and Progenitor
Cells in Nonhuman Primates

Christopher W. Peterson'?, Sowmya Somashekar
Reddy’, Rasika Venkataraman', Teresa Einhaus', Olivier

Humbert!, Hans-Peter Kiem'?

"Fred Hutchinson Cancer Research Center, Seattle, WA,*University of Washington,
Seattle, WA

Introduction: Gene editing of hematopoietic stem and progenitor
cells (HSPCs) has shown great promise for diseases including HIV-1
and hemoglobinopathies. To date, most efforts have focused on the
generation of semi-random insertions and deletions (indels) via the
non-homologous end joining (NHE]) pathway. For many pathologies
however, indels may be more deleterious than the targeted mutation.
To address this, numerous groups have targeted the homology directed
repair (HDR) pathway to precisely correct a gene of interest. Although
a growing body of evidence suggests that HDR cells may engraft
less efficiently than NHE]J cells, overcoming this barrier has proven
especially challenging. We are interested in addressing limitations
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related to the scalability, immunogenicity, and engraftment potential
of HDR HSPCs. We have focused our efforts in nonhuman primates
(NHPs), an immunocompetent, autologous large animal model
that is ideally suited for preclinical studies. Methods: Autologous
CD34* HSPCs were isolated from mobilized pigtail macaques
(M. nemestrina) and edited either within the coding region of the
CCR5 gene, or in the promoter of the gamma globin (HBG) locus.
Preliminary experiments utilized the Zinc Finger Nuclease (ZFN)
mRNA platform coupled with adeno-associated viral vector (AAV2 or
AAVS5) DNA donors, while later experiments transitioned to CRISPR-
Cas9 ribonucleoprotein complexes (RNPs) and single-stranded
oligodeoxynucleotides (ssODNs). Small molecules driving stem cell
expansion or cell cycle progression/quiescence were also evaluated.
Results: Our previous studies demonstrated persistent but low-level
engraftment of CCR5 ZFN-edited HSPCs in macaques, whereas more
recent experiments, namely using CRISPR RNPs directed to HBG have
resulted in markedly higher levels of engraftment. We find that CRISPR
RNPs support a substantially more stable editing approach than ZFN
mRNA, and that ZFN-edited cells’ engraftment is significantly lower
when HSPCs also received AAV2 or AAV5 donor vectors to drive HDR.
Although the size of genetic alterations generated by ssODNs are more
limited than AAV, we find that CRISPR/ssODN approaches support
higher levels of engraftment of HDR cells in NHPs, relative to ZEN/AAV.
HSPC expansion compounds modestly enhance the efficiency of indel
formation ex vivo, but do not impact engraftment of HDR cells in vivo.
Conclusions: Our macaque model of gene edited HSPC engraftment
represents a powerful tool to quantify the long-term persistence of
HDR HSPCs. Our work is consistent with and highly complementary
to data in immunodeficient mouse models, which similarly suggest
that engraftment of HDR HSPCs represents a higher bar than
engraftment of NHE] HSPCs. By focusing on a particularly efficient
HDR approach (CRISPR/ssODN), we can rapidly optimize conditions
to maximize engraftment and address other potential limitations, for
example vector-specific immune responses to AAV donors, and the
often-dichotomous requirements for efficient HDR versus long term
engraftment of gene edited HSPCs.

14. Highly Efficient Base Correction of Adult
Dystrophic Mice Using iABE-NG

Chen Zhang, Li Xu, Haiwen Li, Peipei Wang, Peipei
Wang, Renzhi Han

Surgery, The Ohio State University, Columbus, OH

CRISPR genome editing holds great promise for targeting monogenic
diseases, including Duchenne muscular dystrophy (DMD). Precise
correction of disease-causing mutations in postnatal tissues, however,
remains challenging. Recent advances in base editors offer a promising
approach to precisely correct the disease-causing single nucleotide
variants. More than half of human disease-causing point mutations
could be potential targets for base editing correction; however, the
majority of these targets could not be suitable for SpCas9 base editing
due to the lack of the 5-NGG PAM sequence within the suitable
distance from the mutations. Here we developed a novel adenine base
editor with broadened protospacer adjacent motif recognition and
eliminated RNA off-targeting editing activity (IABE-NG). Moreover,
we engineered super-fast intein-splits of iABE-NG for efficient package
into adeno-associated virus 9 (AAV9). Systemic delivery of AAV9-
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iABE-NG into an adult mouse model of DMD led to widespread rescue
of dystrophin expression in the heart muscles (Figure 1). Analysis of the
ClinVar database showed that over 70% G>A or T>C point mutations
in DMD patients could be potentially targeted for repair by iABE-NG.
This study highlights the great promise of iABE-NG for permanent
base correction of monogenic diseases.

AAV9-IABE-NG
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15. Defining the Role of Spatial and
Molecular Adaption of Glioblastoma to
Personalized Neural Stem Cell Therapy Using
Integrated /In Vivo and Ex Vivo Models

Andrew Satterlee!, Denise Dunn?, Alain Valdivia', Scott
Floyd?, Shawn Hingtgen'

"University of North Carolina at Chapel Hill, Chapel Hill, NC,*’Duke University,
Durham, NC

Intro: Genetically engineered neural stem cells (NSCs) are a promising
therapy for the highly aggressive brain cancer glioblastoma (GBM), yet
treatment durability remains a major challenge. We sought to define
the events that contribute to dynamic adaption of GBM during NSC
treatment and develop strategies to convert initial tumor kill into
sustained GBM suppression. Using a unique hybrid tumor model
treated with human skin-derived induced NSCs (iNSCs) releasing the
pro-apoptotic agent TRAIL, we investigated how spatial distribution
of tumor and iNSCs affects GBM adaption throughout recurrence.
Methods: Heterogeneous GBM tumors were grown orthotopically
in nude mice using two cell types originating from the same human
patient biopsy. Treatment into different tumor regions was initiated 28
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days after tumor implant, allowing tumors to develop a large primary
mass and significantly invade into the contralateral hemisphere. Serial
bioluminescent imaging (BLI) was used to track tumor volumes in
vivo. In an initial experiment, a subset of mice from each treatment
group was sacrificed 6, 13, and 20 days post-treatment to harvest
brains and generate living ex vivo tissue slices. Tumor burden was
spatially mapped in each slice and quantified using fluorescence
imaging. Functional drug resistance was assessed in slices containing
recurrent tumor by re-treatment with TRAIL ex vivo. These results
then served a guide for a final in vivo survival study, followed by
correlative RNAseq analysis to define molecular changes in the
primary and invasive tumor tissue regions following iNSC therapy.
Results: Live animal BLI showed iNSC-TRAIL treatment rapidly
decreased tumor volumes when delivered into the primary tumor
mass; however, minimal impact on tumor growth was observed
when cells were delivered into distal regions of the brain. In contrast,
high-resolution imaging of living brain sections showed extensive
impacts of iNSC-TRAIL therapy that could not be detected at the
macroscopic level with BLI. Slice imaging revealed that iNSC-
TRAIL treatment delivered into the primary tumor decreased the
solid, but not the invasive, tumor region. Interestingly, delivery of
iNSC-TRAIL therapy into the lateral ventricles induced significant
tumor kill only in invasive tumor regions, and was more effective at
maintaining that inhibition than infusion of iNSC-TRAIL directly
into the contralateral parenchyma. A subsequent survival study
showed that select multifocal placements of iNSC-TRAIL treatment
significantly increased survival. RNAseq analysis of post-mortem
samples revealed significant differences in primary and invasive
tumor regions, as well as in tumors before and after treatment, but did
not show widespread changes in the TRAIL apoptosis pathway. This
genetic data supported a TRAIL re-treatment study which showed that
brain slices containing recurrent tumor maintained TRAIL sensitivity.
Conclusions: In this study, we were able to combine the fidelity of in
vivo studies with the speed and spatial resolution of living brain slice
technology. The methods described herein allowed us to observe and
quantitatively assay resistance/recurrence mechanisms of aggressive,
late-stage tumors in response to iNSC-TRAIL therapy. These findings
begin to provide important guidance toward optimizing iNSC/NSC
therapeutic infusion and choosing the appropriate therapeutic agent
for redosing as we advance toward the ultimate goal of improving GBM
patient care in the clinical setting.

16. Transforming Challenges into
Opportunities: The T Cell Exhaustion Signature
Can Guide the Identification of Patient-
Derived, Tumor-Reactive TCRs and Promote
TCR Gene Editing for AML

Francesco Manfredi!, Lorena Stasi!, Maddalena
Noviello!, Sara Mastaglio', Fabio Ciceri? Eliana

Ruggiero', Chiara Bonini'

'VIta-Salute San Raffaele University, Milan, Italy,2IRCCS San Raffaele, Milan, Italy
Allogeneic Hematopoietic Allogeneic Stem Cell Transplantation
(AlloHSCT) in the context of haematological malignancies can exert an
immune pressure able to eradicate cancer cells surviving conditioning.
Nonetheless, disease relapse and transplant-related toxicities are still
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common events after AlloHSCT. A new therapeutic strategy to improve
such outcome, delivering a tumor-specific immunological pressure
while mitigating side-effects, could be represented by Adoptive T cell
therapy but its use is still hampered by different hurdles, such as the
difficulty to isolate tumor-specific T cells for therapeutic purposes.
In order to studyandisolate circulating tumor-specific T cells, we screened
the peripheral blood of N=35 blood cancer patients at serial timepoints
after alloHSCT with a 20-colour Flow Cytometry panel including
Dextramers to stain peptide-specific T cells using 9 Tumor-Associated
Antigen (TAA) peptides and 2 viral peptides. Together, we followed the
T-Cell Receptor (TCR) clonal dynamics by high throughput sequencing.
TAA-Specific T cells circulate as soon as 30 days after alloHSCT, and
unbiased clustering analysis evidenced that they express multiple
inhibitory receptors at higher levels when compared with either the
total CD8 T cell population or viral-specific T cells, independently
from major clinical variables (disease status at transplant, disease
type, GVHD incidence). This inhibitory signature was the most
pronounced 4 months after alloHSCT and was followed by a substantial
contraction of the pool of TAA-specific T cells, particularly of the early-
differentiated (Stem Cell Memory and Central Memory) subpopulation.
We then established a rapid, highly specific protocol for Dextramer-
based isolation and expansion of TAA-specific T cell that yielded
24 colonies from n=13/20 screened patients and from 6 different
TAA peptides. TCR sequencing showed that these colonies were
oligoclonal, enriched with a dominant T cell clone. When the colonies
were challenged with peptide-pulsed targets, however, they displayed
minimal lytic activity but when the TCR sequences were cloned into
lentiviral vectors and transferred into recipient T cells after Crispr/
Cas9 disruption of the endogenous TCR (TCR-edited lymphocytes),
cells proved highly efficient and specific in lysing matched pulsed
targets. These observations suggested that TAA-specific TCRs can
be isolated ex vivo but they are expressed by exhausted T cells.
We then tried to broaden the search of Tumor-reactive T cells without
relying on Dextramer sorting, exploiting the exhaustion signature to
purify a T cell subset enriched with unknown anti-tumour reactivities.
We sorted T cells from 3 patients affected by Acute Myeloid Leukemia
(AML) on the basis of the inhibitory receptors (IR) expression and
stimulated both IR+ and IR- cells with matched Leukemic Dendritic
Cells (LDC). Serial LDC stimulations promoted the expansion of
dominant clones over time in the IR+ but not in the IR- fraction and
IR+ T cells proved superior in killing autologous AML blasts in vitro.
Again, dominant TCRs were identified in IR+ cultures of all three
patients, and TCR-edited lymphocytes expressing the isolated TCR
efficiently and selectively recognized autologous blasts (2/2 of the
tested patients). Our findings shed some light on the in vivo dynamics
of tumor-specific T cells and introduce two models for the isolation
of tumor-specific TCRs, one requiring the knowledge of the target
peptide, the other exploiting the IR signature to discover novel tumor
reactivities.
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17. Tumor-Selective Gene Circuits

Enable Highly Specific Localized Cancer
Immunotherapy

Ming-Ru Wu*!, Lior Nissim*?, Erez Pery', Yuval
Tabach?, Philip A. Sharp', Doron Stupp?, Adina Binder-
Nissim', Karen Weisinger', Casper Enghuus', Sebastian
R. Palacios', Melissa Humphrey®, Zhizhuo Zhang'*, Eva
Maria Novoa'*, Manolis Kellis"**, Ron Weiss', Samuel
D. Rabkin?*’, Remus S. Wong?®, Russell M. Gordley®,
Timothy K. Lu"%’

'Massachusetts Institute of Technology, Cambridge, MA,?The Institute for Medical
Research Israel-Canada, Hadassah Medical School, The Hebrew University of
Jerusalem, Jerusalem, Israel,’Massachusetts General Hospital, Boston, MA,'Broad
Institute of MIT and Harvard, Cambridge, MA,’Harvard Medical School,

Boston, MA,°Gene Circuit Discovery, Senti Biosciences, South San Francisco,
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The treatment of certain cancers has been revolutionized by
immunotherapy, but not all patients benefit due to alimited mechanism
of action and tumor-mediated immune suppression. More potent and
broadly acting immunotherapies have received considerable interest,
but their narrow therapeutic window upon systemic administration
creates the need for spatiotemporal regulation, which has yet to
be realized in a clinical setting. To address these challenges, we
developed a cancer-specific gene circuit platform that enables targeted,
multifactorial immunomodulation of tumors in a highly specific and
localized manner to drive efficacy through the therapeutic window.
First, we constructed a library of 6,107 synthetic promoters built from
tandem arrays of all human transcription factor DNA binding sites.
We used next generation sequencing and machine learning to screen
the library for promoters that expressed specifically and robustly in
a particular cancer cell type. When applied to ovarian cancer, breast
cancer, and glioblastoma, this approach yielded promoters with
activities >100-fold higher in each respective cancer cell type than
in corresponding non-cancerous primary cells. Second, we further
enhanced expression specificity by using these promoters to build
AND logic-gated gene circuits in which expression of therapeutic
payloads requires two independent cues - the activity of two distinct
transcription factors, or, alternatively, a transcription factor and a
microRNA. When we armed an ovarian cancer-specific gene circuit
with multiple immunomodulatory payloads (a T cell engager that
enables antigen-independent T cell responses, the cytokine IL-12, the
chemokine CCL21, and an anti-PD1 checkpoint inhibitor antibody)
and delivered it to cells, the gene circuit triggered ovarian-cancer-
specific immune responses both in vitro and in vivo. This approach
resulted in statistically significant reduction in in vivo tumor burden
(>6-fold reduction in tumor burden at day 39 post tumor implantation;
p < 0.005) and prolonged mouse survival in a humanized ovarian
cancer model (all control mice died by day 55 post tumor implantation,
whereas 80% of mice survived to the end of the study in the treatment
group; p <0.005). These results suggest that these AND logic-gated gene
circuits can be readily reconfigured for different cancer types through
modular replacement of the promoters and/or miRNA-binding sites.
Thus, this technology has the potential to enable highly targeted and
effective treatment of cancer via precise immunological programming.
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18. MyD88/CD40 (MC) Enhances Chimeric
Antigen Receptor Natural Killer (CAR-NK) Cell
Proliferation, Cytokine Release and Anti-Tumor
Efficacy Against BCMA* Tumors

Xiaomei Wang, MyLinh T. Duong, Daniel L. Jasinski,
Alan D. Guerrero, Jan L. Medina, Kelly L. Sharp, Mary
E. Brandt, Aaron E. Foster, ]. Henri Bayle

Research & Development, Bellicum Pharmaceuticals, Houston, TX

Background: Engineering of chimeric antigen receptors (CAR) into
donor-derived, allogeneic Natural Killer (NK) cells holds promise as
an off-the-shelf cell therapy for cancer. NK cells offer high anti-tumor
potency with low risk for development of GVHD relative to apT cells but
suffer from poor growth and persistence in vivo. Our published work
(Mol. Ther 25:2176 (2017), Mol Ther Onc 12:2124 (2018), Leukemia
33:2195 (2019)) demonstrated that MC provides potent costimulatory
activity to CAR-T cells. MyD88 acts a signaling node for the NK-
activating receptors for IL-18 and IL-1, therefore we evaluated the
effects of the engineered signaling molecule MC in CAR-NK cells. Here
we describe the engineering of MC-enabled CAR-NK vectors targeting
B cell Maturation Antigen (BCMA) to control multiple myeloma.
Methods:Natural Killer cells from up to 9 donors were isolated
by CD56%selection, activated with I1-15 and K562 cell targets
and transduced with y-retrovirus (rv) encoding four genes (iC9-
BCMACAR.{-2a-MC-IL15, and control combinations) in which MC
is partially membrane tethered and constitutively active and inducible
caspase-9 (iC9) encodes a rimiducid-inducible proapoptotic safety
switch. In the dual switch configuration (iIMC-BCMACAR.(-IL15;
iRC9-ACD19) iMC activity was inducible by chemically induced
protein dimerization with rimiducid and the iRC9 safety switch was
directed orthogonally with rapamycin or its prodrug temsirolimus.
Co-culture assays were performed against BCMA-expressing myeloma
targets NCIH929, RPMI2101, U266, and THP1 AML cells in Incucyte
imaging incubators. Cytokine production at 48 hours was measured
by Luminex multiplex assays. For in vivo assays of NK cell growth
and tumor control, immunodeficient NSG mice were injected i.v.
with up to 1.5 x 10°NCIH929-GFPflluc or THP1-GFPffluc cells and
challenged subsequently with to 1-5 x 107BCMACAR-NK cells.
Results: NK cell transduction was efficient at 40-60% in the one or two-
vector configurations. Induced or constitutive MC activity in transduced
cells stimulated NK cell growth which selectively expanded to ~90% of
the NK cultures in one week. MC activity or IL-15 autocrine expression
alone failed to support human NK cell engraftment in NSG mice, but
in combination produced a synergistic outgrowth and persistence
in animals beyond 6 weeks even without an activating tumor target.
MC activity greatly enhanced innate and BCMA CAR-specific NK
cell cytotoxicity in cocultures with myeloma and AML target cells in
vitro. MC-driven cytotoxicity did not correlate with alterations in the
expression profile of innate NK activating and inhibitory receptors
relative to controls but rather to induction of MAPK (p38, JNK,
ERK), Akt, NF-kB and Vavl signaling leading to increased levels
of Fas ligand, granzymes and perforin. Furthermore, MC activity
drove higher level production of cytokines and chemokines normally
produced by activated NK cells (eg. IFN-y, TNF-a, TNF-, CCL2).
The combination of MC activation with autocrine IL-15 supported
the persistence and antitumor activity of 1generation BCMA.CAR-
NK cells in vivo. Dual-switch BCMA.CAR-NK cells given as a single
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107cell dose controlled THP1 tumor outgrowth for six weeks, but
only with rimiducid treatment were persistent CAR-NK cells evident
in spleen and bone marrow upon sacrifice. Constitutive MC activity
from the single BCMA-CAR vector configuration at a higher dose
supported complete NCIH929 myeloma control beyond six weeks.
These results support the development of MC enabled BCMA-targeted
CAR-NK cells as potent therapy for bone marrow resident malignancies
with the further potential for use as an allogeneic transplant.

19. Abstract Withdrawn

20. Nanoparticles for Targeted Theranostic
Gene Delivery to Hepatocellular Carcinoma
Hannah J. Vaughan', Camila G. Zamboni', Nicholas
Radant’, Pranshu Bhardwaj', Ronnie C. Mease?, Martin

G. Pomper?, Jordan J. Green!

'Biomedical Engineering, Johns Hopkins, BALTIMORE, MD,*Radiology, Johns
Hopkins, BALTIMORE, MD

Introduction Hepatocellular carcinoma (HCC) develops
predominantly in the inflammatory environment of a cirrhotic
liver caused by hepatitis, toxin exposure, or liver disease. A targeted
therapeutic approach may enable efficacy without causing toxicity
and liver failure. Nucleic acid therapeutics can be designed for
selective expression in cancer cells using cancer-specific promoters
for transcriptional targeting, but safe and effective delivery remains
challenging. Biodegradable poly(beta-amino) ester (PBAE)
nanoparticles (NPs) have been developed for biomaterial-based
selective transfection of HCC cells over hepatocytes. Here, PBAE NPs
were used to deliver transcriptionally-targeted theranostic DNA with
high selectivity towards alpha fetoprotein (AFP)-producing HCC cells.
Methods AFP-producing human HCC cell lines (Huh7 and Hep3b)
and hepatocytes (THLE3) were transfected with PBAE NPs harboring
plasmid DNA. After transfection, the cells were exposed to a 1.25 ug/
mL dose of ganciclovir (GCV), which is cytotoxic when phosphorylated
by the SR39 enzyme. To study radiotracer accumulation, SR39-
transfected cells were also incubated for one hour with 10-12 uCi/
mL of 9-(4-"F-fluoro-3-[hydroxymethyl]butyl)guanine ([**F]
FHBG), a radiotracer for positron emission tomography (PET) that
accumulates in cells after phosphorylation by SR39. For in vivo studies,
athymic nude mice were subjected to a laparotomy, and 10° Hep3b
cells were injected under the liver capsule. Xenograft-bearing mice
were injected intravenously with PBAE NPs carrying a 25 ug dose of
firefly luciferase (fLuc) plasmid DNA. 24 hours later, animals were
injected intraperitoneally with 150 mg/kg D-luciferin, imaged using
IVIS, and bioluminescence was measured over regions of interest.
Results We selected AFP for transcriptional targeting because its
expression decreases rapidly after birth, but transcription-level changes
drive high expression in HCC. We constructed two therapeutic
plasmids harboring a SR39 suicide gene: constitutively expressed CM V-
SR39 and transcriptionally targeted AFP-SR39. Therapeutic DNA was
delivered using PBAE 536 NPs. Following a single transfection with
CMV-SR39 and treatment with prodrug GCV, viability of HCC (Huh7
and Hep3b) and hepatocytes (THLE3) was reduced below 20% by
Day 7 (Fig 1A). When transcriptional targeting was employed using
AFP-SR39, THLE3 viability was maintained above 90%, while Hep3b
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and Huh?7 viability fell to 15% and 25% by day 9, respectively (Fig 1B).
When ["*F]FHBG was added to transfected cells, AFP-SR39 facilitated
43 and 50-fold higher accumulation in Huh7 and Hep3b HCC cells over
THLES3, respectively (Fig 1C). Further, systemically administered PBAE
NPs harboring fLuc enabled efficient gene delivery to HCC tumor
xenografts (Fig 1D). Average flux 24 hours after NP administration
was significantly increased over background and was localized to the
tumor, with a 7- fold higher average radiance in tumor over liver tissue.
Conclusion Transcriptionally-targeted SR39 delivery to HCC furthers
the development of a theranostic platform for simultaneous treatment
of the cancer with ganciclovir therapy and tumor monitoring with [**F]
FHBG and PET/CT.
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Fig 1. Cytotoxicity of (A) CMV-SR39 and (B) AFP-SR39 NPs + GCV
(C) ["*F]FHBG uptake in transfected HCC, normalized to hepatocytes
(D) fLuc delivery to xenografts by PBAE NPs

21. Tumor-Tropic Liposome-Mediated
Therapeutic Delivery of mRNA for T Cell
Malignancies
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Introduction: Treatment options for relapsed T cell leukemia are
limited, and the prognosis remains dismal. Therefore, the development
of new therapies is crucial. A liposomal delivery system has been
increasingly recognized as a promising strategy for delivering both
reagents and nucleic acids. However, little is known about whether the
liposomal delivery of mRNA could be employed for cancer treatment.
Herein, we propose a novel strategy for the treatment of T cell
malignancies using tumor-tropic liposomes that can selectively deliver
mRNAs of interest to leukemia cells. Methods: We tested liposomes
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with various lipid compositions. Leukemia cells or peripheral blood
mononuclear cells (PBMCs) were cultured with rhodamine-labeled
liposomes and then analyzed for rhodamine expression to investigate
the selective uptake of the liposomes. To examine the selective
translation of the encapsulated mRNA, the cells were incubated with
liposomes loaded with firefly luciferase (ffLuc) mRNA and examined
for luciferase activity. The cells were also treated with liposomes
loaded with inducible caspase 9 (iCas9) mRNA, with or without B/B
homodimerizer (chemical-induced dimerization, CID), to examine
the in vitro anti-leukemic effects. To investigate the in vivo anti-tumor
effects, NSG mice were inoculated with Jurkat-fiLuc cells, and then
they were intravenously treated with either liposomes loaded with
iCas9 or control liposomes on days 4 and 15 after tumor inoculation.
Every 24, 48, and 72 h after liposome infusion, the mice were treated
intraperitoneally with CID. Bioluminescence imaging was performed
twice weekly to track the leukemia cell burden. Results: The screening
analysis identified two types of liposomes (No. 43 and No. 79) that could
selectively deliver mRNA to the cancer cells. Flow cytometry analysis
showed that these liposomes labeled with rhodamine were efficiently
taken up into Jurkat cells, whereas they were minimally taken up into
PBMCs. Furthermore, when these two liposomes were loaded with
ffLuc mRNA (43-ffLuc and 79-ffLuc), they could efficiently deliver
mRNA to the cancer cells, with enhanced luciferase activity, but they
minimally delivered ffLuc mRNA to PBMCs. Consistently, when these
two liposomes were loaded with a suicide gene iC9 (43-iC9 and 79-
iC9) in combination with CID, they effectively killed Jurkat cells and
CCREF-CEM cells but minimally killed PBMCs in vitro. Furthermore,
in a xenograft model of Jurkat-ffLuc, the mice treated with 79-iC9
showed significantly suppressed tumor growth compared with the
mice treated with control liposome in combination with CID (Figure
1). These results suggested that the tumor-tropic liposomal delivery
of iC9 mRNA could be employed for the treatment of T cell leukemia.
Conclusions: Tumor-tropic liposomes can selectively deliver mRNAs
of interest to leukemia cells. Moreover, tumor-tropic liposomes loaded
with iCas9 in combination with CID showed anti-leukemic activity
both in vitro and in vivo. Thus, liposomal delivery could be a promising
alternative for the treatment of T cell malignancies.
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22. Evolution and Investigation of
Engineered AAV Capsids Exhibiting Enhanced
Transduction of the Central Nervous System
with or without Murine Strain Specificity
Sripriya Ravindra Kumar, Timothy F. Miles, Xinhong
Chen, David Brown, Tatyana Dobreva, Qin Huang,
Xiaozhe Ding, Yicheng Luo, Petur Einarsson, Alon
Greenbaum, Min Jee Jang, Benjamin E. Deverman,
Viviana Gradinaru

Biology and Biological Engineering, California Institute of Technology, Pasadena,
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Recombinant adeno-associated viral (rAAV) capsids are increasingly
used as gene delivery vectors in science and in therapeutics. However,
there is room for further improvement on the efficiency and specificity
to transduce the central nervous system (CNS) via non-invasive
systemic delivery. We have shown in the past that marked improvement
is possible using a Cre recombination-based AAV targeted evolution
(CREATE) platform to identify AAV-PHPB and AAV-PHP.eB capsids,
which broadly transduce the CNS (Deverman et al, 2016; Chan et al,
2017). While CREATE was successful in identifying efficient CNS
vectors in two rounds of evolution, the method was limited by its ability
to identify only a few top candidates from the selection. To truly utilize
the potential of a large selection design (such as a library of ~1.28
billion theoretical size using 7-mer-NNK mutagenesis strategy) across
multiple different selection targets (such as endothelial cells, neurons
and astrocytes), we developed Multiplexed-CREATE (M-CREATE).
This method involves: (1) application of a positive selection pressure
for on-target delivery and post-hoc negative selection against off-target
delivery using next generation sequencing, (2) an unbiased selection
design, and (3) a novel data analysis platform. M-CREATE identified
distinct families of variants based on shared amino acid motifs. These
include a family of PHP.B-like variants that appear to be dominant
across in vivo selections for CNS transduction in Cre-transgenic adult
mice. While some variants from this family showed similar tropism to
PHP.B as expected, two variants (PHP.Vs) were distinct by exhibiting
biased transduction to the vascular cells forming the blood-brain
barrier (BBB). In addition, the new analysis platform allowed us to
further mine the selection that yielded PHP.eB from its PHP.B parent
(Chan et al, 2017) and therefore uncover PHP.N, that differs by 3
amino acids from PHP.B and shows greater specificity in transducing
neurons over other CNS cell-types. This further demonstrates that
small sequence variations within a family can yield different tropisms.
Recent reports on the non-permissibility of PHP.B or PHP.eB in BALB/
¢J (Hordeaux et al, 2018; Matsuzaki et al, 2019), and the subsequent
identification of LY6A as the receptor underlying the improved BBB
entry (Hordeaux et al, 2019; Huang et al, 2019; Batista et al, 2019) has
motivated us to investigate the non-dominant families with distinct
amino acid signatures in our 7-mer NNK library. We identified several
non-dominant families (PHP.Cs), exhibiting better transduction of the
CNS compared to parent AAV9 while also being efficient in crossing
the BBB across mouse strains, including BALB/c]. This suggests that
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variants with different amino acid motifs from the PHP.C-like families
may have different mechanisms of BBB transmission, thereby making
them promising candidates for further study toward translation of AAV
vectors across strains and species.

23. Engineering and Evaluation of Novel AAV
Serotypes for Gene Delivery to the Central
Nervous System

David S. Ojala, Kyle McGovern, Clancy Lee, Lori
Andrews, Hoang-Oanh B. Nguyen, Weiran Shen, Alicia
Goodwin, Annemarie Ledeboer, Ken C. Van, Carolyn
Gasper, Richard Surosky, Bryan J. Zeitler, Brigit E. Riley,
Amy M. Pooler

Sangamo Therapeutics, Richmond, CA

Efficient gene delivery to the central nervous system (CNS) remains
a barrier to the clinical translation of gene therapies. AAV capsid
engineering is a promising approach to improve CNS delivery, and
research on serotypes such as PHP.B has highlighted the importance
of applying cell type-specific functional selections in models that
exemplify the genetics and physiology of the human CNS. Here we
have developed and evaluated two functional selection strategies
across multiple models, including cynomolgus macaques, in order to
identify AAV variants that transduce neurons following administration
into the cerebrospinal fluid. In these selections we evaluated capsid
libraries containing peptide insertions of 7, 10, and 15 amino acids in
AAV1, AAV2, AAV3B, AAV6, AAVS, and AAV9. The first selection
strategy employed an EGFP-Histone H2B fusion expressed from a
neuron-specific human synapsinl (hSynl) promoter to incorporate
EGFP into the chromatin of neurons. AAV-transduced neuronal
nuclei were isolated by fluorescence-activated sorting (FACS) from
brain tissue and analyzed by next-generation sequencing (NGS) to
quantify enrichment of AAV variants. Nuclei contain transcriptionally
active AAV vector genomes and are readily sorted due to their uniform
morphology, minimal autofluorescence, and absence of cellular
projections. The second selection strategy utilized high-throughput
DNA synthesis in selection round 2 to link each AAV variant to a
unique barcode located in the three prime untranslated region of the
EGFP-H2B mRNA. In both strategies the hSyn1 promoter was placed
in an opposite orientation to the p40-driven capsid library. This design
avoids in vivo transcription of the cap mRNA and enables head-to-
head comparison of libraries derived from multiple parental serotypes
using universal NGS primers. During round 2 library synthesis
we included degenerate sequences for each AAV variant, added
control serotypes, and specified barcodes that were computationally
designed to minimize transcriptional bias and NGS collisions. To
track the progression of AAV selections we conducted NGS on library
plasmid DNA, manufactured virus, and variants recovered following
screening. A custom bioinformatics suite was created to rank variant
performance based on metrics of enrichment and noise and to advance
our understanding of the impact of library size on selections. Capsid
libraries were evaluated in cynomolgus macaques, C57BL/6] mice,
human iPSC-derived neurons, primary mouse cortical neurons, and
Neuro2A cells. After two rounds of library selection and NGS analysis
we identified multiple engineered AAVs that were substantially and
robustly enriched as compared to parental serotypes in cynomolgus
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macaques across 13 CNS regions and both genders. In ranking
enrichment of engineered AAVs across species we found capsids that
were potent in multiple models as well as those that were disparate
in performance. A subset of 34 high-performing novel variants and
several control serotypes were selected for further evaluation as a
barcoded pool. For this evaluation we designed an expression cassette
including both the hSyn1 and hU6 promoters in order to rank AAV
variant transcription in neurons and all cells respectively. The results
of serotype evaluation in cynomolgus macaques, Sprague-Dawley rats,
C57BL/6] mice, human iPSC-derived neurons, and primary mouse
cortical neurons will be shared.

24. Cross-Species Evolution of Synthetic AAV
Strains for Clinical Translation

Trevor J. Gonzalez!, L. Patrick Havlik?, Marco Fanous?,
Katherine Simon?, Laura Edwards?, Jennifer Kwon?,

V. Grace Stafford?, Garth Devlin?, Mai K. ElMallah®,
Charles A. Gersbach®, Jorge Piedrahita’, Aravind
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Durham, NC,*Surgery, Duke University School of Medicine, Durham,
NC,’College of Veterinary Medicine, North Carolina State University, Raleigh,
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University School of Medicine, Durham, NC

Recombinant adeno-associated viral (AAV) vectors continue to show
promise for gene therapy of rare genetic disorders such as spinal
muscular atrophy, muscular dystrophies and myopathies. As we expand
the scope of AAV gene transfer applications, an important challenge
that remains unaddressed hinges on differences in AAV tropism across
different species. The latter often results in non-linear vector dose-
biodistribution relationships when scaling from small to large animal
models and subsequently impacts clinical translation. For instance,
studies evaluating AAV spread in the brain and spinal cord or AAV
transduction in systemic organs such as the heart, liver or lung have
demonstrated that vector biodistribution and transduction can vary
significantly for a given dose between mice, xenograft models, canine,
pig, non-human primates and ultimately, in patients. One approach to
address this unmet need is to engineer AAV biology to demonstrate
greater translatability across species. Here, we describe a cross-species
evolution approach that involves sequential cycling of AAV capsid
libraries in multiple animal models. Briefly, AAV surface loops were
subjected to saturation mutagenesis to generate AAV libraries, which
were injected systemically into mice and pigs in alternating cycles.
New AAV variants enriched in different regions of the brain, spinal
cord, heart, skeletal muscle and satellite muscle cells derived from one
species were amplified, pooled under different subgroups, injected
into a different animal model and subjected to further cycling. We
characterized the expression profiles of several novel, lead AAV
variants in mouse and pig models following intravenous, intracisternal
or intrathecal injections. Robust expression in heart, skeletal muscle,
liver, kidney, vasculature and other organs were observed at doses
4-5 fold lower than those currently being utilized in DMD and SMA
clinical trials. Intrathecal infusion in pigs afforded gene expression in
motor neurons, white and grey matter of the spinal cord as well as the
cerebellum. While final rounds of cycling in non-human primates are
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currently underway and the CNS transduction profile of these cross-
species compatible vectors (ccAAVs) is forthcoming, our intermediate
results support the hypothesis that cross-species cycling of AAV
libraries can afford new capsids demonstrating greater compatibility
across different animal models. We envision that these new ccAAV
strains can provide an efficient gene transfer platform with improved
correlation in dose-response as we scale from preclinical animal
models into patients.

25. A Highly Efficient Dual AAV Technology
for Therapeutic (epi)Genome Editing
Applications

Lisa M. Riedmayr'?, Klara S. Hinrichsmeyer'?, Sybille
Boehm'?, Victoria Splith'?, Stylianos Michalakis?,
Martin Biel'?, Elvir Becirovic!*

'"Pharmacy, Ludwig-Maximilians-University Munich, Munich, Germany,*Center
for Integrated Protein Science Munich CiPSM, Ludwig-Maximilians-University
Munich, Munich, Germany,*University Eye Hospital, Ludwig-Maximilians-
University Munich, Munich, Germany

Recombinant adeno-associated viral vectors (rAAVs) are the gold
standard in gene therapy. Many genes, however, exceed the packaging
capacity (4.7 kb) of rAAVs such as various CRISPR/Cas modules
harboring high therapeutic potential. To circumvent the limited
rAAV payload, dual rAAV vector approaches are used focusing on the
reconstitution of splitlarge genes at the genome level (concatemerization-
or recombination-dependent) or at the split intein-mediated protein
level. Nevertheless, gene reconstitution at the genome level leads to
low reconstitution efficiencies, whereas split inteins strongly depend
on the split position and generate potentially pathogenic proteins or
protein fragments. Here, we present an optimized dual vector strategy
for the reconstitution of genes via trans-splicing at the mRNA level.
Using a fluorophore-based splice reporter assay, we show that this
technology is highly efficient, accurate, position-independent and
broadly applicable in vitro reaching reconstitution efficiencies of up
to 78 %. To demonstrate the principle capability of this technology in
vivo, we aimed at reconstituting the catalytically active split SpCas9
fused to the transcriptional activator domains VPR (SpCas9-VPR).
As the spacer length of single guide RNAs (sgRNAs) determines the
enzymatic activity of Cas9, SpCas9-VPR can be used to knockdown
and activate different genes simultaneously by multiplexing different
sgRNAs. Such an approach can e.g. be utilized to treat gain-of-function
mutations, which require an efficient gene knockdown followed by gene
supplementation. One well-characterized gain-of-function model for
retinitis pigmentosa are mice carrying the common P23H mutation in
rhodopsin. Accordingly, SpCas9-VPR could be applied in this mouse
model by knocking down rhodopsin (Rho) while simultaneously
activating its functional equivalent M-opsin (Opnlmw). To test this
strategy, dual rAAVs expressing split SpCas9-VPR, Opnlmw- and
Rho-targeting sgRNAs were delivered subretinally into C57Bl/6] wild
type mice. The SpCas9-VPR reconstitution efficiency of our optimized
mRNA trans-splicing technology was compared to the split intein
approach via qRT-PCR. Four weeks post-injection the mRNA trans-
splicing approach yielded a similar Opn1mw activation efficiency and
an increased Rho knockdown efficiency when compared to the split
intein approach. Finally, reconstitution via mRNA trans-splicing also
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led to efficient Rho knockdown and OpnlImw activation in the P23H
mouse model. In conclusion, we present an optimized, versatile and
highly efficient dual rAAV approach suitable for reconstitution of large
genes at the mRNA level. In the experimental setup used herein, this
approach is at least as effective as the split-intein technology, but offers a
more convenient design and most likely a more favorable safety profile.
Using this technology, we also provide initial experiments designed
to treat gain-of-function mutations with a split SpCas9-VPR-based
multiplexing strategy.

26. A Novel AAV9 Variant Exhibiting Strong
Preference for Neuronal Transduction in Mice
and Non-Human Primates Following Systemic
Administration

Samuel J. Huang', Kei Adachi?, Helen R. Baggett?,
William A. Liguore?, Alexandra B. Pincus', Jodi L.
McBride’, Gregory A. Dissen’, Hiroyuki Nakai***

"Medical Scientist Training Program, Oregon Health & Science University,
Portland, OR,’Molecular & Medical Genetics, Oregon Health & Science
University, Portland, OR,’Division of Neuroscience, Oregon National Primate
Research Center, Beaverton, OR,"Molecular Microbiology & Immunology,

Oregon Health & Science University, Portland, OR

The arrival of adeno-associated virus (AAV)-mediated gene therapy
to the clinic promises to revolutionize the treatment of central
nervous system (CNS) diseases. Of particular clinical interest is the
potential for global transduction of the CNS via non-invasive, systemic
administration of AAV vectors. However, there remain multiple
challenges to the future of AAV-mediated CNS gene therapy including
(1) relatively poor transduction and a strong bias for transduction
of astrocytes over neurons in the primate brain, and (2) prominent
dissemination of AAV vectors to the liver leading to decreased
bioavailability to the brain and increased immunogenicity. Previously,
we reported application of the transcription-dependent directed
evolution (TRADE) system to an AAV9-based variant library harboring
a liver-detargeting mutation. High-throughput characterization of
neuronal transduction using a human synapsin I-based DNA/RNA
barcoding system identified the AAV9-N272A-HN1 variant that
exhibits enhanced brain neuronal transduction in both mice and
non-human primates (NHP). We validated this finding in C57BL/6]
and BALB/c] mice using a conventional approach of administering
AAV-GFP reporters and performing immunohistology. Here, we
report validation of AAV9-N272A-HN1 enhancement in NHP using
an epitope-tagged GFP reporter approach. In order to overcome the
challenges of using a small number of highly heterogeneous non-
human primates, we developed a method that allowed for within-
subjects comparisons of AAV9 and AAV9-N272A-HNI1 transduction
at the level of transgene protein expression. In brief, AAV9 and
AAV9-N272A-HNI1 capsids were packaged with CAG promoter-driven
transgene cassettes encoding GFP tagged on the N-terminus with either
HA or FLAG epitopes. These vector genomes also incorporated DNA/
RNA barcode libraries (i.e. AAV-CAG-HAnlsGFP-BCLib and AAV-
CAG-FLAGnIsGFP-BCLib). Two libraries were mixed with inverted
capsid-epitope relationships. Each library was then administered into a
rhesus macaque at a dose of 3 x 10" vg/kg intravenously. Animals were
sacrificed three weeks post-injection and brain tissues were processed
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for immunofluorescent staining. Total transduction drastically differed
in the two animals, supporting our rationale for using a within-subjects
methodology. Our preliminary analysis confirmed that AAV9-N272A-
HNI1 neuronal (NeuN+) transduction efficiency is several fold greater
than that of AAV9 across a variety of brain regions. Remarkably,
AAV9-N272A-HNI exhibited >10-fold greater transduction of neurons
compared to AAV9 in the motor cortex of the animal exhibiting higher
transduction efficiency. Additionally, we found that the AAV9-N272A-
HN1 variant transduces neurons in the rhesus brain with a specificity
of up to 94% in certain brain regions. This strong capsid-mediated
neuronal tropism was confirmed in mice, where we observed a
neuronal specificity of 96%. Finally, we utilized AAV RNA BC-seq to
assess transduction efficiency in peripheral tissues. We observed that
the AAV9-N272A-HNI1 variant is moderately detargeted from many
major organs, including the liver, relative to AAV9. In conclusion, we
have characterized the TRADE-derived AAV9-N272A-HN1 variant
in NHPs and found that it demonstrates enhanced brain transduction
with strong capsid-mediated neuronal specificity, while simultaneously
exhibiting reduced transduction of many major organs.

27. Sequencing of Barcoded AAV Libraries
Enables Reprogramming of AAV Capsids with
Respect to Liver Tropism

Eric Zinn, Pauline Schmit, Christopher Tipper, Julio
Sanmiguel, Erin Merkel, Allegra Fieldsend, Cheikh
Diop, Urja Bhatt, Jennifer Santos Franceschini, Reynette

Estelien, Eva Andres-Mateos, Luk Vandenberghe
Grousbeck Gene Therapy Center, Mass Eye and Ear, Harvard Medical School &
The Broad Institute of Harvard and MIT, Boston, MA

Study of naturally occurring adeno-associated virus (AAV) capsids has
revealed a broad range of phenotypes such as assembly, biodistribution
, tissue tropism, and host response. Additionally, researchers have
generated large mutational libraries to further interrogate and
even engineer the extent to which mutations in the capsid govern
these relevant biological functions. The ability of AAV capsids to
successfully traffic to and transduce cells within the liver has been
extensively reported on. In some gene therapy approaches, liver
tropism is a highly desired property of the capsid, while in other
approaches liver tropism may be undesirable. Here, our group reports
the discovery of a single amino acid mutation with the potential
to dramatically affect the capsid’s ability to transduce the liver.
We generated a barcoded library of 2048 viral capsids through
ancestral sequence reconstruction around the most recent common
ancestor of AAVs 1-3, 6-9 (BC-Anc80Lib). The library was spiked
with known amounts of barcoded AAVs known to transduce murine
liver to varying degrees. This pooled library was injected into mice,
and tissues were collected at different timepoints. To ascertain the
transduction efficiency of the injected AAVs, barcodes were isolated
from both gDNA and mRNA and subjected to deep sequencing.
Following analysis, we recapitulate many of the findings that the field
has previously reported regarding the ability of AAVs such as AAV2,
8, and 9 to differentially transduce the liver. Moreover, we uncovered
anovel single amino acid change within our library which appeared to
modulate the ability of these capsids to transduce liver by up to 64-fold.
To confirm this finding, we clonally characterized Anc80 viral capsids
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predicted to have altered liver tropism. We produced and injected them
individually in mice and assessed DNA/RNA amounts of a reporter
gene by digital-droplet QPCR. We report greater than a 100-fold
reduction in expression in Anc80 vectors predicted to be deficient for
liver tropism. When our group examined transcript abundances in the
hearts of these mice, the liver-off vectors only demonstrated a modest
(~3-fold) reduction in expression, suggesting that this single amino acid
change might have differential effects across tissues in the same species.
Finally, our group sought to determine whether this single amino acid
change was sufficient to retarget other AAVs beyond our Anc80 vectors,
including AAV3B, a vector that in recent years has garnered interest
due to its reported ability to efficiently transduce primate hepatocytes,
but which also has been reported to transduce murine liver poorly.
Upon grafting the liver-oft” state into AAV3B viruses, we report a
greater than 10-fold decrease in liver expression relative to wildtype
AAV3B. Grafting the ‘liver-on’ state into AAV3B resulted in an average
increase of expression within the liver of greater than 10-fold when
compared to wildtype - levels that we show to be comparable to those
of known murine liver-tropic vectors such as AAV9. Taken as a whole,
we present evidence that a single point mutation discovered through
deep sequencing of barcoded AAV-libraries may be able to broadly
modulate liver tropism of AAV capsids.

28. Deamidation of Adeno-Associated Virus
Capsid Impacts Transduction Activity in AAV9
Rosemary L. Meggersee, Joshua J. Sims, Sharon Lian,
Kevin B. Turner, Henry B. Hoff, James M. Wilson

Gene Therapy Program, Department of Medicine, University of Pennsylvania,
Perelman School of Medicine, Philadelphia, PA

Very little is currently known about how post-translational
modifications (PTMs) of the adeno-associated virus (AAV) capsid
impact efficacy. One such PTM is deamidation, which occurs when
the amide group of an asparagine is lost after a nucleophilic attack
from an adjacent main-chain amide. Our group previously found
that asparagine deamidation in AAV's is common. In fact, the extent
of modification reaches nearly 100% at some sites. In sites with
sequence asparagine glycine (NG), deamidation occurred rapidly in
AAV8 and AAV9 and was correlated with up to a 60% loss of in vitro
transduction efficiency. Here, we explore the impact of global vector
deamidation on factors that are important for AAV function in vivo.
Using barcode methodology in mice, we found that AAV9 deamidation
impacts transduction efficiency in all tissues tested (i.e. brain, heart,
liver, kidney, skeletal muscle, spleen, and gonads) following IV
administration. Transcripts originating from low-deamidation vectors
were, on average, four-fold more abundant than transcripts originating
from a co-delivered, high-deamidation vector. We also present data
on the impact of deamidation on AAV8 and AAV9 susceptibility to
neutralizing antibodies. A decrease in susceptibility to these antibodies
could be a critical factor for intravenous administration and preventing
suppression of gene therapy vectors. Finally, we discuss strategies for
engineering capsids that can identify amide-stabilized variants of AAV9
with improved function.
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29. Results of Four Clinical Trials using
Autologous T-Cells, Genetically Modified at the
CCRS5 Gene by Zinc Finger Nucleases, in HIV-
Infected Subjects
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Although antiretroviral therapy has revolutionized the treatment of
HIV-1 infection, there is a need for a life-long therapy aiming at “HIV
cure”. The first ever ex vivo gene editing clinical trial in humans was
conducted by Tebas et al [2014] using autologous T-cells genetically
modified at the CCR5 Gene by Zinc Finger Nucleases (ZFN). This
study was conducted in subjects with HIV. In parallel, four additional
clinical trials were also conducted using autologous T cells which were
genetically edited by knock-out of the CCR5 gene using Zinc Finger
Nucleases (ZFN). CCRS5 is one of the co-receptors to CD4 for HIV,
and subjects who are homozygous for CCR5 deletion are protected
against HIV infection [Liu R et al, 1996]. The objective of these studies
was to augment HIV-specific T-cells and to reverse or decrease the
progressive destruction of CD4 T-cells that leads to clinical AIDS, by
protecting these CCR5-deleted T cells from HIV infection. In these
4 studies described in this abstract, the ZFEN modification of the T
cells was either done via an adenoviral vector (vector SB-728-T)
or by electroporation (vector SB-728mR). Different HIV subject
populations were studied, and the cells were administered alone or
with cyclophosphamide as a conditioning regimen to allow nesting,
and space for these modified T cells. In total, 74 subjects with HIV were
treated with ZFN-CCR5-deleted T cells, and 47 (63.5 %) underwent
analytical treatment interruption or ATI. Six subjects were identified
as showing delayed viral rebound or prolonged undetectable viral
load. The details of the 4 studies and the results will be presented at the
conference. Following the clinical experience gained in these clinical
trials, studies are ongoing with academic partners. Reference: Tebas
P, Stein D, Tang WW, Frank I, Wang SQ, Lee G et al. Gene editing of
CCRS5 in autologous CD4 T cells of persons with HIV. NEJM 2014;
370:901-910; Liu, R et al, Homozygous defect in HIV-1 coreceptor
accounts for resistance of some multiply-exposed individuals to HIV-1
infection. Cell 1996: 86, 367-377.
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30. CT-0508 is an Anti-HER2 Chimeric
Antigen Receptor (CAR) Macrophage that
Promotes a Pro-Inflammatory Solid Tumor
Microenvironment and Eliminates Cancer Cells
via Phagocytosis
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Despite recent advances in T cell immunotherapy for the treatment
of human cancer, metastatic solid tumors remain an intractable
challenge. Macrophages are often the most abundant immune cell in
the tumor microenvironment (TME) where, as immunosuppressive
tumor associated macrophages (TAMs), they participate in disease
progression. Currently, most macrophage based immunotherapeutic
approaches are focused on the depletion, repolarization, or phagocytic
disinhibition of TAMs. We have developed a new paradigm based on
the adoptive transfer of genetically engineered CAR macrophages
(CAR-M) for the treatment of human cancer. CAR-M can be
efficiently produced using the chimeric adenoviral vector Ad5f35.
We have previously shown that the primary mechanism of action
of CAR-M is antigen dependent phagocytosis, and that a single
dose of primary human anti-HER2 CAR-M leads to significantly
improved overall survival in multiple solid tumor xenograft models.
Given that Ad5f35-transduced anti-HER2 CAR-M (CT-0508) adopt
a unique pro-inflammatory M1-like phenotype, we hypothesized
that CT-0508 may have the capacity to reprogram the TME toward
an activated state. Functional evaluation and transcriptome-
wide characterization revealed that CT-0508 maintain a pro-
inflammatory phenotype despite challenge with immunosuppressive
environments in vitro. By engrafting immunodeficient mice with
human hematopoietic cells and human cancer cells we established a
novel xenografted human TME model. We demonstrate with single
cell resolution that CT-0508 maintain their M1 phenotype within the
human TME. Additionally, CT-0508 augmented the human TME
by inducing a pro-inflammatory signature in surrounding immune
cells, characterized by induction of MHC-II and TNF. To further
investigate the potential of CT-0508 for TME activation, we modeled
the interaction of CT-0508 with primary human M2 macrophages,
dendritic cells, and T cells in vitro. CT-0508 repolarized bystander
M2 macrophages toward a pro-inflammatory phenotype, induced
activation and maturation markers on immature dendritic cells, and
recruited resting as well as activated T cells in chemotaxis assays. CT-
0508 demonstrated enhanced antigen presentation when compared
to control human macrophages and cross-presented tumor derived
intracellular antigens to CD8 T cells after tumor phagocytosis.
Our results show that in addition to direct anti-tumor activity, the
anti-HER2 CAR macrophage cell product CT-0508 is capable of
promoting a pro-inflammatory tumor microenvironment and has
the potential to induce epitope spreading via T cell recruitment and
antigen presentation.
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31. Mechanisms of Adoptive T Cell
Micropharmacies

Christopher Bourne', Thomas Gardner?, Jesus Romero-
Pichardo’, Peter Lee*, Megan Dacek®, Derek Tan*, David

Scheinberg?

'Immunology, Weill Cornell Medicine, New York, NY,?Pharmacology, MSKCC,
New York, NY,’Industrial Microbiology, University of Puerto Rico, Mayaguez,
New York, NY,*Chemical Biology, MSKCC, New York, NY,"Pharmacology, Weill
Cornell, New York, NY

Adoptive T cell therapy reprograms endogenous T cells, ex-vivo, to kill
antigen positive cancer cells. Adoptive cell therapy has shown promise
for treating B cell malignancies and melanoma, but many barriers limit
their efficacy in other solid tumors, such as antigen heterogeneity and
an immunosuppressive tumor microenvironment. We hypothesize that
adoptive T-cells can be used to deliver small cytotoxic molecules to
solid tumors to overcome these barriers. Thus, we will couple enzyme
prodrug therapies with adoptive T cell therapy, generating SEAKER
(Synthetic Enzyme Armed KillER) cells. SEAKER cells secrete an
enzyme, beta-lactamase, in addition to their cytotoxic function. Beta-
lactamase cleaves cephalothin motifs. We generated cephalothin-based
prodrugs that mask the cytotoxic activity of the nucleoside analog AMS.
Beta-lactamase can unmask nontoxic ceph-AMS prodrug, generating
toxic, active AMS that kills cancer cells. As SEAKER cells localize and
accumulate in the tumor microenvironment, systemically administered
prodrug will only be unmasked at the tumor site. Here, we characterize
the SEAKER platform using syngeneic, solid tumor mouse models.
We demonstrate that the SEAKER platform is feasible and broadly
applicable to a wide range of adoptive cell therapies. Murine SEAKER
cells have sufficient transduction efficiency, beta-lactamase secretion,
and CAR-mediated cytotoxicity. We also demonstrate that our SEAKER
platform is able to eliminate both antigen positive and negative cancer
cells better than conventional adoptive T therapies, in vitro.

32. CAR T-Cells Targeting the EDB Splice
Variant of Fibronectin Have Potent Anti-Tumor
and Anti-Vasculature Activity in Preclinical
Solid Tumor Models

Jessica Wagner', Elizabeth Wickman', Timothy I. Shaw?,
Xin Zhou?, Giedre Krenciute', Jinghui Zhang?, Stephen
Gottschalk!

'"BMTCT, St. Jude Children’s Research Hospital, Memphis, TN,*Computational
Biology, St. Jude Children’s Research Hospital, Memphis, TN

Background: The outcome for recurrent/refractory solid tumors
remains poor. While chimeric antigen receptor (CAR) T cell therapy
holds the promise to improve outcomes, activity has been limited in
early phase clinical studies. Lack of efficacy is most likely multifactorial,
including a limited array of targetable antigens. Targeting the cancer-
specific splice variant of fibronectin (FN-EDB, EDB) might overcome
this limitation since it is abundantly secreted by cancer cells and adheres
to their cell surface. The goal of this project was now to generate
EDB-CAR T cells and characterize their function. Methods/Results:
We constructed an EDB-CAR with a CD28.zeta endodomain and
generated CAR T cells by retroviral transduction. In vitro, EDB-CAR
T-cells were activated by recombinant EDB and recognized & killed
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EBD+ human tumor cells (A549 [lung], LM7 [osteosarcoma], U87
[glioma]). In vivo, 1x10A6 EDB-CAR T-cells had potent antitumor
activity in both subcutaneous and systemic tumor xenograft models
resulting in a significant survival advantage in comparison to mice that
had received non-transduced (NT) T-cells. Tumors treated with EDB-
CAR T-cells revealed a significant decrease in CD31+ endothelial cells
in comparison to control CAR T-cells, indicating that EDB-CAR T-cells
also target the tumor vasculature. The anti-vasculature of EDB-CAR
T-cells was confirmed by live-animal vasculature imaging. Mechanistic
studies with U87 FN1-/- (EDB knocked out) cells revealed that EDB
secretion by tumor cells is critical for the observed anti-tumor and
anti-vasculature activity. Lastly, since human and murine EDB are
100% homologous, we performed toxicity studies with 1x10A7 EDB-
CAR T-cells and observed no dose limiting toxicities. Conclusion:
We demonstrate here that EDB-CAR T-cells have potent anti-tumor
and anti-vascular activity. While our findings warrant further active
preclinical development of EDB-CAR T cells, they also provide the
rationale of exploring other cancer-specific splice variants as targets
for CART cells.

33. Pooled Knock-In Targeting for Genome
Engineering of Cellular Immunotherapies

Theodore Roth!, Alexander Marson?

'MD/PhD Program, UCSE, San Francisco, CA,’Microbiology and Immunology,
UCSE, San Francisco, CA

Genetically-engineered immune cell therapies have proven effective
to treat some types of cancer, but most tumors still cannot be cured.
Forward genetics with CRISPR loss-of-function screens in T cells have
identified some mutations to enhance immunotherapies, however
these methods do not yet take full advantage of the power of knock-
in targeting to engineer cell functions. Here, we developed a robust
new platform to assess the functional effects of pools of knock-in
constructs targeting the same locus in parallel and determine which
would be most effective at promoting anti-tumor activity. We used
high-efficiency nonviral gene editing to introduce large panels of
candidate immunotherapeutic knock-in constructs into a defined
genome position in human T cells allowing us to compete the cells
against each other and test which constructs enhance T cell function.
We designed a 36-member library of barcoded knock-in templates
that included published and novel dominant negative receptors,
synthetic “switch” receptors with engineered intracellular domains, and
heterologous transcription factors, metabolic regulators or receptors.
High-throughput pooled screening of targeted cells identified distinct
members of the library to promote T cell fitness under various resting,
stimulated and immunosuppressive in vitro conditions. Direct
competition among adoptively transferred human T cells targeted
with the pool of constructs into immunodeficient mice bearing
human melanoma cells revealed a subset of constructs that promoted
in vivo accumulation of tumor infiltrating lymphocytes (TILs).
Pooled knock-ins combined with single-cell sequencing of template
barcodes and transcriptomes independently confirmed the constructs
that promoted in vivo tumor accumulation, and also revealed high-
dimensional cellular phenotypes induced by each construct ex vivo
and in an in vivo tumor microenvironment. A TGFPR2-41BB chimeric
receptor enhanced cell fitness in TGFp-treated cells in vitro and tumor
accumulation in vivo and also promoted gene expression of key effector
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cytokines. The knock-in cassette encoding a defined TCR and TGFBR2-
41BB improved clearance of a solid tumor model in vivo, nominating
a potential lead construct for further clinical development. Overall,
these studies demonstrate the power of pooled knock-in technology
to discover and functionally characterize complex synthetic gene
programs that can be written into targeted genome sites to generate
more effective cellular therapies.

34. G-CSF Mobilized Apheresis as an
Alternative Source of CAR T Cells

Katherine D. Cummins"?, Ofrat Beyar-Katz', Arjun
Gupta', Monika A. Eiva**, January Salas-McKee', Saar
Gill'»

!Center for Cellular Imnmunotherapies, The University of Pennsylvania, Perelman
School of Medicine, Philadelphia, PA,?Australian Centre for Blood Diseases,
Monash University, Melbourne, Australia,’Ovarian Cancer Research Center,
Department of Obstetrics and Gynecology, The University of Pennsylvania,
Perelman School of Medicine, Philadelphia, PA,*Ovarian Cancer Research
Center, Department of Obstetrics and Gynecology, THE UNIVERSITY OF
PENNSYLVANIA, Perelman School of Medicine, Philadelphia, PA,*Division of
Hematology & Oncology, THE UNIVERSITY OF PENNSYLVANIA, Perelman
School of Medicine, Philadelphia, PA

BACKGROUND Cell therapies are traditionally manufactured from
a steady state apheresis i.e. without any medication given to the donor
prior to apheresis. During development of a new therapy involving
ex vivo gene editing of human CD34(+) stem/progenitor cells, which
are collected after granulocyte colony stimulating factor (G-CSF)
mobilization, we sought to evaluate the feasibility of utilising the
CD34(-) fraction manufacturing CAR T-cells. This could be utilized
as a means by which allogeneic donors are spared multiple apheresis
collections, and a possibility to utilize previously cryopreserved
mobilized units. The effect of G-CSF on CAR T-cell function is
unknown, prompting us to evaluate if CAR T-cells manufactured
after G-CSF exposure (mobCAR) may be functionally equivalent
to those manufactured from a steady state apheresis (ssCAR).
METHODS Untransduced T-cells (UTD) and CAR T-cells (targeting
CD33) were manufactured using different starting products from the
same donor, collected either at steady state (ss) or after G-CSF treatment
(mob). Healthy volunteers were enrolled on an IRB approved protocol
and had ss cells collected from 30mL peripheral blood by venepuncture,
then received 4-5 days of G-CSF (10ug/kg/daily) followed by apheresis
to collect mob cells. Effector T-cells were manufactured from ss and
mob T-cells, and their in vitro cytotoxicity was tested. In vivo function
was tested at 2 dose levels (5¢° vs. 2.5¢® CAR+ cells/mouse) following
engraftment into NSG mice of a CD33+ cell line, with assessment of
tumor eradication by bioluminescence and mouse survival. In vivo
expansion of T-cells was assessed by flow cytometry of mouse blood.
RESULTS Paired effector T-cells (ssUTD/ssCAR & mobUTD/
mobCAR) were manufactured with lower expansion of mobCAR [4 vs.
7 population doublings, p<0.01]. CAR expression was 78.6% in ssCAR
vs. 64.7% in mobCAR, and in vitro cytolytic function was comparable
against a CD33+ leukemia cell line. Preliminary in vivo data shows no
difference in tumor eradication between the two CAR products (Figure
1, median tumor burden; 95% CI; p>0.05), and in vivo expansion of
mobCAR33 was higher at Day 27 post infusion in the higher dose
group [median CAR+ cells/uL blood; ssCAR 5.8 vs. mobCAR 38.6,

CAR T-Cell Therapies |

p=0.008]. No differences in body weight, graft versus host disease,
or survival have been observed to date. Additional analysis of T-cell
memory subsets, exhaustion markers and cytokine profile are ongoing.

Tumor burden,
Day 27 post T-cells

1010+ ns ns
E‘ 100~ 7 ssCAR 2.5e%/mouse
Y mobCAR 2.5e8/mouse
S 108+
@
£ 1074 v ssCAR33 5e%/mouse
E B mobCAR33 5ef/mouse
g 105+ =
ns not significant
10: 1 1 1 1
2.5e® CAR+ 5e5 CAR+
cells/mouse cells/mouse

CONCLUSIONS We were able to successfully manufacture a CAR
T-cell product from G-CSF mobilized cryopreserved cells, and despite
slightly lower ex vivo expansion and transduction efficiency we found
comparable in vivo anti-tumor efficacy, with evidence of enhanced
T-cell expansion of the mobilized product in a murine xenograft model.
Assessment of T-cell in vitro and in vivo function are ongoing, and
additional donors and CAR-T phenotyping are planned. Successful
completion of this work may support the use of cryopreserved or
fresh G-CSF stimulated apheresis units for a range of cell therapy
applications.

35. Enhanced tgTCR T Cell Product
Attributes Through Process Improvement of
CRISPR/Cas9 Engineering

Aaron Prodeus’, Pooja Narenda’, Ivy Dutta', Stephanie
Yazinksi', Ramsey Majzoub', Chris Blanchard', Vishal
Rakshe', Arti Kanjolia', Daniel O’Connell', Kangni
Zheng', Yi-Hsin Fan', Jeffery Jones', Rubina Parmar’,
Kristy Wood', Anthony Forget', Paula Gutierrez-
Martinez', Sean Burns', Eliana Ruggiero?, Chiara
Bonini*?, Laura Sepp-Lorenzino', Simo Arredouani’,
Birgit Schultes'

'Cell Therapy, Intellia Therapeutics, Cambridge, MA,’Experimental Hematology
Unit, Division of Immunology, Transplantation and Infectious Diseases, San
Raffaele Scientific Institute, Milan, Italy,’Vita Salute San Raffaele University, Milan,
Ttaly

Adoptive cell therapy using T cells expressing transgenic (tg) tumor
antigen-targeting T cell receptors (TCRs) has become an attractive
modality to treat hematological and solid cancers due to a broader
array of accessible targets relative to CAR-T cell therapies. However,
the clinical development of TCR T cell therapies has been challenging
in part due to their more complex T cell engineering requirements.
Specifically, the ability to engineer multiple attributes in TCR
T cell therapy is dependent on the ability to efficiently perform
edits in multiple targeted genes, including knockouts and in locus
insertions, while retaining viability and the desired cell phenotype.
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While CRISPR/Cas9 genome editing has been demonstrated to be
highly efficient, simultaneous edits in different loci could result in
increased translocations, potentially impairing the quality and safety
of the cell product. Moreover, existing cell engineering technology
cannot support the necessary T cell quality and yield using a
sequential editing process due to the cumulative toxicity of current
protocols, necessitating the development of improved processes.
Here we show an example of multiplexed T cell editing to replace the
endogenous TCR with a therapeutic TCR. When tgT'CR a and  chains
are transferred into donor T cells, they can mispair with the endogenous
TCR a and B chains, which limits tgTCR surface expression levels
and poses a safety risk due to the potential of novel TCR chain
combinations with unknown specificities. To overcome this, we have
developed a highly efficient CRISPR/Cas9-based gene editing process to
knockout the endogenous TCR chains utilizing highly specific sgRNAs
targeting the TRAC and TRBC loci, while inserting the tgTCR into the
TRAC locus at the CRISPR cut site using AAV donor templates. By
developing an improved process, we have been able to achieve multiple
sequential gene edits in primary human T cells, leading to knockout
of the endogenous TCR with up to 99% efficiency and insertion of
tgTCRs targeting Wilms’ Tumor 1 (WT1) into 55-80% of the cells.
Process improvement of CRISPR/Cas9 engineering of WT1-targeting
TCRT cells resulted in substantial advantages over traditional methods.
Specifically, we demonstrated marked improvement in viability post-
editing and a greater than three-fold increase in expansion, thereby
shortening the required time for T cell manufacture and increasing
the yield. Notably, the expanded T cells have a favorable early-stem
cell memory phenotype. Functionally, in vitro assays demonstrated
that these engineered WT1-targeting TCR T cells have increased
cytokine production (IFN-y and IL-2) and continued proliferation
following repeated stimulations when co-cultured with WT1
presenting HLA-A*02:01* tumor cells. Additionally, the low toxicity
profile readily allowed for sequential CRISPR/Cas9 gene knockout
in T cells. We demonstrate that this improved process led to the
near-complete editing of three genes with no measurable target-to-
target translocations, which were detected in cells engineered using
traditional processes. These results show that process improvements
in CRISPR/Cas9 cell engineering can address challenges associated
with the complex engineering of T cell therapies and provide a robust
modular platform for multiplexed editing of TCR or CAR-T cells.

Oligonucleotide Therapies for Genetic
Diseases

36. A Novel Oligonucleotide-Based RNA
Base Editing Therapeutic Approach for the
Treatment of Hurler Syndrome

Nengyin Liu

EdiGene, Inc., Beijing, China

Mucopolysaccharidosis I-Hurler (MPS I-H) is the most severe form
of metabolic genetic disease caused by a deficiency of the lysosomal
enzyme a-L-iduronidase (IDUA), which is responsible for the
hydrolysis of glycosidic bonds in terminal a-L-iduronic acid residues

18  Molecular Therapy Vol 28 No 451, April 28, 2020

Molecular Therapy

of the complex glycosaminoglycans dermatan sulfate and heparan
sulfate. MPS 1-H patients develop multiple organ morbidities from
glycosaminoglycans accumulation within lysosomes, and if untreated,
often die before reaching age 10. Allogeneic Hematopoietic Stem
Cell Transplantation (HSCT) and Enzyme Replacement Therapy
(ERT) are considered standards of care for children with severe
MPS I-H. Allogeneic HSCT requires HLA matching and long term
immunosuppression, is not curative and does not ameliorate cardiac
valvular or skeletal manifestations. ERT involves intravenous weekly
infusion of exogenous proteins which do not cross the blood-brain
barrier and thus does not improve the CNS symptoms. Due to such
unmet needs, it is highly desirable to develop new therapeutics with
better safety and efficacy profile as well as ease of administration. For
a significant number of the MPS 1 patients, the IDUA deficient is
caused by a single G>A mutation, creating a stop codon at position
402 (W402X). We are developing a novel therapeutic approach by
utilizing a novel RNA base editing technology-Leveraging Endogenous
ADAR for Programmable Editing of RNA (LEAPER), to convert
this specific adenine into an inosine, which acts like a guanine
during translation, and enable endogenous production of wild type
IDUA protein. This technology uses an oligonucleotide only, which
can potentially be developed in the path of approved RNA-based
therapeutics like antisense oligonucleotide or siRNA. Previously we in
collaboration with a research lab reported that a 111nt oligonucleotide
(ADAR-recruiting RNA, i.e.,arRNA) produced precise and sequence
specific A>G conversion at Codon 402 and can partially restore IDUA
enzymatic activity in MPS1 patient-derived primary fibroblasts. In this
abstract, we report optimization of the lead arRNAs to achieve high
RNA editing rates and sufficient IDUA enzymatic activity restoration
in MPS1 patient primary fibroblasts GM06214. Through optimization
of arRNA length, editing position and chemical modifications, lead
arRNAs of 70-90nt in length can produce specific A>G RNA editing
rate at up to 30-40%, and IDUA enzymatic activity at up to 60 fold of
that in GM01323, derived from a MPS 1 patient with mild symptoms.
Current arRNA has a half-life of 30-40 hours, and the restored IDUA
enzymatic activity can last for 10 days or longer. Genome wide
off-targeting for LEAPER is minimal, and limited in-molecule off-
target RNA editing was observed, which can be minimized through
chemical modification. No immune response is detected 48 hours
post transfection. In addition, we showed that an arRNA delivered
via AAV in an MPS 1 transgenic mouse model resulted in significant
A>G editing and higher IDUA enzymatic activity. Taken together,
these results demonstrated that arRNA, based on LEAPER technology,
could be further developed as a potential treatment of these patients
with Hurler Syndrome.
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1. arRNAs (A6, A7,A8) demonstrated similar IDUA recovery efficacy.
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5. IDUA activity restoration effect lasts about 10 days while A>G editing peak appeared at 2-4 days post arRNA transfection; the
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37. Targeting DNA Damage Response
Genes with Oligonucleotides for Therapeutic
Modulation of Somatic Instability at Disease
Gene Repeats

Brian Bettencourt

Comp. Biology & Statistics, Triplet Therapeutics, Cambridge, MA

DNA damage response (“DDR”) genes are potent modifiers of the
onset and severity of diseases caused by expansion of short DNA
repeats including Huntington’s disease (HD), myotonic dystrophy,
and spinocerebellar ataxias, and act via modulation of repeat somatic
expansion at causal disease loci (e.g. HT'T, DMPK, ATXN1/2/3/7). We
developed antisense oligonucleotides (“ASOs”) and small interfering
RNAs (“siRNAs”) to knock down specific DDR genes selected for
somatic instability phenotypes and loss of function tolerance. Our
approach operates upstream of disease gene targeting approaches
and targets a fundamental unifying pathway driving multiple DNA
repeat disorders. DDR gene knockdown slowed repeat expansion
over time in both HD patient-derived cell lines and HD model mice.
Single doses of DDR targeting ASOs administered via multiple routes
to non-human primates were well tolerated and drove significant
knockdown in relevant brain regions. Repeat intrathecal dosing was
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safe and well tolerated; we further characterized target knockdown
under this dosing paradigm. In parallel with preclinical development,
we have initiated SHIELD HD, a multinational natural history study in
HD gene expansion carriers, including prodromal and early manifest
individuals, to assess somatic expansion, DDR gene expression, and
various outcomes of disease progression over time. These activities will
be discussed in the context of a coordinated development program
seeking to stop manifestation and progression of multiple DNA repeat
disorders via halting somatic DNA repeat expansion.

38. SINEUPs: A New Antisense, Long Non-
Coding RNA-Based Platform to Increase
Endogenous Protein Levels for Therapy

Stefano Espinoza’, Carlotta Bon? Bianca Pierattini’,
Riccardo Luffarelli’, Michael Jones?, Claudio Santoro®,
Ivano Condo?, Piero Carninci’, Silvia Zucchelli*, Stefano

Gustincich!

'Central RNA Lab, Istituto Italiano di Tecnologia, Genova, Italy,*Transine
Therapeutics, Cambridge, United Kingdom,’University of Rome “Tor Vergata’,
Roma, Italy,'Universita’ del Piemonte Orientale, Novara, Italy,’RIKEN Center for
Life Science Technologies, Yokohama, Japan

SINEUPs represent a new platform to increase endogenous protein
levels of target mRNAs for therapeutic purposes. They are antisense
long non-coding RNA (IncRNAs) that stimulate translation of sense
mRNAs. Their activity depends on the combination of two domains:
the overlapping region, or binding domain (BD), dictates SINEUP
specificity, while an embedded inverted SINEB2 element acts as effector
domain (ED) controlling the enhancement of mRNA translation. Their
modular structure can be employed to artificially engineer their BD
and design synthetic SINEUPs to specifically enhance translation
of virtually any target gene of interest. They usually increase target
protein expression of 2-3 fold, thus avoiding massive over-expression.
Moreover, they are active only on cells that express target mRNAs, thus
limiting the side effects. As representative examples, SINEUP-GDNF
RNA increases endogenous GDNF protein levels both in vitro and in
vivo, when injected in the mouse striatum. Furthermore, 6 months
after injection, SINEUP-GDNF protects mice from neurodegeneration
in a neurochemical model of PD. SINEUP-frataxin RNA increases
endogenous frataxin protein levels restoring mitochondrial activity
in Freidreich’s Ataxia patient’s cells proving SINEUPs as a therapeutic
strategy for haploinsufficiencies.
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39. Restoration of Full-Length Dystrophin
Expression in the Dup2 Mouse Induced by
Systemic Delivery of a Peptide-Conjugated
Morpholino Oligomer

Liubov V. Gushchina', Kelly M. Grounds', Nianyuan
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Hanson?, Tabatha Simmons!, Nicolas Wein'?, Kevin M.
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Duchenne muscular dystrophy (DMD) is an x-linked recessive
genetic disorder caused by mutations that disrupt the reading
frame of the DMD gene and lead to lack of dystrophin protein.
There are two approved gene corrective therapies that use antisense
phosphorodiamidate morpholino oligomers (PMOs). These therapies
alter splicing to exclude exon 51 or exon 53 from the mRNA, restoring
translation of a truncated, yet functionally active protein. However, in
the presence of single exon duplications, the antisense PMO therapies
allow restoration of a wild-type (WT) DMD transcript and dystrophin
protein. Here we report the application of cell-penetrating peptide-
conjugated PMO (PPMO) to target the DMD exon 2 splice acceptor
site in Dup2 mice. These mice carry a duplication of exon 2, which
is the most common single duplication mutation in DMD patients,
accounting for approximately 10% of all duplication mutations. In
the presence of an exon 2 duplication, skipping can result in either
of two therapeutic transcripts. Skipping a single copy results in a
WT transcript, whereas skipping both copies results in a transcript
lacking exon 2 entirely (Del2), but from which functionally active
dystrophin protein can be expressed via utilization of an exon 5
internal ribosome entry site (IRES). The dose-escalation and time
point studies were conducted in 12-week-old Dup2 mice which were
intravenously injected with different doses of PPMO. Scrambled
PPMO and saline-injected mice were used as controls. Dup2 mice
(n=5-6) were sacrificed at 7 days post-injection in dose-escalation
study and at 15-, 30- and 60 days post PPMO administration in time
point study. Five muscles—tibialis anterior (TA), gastrocnemius (Gas),
quadriceps (Quad), diaphragm (Dia) and heart—were harvested for
analysis of DMD mRNA transcripts by RT-PCR, and for dystrophin
protein expression by western blot and immunofluorescence staining.
The single injection in dose escalation study demonstrated a positive
dose response; robust skipping of the duplicated exon 2 (both WT and
Del2 transcripts) was seen at the higher does in all skeletal muscles: TA
(40.8%), Gas (39.7%), Quad (53.5%), and Dia (53.1%), with minimal
skipping observed in heart muscle (8%). The time-point study was
performed using the highest dose from the escalation study and showed
robust skipping of the duplicated exon 2 in most skeletal muscles at
15 days post-injection: TA (68.2%), Gas (45.1%), Quad (55.1%), Dia
(62.4%) and heart (14.8%). The dystrophin expression was determined
by western blot. The highest level of dystrophin was observed at 30 days
post-injection with an average of 11% in heart, 40-52% in TA, Dia and
Gas, and 71% in Quad. Dystrophin expression decreased in all skeletal
muscles at 60 days post-injection with peak expression in Gas still
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showing an average of 19%. Future studies will evaluate longer term
expression, with a goal to develop a meaningful therapy for patients
with exon 2 duplications and potentially other 5> DMD mutations.

40. A Novel Lentiviral Vector for Gene
Therapy of B-Hemoglobinopathies: Co-
Expression of a Potent Anti-Sickling Transgene
and a microRNA Downregulating BCL11A
Mégane Brusson', Anne Chalumeau', Pierre
Martinucci', Luiz Guilherme Darrigo’, Fulvio Mavilio?,
Marina Cavazzana!, Mario Amendola®, Annarita
Miccio'

'Imagine Institute, INSERM UMRI1163, Paris, France,’Department of Life
Sciences, University of Modena, Modena, Italy,’Genethon, INSERM UMRY51,
Evry, France

B-globin (HBB) gene mutations lead to adult hemoglobin (Hb)
defects causing B-thalassemia and sickle cell disease (SCD). SCD
is due to a single missense mutation causing the formation of p*-
globin chain. The sickle Hb (HbS) has the propensity to polymerize,
resulting in the production of sickle-shaped red blood cells (RBCs)
that cause occlusions of small vessels, leading to multiple organ
damage. Transplantation of autologous hematopoietic stem cells
(HSCs) transduced with lentiviral vectors (LVs) expressing an anti-
sickling B-globin transgene (BAS) is a promising curative treatment
that is partially effective in patients affected by severe forms of
B-hemoglobinopathies. Here, we aim to improve LV to further boost
thelevels of therapeutic B-like globins without increasing the mutagenic
vector load in HSCs. In particular, we developed a novel LV expressing
BAS together with an artificial microRNA (amiR) targeting the fetal
Hb (HbF) repressor BCL11A (BAS/amiR-LV). By downregulating
BCLI1A, this amiR re-activates the expression of the endogenous
anti-sickling y-globin fetal chains, which, together with BAS, should
improve the clinical course of p-hemoglobinopathies. To limit BCL11A
downregulation to the erythroid lineage and reduce potential cellular
toxicity and off-target effects, the amiR was inserted in the intron 2 of
BAS under the control of B-globin promoter/enhancers. First, we tested
two different position of BAS intron 2 for the insertion of amiR and
showed that in a human erythroid cell line (HUDEP2) none of them
affected LV titer and BAS expression as compared to a LV containing
only BAS (BAS-LV).We then evaluated the potency of this PAS/amiR-
LV in downregulating BCL11A. Transduced HUDEP2 cells showed a
3-5 fold decrease in BCL11A expression, which led to y-globin gene
de-repression and a high proportion of HbF* cells, as evaluated by
qRT-PCR, flow cytometry and HPLC. Importantly, the total amount
of therapeutic B-like globins was substantially higher in fAS/amiR-
LV- than in BAS-LV-transduced cells, without any impairment in cell
viability or erythroid differentiation. Then, we tested this bifunctional
LV in primary adult HSCs derived from healthy donors. We achieved
significant transduction level and y-globin de-repression coupled
with BAS expression resulted in a 2-fold increase in the total amount
of therapeutic p-like globins per vector copy number (VCN) in RBCs
derived from BAS/amiR-LV- compared to BAS-LV-transduced HSCs.
It is worth noting that neither the BCL11A down-regulation nor the
expression of the amiR affected erythroid differentiation and generation
of enucleated RBCs. Finally, we validated these findings in clinically
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relevant plerixafor-mobilized HSCs from SCD patients. Efficient
transduction of HSCs by BAS/amiR-LV led to a substantial y-globin
re-activation in HSC-derived erythroid cells and a 2-fold increase of
the amount of total therapeutic Hb (HbF + HbAS) per VCN in BAS/
amiR-LV- compared to the BAS-LV-transduced erythroid cells. This
is a crucial point as a 2-fold improvement of therapeutic Hb per cell
could represent a major clinical benefit, since current gene therapy
trials do not reach the amount of B-like globin per cell necessary to
correct severe B-thalassemia and SCD. Overall, these results show that
the combination of gene replacement and gene silencing strategies can
improve the efficacy of current therapeutic approaches and represents
a novel treatment for B-hemoglobinopathies.

41. Engineering Backsplicing Introns for
Robust Expression of Synthetic Circular RNAs
from AAV Vectors

Rita M. Meganck, Trevor J. Gonzalez, Heather A.

Vincent, Aravind Asokan

Surgery, Duke University, Carrboro, NC

Circular RNAs (circRNAs) are highly stable RNA molecules, making
them attractive templates for expression of therapeutic proteins
and non-coding RNAs. Unlike self-splicing introns, the potential of
the spliceosome for generating synthetic circRNAs in vivo has not
been fully explored. Here we describe SCRIBE, a robust platform
for generating Synthetic Circular RNAs from Intronic Backsplicing
Elements, which consists of a modular assembly of promoters, internal
ribosome entry sites (IRESs) and engineered backsplicing elements
flanking exons and/or non-coding RNAs on a single DNA template.
By engineering natural introns into smaller, synthetic elements, we
achieve markedly improved expression of circular exons. Further,
we demonstrate tandem expression of backspliced circRNAs and
tRNA intronic circRNAs from the same RNA molecule. Delivery
of these constructs in mice with recombinant AAV vectors enables
robust circRNA expression and translation in skeletal muscle tissue.
In summary, SCRIBE is a robust new platform for the biogenesis of
natural and synthetic circRNAs and expands the flourishing class of
gene-based medicines.

42. Delivery of mRNA and CRISPR in CNS
with a Novel Polymer Nanoparticle

Kunwoo Lee, Brian Mead, Tim Fong, Hyo Min Park
GenEdit, South San Francisco, CA

Despite the potential of gene therapy and gene editing, the lack of
efficient targeted delivery systems limits the areas of therapeutic
application. Even the most advanced delivery system, adeno associated
viruses (AAVs), faces issues like inefficient targeted delivery, pre-
existing immunity, and genome integration. Non-viral delivery systems
are an alternative with several advantages: low manufacturing cost,
low chance of pre-existing immunity, and no genome integration.
However, efficient targeted delivery beyond the liver has been a
recurring challenge. Previously, our group demonstrated that CRISPR/
Cas9 ribonucleoprotein (RNP) can be delivered to the brain in mice
by polymer nanoparticles via direct intracranial (IC) injection.
Compared to invasive IC injections, intrathecal lumbar (IT-L) injection
is a minimally invasive alternative. Our study focused on the IT-L
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delivery of polymer nanoparticle encapsulated mRNA and RNPs.
We synthesized a library of novel polymers and screened it in vitro to
identify polymers that efficiently encapsulated mRNA and transfected
primary human neural progenitor cells. We then evaluated candidate
polymers to deliver CRE mRNA in vivo in a Loxp luciferase reporter
gene mouse model. Iterative medicinal chemistry was conducted
on the candidates to improve the efficiency of delivery in vivo. Our
process identified a polymer that can efficiently encapsulate and deliver
macromolecule cargos to the brain via IT-L administration. Figure
1 shows the result of Cre mRNA delivery with candidate polymer
nanoparticles. A second generation of nanoparticle showed higher
efficient delivery of Cre mRNA and expression of luciferase in the brain.
H&E staining showed no visible inflammation in the target tissue. In
summary, we have identified a polymer that can deliver nucleic acids
and CRISPR RNP via IT-L administration for gene therapy and gene

editing applications in the brain.
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43. IL-1R/MyD88-Dependent CD8* T Cell
Responses to Hepatic AAV Gene Transfer
Sandeep R. P. Kumar', Ype P. De Jong?, Roland W.
Herzog'

'Pediatrics, Indiana University, Indianapolis, IN,?Hepatology, Weill Cornell
Medicine, New York, NY

Immune responses to the adeno-associated virus (AAV) vector
and their transgene products present one of the greatest hurdles to
the success of gene therapy. Several studies have implicated innate
immune sensors such as Toll-like receptors (TLR) 2 and 9 and their
downstream adaptor molecule myeloid differentiation primary
response protein 88 (MyD88) in sensing viral capsid and genome. A
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clear link between TLR9-MyD88 signaling and CD8" T cell responses
to capsid and transgene products has been established, prompting the
development of CpG-depleted expression cassettes. However, little
is known about other signaling pathways that may lead to immune
activation. Previously, our lab has shown that although liver gene
transfer is capable of inducing immunological tolerance to AAV
encoded transgene products, levels of gene expression as determined
by vector dose and design play a critical role. For instance, low levels
of hepatic gene expression may elicit an adaptive CD8* T cell response
to an AAV encoded transgene, resulting in loss of the model antigen
ovalbumin (OVA) in C57BL/6 mice or of FIX expression in hemophilia
B mice. In order to understand the underlying mechanisms of transgene
specific CD8" T cell activation in the hepatic microenvironment, we
interrogated a broad spectrum of innate immune sensing pathways.
Wild-type C57BL/6 mice and various knockout mice of specific
innate sensing molecules (such as TLRs 2, 9 and MyD88) on C57BL/6
background (n=8 per experimental group) were intravenously injected
with 1x10°vg particles of hepatotropic AAV8 virus expressing OVA,
which we previously found to activate CD8" T cells (Mol Ther 25:880,
2017). Four weeks after vector administration, PBMCs were analyzed
by flow cytometry for OVA-specific CD8* T cells using a class I MHC
tetramer. In 50-75% of wild type mice, OVA-specific CD8" T cells were
observed at frequencies of 2-32%. Unlike our previous experience
with AAV-capsid specific CD8" T cell responses, innate sensor TLR9
was dispensable for transgene specific CD8" T cell response, as 60%
of TLR9” mice developed a response. No significant differences were
seen in TLR2”, TRIF", IFNaR”, or MDA5" mice. Interestingly,
adaptor protein MyD88" mice did not elicit CD8" T cell response to
OVA, implying an important role for MyD88 in mediating transgene
specific cellular immune response. Since MyD88 is an essential adaptor
protein not only for TLRs but also for interleukin-1 (IL-1) signaling
pathways, we next analyzed IL-1R” mice. Similar to MyD88" mice,
IL-1R" mice did not show OVA specific CD8" T cells (p=0.0063, 0.0075
respectively), indicating that transgene specific adaptive responses are
mediated via IL-1R/MyD88 signaling. CD4-deficient mice also failed to
elicit an immune response to OVA, likely reflecting a requirement for
CD4" T help. While MyD88 and CD4 were also required for antibody
responses against the viral capsid and the transgene product, IL1-R
was not. Surprisingly, in comparison to wild-type mice, TLR9”" mice
had a significantly (p=<0.0001) diminished antibody response to AAV
capsid (but not the transgene product). TLR2- and IL1R-deficient mice
had a modest reduction in antibody formation against ovalbumin, and
these strains as well as MyD88” mice showed a significant increase in
circulating ovalbumin levels (reaching 100-200 ng/ml). In summary,
we uncovered a novel signaling pathway that can activate CD8* T cell
responses in AAV gene transfer that is independent of endosomal DNA
sensing and can unlikely be avoided by CpG depletion. The IL-1R/
MyD88 pathway drives CD8" T cell activation against the transgene
product at lower levels of hepatic transgene expression, while at higher
levels tolerance is induced.

22 Molecular Therapy Vol 28 No 451, April 28, 2020

Molecular Therapy

44. A Vector Independent Method of
Neutralizing Antibody Evasion Potently
Protects AAV for Efficient Gene Delivery
Charles Askew, Chengwen Li

Gene Therapy Center, Department of Pediatrics, University of North Carolina,
Chapel Hill, Chapel Hill, NC

Approximately 1 in 10 people in the US suffers from a rare genetic
disease, which can seriously impact life-span, quality of life,
independence, and economic potential. Gene therapy is one of the most
promising forms of treatment for the correction of heritable diseases.
Among gene therapy delivery vehicles, adeno-associated virus (AAV)
vectors have shown robust therapeutic effects in numerous clinical
trials and are among the first FDA approved gene therapy products. The
number of clinical trials for AAV gene therapy has grown substantially
due to its safety and success in targeting many different types of organs
for long-term therapeutic gene expression. Despite clinical success, the
major barrier to AAV mediated gene delivery is the high prevalence
of neutralizing antibodies (NAbs), which block vector transduction
of target tissues. Greater than 90% of the general population has been
exposed to AAV through natural infection, and over 50% of people
are serum positive for NAbs against AAV. Identification of pre-existing
NAbs during clinical trial screening can disqualify patients from
enrollment, since NAbs severely attenuate therapeutic effectiveness and
cause outcome variability. To overcome AAV NAbs several approaches
have been employed however most of them suffer from low efficiency,
unwanted side effects, or alteration of AAV tropism. We have developed
a vector independent protein-based method to universally block
NADs and establish that this method is effective against a broad range
of pre-existing NAb concentrations. We identified a synthetic large
molecule, termed Protein-M, and pioneered its use to enable successful
gene delivery by preventing AAV recognition and neutralization. We
demonstrate Protein-M mediated NAD escape using polyclonal serum
from AAV immunized mice or human (IVIG) sources. In vitro studies
show protection of AAV over a 100-fold concentration of neutralizing
serum. Using passive transfer of neutralizing serum, we achieve
protection of AAV over a 1,000-fold dilution of serum concentration
in vivo. Additionally, we demonstrate Protein-M can protect AAV to
enable redosing, and provide proof-of-concept in vivo after primary
immunization with AAV vectors. To our knowledge this is the most
efficient method demonstrated to enable AAV neutralizing antibody
escape. We show that Protein-M can be administered alone prior to
AAV administration, or formulated with AAV for NAb evasion in
vivo. The effectiveness of this approach depends on the interaction
of Protein-M with immunoglobulins before AAV can be neutralized.
Finally, our unique approach can be used independently of any AAV
serotype to overcome NAbs while maintaining the unique or beneficial
properties of each vector capsid for specific gene therapy applications.

45. Effect of CpG Depletion on Anti-Capsid
CD8T Cell Priming to AAV Gene Therapy
Thais Bertolini', Jamie Shirley? Irene Zolotukhin?,
Sandeep Kumar’, Roland Herzog'

"Herman B wells Center for Pediatric Research, Indiana University School
of Medicine, Indianapolis, IN,’Department Pediatrics, University of Florida,
Gainesville, FL
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Adeno-associated virus (AAV)-based gene therapy has received
regulatory approval for treatment of two genetic diseases and
is currently in clinical development for many more. One of the
challenges for long-term success of gene therapy is the development
of immune response to the viral vector or the transgene product.
CD8* T cell responses have been linked to TLR9-MyD88 signaling.
Therefore, depletion of immune stimulatory CpG motifs, which are
expected to be unmethylated in viral DNA and to therefore enhance
innate signaling though this pathway, has been explored as strategy
to reduce the risk for CD8* T cell activation. Here, we first evaluated
the impact of CpG contents of the vector genome on the response to
AAV capsid. A vector was constructed based on an entirely CpG-free
expression cassette. It contained a CpG-free edited sequence of the
coding region for human coagulation factor IX (FIX) (hyperactive
FIX-Padua variant) and a synthetic intron under transcriptional
control of a CMV enhancer/EFlalpha promoter combination and
SV40 polyA signal. This cassette was inserted in between AAV2 ITRs
and packaged into a modified AAV2 capsid that contains a surrogate,
ovalbumin-derived CD8* T cell epitope (AAV2-SIINFEKL). C57BL/6
mice received IM injections (1x10/11 vg/mouse) of AAV2-SIINFEKL
depleted of CpG motifs (AAV2-SIINFEKL-dCpG) or CpG rich
control vector (AAV2-SIINFEKL-rCpG; containing native, not CpG
depleted sequences). Notably, CpG depletion markedly reduced
anti-capsid CD8" T cell response as observed by the decrease of %
tetramer* CD8" T cells in mice that received AAV-SIINFEKL-dCpG.
In contrast, we did not observe differences in capsid-specific antibody
formation in mice injected with AAV2-SIINFEKL-dCpG compared
to those injected with AAV2-SIINFEKL-rCpG. Next, we evaluated
the adaptive immune response to FIX in male hemophilia B (C3H/
He]J F9Y) mice injected with AAV1-dCpG or AAV1-rCpG (1x10/11
vg/mouse, n=5/group). The immunogenic intramuscular route was
chosen for these experiments, as hepatic gene transfer typically
results in tolerance induction to FIX. Within the first month after
gene transfer, IgG2a titers against AAV1 capsid were similar. IgG1
formation against hFIX was >10-fold lower at 2 weeks and ~2.5-fold
lower at 4 weeks for AAV1-dCpG compared to AAV1-rCpG. All
animals formed inhibitory antibodies against FIX as determined by
Bethesda assay, were only modestly reduced for AAV1-dCpG (average
of 53.6 BU/ml vs 34.5 BU/ml). While no FIX antigen was detectable
in circulation, low FIX activity of 0.3% of normal was detected in
mice treated with AAV1-dCpG. We are currently evaluating CD8* T
cell infiltration in transduced skeletal muscle. Thus far, our results are
consistent with literature data that sensing of the AAV genome via
TLR9 more substantially affects CD8* T cell than humoral immune
responses, although it is encouraging that antibody titers against FIX
were reduced.
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46. Transgene-Specific T Cell
Immunomodulation is Achieved in Mice by
a Subretinal Co-Injection of the AAV Gene
Transfer Vector with Peptides from the
Transgene

Gaelle A. Chauveau'?, Deniz Dalkara?, Anne Galy’,

Sylvain Fisson'?

"UMR_S951, Genethon, Evry, France,’Inserm umrs 968, Institut de la Vision,
Paris, France

While subretinal injection of adeno-associated virus (AAV) gene
therapy vectors can successfully treat several inherited retinal diseases,
some patients display transient inflammatory events requiring
the use of corticoids as an adjunct treatment. The eye is known as
an immune-privileged site but anti-capsid humoral and cellular
immune responses have been reported in some patients. Possibly,
cellular immune responses against the transgene could also occur
and may contribute to the loss of gene-modified cells. To better
characterize and to control immune reactions to intraocular AAV
gene therapy, we developed a murine model using a well-defined HY
male antigenic system. We previously reported that the injection of
AAVS8 vector-mediated subretinal gene transfer triggers a systemic
anti-transgene T-cell response in a dose-dependent manner. We have
also demonstrated that an antigen introduced into the subretinal space
can provide a systemic antigen-specific immunosuppression referred
to as subretinal-associated immune inhibition (SRAII). We now
hypothesize that immunodominant peptides, part of a corresponding
transgene product, could be exploited as SRAII inducers, when they
are injected simultaneously to an AAV gene transfer vector. We thus
investigated here whether a single subretinal co-injection of the
AAV gene transfer vector with peptides from the transgene can lead
to a systemic anti-transgene specific T-cell inhibition. A transgene
encoding the HY male antigen, containing MHC class I- and MHC
class I-restricted T cell epitopes (UTY and DBY peptides immuno-
dominant in H-2b female mice), was packaged into AAV8 under PGK
promoter and injected subretinally with or without HY peptides at day
0in C57BL/6] female mice. We evaluated the primary response in mice
sacrificed 2 to 14 days post injection. To explore the memory T-cell
response, a group of mice was challenged at day 14 subcutaneously with
the HY peptides adjuvanted in CFA and their immune responses were
analyzed at day 21. We found that: (i) subretinal injection of 2.10e9
or 5.10e10 vg of AAV8-PGK-GFP-HY triggered a dose-dependent
systemic primary and memory anti-transgene Th1/Tc1 responses, (ii)
the simultaneous co-injection of AAV8 and of HY peptides inhibited
both CD8" and CD4" T-cell specific primary and memory responses
against HY even at high dose (5.10e10 vg) of AAV. SRAII phenomenon
seems to be a powerful systemic immunosuppressive mechanism
specific to a transgene expressed in an eye. Even whether we have to
confirm these results in a pathophysiological context, co-injection of
the transgene product and the therapeutic vector may be considered as
anew immunomodulatory strategy to control inflammatory reactions
in the context of ocular gene therapy.
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47. Systemic Immunity Baseline Alterations
in X Linked Retinoschisis: Do They Confound
to AAV8-RS1 Gene Therapy Outcomes?
Alaknanda Mishra', Vijaysarathy Camasamudram?,
Yong Zeng?, Catherine A. Cukras?, Henry E. Wiley?,
Nida H. Sen? Rafael Villasmil? Lisa L. Wei?, Paul A.
Sieving*?

'Cell Biology and Human Anatomy, UC Davis, Davis, CA,*National Eye Institute,
NIH, Bethesda, MD,’Department of Ophthalmology, UC Davis, Davis, CA
Introduction: We have encountered intraocular inflammation
in our human Phase I/IIa trial for XLRS (Clinical Trial.Gov
NCTO02317887). We wanted to discern whether systemic cell
mediated immunity correlates with ocular inflammation. This study
evaluates changes in immune cell subpopulations and/or pathways
altered in XLRS patients at baseline and after AAV8-RSI injection.
Methods: Eleven participants were dosed, 3 at 1e9 vg/eye, 3 at 1el0
vg/eye, 4 at lell and 1 at 3ell vg/eye. One eye per participant
received intravitreal AAV8-RS1 vector and the un-treated eye was
neither masked nor randomized. The cell mediated immunity was
analyzed at baseline and day 14 using flow cytometry and luminex
assay. Twelve healthy controls were included in the study. Mann
Whitney U test was used for comparisons and p<0.05 was considered
significant. Spearman’s correlation coefficient was calculated for linear
association between altered immune factors and ocular inflammation.
Results: We found that CD4/CDS8 ratio was upregulated at baseline,
which mostly persisted after vector injection in 9 of 11 human XLRS
subjects. The mean CD4/CDS8 ratio in healthy subjects was 2.23+0.53
and for XLRS was 3.52+0.93 (p=0.001). Typically, the CD4/CD8 ratio
in a clinically healthy individual is ~ 2. The CD4/CDB8 ratio after vector
injection (3.42+0.81) weakly correlated to inflammation scores in XLRS
(R?=0.47, p=0.02). CD16+ Natural Killer T (p=0.02), CD56+ Natural
Killer (p=0.04) and CD14*CD16" cells (p=0.01) were also upregulated
in XLRS at baseline. Upregulation in these pro-inflammatory cells
may result in inflammation upon exposure to self /non-self-antigens.
CD11b+CD11c+ (p=0.02) and CD11c+ dendritic cells (DC, p=0.003)
were downregulated, but CD123+ DC (p=0.02) showed upregulation
indicating an imbalance in the DC type frequency. We also found
upregulation in IFN-g (P=0.014), TNF-a (P=0.04) and IL-6 (P=0.02)
while EGF (P=0.0004) and IL8 (P=0.01) were downregulated in baseline
XLRS. Baseline IFN-g (R?=0.66, p=0.002) also correlate linearly to
inflammation scores after vector injection. These changes indicate
towards a pro-inflammatory state of cell mediated systemic immunity
in XLRS. Several XLRS subjects with altered baseline immune activity
exhibited further changes after vector administration (1e°vg-3e''vg/
eye). CD11b+CD11c+ cell frequency was further downregulated
(p=0.045), while CD8+HLADR+ cytotoxic cells (p=0.043) and
CD68+CD80+ macrophages (p=0.046) were upregulated. Vector
dosing also led to upregulation of Granzyme-B in 8/11 subjects
(p=0.039), secreted by cytotoxic T cells. Nine of 11 subjects had elevated
IFN-g (p=0.044), and 7 of 11 had elevated TNF-a levels (p=0.04) at
day 14 after vector injection, which may indicate a Th1/Th2 imbalance
and possible activation of TNF/MAPK/TLR signaling pathways
upon inflammation in both ocular and systemic microenvironment.
Conclusions: The high CD4/CD8 ratio and the imbalance between
regulatory and effector immune cell frequencies indicate a systemic
chronic inflammatory state in XLRS at baseline. The upregulation of

24 Molecular Therapy Vol 28 No 4S1, April 28, 2020

Molecular Therapy

pro-inflammatory cytokines (IFN-g, TNF-a and IL-6) implicates a
systemic Th1/Th2 imbalance in XLRS. Subjects with a higher vector
dose (lellvg, 3ellvg) showed some degree of inflammation and had
higher neutralizing antibody levels in circulation, which suggests that
vector load may play a role that exacerbates the pre-existing baseline
immune imbalance and propels inflammation. It is unclear if these
alterations in systemic immunity are a cause or consequence of XLRS
linked ocular inflammation.

48. Elastin-Like Polypeptide Mediated AAV
Delivery Improved Transduction Efficiency and
Reduced Immune Response

Kai Wang', Min Zheng', Charles Askew?, Chengwen Li’,

Zongchao Han'!

"Department of Ophthalmology, The University of North Carolina at Chapel

Hill, Chapel Hill, NC,*Gene Therapy Center, The University of North Carolina at
Chapel Hill, Chapel Hill, NC,’Department of Pediatrics, The University of North
Carolina at Chapel Hill, Chapel Hill, NC

Adeno-associated virus (AAV) has been developed as a major
gene therapy vector and approved by the FDA for direct patient
administration. However, a significant barrier to therapeutic gene
delivery is when the vector encounters a pre-existing humoral immune
response upon administration. Here we utilized a thermoresponsive
elastin-like polypeptide (ELP) to crosslink with AAV serotypes 2, 8,and
9, and formed polyplex AAV vectors that create a shield of non-viral
polymer around them in nanoscale (100-200 nm). We show that the
encapsulation of the capsid of AAV reduced potential immune response
without significantly affecting transduction efficiency. The ELP-AAV
polyplex exhibited similar (~70%) transduction efficiency to free AAV
and effectively expressed targeted genes both in vitro and in vivo, and
no adverse events were observed after subretinal or tail vein injection.
We performed in vitro AAV neutralizing antibody (Nab) assays that
reveal the ELP-AAV polyplex significantly improves gene expression
at high Nab titer. With the presence of Nab in vivo, the polyplexes
also significantly increased the transduction at different time points.
The ELP cross-linked to the AAV capsid also decreased the major
histocompatibility complex class 1 and cytotoxic related cytokines
production in vitro. This method has strong potential to overcome the
AAV associated humoral immune response in gene therapy.

49. A Systematic Analysis of the
Immunologic Effects of Intrathecal AAV9
Mediated Gene Transfer Targeting the Nervous
System in Giant Axonal Neuropathy

Diana Bharucha-Goebel!, Dimah Saade?, Elizabeth
Kang?, Jessica Chichester*, Roberto Calcedo Del Hoyo?,
Ying Hu?, Ariane Soldatos®, Maria Monaco-Kushner?,
Yoshimi Akahata?, Steve Jacobson?, A. Reghan Foley?,
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OBJECTIVE: We are conducting a first-in-human intrathecal (IT)
AAV9 mediated gene transfer trial for giant axonal neuropathy or GAN
to attempt to restore gigaxonin function in the nervous system. GAN
is a recessively inherited and fatal pediatric neurodegenerative disease
with progressive sensorimotor neuropathy, cerebellar dysfunction,
and CNS involvement due to a lack of protein gigaxonin, a regulator
of intermediate filament (IF) turnover, thus resulting in widespread IF
accumulation in cells and axons. Within the framework of a clinical
trial of IT delivery of scAAV9-JeT-GAN for patients with GAN
(NCT02362438), we report here on the systematic analysis of safety
and immunologic profiles following IT gene transfer. We evaluate the
impact of host factors (eg: baseline seropositivity or CRIM negative
status) and treatment factors (dose level and co-administration of
immune modulation) on safety and immune phenotype post gene
transfer. METHODS: Twelve subjects with GAN have been injected
in a dose escalating study (doses ranging as follows: 1x= 3.5x10" vg;
3.3x=1.2x10" vg; 5x=1.8x10" vg; 10x=3.5x10" vg), with follow up
ranging from 3 months to 3 years. Transient broad immunosuppression
is used in all subjects with corticosteroids, but subjects with predicted
‘CRIM negative’ (Cross reactive immunologic material based upon
biallelic null mutations) status (N=4) received additional T-cell targeted
immunosuppression with tacrolimus (for 6 months) and rapamycin
(ongoing). Immune analysis included pre-and post- gene transfer
immunologic data, including: neutralizing antibody (NAD) titers in
serum and cerebrospinal fluid (CSF), IFN-y ELISpot data, CSF cell
counts, oligoclonal band formation, IgG index, vector shedding,
cytokines, and in a subset of patients analysis by flow cytometry.
IFN-y ELISpot analysis to GAN and AAV9 epitopes pre-and post-
gene transfer is performed, and the impact of immune modulation
on these markers is evaluated. Further exploratory immune studies
include flow cytometry performed on blood and CSF and a pilot
analysis of intracellular cytokine staining. RESULTS: Following IT
gene transfer, 11 of 12 subjects have shown a rise in CSF white blood
cell count (WBC), with peak values ranging from 8/mm3 to 113/mm3
and with onset ranging from 3 weeks to 6 months post gene transfer.
CSF WBC elevation is lymphocyte predominant, and appears to be
steroid responsive. Baseline seropositive subjects (N=3) showed a
more rapid rise in serum anti-AAV9 NAb’ as well as earlier clearance
of detectable circulating vector in blood. Subjects who received added
T-cell targeting immune modulation appeared to have an attenuation
of the anti-capsid IFN-y ELISpot response. No subjects developed
an anti-transgene ELISpot response. SUMMARY: Overall, IT gene
transfer up to a dose of 3.5x10'* vg appears to be safe and well tolerated
clinically, and the CSF WBC elevation does not thus far correspond
to clinical or neuroimaging findings of neuroinflammation. AAV9
baseline seropositivity does not appear to impact the safety of IT gene
transfer, but may lead to earlier vector clearance due to a statistically
significant earlier rise in anti-AAV9 serum NAb responses. GAN
subjects who are predicted CRIM-negative can safely receive IT gene
transfer with targeted immune modulation, and T-cell mediated
immune modulation may be beneficial in all subjects.

Assay Development

Assay Development

50. Development of a Flexible In Situ
Sequencing Method with Single-Cell
Resolution

Jana Rajova', Sara Palo’, Thomas Laurell', Morgan
Hartnor!, Claudio Mirabello? Marcus Davidsson’,
Patrick Aldrin-Kirk*, Andreas Heuer', Tiago Cardoso,
Sara Nolbrant', Annelie Mollbrink?, Joakim Lundeberg?,
Malin Parmar’, Tomas Bjérklund’

"Lund University, Lund, Sweden,?Science for Life Laboratory, Stockholm,
Sweden,’Barrow Neurological Institute, Phoenix, AZ,'University of Copenhagen,
Copenhagen, Denmark

To preserve spatial information associated with cells’ transcriptome
to a higher or lesser degree significantly improves our understanding
of the relationships among events taking place in living organisms.
However, despite the efforts, throughput and financial demands
remain a common obstacle. For this reason, we ventured to develop a
method enabling in situ transcript detection with single-cell resolution.
The development of this method followed the use of spatial
transcriptomics, which enables the preservation of spatial
information associated with transcriptome data to ~200 pm level.
Spatial transcriptomics was used for analysis of the integration
of dopaminergic transplants into dopamine deficient rats (Rattus
norvegicus). However, as it only allows for the assignment of identity
to 20-40 cell conglomerates, the resolution is not sufficient for
distinguishing rare cell populations even with extensive data processing.
In order to maximally maintain spatial information present in a tissue
with close to single micron resolution, the new method, presented here,
adopts modified slides capable of mRNA immobilization. Furthermore, it
incorporates the use of PCR-maintained padlock probe constructs, grown
on a gene chip array, targeting mostly non-overlapping marker genes.
Padlock probes are linear single-stranded DNA (ssDNA) constructs
with sequence (e.g. transcript) specific ends, which upon binding to their
target allow for ends’ ligation. Following molecule circularization, rolling
circle amplification (RCA) takes place, creating an easily detectable
rolling circle product (RCP) due to the thousand-fold amplification
of the original detection sequence. Padlock probes in these gene-
specific libraries are associated with unique barcodes embedded in the
backbone, connecting sequence-specific ends. The barcoding enables
gene detection without the need for sequencing long sequences i situ.
The development of this method relies on the creation of libraries with
thousands of sequence-specific ssDNA padlock probes cut out from
PCR-maintained (dsDNA) gene array constructs. The padlock probes
can be targeted to genes in their in situ position, potentially reaching
subcellular resolution. The method also provides the additional benefit
in the form of the potential to trace barcodes associated with viral vectors
delivered into tissues and to monitor their spread throughout cell types.
This can be accomplished with sequence-capturing, i.e. gapped, padlock
probes hybridizing on both ends of the sequence of interest, enabling
high throughput connectomics studies with single-cell resolution.
In this poster, we present the steps taken and the current state of the
development from the design and generation of the padlock constructs,
aimed at the analysis of cell types within rat brain, to their detection via
fluorescent probes or barcode readout. The information obtained through
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this method is presented alongside the readout of spatial transcriptomics.
The throughput and reproducibility of the method can be increased by
the implementation of a microfluidic chip, unifying sample processing,
and diminishing errors caused by manual manipulation. With high
throughput being made possible by the relatively low cost of the
method, it is feasible to eventually create inferred 3D maps of specific
tissues with single-cell resolution as well as connection graphs within
the nervous system.

51. Using Nanopore Sequencing for Quality
Control Analysis of Viral Vectors for use as
Gene Therapies

Carolyn Marie Yrigollen', Yong Hong Chen', Megan S.
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!CCMT, Children’s Hospital of Philadelphia, Philadelphia, PA,?Pathology and
Laboratory Medicine, University of Pennsylvania, Philadelphia, PA

Packaging gene therapy elements into viral vectors provides an efficient
method to introduce the constructs in vivo. Adeno-associated virus
(AAV) and lentivirus (LV) are the two viral vectors most commonly
used for this purpose and are both produced following transfection of
HEK 293 cells. The resultant viral particles predominantly contain the
ssDNA or ssRNA encoded between the two ITR and LTR sequences
respectively for AAV and LV, however mispackaging of the plasmid
or HEK293 DNA has been shown to occur at low proportions.
The single strandedness of the DNA and RNA makes sequencing the
cargo inside viral vectors challenging, but recent developments in
sequencing technology have provided a number of solutions. Recently,
Radukic et al. have demonstrated long read sequencing of AAV vectors
could be achieved using the Nanopore sequencing library kit and
compatible MinION flow cell. To test whether the smaller and cheaper
Flongle flow cell could be used for quality control of viral vectors
produced for in vivo experiments we extracted the ssDNA from an
AAV1 stock virus produced within a GMP facility. This virus contained
an RNAi expression cassette for ATXN1 silencing. From this experiment
we achieved 35k reads within 13 hours of loading the Flongle flow cell.
Alignment of the reads to the three plasmids used for triple transfection
of HEK293 and the human genome demonstrated that packaging
included the DNA sequence within the ITRs in greater than 99% of
the reads. The backbone of the expression plasmid was observed to
be packaged at below 1%, consistent with what has been previously
reported. Rare packaging events of the RepCap plasmid and pHelper
plasmid were observed only sporadically. Additionally, we identified four
loci within the ITRs where a single nucleotide mutation accumulated
to a frequency of 16-41% compared to the reference sequence.
Using this methodology, the RNAi viral vector was processed and
loaded onto the Flongle flow cell in under a day, with over 10k reads
generated within the first 3 hours. The library preparation and flow
cell was under $200, and the MinION sequencing platform can be
purchased for $1000. This provides a quick and cost effective approach
to analyze AAV particles prior to using in vivo, and can be readily
incorporated in a virus production pipeline.
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52. Establishment of a Validated Assay

for Clinical Vector Integration Site Analysis:
S-EPTS/LM-PCR

Marco Zahn'?, Tim Rath!?, Raffaele Fronza', Richard

Gabriel', Manfred Schmidt"?, Irene Gil-Farina'

'GeneWerk GmbH, Heidelberg, Germany,’Medical Faculty, University Heidelberg,
Heidelberg, Germany,*Translational Oncology, NCT and DKFZ Heidelberg,
Heidelberg, Germany

The analysis of vector integration sites (IS) within the host genome
constitutes an essential step to evaluate gene therapy safety. Early
studies with y-retroviral vectors showed that vector integration in
oncogenes e.g. LMO2 and MECOM led to insertional mutagenesis
and severe adverse events triggering the need for IS monitoring
in gene therapy trials. We developed and optimized our ‘Shearing
Extension Primer Tag Selection Linear Mediated PCR’ (S-EPTS/
LM-PCR). The method comprises random DNA shearing, thus
avoiding the use of restriction enzymes, and a reduced number of
PCR cycles. These features overcome the restriction and reduce
the amplification biases. In addition, specificity and sensitivity are
increased by the capture of the target DNA on a solid phase. Here, we
present the preliminary data obtained during the development phase.
LV-transduced LS174T cells expressing low transgene levels were
sorted and cultured in order to obtain single cell-derived clones
bearing a single integration event, as well as a polyclonal bulk
control. After confirming the presence of a single integration site
(IS) in a non-repetitive region, two candidates were selected for
the generation of the validation samples. The integration events
were located in the vicinity of RERE and PTPN13, respectively.
After determination of vector copy numbers (VCN) by qPCR
(RERE: 0.9; PTPN13: 0.9; Bulk: 1.2), validation samples of known
clonalities were generated by mixing the clone DNA into a polyclonal
background (Bulk) resulting in eight control samples (Table 1).
Table 1. Sample clonal composition and summary of the results obtained
by S-EPTS/LM-PCR

Expected SEPTS/LM-PCR

RERE___PTPN13_ Bulk RERE___ CV (%) Accuracy (%] PTPN13 CV (%) Accuracy (%) Bulk

A | 6904 1840 1256 | 69.72 __ 0.9 0.98 1898 473 3.18 11.30

B | 4679 1745 3576 | 4478 037 4.30 1871 4.65 7.21 36.51

ol Cc | 2670 1660 5669 | 2678 572 0.29 1718 2.83 3.48 56.04
e[ b | 1738 1621 6641 | 1609 373 7.41 1813 2.82 1188 6577
E[E 849 1583 7568 | 743 6.22 12.46 1690 834 6.72 75.67
S F 419 1565 8015 | 3.774 1360 10.03 1692 5.6 -8.08 79.31
G 042 1549 8409 | 0292 4263 29.75 16.09 564 -3.85 83.62

H 004 1547 8448 | 0.036 _ 100.36 14.01 1579 3.97 -2.01 84.18

Triplicate sample analysis by S-EPTS/LM-PCR enabled the detection
of both clones in all the samples revealing a limit of detection
(LOD) of 0.04%, which was the lowest clone frequency assayed.
Precision, measured as coeflicient of variation (CV), and accuracy
were considered in order to define the assay’s dynamic range setting
a cutoff of +/-15% for both parameters, except for the lower limit of
quantification (LLOQ) where the threshold was +/-20%. According
to these criteria, the LLOQ was established at a clone frequency of
4.19%. For PTPN13, the stable clone spiked in at an average frequency
of 16.4%, the average CV and accuracy were 4.76 and -5.80%,
respectively. For RERE, the clone spiked in to simulate increasing
clonal contributions, the CV and accuracy throughout the assay’s
dynamic range were on average 4.97% and 5.49%, respectively. For
samples G and H, where RERE clonal contributions were 0.42% and
0.04%, RERE was still detected although CV and accuracy were above
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the established thresholds with average values of 71.50% and 21.88%,
respectively. Thus, the dynamic range determined was 69.04% - 4.19%.
Therefore, the S-EPTS/LM-PCR constitutes a reliable and sensitive
method for lentiviral vector integration site detection and quantification.
Its full validation will be presented and will enable to satisfy the still
unfulfilled regulatory requirements for clinical IS analysis monitoring
and contribute towards clinical gene therapy risk assessment
standardization.

53. Development of a Peptide Immunoaffinity
LC-MS/MS Assay for Frataxin Transgene
Protein Measurements after AAV9-FXN
Treatment of the MCK Mouse Model of
Friedreich Ataxia

Vahid Farrokhi', Chuenlei Parng', Alain Martelli?,
Stochaji Wayne', Teresa Caiazzo', Edward Lavallie',
Marko Pregel’, Hendrik Neubert'

'Biomedicine Design, Pfizer Inc, Cambridge, MA,?Rare Disease Research Unit,
Pfizer Inc, Cambridge, MA

Mutations in the frataxin gene cause Friedreich ataxia (FRDA), an
autosomal recessive genetic disease with spinocerebellar degeneration
that affects functions of the brain, spinal cord, heart, and other tissues.
We aimed to assess the efficacy of AAV9 gene therapy to deliver
human frataxin in a murine muscle creatine kinase (MCK) conditional
frataxin knockout model of FRDA cardiac disease. Frataxin is highly-
conserved between species and has multiple isoforms. We developed
a high-sensitivity and high-specificity frataxin protein assay based
on tissue pellet protein digestion and online peptide immunoaffinity
liquid chromatography tandem mass spectrometry, IA-LC-MS/MS, to
quantify endogenous mouse, transgenic human, and mouse and human
precursor frataxin forms. This method used an online immunoafhinity
peptide enrichment step with anti-peptide antibodies directed against
a specific peptide coupled to nanoflow LC and selected reaction
monitoring MS. This IA-LC-MS/MS method has high sensitivity with
a lower limit of quantification of 21 fmol/mL frataxin in lysate and a
wide detection range (21-10,589 fmol/mL) that permits detection of
both endogenous and exogenous proteins in multiple tissue matrices.
Using this novel method, we were able to determine the frataxin protein
expression in the MCK mouse model after AAV-mediated gene transfer
and related the protein levels to the phenotype.

54. Development and Optimization of a New,
Harmonized Droplet Digital PCR (ddPCR)
Method for Pharmacokinetic (PK) Monitoring
of Axicabtagene Ciloleucel (Axi-Cel) and
Association with Outcomes in ZUMA-1

Vicki Plaks!, Michelle Mojadidi', Shruti Salunkhe?,
Justin Chou', Lianging Zheng', Yueh-Wei Shen', Jinghui
Dong', Rajesh Venkkataram', Daniel H. Ryan?, Yizhou
Jiang'!, William Go', Allen Xue', Adrian Bot', John M.

Rossi'
'Kite, a Gilead Company, Santa Monica, CA,*University of Rochester Medical
Center, Rochester, NY

Assay Development

Introduction: Axi-cel is a US and EU-approved autologous anti-
CD19 chimeric antigen receptor (CAR) T cell therapy for patients
with relapsed/refractory large B cell lymphoma (R/R LBCL) after > 2
prior therapies. In ZUMA-1, the PK profile of axi-cel was generated
using quantitative PCR (qPCR; Method 1) to derive peak levels of
CAR gene marked cells/uL of blood (#CAR T cells/pL) and cumulative
levels through 1 month posttreatment (Kochenderfer et al. Blood.
2012). The PK profile correlated with clinical response and neurologic
events (NEs; Neelapu et al. N Engl ] Med. 2017; Locke et al. Lancet
Oncol. 2019). Conversely, PCR-based methods used to generate PK
profiles of other CAR T cell products for R/R LBCL derived gene
copy number/ug DNA (#CAR copies/ug DNA, as with Method 2) and
failed to associate with response (Schuster et al. N Engl ] Med. 2019).
To increase assay sensitivity, reproducibility, and accessibility used to
generate PK profiles, we describe development of a new, harmonized
ddPCR method (Method 3) and a comparative, retrospective analysis
of PK methods using ZUMA-1 patient samples. Methods: Peripheral
blood mononuclear cells (PBMCs) from patient samples collected
post-infusion over time were analyzed using PK derivation parameters
(Table 1). The PK data conversion algorithm in Method 1 (qPCR)
required pre-infusion product for standard curves and time point
matched absolute lymphocyte counts (ALCs). Methods 2 (ddPCR) and
3 (harmonized ddPCR) enumerated integrated vector copy number
(VCN). The PK profiles generated by gPCR (Method 1 [#CAR T cells/
uL]) and ddPCR (Methods 2 [#CAR copies/ug DNA] and 3 [#CAR T
cells/uL]) were compared and correlated with ongoing response and
NEs. Kruskal-Wallis (KW) test followed by Dunn’s test for pairwise
comparisons assessed correlation of PK-based ddPCR/qPCR with
response, and Wilcoxon test assessed correlation with NEs. Results:
PBMC:s from 97 patients were analyzed (ongoing response, n = 37 for
qPCR and 36 for ddPCR; nonresponders, n = 17 and 15, respectively;
relapsed, n = 43 and 40, respectively). Method 1 yielded significant
association with ongoing response (P = 0.0018), but Method 2 did
not (P = 0.2006; Table 2; Figure A-B). Methods 1 and 2 showed
significant association with Grade > 3 NEs (P = 0.007 and 0.0002,
respectively; Table 2; Figure A-B). The PK profile generated by Method
2 poorly correlated with Methods 1 and 3 (Figure C); a significant
linear correlation (R*= 0.9817; P < 0.0001) was observed between
Methods 1 and 3 (both utilized #CAR T cells/uL). Method 3 additional
sample analysis and correlations are ongoing and will be presented.
Conclusions: We report successful development and harmonization
of anew ddPCR method (Method 3) that offers potential applications
for investigational and commercial implementation. Further validation
may be required. Method 1 (#CAR T cells/puL) was significantly
associated with ongoing response and NEs while Method 2 (#CAR
copies/ug DNA) only correlated with NEs. Methods 1 and 3 were highly
correlated (both #CAR T cells/uL). These results suggest increased
correlative value of PK methods that derive #CAR T cells/uL (Methods
1, 3) versus #CAR copies/ug DNA (Method 2).
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Table 1. Methods and parameters used for PK derivation.

Experimental Method Units
Method 1 (GPCR) #CAR T colsyl blood_| % product for
Mathod 2 (d4PCR) #CAR copiesig DNA__| VON post infusion & no_ of cels producing 1 g DNA
Method 3 (4dPCR harmonized) | #CAR T celsiul blood | VG post infusion, product VCN (single test), % ransduction, ALC

Formula Parameters

% transduction, ALC

Table 2. PK profiles generated by Methods 1 and 2 were compared and correlated with A. response (ongoing response, nonresponders,
relapsed) and B. NEs by category (Grade 0-2 and Grade  3). Data, excluding P values, are presented as n | median peak measurement.

A Response B_NES
P Value From Dunn's Test o NE Category PValue
Ongoing Gngoing

Fromion
Reapsed | Nomvespaners | Responsevs | Responsevs | Reopseds | FromiCH | crade
P

Ongoing

[Method Response

Grade 3 | Wilcoxon
Test

Method 1 (GPCR)
CAR T calisiu. blood

Method 2 (ddPCR) o o2 =
AR copospg DA | 38150868 | 40148410 | 15125020 01844 01127 0.2600 02008 | bl

arie1s | 431320 171121 0038 00007 00263 o0oote | 70127.3 | 311635 | o007

31|65288| 0.0002

Figure. Box plots showing differences in PK methods between A) ongoing responders, nonresponders, and relapsed patients (n = 97 patients
total) or B) NEs by Grade 0 - 2 versus 3. C) Correlations between PK profiles.

A Mothod 1 (aPCR) Method 2 (d4PCR) B
Kruskal-Walls test, P = 0.0018. Kruskal-Walls test, P = 0.2006

Method 1 (gPCR)
Wixocon test, P = 0.007

Method 2 (44PCR)
Wibxocon test, P = 0.0002

Ongoing Relspsedon
Response rasponders

55. Implementation of an Automated VCN
Platform to Assess Integration of Lentiviral
Vectors in a High-Throughput Capacity
Sami Kebede, Brendan Lang, Tiffany Hu, Geoffrey

Parsons, Maple Gioia

Vector Biology, bluebird bio, Cambridge, MA

Lentiviral vectors (LVVs) have proven to be efficient gene delivery
vehicles in a growing number of gene therapy applications. The accurate
quantitation of gene transfer is essential for vector development at both
research and clinical stages. Vector copy number (VCN) is the measure
of integrated vector genomes per diploid cell within a population of
cells, and its measurement is a critical analytic tool used in assessing
the transduction efficiency of therapeutic LVVs. However, VCN
analysis is currently a manual, multi-step process that necessitates the
use of several separate, time-consuming, and laborious steps. First,
genomic DNA (gDNA) is extracted from transduced target cells. Next,
a multiplexed qPCR assay is used to probe the extracted gDNA for a
segment of the lentiviral backbone and an endogenous reference gene.
Finally, the relative quantity of the vector segment to the reference
gene is used to generate VCN values. Given the fact that thousands of
samples are generated annually for screening via the VCN assay, we
sought to develop an automated high-throughput approach to shorten
wet lab hands-on time, improve data reproducibility and consistency,
and increase overall throughput of data delivery. By moving the VCN
wet-lab workflow onto a suite of liquid handling instruments, we've
increased the hourly throughput of samples moving through gDNA
extraction and qPCR analysis by 32-fold. With the introduction
of this automated workflow, the number of LVVs screened on the
VCN platform increased by 533% monthly, all while reducing wet
lab hands-on time spent by as much as ten-fold. This platform has
consistenly reduced inter-sample variability measured in the qgPCR
assay. In addition, an interactive, R-shiny-based VCN analysis
application was developed to efficiently process the increase in raw
data generated. Users can input raw qPCR data into the application and
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receive comprehensive graphs outlining VCN values linked to given
experimental conditions. With the incorporation of this user-friendly
interface to assist in data processing, we have fully automated the VCN
analysis pipeline from start to finish. The automation of our VCN
workflow drove an increase in the number of samples analyzed that
would not have been possible with a manual process and resulted in
a decrease in operator associated inter-assay variability and improved
data consistency. Automation of critical assays such as VCN is vital to
scaling the development of LVV-enabled cellular therapeutics.

56. Development of a Single-Cell Western
Assay for Anti-Sickling Beta Globin Drug
Products for Sickle Cell Disease

Paige Coles, Jay DelCarpini, Mauris Nnamani, Gretchen
Lewis, Sarah Kassenaar, Cynthia Rogers, Francis J.

Pierciey, Elizabeth Macari, Melissa Bonner

bluebird bio, Cambridge, MA

Sickle cell disease (SCD) results from a point mutation (E6V) in the beta
(B)-globin gene, leading to production of abnormal sickle hemoglobin
(HbS) in erythroid cells. Under low oxygen conditions, HbS can
polymerize causing the characteristic sickled shape of red blood cells
(RBC:s). These rigid and inflexible sickled RBCs are prone to hemolysis
and can obstruct small blood vessels, which leads to significant
morbidity and early mortality due to complications such as chronic
anemia, painful vaso-occlusive events, stroke, and organ damage. Drug
product for LentiGlobin for SCD gene therapy is made by the ex-vivo
lentiviral vector (LVV)-mediated addition of a modified $-globin gene
with the anti-sickling substitution (p*™?) into autologous CD34+
hematopoietic stem cells (HSCs). Once transplanted into patients,
these transduced cells can differentiate into RBCs that express both
anti-sickling pAQ as well as ° (given their progenitors still carry the
EV6 point mutation in the f-globin gene). RBCs containing both
and B*"%Q have the potential to demonstrate a reduced propensity to
sickle as is observed in RBCs from individuals with sickle cell trait.
Therefore, it is important to understand the proportion of RBCs
expressing the gene-therapy derived p*™2 While high-performance
liquid chromatography (HPLC) can be used to quantify expression of
bulk levels of pA %, this method does not provide information on how
BAT7Q expression is distributed within the RBC population. To measure
the pATQ expression across a population of RBCs differentiated from
gene-modified HSCs, we developed a single-cell Western (scW) assay.
Briefly, scW involves loading a cell suspension onto a commercially
available specialized chip with microwells, confirming single-cell
dispersion, lysing cells within wells, electrophoresis, cross-linking,
and probing with two antibodies: one specific to $* and a second that
recognizes normal adult f-globin chain (p*) or p#¥2 Chips are then
read on a microarray scanner to detect bound antibodies. Optimization
of each of these parameters was performed using mixtures of healthy
donor (HD) and SCD RBCs. Due to the single-cell based nature of
this assay we can determine the percentage of cells positive for *
(SCD RBCs), p* (HD RBCs) or both (i.e. in wells that were found
to erroneously contain more than one cell or in RBCs derived from
transduced HSCs that express both B* and pA™7Q). Assay precision
was evaluated for both 3* and B at five relative analyte concentrations,
by three operators, over three consecutive days. When the relative
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proportions of SCD and HD RBCs were above 25%, inter-assay
precision of B* was 15% and that of B* was 20%. Robustness of the
assay was performed to evaluate instrument-to-instrument antibody
variability. scW platform instrument-to-instrument variability resulted
in a coefficient of variation (CV) of 3.23% for p* and 4.44% for B*.
Microarray scanner-to-scanner CV was 0.77% for B* and 0.95% for
BS. The assay showed good linearity when mixtures of SCD and HD
RBCs were evaluated (R*>0.95). The stability of samples from subjects
treated with LentiGlobin for SCD gene therapy was also evaluated.
Over 7 days post-collection, 96.8% of samples (n=31) from these
subjects were stable with a percent change in p*™2-positive RBCs of
less than 15.7%. These data demonstrate that the scW assay was able
to precisely detect the percent of f* only-positive, f* only-positive,
and double-positive cells in mixtures of RBCs from HD and patients
with SCD. This assay is robust, precise, and suitable for detecting the
proportion of RBCs that contain * or 4?2 in subjects treated with
allo-hematopoietic stem cell transplant or gene therapies delivering
BAT for SCD, respectively.

Vector and Cell Engineering, Production
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57. Akt Inhibition Enhances Memory,
Proliferation and Cytotoxicity in CD19 CAR T
Cells

Vedika Mehra, Marina Mitsikakou, Juliana Dias Alves
Pinto, Manar S. Shafat, Karl S. Peggs, Mark Lowdell,

Martin A. Pule, Claire Roddie
Department of Haematology, UCL, London, United Kingdom

Background: CD19 chimeric antigen receptor (CAR) T cells deliver
excellent clinical responses in relapsed/refractory acute lymphoblastic
leukaemia (ALL) and high grade B cell lymphoma. However, a
significant number of patients do not respond to CAR T cells or relapse
post treatment as a result of poor CAR T cell expansion and persistence.
Adoptive cell transfer studies have shown that naive (Tn) and central
memory (Tem) T cell subsets compared to effector/terminal (Te/Temra)
subsets, deliver superior T cell expansion, persistence and anti-tumour
efficacy in vitro and in vivo. However, in patients the proportion of
Tn/Tcm subsets can vary considerably and current manufacturing
protocols prioritising mass cell expansion often give rise to Te/Temra
skewed products. Strategies to optimise CAR T cell manufacture to
enrich Tn/Tcm subsets is of critical importance to the field. Studies
have demonstrated that the ex vivo inhibition of Akt signalling, an
important mediator of T cell activation and differentiation can enrich
such Tn/Tem populations. Aim: Here, we explore the impact of Akt
inhibition on CAR T cell manufacture, from pre-clinical assessments to
the development of an optimised current good manufacturing practice
(cGMP) compliant manufacture method for the generation of enhanced
CART cell products for clinical use. Methods: Pre-clinical assessments
were carried out using healthy donor CD4/8 selected T cells. T cells
were activated using the TransAct™ reagent and transduced with a
lentiviral vector encoding a second generation CD19 targeting 41BBz
CAR construct, as used in NCT02443831/02935257 trials. Cells were
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manufactured for a total of eight days and maintained in TexsMACS™
medium supplemented with human serum, IL7, IL15 in the presence/
absence of Akt inhibitor VIII (Akti). The final product was evaluated
by immunophenotyping for Tn/Tcm subsets, functional testing for
proliferation, cytotoxicity, cytokine release and by transcriptome
analysis. Based on this data, cGMP scalability onto the semi-automated,
CliniMACS Prodigy® platform was validated through parallel runs
using excess ALL patient material from the NCT02935257 trial in the
presence/absence of Akti. Results: CD8 CAR T cells manufactured in
the presence of Akti were significantly enriched for Tem populations
(CD62L+/CD27+/CD28+/CD45RA-/GZMB-) compared to untreated
cells. Co-culture of CAR T cells with a CD19+ target cell line (Raji) led
to a 3.9 fold increase in CD8 CAR T cell proliferation in Akti treated
versus untreated cells. Additionally, increased secretion of IL2, INFg
and TNFa following a 72 hour exposure to Raji cells was seen in the
treated arm, demonstrating an enhanced effector profile. Following
a prolonged 7 day co-culture with Raji’s, re-challenge of Akti treated
CART cells resulted in significantly higher cytotoxicity towards CD19+
targets in comparison to untreated cells at low effector to target ratios.
Transcriptome analysis of Akti treated and untreated CD8 populations
reveal enriched co-stimulation and T cell activation signatures,
complemented by decreased effector function signatures. The analysis
also revealed an increase in autophagy related genes, all of which have
been implicated in T cell survival and memory formation. We have
successfully scaled this novel manufacture method to cGMP on the
CliniMACS Prodigy® using ALL patient derived starting material and
have shown favourable phenotypic and functional profiles consistent
with pre-clinical assessments. Conclusion: We report an optimised
CART cell manufacture method which permits Tcm enrichment and
generates a CAR product with enhanced proliferative and cytotoxic
capabilities. We plan to adopt this method imminently onto the UCL
CAR T cell programme for cGMP manufacture on the CliniMACS
Prodigy”.

58. A New Primary Human Muscle Stem Cell
Product, PHSats

Janine Kieshauer, Andreas Marg, Verena Schowel,
Simone Spuler

Experimental and Clinical Research Center, Berlin, Germany

Skeletal muscle possesses an own stem cell population, the satellite
cells (SCs). The high regenerative capacity makes SCs a perfect source
of cells for cell-based therapies of muscle diseases. We invented a
new technology that allows for the first time million-fold expansion
of human satellite cells and at the same time the delay of their
differentiation. We name our product PHSat (primary human satellite
cell product). Hypothermia pretreatment eliminates otherwise co-
isolated contaminating fibroblasts. Without the need of a cell-sorting
procedure our cell colonies are >98% myogenic (desmin-positive). The
muscle tissue is gently mechanically prepared, no enzymatic digestion
is performed. By this, we generate native (not activated) and highly
regenerative satellite cell populations. The regenerative potential of
PHSats has been demonstrated in preclinical efficacy studies: 1. Injected
PHSats build muscle fibers, 2. They re-populate the satellite cell niche
and 3. They regenerate muscle also after re-injury. In order to further
develop PHSats as an Advanced Therapeutic Medical Product (ATMP)
we transferred the manufacturing process into a Good Manufacturing
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Practice (GMP) environment. Especially in the field of cell therapy, it is
important to have fixed process parameters in order to have the same
output when the starting material from patient to patient varies. Despite
the fact that our starting material contains mixed cell populations
we can ensure that our final drug product contains primary human
satellite cells only. The purity of the resulting PHSats is monitored
by immunostaining and FACS. We defined potency-, impurity- and
purity markers. Sterility is a major concern, because the final product
cannot terminally sterilized and antibiotics are avoided during the
entire production process. We validated that PHSats can be stored for
2 years with unchanged regenerative capacity Several time points are
tested for all relevant approval criteria. During the process of repeated
freeze-thaw cycles, we quantified the viability and potency of the cells.
Cell concentrations also have an impact on the viability of cells. Our
product is a ready-to-inject vial. We are in the process of preparing
the first clinical trial using PHSats.

59. Novel Strategies to Enhance CAR-T
Cell Production and Improve Quality During
Manufacturing

Gauri Lamture, Alan Baer, Nirjal Bhattarai
CBER/ Division of Cellular and Gene Therapies, FDA, White Oak, MD

Chimeric antigen receptor (CAR)-T cells have shown remarkable
efficacy against some blood cancers and can potentially treat many
other human diseases. During CAR T-cell manufacturing, T-cells
are activated via engagement of the T-cell receptor (TCR), which
activates proximal TCR signaling pathways resulting in cellular
expansion. However, persistent TCR signaling can induce unchecked
activation, differentiation and exhaustion, which can affect CAR-T
cell production, quality and efficacy. In addition, patient-derived
T-cells, which are commonly used to manufacture CARs, are prone
to donor-to-donor variability and can be affected by their disease
status and prior therapeutic treatments. These inherent product and
process-related challenges have led to manufacturing failures in part
due to failure to meet required quality attributes. Thus, strategies to
improve CAR-T cell product quality during manufacturing may help
improve production and reduce manufacturing failures. Previously, we
found that activation of distal TCR signaling in the presence of a Src-
kinase inhibitor (SKI) enhanced NFAT1 mediated signaling in human
T-cells. Since NFAT1 plays a critical role in T-cell activation, expansion
and effector function, we assessed the effect of SKI on CAR T-cell
quality attributes. SKI-treatment improved CAR T-cell production
by increasing cellular expansion and reducing unwanted cellular
activation (CD25), exhaustion (PD1) and differentiation (CD45RAmg).
SKI-treatment did not negatively affect anti-CD19 CAR T-cell stability,
in vitro potency or CAR expression compared to CAR T-cells treated
with DMSO control. When comparing with CAR T-cells conventionally
manufactured by activating proximal TCR signaling (anti-CD3/CD28/
CD2), CAR T-cells manufactured by activating distal TCR signing in
presence of SKI had an increased CD8/CD4 ratio, decreased cellular
activation, exhaustion, differentiation and comparable in vitro potency
(cytotoxicity), stability and CAR expression. These CAR T-cells also
released significantly lower levels of inflammatory cytokines (GM-CSF,
IFN-y) following co-culture with CD19+ve tumor cells. Together, these
data suggest that manufacturing CAR T-cells by activating distal TCR
signaling in presence SKI improves numerous product quality attributes
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60. A Universal High Density Cell Respirator
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of Gene Therapy Vectors
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AAV-based gene therapy vectors are under intense investigation
and rapidly becoming established as clinical therapy for gene-
based diseases including inherited diseases. Despite their great
promise, the single biggest limitation to their widespread use is the
inability to manufacture sufficient quantities of high quality AAV
vectors rapidly particularly at low cost. This represents the single
biggest limitation to the development of clinical AAV gene therapy.
The intensification of cell-based production processes holds great
promise for increasing the capacity and speed of AAV vector
manufacturing while also reducing cost, by saving on space, time, labor,
and resources. While much effort to date has focused on improving cell
specific productivity (vector genomes (vg)/cell), little progress has been
made on increasing cell density, which remain at 107 cells/mL due to
limitations of either surface area or gas exchange and shear forces (e.g.
stirred tank reactors, perfusion reactors). With total productivity being
the product of specific cell productivity and cell density, there exists
substantial untapped potential in high-density culture. Recognizing
the enormous discrepancy in the necessary gaseous exchange rate
compared to soluble nutrient/waste exchange rate for most cells (e.g.
90x for HEK293), we hypothesized that 1) decoupling mass transport
through novel bioreactor architecture would enable higher cell densities
and that 2) the optimized cell niche afforded by this architecture
would maintain cell specific productivity even at high cell densities,
with an overall impact of significantly elevated production capacity.
With the goal of improving AAV vector production capacities and
to address issues of cell growth and densities, we designed a high-
density cell respirator (HDCR). The HDCR is a scalable bioreactor
comprised of stackable, gas and media perfusable membranes,
which achieves an oxygen mass transfer coefficient k a of > 40
/ hr via membrane permeation to support high density culture
>10° cells/mL. The micro-architecture of the membranes has been
engineered using integrated finite element modeling to guarantee
that all cells receive sufficient gas, nutrient, and waste exchange
and are protected from shear forces. We present cell growth curves
demonstrating the system is compatible with suspension (e.g. CHO-S),
adherent (e.g. HEK293, A549), and microcarrier (e.g. CV-1 on
Cytodex-3) cultures to >10° cells/mL making it a universal platform.
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Importantly, we demonstrate that the HDCR bioreactor is compatible
with AAV vector production, including the steps of cell seeding,
expansion, transfection, feeding, and harvesting. We show for
the first time that the optimized cell growth niche in the HDCR
maintains productivity (within 80% vg/cell of low-density culture)
despite increasing cell density by 400% for a total increase in AAV
production of 320%. The results of ongoing optimization studies for
AAV production in the HDCR will be presented. From these initial
empirical results and modelling, we predict that a scaled HDCR
bioreactor fitting inside a standard 160L tissue culture incubator would
support the expansion of >2x10" cells and production of up to 10"
vector genomes of AAV. By matching mass transport with cellular
demands AAV production can be intensified, unlocking the potential
for researchers to screen AAV candidates faster and for clinical vectors
to be affordably manufactured.

61. Acoustic Affinity Cell Selection: A Non-
Paramagnetic Scalable Technology for T
Cell Selection From Unprocessed Apheresis
Products

Rui Tostoes', Changjie Zhang', Jack Saloio', John
Cushman', Kevin Cushing', Adrian Barber', Krishna

Kumar', Theodore Schultz', Bart Lipkens'?

!'Acoustic Cell Processing, MilliporeSigma, Wilbraham, MA,?Mechanical
Engineering, Western New England University, Springfield, MA

Acoustic Cell Processing is a unique acousto-fluidics platform
technology for minimal shear manipulation of cells using ultrasonic
standing waves. The platform has broad applications in the field
of cell and gene therapy, e.g., cell concentration and washing, cell
culturing, microcarrier/cell separation, acoustic affinity cell selection
and label-free cell selection. The acoustic radiation force exerted by
the ultrasonic standing wave on the suspended cells in combination
with fluid drag forces and gravitational forces is used to manipulate the
cells and achieve a certain cell processing unit operation, e.g., separate,
concentrate, or wash. The technology is single-use, continuous, and
can be scaled up, down or out. It therefore allows for a flexible and
modular approach that can be customized to process a desired cell
count, cell culture volume or cell concentration within a given required
process time. Utilizing its proprietary multi-dimensional standing wave
platform, MilliporeSigma has been developing the Acoustic Affinity
Cell Selection (AACS) system for closed and automated Cell and Gene
Therapy manufacturing, e.g., CAR-T immunocellular therapies. The
AACS technology is a scalable acoustic affinity cell selection method
using acoustic (non-paramagnetic) affinity beads for positive or
negative cell selection. A multi-dimensional acoustic standing wave
is then used to separate the affinity bead-cell complexes from the
unbound cells, thereby completing the process of a negative or positive
cell selection. In this work the AACS system has been used to capture
CD4+ and CD8+ cells from unprocessed apheresis products. The AACS
column and acoustic section (Fig. 1A) allow for a continuous flow of the
initial cell population (pre-labeled with biotinylated antibodies) while
acoustically retaining the acoustic affinity particles in the column. The
affinity particles are functionalized with Neutravidin and thus capture
the target cells that are kept inside the column, while the non-target
cells are washed out of the column. The small scale 5mL column has a
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total target cell capture capacity of 1.8B cells (60mL Leukopak volume),
of which 83% are retained in the column at a 92% purity (Fig. 1B).
The AACS scale up system can process a full apheresis product (300-
450mL) in less than 2h.
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62. The Lisocabtagene Maraleucel (liso-

cel) Manufacturing Process is Designed for
Consistency, Purity, and Robustness Across
B-Cell Malignancies

Jeftrey J. Teoh!, Mary Mallaney?, Ronald J. Hause?, Tina
Albertson?, Chris Ramsborg? Ryan P. Larson®

"Product Sciences, Juno Therapeutics, a Bristol-Myers Squibb Company, Seattle,
WA,?Juno Therapeutics, a Bristol-Myers Squibb Company, Seattle, WA
Background. Chimeric antigen receptor (CAR) T cell therapies have
demonstrated significant clinical benefit across various hematologic
malignancies. However, the autologous nature of this therapeutic
modality introduces patient-to-patient variability (including significant
variance in the absolute lymphocyte count [ALC] and CD8/CD4
ratio of incoming material) into the manufacturing process and can
create challenges for achieving CAR T cell manufacturing consistency
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across patient populations and disease indications. Liso-cel is an
investigational, CD19-directed, defined composition, 4-1BB CAR T
cell product administered at equal target doses of CD8+ and CD4+
CAR+ T cells. Liso-cel is being developed for the treatment of multiple
B-cell malignancies, including relapsed/refractory large B-cell non-
Hodgkin lymphoma (NHL), chronic lymphocytic leukemia (CLL)/
small lymphocytic lymphoma (SLL), and pediatric acute lymphoblastic
leukemia (pALL). The liso-cel manufacturing process is designed to
be robust and generate consistent product quality across multiple
disease indications and heterogeneous patient populations. Methods.
The liso-cel manufacturing process involves sequential selection
of CD8+ and CD4+ T cells from leukapheresis material, followed
by independent CD8+ and CD4+ T cell activation, transduction,
expansion, formulation, and cryopreservation. There are no ALC
threshold requirements to initiate the liso-cel manufacturing process.
Liso-cel was manufactured to enable the TRANSCEND NHL 001
(NHL, including large B-cell lymphoma and mantle cell lymphoma),
TRANSCEND CLL 004 (CLL/SLL), and JCAR017-BCM-004 (pALL)
trials. Flow cytometry was used for phenotypic analysis of T and
B-cell composition of leukapheresis, selected T cell starting material,
and drug product. Results. Enrichment of T cell subsets before
activation enables robust manufacturing of drug product across a
wide range of ALCs (0.08-3.6 x 10°/pL; n=183) and disease histologies.
Characterization of leukapheresis material composition with variable
ALCs demonstrates significant CD3+ T cell frequency differences,
whereas selected intermediates exhibit similar T cell purities and
quantities for activation. CLL/SLL leukapheresis material contains
increased CD19+ B-cell frequencies (viable leukocytes: median,
13.5%; max, 94.6%; n=28) compared with NHL leukapheresis material
(viable leukocytes: median, 0.0%; max, 76.5%; n=178; Wilcoxon rank
sum P=5.3 x 107'). Nevertheless, equivalent clearance of non-T cell
impurities, including B cells, was achieved via selection, as indicated
by high CD3+ T cell frequencies in selected material (median: CLL/
SLL, 99.2%; NHL, 98.3%) and at final drug product (median: CLL/
SLL, 99.9%; NHL, 99.9%). Control of the number of T cells entering
activation unit operations affords downstream process control
and consistency of product quality across heterogeneous patient
populations. Conclusions. The liso-cel drug product manufacturing
process is a robust platform capable of generating highly purified
CD19-directed CAR T cell immunotherapy from heterogeneous patient
populations comprising multiple B-cell malignancies and disease
histologies, with no minimum ALC required. Enrichment of CD3+ T
cells through sequential selection of CD8+ and CD4+ T cell lineages
upstream in the manufacturing process is a key aspect to reducing
between-lot variation across diverse patient populations that also aids
in process robustness and consistency of drug product quality.

63. Using Numerical Modelling (CFD) to
Design and Improve a 3D Printed Atomizer for
the Transfection of Cells with Virus

Justin O’Sullivan

Engineering, APC Ltd, Dublin, Ireland

Numerous vector-free transfecting methods for cell engineering are
currently being developed across the Pharmaceutical industry as more
cost-effective alternatives to viral-vector based transduction methods.
Spray atomization is a transfecting method which potentially enables
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high transfection rates of target cells while maintaining high cell
viability. Limited knowledge exists about the fluid dynamics of the spray
atomization process for cell transfection, particularly when a custom
designed 3D printed device is used. Numerical modelling can provide
an in-depth understanding of the current process, key features affecting
performance and how to optimize the spray delivery method. This can
reduce the number of experiments that need to be run by defining
the optimal operating conditions and assessing potential 3D designs
without the associated cost and time. Numerical models were combined
with laboratory-scale experiments to understand the fluid dynamics of
a 3D printed spray atomizer, optimize the design and scale the process
from laboratory to pilot scale. Liquid- and air-lines were joined in an
atomizer via a parallel path connection. The sample payload (in the
liquid line) mixed with the air stream, delivering spray droplets to a
target area, was located below the atomizer. The transfection rate was
dependent on how evenly the droplets were dispersed on the cell well
and the momentum of the droplets on impact. Computational Fluid
Dynamics (CFD) used direct numerical simulations to model the
spray dynamics in the current system and to assess different process
scales and/or design features. CFD models were run to characterise the
spray for two of the atomizers previously tested at lab scale. Uneven
sample dispersion and high air velocities were observed in both lab
scale designs. The spray dispersion patterns generated in both designs
were replicated in the numerical models. The connection between the
air and sample line was shown to cause uneven droplet dispersion
on the target area An alternative atomizer was designed for lab scale
with the objectives of improving sample dispersion, maintaining the
appropriate droplet momentum across the cell well and reducing
the dead sample volume. The optimised design contained an elbow
in the sample line to direct the payload towards the air jet stream.
This allowed the sample line to be narrowed without the associated
increase in sample velocity disrupting spray formation. An additional
3D printed dispersion feature (ADF) was numerically designed, tested
and added directly after the spray formation to promote even sample
dispersion. This achieved the design goals of even sample dispersion
and reduced dead volume at laboratory scale. At pilot scale filtered vents
were employed to prevent a pressure build-up in the spray chamber
that could damage the cells to be transfected. Simulations at pilot scale
showed the suitability of the recommended 3D printed design at a larger
scale and optimised the location of the vents so the developed spray
patterns were not negatively affected and the pressure maximum in the
chamber was below critical limits. This integrated approach between
numerical models and experiments allowed for the rapid assessment
of potential practical solutions on a laboratory scale device. The same
approach was then implemented at pilot scale.
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64. Combining De-Glycosylating Agents with
CAR T Cells for Targeting Solid Tumors and
Improving Therapeutic Index

Beatrice Greco!, Valeria Malacarne?, Camilla Sirini!,
Barbara Camisa', Katia Paolella!, Laura Falcone!, Silvia
Arcangeli', Andrea Graziani?, Chiara Bonini**, Attilio
Bondanza', Monica Casucci'

'Innovative Immunotherapies Unit, Division of Immunology, Transplantation and
Infectious Disease, San Raffaele Hospital Scientific Institute, Milan, Italy,’Lipid
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Raffaele Hospital Scientific Institute, Milan, Italy,’Experimental Hematology Unit,
Division of Immunology, Transplantation and Infectious Disease, San Raffaele
Hospital Scientific Institute, Milan, Italy,*Vita-Salute San Raffaele University,
Milan, Italy

The adoptive transfer of CAR T cells demonstrated impressive results
against B-cell malignancies but still limited efficacy against solid cancers.
Since solid tumors display a wide range of glycosylation alterations,
including increased N-glycan branching, we hypothesized that peptidic
epitopes may be masked by glycans from CAR T cell targeting. In the
present study, to investigate if sugar chains may be sterically hulking for
CART cells, we generated N-glycosylation defective pancreatic tumors
by knocking-out the expression of the glycosyltransferase Mgat5 using
the CRISPR-Cas9 technology. Hampering N-glycosylation resulted in
a dramatic increase of tumor elimination by CAR T cells targeting
two model antigens (CD44v6: p<0.001; CEA p<0.001). Interestingly,
this effect also associated with stronger intracellular NFAT and
NEF-kB signals upon CAR engagement and numerous advantageous
features in the formation of the immunological synapse, including
significantly higher F-actin accumulation (p=0,0027), reduced distance
of MTOC to F-actin (p=0,0225) and stronger granule convergence
(p=0,0042), suggesting a more proficient antigen engagement in the
absence of tumor glycosylation. To exploit this mechanism in order
to increase the efficacy of CAR T cells against solid tumors, we sought
to block tumor N-glycosylation with the glucose/mannose analogue
2-Deoxy-D-glucose (2DG). Similarly to glycosylation knocked-out
cells, treatment with 2DG also sensitized tumors to recognition by
CAR T cells, significantly increasing their killing (CD44v6: p<0.01;
CEA: p<0.001), release of inflammatory cytokines and activation of
nuclear transcription factors. Accordingly, when challenged against
high tumor burdens in vivo, CAR T cells highly benefited from 2DG
administration, resulting in more profound antitumor responses
(p=0.0036). Interestingly, improved antitumor activity associated with a
significantly less exhausted phenotype, as assessed by a lower frequency
of cells co-expressing an array of exhaustion and senescence markers
(SPICE software analysis, p=0.0105), suggesting that cumbersome
N-glycans likely contribute to cancer progression by fostering
immune inhibitory signals and inducing a profound immunological
dysfunction. Moreover, different types of carcinomas, including those
arising from lung and bladder, revealed to be extremely N-glycosylated.
As expected, 2DG significantly increased their elimination by CAR T
cells, asserting the broad applicability of this approach toward several
solid tumor types. Finally, thanks to metabolic deregulation 2DG is
expected to selectively accumulate in cancer cells compared to healthy
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tissues, supporting the safety of the combined approach. Accordingly,
we observed that the same doses of 2DG able to enhance tumor
recognition by CAR T cells failed to de-glycosylate or to increase killing
of healthy cells. Overall, our results indicate that i) the glycosylation
status of tumor cells regulates the efficacy of CAR T cells and that ii)
combining CAR T cells with the de-glycosylating agent 2DG, which
preferentially accumulates in tumor masses, may pave the way for a
successful immunotherapy against solid tumors.

65. Overcoming the Breast Tumor
Microenvironment by Targeting MDSCs
through CAR-T Cell Therapy

Saisha Abhay Nalawade PhD.!, Paul Shafer', Pradip
Bajgain PhD.?, Katie McKenna PhD.!, Arushana Ali',
Jarrett Joubert!, Norihiro Watanabe PhD.!, Ann Leen
PhD.!, Robin Parihar M.D., PhD.}, Juan Vera M.D.},

Valentina Hoyos M.D.!
'Center for Cell and Gene Therapy, Baylor College of Medicine, Houston,

TX,*National Cancer Institute, Bethesda, MD

Broadening the application of CAR T cells (CARTS) to target solid
tumors has proven challenging, largely due to the hostile immune
suppressive tumor microenvironment (TME). In breast cancer (BC),
myeloid derived suppressor cells (MDSCs) are the main contributors
which inhibit CARTs function and persistence within the TME. To
effectively target BC, we developed and validated a CAR, targeting
tumor-expressed mucin 1 (MUCI) (Bajgain P et al, 2018). In order to
potentiate the expansion and persistence of MUC1 CARTSs and regulate
the TME, we generated a novel chimeric receptor, TR2.4-1BB, encoding
a scFv targeting TNF-related apoptosis-inducing ligand receptor 2
(TR2) linked to the endodomain of the co-stimulatory molecule 4-1BB.
We hypothesize that upon engagement with TME-resident MDSCs,
which express high levels of TR2, CARTs will receive an activating co-
stimulatory signal which will promote T cell persistence and expansion.
To evaluate the benefit of TR2.4-1BB, we compared the phenotypic
profile, proliferative capacity, cytotoxic activity and anti-tumor effects
of T cells expressing either CAR.MUCI alone, TR2.4-1BB alone, or
a combination of both CAR.MUCI and TR2.4-1BB. T cells were
activated with CD3/CD28 antibodies and subsequently transduced
with retroviral constructs, resulting in high level of expression of each
transgenic receptor (87.3+4%, 80.8+2.7% and 74+5.5% transduction
efficiency for MUC1, TR2.4-1BB and MUC1.TR2.4-1BB CARTs,
respectively, mean+SEM, n=4). Next, to evaluate the function of
TR2.4-1BB, we exposed transgenic cells to recombinant TR2 and
evaluated NFKB translocation (due to 4-1BB signaling) by performing
ELISA. We found that NFKB translocation was induced only in cells
expressing TR2.4-1BB (percent absorbance: 0£0% and 3+0% NFkB
translocation, NT (non-transduced) and TR2.4-1BB respectively,
mean+SEM, n=3). Co-culture of CD3/CD28 stimulated NT T cells
with MDSCs significantly decreased T cell proliferation by 75+5%
and IFN-y production by half compared with T cells cultured alone.
Moreover, in presence of MDSCs, cytotoxic activity (4hr cytotoxicity
assay) of MUC1 CARTs against MUC1+ BC cell lines was diminished
by 25%. However, transgenic TR2.4-1BB expression on CAR.MUCI1
T cells induced MDSC apoptosis in a cytotoxicity assay (70+7% vs
15+2% CAR.MUCI alone) thereby restoring the cytotoxic activity
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of CARMUCI against MUC1+ BC lines in presence of TR2.4-1BB
(67+8.5%). Finally, to assess the anti-tumor effects associated with co-
expression of CAR.MUCI and TR2.4-1BB on T cells, we established a
xenograft model by co-injecting BC tumors with or without MDSCs
in the mammary fat pad of NSG mice. Co-injection of MDSCs with
tumor cells led to approximately two-fold increase in tumor growth
and enhanced distant metastatic spread compared to tumor cells
alone. Treatment of these MDSC-containing established tumors
with firefly luciferase-labeled MUCI1.TR2.4-1BB CARTs resulted in
a significant delay in tumor growth (576.5+87.8 mm?®) compared to
CAR.MUCI (1131.9489.2mm?) or TR2.4-1BB (1032.6£46.4 mm°)
T cells alone (on Day 49 after T cell injection). The treatment also
improved T cell proliferation and persistence at the tumor site as
measured by in vivo bioluminescence imaging (2.14x10°+7.91x107p/s
vs 8.02x107+7.88x107p/s and 1.06x107+9.10x107p/s for CAR.MUCI1 and
TR2.4-1BB respectively, on Day 49). In conclusion, our data indicate
that CARTS co-expressing our novel TR2.4-1BB receptor have higher
anti-tumor potential against BC tumors and infiltrating MDSCs,
resulting in TME remodeling and improved T cell proliferation at
the tumor site.

66. Induction of Potent Systemic and Tissue
Resident Immune Responses by ExoVACC™: A
Novel Exosome-Based Vaccine Platform

Nikki Ross, Christine McCoy, Ray Moniz, Olga
Burenkova, Su Chul Jang, Madeleine Youniss, Kevin
Dooley, Ke Xu, Russell McConnell, Dalia Burzyn,
Kyriakos Economides, James Thornton, Timothy Soos,

Jonathan Finn, Sriram Sathyanarayanan

Immunology, Codiak BioSciences, Cambridge, MA

Background: Exosomes are an important intercellular communication
system facilitating the transfer of complex macromolecules between
cells that is mediated by a complex network of proteins and glycoproteins
on the exosome surface which play a role in cellular tropism and
uptake, as well as, immune cell signaling. We identified PTGFRN and
BASP1 as exosome-enriched proteins found on the exosome surface
and in the lumen, respectively. Exosomes expressing PTGFRN are
preferentially taken up by antigen presenting cells (APCs) which
render them an ideal carrier of antigen and adjuvant cargo to selectively
deliver and activate APCs. We developed exoVACC™, a novel vaccine
platform built on engineering exosomes for the coincident delivery
of biologically active, exogenous antigens and adjuvants to induce
robust antigen-specific immune responses. Using engineered exosomes
containing the model antigen ovalbumin (OVA), we demonstrate the
versatility and superior efficacy of the exoVACC platform compared
to traditional soluble antigen / adjuvant combinations. Methods and
Results: Expression of exogeneous biomolecules fused to PTGFRN
and BASP1 results in uniform, high-density display on the exosome
surface (using PTGFRN) or packaging into the lumen (using BASP1).
Exosomes overexpressing a BASP1-OVA fusion protein contained
over a hundred copies of antigen per exosome. Mice vaccinated with
BASP1-OVA exosomes without adjuvant did not induce OVA-specific
immune responses. We stably loaded a STING agonist adjuvant to the
BASP1-OVA exosomes (referred hereafter as exoVACC) and assessed
immune responses through different routes of administration. A
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single dose of exoVACC induced approximately 9 to 20-fold greater
numbers of splenic antigen specific CD8" T effector memory cells
(T*™) when administered subcutaneously (SC), intranasally (IN) or
intravenously (IV) compared to soluble OVA and AddaVax adjuvant
administered SC. exoVACC also induced 5-fold greater numbers of
splenic antigen specific CD4* T cells compared to soluble antigen
and alum. We investigated whether exoVACC could induce mucosal
immune responses. A single IN administration of exoVACC induced
robust lung mucosal CD8" resident memory T cells (47% CD8*T*M)
that increased following a second IN dose (67% CD8"T™). We tested
the efficacy of exoVACC in mice transplanted SC with E.G7-OVA
tumors. A single prophylactic dose (IN) of exoVACC attenuated E.G7-
OVA tumor growth rates in all mice (0.037 mm®/day) and completely
inhibited tumor growth in 50% of mice whereas mice vaccinated IN
with soluble OVA and poly(I:C) had tumor growth rates (0.121 mm?/
day) comparable to vehicle (PBS) treated mice (0.113 mm?®/day).
Lastly, we enhanced exosome targeting and activation of rare cDCl
cross-presenting DCs by engineering the surface expression of an anti-
Clec9A scFab via fusion to PTGFRN. Anti-Clec9A-PTGFRN exosomes
demonstrated enhanced tropism for and uptake by cDCls in vivo when
administered IV and, when loaded with a STING agonist, enhanced
antigen-specific CD8" T cell responses in the CT-26 tumor model.
Conclusions: exoVACC is a versatile vaccine platform that incorporates
complex antigen engineering, diverse adjuvant and immunomodulator
combinations and cell specific targeting into a single system. This
unique combination results in superior systemic and tissue resident
immune responses via multiple routes of administration compared to
conventional vaccine formulations.

67. Glypican-3-Specific CAR NKT Cells
Armored with IL-15 Mediate Potent Anti-Tumor
Response Against Hepatocellular Carcinoma
Rahamthulla Shaik, Purva Rathi, Netta Schneller, Thao
Nguyen, Linjie Guo, Amy Courtney, Julien Fleurence,

Leonid Metelitsa, Andras Heczey

Pediatrics, Baylor College of Medicine, Houston, TX

Background: Hepatocellular carcinoma (HCC) is the fourth most
common cause of cancer-related deaths worldwide with a five year
survival rate of only 18%. There are currently no curative therapies for
unresectable HCC, highlighting the need for novel approaches to treat
this disease. Glypican-3 (GPC3) is a membrane-bound proteoglycan
highly expressed in HCC but not on healthy non-neoplastic cells,
making it an attractive immunotherapeutic target. Natural killer T
cells (NKTs) are particularly promising for the immunotherapy of
HCC because: i) HCC produces CCL20, a major chemotactic factor
for NKTs, ii) adoptively transferred NKTs suppress HCC in preclinical
models, and iii) the presence of NKTs in primary HCC is associated
with improved patient survival. Redirecting NKTs with chimeric
antigen receptors targeting GPC3 (GPC3-CARs) can combine the
natural antitumor properties of these innate lymphocytes and the
specificity of CAR-based therapies. Expansion and persistence of
therapeutic cells in patients is critical for durable antitumor responses.
Interleukin-15 (IL-15) is known to stimulate proliferation and enhance
survival of human NKTs in the tumor microenvironment; thus, we
hypothesized that NKTs expressing GPC3-specific CAR with IL-15
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will induce robust antitumor effect in preclinical models of HCC.
Methods: We first engineered NKTs to express a set of GPC3-CARs
incorporating the CD3( signaling domain with CD28, 41BB, or both
costimulatory endodomains. We selected the CAR that mediated the
most potent anti-tumor activity in preclinical models of HCC. Next,
we co-expressed IL-15 with this receptor and systematically examined
the ability of CAR NKTs to kill and produce cytokines in vitro and to
expand, persist, and induce tumor regression in HCC xenograft models
in vivo. Results: We determined that the combination of CD28 and
41BB (G28BBz) in the GPC3-CAR induces the most potent anti-tumor
responses with efficient and specific killing of GPC3+ HCC cells in
vitro and in vivo (p<0.001; Mantel-Cox analysis). Multiplex cytokine
analysis by Luminex assay revealed that GPC3-CAR NKTs secrete
a range of effector cytokines including GM-CSF, IFNy, and TNFa
in response to stimulation with GPC3+ HCC cells in vitro with no
significant difference between G28BBz and 15G28BBz groups (Two-
way ANOVA, Tukey’s multiple comparison method). Incorporation of
IL-15 enhanced the expansion and persistence of GPC3-CAR NKTs
in vivo (Fig 1, p<0.01 NT/GFP controls vs 15.G28BBz groups, p<0.05
G28BBz vs 15.G28BBz groups; One-way ANOVA, Tukey’s multiple
comparison method). Most importantly, 15.G28BBz NKTs induced
long-term tumor control and significantly improved survival of HCC
xenograft bearing mice (Fig 2, p<0.0001 control groups vs 15.G28BBz
group, p<0.001 G28BBz vs 15.G28BBz groups; Mantel-Cox analysis).
Conclusion: Our findings provide the basis for clinical testing of
GPC3-CAR NKTs in HCC patients and highlight the potential for

further clinical development.
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Figure 1. GPC3-CAR NKTs expand in HCC tumor bearing mice. Human NKTs were transduced with Ffluc alone
(NT/GFP) and in combination with IL-15, G28BBz or 15.G28BBz. NSG mice (n= 3-7 per group) were injected with 2x10°
GPC3-positive Huh-7 tumor cells IP. After 7 days, 6 x10° Ffluc positve CAR NKT cells were injected into tumor bearing
mice. NKT expansion and persistence was monitored with bioluminescence imaging at the indicated time points. A)
Serial bioluminescence images of mice at indicated time points. B) NKT cell bioluminescence images graphed over time.
NT/GFP vs 15.G28BBz groups p<0.01 and G28BBz vs 15.G28BBz groups p<0.05 by Tukey's multiple comparisons test.
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Figure 2. GPC3-CAR NKT cells induce robust antitumor effect and IL-15 further enhances their antitumor activity
in vivo. NSG mice (n= 5-11 per group) were injected with 2x10° GPC3-positive Huh-7.Ffluc tumor cells IP. After 7 days,
8x108 GPC3-CAR NKT cells or controls (parental NKT cells, IL-15 or CD18-CAR cells) were injected IV on Day 7. A)
Weekly tumor bioluminescence images of mice for each therapeutic and control group at indicated time points. (B) Tumor
bioluminescence graphed over time. (C) Kaplan-Meier survival curve of tumor bearing mice after treatment with GPC3-

CAR NKT cells. Control groups vs 15.G28BBz group p<0.0001 and G28BBz vs 15.G28BBz groups p<0.001 by Mantel-
Cox analysis.
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Introduction: Recently, we constructed an oral cancer vaccine using
recombinant Bifidobacterium longum displaying WT1 protein (B.
longum 420), and showed WT1-specific T cell immune responses
and significant anti-tumor effect in a mouse prostate cancer model
in combination with anti-programmed death-1 (PD-1) antibody.
Immune-checkpoint inhibitors such as anti-PD-1 antibodies have been
considered as one of the most breakthrough in immuno-oncology
(I-O) drugs, but induction of tumor-specific immune response is still
a fundamental of I-O therapy. Therefore, the combination therapy of
immune-checkpoint inhibitors and cancer vaccines are promising
modality to increase response rate in cancer patients. In this study, we
investigated the anti-tumor effect of B. longum 420 in murine bladder
cancer model. In addition, we investigated the efficacy and safety of
recombinant B. longum expressing human WTI protein (B. longum
440) in cynomolgus monkey as preclinical study. Methods: One million
cells of MBT-2 expressing WT1 were subcutaneously inoculated into
mice at day 0. 1x10° colony forming units of pasteurized B. longum
420, B. longum 2012 (non-WT1 expressing control), or PBS were
orally administered on days 4-8, 11-15, 18-22, 25-29, 32-36. Anti-
PD-1 antibody were intraperitoneally injected on days 9, 11, 15, 18,
22. Tumors, spleens were collected to analyze the immune responses.
In another experiment, the anti-PD-1 treatment was initiated ahead of
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oral vaccination of B. longum 420 to assess the clinical uses. In addition,
we administered the 39 mg/kg/day or 77 mg/kg/day of lyophilized
B. longum 440, which are equivalent to 1g/60kg/day or 2g/60kg/day
for human doses of that, into cynomolgus monkeys 5 times a week
for 4 weeks to examine immune responses and safety. Results: The
combination treatment of B. longum 420 and anti-PD-1 antibody
significantly inhibited the tumor growth and improve survival rate
comparing to the other therapies in mice (p<0.05). The significant
antitumor effect was seen even when anti-PD-1 was injected first
3 times and following oral administration of B. longum 420 alone
(p<0.05). The combination therapy induced significantly higher
population of tumor infiltrating CD4T cells than B. longum 420 alone
(p<0.05) and induced substantially higher CD8T cells in MBT-2 tumor
tissues. B. longum 420 also induced remarkably higher population of
WT1-epitope-specific T cells in mouse spleens. Cynomolgus monkey
study showed that oral administration of lyophilized B. longum 440 did
not showed the obvious adverse effects and signs of toxicity. B. longum
440 were detected only in feces, but not in peripheral blood and urine
after oral administration. Intracellular cytokine staining showed that
remarkable increase of IFN-gamma-producing CD4 and CD8T cells
that were responding to re-stimulation with WT1 protein and WT1-
specific epitopes in splenocytes. Conclusions: we demonstrated that
the combination of B. longum 420 oral vaccination and anti-PD-1
antibody could induce the significant antitumor effect and WT1-
specific immune responses to urothelial cancer in mice. In addition, the
preclinical study in cynomolgus monkey showed oral administration
of B. longum 440 showed the feasibility of the oral cancer vaccine in
clinical setting. These findings suggested that our oral cancer vaccine
could augment the efficacy of pembrolizumab, anti-PD-1 antibody, in
the patients with advanced urothelial cancer.

69. T Cells Redirected to the Pan-Cancer
Target GRP78 Have Potent Antitumor Activity
in Preclinical Models

Nikhil Hebbar!, Rebecca Epperly?, Abishek Vaidya',
Stephen Gottschalk’, M. Paulina Velasquez'

'Bone Marrow Transplantation and Cellular Therapy, St. Jude Children’s Research
Hospital, Memphis, TN,?Department of Oncology, St. Jude Children’s Research
Hospital, Memphis, TN

Ideal immunotherapy targets should be cancer specific, essential for
the malignant phenotype, and expressed in a broad range of cancers.
We posit that members of the unfolded protein response (UPR)
fulfill these characteristics since the UPR regulates hallmarks of
cancer including the ability of cancer cells to resist cell death, sustain
proliferation, and metastasize. Intracellular Glucose-regulated-protein
78 (GRP78) is a key UPR regulator, which normally resides in the
endoplasmic reticulum (ER). GRP78 is overexpressed and translocated
to the cell surface in a broad range of solid tumors and hematological
malignancies in response to elevated ER stress, making it an attractive
target for immune-based therapies with T cells expressing chimeric
antigen receptors (CARs). The goal of this project was to generate
GRP78-CAR T cells and evaluate their effector function in vitro and
in vivo. We designed a retroviral vector encoding a GRP78-CAR using
a GRP78-specific peptide as the antigen recognition domain, and
generated GRP78-CAR T cells by retroviral transduction of primary
human T cells. Expression of GRP78-CARs in T cells did not induce
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fratricide, and the median transduction efficiency was 82% (+ 5-8%,
N=6). Immunophenotypic analysis of GRP78-CAR T cells showed a
predominance of naive and terminal effector memory subsets on day 7
after transduction (N=5). To initially determine the antigen specificity
of GRP78-CAR T cells, we performed coculture assays in vitro with
cell surface GRP78* MOLM13 (AML), A673 (Ewing’s sarcoma),
MDA-MB468 (triple negative breast cancer) or cell surface GRP78,
non-transduced (NT T cells) targets. T cells expressing CARs specific
for HER2-, CD19-, or a non-functional GRP78 (AGRP78)-CAR served
as negative controls. GRP78-CAR T cells secreted significant amounts
of IFNy and IL-2 only in the presence of GRP78" target cells (N=3,
p<0.005); in contrast, control CAR T cells did not. In addition, GRP78-
CAR T cells only killed GRP78" target cells in standard cytotoxicity
assays confirming specificity. Finally, we evaluated the antitumor
activity of GRP78-CAR T cells in three xenograft models (MOLM13,
A673, MDA-MB468). Tumor growth was either monitored by serial
bioluminescence imaging or caliper measurements. In all three models
(N=10 per group), a single intravenous dose of GRP78-CAR T cells
induced tumor regression, which resulted in a significant (p<0.001)
survival advantage in comparison to mice that had received control
CAR T cells. In conclusion, we have successfully generated CAR T
cells against the pan-cancer target GRP78. GRP78-CAR T cells had
potent antitumor activity in vitro and in vivo, warranting further active
exploration of our cell therapy approach to target a broad range of
malignancies.

70. Faster, Higher, Stronger: Optimizing Fuel
Selection to Improve CAR-T Cell Metabolic
Fitness in Solid Tumors

Yufan Zhou', John Scholler', Sophie Trefely’, Eliana
Von Krusenstiem?, Nathaniel Snyder?, Carl H. June',

Roderick O’Connor’

"University of Pennsylvania, Philadelphia, PA,?Drexel University, Philadelphia, PA
Introduction: The unprecedented success of CAR-T cell therapies in
B-cell malignancies has not been reproduced in solid tumors. CAR-T
cells traffic to solid tumors and undergo antigenic stimulation but the
metabolic nature of the microenvironment impairs overall CAR-T
durability. In solid tumors, heightened tumor cell metabolism and
altered perfusion create a competition for nutrients. As the energy
cost of proliferation and differentiation is high, CAR-T cell activity
diminishes and persistence as well as effector function is impaired. We
recognize that the current 9-11 day ex-vivo CAR-T cell expansion phase
provides a valuable opportunity to condition the cell culture medium
with factors conferring superior metabolic fitness; ultimately translating
into enhanced engraftment and survival in hostile tumor environments.
Results: A role for L-arginine has been identified in the metabolic
and anti-tumor function of OT-1 murine T cells, although the
mechanisms are poorly understood. We show that human CAR-T
cells specific for CD19, expanded in medium conditioned with
L-arginine, have enhanced anti-tumor function in Nalm-6 xenograft
models of ALL. Similarly, L-arginine-treated anti-PSMA human
CAR-T cells have enhanced durability and cytolytic activity in
PC3-PSMA models of prostate cancer (Fig. 1A). Peripheral blood
collection revealed an increased persistence of arginine-treated
CAR-T cells; an effect likely supported by their distinct metabolic
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fate. Extracellular flux analyses revealed that short-term L-arginine
treatment imprints CAR-T cells with a significantly increased
respiratory capacity. This “built-in” contingency energy reserve is
sustained several days after arginine washout (Fig. 2). Using a series
of BC isotopically-labeled metabolic tracers, we show that enhanced
arginine availability doesn’t increase arginine metabolism directly.
Instead, arginine-treated CAR-T cells have a reprogramed metabolic
state where they selectively refuel the energy generating steps of
proliferation and differentiation using branched chain amino acids
(BCAA) leucine, isoleucine and valine. Based on the transcriptional
profile and chromatin state we found that SLC7A5 (responsible
for BCAA uptake), and BCAT1 (catalyzes the first step of BCAA
metabolism), were upregulated in L-arginine-treated CAR-T cells.
Conclusion: In summary, our findings explain how arginine confers
superior metabolic attributes to CAR-T cells and provide the first
evidence supporting a role of BCAA metabolism in CAR-T cell
mitochondrial function. These findings are of immediate translational
relevance given the recent data that select tumors favor BCAA
metabolism over glucose to support their growth. For other tumors,
these data position L-arginine and BCAA’s as important fuel sources
to support CAR-T cell activity, persistence and function in hostile
tumor environments.
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71. Programmable C-to-G Transversions in
Human Cells with Engineered CRISPR Base
Editors

Ibrahim C. Kurt"?, Ronghao Zhou'?, Sowmya Iyer', Sara
P. Garcia', Bret R. Miller"?, Lukas M. Langner"?, Julian

Griinewald"*?, J. Keith Joung"*?

"Molecular Pathology Unit, Massachusetts General Hospital, Charlestown,
MA,*Center for Cancer Research and Center for Computational and Integrative
Biology, Massachusetts General Hospital, Charlestown, MA,’Department of
Pathology, Harvard Medical School, Boston, MA

Adenine base editors (ABE) and cytosine base editors (CBE) can
efficiently install A-to-G and C-to-T transition edits, respectively.
However, the field is currently lacking base editors to efficiently install
C-to-G transversion edits in human cells in a programmable manner.
We modified existing CBE architectures to repurpose them into new
C-to-G base editors (CGBEs). Our optimized CGBE induced C-to-G
alterations with efficiencies as high as ~70%, particularly in AT- rich
sequence contexts. CGBE exhibited a narrow editing window within
the target site (positions 5-7 in the SpCas9 spacer sequence) but we
also showed that incorporation of SpCas9 PAM recognition variants
that can recognize NG or NGA PAMs into CGBE are functional,
thereby expanding the range of targetable sites. In addition, CGBE
displayed favorable Cas9-dependent DNA off-target profiles compared
to the BE4max C-to-T base editor. Finally, we found in side-by-
side comparison that CGBE achieves higher efficiencies of C-to-G
edits compared with the recently described PE2 and PE3 prime
editing technologies at four different loci, although rates of prime
editing might be further improved with additional optimization of
the PE setup. Taken together, CGBE we describe here expands the
editing capabilities of the base editor platform for both research and
therapeutic applications.

72. Unconstrained Genome Targeting with
Engineered Near-PAMless CRISPR-Cas
Variants

Kathleen A. Christie"*?, Russell T. Walton'?, Benjamin
P. Kleinstiver"*?

!Center for Genomic Medicine, Massachusetts General Hospital, Boston,
MA,?Department of Pathology, Massachusetts General Hospital, Boston,
MA,*Department of Pathology, Harvard Medical School, Boston, MA

The ability to utilize CRISPR-Cas nucleases to manipulate DNA in
a site-specific manner holds immense potential for the study and
treatment of genetic disease. One limitation of CRISPR-Cas nucleases is
that target recognition requires the presence of a protospacer adjacent
motif (PAM), which for the commonly used S.pyogenes Cas9 (SpCas9)
is NGG. The necessity of a PAM restricts the targeting range of various
genome editing tools for applications that require high-resolution
targeting, such as base editing, allele-specific editing, generating
efficient HDR-mediated alterations, high-resolution tiling, etc.
To eliminate the necessity of PAM recognition and thereby improve
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genome accessibility for editing, we utilized a combination of rational
directed engineering methods to generate novel SpCas9 variants.
Initially, we sought to relax SpCas9 PAM preference from the canonical
NGG to a more relaxed NGN motif. Using high-throughput design
and screening approaches, we generated a highly active variant,
named SpG, which can target NGN PAMs with greater activity than
previously described xCas9 and SpCas9-NG variants. To enable even
broader targeting, we then utilized SpG as a molecular scaffold for
further engineering, leading to the generation of a novel SpCas9
variant named SpRY (for targeting NRN>NYN PAMs). We found
that SpRY can efficiently target sites with NGN and NAN PAMs
(collectively NRN), and also has detectable but reduced activity
against sites harboring NCN and NTN PAMs (collectively NYN).
In addition to their activities as nucleases, we demonstrate the broad
utility of SpG ad SpRY as cytosine and adenine base editors (CBEs
and ABEs, respectively). Furthermore, as a proof-of-concept of the
expanded targeting range of these variants, we utilize SpG and SpRY
CBEs to generate previously inaccessible single nucleotide variants
associated with protecting individuals against complex genetic disease.
Taken together, SpG and SpRY enable targeting of many sequences
previously inaccessible to SpCas9 and other Cas9 orthologs, and
should enable high-resolution targeting for a suite of genome-editing
applications.

73. Efficient Multiplex Base Editing at Single
Target Sites with a Dual-Deaminase Base
Editor

Julian Griinewald"?, Ronghao Zhou', Caleb A. Lareau'?,
Sara P. Garcia', Sowmya Iyer', Jonathan Y. Hsu"*, Bret R.
Miller!, Lukas M. Langner', Martin J. Aryee"*?, J. Keith

Joung'?

"Pathology, MGH, Charlestown, MA,’Harvard Medical School, Boston,
MA,*Harvard T.H. Chan School of Public Health, Boston, MA,'MIT, Cambridge,
MA

Adenine and cytosine base editors (ABEs and CBEs) are important
CRISPR gene editing technologies that enable the programmable
introduction of A-to-G and C-to-T point mutations, respectively.
These editors require neither DNA double-strand breaks nor donor
templates. Instead, they harbor an adenosine or cytidine deaminase that
is fused to a catalytically impaired Cas9. This architecture allows for
the targeted deamination of specific bases in DNA. However, the range
of base editing outcomes induced by each platform remains limited
to a single type of base substitution. Here we describe an approach to
expand the portfolio of base editing outcomes in which we engineered
and validated a dual-deaminase base editor (ddBE) that can efficiently
introduce concurrent C-to-T and A-to-G edits in the same base
editing window in human cells. We also show that these engineered
ddBEs induce minimal RNA off-target editing. ddBE provides a useful
technology for gene editing applications that require high-diversity
outcomes, such as molecular recording or tiling screens and thereby
broaden the research applications of the CRISPR base editing platform.
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74. Rational Selection of CRISPR/Cas9
gRNAs to Maximize Homology-Directed
Genome Editing

Kristina J. Tatiossian, Robert Clark, Chun Huang, Paula

Cannon

University of Southern California, Los Angeles, CA

Homology-directed repair (HDR) is the desired outcome for many
applications of CRISPR/Cas9 genome editing. However, HDR editing
is challenging in mammalian cells because not only is it in competition
with other DNA repair pathways, such as NHE] and MME], but the
absolute efficiency of HDR is currently not predictable. Consequently,
panels of CRISPR/Cas9 gRNA and matched homology DNA templates
must be generated and evaluated to identify optimal combinations. We
demonstrate here that the indel signatures resulting from CRISPR/
Cas9 editing in the absence of a homology template can be used to
predict and strategically optimize gRNA selection to maximize HDR.
To do this, we analyzed a panel of CRISPR/Cas9 gRNAs in both the
K562 cell line and in therapeutically relevant primary human CD4+
T cells and hematopoietic stem cells. We confirmed previous studies
that have reported that the pattern of indels resulting from a specific
gRNA is conserved across cell types and extended this concept to
primary cells. Importantly, we demonstrated for the first time that
indels derived by MME] repair, characterized by deletions >3bp,
can be used to predict a target site’s potential for HDR and thereby
guide the optimization of an HDR editing strategy. Additionally, by
comparing the indel outcomes from S. aureus and S. pyogenes Cas9
gRNAs targeted to the same sequence, we add to the growing volume
of data demonstrating that the targeted DNA sequence is a major factor
governing the consistent and characteristic indel outcomes of Cas9-
induced DSBs. Finally, we tested the predictive capacity of inDelphi,
FORECasT, and Lindel, which are tools recently developed to predict
the indel outcomes of Cas9-gRNA based solely on the targeted DNA
sequence. In our system, Lindel best predicted gRNA indel signatures,
and could be repurposed to predict the tendency of a gRNA target site
to support HDR. In summary, we here propose a simple strategy for
the rational selection and optimization of CRISPR/Cas9 gRNAs to
optimize HDR editing.

75. dCasi3-Mediated Therapeutic RNA Base
Editing for In Vivo Gene Therapy

Jiaming Wang'?, Lingzhi Ren', Jia Li', Guangping
Gao*"*?, Dan Wang?"*

"Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA,?Department of Microbiology and Physiological Systems,
University of Massachusetts Medical School, Worcester, MA,’Li Weibo Institute
for Rare Diseases Research, University of Massachusetts Medical School,
Worcester, MA,"RNA Therapeutics Institute, University of Massachusetts Medical
School, Worcester, MA

The recently discovered microbial Cas13 proteins are RNA-guided
RNA nucleases. The catalytically deficient version of Cas13 (dCas13)
can serve as a platform for targeted RNA binding, and enable RNA base
editing by coupling with an RNA-modifying enzyme. RNA base editing
has several advantages as a therapeutic approach. First, it is independent
of endogenous DNA repair mechanisms that limit some genome
editing strategies such as homology-directed repair, and therefore can
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function in a broader range of cells. Second, whereas DNA base editing
involving other Cas effectors relies on a suitable protospacer-adjacent
motif (PAM) in the target DNA, dCas13-mediated RNA base editing
has a much more relaxed constraint on the target nucleic acid sequence
context. Furthermore, RNA editing does not permanently alter the
genetic information, and therefore has a potentially less concerning
safety profile as a gene therapy approach. RNA editing tools comprising
dCas13 fused with Adenosine Deaminase Acting on RNA deaminase
domain (ADARdd) have been previously developed to convert an
adenosine (A) to an inosine (I) that is functionally read as guanosine
(G) by various cellular processes such as translation. A potentially broad
therapeutic application is to correct pathogenic missense mutations and
nonsense mutations (PTC; UAA, UAG, or UGA) caused by a G to A
base change. The dCas13-ADARdd has been shown as an efficient RNA
base editor in mammalian cell culture. However, the in vivo editing
efficiency and therapeutic efficacy remain to be studied. In this study,
we designed dCas13-ADARdd reagents that are amenable to AAV
vector-mediated gene delivery, and examined their effectiveness in
correcting a disease-associated mutation in mice. We first optimized
several parameters for RNA editing efficiency using a reporter assay
in HEK293FT cells, including Cas13 orthologs, ADARdd variants,
fusion orientations, subcellular localization signals, gRNA designs,
and promoters. We achieved robust editing with the reporter. Editing
of endogenous transcripts and disease-related RNA targets in cell lines
was also efficient. Selected editors were packaged into AAV vectors
and systemically delivered to a mouse model of Hurler syndrome that
harbors homozygous Idua-W392X mutation (UGGOUAG) analogous
to the most common mutation in patients. Five weeks later, liver total
RNA was extracted and subjected to reverse transcription and PCR
amplification. Deep sequencing of targeted Idua amplicon revealed
that corrected transcript accounted for up to 15% of total Idua mRNA
with minimal by-stander editing. The IDUA activity in liver lysate
was restored to about 1% of the normal level, surpassing the targeted
therapeutic threshold of 0.5%. Further assessment on the therapeutic
efficacy and transcriptome-wide off-target editing is underway. ‘Co-
corresponding authors.

76. CRISPR/Cas9-Mediated Gene Editing
Corrects Disease-Causing Mutation in Crigler-
Najjar Syndrome Mice
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'Mouse Molecular Genetics, ICGEB, Trieste, Italy,"Molecular Medicine, ICGEB,
Trieste, Italy,’School of Cardiovascular Medicine & Sciences, King’s College
London, London, United Kingdom

AAV-mediated gene delivery for gene replacement therapy of
monogenic liver disorders has demonstrated efficacy in several animal
models and human clinical trials. However, since the therapeutic
payload remains mostly episomal, the use of AAV vectors for liver-
directed gene transfer during infancy or juvenile age is still limited
in the long-term due to loss of vector DNA and efficacy, associated to
hepatocyte duplication. Genome editing stands as a promising strategy
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for the treatment of genetic diseases, since it leads to a permanent and
specific modification of the genome, that is transmitted to daughter
cells upon proliferation.We previously demonstrated that promoterless
genome targeting of the hUGT1A1 ¢DNA into the albumin locus
(GeneRide) successfully rescued neonatal lethality in a mouse model
of Crigler-Najjar syndrome. Therapeutic efficacy of GeneRide was
subsequently increased by coupling the CRISPR/Cas9 platform. Here,
we aimed at correcting the disease phenotype by editing a single base
deletion present in the Ugtlal murine locus of Crigler-Najjar mice,
responsible for the lethal phenotype. Neonatal mice were retro-orbital
injected with two AAV8 vectors: one expressing the SaCas9 and the
sgRNA, and the other one carrying the Ugtla homology regions. Two
sgRNAs were tested, Ex4-sgRNA, which targeted the point mutation,
and NcoI-sgRNA, with a targeting site 120 bp upstream of the mutation.
We observed 50% reduction in plasma bilirubin (TB) levels with the
Ncol-sgRNA, which remained stable up to 5 months post-injection,
while the correction with the Ex4-sgRNA was negligible. Next, we tested
different Cas9:donor vector ratio combinations (1:1; 1:2; and 1:5), with
the 1:5 ratio showing the higher efficacy in lowering TB levels. Finally,
to further improve CRISPR/Cas9-mediated gene editing efficacy we
used selected microRNAs regulating HR-mediated gene correction,
identified by a robotic high-throughput approach in a library of 2,042
human microRNAs. These miRNAs markedly enhanced CRISPR/
Cas9-AAV-based homologous recombination in the liver both in the
albumin locus using eGFP reporter-system and in the mouse Ugtlal
locus. In conclusion, we showed that CRISPR/Cas9 mediated gene
editing in the Ugtlal locus was able to rescue the neonatal phenotype
in Crigler-Najjar mice, and that HDR and therapeutic potential was
further enhanced by selected miRNAs in the liver.

77. Development of a CRISPR/Cas9 System
for Mitochondrial Diseases
Michelle Ho"**, Anh H. Pham'#, John J. Rossi*?, John C.

Burnett"?

!Center for Gene Therapy, City of Hope, Duarte, CA,*Molecular & Cellular
Biology, City of Hope, Duarte, CA,’Irell & Manella Graduate School of Biological
Sciences, City of Hope, Duarte, CA,*Stein & Doheny Eye Institutes, University of
California, Los Angeles, Los Angeles, CA

Mutations in mitochondrial DNA (mtDNA) are responsible for a
substantial number of heritable mitochondrial diseases. mtDNA-
associated mitochondrial diseases like neurogenic muscle weakness,
ataxia, and retinitis (NARP) and Leigh syndrome are often debilitating
and sometimes fatal. No cures currently exist for these diseases, and
treatments can only manage symptoms. Targeting disease-associated
mitochondrial mutations and destroying defective mtDNA would
provide a long-term solution. However, such a strategy has proven
to be difficult because it requires the efficient delivery of molecular
components to membrane-encapsulated mtDNA. Additionally,
mutations can often be point mutations, and an effective therapy would
require the precise targeting of hundreds of affected mtDNA molecules
in a cell. Site-specific gene editing tools like CRISPR/Cas would allow
for such targeting. However, to date, no CRISPR/Cas system has
been able to effectively target disease-relevant mtDNA mutations. We
thus sought to develop a mitochondrial CRISPR/Cas system that can
distinguish common mtDNA mutations and select for wild-type species.
To create a mitochondrial CRISPR/Cas system, a Cas nuclease
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and guide RNA both need to be imported into the mitochondrial
matrix. By appending a mitochondrial targeting signal and removing
nuclear localization sequences, we have relocalized Cas9 nuclease to
mitochondria. We demonstrate that mitochondrial-targeted Cas9
(mitoCas9) is efficiently delivered to the mitochondrial matrix and
enriched in mitochondrial fractions. To localize CRISPR guide RNAs
to mitochondria, we have found effective methods using synthetic
RNAs as well as the addition of mitochondrial-targeting moieties.
Chemically modified guide RNAs are highly efficient at localizing
to mitochondria under optimized delivery conditions, while guide
RNAs with mitochondrial targeting sequences do not require such
stringent conditions. Using mitoCas9 and a guide RNA targeting a
NARP-associated ATP6 mutation, we demonstrate the functionality
of a mitochondrial CRISPR/Cas9 system. Shifts in mutant-to-wildtype
mtDNA ratios were quantified and monitored in NARP patient-
derived cybrids. This study is an early demonstration of efficient Cas
nuclease and guide RNA delivery to mitochondria. It not only shows
that CRISPR/Cas can target non-nuclear DNA, but it also helps extend
gene therapy to a large subset of inherited mitochondrial diseases.

CAR T and Other Engineered T Cells
Targeting Hematological Malignancies

78. Exploiting CRISPR-Genome Editing and
WT1-Specific T Cell Receptors to Redirect T
Lymphocytes Against Acute Myeloid Leukemia
Eliana Ruggiero’, Erica Carnevale', Zulma Magnani',
Barbara Camisa!, Claudia Politano!, Beatrice Claudia
Cianciotti', Lorena Stasi', Alessia Potenza', Michela
Tassara?, Mark McKee®, Aaron Prodeus’, Stephanie
Yazinski’, Simo Arredouani’, Birgit Schultes®, Fabio
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and Infectious Diseases, San Raffaele Scientific Institute, Milan,
Italy,’Immunohematology and Transfusion Medicine, San Raffaele Scientific
Institute, Milan, Italy,’Intellia Therapeutics, Cambridge, MA,*Hematology and
Bone Marrow Transplantation Unit, San Raffaele Scientific Institute, Milan,
Italy,"Vita Salute San Raffaele University, Milan, Italy

Empowering T cells with new T cell receptors (TCR) can effectively
redirect some of the most potent players of our immune system towards
every surface and intracellular tumor target. TCR gene editing, the
selective disruption of endogenous TCR genes coupled with the transfer
of a tumor-specific receptor, has improved the potential for human
therapeutics of TCR-engineered T cells. However, the identification
of the exact tumor-specific TCR remains the major bottleneck for the
wide-range exploitation of TCR-based therapies in clinical practice.
In this study we set up a TCR hunting approach to build a library of
receptors encompassing different human leukocyte antigen (HLA)
restrictions and specifically recognizing Wilms Tumor 1 (WT1), a
tumor-associated antigen overexpressed in a variety of hematological
and solid tumors. WT1-specific T cells successfully expanded from
14 healthy donors by repetitive stimulation with autologous antigen-
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presenting cells loaded with a WT1 peptide pool, were co-cultured
with antigen-expressing cells and primary leukemic blasts to assess
their ability to recognize naturally processed epitopes and their on-
target specificity. Over time tracking of the WT1-specific T cells in
culture enabled the identification of 21 TCRaf pairings recognizing
avariety of WT1 peptides and restricted to different HLAs, including
the highly frequent HLA-A*02:01 allele. The anti-tumor activity of
newly identified TCRs was validated through TCR gene editing in the
context of acute myeloid leukemia (AML), an aggressive and still largely
incurable hematological malignancy. Upon simultaneous disruption of
the endogenous TCR a and B chains using CRISPR/Cas9 technology
(knock-out efficiency >98%), we efficiently introduced WT1-specific
TCRinto T cells either by random integration into the genome using
lentiviral vector (LV) transduction or by exploiting targeted integration
into the TCR a-chain locus using an adeno-associated vector (AAV).
TCR-redirected lymphocytes showed mainly a T stem cell memory
phenotype. Edited T cells co-cultured with T2 cells pulsed with
decreasing concentrations of WT1-derived peptides demonstrated a
range of functional avidities, including some high affinity candidates.
Log EC, peptide concentration ranged from 0.5 to 8 ug/ml, depending
on the TCR tested. In a Caspase-3 assay, edited T cells proved able to
specifically and efficiently recognize HLA-matched primary AML
blasts (efficiency up to 70% at an effector to target ratio of 5 to 1).
Furthermore, using an alanine scanning approach, WT1 peptide
residues critical for the TCR binding were clearly identified, thus
determining the safety profile of the most promising TCR candidates.
To verify the efficacy and specificity of the lead TCR edited T cells in
vivo, NSG mice infused with human AML blasts were treated with
edited T cells harboring the WT1-specific TCR (either upon LV or AAV
delivery). A significant decrease in AML tumor burden was observed
in mice treated with the WT1-specific T cells versus control mice
(p<0.0001). Throughout the study, mice showed no signs of GvHD. In
conclusion, we demonstrated that TCR-edited T cells can be effectively
used to target WT'1-expressing tumor cells in AML.

79. Co-Targeting CD38 with a Chimeric
Costimulatory Receptor Enhances Adoptive T
Cell Therapy for Hematological Malignancies
Afroditi Katsarou', Maria L. Sjostrand?, Alexandros
Nianias', Renee Poels’, Sonja Zweegman', Tuna Mutis',
Michel Sadelain? Richard W. J. Groen!, Maria Themeli'

"Hematology, Amsterdam UMC, Location VUmc, Amsterdam,
Netherlands,2Immunology Program, Center for Cell Engineering, Memorial Sloan
Kettering Cancer Center, New York, NY

Adoptive cell immunotherapy with genetically engineered T cells
bearing a chimeric antigen receptor (CAR-T cells) or a tumor antigen-
specific T cell receptor (TCR-T cells) has become a powerful strategy
for the treatment of advanced hematological malignancies. Second
generation CARs have induced dramatic responses in chemotherapy
resistant B cell leukemias, lymphomas and multiple myeloma (MM).
However, there is still a considerable proportion of patients who
eventually experience tumor relapse. Clinical and experimental data
of CD19-, BCMA-, and CD22- CAR-T cell use demonstrate that a
critical mechanism of disease escape is the down regulation of antigen
expression, to evade effector cell mediated killing. In addition, the
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use of TCR-T cells has not met the clinical success of CAR-T cells,
potentially due to inefficient T cell activation and persistence. We
hypothesized that co-targeting of CD38, that is highly and uniformly
expressed in all hematopoietic cells, with a costimulatory chimeric
receptor (CCR) would enhance the antigen-recognition and killing
capacity of CAR/TCR-T cells for hematologic malignancies and
that the incorporation of a complimentary costimulation, with
4-1BB and CD28 signaling, would confer increased persistence.
We found that double-targeting BCMACAR/CD38CCR T cells showed
significantly increased cytotoxic capacity against BCMA*CD38* MM
cell lines and primary MM cells compared to the single-targeting
BCMACAR-T cells. This effect was abrogated in the absence of CD38
expression while it was still observed when a truncated CD38 receptor
was used, indicating that it is a result of CD38 engagement. Of note,
the CD38CCR did not induce cell lysis of CD38 expressing targets.
Using cell line-based models of low-antigen expression we showed that
the use of CD38CCR could rescue the diminished lysis of BCMAlow
K562 and CD19low Nalm-6 by BCMACAR-T and CD19CAR-T cells
respectively. Similarly, CD38 co-targeting significantly improved the
function of TCR-T cells since NYESO-1-TCR/38CCR T cells showed
significantly increased cytotoxicity against a NYESO-1*CD38* cell line.
Furthermore, the engagement of the CD38CCR provided the CAR/
TCR T cells with CD28 and 4-1BB mediated costimulation, resulting
in markedly enhanced cytokine secretion, reduced PD-1 expression
and optimal proliferative capacity. Most importantly, the costimulatory
signaling could be also initiated in-trans through engagement of
CD38 expressed on bystander accessory cells which remained intact
while killing of tumor targets was maintained. In vivo, mice treated
with BCMACAR/CD38CCR T cells showed significantly lower
tumor growth and prolonged survival compared to mice treated with
a second generation BCMACAR T cells. Importantly, BCMACAR/
CD38CCR T cells persisted longer in vivo than BCMACAR T cells.
In conclusion, we demonstrated that engagement of a CCR can increase
the effector-to-target avidity and provide combinatorial costimulation
to CAR/TCR T cells also in trans. As a result combination of a CAR/
TCR and a CD38CCR against hematological malignancies results in
enhanced antigen recognition, even for antigen-low variants, reduced
exhaustion and improved in vivo anti-tumor function and persistence.
Since no cytotoxicity is mediated through the CCR, the co-targeting of
a highly expressed second antigen with a CCR is a potential powerful
strategy to enhance anti-tumor function of CAR- and TCR-engineered
T cells for many malignancies.
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Chronically stimulated tumor specific T lymphocytes infiltrating
solid and hematological tumors express several inhibitory receptors
(IRs), such as PD-1, CTLA-4, Lag-3 and Tim-3. Cancer cells often up-
regulate the ligands of these inhibitory molecules, thus fostering T cell
exhaustion. Resulting exhausted T cells lose effector functions and the
ability to effectively kill cancer cells. The blockade of the interaction
between IRs and their ligands by monoclonal antibodies (e.g. anti-
CTLA-4, anti-PD-1) rescues T cell exhaustion and this therapeutic
approach produced substantial clinical results in 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. Here,
we aimed at generating innovative tumor-specific T cell products
resistant to inhibitory signals and able to persist long-term in treated
cancer patients. To reach these objectives we developed a strategy to
simultaneously redirect T cell specificity by TCR gene editing and
permanently disrupt IRs by CRISPR/Cas9 in long-living memory stem
T cells (T,,,). To avoid mispairing between the endogenous TCR and
the tumor-specific TCR, we simultaneously inactivated the constant
regions of a and Pchain of the endogenous TCR genes by targeting
trac and trbcl/2 loci by ad hoc designed CRISPR/Cas9 nucleases.
The inactivation of the endogenous TCR was combined with Tim-3
or LAG-3, in a multiplex approach. To redirect the T cell specificity,
TCR-neg-IRs-neg cells were then transduced with a lentiviral vector
encoding for a TCR specific for an HLA-A2 restricted peptide from
the NY-ESO-1 tumor antigen. By this protocol, coupled with culture
conditions to preserve early differentiated cells, we generated T,
cells redirected towards a tumor antigen and devoid of one inhibitory
receptor. In co-culture assays, TCR-edited/LAG-3neg and TCR-edited/
Tim-3neg T, cells retained an effective and specific anti-tumor
activity, thus indicating that IRs disruptions do not impact on the
effector functions of T cells. When tested in vivo in preclinical models
of multiple myeloma, in conditions of high tumor-antigen persistence
limited doses of TCR-edited-LAG-3neg T cells displayed a reduced
exhausted phenotype and a significantly enhanced anti-tumor activity
compared to TCR-edited-LAG-3-competent cells. In the same model,
Tim-3 disruption did not result in improved anti-tumor activity,
suggesting a different role for this inhibitory molecule. Finally, when
challenged for secondary responses, TCR-edited-LAG-3neg, but not
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TCR-edited-IR-competent cells, prevented the engraftment of a second
infusion of tumor cells, thus indicating an enhanced T cell fitness and
resistance to exhaustion of TCR-edited-LAG-3neg cells. Overall, we
exploited the versatility of multiplex gene editing by CRISPR/Cas9 to
generate an innovative long-living tumor-specific cellular products
resistant to inhibitory signals.

81. Pre-selected CAR T, ., Outperform
CAR T, «in Driving Tumor Eradication in the
Absence of Cytokine Release Syndrome and
Neurotoxicity

Claudia Mezzanotte, Silvia Arcangeli, Barbara Camisa,
Laura Falcone, Francesco Manfredi, Rossana Norata,
Francesca Sanvito, Maurilio Ponzoni, Beatrice Greco,
Fabio Ciceri, Chiara Bonini, Attilio Bondanza, Monica

Casucci
IRCSS San Raffaele Scientific Institute, Milan, Italy

Capability of CAR T cells to expand and persist in patients emerged
as a fundamental factor accounting for better outcome and durability
of antitumor responses. These features inversely correlate with T-cell
differentiation, suggesting that the enhanced T-cell fitness typical of
early memory T cells may significantly improve CAR T cell therapeutic
potential. Therefore, we sought to determine the role of pre-selected
naive/stem memory T cells (T ), as compared to total T cells (T, ),
in enhancing CAR T cell anti-tumor responses. As expected, CART
s Were less lytic than CAR T, - and produced lower amounts of
pro-inflammatory cytokines when stimulated with CD19+ targets in
vitro, even though displaying a similar proliferative capacity. When
challenged against tumor cells in HSC-humanized mice, limiting
doses of CAR T,
CAR T, and the unique ability to protect mice from leukemia re-
challenge, together with higher in vivo expansion, persistence and a
better CAR T cell fitness. Indeed, as evaluated by BH-SNE algorithm,
after leukemia encounter CAR T, . were characterized by prevalence
of early memory T-cell subsets, together with the expression of multiple
activation markers and a limited enrichment of inhibitory receptors.
In contrast, CAR T, were typified by the presence of terminally
differentiated T cells, displaying an exhausted phenotype, as observed
by co-expression of multiple inhibitory receptors in the absence of
activation markers. Notably, at limiting doses and low tumor burdens
no cases of severe CRS (sCRS) were reported. Conversely, when
infusing high doses of CAR T cells in mice with high tumor burdens,
detrimental CRS and neurotoxicity were only elicited by CAR T, .
In particular, more than 50% of mice receiving CAR T,  experienced
aremarkably increased sCRS, characterized by drastic weight loss and
increased serum elevation levels of IL-6 and SAA, culminating in the
death of the treated mice. Moreover, 3 out of 6 CAR Tooik treated mice
showed multifocal brain hemorrhages, whereas in the group treated
with CAR T, only one mouse presented with a small hemorrhagic
focus. Taken together, these results indicate that CAR TN/SCM ar
intrinsically less prone than CAR T,  to trigger detrimental infusional
toxicities, allowing deeper and more durable anti-tumor responses
in the absence of sCRS and neurotoxicity, significantly widening the
therapeutic index of current CAR T cell approaches.

showed superior antitumor activity compared to
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82. Therapeutic Efficacy of CAR-T Cells
Targeting gp350 in a Humanized Mouse

Model of Epstein Barr Virus-Induced
Lymphoproliferation and Prospects for Clinical
Trials
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Objectives: Epstein-Barr virus (EBV) is an oncogenic herpesvirus
widely spread in humans (>95%). Lymphoproliferative disease,
development of B-cell lymphomas and occurrence of head and neck
or gastric carcinomas have been associated with EBV oncogenesis. We
previously reported that cord blood-derived T cells expressing chimeric
antigen receptors (CARs) with the CD28/CD3( signaling domain and
targeted against the EBV glycoprotein 350 (gp350) recognized and
killed cell lines latently infected with EBV (Slabik et al, 2017 ASGCT
poster presentation). For in vivo testing, EBV-fLuc strains were used
to infect Nod.Rag.Gamma (NRG) immune deficient mice transplanted
with human cord-blood derived CD34* hematopoietic stem cells
(HSCs). We showed that prophylactic administration of either sorted
CD8*/CD4* or CD8* gp350-CAR-T cells lowered EBV-M81/fLuc
spread, which was measured by full body bioluminescence optical
imaging and determination of vector copies by PCR (Kalbarczyk et al,
2019 ASGCT, oral presentation). Here, we tested if administration of
sorted CD8* gp350-CAR-T could result in therapeutic effects against
pre-existing EBV and lymphoproliferation. Methods: Irradiated NRG
mice were transplanted with CD34* HSCs and, seventeen weeks later,
they were infected iv. with EBV-M81/fLuc (10° infective units). In
parallel, the CD34"¢ cryopreserved cord blood mononuclear cells
were activated, transduced with y-retroviral vectors expressing gp350-
CAR/CD28/CD3{ and expanded. Sorted CD8"/gp350-CAR'-T cells
were sorted, briefly expanded and 2x10° cells were administered i.v.
at weeks 3 and 5 after EBV challenge. Experiments were performed
in duplicates with cord blood and CAR-T cells obtained from two
different donors. In total, 12 CAR-T treated EBV-infected mice were
compared with 10 non-treated EBV-infected controls. Results: Long-
term human hematopoietic reconstitution in humanized mice prior
to EBV infection was confirmed by flow cytometry analyses of blood
(huCD45: CTR 49.7+26.5%; gp350CAR-T 48.7+20.2%). EBV baseline
infection was confirmed for all mice by optical imaging analyses,
performed at 3 weeks post infection (wpi) and a day prior to CAR-T cell
administration. From 4 to 6 wpi, all control and gp350CAR-T treated
mice showed continuously detectable EBV infection. At 8 wpi, 1/10
mice in the control group died, 1/10 showed low EBV infection and
8/10 showed progressive disease (CTR optical imaging for the left full
body side: 7.79¢7 + 1.2e8 Flux). For the gp350CAR-T cohort, all mice
survived until 8 wpi. 9/12 mice showed a major response against EBV
spread (6.11e5+3.64e5 Flux), while 3/12 mice showed no-response to
therapy and EBV spread progressed(6.61e8 + 9.3e8 Flux). Comparing
the cohort of 9 mice alive in the control group with the cohort of
9 mice responding to gp350CAR-T therapy, the reduction of the
bioluminescent signal at 8 wpi was statistically significant (p=0.0008).
Remarkably, significantly higher frequencies of endogenous human
CD8" T cells were detectable in the blood of non-treated controls (CTR
49.7+17.4% versus gp350CAR-T 34+11.9%; p=0.0356) indicating a
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direct correlation between higher EBV spread and CTL expansion.
EBER staining of tissues, PCR for detection of EBV copies and CAR
detection, and analyses of cytokine biomarkers in plasma are ongoing.
Conclusions and Outlook: This in vivo model demonstrated therapeutic
potency of CD8*/gp350-CAR*-T against EBV. Currently, lentiviral
vectors expressing gp350CAR are in production for validation of the
cell manufacturing under good-manufacturing practices. Clinical trials
for testing gp350CAR-T in EBV* associated malignancies are planned.

83. DNMT3A-Dependent Epigenetic
Programs Constrain CAR T Cell Survival and
Effector Function

Brooke Prinzing, Caitlin C. Zebley, Christopher T.
Petersen, Matthew Bell, Yiping Fan, Jeremy Chase
Crawford, Haley Houke, Dalia Haydar, Zhongzhen
Yi, Phuong Nguyan, Cicera R. Lazzarotto, Shengdar
Q. Tsai, Shondra M. Pruett-Miller, Deanna Langfitt,

Stephen Gottschalk, Ben Youngblood, Giedre Krenciute
St Jude Children’s Research Hospital, Memphis, TN

Background: T-cells expressing chimeric antigen receptors (CARs)
have shown limited antitumor activity in early phase clinical studies
for solid tumors and brain tumors. Lack of efficacy is most likely
multifactorial, including limited CAR T-cell function, often termed
exhaustion, which results in decreased expansion, persistence, and
an inability to sequentially kill tumor cells. Here we report that
exhaustion of human CAR T-cells occurs through an epigenetic
repression of the CAR T-cell's multipotent developmental potential.
Methods: Using CRISPR-Cas9 technology, we deleted the de novo
DNA methyltransferase 3 alpha (DNMT3A) in CAR T-cells targeting
different solid and brain tumor antigens. We next tested DNMT3A
KO CAR T cell functionality in chronic antigen stimulation assays
to determine their expansion, persistence and anti-tumor activity
in vitro. In addition, we performed genome-wide DNA methylation
profiling of DNMT3A KO CAR T cells to define epigenetic programs
controlling CAR T-cell exhaustion. Finally, we evaluated DNMT3A
KO CAR T cells’ anti-tumor activity in multiple tumor models in
vivo. Results: Here we demonstrate that we can successfully delete
DNMT3A in CAR T cells without altering CAR transduction efficacy
and T cell phenotype. In addition, we show that DNMT3A deletion
preserved the cell’s ability to proliferate and mount an anti-tumor
effector response during tumor cell exposure for more than 10 weeks
in DNMT3A KO CAR T-cells targeting tumor associated antigens,
such as EphA2, HER2 and IL13Ra2. Importantly, DNMT3A KO CAR
T-cell proliferation was strictly antigen dependent, demonstrating that
DNMT3A deletion does not cause autonomous cell growth. In vivo,
DNMT3A edited CAR T cells show improved tumor control which
resulted in significantly better overall survival. Finally, whole genome
DNA methylation analysis of the exhaustion-resistant DNMT3A KO
CAR T-cells defined an atlas of genes targeted for epigenetic silencing.
Using this atlas, we were able to determine a molecular definition of
CAR T-cell exhaustion, which includes many transcription factors
that regulate “stemness” of immune cells such as TCF7 and BACH2.
To independently validate our findings, we took advantage of publicly
available gene expression data of clinical CAR T-cell products and
demonstrate that our developed DNMT3A-targeted gene expression
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score correlates with clinical outcome.Conclusions: Deletion of the
epigenetic regulator DNMT3A improves CAR T-cell persistence and
anti-tumor activity and prevents CAR T-cell exhaustion upon chronic
antigen stimulation. Thus, epigenetic reprograming of CAR T-cells
can improve current CAR T-cell therapies as well as offer a promising
approach for cellular therapy in the context of solid tumors and brain
tumors.

84. Insufficient Activation Limits the Efficacy
of CAR T Cell Therapy in Chronic Lymphocytic
Leukemia

McKensie A. Collins', Weimin Kong?, Inyoung Jung'?,
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Background: Chronic Lymphocytic Leukemia (CLL) is a B cell
malignancy that accounts for 1/3* of adult leukemia diagnoses in
the Western world. Conventional chemo-immunotherapies initially
control progression, but in the absence of curative options patients
ultimately succumb to their disease. Chimeric Antigen Receptor (CAR)
T cell therapy is potentially curative, but only 26% of CLL patients have
a complete response. T cells stimulated with CLL cells have reduced
effector functions including diminished proliferation, dysregulated
immune synapse formation, decreased cytokine production, and poor
cytotoxicity. However, systematic characterization of the mechanisms
behind these defects has not been done; this study aims to address this
gap. Findings: To study CLL-induced dysfunction we used an in vitro
re-stimulation assay where we stimulate CAR T cells with primary CLL
cells every five days for 3 stimulations; this assay recapitulated many
of the T cell dysfunctions described above. We first hypothesized that
CLL cells induce stable defects in CAR T cells. To determine whether
dysfunction was a terminal state, we used an APC switching assay
where we stimulated 1, 2, or 3 times with CLL cells and then switched
to a positive control cell (aAPC) for a total of 3 stimulations. aAPCs
potently stimulate CAR T cell effector responses. Interestingly, we
found that the defects were not permanent, and function could be
restored by switching to an aAPC stimulus. Flow cytometry showed
that CLL-stimulated CAR T cells appear un-activated, suggesting that
CLL cells fail to stimulate CAR T cells rather than rendering them non-
functional. One mechanism that could dampen activation is immune
suppression. We assessed this at a high level by stimulating CAR T
cells with CLL cells and aAPCs mixed at known ratios. However, even
cultures containing 75% CLL cells stimulated proliferation and cytokine
production. CLL cell phenotyping showed that many CLLs expressed
the IL-2 Receptor alpha chain, often at a high level. We therefore
hypothesized that CLL cells sink IL-2 from the environment, blunting
T cell activation. To test this, we supplemented IL-2 into CLL/CAR
T cell co-cultures and showed that this rescued proliferation but only
partially restored cytokine production, suggesting that IL-2 sinking
explains some but not all of the functional defects. We next proposed
that CLL cells may not express high enough levels of co-stimulatory and
adhesion molecules to activate CAR T cells. Using flow cytometry we
found that most CLL cells expressed low levels of co-stimulatory and
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adhesion molecules (Fig. 1A); we hypothesized that up-regulating these
molecules would enhance CAR T cell targeting of CLL cells. CLL cells
were activated with CD40L and IL-4, which increased expression of
CD54, CD58, CD80, and CD86. Stimulating CAR T cells with activated
CLL cells enhanced CAR T cell proliferation (Fig. 1B) and induced
clustering and cell conjugate formation, indicating cell activation (Fig.
1C). Therefore, improving CLL stimulatory capacity can rescue T cell
dysfunctions. Conclusions: Together, these data show that CAR T cell
“defects” in CLL are actually insufficient activation, and improving the
stimulatory capacity of CLL cells may enable better clinical responses.

Population Doublings
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Figure 1: Activation of CLL cells Recues their Stimulatory Capacity

A: Primary CLL cells express co-stimulatory and adhesion molecules at both a low frequency (left) and at a low MFI (right).

B: Re-stimulation of CAR T cells with activated CLL cells partially rescues proliferation compared to the un-activated CLL control.
C: Activated CLL cells (aCLL) induce CAR T cell clustering and conjugate formation, indicating a productive activation response,
more similar to the positive control (aAPC) than the CLL-stimulated cells (CLL).

*#%% ¢ 0001, mixed effects analysis, Tukey Test.
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85. The Membrane-Associated Accessory
Protein (MAAP) is Essential for Rapid
Extracellular Secretion of Adeno-Associated
Viruses
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Cellular egress of Adeno-Associated Viruses (AAV) likely plays a
role in viral dissemination and spread. Recombinant AAV vectors
belonging to different clades are known to be secreted into cell
culture media during production with variable efficiency; however,
the underlying viral or host cell mechanism(s) for this phenomenon
are not well understood. A recent study (Ogden et al., Science, 2019)
revealed a novel +1 frameshifted open reading frame (ORF) in the VP1
region of the AAV Cap gene, which expresses a membrane-associated
accessory protein (MAAP). This protein has been postulated to limit
AAV production through competitive exclusion. Here, we further
dissect the molecular function of MAAP in the context of recombinant
AAV vector production. First, we mapped the conserved secondary
structural elements of MAAP across multiple AAV serotypes and
confirm through hemagluttinin/GFP tagged fusion constructs that
MAAP from different serotypes localizes to the cell membrane.
MAAP does not appear to directly interact with the intact AAV
capsid, capsid protein monomers or the assembly-activating protein
(AAP), which is expressed from a second frameshifted ORF in the
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Cap gene. Attenuation of MAAP expression by mutating the start
codon of the alternate ORF does not impact the ultrastructure of
AAV capsids as determined by transmission electron microscopy
(TEM) or transduction efficiency of recombinant AAV particles in
vitro. Strikingly, during production in HEK293 cells, the percentage
of several AAV serotypes with mutated MAAP and retained within
the cell was markedly increased compared to that secreted into the
media. A subsequent time course study revealed a significant delay
in extracellular secretion of AAV particles in the absence of MAAP.
Further, we demonstrate that certain AAV serotypes with mutated
MAAP are secreted more slowly than others, and that extracellular
secretion kinetics of such AAV particles can be enhanced by trans-
complementation of an MAAP from an AAV serotype displaying rapid
extracellular secretion kinetics. Mechanistically, we demonstrate that
ablation of MAAP expression results in a reduction of cellular exosome
formation from HEK293 producer cells during viral production. Taken
together, our study provides new functional insight into mechanisms
that regulate extracellular secretion of AAV vectors during production
and highlights the potential to exploit MAAP-mediated hypersecretion.

86. Dependency of AAV Entry on GPR108
Maps to Motif on VP1u That is Transferable
Across AAV Serotypes
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High-throughput genetic screens have identified some host factors
that play a role in the transduction of adeno-associated viruses (AAV),
such as the well-known AAV receptor or AAVR. Previously, these
screens also revealed GPR108 (G protein-coupled receptor 108), a
7-transmembrane receptor of unknown function that is located in
the trans-Golgi network, as an essential entry factor for all serotypes
but AAV5.We have shown that a specific motif within the VP1 unique
(VP1u) region is required for the dependence to GPR108. VP1u
however is folded inside the capsid and only exposed during endosomal
acidification. Therefore, we speculate that GPR108 engagement occurs
in the endosome or trans-golgi network only following VP1u extrusion
due to endosomal acidification. In this work, we demonstrated that
GPR108 dependence is transferrable between serotypes by generating
capsid swap chimeras between AAV2, 8 and rh32.33 (GPR108
dependent) and AAV5 (GPR108 independent) and analyzing their
transduction in Huh7 WT and GPR108 KO cells. Interestingly, GPR108
dependence is transferred in the two directions: we have generated
GPR108 independent AAV2 and GPR108 dependent AAV5. This
fact implies that AAV5 VP1u confers the ability to interact with an
unknown host factor to bypass GPR108 usage. By constructing several
chimeras this region has been narrowed down to the first 42 residues of
the capsid, meaning that the swap of this region from AAV5 to AAV2
led to the creation of a new capsid that transduced at similar levels as
AAV?2 but independently of GPR108. In addition, swapping of AAV5
VP1u region conferred GPR108 independence to other serotypes,
such as AAV8 and AAVrh32.33. The narrower swap of 42 residues
in AAV8 capsid was not sufficient to break GPR108 dependence,
suggesting that other regions or residues beyond may be involved in a
structural motif that confers GPR108 dependence. We have identified
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5 differential residues in VP1u region of AAV5, AAV2 and AAVS,
which may potentially interact with the already mapped 42 residues.
Our studies suggest that a very specific structure in VP1u is involved
in GPR108 interaction, and speculatively, the very same region
might be involved in the interaction with other entry factor to allow
transduction of AAV5 and GPR108-independent chimeras. Further
studies are being conducted to fine map the structural motif involved
in GPR108 dependence and to validate the observed results in vivo in
a GPR108 KO model.

87. USP36, A Nucleolar Enriched
Deubiquitinating Enzyme, Promotes AAV
Vector Production by Optimally Stabilizing AAP
Levels

Swapna Kollu', Anusha Sairavi', Zhen Song', Mushui
Dai', Larry David?, Ashok Reddy?, John Klimek?,
Hiroyuki Nakai'

'Molecular Medical Genetics, Oregon Health & Science University, Portland,
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Recombinant adeno-associated virus (AAV) is a promising in vivo
gene delivery vector. However, the broader clinical application of
AAV vectors is hindered by the difficulty of producing high titer AAV
vectors and our limited knowledge of mechanisms underlying AAV
virion assembly. We and others have found that AAV virion formation
mechanisms vary across different AAV serotypes, further complicating
the development of novel methods to improve AAV vector production.
Assembly of AAV viral structural proteins, VP1, VP2, and VP3, is not
an autonomous process and requires both the assembly-activating
protein (AAP), a newly discovered AAV non-structural protein, and
host cellular factors. It is now appreciated that AAP plays a multifaceted
role in the AAV viral life cycle, including transporting VP proteins to
the nucleus and the nucleolus, stabilizing VP proteins, assisting the
capsid assembly process via ill-defined mechanisms, and beyond. In
order to elucidate the process of AAV virion assembly, we employed a
BiolD proximity-based proteomics approach to identify host cellular
proteins that participate in virion assembly and interact with AAV
viral proteins. To date, we have identified USP36, a nucleolar-enriched
deubiquitinating enzyme (DUB), as an AAP2-interacting protein.
Here, we present preliminary experimental evidence in HEK293 cells
indicating that USP36 promotes AAV virion formation by providing
AAP with optimal stability through modulation of ubiquitin-mediated
degradation of AAP, and show that both over-destabilization and over-
stabilization of AAP result in decreased AAV virion production. USP36
knockdown by siRNA decreased AAP2 levels and AAV2VP3 virion
production. Conversely, USP36 overexpression increased AAP2 levels.
Although an increase in AAP2 by USP36 overexpression did not affect
AAV2 VP3virion production, these observations underscore a hitherto
unknown regulation of AAP by ubiquitination. To further elucidate
how USP36 regulates AAP, we fused USP36 to the N-terminus of AAP2.
We hypothesized that ubiquitin tags on AAP2 would be removed more
efficiently by in cis DUB activity than by DUB activity provided in trans.
AAP2 and USP36-AAP2 were then transiently expressed in HEK293
cells and their stability was assessed by blocking protein translation with
cycloheximide. This experiment demonstrated substantially increased
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stability of USP36-AAP2 compared to AAP2. Although USP36-AAP2
is more stable than AAP2, the capsid assembly-promoting function
of USP36-AAP2 was significantly impaired compared to AAP2.
Furthermore, we now have evidence that AAP2 is ubiquitinated. Taken
together, our observations indicate that USP36 is a key regulator of
AARP stability through its DUB activity and provides AAP with stability
that is optimal for AAV virion formation. Considering that AAPs have
degrons, motifs that promote degradation (please refer to the Abstract
by Sairavi et al., presented separately), our results warrant further
studies on coordinating roles of cellular factors and AAP degrons in
achieving optimal spatio-temporal regulation of AAP stability that
allows for effective AAV virion production.

88. Improved Genome Packaging Efficiency
of AAV Vectors Using Rep Hybrids

Mario Mietzsch, Ariana Jose, Courtnee Eddington, Paul
Chipman, Robert McKenna, Mavis Agbandje-McKenna

Department of Biochemistry and Molecular Biology, University of Florida,
Gainesville, FL

Recombinant adeno-associated viruses (rAAVs) are among the most
commonly used vectors for a variety of gene therapy applications.
While the last two decades have seen a lot of research focusing on the
characterization and isolation of new cap genes resulting in hundreds
of natural and engineered AAV capsid variants, the rep gene, the other
major open reading frame, of the AAVs, has been largely ignored. The
lack of research is because the rep gene from AAV serotype 2 enables
the packaging of recombinant vector genomes into almost all utilized
AAV serotypes or variant capsids. However, a major byproduct of all
vector productions is empty AAV particles with higher percentages for
non-AAV?2 vector productions. Despite the packaging process being
considered the rate-limiting step for rAAV production, none of the rep
genes from the other AAV serotypes has been characterized for their
packaging efficiency. Thus, the AAV2 rep gene was replaced with the
rep gene of the same AAV serotype as the cap gene for AAV serotypes
1-8. While the packaging efficiency of vector genomes into capsids with
the substituted rep genes appeared to improve, they also led to lower
overall capsid protein expression relative to the standard AAV2-rep
system. In further experiments, optimization of AAV vector packaging
and production efficiency focused primarily on AAV1, AAV6, and
AAVS8 vectors. In a series of chimeras between the different AAV Rep
proteins the 3’ end of the AAV2 rep gene, which also contains the
p40 promoter, was shown to be required for high capsid expression;
whereas the DNA binding domain of the AAV1 and AAV8 Rep was
shown to be responsible for improved vector genome packaging. AAV1,
AAV6, and AAVS8 vector produced from different Rep chimeras were
purified, and analyzed by ELISA, qPCR, alkaline gel electrophoresis,
and cryo electron microscopy. The results showed up to 5-times more
genome-containing particles in the case of AAV1, 4-times in case of
AAVS, and 2-times in the case of AAV6 vectors. These observations
indicate that the utilization of these Rep chimeras could revolutionize
rAAV production.
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89. The Primate Selective Transduction of
rAAV-LKO3 Vectors is Unrelated to Variation in
Double-Stranded Viral Genome Formation in
the Nucleus Between Species

Shinnosuke Tsuji, Adriana V. Gonzalez Sandoval, Feijie
Zhang, Jianpeng Xu, Mark A. Kay

Pediatrics and Genetics, Stanford University, Stanford, CA

Differential transduction of recombinant adeno-associated viral
(rAAV) vectors between species has made it difficult to predict human
outcomes from pre-clinical animal studies. One such vector, AAV-
LKO03 (Lisowski et al. Nature 2014) was shown to robustly transduce
human but not mouse hepatocytes in a humanized mouse model.
Furthermore, this capsid is currently being evaluated in several clinical
trials. We aim to better understand the observed discordance between
rAAYV transduction amongst different species, not only to gain a better
understanding of basic AAV virology but allow better means to predict
more robust rAAV vectors for human gene therapy. Here we carried
out AAV-LKO03 transduction studies on a variety of different human
and mouse cell lines and found a >20-100-fold higher level of transgene
expression in human cells. To understand the striking difference in
expression, we investigated each step of rAAV-LKO03 transduction in
various cells and found only small differences (<2-fold) between those
derived from mice and humans in: 1) cell binding 2) internalization
and 3) total and DNase resistant nuclear vector copy numbers of
rAAV-LKO03. These differences are not able to explain the differences
in transduction based on transgene expression. In addition, a small
molecule drug that may affect chromatin modifications was able to
enhance AAV-LK03-mediated transgene expression specifically in
mouse cells by 20-fold. Together, our data suggest that vector chromatin
formation in the nucleus may be dictated in part by the capsid sequence
and ultimately affect transgene expression in a species-specific manner.
We are now investigating chromatin properties such as chromatin
structure (ATAC-seq) and post-translational modification of histones
(Cut&Run) of the proviral genome, to identify differences between
human and mouse cells that will help us elucidate the mechanistic
selectiveness of rAAV-LKO03 transduction. Unraveling these new
mechanisms will allow for better predictions of how to select optimal
vectors for a given human application.

90. AAPs Harbor Degrons, a Protein Self-
Degradation Motif, Important for Regulating
Stability of AAP in the Process of AAV Capsid
Assembly

Anusha Sairavi', Swapna Kollu', Sophia S. Chang',
Ebunoluwa Morakinyo!, Yoshinori Tanaka', Hiroyuki
Nakai'?

'Molecular and Medical Genetics, Oregon Health & Science University, Portland,
OR,*Molecular Biology and Immunology, Oregon Health and Science University,
Portland, OR

Assembly activating protein (AAP) is essential for effective AAV virion
formation, but the roles of AAP in this process and how AAP and
capsid VP proteins interact are poorly understood. AAP is known to
transport capsid VP proteins to the nucleus and nucleolus, interact
with VP proteins through its hydrophobic region near the N-terminus
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and promote assembly of VP proteins into a capsid composed of 60
VP subunits. It should be noted that we have found it very difficult
to detect AAP by immunoblot in HEK293 cells where capsids have
successfully formed possibly due to rapid degradation of AAP upon
formation of AAV capsid. Given that persistent attachment of AAP to
VP could cause structural hindrance of capsid assembly, there should
be a mechanism allowing for effective degradation of VP-attached
AAP in the process of capsid assembly. However, how AAP detaches
from VP proteins and effectively degrade to allow for formation of
functional AAV virions remains unknown. Here we present evidence
that the hydrophobic region (HR) near the N-terminus and threonine/
serine-rich region (TSR) in the middle of AAPs derived from many
AAV serotypes contain degrons, a self-degradation motif that facilitates
rapid disintegration of proteins. The degron hypothesis stem from
our unpublished data showing rapid degradation of AAP upon
formation of AAV capsid. To address this hypothesis, we searched
regions of potential degrons within the AAP proteins based on known
characteristics of degron motifs, and identified two putative regions,
HR and TSR, which we experimentally characterized in this study. HR
was chosen as it forms an amphipathic helix, a known characteristic of
degron motifs, and TSR was chosen because it is enriched in putative
phosphorylation targets, threonine and serine, that could mark the
protein for degradation. To determine whether they are indeed degrons,
we made GFP constructs fused with the putative degron region at the
N-terminus of AAP (AAPxHR-GFP and AAPxTSR-GFP, x=serotype).
These fusion constructs were then transiently transfected in HEK293
cells followed by GFP expression analyses through microscopy and
immunoblots. GFP expression through microscopy was observed 24
hours and 48 hours post-transfection while immunoblot samples were
collected 24 hours post-transfection. Analysis of the HR-GFP fusions
for AAV serotypes 1 to 12 revealed degron activity in HR region of
all serotypes except for AAP4HR and AAP11HR. Treatment of the
AAPxHR-GFP-transfected cells with cycloheximide for 6, 12 and 24
hours revealed that the AAP4HR-GFP and AAP11HR-GFP are most
resistant to protein degradation comparable to GFP by itself. Thus,
the HR regions in the N-terminus of AAPs serve as a degron and
regulate stability of AAPs. Comparison of the steady-state levels of
protein expression of the N-terminal halves and C-terminal halves
of AAPs by immunoblotting revealed the C-terminal halves to be
more stable, supporting the notion that AAPxHR regions drive AAP
degradation. Analysis of the TSR-GFP fusions for AAV2, 9 and 11
revealed that AAP2TSR and AAP9TSR but not of AAP11TSR drive
AAP degradation. We are currently evaluating the TSR regions of AAPs
from other serotypes and investigating whether these two regions, HR
and TSR, harbor a potential bipartite function or they work individually
to regulate AAP degradation. Thus, our observations provide new
insights into the mechanisms of how the stability of AAPs is regulated,
how it affects AAP-VP interactions during AAV capsid assembly, and
biological significance of AAPS’ possession of degrons that facilitate
rapid self-degradation.
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91. Cardiac Toxicity of AAV9 Vector Upon
Heart-Specific Expression of an Immunogenic
Non-Self Transgene

Andrew Park!, Akane Urakami', Alex Alfaro? Herren
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Studies have demonstrated that AAV vectors can mediate long-term
expression of non-self transgenes in mice through the induction of T-
and B-cell tolerance. Notably, transduction of hepatic regulatory T cells
and Kupfer cells plays a critical role in suppressing the cytotoxic T cell
(CTL) response to the transgene product. Heart-targeted AAV vectors
have emerged as a promising gene delivery platform for cardiac disease.
However, the immunogenicity of AAV-delivered non-self transgenes
when expression is excluded from tolerogenic liver-resident immune
cells remains largely unknown. Here, we employed an AAV9 vector
with a heart-specific TNT455 promoter to deliver firefly luciferase, a
cytoplasmic protein with a well-defined T cell epitope for C57Bl/6 mice,
and characterized immune responses and cardiac toxicity in this mouse
strain. Intravenous administration of AAV9 resulted in heart-specific
luciferase expression in C57Bl/6 mice. We observed robust luciferase
epitope-specific CTL induction at 4 and 6 weeks post infection and
AAV administration also led to the development of luciferase-specific
antibodies at 4 and 6 weeks post infection. Notably, 3 out of 10 mice
developed heart failure with pleural effusion and subsequently died
at 4~6 weeks post infection. Necropsy of harvested hearts showed
extensive immune cell infiltration. Lethality was dose-, antigen- and
mouse genetic background-dependent, suggesting that all of these
factors influence toxicity. Our data suggest that the immunogenicity
risk of non-self transgenes expressed by AAV vectors may be elevated
in cases where transgene expression is excluded from tolerogenic
immune cells in the liver.
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92. A New Approach for Designing a
Feedback-Enabled AAV Genome Improves
Therapeutic Outcomes of MiniMeCP2 Gene
Transfer in Mice Modeling Rett Syndrome
(RTT)

Sarah E. Sinnett, Emily Boyle, Christopher Lyons,
Steven J. Gray

UTSW, Dallas, TX

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder
caused by inactivating mutations in the dose-sensitive gene MECP2.
AAV9/MECP?2 has been shown to extend the survival of MECP2 KO
mice, but causes side effects in WT and KO mice at high doses. We have
shown that the more recently developed miniMECP2 gene therapy can
trigger the same dose-dependent side effects: aggravated phenotype
severity scores and low weight. Additional adverse events observed for
KO mice treated with AAV9/MECP2 or AAV9/miniMECP2 include
lesions, self-amputation, and/or prolapses. Lesions and prolapses
were also observed in some AAV9/miniMECP2-treated WT mice. As
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AAV9/EGFP-treated mice have been shown to be relatively healthy,
these side effects are most likely linked to MeCP2 or miniMeCP2
overexpression. In other words, full-length or miniMeCP2 expression
should be tightly regulated to correct the MeCP2 deficiency in KO mice
without creating toxic overexpression-related phenotypes. Fortunately,
the miniMECP?2 gene is small enough to permit insertion of additional
regulatory elements into the self-complementary viral genome cassette.
We combined high-throughput miRNA profiling and genome mining
to create a novel miRNA target panel (“reg2”) that - in theory - should
permit feedback regulation to maintain safe miniMeCP2 expression
levels in the brain. In this conceptual feedback loop, increased
expression of total MeCP2 should upregulate endogenous MeCP2-
responsive miRNAs that in turn reduce exogenous (mini)MeCP2
expression through RNA interference. We screened CNS RNA from
WT and KO mice 2-3 weeks after they were treated with either saline
or a toxic dose of intraCSF AAV9/MECP2. This approach allowed us
to identify the baseline expression of CNS miRNAs as well as miRNAs
upregulated in correlation with MeCP2. We then used the miRNA
profile to filter and rank conserved miRNA targets from the 3> UTRs
of nearly a dozen genes mediating intellectual disability as well as
abnormal speech, seizures, microcephaly, and/or stereotypies during
childhood. This two-pronged approach allowed us to create a compact
target panel that is tailored for RTT gene therapy but may be applicable
for other dose-sensitive genes. Within the context of miniMECP2
gene transfer, reg2 permits widespread protein expression in the brain
with robust regulation. After intrathecal administration in adolescent
mice, AAV9/miniMECP2-reg2 provides a superior therapeutic profile
to that of unregulated AAV9/miniMECP2 as well as the published
gold standard AAV9/MECP2. Specifically, AAV9/miniMECP2-reg2
extended KO survival and delayed the onset of severely abnormal gait
among KO mice (vs. the gait of all other groups, and with equal or lower
frequency of occurrence). AAV9/miniMECP2-reg2 also delayed the
age of onset of severe clasping vs. that of AAV9/miniMECP2-treated
KO mice. In WT mice, reg2 attenuated miniMeCP2-mediated weight
loss and abnormal aggregate phenotype severity scores and protected
the mice against acute miniMeCP2-mediated gait abnormalities. To
date, we have not observed any self-amputations or prolapses among
AAV9/miniMECP2-reg2-treated KO mice; nor have we observed any
self-amputations, prolapses, lesions, or early deaths among AAV9/
miniMECP2-reg2-treated WT mice. Thus far, reg2 also appears to
decrease the frequency of lesions in virus-treated KO mice. Although
the mechanistic underpinnings of reg2 have yet to be confirmed across
cell types, our new approach for designing conditionally regulated viral
genomes has yielded promising results and may extend to other gene
dose-sensitive disorders.
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93. Comprehensive Evaluation of a Barcoded
AAV Library in Non-Human Primate Central
Nervous System
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Birmingham, AL,'Rare Disease Research Unit, Pfizer Inc., Cambridge,
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A general consensus is that non-human primates (NHP), the closest
human Order, provide many similarities not found in other animal
models, e.g. high DNA sequence homology and similar patterns
of gene expression. There are primate-specific features of brain
development that increase anatomical, cognitive, and behavioral
complexity explaining why many human neurological diseases are not
well modeled in rodents. It is why NHP are a preferred animal model
for optimizing AAV-mediated CNS gene delivery protocols prior to
clinical trials. However, in spite of its inherent appeal, it is challenging
to compare different AAV capsid serotypes, delivery routes, disease
indications, and control for animal-to-animal variability in a well-
powered, comprehensive, multigroup NHP experiment. Recently, we
have described the design and application of a new AAV-based vector
encoding Luciferase, mApple, and a DNA barcode. By linking capsid
variants to different barcoded versions of the vector and amplifying the
barcode region from various tissue samples using barcoded primers,
biodistribution and transgene expression of viral genomes can be
analyzed with high accuracy in few animals saving time and resources.
Here, we apply the multiplex barcode rAAV vector tracing strategy
to a systemic analysis of 29 distinct wild-type AAV natural isolates
and engineered capsids in the CNS of 8 macaques (M. fascicularis).
The vectors were manufactured in HEK 293 cells, purified by double
consecutive iodixanol gradient centrifugation, combined at equimolar
titers in one single vector mix, and administered to 8 macaques by 4
different routes, 2 animals per each injection route: 1) intraparenchymal
injection of the putamen (4.4e10 vg of each barcoded capsid in the mix);
2) intraventricular injection of the lateral ventricle (1.25e11 vg each);
3) injection of the cisterna magna (1.25e11 vg each); and 4) intrathecal
injection (4.4el1 vg each). After 30-day survival period, animals were
euthanized and the following brain structures were collected: cerebral
cortex (prefrontal, frontal, parietal, occipital, and temporal lobes);
telecephalic (caudate, putamen, and hippocampus); diencephalic
(thalamus); brainstem (midbrain, pons, vermis of cerebellum, deep
cerebellar nuclei, and medulla); spinal cord (pooled cervical, thoracic,
lumbar, and sacral samples). Both total DNA and RNA samples were
isolated from the tissues. To analyze the biodistribution and transgene
expression of a panel of 29 different AAV capsids in 15 different areas
of NHP CNS administered into 8 animals by 4 injection routes, we
used a multiplexed barcoding approach: in addition to the internal
barcode identifying AAV capsid, forward PCR primer barcode was an
identifier for an animal and DNA/RNA sample while reverse barcode
decoded a brain area. Sequencing of pooled NGS library was done by
Iumina NextSeq 500 HC; custom Python scripts were used for the
bioinformatics analysis and graphical visualization of the barcoded
capsid vectors biodistribution and expression in all brain areas analyzed.
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By packaging barcoded rAAV cassettes into multiple of capsids, and
utilizing 4 separate vector injection routes, we identify a set of capsids
exhibiting efficient biodistribution and brain tissue transduction, for
each injection route, and for each major brain area. The results from
this multiplex screening approach will help the gene therapy scientific
community determine appropriate AAV capsid candidate/s for a
particular neurologic indication.

94. Gene Correction in Peripheral Organs
May Contribute to the Treatment of Central
Nervous System Diseases

Anoushka Lotun, Dominic Gessler, Guangping Gao
Horae Gene Therapy Center, University of Massachusetts Medical School,
Worcester, MA

Central Nervous System (CNS) directed gene therapies are widely
studied, but the contributions of peripheral organs in disease
modulation are still poorly understood. Using Canavan Disease
(CD) as a model, we hypothesize that peripheral organs significantly
impact the therapeutic outcome of CNS-directed therapies. CD is
caused by mutations in the aspartoacylase (ASPA) gene, leading to the
characteristic elevation of N-acetylaspartate (NAA), resulting in spongy
degeneration of white matter and ultimately lethality at very young ages.
Previous therapeutic strategies aimed to restore ASPA functionality in
oligodendrocytes, whose function is to hydrolyze NAA into L-aspartate
and acetate, thus normalizing NAA levels. However, recent studies
indicate that other tissues and cell-types may have a much greater
role in rescuing the disease both phenotypically and epigenetically,
suggesting novel, critical metabolic regulations along the peripheral
organ-brain axis. To assess tissue/cell specific contributions in NAA
metabolism, six tissue and cell specific ASPA expression cassettes were
engineered into recombinant adeno-associated virus (rAAV), allowing
for targeted expression in the CNS and periphery. Surprisingly, contrary
to our hypothetical oligodendrocyte-centered approach, we found that
restricted ASPA expression in astrocytes led to complete phenotypical
and pathological rescue of CD. In the same study, we also found that CD
mice treated with liver-restricted ASPA resulted in extended survival
but lacked motor restoration and NAA normalization compared to
that of wildtype (WT) mice and astrocyte-specific ASPA treated mice,
thus raising into question the potential function peripheral organs
could have in CNS diseases. We postulate that the partial recovery
of CD mice treated with liver-restricted ASPA could be the result of
metabolic crosstalk between the CNS and periphery, which might
enable genetic regulations essential for therapeutic rescue. Using neuro-
metabolomics, we identified 452 metabolites, several of which are
associated with epigenetic regulation of gene expression, such as beta-
hydroxybutyrate. Remarkably, upon tissue/cell specific gene therapy
treatment, these metabolites were either decreased or completely
normalized to WT levels. We also found that modifying NAA profiles
by peripheral organ-restricted ASPA expression correlated with
epigenetic modifications in the CNS, but not in the targeted peripheral
organs. Most notably we identified certain histone modifications that
suggest a connection between peripheral NAA metabolism and CNS
gene expression regulation. This is intriguing because NAA cannot
cross the blood brain barrier. This further suggests that metabolic
cross-talking between the CNS and non-CNS organs might be critical
for disease modification, as highlighted by the extended survival of
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mice with liver-restricted ASPA expression. In ongoing experiments,
we are exploring differential expression of genetic programs, which
would allow for greater understanding of inter-organ communication,
as well as the extent of dependence the CNS-directed gene therapy has
on gene correction in peripheral organs. *Co-first authors

95. Evaluating the Efficacy and Safety of
Cerebrospinal Fluid-Delivered Gene Therapy
for Krabbe Disease in Murine and Canine
Models
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Krabbe disease is a lysosomal storage disease caused by mutations
in the gene encoding the enzyme galactosylceramidase (GALC),
which is responsible for degrading galactosylceramide and
galactosylsphingosine (psychosine). Toxic accumulation of psychosine
results in demyelination within the central (CNS) and peripheral
nervous systems (PNS). The most common presentation involves
early infantile seizures with disease onset by six months of age and
progression to death by two years of age. We previously demonstrated
that administering pantropic AAV in the cerebrospinal fluid (CSF) of
large animals via the cisterna magna shows efficient transduction of
most motor neurons, sensory dorsal root ganglia neurons, and scattered
cortical neurons. This method therefore provides enzyme sources to
cross-correct both the CNS and PNS. We administered—through the
CSF—AAVhu68 encoding human or canine GALC in the Twitcher
mouse and Krabbe dog model, respectively. We established a dose-
response in newborn Twitcher mice by determining that injections into
the lateral ventricle led to a median survival of 130 days at the highest
dose of 1x10" gc (6.7x10'" gc/g brain). GALC levels in the brain and
serum were supraphysiological without toxicity. Furthermore, mice
demonstrated improved neuromotor function and myelination in CNS
and PNS. When newborn CSF administration was followed by bone-
marrow transplants in postnatal day 10 conditioned mice, survival
extended to >300 days without overt symptoms. In presymptomatic
Krabbe dogs, a single cisterna magna injection of AAV.cGALC at
3x10" gc provided phenotypic correction, survival increase, nerve
conduction normalization, and improved brain magnetic resonance
imaging and histopathology. This finding demonstrates the scalability
of our approach and suggest it is viable for treating infants diagnosed
with Krabbe disease.

96. Developing a CDKL5 Gene-Therapy
Vector for a Mouse Model of CDKL5-
Deficiency Disorder

Ralf S. Schmid, Janine M. Lamonica, Msema Msackyi,
Priyalakshmi Panikker, James M. Wilson

Gene Therapy Program, Department of Medicine, University of Pennsylvania,
Philadelphia, PA
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CDKL5-Deficiency Disorder (CDD) isarare, severe neurodevelopmental
disorder that affects children from infancy. Loss-of-function mutations
in the X-linked Cyclin-Dependent Kinase-Like 5 (CDKL5) gene
result in a lack of CDKL5 protein expression, which causes CDD.
Characterized by early-onset seizures (i.e. epilepsy) and intellectual
disability, other CDD symptoms include stereotypic hand movements,
severe psychomotor retardation, and general hypotonia. There is
currently no cure for CDD, with treatments typically focused on
alleviating disease symptoms, although poorly controlled seizures are
common in many cases. There is therefore an urgent medical need for
novel therapeutic approaches to CDD. Gene therapy is a potentially
promising curative approach in which the administration of an
adeno-associated virus (AAV) encoding CDKLS5 could restore CDKL5
expression in the central nervous systems (CNS) of affected children.
In this study, we show that restoring CDKL5 expression in the CNS
of two CDD mouse models significantly improved disease symptoms.
We developed an AAV gene-therapy vector comprising the AAVhu68
capsid, an expression cassette with the human synapsin promoter, and
a codon-optimized human CDKLS5 transgene. When we administered
the AAV-CDKLS5 vector to Cdkl5 knock-out mice via neonatal injection
into the lateral brain ventricle, we detected robust expression in up to
50% of neurons throughout the brain. Mice exhibited high tolerance
for AAV administration and human CDKL5 expression. The human
CDKL5 mostly localized to the cytoplasm. Protein expression and
kinase activity persisted for over four months. We subjected cohorts
of treated Cdkl5-ko mice to a battery of neurobehavioral tests and
found that they performed significantly better than the untreated
Cdkl5-ko mice. We then repeated the same study in a different CDD
mouse model that carries a patient-derived frameshift mutation
instead of the gene knock-out. We obtained very similar results, thus
reiterating the therapeutic benefit of our CDKL5 gene-therapy vector.
To test our AAV-CDKLS5 gene-therapy vector in a larger animal, we
conducted a study with rhesus macaques. We optimized infusion into
the cerebrospinal fluid via the cisterna magna and achieved vector
distribution throughout the entire brain at 0.1 to 1 vector copies per
diploid genome. We observed much higher vector transduction in
the dorsal root ganglia (DRG). Accordingly, in situ hybridization
with probes specific for the human CDKL5 sequence showed
abundant expression in DRG neurons but much sparser expression
in cortical grey-matter neurons. All six rhesus macaques showed
good tolerance for CDKL5 administration and expression at 60 days.
However, we noticed mild axonopathy of spinal white matter tracts.
In summary, we present promising pre-clinical evidence that CDKL5
gene therapy provides a lasting curative benefit to model mice and that
non-human primates tolerate this therapy well. Further optimization of
this approach may eventually offer an option for clinical intervention
in children affected by CDD.

97. Intrathecal Delivery of Human Bicistronic
Hexosaminidase Vector (TGTX-101) to Correct
Sandhoff Disease in a Murine Model: A Dosage
Study
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Quinville', Steve Gray?, Jagdeep S. Walia'
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Sandhoft Disease (SD) is a severe metabolic disorder that results
from pathological accumulation of GM2 gangliosides within the
central nervous system. Normally, genes HEXA and HEXB encode
the subunits of the enzyme responsible for GM2 degradation, known
as B-hexosaminidase A (HexA). A mutation to either gene leads to
production of a non-functional HexA, followed by GM2 storage. The
GM2 load becomes overwhelming to the neuronal cell, promoting
apoptosis and consequently widespread neurodegeneration. By 6
months of age, SD patients begin to experience rapid neurological
decline and death by age 4, in its infantile form. Currently, there are
no approved treatments to slow or stop the progression of SD. Instead,
treatment consists of symptom management in the form of intense
palliative care. According to recent preclinical data, the most promising
therapy for SD may be gene therapy, which delivers the missing gene
of interest (i.e HEXB) via viral vector to replenish the depleted enzyme
(HexA). Previous efforts have established that an effective gene therapy
for SD consists of an adeno-associated viral vector serotype 9 (AAV9)
carrying both HEXA and HEXB (TGTX-101). When administered
intravenously (IV), this bicistronic vector has proven to significantly
reduce GM2 accumulation, increase HexA activity, and prolong
survival of SD mice compared to controls. Although this treatment
was effective in previous studies, IV administration poses several
threats to human clinical translation due to the requirement for such
a high dosage. This is due in part to the highly absorbent properties
of the liver, which has a tendency to consume a large percentage of
the delivered vector and degrade it upon systemic administration.
Additionally, higher dosage of gene therapy has been associated with
negative effects such as increased immune response and likelihood
of oncogenic events. Therefore, the current study aims to identify an
optimal dosage of therapy for clinical translation of the bicistronic
vector. Here we administer the bicistronic vector via intrathecal lumbar
puncture at varying dosages to a SD mouse model (hexb”): high dose
(2.5e11vg/mouse) (n=6), medium dose (1.25vg/mouse) (n=6), low dose
(0.625e11vg/mouse) (n=6), and vehicle controls (n=6). We hypothesize
CNS-directed delivery will decrease the necessary dosage by 1/10th
relative to previous IV doses, and thus decrease the likelihood of
harmful side effects. Preliminary results have suggested improvement
in symptoms corresponds to increasing dosage of gene therapy. In
fact, analysis of GM2 ganglioside storage in the brains of short-term
vector-treated mice has illustrated a significant reduction in GM2 with
the high (p<0.0001) and medium (p=0.0014) dose in comparison to
vehicle controls. Vector biodistribution of short-term treated SD mice
mimics the same pattern; the high dose exhibits the greatest increase in
copy number, with the medium and low dose to follow. Additionally,
as seen in Figure 1, survival of long-term high-dose treated mice has
increased 3-fold compared to the vehicle control, with 4 high-dose mice
remaining. As we move forward, we expect behavioural as well as HexA
enzyme activity analysis to parallel this observed trend. Overall, this
study is a major stepping-stone towards translation of our bicistronic
vector from bench to bedside.
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98. AAV9/hCDKLS5 Delivery to Cerebrospinal
Fluid of Juvenile CDKL5-Deficient Mice
Improves Learning and Memory and Motor
Function in Adult Mice

Maggie Wright', Lorelei Stoica', Paul Lee', Karen
Poksay', Amy Lin', Stewart Craig', Jimmonique
Donelson*?, Surabi Veeraragavan®?, Sam Wadsworth!,
Rodney C. Samaco*?, Sharyl L. Fyffe-Maricich'

'Ultragenyx Pharmaceutical, Novato, CA,’Department of Molecular and Human
Genetics, Baylor College of Medicine, Houston, TX,’Jan and Dan Duncan
Neurological Research Institute, Texas Children’s Hospital, Houston, TX
CDKL5 Deficiency Disorder (CDD) is a rare X-linked
neurodevelopmental disorder characterized by early-onset seizures,
global developmental delay with markedly impaired gross motor
function, and intellectual disability. CDD is caused by pathologic
mutations in the Cyclin- Dependent Kinase-Like 5 (CDKL5) gene that
result in a loss of function of the CDKLS5 protein. CDKLS5 is a serine/
threonine kinase that is expressed in neurons throughout the brain
where it phosphorylates a number of different substrates including
microtubule-binding proteins. Studies using CDKL5-deficient mice
have uncovered a role for CDKL5 in dendritic spine growth and
maturation, processes important for regulating synaptic function
and enabling appropriate learning, memory and motor function.
A significant unmet medical need exists for patients with CDD,
as current management only addresses disease symptoms without
targeting the underlying cause. Delivering a functional copy of the
CDKL5 gene to neurons throughout the central nervous system
provides an opportunity to restore neuronal function by addressing
the root cause of this disease. In this study, a single high dose (1.6e12
vg/mouse) of single-stranded adeno-associated virus serotype 9
(ssAAV9) vector carrying the human CDKL5 cDNA was injected
into the cerebrospinal fluid of juvenile CDKL5-deficient male mice
by intracerebroventricular (ICV) injection. Two weeks after dosing,
RNAScope analysis revealed widespread distribution of human
CDKL5 mRNA in neurons across the brain. Increased phosphorylation
of a known CDKL5 downstream target, microtubule-associated
protein RP/EB family member 2 (EB2), provided evidence that the
transgene-derived human CDKL5 was a functional kinase. A second
cohort of both male and female CDKL5-deficient mice was injected
between 3-5 weeks of age (early symptomatic) and underwent a
battery of behavioral tests as adults at 2-3 months of age. Western
blot analysis of microdissected tissue from multiple brain regions
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demonstrated moderate but long-lasting increases in human CDKL5
protein across the brain (20-30% of WT levels in frontal cortex and
brainstem, 35-70% in hippocampus) 3-months after dosing. Treated
mice showed improvements in motor function and coordination, as
well as in learning and memory. Importantly, our findings suggest
that even moderate levels of functional CDKL5, delivered to juvenile
symptomatic CDKL5-deficient mice, can lead to long-term expression
and significantly improved brain function.
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99. rAAV-Mediated Hepatocyte-Specific
Expression of miR-375 Protects Against the
Acetaminophen-Induced Acute Liver Failure in
Mice

Yi Wang"***, Sha Zhu?, Elisabet Mandon***, Jia Li*?,
Lingzhi Ren*?, Qin Mao?, Philip W. L. Tai***, Ngoc Tam
Tran*’, Hong Ma??, Alex Brown***, Shiliang Hu***,
Xiaofei Wang®, Michelle Yang’, Zixiu Li®, Chan Zhou?,
Qin Su*?, Phillip D. Zamore®, Guangping Gao*****, Jun
XieaZ,3,4,5

'Dept.of Pathophysiology, Sichuan University, Chengdu, China,’Horae Gene
Therapy Center,Umassmed, Worcester, MA,’Li Weibo Institute for Rare Diseases
Research, Umassmed, Worcester, MA,*Dept.of Microbiology and Physiological
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MA,‘Dept.of Anatomic Pathology, Lahey Hospital and Medical, Burlington,
MA,"University of Massachusetts Memorial Health Care, Worcester, MA,*Dept.of
Population and Quantitative Health Sciences, Umassmed, Worcester, MA,"RNA
Therapeutics Institute and Howard Hughes Medical Institute, Umassmed,
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Acetaminophen (APAP) overdose is the leading cause of acute liver
failure (ALF) in many countries, including the United States. The high
incidence of mortality associated with APAP-ALF can be attributed
to its rapid onset and lack of an effective treatment. Intensive studies
have suggested multiple microRNAs (miR) as potential biomarkers or
therapeutic targets. Among these microRNAs, miR-375 transcription
levels significantly correlate with severity of APAP-challenge in clinical
samples, making it an attractive candidate. In a preclinical proof-of-
concept study using APAP-ALF mouse model, we have exploited highly
liver-tropic AAV8 for the TBG promoter-driven, hepatocyte-specific
overexpression of miR-375, miR-122 and miR-125b. Following APAP
challenge (350 mg/kg) and analyses of liver function (ALT), histology
(H&E staining), mitochondrial function (the Seahorse assay) and
transcriptome (RNA-seq), we found miR-375 completely blocked ALE.
Interestingly, this protection was only observed in APAP overdose ALF
model but not in Fas ligand-induced ALF model. Mechanistically,
RNA-seq data from liver transduced with AAV8-miR-375 demonstrates
that genes regulated by miR-375 are enriched in the cytochrome
P450 system (CYP), APAP-metabolizing enzymes responsible for
cytotoxic byproduct NAPQI (N-acetyl-p-benzoquinone imine)
formation, as well as NAPQI-scavenging Glutathione-S-transferases
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(GST) and Sulfotransferases (SULT). The significantly decreased
CYP2E1 and increased GSTM1 expression have been independently
validated by RT-qPCR and Western blotting. Consistently, LC/MS-MS
measurement revealed increased levels of liver glutathione (GSH) in
the AAV-miR-375 treated mice before APAP dosing while NAPQI-
protein adducts was significantly decreased after APAP challenge in
miR-375 expressing liver. More strikingly, the overall APAP uptake in
AAV-miR-375 transduced liver was significantly attenuated, suggesting
miR-375 regulated active APAP transportation pathway which has
not been reported. Furthermore, while AAV-amiRs-mediated in vivo
silencing of each potential miR-375 target genes, Slc16a2, Cyb5b
and Acsl5, partially mimics miR-375-mediated protection, complete
recapitulation of the protective effects from miR-375 can be achieved
in the combined administration of these three AAV-amiR vectors.
Detailed mechanistic studies on these target genes are underway.
Overall, our results identify miR-375 as a potential mRNA therapeutic
target with potent anti-APAP-ALF effects, acting through complex,
well-orchestrated mechanisms. *Co-corresponding authors.
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CEBPA in Myeloid Cells. A potential
Immunomodulatoryswitch for Anticancer
Therapy

Vikash Reebye', Jenni Vasara?, Nina Raulf?, Ayumi
Hashimoto?, Sheba Jarvis', Pinelopi Andrikakou',
Robert Habib?, David Blakey?, Dmitry Gabrilovich’,
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'Imperial College London, London, United Kingdom,”MINA Therapeutics Ltd,
London, United Kingdom,*The Wistar Institute, Philadelphia, PA,*Beckman
Research Institute, City of Hope, CA

MTL-CEBPA is a first-in-class small activating RNA (saRNA)
oligonucleotide which specifically up-regulates the myeloid cell master
regulator C/EBP-a (CCAAT/enhancer-binding protein alpha). Here
we present quantitative changes observed in circulating leukocytes of
HCC patients treated with CEBPA-saRNA. MTL-CEBPA is currently
in a Phase I, dose escalation / expansion trial in adults with HCC or
secondary liver cancer. Patients received intravenous MTL-CEBPA at
28-160 mg/m? for 3 weeks either QW, BIW atd1 and d2, BIW atd1 and
d3, or TIW atdl, d2, and d3 followed by a rest period of 1 week. Adverse
events, serum PK and anti-tumor activity were assessed. Circulating
white blood cells (WBC) were captured before treatment for baseline
measurements and post-treatment at Day 2, 8 and 15 for quantitative
protein expression (MALDI-TOF Mass spectroscopy); gene expression
(NANOSTRING) and flowcytometry. MTL-CEBPA demonstrated a
good safety profile with several durable complete responders and partial
responders observed. Treatment altered the expression of 522 protein
and 656 genes in circulating WBC. The functional interpretation
these factors were summarized using Ingenuity Pathway Analysis.
An overlapping analysis revealed 35 key targets were affected in all of
the patients. MTL-CEBPA treatment enhanced CEBPA expression in
leukocytes affecting macrophage biology through regulation of PU-
1, ARG-1, BAX, CD14, CEBPB, ELANE, MAPK, IFN-y and NFkBI.
Flow cytometry analysis of WBCs from treated patients demonstrated
CEBPA upregulation caused a significant reduction in circulating
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tumour-infiltrating polymorphonuclear and monocytic myeloid
derived suppressor cells (MDSCs). MTLCEBPA can potentially act as
an immuno-modulatory switch for regulatory T cells in cancer therapy.

WBC isolated from MTLCEBPA treated patients
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101. Targeted Systemic Delivery of Small
Nucleic Acids to Metastatic and Brain-
Localized Triple-Negative Breast Cancer by
HER3-Homing Nano-Capsids

Felix Alonso-Valenteen'!, Dustin Srinivas!, Jessica Sims!,
Tianxin Miao!, James Teh!, Simoun Mikhael', Michelle
Wong', Kimngan Nguyenle', Samuel Sances', Bingchen
Han', Xingfeng Zhang', Gao Bowen', Xiaojiang Cui’,
Clive Svendsen', Ravinder Abrol?, Lali Medina Kauwe!
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INTRODUCTION: The median survival of patients with metastatic
breast cancer is 3 years, and patients with breast cancer metastases to

the brain on average survive less than one year. These tumors tend
to resist current therapies, including targeted therapies currently

52  Molecular Therapy Vol 28 No 4S1, April 28, 2020

Molecular Therapy

used in the clinic, thus improved alternatives are urgently needed.
Increased cell surface levels of the human epidermal growth factor
receptor subunit 3 (HER3) is associated with metastatic breast
tumors, including those that spread to the brain. Increased HER3 is
also associated with resistance to a number of clinically used targeted
therapies including inhibitors of EGFR (lapatinib), HER2 (lapatinib,
trastuzumab, T-DM1), HER2-3 (pertuzumab), and combination therapy.
We have previously bioengineered a HER3-targeted tumor invading
protein, HPK, that can home in on breast tumors resisting ErbB receptor
family inhibitors. HPK is a recombinant ligand-mimicking biocarrier
protein that assembles into cargo-containing particles displaying
multivalent, neuregulin derived targeting ligands that enable stealth
delivery into HER3+ tumors. We have previously shown that systemic
HPK particles can direct the delivery of small nucleic acids, including
siRNA, to HER3-expressing tumor xenografts in mice, and penetrate
cell targets through a protein protonation and dismantling mechanism.
RESULTS AND METHODS: In the present study we show that systemic
HPK particles delivering 5 triphosphate-modified siRNA targeting the
FOXP3 transcription factor reduce primary and metastatic tumor
burden in an orthotopic syngeneic mouse model of triple-negative
breast cancer (TNBC), which is highly invasive and expresses high
levels of HER3. We show that a combination of HER3 homing, FOXP3
silencing and stimulation of tumor-originating inflammatory cytokines
yielded a tumor-suicidal effect resulting in reduction of primary tumor
growth and reduced metastasis to the lungs. We also found that HPK
particles loaded with fluorescently tagged oligonucleotide cargo, or
nucleoparticles, could home to TNBC tumors implanted in the brains
of mice, leading us to discover that HER3 is expressed prominently on
both mouse and human adult brain vasculature. Systemic delivery of
HPK nucleoparticles in non-diseased mice exhibited localization at the
brain endothelium where HER3 is expressed and in extravascular brain
parenchymal regions where HER3 is not expressed. Brain localization
of HPK particles declined over time in the absence of continued
systemic treatment. Recapitulation of the human blood-brain barrier
(BBB) using a human induced pluripotent stem cell (iPSC)-derived
organ-on-a-chip model (BBB chip) showed robust levels of HER3
present on the endothelial lumen. Flow of HPK particles through the
BBB chip lumen yielded initial particle localization with the endothelial
HER3 and subsequent emergence into the overlaying neuronal-
astrocyte layer, in contrast to non-targeted oligonucleotide probes.
CONCLUSIONS: Taken together, our findings indicate that
systemically delivered HPK particles can use HER3 homing to target
and reduce TNBC metastasis, as well as mediate nucleic acid delivery
across the BBB and into HER3+ intracranial tumors. The highly
invasive nature of TNBC and the association of HER3 with resistance
and metastasis, including brain metastasis, highlights the potential for
HER3-homing nanocarriers such as HPK to improve the therapeutic
targeting of HER3+ metastatic tumors, including those that spread
to the brain.

102. Synthetic mRNA Nanomedicine for
Tumor Suppressor Restoration and Cancer
Immunotherapy

Jinjun Shi

Center for Nanomedicine, Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA
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Loss/mutation of tumor suppressor genes is a dominant force in tumor
development and progression, along with the gain of pro-tumorigenic
functions. Recent clinical results have also suggested that loss of tumor
suppressor PTEN may correlate with the poor-response/resistance of
different cancers (e.g., melanoma) to immune checkpoint blockade
(ICB) therapy. Nevertheless, it is largely unknown if restoration of
functional tumor suppressors may revert the tumor’s sensitivity to ICB
therapy. Recently, we have successfully demonstrated the feasibility of
using synthetic mRNA nanoparticles to reconstitute tumor suppressors,
such as PTEN (Nature BME 2018, 2:850-864) and p53 (Sci Transl Med
2019, 11:eaaw1565), for cancer treatment. Herein, we present our new
studies that explicitly address two previously unexplored questions: i)
can PTEN reactivation induce anti-tumor immunity and ii) can PTEN
mRNA nanoparticles improve the tumor’s sensitivity to ICB therapy?
We demonstrate that synthetic mRNA nanoparticles can effectively
reactivate PTEN in PTEN-null or mutated murine tumor cells and
induce immunogenic cell death. In addition, the PTEN mRNA NPs
can promote CD8+ T cell infiltration to tumor tissues and reverse the
immunosuppressive tumor microenvironment. The combination of
PTEN mRNA nanomedicine with anti-PD-1 antibody further leads
to a highly potent anti-tumor effect in different animal models of
melanoma and prostate cancer. Our new study suggests that synthetic
mRNA nanomedicine may provide a potent novel immunotherapy
strategy for different malignancies along with ICB.
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104. A Novel Approach to Potentially Treat
Influenza: Selective Induction of Apoptosis

in Infected Cells by Hijacking the Virus
Machinery

Serhat Gumrukcu', Phillip Musikanth', Gregory
Howell', Tung X. Nguyen'?

'Seraph Research Institute, Los Angeles, CA,’Enochian Biosciences, Los Angeles,
CA

Background: Annual epidemics of influenza result in ~1 billion
infections, 3-5 million cases of severe illness and about 500,000
deaths. Current antiviral treatments are mainly designed to interfere
with the virus life cycle to suppress the functions of viral replication
machinery. Based on the fact that influenza virus is a single-stranded
negative-sense RNA virus that utilizes influenza polymerase complex
to express viral proteins or replicate its viral genome, we developed a
vector construct expressing a negative-sense non-coding (nc)RNA that
is designed to engage with influenza polymerase. The ncRNA “hijacks”
the virus machinery to induce apoptosis specifically in infected cells,
which could be a potential treatment (Fig 1).
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Methods: Adeno-associated virus (AAV) was packaged with a novel
vector expressing our ncRNA, aka influenza “hijack RNA”, that
transcribes the reverse complementary strand of zsGreen marker (AAV.
infv.rcZsGreen) or caspase-9 (casp9) gene (AAV.infv.rcCasp9) between
influenza genomic RNA non-coding sequence (NCS) regions that are
highly conserved across several influenza virus strains. Madin-Darby
Canine Kidney (MDCK) cells were infected with influenza A HIN1
or H3N2, or influenza B virus at 0.1 MOL. Influenza infected and
uninfected MDCK cells were transduced with AAV.infv.rcZsGreen
vector, and with AAV.infv.rcCasp9 in the presence and absence of casp9
inhibitor Z-LEHD-FMK to determine the functionality of the hijack
vector. Flow cytometry was used to determine zsGreen expression.
Cell viability and proliferation were evaluated daily by FACS, Annexin
assay, and automated cell count. Results: All AAV.infv.rcZsGreen
vector transduced influenza-infected cells successfully produced
zsGreen protein, confirming that the hijack RNA was recognized
and transcribed by the polymerase complex in each influenza strain.
Influenza infection killed 60%-68% of the untreated cells by day 6.
91%-95% of infected cells treated with casp9 hijack vector at 24h post-
influenza infection died on day 3 post-treatment. Casp-9 inhibition in
the culture salvaged vector induced cell death and extended the lifespan
of infected cells to 5-6 days (Fig 2). There was no significant cell death
in uninfected control groups.
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Conclusions: A vector delivered in trans to engage with influenza
polymerase hijacks the virus machinery to induce death in influenza
infected cells 40% more rapidly than untreated infected cells. This
effect was seen across viral strains, likely due to conserved nature of
polymerase. This novel approach could be used to develop an effective
treatment for influenza.
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Therapy Approach

Douglas W. Brown!, Arun Raturi? Prakash Bhandari?,
Deborah Sosnowski', Ping Wee?, Hector Vega®, Manoj
Parmar?, Henry Garcia®, Matthew Scholz’, Gary
Hudson?, John D. Lewis!

'Oncology, University of Alberta, Edmonton, AB, Canada,’Entos Pharmaceuticals,
Edmonton, AB, Canada,’Oisin Biotechnologies, Seattle, WA

Molecular Therapy Vol 28 No 451, April 28, 2020 53



HSPC Gene Therapies for Blood and Immune Disorders

Therapeutic approaches to eliminate senescent cells (SCs) in vivo
using transgenic mouse models have demonstrated significant
improvements in lifespan, reduction of cancer and amelioration of
age-related degeneration. Unfortunately, this approach requires that
the organism be genetically engineered from the embryo and thus
cannot be implemented in humans. Furthermore, previous studies have
shown the need for repetitive dosing over the course of the organism’s
lifespan, which means that a gene delivery approach using viruses will
be ineffective over time. We therefore sought to develop a clinically
viable gene therapy to selectively target SCs in vivo with fusogenic
lipid nanoparticles (LNPs). These LNPs employ fusion-associated
small transmembrane (FAST) proteins that can efficiently transduce
a wide range of cells in vivo and can be administered repeatedly
without inducing a deleterious immune response. The expression
of a potent pro-apoptotic suicide gene is driven by a senescence-
associated promoter such as p16™“* or p53 and SCs are selectively
cleared following administration of a small molecule chemical
inducer of dimerization. We have developed fusogenic formulations
targeting p16™ A+, p53+, or p16+/p53+ cells and demonstrated their
efficacy in vitro and in vivo. In vitro, treatment of irradiated cells
leads to a significant decrease in the amount of SA-B-Gal+ p16+ cells,
demonstrating effective ablation of senescent cells. Non-senescent
cells are unaffected by treatment. These effects were transferable in
vivo, where systemically administered LNPs targeting p16™<**+ or
p53+ cells were associated with a decrease in senescent cell burden
in aged animals. Treatment was also associated with improvements
in various health indicators such as microvascular perfusion in the
brain and bone density. We hypothesized that these improvements in
organ function would be associated with an improvement in overall
lifespan. To test this, we treated a cohort of naturally aged C57BL/6
mice (105 week-old at start of trial) at monthly intervals until death, and
observed significant improvements in median lifespan. Experiments
analyzing the systemic expression of senescence-associated secretory
phenotype in treated animals are ongoing. We have developed a
metabolomic signature characterizing aged mice and are currently
using this signature to investigate the correlation between aged and
young mice in our treatment cohort. Finally, we have demonstrated
the safety of this senolytic in a non-human primate study. We also
observed extensive systemic distribution of the transgene in all
organs tested, demonstrating potential to alleviate organ decline in
myriad of tissues. In summary, this approach represents a first-in-class
therapeutic that targets cells based on transcriptional activity, rather
than surface markers or metabolism, and represents a viable strategy
for the systemic ablation of senescent cells to positively impact human
healthspan and lifespan.
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106. Durable Therapeutic Restoration of
Immunity in the Scid-X1 Canine Model via In-
Vivo Delivery of Cocal Pseudotyped Lentivirus
Vector Carrying lI2R-T'c

Yogendra S. Rajawat, Olivier M. Humbert, Savannah M.
Cook, Hans-Peter Kiem

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

Ex-vivo gene therapy with hematopoietic stem and progenitor cells
(HSPC) using lentiviral vectors has been shown to cure a number of
genetic diseases affecting the hematopoietic system including . X-linked
severe combined immunodeficiency (SCID-X1). However, the use
of this platform requires sophisticated facilities to manufacture the
therapeutic product (lentivirus vector and purification of stem cells)
and presents enormous challenges when considering the utility and
feasibility of this approach in the global perspective. Additionally, the
need for toxic conditioning regimens to facilitate the engraftment of
ex-vivo gene-modified HSPCs adds to the toxicity of this procedure.
An alternative to ex-vivo HSPC gene therapy is in-vivo gene therapy
(IVGT) whereby direct injection of viral vector carrying the therapeutic
c¢DNA without conditioning regimen will abolish the need to ex-
vivo manipulation of the stem cells. This far-reaching approach will
be easier to disseminate and could be instrumental while treating
genetic disorders in the most prevalent areas of worldwide population.
On that note, we have previously established an IVGT platform
with foamyviral vector that have shown excellent clinical benefit
in treating the SCID-X1 in canine model. Considering the clinical
translatability of the viral vector platform, in the current study, we
utilized a lentiviral vector pseudotyped with cocal envelope (cocal-
LV-hPGK-yC). Cocal envelope provides several advantages over
the conventional VSVG envelope including lower immunogenic
potential, higher transduction ability of CD34+ HSPC’s and ease
of large-scale production due to availability of stable cell line.
Intravenous injection of cocal-LV-PGK-yC post stem cell mobilization
in SCID-X1 neonatal canines achieved long-term therapeutic immune-
reconstitution with no prior conditioning. Long-term (14 months)
monitoring of two treated SCID-X1 dogs demonstrated therapeutic
levels of CD3+ T-cells along with normal levels of CD4+ and CD8+
T cells. Within the T-cell population, gene correction with cocal-LV-
hPGK-yC stabilized at ~90% within 45 days post injection (Figure 1).
Furthermore, the persistence of normal T cell receptor excision circles
(TREC) levels and CD45RA+ naive T cells over a year post treatment
suggest a continuous maturation of thymic-derived cells. Validation
of T-cell functionality using spectratyping analysis exhibited a diverse
repertoire of T cell receptor gene rearrangement. Moreover, retroviral
integration site analysis (RIS) demonstrated polyclonal contribution to
the reconstituted T-cells and safety of cocal-LV IVGT approach. The
gene-corrected canines exhibit equivalent health and physical attributes
to normal littermate controls and were able to clear bacterial and
protozoal infection. In summary, our data demonstrated that cocal-LV
vector deliver durable therapeutic gene correction in a large-animal
model for SCID-X1 gene therapy without prior conditioning. Most
importantly, these results indicate that cocal-LV-hPGK-yC IVGT is
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a viable and accessible option for rebuilding long-term immunity in
SCID-X1 human clinical trials or could be used as a surrogate measure
in patients where allogeneic BMT is not feasible and ex-vivo HSPC
gene therapy failed.
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Severe congenital neutropenia (SCN) is a life-threatening disorder
of circulating granulocyte deficiency, requiring lifelong G-CSF
pharmacotherapy, with ongoing predisposition to myelodysplasia and
acute myeloid leukemia. The most common etiology of SCN is germline
monoallelic ELANE mutation. Although misfolded or mislocalized
neutrophil elastase appears to cause cell death of granulocyte
precursors, neutrophil elastase itself appears dispensable for neutrophil
maturation and redundant for host defense functions. In our previous
work, we found that targeting premature termination codons to early
exons of ELANE could induce nonsense-mediated decay and bypass
neutrophil maturation arrest of in vitro derived hematopoietic stem and
progenitor cell (HSPC) derived neutrophil maturation culture. Here we
extend the work to a novel in vivo xenograft model of SCN. Using three
human donors, we demonstrate that targeting frameshift mutations
to ELANE late exons mimics naturally occurring SCN-associated
mutations, and produces promyelocyte/myelocyte stage neutrophil
maturation arrest in the bone marrow of xenografted NBSGW mice.
In contrast, targeting frameshift mutations to ELANE early exons to
produce nonsense mediated decay results in comparable human bone
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marrow chimerism and multilineage reconstitution as neutral locus
targeting, measured 16 weeks after infusion (Figure 1). We identified
RNP electroporation conditions which could achieve 97.3% indels
in the input cell product. We found 89.0% indels persisting in the 16
week engrafting bone marrow, with 90.6% indels in SSC*"CD16*
human granulocytes. We evaluated the off-target potential of this
potentially therapeutic RNP at 48 predicted off-target sites with 3
or fewer mismatches. We found only 1 of 48 sites with any indels
detected by amplicon deep sequencing, at a noncoding sequence of
no predicted regulatory function. Editing with an attenuated variant
form of SpCas9 (HiFi), produced undetectable indels at this off-target
site while the on-target indel frequency remained 88.5%, suggesting
favorable specificity potential. Using CD34+ HSPCs from four ELANE
mutant congenital neutropenia patient donors, we demonstrated that
ELANE exon 2 targeting could efficiently restore neutrophil maturation
in vitro. Together these results support the development of ELANE early
exon targeting by template-free gene disruption as a highly efficient,
spec1ﬁc, and universal therapy for ELANE mutant SCN.
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Figure 1 Impaired granulopoiesis in engraftment of ELANE late exon edited CD34* HSPCs in NBSGW immunodeficient mice
CD34* HSPCs from three healthy donors were edited with RNP, coupling with sgRNAs targeting neutral locus, ELANE early exon or late exon,
and transplanted into NBSGW mice. A total of 0.8-1 million cells were infused per mouse. Mice bone marrow (BM) was subject to
immunophenotyping and Wright-Giemsa staining 16 weeks after transplantation

(A) Representative flow cytometry of mice BM xenografted with neutral locus (left), ELANE early exon (middle) and late exon (right) edited
CD34" HSPCs. The lower panel shows Wright-Giemsa staining of hCD45*CD19-from each group.

(B) Statistical summary of different cell types from mice BM.

108. A Genomic Editing-Based Therapeutic
Approach for RAG2 Deficiency

Mara Pavel-Dinu!, Cameron Gardner?, Thomas A La
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Notarangelo®, Matthew H. Porteus'
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Recombination-activating gene 2 (RAG2) deficiency is classified as
a severe combined immunodeficiency disorder (SCID), where the
adaptive immune cells are unable to properly assemble functional
antigen-specific receptors of the immunoglobulin (BCR) and
T-cell (TCR). RAG2 functions as part of the complex required
for V(D)J-recombination activity, which is essential during
lymphocytes development and antigen-recognition. Less than 1%
V(D)J-recombination activity leads to typical RAG2-SCID, with a
complete absence of circulating T and B cells (TB'NK*), where >
1% V(D)]J-activity leads to atypical RAG2-SCID classified as Omenn
syndrome (OS), expansion of y§-T cells and, in some patients,
granulomatous inflammation and/or autoimmunity. Hematopoietic
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stem cell transplantation is a curative therapy for patients with typical
RAG2-SCID and OS. However, in the absence of an HLA-matched
donor, high incidence of graft failure and poor immune reconstitution
limits the therapeutic success. Although conventional approaches to
gene therapy are being considered for RAG2 deficiency, they carry
theoretical risks of genomic instability associated with dysregulated
expression of the gene. To address these issues, we report a CRISPR/
Cas9 based proof-of-concept genome editing approach designed to
correct all pathogenic mutations in the RAG2 gene. Our approach uses
adeno-associated viral vector of serotype 6 (AAV-6) to deliver a codon-
optimized RAG2 (RAG2co) therapeutic transgene at the endogenous
RAG2 gene translation initiation site in human hematopoietic stem
and progenitor cells (HSPCs). RAGco bulk allele genome targeting
(GT) analysis shows a median 40.5% (range 21.0% - 53.3% n=7), while
single cell analysis confirms 71% alleles targeting efficiency (30/42
clones) with 30.9% mono-allelic and 40.5% bi-allelic GT. RAG2co GT
into healthy donor-derived HSPCs engrafted (median=15.8%, bone
marrow, BM) into immunodeficient NSG mice (n=11) at no statistical
difference from control cells (n=5 mice per condition). 18 weeks post
engraftment analysis of sorted human cells derived from RAG2co
GT HSPCs, showed a median bulk allele GT level of 51.0% (range
16.6% - 70%, n=4 mice) and 34.6% (range 12.3% -64.0%, n=7 mice)
in BM and spleen of mice, respectively. Human sorted T-cells (n=4
mice) derived from BM of mice engrafted with RAG2co GT HSPCs
showed a median of 52.3% (range 40.0% - 70.0%) bulk allele GT, while
spleen-derived and sorted T-cells and B-cells had a median of 44.5%
(range 16.6% -64.0%, n=4 mice) and 25% (range 12.3% - 46.5%, n=3
mice), respectively. Engraftment analysis of the RAG2co GT HSPCs
confirmed multi-lineage reconstitution. Lastly, we report 40% bulk
allele GT in one RAG2 patient (c.296 >A; c1242C >A) frozen mobilized
CD34* HSPCs. In vivo studies are currently underway to assess the
engraftment potential and functional rescue of patient-derived RAG2
HSPCs. Off-target analysis by next generation sequencing (NGS) of
RAG?2 patient GT HSPCs (RNP condition), identified insertion and
deletions (INDELs) in only 2 out of the 48 COSMID predicted sites, at
levels < 0.2% located at an intergenic (> 38kb from nearby gene) and
intronic (MIR-383) loci. Our current preclinical data demonstrates a
robust and precise next generation gene therapy treatment for RAG2
deficiency.
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109. A Phase 1/2 Study of Lentiviral-Mediated
Ex-Vivo Gene Therapy for Pediatric Patients
with Severe Leukocyte Adhesion Deficiency-I|
(LAD-I): Initial Results from the First Treated
Patient

Donald Kohn', Gayatri Rao?, Elena Almarza**, Dayna
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Ken Law?, Brian Beard?, Julian Sevilla®, Cristina Mesa-
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Introduction: LAD-I is a rare inherited disorder of leukocyte
(primarily neutrophil) adhesion to endothelial cell surfaces,
migration, and chemotaxis resulting from ITGB2 gene mutations
encoding for the 2-integrin component, CD18. Severe LAD-I (i.e.,
CD18 expression on <2% of PMNs) is characterized by recurrent
severe infections, impaired wound healing, and childhood mortality.
Although allogeneic hematopoietic stem cell transplant (alloHSCT)
is potentially curative, its utilization and efficacy are limited by
HLA-matched donor availability and risk of graft-versus-host disease
(GVHD). RP-L201-0318 (clinical trials.gov # NCT03812263) is a
phase 1/2 open-label clinical trial evaluating the safety and efficacy
of autologous CD34+ cells transduced with a lentiviral vector (LV)
carrying the ITGB2 gene encoding for CD18 (Chim-CD18-WPRE)
in severe LAD-1. Methods: Pediatric patients > 3 months old with
severe LAD-I (demonstrated by CD18 expression on <2% PMNs
and at least 1 prior significant bacterial or fungal infection) are
eligible. Peripheral blood (PB) HSCs are collected via apheresis after
mobilization with granulocyte-colony stimulating factor (G-CSF)
and Plerixafor. CD34+ HSPCs are selected, transduced with Chim-
CD18-WPRE LV, and cryopreserved. Myeloablative conditioning with
busulfan (with therapeutic drug monitoring (TDM) to adjust dosing
to enable target area under the curve (AUC)) is administered, followed
by infusion of the investigational drug product (RP-L201). Patients are
followed for safety assessments (i.e., replication competent lentivirus
(RCL) and insertion site analysis (ISA)), and efficacy -- survival to
age 2 and at least 1-year post-infusion without alloHSCT, increase
in neutrophil CD18 expression, PB vector copy number (VCN),
decrease in infections and/or hospitalizations, and resolution of skin
or periodontal abnormalities. Results: An initial LAD-I patient (age 9)
with recurrent severe infections and documented ITGB2 mutations has
been treated as of January 2020. Baseline CD18, CD11a, and CD11b
expression were < 1%. Mobilization and apheresis procedures were
performed successfully and busulfan was administered at the target
AUC. Investigational product was comprised of 4.2x10° CD34+ cells/
kg with VCN of 3.8 copies/cell (liquid culture) and infused without
complications. No serious treatment-emergent adverse events were
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reported. Neutrophil engraftment was observed 18 days post-infusion.
PB PMN CD18 expression 3 months post-treatment was 44.9% with
comparable CD11a and CD11b expression; PB CD15 (myeloid) VCN
at 2.5 months was 1.5. Safety and efficacy data 6 months post-treatment
will be available at the time of presentation. Conclusion: Preliminary
evidence demonstrates that RP-L201 enables ITGB2 genetic correction
with robust CD18/CD11 neutrophil expression in this frequently fatal
primary immunodeficiency.

110. Updated Results of a European Gene
Therapy Trial in Fanconi Anemia Patients,
Subtype A
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Surrallés'!, Jean Soulier'?, Manfred Schmidt?, Cristina
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Universitario De Donostia, San Sebastian, Spain,”Hospital De Cruces, Bilbao,
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Malades, Paris, France,'"Rocket Pharma, New York, NY,"'Sant Pau Hospital
Research Institute/ CIBERER, Barcelona, Spain,'*Hépital Saint-Louis and
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A phase I/II gene therapy trial in FA-A patients has been conducted
using HSCs mobilized with filgrastim and plerixafor. CD34* cells
collected from 2-3 apheresis cycles and purified with the Clinimacs
system were pre-stimulated and transduced during a total period of
20-24h with the PGK-FANCA.Wpre* lentiviral vector and infused into
patients in the absence of any pre-conditioning treatment. We have
previously shown the successful engraftment of gene corrected cells
in the first four treated patients that were followed for 18-30 months
post-infusion (Rio et al Nat Med 2019). Insertion site analyses in
patients’ PB and BM cells revealed the absence of genotoxic events.
Currently we have concluded the recruitment of this phase I/II trial,
with a total of 9 treated patients age 3-7 years and infused with 7.3x10*
to 1.9x10° CD34* cells/kg. Most procedure-related adverse events
were mild and have resolved completely at the time of analysis. One
patient developed bacteremia after infusion of the medicinal product
which was treated with antimicrobial therapy. Analyses of vector copy
numbers per cell (VCN/cell) in colonies generated from aliquots of
the cell manufacturing product ranged from 0.2 to 0.9 copies /cells.
Analyses performed in PB samples from seven evaluable patients
at 6 months post-infusion showed a dose dependent engraftment
of gene-corrected cells. Additionally, a progressive engraftment of
corrected cells was confirmed in the first four treated patients after
24-36 months post-infusion. This observation was associated with
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progressive increases in the survival of the progenitor cells exposed to
mitomycin-C, and also with progressive decreases in the proportion of
PB T cells with diepoxybutane-induced chromosomal breaks. Stabilized
PB cell counts have been observed in patients with higher levels of gene
corrected cells, suggesting that gene therapy of non-conditioned FA
patients has potential to stabilize or prevent FA-related bone marrow
failure. Our results demonstrate that the procedure is safe and have
facilitated the activation of a phase II clinical trial currently underway,
focused on the consistent infusion of higher numbers of corrected
CD34" cells and prevention of bone marrow failure.

111. Long-Term Follow-Up Study after
Lentiviral Hematopoietic Stem/Progenitor Cell
Gene Therapy for Wiskott-Aldrich Syndrome
Alessandra Magnani', Frederic Adam? Michaela
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Chrystelle Abdo', Despina Moshous', Felipe Suarez',
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Wiskott Aldrich syndrome (WAS) is a rare primary immunodeficiency
associated with thrombocytopenia, eczema, infectious and autoimmune
complications, and lymphomas. Patients lacking an HLA-matched
donor may benefit from an alternative therapeutic approach based
on autologous gene corrected CD34+ cells. We previously reported
a non-randomised, open-label, phase 1/2 clinical study,lentiviral
vector based gene therapy (GT) protocol in 7 paediatric patients
with severe WAS (score > 3/5). One patient died 7 months after GT
because of pre-existing severe infections, as reported. Two additional
patients have been treated since that initial report. We here present
a comprehensive long-term study on 8 patients with a follow-up
from 4.2 to 8.9 years. The safety and efficacy of the approach is
thoroughly investigated, with a particular focus on the correction
of thrombocytopenia and autoimmunity. A stable engraftment of
genetically and functionally corrected lymphoid and myeloid cells
was reached in all patients with lack of severe adverse events or clonal
expansion. Corrected lymphoid cells displayed a selective advantage
over time with increasing vector copy number (VCN) level. T cell
differentiation and function normalized, as shown by TRECs level,
TCR repertoire diversity and immunological synapse organization.
Although platelet counts remained below normal range, patients did
not develop hemorrhagic syndrome. Following GT, platelets were
found to express sub-normal levels of WAS protein (WASP) and to

Molecular Therapy Vol 28 No 451, April 28, 2020 57



Antiviral Immunotherapy

partially augment their size. Platelet function studies indicated a partial
correction of thiscompartment after GT, which may be sufficient to
prevent occurrence of the hemorrhagic symptoms typical of WAS.
The number of transduced B cells as well as WASP expression in
this compartment progressively increased after GT, reaching normal
absolute B cell counts. B cell function, KRECs and immunoglobulin
(Ig) production improved over time and Ig replacement therapy could
be discontinued in 2 patients. Regarding autoimmunity, autoantibody
titers dropped, reaching normal background levels. The clinical
manifestations after GT included mild persistence of a severe low-
limb vasculitis prior to GT, responsive to Ig administration, a single
episode of arthritis of the knee for a second patient, fully recovering
after conventional anti inflammatory treatment, and severe nephrotic
syndrome in a third patient, possibly related to conditioning or immune
dysregulation. This long-term follow-up study provides evidence that
GT is a valuable alternative treatment option for WAS patients lacking
anHLA-matched donor. Overall clinical remission was observed in our
patients despite severe disease scores before GT. Our data highlight that
however thrombocytopenia or autoimmunity may not be fully resolved
by the current approach. Further optimization of the procedure could
be considered to provide additional clinical benefit especially regarding
thrombocytopenia

112. Results from a Phase I/ll Clinical Trial
for X Linked Chronic Granulomatous Disease
(CGD): Possible Impact of Inflammation on
Gene Therapy Efficacy

Alessandra Magnani', Steicy Sobrino?, Chloé Cousin',
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X-linked chronic granulomatous disease (X-CGD) is a rare, inherited,
primary immunodeficiency characterized by defective microbicidal
activity in phagocytes caused by mutations in the gp91phox subunit
of the NADPH-oxidase. This leads to increased susceptibility to
recurrent, life-threatening bacterial and fungal infections, but also
to a sterile, chronic, granulomatous inflammation.Patients lacking
an HLA-matched donor may benefit from an alternative therapeutic
approach based on the infusion of autologous gene corrected CD34+
cells. Because of the lack of selective advantage of gene-corrected
cells and and the inflammatory context, genetic engineering in
CGD remains challenging. Here we report the results from a Phase
I/IT monocentric clinical trial based on a self-inactivating lentiviral
vector, G1XCGD, driving myeloid-specific gp91phox expression. We
treated 4 patients lacking an HLA-compatible donor, after a busulfan
myeloablative-conditioning regimen, with a follow up of 5 months
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(m) to 3 years (y). We obtained satisfying levels of gene correction in
the drug products (median vector copy number (VCN): 1.26, range
0.6-1.77). Except for patient P1, we optimized the transduction process
with prostaglandin E2 (PGE2), which was validated on patent. Among
the 4 treated patients, two showed a clinical and biological benefit after
GT. In particular patient P4 (2y follow up) had a stable engraftment of
gene corrected cells (neutrophils VCN=1), with a complete remission
and off treatment after GT. He recovered to a normal life from a life-
threatening lung aspergillosis resistant to anti-mycotic treatments;
without any supportive treatment including prophylactic. The other
patient presenting a clinical benefit is patient P1 with severe pulmonary
disease (3.4 y follow up); he presented a partial engraftment of gene
corrected cells after GT (neutrophils VCN=0.1), sufficient to provide a
stable clinical status without any treatment.For P2 and P5 patients (15m
and 5m follow up, respectively) we observed a decreased in the level of
gene corrected cells shortly after GT infusion (neutrophils VCN<0.01)
and the patients got back to previous prophylactic treatment. For these
two patients, their clinical history was in both cases characterized by
a long lasting inflammatory disease, resistant to multiple treatments.
In order to understand further the heterogeneity in the long-term
engraftment of gene-corrected cells, we undertook a transcriptomic
analysis of CGD HSPC. This analysis revealed an enrichment in
inflammatory and interferon signatures in CGD patients, which was
reduced in the presence of PGE2. However even in the presence of
PGE2 results are still heterogeneous in term of sustained engraftment
of gene-corrected cells. We are exploring the inter-individual variability,
that could further clarify differences in patient’s clinical recovery and
outcome.Altogether these results demonstrated that this GT approach
for X-CGD can provide significant clinical benefit but also highlight
the critical impact of the underlying disease (especially inflammation)
that can hinder efficient engraftment. In this context, transcriptomic
analysis of CGD HSPC could provide with new markers to help in
better selecting future patients to be treated by GT trials for CGD.
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Antiviral CD4-MBL CAR/CXCR5 T Cells in SIV
Infected Rhesus Macaques
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Virus-specific CD8* T cells play a key role in the control of HIV and
simian immunodeficiency virus (SIV) infection. However, they are
unable to fully suppress viral replication. This is likely due to the
fact that the majority of HIV-1 and SIV replication is concentrated
within B cell follicles of secondary lymphoid tissue (SLT), where
virus-specific CD8* T cells tend to be largely excluded. In addition,
increased levels of follicular SIV-specific CD8* T cells are associated
with decreased levels of follicular viral replication. Taken together, these
findings support the development of a functional cure for HIV that
targets antiviral CD8 T cells to follicles. With this aim, we engineered
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T cells that co-express the B cell follicle homing molecule CXCR5
and a bispecific SIV-targeting chimeric antigen receptor (CD4-MBL
CAR). We hypothesize that CD4-MBL CAR/CXCR5 (CAR/CXCR5)
T cells accumulate in B cell follicles, interact with virus-infected cells,
proliferate and kill virus-infected cells resulting in better control of
viremia. In order to test these hypotheses, we infused CAR/CXCR5
T cells into SIV-infected rhesus macaques and evaluated the location,
abundance, and persistence of these cells and viral RNA in tissues using
RNAscope and immunohistochemisty. First, we treated a chronically
SIV-infected rhesus macaque with the CAR/CXCR5 T cells and tissues
were evaluated 2-days post-treatment. Then we did a 6-animals pilot
study in which, 3 antiretroviral therapy (ART)-suppressed SIV-infected
rhesus macaques were infused with autologous CAR/CXCRS5 T cells on
the same day that ART was stopped. Three untreated ART-suppressed
SIV-infected animals were used as a control group. In the first study,
at 2 days-post infusion, CAR/CXCR5 T cells successfully homed to
B cell follicles of lymphoid tissues, where they showed evidence of
in vivo expansion and direct interaction with virus-infected cells. In
the pilot study, the three treated animals showed evidence of an early
viral control with two of them maintaining long term control. The
CAR/CXCR5 T cells were most abundant during the first week post-
treatment and were detected in 90-100% of B cell follicles examined.
The CAR/CXCR5 T cells persisted for at least 28 days in one animal.
Interestingly, levels of CAR/CXCR5 T cells in B cell follicles declined
faster in the treated animal that lost control compared to the two
treated animals that maintained long term control. Moreover, the two
controlling animals had a lower level of follicular SIV-RNA* cells and
alower percentage of follicles with free virions trapped by the follicular
dendritic cells network than the treated animal that lost control, and
than the untreated control animals at 28 days post-treatment. These
findings show successful accumulation of the CAR/CXCR5 T cells in
B cell follicles, direct interaction of CAR/CXCR5 T cells with virally
infected cells in follicular areas, and association of CAR/CXCRS5 T cells
with a reduction in both virus-RNA* cells and free virions trapped
by the follicular dendritic cell network in vivo. These results support
developing CD4-MBL CAR/CXCR5 T cell immunotherapy to treat
HIV infections.
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Cell Therapy
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Adoptive immunotherapy using second-generation chimeric antigen
receptor (CAR) gene-modified T cells has shown remarkable success
for the treatment of refractory B-cell malignancies. Past attempts
using first-generation anti-HIV CAR-T cells for the treatment of HIV
showed only modest efficacy in early clinical trials despite the long-
term persistence of gene-modified T cells in HIV-infected individuals.
Here, we hypothesized that development of HIV-1-based lentiviral
vectors encoding novel anti-HIV CAR molecules targeting multiple
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highly conserved sites on the HIV-1 envelope (Env) glycoprotein would
improve CAR potency, breadth, and resistance to HIV infection. To
test this hypothesis, we engineered anti-HIV CARs with up to three
Env targeting domains (mD1.22, m36.4, and C46) using a unique
two-molecule CAR architecture, termed duoCAR, to facilitate
effectual targeting and destruction of HIV-infected cells. To evaluate
anti-HIV CAR-T cell efficacy in vitro and in vivo, we challenged
duoCAR-T cells or single-molecule CAR (monoCAR) T cells with
donor-matched PBMCs infected with replication-competent infectious
molecular clones (IMC) of HIV encoding different env genes and
a Renilla luciferase reporter (Env-IMC-LucR) to allow for a highly
sensitive and quantitative assessment of HIV infection in primary
cells. We show that transduction with HIV-1-based lentiviral vectors
encoding multispecific anti-HIV duoCARs redirected autologous
T cells to potently suppress HIV infection in primary cell cultures
infected with broad strains of Env-IMC-LucR viruses (up to 99%)
while simultaneously protecting CAR-T cells from HIV infection.
Moreover, anti-HIV duoCAR-T cell therapy abated HIV persistence,
demonstrated long-term control of HIV infection, and mitigated
human CD4* T cell depletion in a humanized mouse model of
bNAb-resistant HIV infection. Finally, we present new data on the
optimization of the final anti-HIV duoCAR vector selected for clinical
translation and demonstrate its exceptional anti-HIV efficacy in vitro
and in vivo. We conclude that anti-HIV duoCAR-T cell therapy is a
broadly-reactive and highly-efficacious new therapy for the treatment
of HIV that warrants further clinical investigation.

115. Genome Editing the Immunoglobulin
Locus with Single-Domain Antibodies to
Create HIV-Specific B Cells
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Huan, Paula M. Cannon

Molecular Microbiology and Immunology, University of Southern California, Los
Angeles, CA

Engineering B cells to express pre-determined antibody sequences
could allow adaptive immune responses with characteristics that are
not elicited by vaccination. Towards that goal, genome editing of the
immunoglobulin (Ig) locus is especially attractive since this could result
in the expression of both the secreted antibody and the surface B cell
receptor (BCR) that responds to antigen. Recent studies have targeted
the Ig locus to express antibodies against HIV and other viruses, for
example by inserting both heavy (H) and light (L) chains at a single
H chain locus in a linked cassette. However, unless editing is also
performed at a separate locus to inactivate the endogenous L chain,
these strategies are susceptible to the formation of unwanted H and L
chain combinations. To address these challenges, we have developed a
simplified engineering strategy based on the unique features of single-
domain antibodies (sdAbs), that bypasses the interaction with the
endogenous L chain. sdAbs occur naturally in camelids and comprise a
single antigen-specific VHH domain linked to a shortened IgG constant
region that is unable to pair with and functions independently of an L
chain. To recapitulate this structure using site-specific genome editing,
we insert a promoter-VHH cassette within an intron of the human
IGHG]1 gene, which encodes the constant region of IgG1. Transcription
driven by the internal promoter allows splicing of the VHH domain
to the remaining exons of IgG1, and endogenous splicing allows the
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production of both membrane-bound and secreted forms of the
engineered sdAb. A panel of spCas9 single guide (sg) RNAs, targeted
to the IGHG1 intron, were screened for on- and off-target activity, and
assessed for their ability to precisely insert GFP at the IGHG1 intron
when combined with customized homology donor constructs. For
the most effective sgRNA, homology donors were also constructed
containing the B cell-specific EEK promoter, a VHH domain, and a
splice donor sequence, to enable sdAb generation. VHH domains were
chosen from two previously published HIV-specific sdAbs (VHH-A6
and VHH-J3) with distinct virus neutralization profiles. B cell lines
(Raji and Ramos cells) were genome edited using these reagents and
flow cytometry confirmed surface expression of the engineered BCRs.
Site-specific insertion was also confirmed by in-out PCR and Sanger
sequencing. Cells edited with VHH-A6 or VHH-]3, but not GFP,
secreted sdAbs that neutralized HIV infection in vitro. Quantification
by IC50 showed that the anti-HIV activity per molecule was similar
whether sdAbs were produced by engineered B cells, or by transient
transfection of 293T cells with a full-length sdAb cassette, confirming
that the sdAbs produced by gene editing were fully functional. In
summary, we have established a strategy for reprogramming of B cells
with sdAbs by site-specific gene insertion into the IGHGI1 gene. The
hybrid engineered cassette generates both the membrane and secreted
forms of an antibody necessary for B cell function, and secreted sd Abs
exhibited robust anti-HIV activity. Studies are underway to characterize
this approach in primary human B cells.

116. Lentiviral-Mediated Expression of
Monoclonal Antibodies in the Lung to Protect
Against Influenza
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Protein based therapeutics, such as monoclonal antibodies and enzyme
replacement therapies, have had dramatic clinical impact in chronic
diseases, but these therapies can be associated with high treatment
burden (e.g. multiple inhalations or injections). Delivery of lentiviral
and AAV vectors to organs such as the liver and muscle can generate
‘protein factories’ in the body. The secretion of therapeutic proteins
into the circulation from a single administration of vector can result
in persistent, stable levels without the fluctuating ‘peak and trough’
concentrations observed with multiple (often weekly) injections. We
are investigating the expression of monoclonal antibodies in the lung
to protect against respiratory pathogens, including broadly neutralising
antibodies for long-lasting passive immunity to widely divergent and
emerging strains of influenza. Our preferred vector is based on a
third-generation, self-inactivating simian immunodeficiency virus
(SIV), which has been pseudotyped with the F and HN proteins from
Sendai virus (rSIV.F/HN) for efficient cell targeting in the lungs (Thorax
2017;72:137-147). We constructed rSIV.F/HN vectors using the hCEF
promoter to express luciferase and EGFP reporter genes, as well as
vectors expressing the broadly neutralizing antibody T1-3B, which
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was isolated from vaccinated volunteers (V,1-69 germline family),
and is able to cross-react with multiple group 1 influenza A strains.
Intranasal delivery of rSIV.F/HN hCEF Lux (5E7 Transducing Units
(TU)) to BALB/c mice (n=4) resulted in robust luciferase expression in
both the nose (~1E6 p/s/cm?/sr) and lung (~5E5 p/s/cm?/sr) that was
maintained for at least 150 days post-delivery (p>0.15). Visualisation
of lung sections from mice dosed with rSIV.F/HN expressing EGFP
(1E8 TU), showed fluorescence in multiple cell types including airway
epithelial and parenchymal cells, as confirmed with co-localisation
of B-tubulin (ciliated) or Surfactant protein C (Alveolar Type II) cell
markers with native EGFP. Intranasal delivery of rSIV.F/HN expressing
T1-3B (5E7 TU) resulted in expression of antibody in both the serum
(~0.1 pg/mL) and Bronchoalveolar Lavage Fluid (BALF) (~0.1 pg/mL)
that was significantly higher than naive or irrelevant vector treatment
(p<0.05 for all). Using the murine influenza challenge model, we
showed that intranasal delivery of 1E8 and 2.7E8 TU of the vector could
protect mice against the highly lethal influenza strain A/PR/8 HIN1
(10 LD50), resulting in 83% (p<0.01) and 100% survival (p<0.01),
respectively. We have also shown protection in mice against the 2009
pandemic HIN1 virus (A/California/7/2009) (10 LD50), in which 1E7
TU and 1E8 TU of the vector resulted in 67% (p<0.001) and 100%
(p<0.001) survival, respectively. We speculate that during the next
human influenza pandemic, prophylaxis provided by lung gene transfer
may be more cost-effective and time-responsive than traditional,
vaccines or parenteral administration of therapeutic antibody, offering
an important first line of defence for essential health workers.

117. Multi-Virus Specific T Cells Dominate and
Persist in the Patient Inmune Repertoire Post
Allogeneic Hematopoietic Stem Cell Transplant
Sarah I. Davies!, Quan Yu'!, John Barrett!, Pawel

Muranski?

'NHLBI, Bethesda, MD,’Columbia University Medical Center, New York, NY
Viral infections remain a major cause of morbidity and mortality after
allogeneic hematopoietic stem cell transplant (HSCT). The risk of viral
reactivation is greatest in the first three months after transplant before
the reconstitution of anti-viral T cell responses transferred within the
graft. Adoptive cell transfer (ACT) of ex vivo generated donor multi-
virus-specific T cell products (VST) has been established as an effective
treatment of reactivating cytomegalovirus (CMV), Epstein-Barr virus
(EBV), and adenovirus (AdV) post-HSCT and it is possible that early
prophylactic infusion of VST cells after transplant might prevent
reactivations. However, it is unclear if infusions of VST enhance the
immune competence of donor T cells already transferred at the time of
transplant. To examine the contribution of adoptively transferred VSTs
to the overall immune reconstitution post HSCT we analyzed recovery
of viral specific immunity in patients receiving multi-virus specific T
cell product (MVST) early post graft (n=6) in a Phase 1 clinical trial
(NIH 14-H-0182) with comparable transplant recipients not receiving
MVST infusions as controls (n=4). Clinical grade donor-derived
MVSTs were manufactured by stimulating donor derived peripheral
blood lymphocytes (PBLs) with dendritic cells (DCs) pulsed with
15mer overlapping peptide libraries containing CMV (pp65 and IE1),
EBV (BZLF1 and EBNA1), BK virus (VP1 and Large T antigen), and
AdV (Ad5) used as immunogens. At the end of 14 day culture, MVST
products were tested for release criteria and cryopreserved. MVSTs
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were administered to HLA-matched sibling HSCT recipients early
post-transplant (target day +14). Comparable donor derived MVST
products were manufactured for control patients, but not administered.
Contribution of the infused MVST cells to the immune repertoire
post-HSCT was examined using high throughput T cell receptor
CDR3 sequencing at D+60, 100 and 180 and compared with the CDR3
repertoires in peripheral blood of untreated (control) HSCT recipients.
In MVST patients, 3.50-8.40% of unique TCR sequences were derived
from the MVST product at day 100, but accounted for 22.5-76.2% of
the overall repertoire, suggesting robust contribution to the post-HSCT
repertoire. At six months post-transplant, 5/6 MVST patient and 1/4
control patient peripheral cell repertoires contained greater than 50%
CDR3 sequences originally present in ex vivo generated MVST cell
product, however there was no correlation between dominant clones
persisting post-ACT and the clones most frequently found in the
infused MVSTs. These data demonstrate that adoptive transfer of MVST
cell products rapidly and robustly reconstituted anti-viral immunity
after HSCT compared to transplant recipients not receiving MVST.

118. Protection Against Crimean-Congo
Hemorrhagic Fever Virus in a Cynomolgus
Macaque Disease Model by Genetic
Vaccination

David Hawman', Gustaf Ahlen?, Sofia Appelberg?,
Kimberly White-Meade', Patrick Hanley', Dana Scott?,
Vanessa Monteil’, Stephanie Devignot®, Friedemann
Weber®, Heinrich Feldmann', Matti Sallberg?, Ali
Mirazimi’

'Rocky Mountain Laboratories, NIAID/NIH, Hamilton, MT,’Laboratory
Medicine, Karolinska Institutet, Stockholm, Sweden,’Public Health Agency

of Sweden, Stockholm, Sweden,*Rocky Mountain Laboratories, NIAD/NIH,
Stockholm, MT,’Institute for Virology, FB10-Veterinary Medicine,, Justus Liebig
University, Giessen, Germany,‘Institute for Virology, FB10-Veterinary Medicine,,
Justus Liebig University, Stockholm, Germany

There is currently no specific prophylaxis or vaccine against
Crimean-Congo hemorrhagic fever virus (CCHFV). Crimean-Congo
hemorrhagic fever (CCHF) is a severe hemorrhagic fever transmitted
in endemic areas by Hyalomma ticks through handling of infected
livestock or care of infected patients. We developed a DNA-based
vaccine delivered by in vivo electroporation (EP) and evaluated
protection in an CCHFV-mediated disease in a non-human primate
disease model. Cynomolgus macaques were vaccinated thrice with a
DNA-based vaccine containing two plasmids encoding the glycoprotein
precursor (GPC) and the nucleoprotein (NP) of CCHFV. Following
two to three vaccination we could detect potent antibody and T-cell
responses. All macaques were challenged with CCHFV three weeks
after the last vaccination. All control vaccinated animals developed
viremia, high tissue viral loads and CCHF-induced disease, whereas
the NP + GPC vaccinated animals showed significant protection.
In conclusion, this is the first evidence of a vaccine that can protect
against CCHFV-induced disease in a non-human primate model. This
supports clinical development of the vaccine to protect groups at risk
for contracting the infection.This work was supported, in part, by the
Intramural Research Program of the NIH/NIAID.
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119. Superior Hematopoietic Stem Cell based
CAR-T Cell Therapy for HIV Infection
Anjie Zhen, Mayra Carrillo, Valerie Rezek, Scott

Kitchen

UCLA, Los Angeles, CA

p-pl {margin: 0.0px 0.0px 0.0px 0.0px; font: 12.0px Arial} Due to the
durability and persistence of reservoirs of HIV infected cells, combined
antiretroviral therapy (ART) is insufficient in eradicating HIV-1 from
the body. Achieving HIV-1 cure or remission without ART treatment
will require the enhancement and persistence of effective antiviral
immune responses. Chimeric Antigen Receptor (CAR) T-cells have
emerged as a powerful immunotherapy for various forms of cancer
and show promise in treating HIV-1 infection. Previously, we showed
successful long-term engraftment and production of anti-HIV CAR
T cells with a CD4-based CAR (CD4CAR) in modified hematopoietic
stem cells (HSCs) in vivo. Here we report development and in vivo
testing of novel second generation CD4-based CARs against HIV
infection. We found that a modified, truncated CD4CAR does
not mediate HIV infection but maintains similar CTL activity as
compared to full length CAR. In addition, we found that the novel
truncated CAR allows better CAR-T cell differentiation from gene
modified hematopoetic stem cells as compared to full length CD4CAR.
Interestingly, the co-stimulatory molecule 4-1BB, but not CD28,
allows successful hematopoietic differentiation and improved anti-
viral function of CAR T cells from CAR modified HSCs. In contrast
to CD4-based CARs, we found that broad neutralizing antibody
based CARs that contain IgG4-Fc linker, failed to engraftment in the
humanized mice bone marrow. Lastly, as compared to peripheral CAR
T cell therapy, the HSC based CAR T cell therapy shows drastically
superior long- term persistence and anti-viral responses. Our data
suggests that HSC-based CAR therapy stands as a feasible, long lived,
and potentially more efficacious therapy for treating HIV infection.
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120. MGTA-456, A Cell Therapy Utilizing

an Aryl Hydrocarbon Receptor Antagonist
(AHRa) Culture, Promotes Expansion of
CD34+CD90*Cord Blood (CB) Hematopoietic
Stem Cells (HSC), Resulting in Rapid
Hematopoietic Recovery, Uniform Engraftment
and Better HLA Matched Grafts for Larger
Recipients

John E. Wagner', Claudio Brunstein', David McKenna!,
Darin Sumstad', Todd DeFor’, Bruce Blazar', Jeftrey
Miller!, Stefanie Hage', Anthony Boitano?, Chris
Wilson?, Glen Raffel?, John C. Davis?, Heather Stefanski’

"University of Minnesota, Minneapolis, MN,’Magenta Therapeutics, Cambridge,
MA

Background. CD34*CD90" expression identifies a rare subpopulation
of hematopoietic cells enriched for HSC capable of long-term
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engraftment. Expansion of CD34*CD90" cells would be desirable
in settings where limiting numbers of HSC are available, e.g. after
gene modification or in the context of allogeneic CB transplant. It
has previously been shown that SCID-repopulating cells almost
exclusively reside in the CD34*CD90* population of MGTA-456,
the cell therapy product composed of expanded CB CD34+ cells,
cultured in SCF, Flt-3L, IL6 and TPO in the presence of an AHRa and
its companion cryopreserved CD34" fraction. Based on encouraging
expansion characteristics and transplant outcomes in the first 36
recipients receiving freshly expanded MGTA-456, the aim of this
study (NCT03674411) was to determine a) the impact of lowering the
cell dose threshold of the CB unit starting material from the standard
3.0 x 107 to 1.0 x 107 total nucleated cells/kg to improve HLA match,
and b) the safety and efficacy of fully cryopreserved MGTA-456.
Methods: 17 patients aged 2-47 yrs (median weight 61 kg; r, 12-
159) with high-risk hematologic malignancy were enrolled with
12 transplanted on-study to date. Conditioning consisted of
cyclophosphamide 120 mg/kg, fludarabine 75 mg/m?* and total body
irradiation 1320 cGy in 10 patients with a busulfan-based regimen
in two children aged 2 yrs. GVHD prophylaxis was cyclosporine
and mycophenolate mofetil, and G-CSF was started on d+1 after
MGTA-456 infusion until neutrophils exceeded 2500/uL for 3d.
Results: Per protocol, all patients received >10 x10° nucleated cells/kg in
the expanded product. Median CD34+ cell fold-expansion was 421-fold
(r, 219-1476). Patients received a median CD34+ and CD34+CD90+
cell dose of 2.6 x 107/kg (1, 0.9-13.5x 107/kg) and 1.3 x 10°/kg (1, 0.5-7.0 x
10°/kg), respectively. Excluding 1 patient recently transplanted (d+10),
neutrophil recovery occurred in 100% of patients at a median of 13 d (r,
8-31) vs 25 d in prior recipients of unmodified CB (p<0.01). Similarly,
platelet recovery and RBC transfusion independence occurred in 100%
atamedian of 36 d (r, 30-56) and 48 d (1, 13-196), respectively. Time to
neutrophil and platelet recovery strongly correlated with CD34+CD90+
dose (Figure). Incidences of grades 2-4 and 3-4 GVHD were 20% (CI,
0-45%) and 0%, respectively, with no extensive chronic GVHD or non-
relapse mortality. Of note, lowering the cell dose threshold from 3.0 to
1.0 x 107 TNC/kg permitted the selection of better HLA matched CB
units in 6 of 9 patients weighing >60kg. With a median f/u of 7.7 mos
(r, 0.3-11.6), 11/12 are alive with 1 death from relapse.
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Figure: Correlation between CD34+CD90+ cells in the graft and time to neutrophil
(ANC) and platelet recovery (PLT).

Conclusion: MGTA-456 markedly expands the number of CD34+CD90+
cells leading to rapid and sustained hematopoietic recovery, complete
engraftment in all subjects, and improved HLA match in most patients
>60 kg. As CB units with lower cell doses can now be considered, the

62  Molecular Therapy Vol 28 No 4S1, April 28, 2020

Molecular Therapy

opportunity of finding a better HLA matched unit for adolescents and
adults may account for the low incidence of GVHD and TRM observed
thus far in recipients of MGTA-456.

121. Exchange of Alveolar Macrophages
Restores Pulmonary Immunity by Niche
Specific Adaption of Ex Vivo Generated
Macrophages

Kathrin Haake!, Patrick Blank?, Miriam Hetzel', Adele
Mucci®, Ariane Nguyen', Mania Ackermann', Bernhard
Gentner?’, Axel Schambach', Ulrich Kalinke?, Nico
Lachmann!

'Institute of Experimental Hematology, Medical School Hannover, Hannover,
Germany,Institute for Experimental Infection Research, TWINCORE, Joint
Venture between The Helmholtz Centre for Infection Research, Braunschweig,
and The Hannover Medical School, Hannover, Hannover, Germany,*San Raffaele
Telethon Institute for Gene Therapy, Milan, Italy,*Division of Hematology/
Oncology, Boston Children’s Hospital, Harvard Medical School, Boston, MA
During the last years macrophages (M®) have become an increasingly
attractive cell type for cell therapy due to the discovery that many tissue
resident M® (I) are of embryonic origin, (II) are long lived and (III)
have the ability to self-renew. Given the importance of M® in various
disease entities, we aimed to develop a M® transfer strategy to harness
their therapeutic potential and replace dysfunctional M® populations
by swapping the pulmonary M® pool with ex vivo generated M®. To
achieve this we employed clodronate liposomes to deplete endogenous
alveolar M® (AM:s) to open up the lung niche. After intra-pulmonary
clodronate administration we observed efficient depletion of
endogenous CD45*CD11c*SiglecF* AMs after 5-7 days, whereas M®
numbers in other organs e.g. the spleen remained unchanged. AMs
started to repopulate the lung after 14 days. Using day 7 post-depletion
as an optimal time point, we transferred ex vivo generated bone marrow
(BM) derived M® directly into the lungs of the depleted animals. This
led to a robust engraftment between 10-15 % of total CD45* cells in
the bronchoalveolar lavage fluid. Analysis of engrafted cells revealed
a stepwise adaption of the M® toward the lung environment. 14 days
after the transfer, ex vivo generated M® had adapted a surface marker
profile similar to AMs (CD45*CD11c*SiglecF*CD11b). Similarly, we
performed single cell RNA sequencing during the adaption process
at days 3, 7 and 14 after the pulmonary transfer and compared these
cells to both the in-going BM-derived M® and wild type AMs. We
found that the transferred M® clustered away from the BM-derived
M® and showed a stepwise approximation towards AMs. Moreover
we found a gradual downregulation of BM M® defining genes and
an upregulation of AM associated genes over the observed time
span. Interestingly in both the AM and the M® 14 days post-transfer
we found an exclusive subset of cells that expressed proliferation
markers such as Ki67, indicating first adaption, followed by local
proliferations. As a therapeutic application of the adoptive M® transfer,
we used Ifngrl” mice as a mouse model of Mendelian Susceptibility
to Mycobacterial Disease (MSMD), a rare congenital disease that is
characterized by dysfunctional M® due to mutations in the IFN-y-
IL-12/23-loop and a high susceptibility to mycobacterial infection.
Swapping the dysfunctional AMs with healthy M® in Ifngrl” mice
led to engraftment levels of around 10 %, similar as in the wild type
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context. Of note, this therapeutic intervention protected the mice
from subsequent intra-pulmonary infection with Bacillus Calmette-
Guérin and resulted in an average 3-fold lower number of colony
forming units in the spleen. Of note, 14 days after infection the cells
were still present in the lung of the animals and showed a typical AM
phenotype. In summary, we here show that M® are a highly attractive
cell type for novel cell therapy approaches. We developed an adoptive
pulmonary transfer scheme for ex vivo generated M® that results in
the engraftment and adaption of the cells to the lung. Transferring
this scheme to a disease model led to clinical benefit and could be
transferred also to other diseases and organs.

122. Engineered B Cells Undergo Antigen
Induced Activation to Allow Memory Retention,
Class Switch Recombination and Clonal
Selection in Mice

Alessio D. Nahmad!, Yuval Raviv!, Miriam Horovitz-
Fried', Ilan Sofer!, Tal Akriv', Daniel Nataf', Iris Dotan’,

David Burstein?, Yariv Wine?, Itai Benhar?, Adi Barzel'
!School of Neurobiology, Biochemistry and Biophysics, Tel Aviv University,

Tel Aviv, Israel,>School of Molecular Cell Biology and Biotechnology, Tel Aviv
University, Tel Aviv, Israel

HIV viremia can be controlled by chronic Antiretroviral Therapy
(ART). However, treatment tolerability, polypharmacy and adherence
remain a challenge. Combination therapies of broadly neutralizing
antibodies (bNAbs) can suppress viremia for longer periods of time.
However, chronic injections and higher cost of administration limit
clinical utility. bNAbs may be constitutively expressed by various
tissues following AAV transduction, but anti-drug antibodies may
develop, the virus may escape and the expression of the antibody
may be poorly regulated. In contrast, bNAb genes integrated at the
Immunoglobulin Heavy chain (IgH) locus of B cells may allow for a
potent, long-term and adaptive response to the frequent mutations of
the virus. Indeed, in immunocompetent mice, adoptive transfer of B
cells engineered to express HIV-bNAbs facilitated the production of
HIV-neutralizing antibody titers. Integration of single-chain anti-RSV
antibodies into the IgH locus further allowed protection from lethal
infection in immunocompromised mice. However, in all previous in
vivo studies, the engineered B cells allowed no immunological memory
and demonstrated no clonal selection possibly due to the exhaustive ex-
vivo manipulations. These limitations may significantly hinder clinical
application of the technology against the highly diverse and rapidly
evolving HIV.To overcome anergy in engineered B cells, we combine
ex-vivo activation and expansion of B cells using Toll-like receptors
and in-vivo immunizations. In particular, we use CRISPR/Cas9 and
AAV as donors to introduce a cassette coding for the anti-HIV bNADb
3BNCI117 into the IgH locus. Using this protocol, we reached up to
74% engineering efficiency in primary murine splenic B cells, and we
have developed a similar protocol for human blood B cells. Following
adoptive transfer of the cells and immunization of immunocompetent
mice with the HIV antigen gp120, engineered B cells home to Germinal
Centers (GCs). Higher rates of engineered B cells were found in GCs,
compared to the rates of non-engineered B cells, a strong indication
of antigen induced activation. Furthermore, the engineered B cell
response monopolized the gp120 specific response, demonstrating
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immunodominance of the engineered cells over the low-affinity, rarely
neutralizing, endogenous response. The immunizations allowed for
differentiation of the engineered B cells into memory and plasma cells.
Indeed, serum bNAb concentrations were increased following boost
immunizations, reaching 1ug/ml, concentrations known to allow broad
HIV neutralization. Multiple isotypes off 3BNC117 were detected,
signifying Class Switch Recombination (CSR), a key factor in allowing
both systemic and mucosal protection. Finally, antibody genes of
engineered B cells in GCs undergo Somatic Hypermutation (SHM) and
clonal selection, which may be important in counteracting HIV escape.
In conclusion, uniquely, our method enables in-vivo antigen-induced
activation of engineered B cells, followed by memory retention, CSR,
SHM and clonal expansion. In the human setting, this method may
constitute a single-shot alternative to chronic ART therapy.
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(A) Premise of the proposed therapy. (B) Targeting scheme.
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strains YU2.DG and THRO4156.18. (D) Pie charts representing
clonal distributions of 3BNC117 mutant alleles from mice
immunized with gp120 YU2.DG. Top 10 clones are colored.
Numbers represent the number of different clones.
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123. MGTA-145, in Combination with
Plerixafor, Rapidly Mobilizes Large Numbers
of HSCs in Humans That Can Be Gene Edited
with CRISPR/Cas9 and Mediate Superior
Engraftment to Standard-of-Care

Kevin A. Goncalves, Patrick C. Falahee, Sharon L.
Hyzy, Katelyn J. Hammond, Anthony E. Boitano, Veit

Schmelmer, William Savage, John C. Davis
Magenta Therapeutics, Cambridge, MA

Background. An optimal dose of hematopoietic stem cells (HSCs)
is critical for successful cell/gene therapy outcomes. This can be
achieved by a rapid, robust, and reliable HSC mobilization regimen.
While G-CSF and/or plerixafor are used to mobilize HSCs for gene
therapy applications, cell dose can be suboptimal, and G-CSF is
contraindicated in some indications, like sickle cell disease. MGTA-
145, a CXCR2 agonist, when used in combination with plerixafor, a
CXCR4 inhibitor, rapidly mobilizes HSCs in mice and nonhuman
primates (Hoggatt et al Cell 2018; Goncalves et al Blood 2018). Here,
we show for the first time that a single day mobilization with MGTA-
145 and plerixafor leads to higher numbers of NSG-engrafting human
HSCs than standard-of-care and that these cells can be gene-modified.
Results. In mice, a single dose of MGTA-145/plerixafor mobilized an
equivalent number of Lin-Scal+cKit+CD150+CD48- long-term HSCs
compared to a multi-day dosing regimen of G-CSEF, but led to >10-
fold higher engraftment at 20 weeks after transplant at limit dilution
(p<0.001, n=5-8 mice/dose). In secondary transplants, MGTA-145/
plerixafor cells showed >50-fold higher engraftment compared to
either plerixafor, G-CSF or G-CSF/plerixafor at 20 weeks, suggesting
that MGTA-145/plerixafor rapidly mobilizes LT-HSCs with superior
engraftment potential. In a Phase 1 healthy-volunteer study (n=107
donors), a median of 40 CD34+ cells/uL was achieved at the optimal
dose of MGTA-145/plerixafor (n=12 donors). 11 of 12 (92%) donors
with MGTA-145/plerixafor mobilized >20 CD34+ cells/uL with
single day dosing compared to 8 of 14 (57%) donors mobilized with
plerixafor alone. MGTA-145 was well tolerated as monotherapy
and with plerixafor. 4 subjects were treated with a single dose of
MGTA-145/plerixafor and apheresed on the same day. A median of
4.3x10° CD34+ cells/kg were obtained and 33% of these cells were
CD90+CD45RA-, a cell type enriched for HSCs, compared to 10% with
G-CSE. Mechanistically, MGTA-145 engaged CXCR2 on neutrophils
and led to an increased plasma concentration of the protease, MMP-
9, to mobilize CD34+ cells. Markers of neutrophil activation, which
is associated with vaso-occlusion following administration of G-CSF
to sickle cell disease patients (Falanga et al. Blood 1999) were not
significantly elevated (<2-fold vs baseline, n=12-14 donors). To assess
engraftment capabilities of human cells, we transplanted MGTA-145/
plerixafor or G-CSF CD34+ cells at limit dilution (n=2-3 donors)
into NSG mice. MGTA-145/plerixafor CD34+ cells showed a >5-fold
increase in long-term, multilineage engraftment (SCID-repopulating
cell number) compared to G-CSF mobilized CD34+ cells (p<0.001, n=8
mice/dose). These data demonstrate that MGTA-145/plerixafor CD34+
cells have superior engraftment capabilities compared to cells isolated
by conventional mobilization regimens. To determine whether these
cells could be gene-modified, CD34+ cells from MGTA-145/plerixafor
mobilized healthy donors (n=2 donors) were edited with CRISPR/Cas9
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targeting beta-2-microglobulin. 90% editing was achieved in CD34+
and CD34+CD90+CD45RA- cells and these cells engrafted in NSG
mice (n=8 mice per group), demonstrating that MGTA-145/plerixafor
mobilized blood cells can be efficiently gene-modified for therapeutic
applications. Conclusions. These data demonstrate that MGTA-145/
plerixafor is a rapid, reliable, efficient, and G-CSF free method to
obtain high numbers of wild-type and gene-modified HSCs with
robust and durable engraftment potential. This single-day mobilization/
collection regimen could therefore improve cell collection protocols
and autologous gene therapy outcomes for a variety of diseases.

124. “Cerberus” T Cells: A Single
Glucocorticoid-Resistant T Cell Product to
Simultaneously Target Multiple Pathogens in
Immunocompromised Patients

Anastasia Papadopoulou', Maria Alvanou'?, Kyriakos
Koukoulias'?, Anastasios Kouimtzidis"?, Chrysoula
Pantazi'?, Nikoletta Psatha*, Minas Yiangou’,
Alexandros Spyridonidis®, Antonios Makris®, Achilles

Anagnostopoulos’, Evangelia Yannaki'

'Gene and Cell Therapy Center, Hematology Department — Hematopoietic

Cell Transplantation Unit, George Papanicolaou Hospital, Thessaloniki,
Greece,?University General Hospital of Patras, Patras, Greece,’School of Biology,
Department of Genetics, Development and Molecular Biology, Aristotle
University of Thessaloniki, Thessaloniki, Greece,*Altius Institute for Biomedical
Sciences, Seattle, WA, Institute of Applied Biosciences (INAB), Centre for
Research and Technology Hellas (CERTH), Thessaloniki, Greece

Adoptive immunotherapy (AI) with pathogen-specific T cells is
a promising alternative to pharmacotherapy for the treatment of
opportunistic infections after allogeneic hematopoietic stem cell
transplantation (allo-HSCT) or solid organ transplantation. However,
clinical implementation of Al is limited to patients receiving either
low dose or no steroids, a prerequisite for optimal T-cell function,
thus practically excluding the most susceptible to infections patients
from the benefits of AI. We developed a CRISPR/Cas9 system to
genetically disrupt the glucocorticoid receptor (GR) in T-lymphocytes
and confer resistance to steroids. Ten guide RNAs (gRNAs) were
prepared to target genomic sequences corresponding to various
domains of the GR (a transcription start site, and exons 2, 3, 4 and
5) and delivered separately into the T2 lymphoblastic cell line by
lentiviral vectors. Transduced T2 were subsequently incubated in the
presence or absence of dexamethasone (DEX). Cells transduced with
an “empty” viral vector expressing Cas9 but no gRNA were used as
negative control. T2 cells edited with 7/10 single gRNAs, presented
normal proliferation on DEX treatment as contrasted to their untreated
counterparts and the empty vector-transduced cells, suggesting
functional DEX-resistance. The on-target GR inactivation in T2 cells
was confirmed by western blotting and the T7 assay. On the basis of
high GR disruption efficiency and low off-target activity, the optimal
gRNA among those gRNAs that proved functional, was selected to
disrupt GR by Cas9/gRNA ribonucleoprotein (RNP) electroporation in
pentavalent pathogen-specific T cells targeting 4 viruses [adenovirus,
cytomegalovirus (CMV), Epstein Barr virus (EBV) and BK virus]
and the fungus Aspergillus fumigatus. The generated steroid-resistant
pathogen-specific T-cells were called “Cerberus” T cells (Cb-STs)
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from the monstrous three-headed dog of Greek mythology, due to
their triple potential of specificity against viruses, specificity against
fungi and resistance to glucocorticoids. In ongoing studies, Cb-STs
are assessed as regards their phenotype, functionality in vitro, Dex-
resistance, specificity of “on target” or/and “off target” cleavage and
safety in a xeno-GvHD mouse model. Overall, we provide a series of
gRNAs for CRISPR/Cas9-disruption of the GR using non-viral genome
engineering to generate steroid-resistant, pentavalent pathogen-
specific T cells. We anticipate that like “Cerberus” who guarded the
gates of the underworld, Cb-STs will serve as a powerful guard system
against multiple pathogens in transplanted patients, even under the
unfavorable condition of intense immunosuppression.

125. Restored Macrophage Function
Ameliorates Disease Pathophysiology

in a Mouse Model for Very Early Onset
Inflammatory Bowel Disease (VEO-IBD)

Mania Ackermann'?, Amanda McCabe? Sandy Frei’,
Kayla Wright?, Scott Snapper?, Nico Lachmann', David
A. Williams>*°, Christian Brendel>**

'"Translational Hematology of Congenital Diseases, Institute of Experimental
Hematology, Hannover Medical School, Hannover, Germany,’Gene Therapy
Program, Dana-Farber/Boston Children’s Cancer and Blood Disorders Center,
Boston, MA,’Division of Gastroenterology, Hepatology and Nutrition, Boston
Children’s Hospital, Boston, MA,*Harvard Medical School, Boston, MA,*Harvard
Stem Cell Institute, Cambridge, MA

Under physiological conditions, the intestinal immune system governs
the tight balance between pro-inflammatory responses required
for control of pathogens and anti-inflammatory responses for the
prevention of unintended injuries to the intestinal mucosa. Key players
within this process are intestinal macrophages, which, in crosstalk
with regulatory T cells and other immune cells, critically shape
gut immune responses. However, if this finely balanced network is
disturbed, excessive inflammatory responses can lead to inflammatory
bowel disease (IBD). IL-10 signaling is a major regulator of immune
tolerance in the intestinal mucosa, and mutations in IL-10 or the
IL10-receptor lead to very early onset (VEO) IBD, a life-threatening
disease which is often unresponsive to conventional medication.
Recent studies demonstrated that defective IL-10 receptor signaling on
innate immune cells is a key driver of severe intestinal inflammation in
VEO-IBD. These data suggest that the correction of the macrophage
defect alone may have therapeutic implications. Here we evaluated the
potential of hematopoietic stem cell gene therapy in an IL10rb” VEO-
IBD mouse model and demonstrate that the therapeutic responses
closely correlate with gene correction in intestinal macrophages, but
not with lymphoid cell gene marking. To further explore the role of
macrophages in VEO-IBD, we investigated the therapeutic efficacy of
alocal intraperitoneal macrophage administration. A 6-week therapy
employing a combination of (i) clodronate depletion of endogenous
hyperinflammatory macrophages followed by (ii) administration
of wild-type macrophages significantly reduced colitis as shown by
decreased frequency of inflammatory macrophages in the lamina
propria (24.6+4.9 vs 15.4£3.9, p=0.003) as well as improved histology
scores of colon sections (6.2+2.3 vs 3.25+1.5, p=0.019) in the IL10rb™
VEO-IBD mouse model (both mean+SD, n=8). Transplant derived,
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wild-type macrophages were detected in the lamina propria and
the intraperitoneal cavity at the end of the observation period, and
macrophages re-isolated from the peritoneal cavity of these animals
showed a strong reduction of proinflammatory cytokine secretion
after LPS stimulation compared to non-treated animals. Moreover,
we observed a normalization of peripheral blood values in animals
treated with the combination therapy. The increased myelopoiesis
commonly associated with inflammation in Il10rb” IBD mice was
significantly reduced in animals only when treated with a combination
therapy of macrophages and clodronate administration (p=0.0024 for
T-cells and p=0.0117 for granulocytes), indicating a systemic anti-
inflammatory effect after macrophage transfer. Interestingly, these local
and systemic therapeutic effects could not be seen in control groups
receiving clodronate liposomes or macrophages as a monotherapy. In
summary, we show that a restoring macrophage function by adoptive
wildtype macrophage transfer combined with depletion of endogenous
hyperinflammatory macrophages can ameliorate colitis in an I110rb”
mouse model for VEO IBD and potentially represent a novel cell-based
treatment approach for VEO-IBD patients.

126. Natural Killer Cells Generated from
Human Induced Pluripotent Stem Cells
Under Defined Conditions, Engineered for
Immunotherapy of Solid Tumors

Kyle B. Lupo', Jung-Il Moon*?, Sandro Matosevic'

'Industrial and Physical Pharmacy, Purdue University, West Lafayette, IN,?Purdue
Institute for Integrated Neuroscience, Purdue University, West Lafayette,
IN,’Editas Medicine, Cambridge, MA

Although many of the molecular mechanisms underpinning cancer
have been characterized and more aggressive treatment options are
currently available, cancer still remains a major cause of mortality
throughout the world. More specifically, targeted immunotherapy with
engineered natural killer (NK) cells has recently been proven to be a
promising and efficient approach for the treatment of solid tumors and
blood cancers, alike, with fewer side effects and a potentially superior
clinical outcome than traditional chemotherapies. However, NK cells
are difficult to source from patients, exhibit a low ex vivo expansion,
and are often dysfunctional when harvested from cancer patients,
altogether slowing the development of immunotherapies for solid
tumors. Therefore, an alternative source of NK cells, derived from
induced pluripotent stem cells (iPSCs) can be harnessed to overcome
the challenges of existing NK cell-based immunotherapy treatments.
We have successfully generated “oft-the-shelf” NK cells, differentiated
from a fully authenticated iPS cell source, using a streamlined, and
efficient feeder- and serum-free cell culture protocol. Our streamlined
protocol consists of a two stage differentiation process, wherein CD34*
hematopoietic progenitors are generated from embryoid bodies over
the first 11 days using serum-free APEL2 medium and initiating
cytokines SCE, BMP4, and VEGE Following embryoid body formation,
progenitor cells are differentiated into NK cells over a subsequent 28
days by the time-specific induction of cytokines including FLT-3L,
SCE, 1IL-3, IL-7, and IL-15. These cytokines are added to mimic the
in vivo development of NK cells in the bone marrow. iPS-derived NK
cells were characterized and determined to be phenotypically mature
expressing activating - NKp30, NKp44, NKp46, NKG2D, and DNAM-
1 - and inhibitory - NKG2A/CD94, KIRs and CD19 - receptors present
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on mature peripheral blood-derived NK cells, as well as CD16 which
can mediate antibody-dependent cellular cytotoxicity (ADCC), as
measured via flow cytometry. Furthermore, these iPS-derived NK cells
were functionally active against a number of solid tumor targets (A549
lung carcinoma cells, GBM43 glioblastoma cells, and PC3 prostate
cancer carcinoma cells) in terms of cancer lysis as well as cytokine
(IFN-y) secretion and degranulation potential, performing similarly to
or better than peripheral blood derived NK cells in all cases. We have
also shown that iPSC-NK cells express TIGIT, an inhibitory receptor
which signals by binding to CD155 on cancer cells to inhibit NK cell
anti-tumor immunity and are responsive to an anti-TIGIT and anti-
CD73 co-blockade against primary models of glioblastoma (GBM43),
further validating these cells as a platform for NK cell immunotherapy.
We have shown that phenotypically- and functionally-mature NK
cells can be efficiently generated from iPSCs using our novel and
robust protocol. These cells are equivalent or superior to peripheral
blood-derived NK cells in response to a variety of tumor cell types.
We are also exploring the genetic engineering of these iPSC-NK cells
to co-target TIGIT and CD73-induced immunosuppression in solid
tumors using novel, responsive genetic constructs in our lab. These
cells represent a safe, allogeneic platform that can be easily engineered,
allowing improved cancer targeting over traditional chimeric antigen
receptor-NK therapies.
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127. Enhanced Lentiviral Vector Transduction
of CD34+ Hematopoietic Stem and Progenitor
Cells by Targeting Anti-Viral Restriction
Factors

Diego Leon-Rico', Lucy G. Thorne?, Argyro Diasakou',
Ben Graham’, Justin Warne’, Helen Alemayehu?, David
Selwood’, Greg J. Towers?, Claire Booth', Adrian J.
Thrasher!

"UCL GOS Institute of Child Health, London, United Kingdom,?University
College London, London, United Kingdom,’Wolfson Institute for Biomedical
Research, London, United Kingdom

Ex vivo lentiviral gene transfer into CD34* hematopoietic stem and
progenitor cells (HSPCs) has demonstrated remarkable clinical
success in gene therapy for monogenic hematopoietic disorders.
However, the elevated cost of clinical grade lentiviral vectors (LVs)
and the limited number of clinical grade LV manufacturers remain
two of the most critical limitations for broader application of this
therapeutic approach. Innovative approaches to reducing the amount
of LV needed for the manufacture of HSPC gene therapy products
are therefore a priority. This can be achieved using transduction
enhancers, molecules of different chemical nature that enhance
vector transduction and increase gene delivery. While most of these
transduction enhancers facilitate attachment of the vectors to the cells,
others target intracellular pathways that are relevant for the lentiviral
vector life cycle. HSPC have been shown to express high levels of
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antiviral proteins that can restrict viral infection. We recently reported
that the antiviral protein IFITM3 reduces LV infectivity and therefore
gene delivery in HSPC. IFITM3 restriction can be overcome using
naturally occurring cyclosporine molecules to enhance transduction.
Here we have synthesized novel cyclosporine-like molecules with
enhanced potency against IFITM3 in cell line models. The most potent
cyclosporine-like molecules were tested for their ability to enhance
LV transduction of CD34+ HSCPs. The levels of transduction were
determined both by measuring the expression of the GFP reporter
protein and by quantifying the number of integrated proviral copies by
qPCR. Significant enhancement at different levels (up to 10-fold) was
observed in the presence of these compounds without any effect in cell
viability. Further enhancement was achieved when these compounds
were combined with a combination of entry transduction enhancers
that is currently used in our gene therapy clinical trials (LentiBOOST™
and Protamine sulphate).

128. Establishing cGMP Manufacturing of
CRISPR/Cas9-Edited Human CAR T Cells
Xiuyan Wang'?, Susan E. Zabierowski', Meilan Wu',
Mingzhu Zhu', Christina Del Casale’, Justin Eyquem
Eyquem’, Jorge Mansilla-Soto?, Michel Sadelain?,

Isabelle Riviere'?

'Michael G. Harris Cell Therapy and Cell Engineering Facility, Memorial Sloan
Kettering Cancer Center, New York, NY,*Center for Cell Engineering, Memorial
Sloan Kettering Cancer Center, New York, NY, Parker Institute for Cancer
Immunotherapy, University of California, New York, CA

Chimeric antigen receptors (CARs) are synthetic receptors that redirect
and reprogram T cells to mediate tumor rejection. CD19 targeted CAR
T cells have showed remarkable efficacy for chemorefractory/relapsed
B cell malignancies. Recombinant retroviral vectors mediated- 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 vector incorporation variations. CAR
T cells engineered in this manner are capable of tumor eradication,
but are prone to tonic signaling and accelerated exhaustion. We have
developed a novel genetic engineering strategy to insert CAR genes
into a precise genomic location in human peripheral blood T cells.
T cells are electroporated with Cas9 mRNA or Cas9 protein and a
guide RNA, followed by transduction with a recombinant Adeno-
Associated Virus encoding the CAR sequence to facilitate the insertion
of the CAR gene upstream of the constant region of TCR alpha chain.
This results in the endogenous TCR promoter (TRAC) controlled
CAR expression and abrogation of TCR surface expression. This
strategy not only allows uniform CAR expression, but also delays
T-cell differentiation and exhaustion, leading to enhanced T cell
function and anti-tumor efficacy. The edited cells vastly outperformes
retrovirally modified CAR T cells in a pre-B ALL NALM6 mouse
model. The targeting of CARs to the TCR locus also 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). 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.
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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 the 4D-LV electroporator,
we have demonstrated that we can knockout the TCR at large scale (100
E06 CD3+ T cells) with high efficiency (70-80%) as that obtained at
small scale. We have evaluated AAV6 to deliver the CAR transgene in
the TCR locus. Data will be presented on optimizing the manufacturing
of the TRAC-CAR T cells and on evaluating their anti-tumor efficacy
in vivo.

129. Abstract Withdrawn

130. Validation of cGMP-Generation of
Genetically Engineered T Cells on the
CliniMACS Prodigy™

Heather Daley, Diego Hernandez Rodriguez, Radia
Khelladi, Amy Cunningham, Andrew Mason, Mary
Ann Kelley, Michelle C. Silva, Olive J. Sturtevant, Kit L.

Shaw, Sarah Nikiforow, Jerome Ritz
Cell Manipulation Core Facility, Dana-Farber Cancer Institute, Boston, MA

Genetically modified T cells are being developed for different cancers
and individual patients using a variety of manufacturing approaches.
These include chimeric antigen receptor (CAR) and engineered T-cell
receptor (e€TCR) T cells. We present validation of 3 engineered T-cell
procedures using CliniMACS Prodigy™ as a single manufacturing
platform. Two CAR processes used the standard T-cell Transduction
(TCT) program; 1 eTCR process used a customized application (CAP)
program. Starting materials were aphereses from healthy donors.
Fourteen validation runs are summarized (Table). Four CAR runs used
the TCT program for 7 days (A); 6 CAR runs used the TCT program
for 8 days (B), and 4 eTCR runs used the CAP program for 8 days
(C). Initial aphereses contained 56.2% T cells (CD45+/CD3+; range,
31-71). A and B started processing with 3 x 10° T cells for CD4+ and
CD8+ selection using magnetic beads conjugated to anti-CD4 and
CDS8 antibodies. C started with 1.5 x 10° TNC (total nucleated cells)
for proprietary T-cell subset selection. Target cell purity of selected
products was 93.5% (range, 87-99). Target cell recovery was 51.0%
(range, 24-75). Selected target fractions were activated with TransAct™
beads, transduced, and expanded in TexMACS™ medium containing
human AB serum supplemented with cytokines. Transduction with
a different CAR or eTCR-encoding lentiviral vector for each process
occurred 18 to 24 hours after activation - using both research and clinical
grade vector lots. Cells were harvested after 6 or 7 days of expansion.
Overall end-of-process (EOP) T-cell purity was 97.1% (range, 91-100).
Expansion of T cells was impacted more by viral vector than duration
of culture (Figure). Transduction efficiency (% CAR/eTCR expression)
at EOP was > 50% in 8 of 14 runs (average 57.5%; range, 14-93). All
EOP cells tested negative for endotoxin, mycoplasma and bacteria.
We performed 14 comparable validation runs on CliniMACS Prodigy™
to support 3 different clinical trials. We demonstrated robust feasibility
of GMP-compliant manufacturing of CAR/eTCR T-cell products in this
closed, automated system using 3 lentiviral vectors and 3 expansion
protocols.
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131. The Influence of Cytokines and Seeding-
Density in a Scalable Feeder-Free System for
Natural Killer Cell Expansion

Chris Johnson, Caroline Nazaire, Nithya J. Jesuraj
Bio-Techne, Woburn, MA

A challenge for Chimeric Antigen Receptor Natural Killer cell (CAR-
NK) therapies is generating clinical doses of natural killer (NK)
cells. NK cells compose approximately 5-15% of peripheral blood
mononuclear cells (PBMCs) and current manufacturing methods
to expand NK cells include culturing irradiated feeder cells with the
PBMCs. However, these feeder-cell based methods are restrictive due to
high costs, scale-up difficulties, and licensing restrictions. In this study,
we investigated a scalable feeder-free system to expand NK cells for NK
therapies. Specifically, we studied the impact of cell activation methods,
cell seeding density, and cell culture vessels on NK expansion and purity.
Human peripheral blood mononuclear cells (PBMCs) were cultured
for 10-days in either T25 Flasks, G-Rex®6 or G-Rex6M plates. Prior
to expansion, PBMCs were analyzed using a flow cytometer for CD37/
CD56" NK cells to determine NK seeding density. The Cloudz™ NK
Cell Expansion Kit or Miltenyi MACS iBeads were used to activate
& expand NK cells. A 1/2 media change was performed every 3 days
and cytokines were refreshed at the following concentrations: 27 ng/
mL IL-2 and 10 ng/mL each of IL-12, IL-18, & IL-21. After 10 days in
culture the cells were analyzed for CD3/CD56* NK cell expansion and
purity, defined as % CD3/CD56* cells relative to the total population.
We applied a systematic approach to develop a manufacturing protocol
for NK cells from PBMCs in the scalable G-Rex6M Platform. First, the
cytokine scheme was developed using T25 Flasks. We found that the
Cloudz NK Cell Expansion Kit produced 318-fold NK cell expansion
and 85% purity after 10-days when used with a cytokine combination
of IL-2/IL-12/IL-18/IL-21. For comparison, MACS iBeads produced
an average of 177-fold expansion and 64.5% purity. Second, these
conditions were translated to a G-Rex6 platform to determine the
seeding desnity. In the T25 culture vessels, a seeding density of 4,800
NK cells/cm? yielded the highest growth and purity after 10-days.
However, in the G-Rex6 platform, increasing the seeding density to
30,000 NK cells/cm? yielded the highest growth and purity after 10
days. Third, we applied these conditions to the scalable G-Rex6M
plates. PBMCs were cultured in the G-Rex6M platform using the
cytokine scheme and the seeding density determined previously.
In the G-Rex6M platform, NK cells expanded from approximately
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270,000 NK cells and 8% purity to 150,000,000 NK cells and 92%
purity in 10-days -a 582-fold expansion (Figure 1). The results in
the G-Rex6M are scalable up to multi-liter batches. Furthermore,
since the G-Rex6M plates do not require media exchanges, we tested
whether it was necessary to refresh the cytokines every 3-days. Our
results suggest that similar NK purity and expansion can be achieved
when cytokines are only added at the time of seeding. This finding
decreases the amount of cytokines required, reduces the need for
manipulating the cells, and lowers the risk of potential contamination
during expansion. Overall, it was determined that the seeding density is
an important variable to consider when culturing NK cells under new
conditions and that cytokine combinations and dosing schedules play
an important role growing NK cells in scalable feeder-free cell systems.
These data together demonstrate the promise of using the Cloudz™ NK
Cell Expansion Kit and the G-Rex bioreactor systems for clinical scale
NK cell manufacturing to support CAR-NK therapies.
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Figure 1: Scalable NK Cell Expansion with Single-dose Cytokine Supplementation in G-Rex6M Plates. IL-2, IL-12, IL-18, and IL-
21 concentrations were either refreshed every 3 days or were given a single-d i ion during cell-seeding on day 0.
The results on day 10 represent the average + standard deviation of 3 separate donors. A) The average fold-expansion (blue
bars) remained similar in expansion across both cytokine addition schemes, while more variation across different donors
was observed. B) Following 10-days in culture NK purity (green bars) increased over starting cell populations. Purity
remained similar in both cytokine schemes.

132. Clinical Production of Ex-Vivo Gene
Corrected Hematopoietic Stem and Progenitor
Cells Using a cGMP-Compliant Semi-Closed
Manufacturing Process

Premanjali Lahiri', Daniel P. Dever?, Annalisa Lattanzi?,
Narae Talbott!, Jason Skowronski', Peter Llontop’,

Nara Vu', Thomas Cole', Fariba Fazeli', Helen Segal',

Sandeep Soni?, Matthew H. Porteus®, Neehar Bhatia'
'Laboratory for Cell and Gene Medicine, Stanford University, Palo Alto,
CA,?Division of Stem Cell Transplantation and Regenerative Medicine,
Department of Pediatrics, Stanford University, Stanford, CA

The ex-vivo HDR-mediated gene correction of CD34+ hematopoietic
stem and progenitor cells (HSPCs) using CRISPR/Cas9 and AAV has
emerged as a novel strategy for treating monogenic diseases such as
Sickle Cell disease (SCD). The critical technical challenge of efficient
gene correction at optimal levels is achieved using the co-delivery
of gRNA and Cas9 as a ribonucleoprotein (RNP) followed by the
transduction of cells with a recombinant Adeno-associated virus-6
(AAV6) for the targeted delivery of the HBB gene that lacks the SCD
causing E6V mutation. The therapeutic use of such ex-vivo gene
corrected cell products relies on robust manufacturing processes that
consistently produce HSPCs with optimal levels of gene correction
for desired efficacy. We have developed a large scale semi-closed
manufacturing process for the cGMP-compliant production of ex-



www.moleculartherapy.org

vivo gene corrected HSPCs at clinical scale enabling the clinical
translation of a first-in-human gene correction strategy for SCD. Our
scalable GMP process involves a two-phase manufacturing process - 1)
Selection and banking of SCD-patient HSPCs collected by Plerixafor
mobilized apheresis (HPC-A) and 2) Cell expansion and correction of
the E6V mutation. The semi-closed, large scale manufacturing process
using culture bags and GMP reagents enables the culture of >300x10°
cells and mitigates the risk of cell loss during manipulations, while
achieving optimal doses of cell products with >70% viability and up to
57% gene correction assessed by ddPCR that meet the release criteria.
Cell product manufactured with the developed process demonstrates
retention of corrected HBB alleles in vivo. Product characteristics
such as safety, identity, purity and potency of the gene corrected cell
product manufactured using the novel semi-closed cGMP-compliant
system will be discussed. We expect this new approach for clinical
scale production of ex-vivo gene corrected HSPCs to enable early
phase clinical trials.

133. Chromatin (DNA) Removal from Harvest
Before an AAV Capture Step Greatly Improves
Robustness, Purity, and Yield of the Overall
Downstream Process

J. Michael Hatfield', Maja Leskovec?, Vesna Makovsek?,
Maja Stokelj?, Janja Merkelj Koren?, Blaz Goricar?,

Sebastijan Peljhan?, Pete Gagnon?, Ales Strancar?

!Atticus BioConsulting, LLC (ex-AveXis), Camas, WA,’BIA Separations,
Ajdovscina, Slovenia

The most critical tasks for an AAV purification process are recovery
of vector capsids, removal of DNA, removal of host-cell protein, and
separation of empty and full capsids. The process development group
at BIA receives AAV harvests from many sources produced in both
mammalian and insect cultures that have been harvested under a
myriad of conditions. Due to the extreme variability of the crude-
vector harvests received, developing a tool-box of methods for the
up-front removal of DNA in the form of chromatin and chromatin/
protein agglomerates before the capture step is crucial. Removal of
chromatin dramatically improves robustness of the capture step and
purification of the vector by reducing the multimodal nature of the
capture step induced by binding of chromatin to the capture column.
Pretreatment of harvest prior to loading the capture column can
greatly improve the robustness and efficiency of the vector capture
step and later downstream unit operations. Various combinations of
high-salt, low pH, flocculating agents, solid-phase extraction, nuclease
treatment, and tangential flow filtration (TFF) were explored for
multiple upstream feeds and AAV serotypes. Vector purity as assessed
by SDS-PAGE showed the classic VP1, 2, and 3 bands of AAV with
virtually no contaminating proteins in the captured peak fraction
from multiple harvests with various harvest pretreatment methods.
Analytical size-exclusion chromatography (SEC) combined with
multi-angle light scatter (MALS), protein fluorescence (tryptophan),
DNA fluorescence (picogreen), and UV absorption (260 and 280 nm)
detection showed that extensive chromatin reduction prior to the vector
capture step correlated with high purity of the peak vector fraction
by SDS-PAGE. TFF combined with nuclease digestion produced a
cumulative yield of 43% from clarified harvest to purified, full AAV8
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capsids (88% full capsids) in four unit-operations [ TFF with nuclease,
CEX (CIMmultus™ SO3), buffer exchange, and AEX (CIMmultus™
QA)]. Additional processing sequences with different vector harvests
will be presented.

AAV Vectors Preclinical and Proof-
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134. A Novel Lung Tropic AAV Vector Restores
Surfactant Homeostasis and Improves Survival
in a Mouse Model of Inherited Surfactant B
Deficiency

Martin Kang', Laura P. Van Lieshout?, Liqun Xu', Jakob
M. Domm?, Arul Vadivel!, Laurent Renesme!, Christian
Miihlfeld®, Maria Hurskainen', Ivana Mizikova!,
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Claudia Milazzo', Chanele Cyr-Depauw’, Jeffrey A.
Whitsett?, Larry M. Nogee®, Sarah K. Wootton?, Bernard
Thébaud'
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Guelph, ON, Canada,’Hannover Medical School, Hannover, Germany,*Cincinnati
Children’s Hospital Medical Center and University of Cincinnati College of
Medicine, Cincinnati, OH,’Johns Hopkins University School of Medicine,
Baltimore, MD

Surfactant protein disorders such as surfactant protein B (SP-B)
deficiency (OMIM#265120) are genetic lung diseases that impair
pulmonary surfactant homeostasis resulting in alveolar collapse and
lethal respiratory distress in neonatal patients. The only treatment that
currently exists is lung transplantation, and without this procedure
affected infants will die within months of birth. SP-B is expressed by
surface alveolar type 2 (AT2) epithelial cells, and the expression of this
protein is crucial for surfactant homeostasis. A persuasive argument
exists for using gene therapy to treat this disease, as de novo protein
synthesis of SP-B within these cells is required for proper surfactant
production. However, the challenges in delivering transgenes to AT2
cells have been formidable due to obstacles such as the immune
response, the requirement of cell-surface receptors for vector entry, and
the barrier properties of respiratory mucus and alveolar fluid. Adeno-
associated virus (AAV) has demonstrated some of the most promising
and clinically translatable results in the treatment of genetic diseases.
Here, we utilize a novel, rationally designed AAV6 capsid genetically
engineered to increase heparin binding and inhibit ubiquitination,
to efficiently transduce lung epithelial cells based on flow cytometry
and imaging analysis. Intratracheal administration of this vector
delivering murine or human SP-B cDNA into a SP-B deficient mouse
model restored surfactant homeostasis, prevented lung injury, and
improved lung function. Untreated SP-B deficient mice developed
fatal respiratory distress within two to seven days. AAV-mediated
gene therapy resulted in an unprecedented improvement in median
survival to more than six months. The clinical relevancy of this vector
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is further supported by the rapid expression of SP-B within days of
administration, long term therapeutic expression of transgenes for up
to nine months, therapeutic efficacy and safety in neonatal mice, and
no signs of adverse effects as observed by increases in body weight
and the lack of an inflammatory cytokine profile in treated mice. This
vector is also able to transduce precision cut lung slices from human
lung tissue, and establishes its potential as a feasible therapeutic strategy
for this lethal disease.

135. Quantitative PET/CT Based
Pharmacokinetic Study of AAV9 Administered
to the Cerebrospinal Fluid of Non-Human
Primates

Mikhail Papisov'*?, Vasily Belov'?, Pilar Giffenig',
Gianna Fistori', Joseph Bruder?, Olivier Danos*, Subha
Karumuthil-Melethil*

'Massachusetts General Hospital, Boston, MA,?Harvard Medical School, Boston,
MA,*Shriners Hospitals for Children - Boston, Boston, MA,'Regenxbio Inc.,
Rockville, MD

The system of perivascular channels in the CNS that communicates
with the cerebro-spinal fluid (CSF) may provide a robust avenue for
gene delivery to CNS targets. However, the properties of the vector
as well as the administration region may affect the vector access
to a particular target. We investigated by quantitative PET/CT the
transport of AAV9 labeled with I-124 and Zr-89 after administration
of 10" vector particles to either cerebral (cisterna magna) or spinal
(thecal sac) CSE. The vector was packaged with an expression cassette
containing GFP under a CAG promoter. The vector was administered
to cynomolgus monkeys via direct needle injection. The spinal injection
was followed by a 0.5 ml/kg body weight flush. Full body images were
acquired at0.5,1, 1.5, 2.5, 3,4, 24 and 48 hours after the administration
of AAV using a PET/CT imaging system consisting of MicroPET
Focus 220 and Ceretom NL3000 scanners, respectively. The data were
reconstructed by iterative OSEM2D/MAP algorithm. The label content
in the tissues was measured in manually drawn regions of interest.
After intracisternal administration, the dose was found to spread
throughout the cerebro-cervical CSF and penetrate into the
fissures and major perivascular spaces within the first 30 minutes.
Intracisternal administration resulted in the dose spread over the
cerebro-cervical CSF without significant penetration into thoracic
and lumbar segments of the spine. The high-volume lumbar dose
placement resulted in AAV delivery to both the spinal and cerebral
CSE. PET imaging of the dose placement was also found to be
instrumental to detect and measure the fraction of the dose that
leaked out of the CSF to the epidural space or soft tissues through
the needle canal, which in some animals was found to be significant.
In the brain, the maximal vector concentration in the areas supplied by
the smaller perivascular channels was reached by 3.5+1 hours. AAV9
remained mobile in the CSF and cleared from it with a rate approximately
equal to the CSF replacement rate (t,,=3.5+1 hours). The residual
fraction of the dose remaining in the brain was approximately 1.2% in the
gray and 0.2% in the white matter at 24 hours, as measured with Zr-89.
Our PET data demonstrates that AAV9 delivered through administration
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into the CSF remains in the liquid phase (is not entrapped in the
meningeal structures) and has access to the perivascular channels
leading to the full depth of the CNS.

136. Building a Toolbox of Compact Enhancers
for Cell Type-Specific Gene Expression from
AAVs in the Primate Brain

John K. Mich', Bryan B. Gore', Refugio A. Martinez',
Lucas T. Graybuck’, Joseph T. Mahoney', Jeremy A.
Miller!, Shengin Yao', Darren Bertagnolli', Jeff Goldy’,
Rebecca D. Hodge', Trygve E. Bakken', Zizhen Yao',
Nick Dee', Kimberly A. Smith', Ryder P. Gwinn?,
Charles Cobbs?, Andrew L. Ko’, Jeffrey G. Ojemann’, C.
Dirk Keene*, Daniel L. Silbergeld®, Viviana Gradinaru’,
Hongkui Zeng', Bosiljka Tasic', Ed S. Lein', Jonathan T.
Ting', Boaz P. Levi'

!Allen Institute for Brain Science, Seattle, WA,?Swedish Neuroscience Institute,
Seattle, WA, Neurological Surgery, University of Washington School of Medicine,
Seattle, WA,*Pathology, University of Washington School of Medicine, Seattle,
WA,’Biology and Biological Engineering, California Institute of Technology,
Pasadena, CA

AAV gene therapy has tremendous potential to transform the treatment
of brain diseases. Tissue and cell class-selective transgene expression
could improve the safety and efficacy of AAV-based therapeutics for
brain circuit-related disorders compared to ubiquitous transgene
expression. Unfortunately, there are few known compact genetic
regulatory elements that limit transgene expression to specific cell
populations. We undertook a systematic screen to find enhancer
elements capable of targeting AAV expression to all major neocortical
cell populations. Our strategy leverages multi-modal transcriptomic
and epigenetic analyses of brain cells from mouse and human, followed
by brain-wide in vivo testing in mouse and ex vivo testing in NHP
and human. These studies generated a diverse collection of enhancer-
AAV vectors that specifically target neocortical neuronal and glial
cell populations across species. Furthermore, we show endogenous
enhancers can be rationally optimized to increase expression levels
for preclinical lead optimization studies. These studies yield a growing
toolbox of enhancer elements for cell type-specific targeting in the
human brain that will enable more precise gene therapy.

137. Rapalog-Mediated Regulation of an

AAV miRNA Targeting Huntingtin in a HD
Transgenic Mouse Model

Rachael Miller', Edith Pfister’, Ellen Sapp? Marian
DiFiglia?, Neil Aronin’, Christian Mueller*

'RNA Therapeutics Institute, University of Massachusetts Medical School,
Worcester, MA,*Institute for Neurodegenerative Disease, Massachusetts General
Hospital, Charlestown, MA,*Department of Medicine, University of Massachusetts
Medical School, Worcester, MA,*Horae Gene Therapy Center, University of
Massachusetts Medical School, Worcester, MA

AAV-mediated RNA interference-based gene therapy is a promising
approach to treating a variety of diseases, including Huntington’s
Disease (HD). Studies in HD mouse and sheep models have shown



www.moleculartherapy.org

safe and efficient targeting of human HTT using AAV's expressing
artificial miRNAs. For some indications the ability to regulate the
silencing with a small molecule after AAV delivery would be desirable.
In these studies, we used HD mice as a model in which to determine if
peripheral administration of small molecule would be able to cross the
blood brain barrier and regulate AAV-miRNA expression in the CNS.
We created a regulatory AAV system where AAV expression and
subsequent miRNA expression is controlled pharmacologically,
with the use of an exogenous drug. Several regulatory systems
have been developed using the small molecule rapamycin, which
is FDA-approved, or non-immunosuppressive rapamycin analogs
(rapalogs). In these systems, the small molecule or “dimerizer” causes
heterodimerization of two proteins comprising an activation domain
and a DNA binding domain. The heterodimerization of these proteins
leads to reconstitution of an active transcription factor, which induces
expression of the AAV-miRNA. Due to the packaging restrictions
of AAV, most rapamycin-controlled systems require two AAV viral
vectors. However, due to their small size, artificial miRNAs can be
incorporated into a single vector system. With this technology we have
developed a rapalog regulated AAV-miR""™. Using YAC128-HD mice,
which express full length human HTT, we show that rapalog dosing
causes a significant reduction in human HTT protein expression in
the brain. In contrast, in the absence of rapalog, the AAV is inactive
and HTT protein levels in the brain are unchanged. This work is
proof-of-concept that an artificial miRNA targeting huntingtin can be
regulated in vivo. It provides a tool for further investigation of HT'T
gene silencing and could be used to mitigate concerns about long-term
huntingtin silencing.

138. A Discovery Platform that Screens
Thousands of Gene Therapy Candidates in a
Single Animal

Martin Borch Jensen, Christopher Carrico, Induja
Chandrakumar, Ian Driver, Daniel Fuentes, Akela
Kuwahara, Francisco LePort, Christopher Towne

Gordian Biotechnology, San Francisco, CA

Gene therapy has had remarkable success in treating rare, monogenic
diseases. As a modality, it holds potential for precise manipulation
of both molecular targets and tissues. Realizing this potential for
diseases without a clear genetic cause will rely on new methods for
identifying optimal molecular targets with demonstrated efficacy.
Complex diseases often involve the interplay of different cell types
and contributions from the systemic environment, meaning that
therapeutic efficacy is ultimately only testable in vivo. The time and
effort required for mammalian experiments has meant that only a small
fraction of the therapeutic target space has been explored for complex
diseases, and thus a more scalable way of identifying targets is needed.
We have developed a platform, XaNDER, that allows thousands of
candidate gene therapies to be tested simultaneously, in a single animal.
XaNDER relies on high-throughput single-cell genomics to measure
biomarkers of disease in individual cells from diseased tissues, each
affected by a different therapeutic candidate. This shifts the crucial
in vivo tests to the beginning of the therapeutic discovery process,
while scaling throughput to allow perturbation of the majority of
potential targets. We demonstrate controlled delivery of single viral
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payloads to individual cells using adeno-associated virus, resulting
in robust expression of marker genes and therapeutic candidates.
Expression is maintained for multiple months from individual episomal
genomes, allowing us to measure progressive therapeutic effects.
The specificity of XaNDER was validated using two genetic
disease models, Hunter syndrome and Progeria, where the
correct therapeutic targets are known. These positive control
therapeutic candidates were included alongside other interventions
in an in vivo screen, and phenotypic readouts identified clinically
validated targets as hits of the screen. The effect of the therapeutic
gene therapies was compared to systemic administration of
clinical drugs, and validated in multiple tissues. We also used
the platform to model the relative effect size of each candidate.
This platform offers multiple advantages over traditional high-
throughput screening: Because experimental cells are surrounded by
unperturbed diseased tissue, XaNDER can probe disease pathways
involving cell-cell communication. Biological variability can largely
be separated from therapeutic effects because each individual animal
contains an entire screen, including internal controls within the screen.
Moreover, being able to conduct alarge screen in a single animal enables
the use of the most relevant disease models, including spontaneous
and/or progressive diseases in non-rodent species that most closely
match relevant human physiology.

139. Combined Transgene and Intron-Derived
miRNA Therapy for the Treatment of SCA1
Megan S. Keiser', Ellie Carrell’, Beverly L. Davidson'?

'"Raymond G. Perelman Center for Cellular and Molecular Therapeutics, The
Children’s Hospital of Philadelphia, Philadelphia, PA,’Department of Pathology &
Laboratory Medicine, University of Pennsylvania, Philadelphia, PA
Spinocerebellar ataxia type I (SCA1) is an autosomal dominant
neurodegenerative disease caused by a (CAG) repeat expansion within
the ataxin 1 (ATXNI) coding region. We have previously shown that
viral-based delivery of RNA interference (RNAi) molecules targeting
human ATXNI can both prevent and reverse disease phenotypes in
a mouse model of SCA1. Additionally, we have demonstrated that
overexpression of the highly conserved ATXN1 paralog, ataxin 1-like
(ATXNIL) improves disease readouts when delivered to SCA1 mice
pre-symptomatically. In order to reduce the viral dose required for
effective therapy, we combined these approaches into a single transgene
and tested its ability to reverse disease symptoms in SCA1 mice.
Dual expression was achieved by incorporating a miRNA targeting
human ATXN1 (miS1) into an upstream intron of a human ATXN1L
(hATXNI1L) minigene (AAV.hATXNIL int2 miS1). Early symptomatic
SCA1 animals underwent initial motor assay by rotarod at 11 weeks of
age and received direct deep cerebellar nuclei injection of varying doses
of vector one week later. Mice underwent a second rotarod analysis at
22 weeks of age, after which tissues were harvested and analyzed for
transgene expression and RNA processing. Here we show that our dual
expression transgene is effectively processed into mature hATXNIL
transcripts and functional miS1 guides. Interestingly, these vectors
achieve greater knockdown and higher transgene expression than our
previous separate constructs when delivered at similar doses and may
significantly reduce the virus load required for therapeutic benefit.
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140. A Highly-Evolved Novel AAV Gene
Therapy Directly Addresses Fabry Disease
Pathology In Vivo by Cell Autonomous
Expression in the Heart and Other Target
Organs

Kevin Whittlesey', Gabriel Brooks', Paul Szymanski',
Julie Nye', Ghezal Beliakoft!, Roxanne Croze', Chris
Schmitt!, Janelle Bickta', Katherine Barglow', Melissa
Kotterman', Peter Francis', David Schaffer"?, David
Kirn!

4D Molecular Therapeutics, Emeryville, CA,*UC Berkeley, Berkeley, CA
Introduction Fabry disease (FD) is an X-linked disorder caused by
mutations in the GLA gene that encodes a-galactosidase A (AGA).
Mutations in GLA that cause diminished or absent AGA activity
result in accumulation of intracellular globotriaosylceramide (Gb3),
thought to be cytotoxic to several cell types including cardiomyocytes
and vascular endothelial cells. Chronic biweekly infusions of enzyme
replacement therapy (ERT) result in Gb3 reduction in endothelial
cells and may slow some aspects of disease progression. Poor cellular
uptake (heart), likely underlies the unmet medical need: premature
death from cardiomyopathy, arrhythmia, renal failure and stroke. We
are developing a gene therapy that efficiently expresses AGA in a cell-
autonomous manner in FD-affected tissues, as well as systemically, with
the potential to fully address disease pathology and improve clinical
outcomes. Methods We applied industrialized directed evolution
(“Therapeutic Vector Evolution”) in non-human primates (NHP) in
vivo and human target cells in vitro to identify and characterize a novel
AAV capsid variant with a vector profile targeted to tissues implicated
in FD, including specifically the heart. We explored the ability of this
capsid variant, expressing the human GLA transgene (4D-310), to
produce intracellular functional AGA in human Fabry disease iPSC-
derived cardiomyocytes and endothelial cells. We performed dose-
ranging studies in wildtype mice to explore the potency of 4D-310 to
increase AGA activity in plasma and target tissues. We then treated
a GLA knockout FD mouse model to further explore the effect of
4D-310 on tissue and plasma AGA activity as well as elimination of
intracellular Gb3. In both wildtype and knockout mouse studies, we
performed immunohistochemical analyses to examine AGA expression
in FD target organs and cell types (cardiomyocytes, podocytes and
vascular smooth muscle cells). Finally, we conducted a comprehensive
GLP-compliant toxicology and biodistribution evaluation. Results A
single low dose IV infusion of the novel 4D-310 AAV capsid localized
to the heart, kidney, skeletal muscle and liver in NHPs; heart targeting
was superior to AAV8/9. 4D-310 showed high transduction efficiency
and dose-dependent increases in intracellular AGA in human iPSC-
derived FD cardiomyocytes and vascular endothelial cells. In wildtype
and FD mice, 4D-310 produced sustained supranormal AGA activity
in plasma, heart and kidney at low doses highly suitable for clinical
translation. Compared to placebo-treated animals, 4D-310 treatment
led to plasma lyso-Gb3 reduction by > 95% percent in GLA knockout
mice. Immunohistochemical analysis showed robust AGA in all FD
target tissues and cell types (including cardiomyocytes). No toxicity was
seen at any dose. Conclusion This is the first use of directed evolution
to identify a vector engineered in primates to efficiently transduce
Fabry disease target organs, including the heart. The tropism profile
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of this novel AAV vector represents a significant advance over existing
AAV serotypes and is well suited for the development of gene therapies
for other diseases involving the heart including Lysosomal Storage
Diseases (e.g. Pompe) and Muscular Dystrophies (e.g. Duchenne). A
single low IV dose of 4D-310 results in sustained AGA activity in key
organs, specifically the heart, as well as the plasma, with no observed
toxicity. 4D-310 shows the potential of overcoming the limitations
of cellular uptake that attenuate ERT effectiveness by leveraging cell-
autonomous production in the context of exquisite tissue targeting
plus high plasma enzyme levels.
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142. Effects of Altering HSPG Binding and
Capsid Hydrophilicity on Retinal Transduction
by AAV

Sean M. Crosson', Antonette Bennett?, Diego Fajardo’,
Mavis Agbandji-McKenna?, Sanford L. Boye®, Shannon
E. Boye'

'Ophthalmology, University of Florida, Gainesville, FL,’Biochemistry and
Molecular Biology, University of Florida, Gainesville, FL,’Pediatrics, Powell Gene
Therapy Center, University of Florida, Gainesville, FL

PURPOSE: Retinal transduction and cell tropism of AAV is dependent
on a variety of factors including delivery route and biological
interactions between capsid surface and environment. For example,
outer retina is more efficiently transduced by subretinally injected
(SRI) capsids that do not utilize heparan sulfate proteoglycan (HSPG)
as a receptor (i.e. AAV5, AAVS, AAVrh.8, etc.). Inner retina is more
efficiently transduced by intravitreally injected (IVI) capsids that
bind HSPG (i.e. AAV2 and AAV6 derivatives). The purpose of this
study was to further interrogate the impact of HSPG affinity and
capsid hydrophilicity on retinal transduction. METHODS: Starting
with AAV2(Y444F), we created variants predicted to have increased
hydrophilicity by altering residues in variable regions that do not
overlap with previously identified receptor binding footprints for
AAV2. Next, we ablated HSPG binding (AHS) by these variants
via R585S and R588T mutations. In separate experiments, starting
with AAV2AHS we created a series of variants containing increasing
numbers of hydrophobic Y-F and/or T-V substitutions. All variants
were packaged with self-complementary smCBA-mCherry and
tested in Nrl-GFP mice following SRI (2E8 or 2E9 vg) and IVI (2E9
vg). Fundoscopy and flow-cytometry were performed to quantify
mCherry expression. Heparin binding assays and differential scanning
fluorometry (DSF) were performed on a subset of variants. Constructs
containing CBA or hGRK1 promoters driving GFP were packaged
into AAV2(4pMut)AHS and AAV5. Seven macaques received SRI
at 1E11 vg. In 4 eyes, two 60uL blebs were made (subfoveal, and
peripheral). In 3 eyes, three 30uL extrafoveal blebs were created. GFP
expression was assessed by confocal scanning laser ophthalmoscopy
(¢SLO). Rod/cone transduction was quantified in retinal sections.
RESULTS: Addition of hydrophilic residues uniformly ablated
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retinal transduction in mice following IVI and, in all but one variant,
AAV2(Y444F+L583R) following SRI. All variants had decreased capsid
stability relative to AAV2(Y444F) except AAV2(Y444F+E530K).
Removal of HSPG binding residues on AAV2(Y444F+W502H)AHS
resulted in a variant with high transduction efficiency following
SRI, similar to AAV2(Y444F)AHS. AAV2(Y444F+V387R)AHS
and AAV2(Y444F+E530K)AHS had negligible or low transduction
following SRI. When AAV2AHS was made progressively more
hydrophobic, a concomitant increase in retinal transduction following
SRI was observed, with AAV2(4pMut)AHS being the top performer.
In macaque, AAV2(4pMut)AHS- mediated GFP expression was
observed well beyond the SRI bleb margins. Extrafoveal injection of
AAV2(4pMut)AHS led to transduction of 98% of foveal cones and
strong expression in RPE. CONCLUSIONS: Addition of hydrophilic
mutations onto an AAV2-based capsid ablated vector transduction
via IVI in mice without diminishing HSPG affinity. In the absence of
canonical HSPG binding, the W502H mutation is tolerated, suggesting
that this residue competes with the canonical HSPG footprint on AAV2,
but not the receptor footprint utilized by AAV2AHS. AAV2(4pMut)
AHS exhibits increased retinal transduction and enhanced lateral
spread following SRI in mouse and macaque relative to AAV5.
AAV2(4pMut)AHS efficiently transduces foveal cones without the
requirement of foveal detachment. This capsid will be useful for
treating diseases of the central retina, but detachment of the area is
counter indicated, or in diseases where transduction of large areas of
retina is beneficial.

143. 4D-C102, a Novel Muscle-Tropic AAV
Variant Demonstrates Superior Gene Delivery
in Cardiac and Skeletal Muscle Tissues Versus
Wild-Type AAV in Human Cells and Non-
Human Primates

Melissa Kotterman', Ghezal Beliakoft’, Julie Nye',
Roxanne Croze', Chris Schmitt!, Kevin Whittlesey’,
Gabriel Brooks', Melissa Quezada', Katherine Barglow',

David Schaffer!?, Peter Francis!, David Kirn!

4D Molecular Therapeutics, Emeryville, CA,?UC Berkeley, Berkeley, CA
Introduction To unlock the full potential of gene therapy, there
is a need to identify novel vectors that show enhanced tropism
for target tissues when delivered by clinically relevant routes of
administration at commercially feasible doses. Gene replacement
strategies leveraging adeno-associated virus (AAV) vectors with
high tropism for affected organs may directly address the underlying
pathophysiology of neuromuscular diseases, and lysosomal storage
diseases, through a combination of cell autonomous correction in
target tissues and, when necessary, restoring serum enzyme levels by
expression from other key organs, such as heart and skeletal muscle.
Methods An industrialized directed evolution approach (“Therapeutic
Vector Evolution”) was employed in the most relevant animal species
(non-human primate; NHP) to discover novel adeno-associated
virus (AAV) capsid variants capable of efficient and preferential
gene delivery to and robust gene expression in cardiac and skeletal
muscle following a single intravenous (IV) administration. The lead
candidate from this discovery program, 4D-C102, was characterized
using a reporter transgene in human cardiomyocytes and skeletal
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myofibers in vitro, and in NHP in vivo. Human embryonic stem cell-
derived cardiomyocytes and human primary skeletal muscle cells
were transduced using varying multiplicity of infections (MOIs) of
wild-type control vectors (AAV1,8,9) or variant 4D-C102. Groups
of NHP (n=3 each) received 1 x 10" vg/kg of wild-type control
vectors AAV8 and AAV9 or variant 4D-C102. After approximately
seven weeks, systemic tissues were harvested for analyses, including
histopathology, viral genome localization, protein expression, and
immunofluorescence. Results 4D-C102 exhibited dose-dependent
transduction efficiency of both human cardiomyocytes and skeletal
muscle cells and was capable of highly efficient gene delivery at very
low MOI in human cardiomyocytes. At all MOIs explored, 4D-C102
transduced a significantly higher percentage of cells compared to
wild-type AAVs. In NHP, a single low dose IV infusion of 4D-C102
was well-tolerated and resulted in robust delivery of viral genomes and
protein expression within all regions of the heart (30 of 30 genome
samples) and multiple skeletal muscle groups (81 of 81 skeletal muscle
samples). Genome delivery in NHP with 4D-C102 was superior to heart
and muscle tissues compared to the wild-type AAVs tested. There were
no histopathological or clinical pathology findings of toxicity with 4D-
C102 at 1 x 10" vg/kg in contrast to AAV9. Conclusions This is the
first use of directed evolution in NHP to identify a vector engineered
to efficiently transduce multiple muscle tissues by IV administration.
The lead variant, 4D-C102, demonstrated superior gene delivery in
both human cells in vitro and NHP in vivo. The tropism profile of this
novel AAV vector represents a significant advance over existing AAV
serotypes and is well suited for the development of gene therapies for
neuromuscular conditions, lysosomal storage diseases involving muscle
tissues, and muscular dystrophies.

144. Systematic Pharmacokinetic Profiling
of AAV Capsids Through Deep Sequencing of
Barcoded Capsid Libraries

Eric Zinn, Carmen Unzu, Pauline Schmit, Allegra
Fieldsend, Julio Sanmiguel, Cheikh Diop, Jennifer
Santos Franceschini, Reynette Estelien, Eva Andres-

Mateos, Luk Vandenberghe

Grousbeck Gene Therapy Center, Mass Eye and Ear, Harvard Medical School &
The Broad Institute of Harvard and MIT, Boston, MA

Previous studies have leveraged barcode-based sequencing approaches
to interrogate the clearance rates of AAV from blood in both mice and
non-human primates. Here we extend these approaches by studying
a library of 2048 capsid variants, drawn from an ancestral sequence
reconstruction of the most recent common ancestor of AAVs 1- 3, and
6-9 (BC-Anc80Lib). This library (along with a number of barcoded
AAV controls) was systemically administered to mice and non-
human primates. Blood was drawn at different timepoints and viral
barcodes were subsequently isolated and sequenced from the sera
of these animals. Comparisons were then made to uncover residues
within our BC-Anc80Lib which may modulate persistence in both
species. Preliminary data shows that a single amino acid change at
two different sites within the library contributes to increased serum
persistence in mice. Moreover, we present evidence that one of those
two states might have an opposite effect on serum persistence in
non-human primates. Furthermore, we analyzed livers and spleens
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from these animals to investigate whether serum clearance correlated
with barcode abundances in either of these tissues. Consistent with
published work, we observed that increased AAV genome abundance
in liver is associated with a decreased abundance in spleen and vice-
versa in both mice and non-human primates. However, increased
genome abundance in the liver was positively correlated with serum
persistence in our murine model, but the opposite correlation was
found in non-human primates.

145. A Systematic Capsid Evolution Approach
Performed In Vivo for the Design of AAV
Vectors with Tailored Properties and Tropism
Marcus Davidsson', Gang Wang', Patrick Aldrin-Kirk’,
Tiago Cardoso?, Sara Nolbrant?, Morgan Hartnor',
Janitha Mudannayake', Malin Parmar?, Tomas
Bjorklund'

'Molecular Neuromodulation, Lund University, Lund, Sweden,’Developmental
and Regenerative Neurobiology, Lund University, Lund, Sweden
Adeno-associated virus (AAV) capsid modification enables the
generation of recombinant vectors with tailored properties and
tropism. Most approaches to date depend on random screening,
enrichment, and serendipity. The approach explored here, called
BRAVE (Barcoded Rational AAV Vector Evolution), enables efficient
selection of engineered capsid structures on a large scale using only
a single screening round in vivo. The approach stands in contrast to
previous methods that require multiple generations of enrichment.
With the BRAVE approach, each virus particle displays a peptide,
derived from a protein, of known function on the AAV capsid
surface, and a unique molecular barcode in the packaged genome.
The sequencing of RNA-expressed barcodes from a single generation
in vivo screen allows the mapping of putative binding sequences from
hundreds of proteins simultaneously. Using the BRAVE approach and
hidden Markov model-based clustering, we present 25 synthetic capsid
variants with refined properties, such as retro- grade axonal transport
in specific subtypes of neurons, as shown for both rodent and human
dopaminergic neurons.
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Figure 1. Mapping of nigral afferent topography to the striatum using
three Cre-inducible genes (mCherry, red; alpha-synuclein, green;
tagBFP2, blue) packaged in separate MNMO008 vectors and injected into
the striatum along the rostrocaudal axis. Here illustrated in a horizontal
section including both striatum (Str) and substantia nigra pars
compacta (SN) imaged using a laser-scanning confocal microscope.

146. Engineered Capsids for Efficient Gene
Delivery to the Retina and Cornea

Amy Frederick!, Jennifer Sullivan’, Lin Liu?, Matthew
Adamowicz!, Michael Lukason', Jasmine Raymer’,
Zhengyu Luo', Xiaoying Jin?, Nageswara Kollu',
Catherine O’Riordan’

'Gene Therapy Research, Sanofi, Framingham, MA,’Bioanalytics Department,
Sanofi, Framingham, MA

Adeno-associated viral (AAV) vectors represent an ideal vehicle for
human gene transfer. One advantage to the AAV vector system is the
availability of multiple naturally occurring serotypes that provide
selective tropisms for various target cells. Strategies to enhance the
properties of the natural AAV isolates have been developed and can
be divided into two approaches, rational design or directed evolution.
The rational design approach utilizes knowledge of AAV capsids to
make targeted changes to the capsid to alter transduction efficiency or
specificity, while the directed evolution approach does not require a
prioriknowledge of capsid structure and includes random mutagenesis,
capsid shuftling, or random peptide insertion. Here we describe the
generation of novel variants using a rational design approach and
knowledge of AAV receptor binding, surface charge and AAV capsid
protein post translational modifications. Previously, we described an
AAV2HBKO variant devoid of canonical heparin sulphate binding
residues. In this study, the effect of adding surface arginines was further
explored with another capsid, AAV5. AAVS5 - arginine variants were
generated at yields that were 2-3 fold less than yields achieved with
parental AAV5, but variants retained the same capsid protein ratio as
the parental capsid. The performance of AAV5 was compared to the
AAV5-arginine variants following subretinal delivery of 1 x 10°vgs of
each vector harboring the identical CBA-eGFP expression cassette.
Analysis of native eGFP fluorescence in transduced retinae, revealed
that the variants transduced the ONL and RPE cells to the same level
as parental AAV5-eGFP. In contrast, intravitreal delivery of the AAV5
arginine variants to the mouse retina, at a vector dose of 1 x 10°vgs per
eye, followed by EGFP fluorescence analysis of the transduced retinae,
confirmed that each of the AAVS5 arginine variants had acquired a
novel tropism for corneal endothelium cells. In contrast parental
AAV5 showed no transduction activity with intravitreal delivery. To
understand the general function of post translational modifications
(PTMs), on the AAV capsid, we examined the role of N-terminal
acetylation on AAV5 transduction in the retina. A reduction in
acetylation on VP1, as verified by LC/MS, resulted in a concomitant
reduction in mouse retinal transduction. This reduced transduction
was evident when the N-terminal acetylation of VP1 was decreased
in isolation, or in combination with reduced N-terminal acetylation
in the AAV5 VP3 protein. Notably, when VP1 N terminal acetylation
was preserved and VP3 N-terminal acetylation reduced, there was a
significant improvement in retinal transduction compared to parental
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AAVS5; the improved transduction was evident in both the mouse retina
and NHP retinal explants. These data underscore the importance of
VPI1 N terminal acetylation in AAV5 transduction and suggests that
this PTM maybe a requirement for AAV endosomal release, a process
that requires a pH conformational change in the VP1 N terminus, prior
to trafficking to the nucleus. The AAV5 variants demonstrate improved
transduction properties in both the mouse retina and cornea, while
a non-human primate, (NHP), tissue explant model was established
to allow the rapid assessment of translational fidelity between species
for the novel capsids. In conclusion, the AAV'5 variants described here
have novel attributes that will add to the efficacy and specificity of their
potential use in gene therapy for a range of human ocular diseases.

147. Selection of Adeno-Associated Virus
Vectors Targeting the Central Nervous System
Usingan In Vitro Model of Human Blood-Brain
Barrier

Ren Song, Katja Pekrun, Themasap A. Khan, Feijie
Zhang, Sergiu Pasca, Mark A. Kay

Stanford University School of Medicine, Stanford, CA

Recombinant adeno-associated virus (AAV) vectors offer great
promises to treat various genetic and acquired central nervous system
(CNS) disorders. Currently, the most successful CNS gene therapy is
ZolgensmaR, an FDA approved drug where rAAV9 delivers the SMN1
gene into motor neurons for the treatment of patients with lethal spinal
muscular atrophy. However, extremely high doses of the drug are
required, leading to varying degrees of adverse effects, including death.
A major limitation in the field is that none of the AAV vectors efficiently
penetrate the human blood-brain barrier (BBB) to the same degree
achieved in certain mouse strains. Our goal has been to create and
isolate AAVs with enhanced ability to penetrate the human BBB and
transduce specific cell types in the CNS. The cell type specificity after
crossing the BBB is important for targeting different CNS diseases. To
achieve this goal, we have been developing two key techniques. The first
component involves establishing an in vitro transwell BBB system with
human endothelial cells as well as human iPS neurons and astrocytes
from 3D organoid cultures. We have tested various naturally isolated
AAV vectors in this model and validated that the AAVs known to
cross the BBB more efficiently, such as AAV9 and AAV-rh.10, perform
better than other AAV vectors. The second component involves AAV
vector evolution in the established humanized BBB transwell system.
We have created a complex AAV library with ~1 million variants, each
containing a unique DNA barcode, using multispecies interbreeding.
Following three different genetic evolutionary selection schemes, the
viral library is screened multiple passages through the humanized BBB
transwell system. We used a combination of high-throughput single
molecule capsid DNA (2.2kb) sequencing (PacBio) as well as barcode
sequencing (Illumina), to identify the capsids that were enriched in the
various screens we performed. Multiple enriched AAV variants were
made up of complex capsid chimeric sequences that not only have
enhanced ability to pass through the BBB but also efficiently transduce
neurons and/or astrocytes. We have validated six viral vectors from the
screen for astrocytes and all six are able to cross the endothelial cell
layer and transduce astrocytes 37.2 to 91.4-times better than AAV9.
We also found four viral vectors from the screen for neurons that are
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3.6 to 19.5-times better than AAV9 at crossing both the endothelial
and astrocyte cell layers. These four vectors are also 1.6 to 4.0-times
better than AAV9 at directly transducing human iPS-derived neurons.
The best capsids will be pooled and tested for BBB penetration and
CNS transduction in non-human primates prior to selecting a few
candidates for consideration in human clinical trials.

148. Using Machine Learning to Predict
Adeno-Associated Virus Tropism In Vivo Using
Cells as the Input Layer

Wei Tong Chen', Byunguk Kang?, Hoang-Anh Vu?,
Georgios Mikos?, Maria Yanqing Chen?, Junghae Suh?
'Chemical and Biomolecular Engineering, Rice University, Houston,
TX,’Bioengineering, Rice University, Houston, TX

The variable and unpredictable tropisms of AAVs pose a significant
challenge in the delivery of gene therapies to specific cells and tissues,
thus requiring the discovery and engineering of novel AAV’s to target
the more recalcitrant cells as well as to enhance the specificity of AAVs.
This difficulty also highlights the need to develop better predictive
models. Presently, the tropisms of novel capsids are characterized by
performing biodistribution studies in animal models. However, this
takes time and often has to be repeated for every new application of
the viral capsid. Here, we present a simple machine learning paradigm,
Bioscaling, that can predict how well different AAV capsids will
perform in different in vivo murine tissues by observing how each virus
performs in a panel of diverse cell lines in vitro. To build our model,
we first examined the previously reported capabilities of different
AAVs to transduce different cells in vitro as well as in vivo. We noticed
that each AAV has a very distinct profile, both in vitro and in vivo. If
we can identify an AAV by its in vitro transduction performance in
different cells, and if we can repeat this process using in vivo data in
various tissues, then through the identity of the AAV's, we can link the
transduction capabilities of AAVs in cells in vitro to various tissues in
vivo. As a proof of concept, we built a classifying model to identify each
AAV by their in vitro or in vivo transduction “fingerprints”, and we were
able to achieve predictive accuracy greater than 95% on average for all
nine serotypes (AAV1, AAV2, AAV3B, AAV4, AAV5, AAV6, AAV7,
AAVS, and AAV9). This shows that we can indeed identify the AAV's
by their transduction patterns. We then performed high-throughput
transduction screening using AAVs with barcoded-GFP transgenes
on this panel of cells to get the in vitro “fingerprint” of each AAV. This
pool of AAVs was also intravenously injected into C56BL/6] mice.
Our preliminary results show that our model can predict transduction
efficiency for heart, liver, kidney, and muscle with correlation values
of 0.74, 0.72, 0.93, and 0.82, respectively. With sufficient data, this
machine learning approach may allow us to predict how different new
AAVs will perform in vivo.
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149. Simultaneous Control of Endogenous and
User Defined Genetic Pathways Using New
DHFR Pharmacological Chaperones

John D. Hulleman', Prerana Ramadurgum’, DaNae

R. Woodard', Steffi N. Daniel', Hui Peng', Prema
Mallipeddi®, Hanspeter Niederstrasser?, Melina
Mihelakis®, Viet Q. Chau', Peter M. Douglas®, Bruce A.

Posner?

'Ophthalmology, UT Southwestern, Dallas, TX,?Biochemistry, UT Southwestern,
Dallas, TX,’Molecular Biology, UT Southwestern, Dallas, TX

Small molecule-regulated destabilizing domains (DDs) confer inherent
instability and degradation to proteins fused to them yet allow for
positive regulation of fusion protein abundance in the presence of a
small molecule stabilizer. Thus, DDs serve as a unique approach for
the conditional regulation of protein abundance both in experimental
models and gene therapy contexts in vitro and in vivo. One such DD is
amutated form of E. coli dihydrofolate reductase (ecDHFR) which can
be stabilized with the antibiotic, trimethoprim (TMP). While TMP isa
potent pharmacological chaperone of the ecDHFR DD, we hypothesized
that additional stabilizers exist, some of which may confer additional
benefits (i.e., non-antibiotic, or dual function) when compared to TMP.
Using a combinatorial screening approach, we validated seventeen new
2,4-diaminopyrimidine/triazine ecDHFR DD stabilizers (ACSU ~0.11
uM to > 10 uM), fifteen of which were non-antibiotics. The 2,4-diamino
structure as well as the presence of a separate aryl group were both
required for stabilization of the ecDHFR DD, which appears to occur
through combinatorial interactions amongst Ile5, Met16, Phe31 and
Ile94 in the dihydrofolate binding pocket. Representative compounds
from each screening approach were confirmed to conditionally regulate
the abundance of an adeno-associated virus (AAV)-introduced
ecDHFR DD-firefly luciferase (eccDHFR.FLuc) in vivo in the eye and/
or the liver of mice. Next, stabilizers were leveraged to perform dual
functions; the human DHFR inhibitors aminopterin and methotrexate
(which also stabilize ecDHFR DD), significantly sensitized HeLa cells
to death at nanomolar concentrations when combined with regulation
of a dominant negative heat shock factor fused to ecDHFR. GW2580,
a previously characterized cFMS tyrosine kinase inhibitor, stabilized
ecDHFR FLuc in the eye at levels equivalent to TMP while concurrently
repressing microglia abundance in the ganglion cell and plexiform
layers. Thus, these newly identified pharmacological chaperones allow
for simultaneous control of specified endogenous and user-defined
genetic pathways, the combination of which may provide synergistic
effects in complex biologic scenarios.
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150. Small Alphaherpesvirus Latency-
Associated Promoters Drive Efficient and
Long-Term Transgene Expression in The
Central Nervous System after systemic AAV
administration

Esteban A. Engel', Carola J. Maturana', Jessica L.
Verpeut', Thomas J. Pisano'!, Zahra M. Dhanarawala’,
Andrew Esteves?, Lynn W. Enquist?

"Neuroscience Institute, Princeton University, Princeton, NJ,2Molecular Biology,
Princeton University, Princeton, NJ

Recombinant adeno-associated viral vectors (rAAV) are used as
gene therapy vectors to treat central nervous system (CNS) diseases.
Despite their safety and broad tropism, important issues need to be
corrected such as the limited payload capacity and the lack of small gene
promoters providing long-term, pan-neuronal transgene expression
in the CNS. This seems critically important for AAV gene therapies
administered to newborns that should last 80+ years. Commonly
used gene promoters are relatively large and can be repressed a few
months after CNS transduction, risking the long-term performance of
single-dose gene therapy applications. We used a whole-CNS screening
approach based on systemic delivery of AAV-PHP.eB, iDisco+ tissue-
clearing and light-sheet microscopy, to identify three small latency-
associated promoters (LAP) from the herpesvirus pseudorabies virus
(PRV). These promoters are LAP1 (404bp), LAP2 (498bp) and LAP1_2
(880bp). They drive chronic transcription of the virus encoded latency-
associated transcript (LAT) during productive and latent phases of PRV
infection. We observed stable, pan-neuronal transgene transcription
and translation from AAV-LAP in the CNS for six months post AAV
transduction. In several CNS areas, the number of cells expressing
the transgene was higher for LAP2 than the large conventional EFla
promoter (1264bp). Our data suggests that the LAP are suitable
candidates for viral vector-based CNS gene therapies requiring chronic
transgene expression after one-time viral-vector administration.

151. AAV-S: A Novel AAV Vector Selected

in Brain Transduces the Cochlea with High
Efficiency

Killian S. Hanlon"?, Maryna V. Ivanchenko?, Cole W.
D. Peters?, Yaqiao Li? Panos I. Tamvakologos®, David P.
Corey?, Casey A. Maguire'

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

Recent years have seen the development of new AAV vectors,
designed to target specific organs and cell types with high efficacy.
Many of these utilize 7-mer peptide insertions that modify the
transduction properties of a particular AAV serotype. However,
these vectors can often be repurposed to transduce other tissues,
including those that are difficult to treat, such as the inner ear.
Transducing certain cell types in the inner ear - such as hair cells -
remains a challenge, with many conventional AAV vectors failing
to consistently target one class of hair cells, outer hair cells (OHCs).
We previously reported the development of new vectors using a
Cre-based expression library system called iTransduce. We used this
to generate vectors capable of crossing the blood brain barrier and
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transducing the brain. Of the two vectors tested, one (AAV-F) showed
great promise and high CNS expression, whereas the other (AAV-S) did
not. While systemically injected AAV-S did not cross the blood-brain
barrier effectively, it transduced a variety of tissues including heart,
liver, and muscle. After direct injection into the brain, AAV-S displayed
high local transduction efficiency in neurons, even at relatively low
doses. To assay its transduction properties in the inner ear, we produced
AAV-S encoding a single-stranded expression cassette driving EGFP
under the CBA promoter, and injected it in neonatal (P1) mice via
the round window. We found that AAV-S transduces hair cells of the
cochlea extremely well. Both inner and outer hair cells were transduced
with efficiencies of up to 100% and 99% (Fig. 1a, b) at the dose tested
(2x10" VG). We also observed significant transduction of the spiral
limbus and spiral ganglion (Fig. lc, d). We are now examining the
transduction efficiency of AAV-S in other organs of the inner ear, in
adult mice, and in deafness disease models. Overall, we show here
that AAV-S is a promising preclinical candidate for genetic therapies
of the inner ear.
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Figure 1: GFP fluorescence following AAV-S-CBA-GFP administration
to the inner ear. (a,b): Representative images of cochlear sensory
epithelium transduced with AAV-S (63x magnification). (c):
Transduction in the spiral limbus. (d): Transduction in spiral ganglion
region. Z and arrow indicates different layers of Z-stack. OHC: outer
hair cells. THC: inner hair cells.
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153. Utilization of Single-Particle Tracking
to Identify and Characterize Cellular Glycan
Receptors of Novel Adeno-Associated Virus
Variants

Hung-Lun Hsu"?, Phillip W.L. Tai*"?, Guangping

Gaox- 1,2,3

'Gene therapy center, Umass Medical School, Worcester, MA,’Department of
Microbiology and Physiological Systems, University of Massachusetts Medical
School, Worcester, MA,’Li Weibo Institute for Rare Diseases Research, University
of Massachusetts Medical School, Worcester, MA

Adeno-associated viruses (AAVs) have gained a lot of attention in
recent years, because they can serve as safe and reliable delivery
vehicles for human gene therapy. Among the many fascinating
aspects of AAVss is the existence of their many natural variants, some
with the capacity to uniquely target various organs/tissues in mouse,
non-human primates, and humans in a capsid-dependent manner.
To develop more efficacious and safer AAV-based gene therapeutics,
it is crucial to understand the receptorology of different AAVs. It
has been reported that AAVs utilize different glycan receptors such
as N-linked sialic acid, O-linked sialic acid, galactosides, or heparin
sulfate proteoglycans (HSPG), for cell surface recognition. However,
a majority of these studies were conducted in vitro, using cultured
cells that express a mixture of sialic acids. Unfortunately, the exact
sialic acids that are crucial for virus recognition cannot been assessed
with these model systems. Recently, we discovered a novel AAV2
variant named AAVv66, which is ~13-fold more neurotropic than
AAV?2; yet, its capsid sequence is only 13 amino acids different from
that of prototypical AAV2. To further understand the AAVv66 capsid,
particularly if it binds to glycan receptors, we hypothesized that single-
particle tracking (SPT) may provide both qualitative and quantitative
information on AAV-receptor interaction and binding at single-virion
resolution. The SPT assay uses an artificial and flat lipid membrane
called a supported lipid bilayer (SLB), which is coated onto a glass
substrate to mimic cell membranes. The composition of the SLB is fully
controllable, so we can fix one glycan type (or more) at a time for each
experiment. Combining SLB with total internal reflection fluorescence
(TIRF) microscopy allows us to focus on a ~100 nm-thick interface
above the glass substrate to visualize, with high signal-to-noise ratios,
a fluorescently-labeled AAV particle binding to the target membrane.
In this report, we will present our findings in developing, validating,
and optimizing SPT to distinguish and characterize major glycan
molecules that govern AAV tropism selection. Our study sheds light
on fundamental AAV virology, which may provide crucial information
in designing effective delivery strategies and patient treatment in the
future.*Co-corresponding authors
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154. AAV2-Based Capsid Variant, P2-V1
Avoids Neutralization by Anti-AAV Neutralizing
Antibodies in Human Vitreous Samples
Siddhant S. Gupte', Sanford L. Boye?, Wei Li', Shreyasi
Choudhury’, Russell Mellen', Sean Crosson', James
Peterson', Paul Gamlin®, Sergei Zolotukhin?, Siva Iyer’,

Shannon E. Boye'

'Ophthalmology, University of Florida, Gainesville, FL,’Powell Gene Therapy
Center, University of Florida, Gainesville, FL,*Ophthalmology, University of
Alabama at Birmingham, Birmingham, AL

PURPOSE: Intravitreal injection (IVI) of AAV is a promising approach
for treating the retina as it can be performed in clinic rather than a
surgical suite, thereby increasing accessibility of gene therapies to
larger patient populations. However, the limited clinical data, and
non-human primate (NHP) studies utilizing currently available capsids
indicate that the barriers to IVI AAV may restrict gene expression to
levels that are potentially ‘sub-therapeutic’ in a substantial proportion
of patients. We previously screened an AAV2-based capsid library in
IVImice and macaques for AAV variants capable of overcoming these
barriers. Subretinal injection (SRI) of AAV5-GFP was done to create
GFP sortable photoreceptor cells prior to delivery of AAV library. The
most enriched variant, “P2-V1”, transduced IVI mouse retinas with
equal efficiency to our benchmark, AAV2(quadY-F+T-V), but had
reduced potency relative to other identified variants. A comparison of
P2-V1 and AAV2 amino acid sequence revealed 3 substitutions (out
of sixteen total) previously shown, individually, to confer resistance
to AAV neutralizing antibodies (NADb). The purpose of our study was
to ask whether enrichment of P2-V1 was driven by an additional
selective pressure, more specifically, the ability to avoid neutralization
by pre-existing NAbs against AAV. APPROACH: Self-complementary
smCBA-mCherry vectors were packaged in AAV2, AAV7mS8, or P2-
V1 via triple transfection. Vitreous samples collected from patients
undergoing vitrectomy were screened for the existence of anti-AAV2
NAbs. ARPE19 were infected with AAV2-mCherry in the presence
of vitreous at a 1:4 dilution. Vitreous samples (n=15) were classified
as ‘inhibitory’ if they resulted in a >95% reduction in transduction
by AAV2. Inhibitory samples were then used to evaluate the relative
performance of AAV2 and P2-V1 vectors across a range of dilutions.
Later, AAV7mS8 vector, a capsid currently under consideration for IVI
delivered gene therapy, was added to experiments. mCherry expression
was quantified via flow cytometry and used to determine the NAb50
titer (reciprocal dilution at which 50% inhibition of transduction
occurs) for each vector in each vitreous sample. RESULTS: In all of
the inhibiting vitreous samples tested, the NAb50 for P2V1 was lower
than or equal to that for AAV2 and AAV7m8. Head to head relative
to AAV2, P2V1 had a lower NAb50 in 10/15 samples (67%), in some
cases by as much as 64 fold. In samples where both P2V1 and AAV7m38
were tested, P2V1 outperformed AAV7mS8 (i.e. had alower NAb50) in
3/8 samples. Interestingly, in samples where AAV7m8 outperformed
AAV2, P2V1 also outperformed AAV2. Screening of additional
patient vitreous samples is underway. CONCLUSIONS: P2-V1 is a
promising AAV2-based variant identified via directed evolution in
IVI macaques. This novel capsid displays improved transduction of
retina following IVI as well as the ability to avoid neutralization by
anti-AAV antibodies. P2-V1 outperformed parent capsid AAV2 as
well as AAV7m8 in neutralization assays performed using human
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vitreous sample harboring anti-AAV NAbs. These results demonstrate
the potential for P2-V1 as a gene therapy vector in patients with pre-
existing immunity to AAV. Future experiments will explore the immune
avoidance capabilities of P2-V1 in vivo in the presence of anti-AAV
NADs. We are also investigating whether P2-V1 can be improved by
rational design aimed at increasing intrinsic transduction efficiency
as well as NAD avoidance.

155. Method for High-Throughput, In Situ
Characterization of AAV Variant Pools in Intact
Tissue Using Ultrasensitive Sequential FISH
Min Jee Jang, Gerard M. Coughlin, Yameng Zhang,

Noushin Koulena, Long Cai, Viviana Gradinaru

Biology and Biological Engineering, Caltech, Pasadena, CA

Extensive efforts have been made to engineer adeno-associated viruses
(AAVs) with desirable characteristics, such as enhanced transduction
efficiency and tissue- or cell-type specific tropisms. In-vivo selection,
followed by next-generation sequencing (NGS)-based screening, has
enabled us to uncover novel viral capsid variants, such as the AAV-PHP
series (Deverman et al., Nat Biotech, 2016; Chan et al., Nat Neurosci,
2017; Kumar et al., Nat Methods, 2020). Despite successful library-
based selections, the characterization of viral tropisms is slow and
labor-intensive and is thus limited to only a handful of variants. To
overcome this bottleneck and allow for high-throughput screening,
we introduce an imaging-based approach that detects viral transcripts
in intact tissue by using ultrasensitive, sequential fluorescence in situ
hybridization (FISH). We first developed a new FISH method to enable
detection of relatively low abundance viral transcripts compared to
endogenous genes in tissue. Compared to two signal amplification
methods, rolling-circle amplification (RCA) and hybridization chain
reaction (HCR), our method resulted in a 2.7- or 6.7-fold higher signal-
to-background ratio, respectively, with the same number of probes. The
high sensitivity of our method also allowed us to detect RNA transcripts
with 1 probe and distinguish capsid variants packaging an identical
viral genome with a short mutated region (7 amino acids, equivalent
to 21 base pairs) transduced in HEK293T cells. We also developed an
efficient two-step probe stripping method to enable multiple rounds
of labeling (up to 8), which increases the number of targets that can
be characterized in the same tissue beyond the spectral limit (e.g., 4
colors x 8 rounds = 32 variants). The high sensitivity and ability for
sequential labeling allowed us to examine the cell-type tropism of
capsid variants and/or gene regulatory elements in intact tissue. For
this purpose, we generated AAV pools, comprising a combination of
novel AAV-PHP.B-like capsids and cell-type specific promoters, that
package the same coding sequence with a unique barcode in the 3’UTR.
The pool was injected into one animal at a low dose (~1e10 for each),
and after 3-4 weeks of injection, the transcripts of each variant were
detected with a custom probe set targeting the unique barcodes. As a
proof-of-concept, we were able to characterize the cell-type tropism of
6 variants in one tissue within 4 hours. Further refinement of barcode
designs (e.g., temporal barcoding or in situ sequencing) and single-
molecule imaging will allow us to either reduce the screening time or
increase the number of variants that can be characterized to hundreds.
These approaches enable high-throughput characterization of virally
delivered transgenes in intact tissue, thus complementing the active
field of viral vector engineering with scalable tropism identification
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or validation. Moreover, visualizing the distribution of many variants
while preserving spatial context will offer insights into AAV biology,
which can include entry mechanisms as well as cell- and tissue-type
associated expression.

156. SMRT Sequencing Allows High-
Throughput Analysis of a Whole Capsid
Shuffled AAV Capsid Library Following CNS
Selection in Mice and NHPs

Widler Casy', Xin Chen', Thomas Dong', Yuhui Hu',
Mohammed Kanchwala', Chao Xing', Stephen Braun?,

Bruce Bunnell?, Steven Gray'
'Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX,*Tulane

National Primate Research Center, New Orleans, LA

The outcomes from AAV capsid engineering efforts since its discovery
have been both encouraging and promising, but it remains a major
challenge to engineer AAVs that are seamlessly compatible across
mouse and non-human primate (NHP) species. The use of AAV
variant libraries coupled with various selection strategies has become
an increasingly useful strategy to generate novel AAV variants with
enhanced properties. However, analysis of capsids recover post-
selection has been hampered by the inability to accurately sequence
the entire capsid gene in a high-throughput manner. As a result, many
library approaches are shifting to small changes in the capsid such as
peptide insertions or barcodes, which can be sequenced quickly and
easily. This has restricted the diversity of capsids in libraries, shifting
the field away from whole capsid shuftled libraries. We suggest that
this could restrict libraries to select for relatively incremental changes
in vector tropism. To overcome this and enable the use of whole-
capsid changes to be evaluated, we employed single molecule real-
time (SMRT) sequencing analysis for a high throughput evaluation
of recovered whole AAV capsid genes. SMRT sequencing has the
advantage of sequencing the entire capsid gene in a single read with
high accuracy, enabling sequencing the entire shuffled capsid rather
than only an insert region or barcode. We hypothesized that paralleled
AAV whole capsid shuffling and directed evolution in both mice and
NHPs have the propensity to yield AAVs that are compatible across
mice and NHPs and that will be serologically distinct from natural
AAVs. As first steps to test this hypothesis, we have developed a new
approach which consists of AAV whole capsid shuftling and directed
evolution in mice and NHPs conducted in parallel. The AAV library
was subjective to mainly target tissues of the central nervous system
(CNS) in these animals following intrathecal (IT) injection. SMRT
sequencing was able to identify over 15 thousand distinct whole
AAV capsid sequences present in the library. After the first round of
IT injection of this library in mice, SMRT sequencing analysis of the
AAV genomes that were recovered post injection showed that 65 new
capsids were recovered from mouse brain and 31 new capsids were
recovered from mouse spinal cord. IT injection of this library in NHPs
revealed that hundreds of unique AAV's from the library were able to
target the brain while over a thousand unique AAV variants targeted
the spinal cord. In depth analysis of the sequencing data revealed that
several of the AAVs that targeted the mouse brain were also able to
target regions of NHP brain. Currently, we are screening the viruses
that are present at the highest frequency in mouse and NHP brains
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by packaging them with GFP followed by IT injection in mice. The
analysis of selected library clones thus far demonstrates the utility of
SMRT sequencing for high-content screening of whole capsid shuftled
libraries, which was previously limited to analysis by capsid gene
subcloning and Sanger sequencing. This approach should expand the
options for library-based AAV capsid development beyond barcoded
analysis and/or peptide insertion libraries.

157. AAV Capsid Assembly Using Escherichia
Coli

DINH TO LE
Cellular and Molecular Biotechnology, Bielefeld University, Bielefeld, Germany

Virus-like particles (VLPs) have been used for numerous therapeutic
applications, especially in vaccination and drug delivery. While
the recombinant adeno-associated virus (rAAV) has emerged as a
leading candidate in gene therapy with approved products, rAAV
production in HEK-293 or insect cells still remains a challenge. We
established and analyzed AAV VLP production using E. coli cells.
Such VLPs could be used as a bio-nanoparticles and also serve as a
starting material for DNA encapsidation for production of rAAV type
moieties. To do this, first the widely used serotype-AAV2 was chosen.
The codon usage of the AAV2 VP3, the main structural capsid protein,
coding gene was optimized, cloned into a pET vector, expressed
effectively in inclusion bodies in E. coli and purified by ion-exchange
chromatography. AAV2 VLPs were obtained by a chemically defined
refolding reaction. Specifically, the purified protein in a denaturing
buffer with 5 M GuHCI was dialyzed against an assembly buffer
containing 2 M L-arginine for 60 h. In addition, we also tested for an
assembly-activating-protein (AAP)-independent AAV serotype. VP3
capsid protein of AAV serotype 5, the most genetically divergent AAV
serotype among known 13 human and non-human primate serotypes,
was successfully expressed in soluble form and able to develop AAV5
VLPs inside E. coli. The correct formation of AAV2 and AAV5 VLPs
was confirmed by ELISA with anti-intact-AAV antibodies and imaging
by atomic force microscopy. The biological transduction functionality
was confirmed with an internalization assay into human HeLa cells.
Furthermore, to increase VLP production and assess the effect of AAP
on capsid assembly, we expressed and purified AAP2 and added the
protein to the in-vitro assembly reaction of AAV2 VP3. For AAV5
VLPs, due to the formation of capsid within E. coli, we co-transformed
AAP5 and AAVS5 VP3 genes into E. coli cells using two pET vectors
harboring different antibiotic resistance genes. The results showed that
AAP2 directly aided AAV2 VLPs formation and that AAP5 supported
AAV5 capsid assembly inside E. coli. To our knowledge, this is the first
report of AAV VLP production within a chemically defined reaction
or inside E. coli cells. Even though the VLP production needs to be
optimized in the future, our finding opens an opportunity to explore
AAV VLPs in biomedical applications and paves the way to investigate
rAAV production using E. coli.
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158. Investigation of the Hepatocyte
Population Amenable to Gene Targeting by
rAAV-Mediated Homologous Recombination in
Mice
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Feijie Zhang, Arjun Zhang, Mark A. Kay

Stanford University School of Medicine, Stanford, CA

The liver is one of the most attractive target organs for gene
therapy using recombinant adeno-associated viral (rAAV) vectors.
Nevertheless, AAV-mediated liver gene transfer has several challenges.
For example, in the case of neonatal or pediatric patients, loss of
episomal rAAV vectors results from liver growth resulting in a decrease
in the expression of the therapeutic gene. In order to expand the clinical
application of rAAV, our group previously reported a strategy using a
rAAV vector for homologous recombination (AAV-HR) without the
use of nucleases(Barzel, et al, Nature, 2015) in which we can specifically
target a therapeutic coding sequence onto the end of a endogenous
coding gene before the translation termination signal. Thus a chimeric
mRNA is produced that makes both the endogenous and therapeutic
protein .In current and prior studies, we found the efficiency of AAV-
HR in mouse liver is <1% of hepatocytes, but it is unclear whether
these rare HR events are stochastic or if there is a sub-population of
hepatocytes amenable to AAV-HR. Thus, the purposes of this study is
to determine if a limited number of hepatocytes can undergo targeted
HR, as well as identify the determinants of such a population. To
address this question, we made two different AAV-HR vectors that
target two loci - albumin (AAV-HR-alb-GFP) and Apocl (AAV-HR-
apocl-tdTomato), both of which are highly and specifically expressed
in hepatocytes. We have co-injected mice with both vectors and then
now analyzing fluorolecsent imaging data from liver sections. If the
HR process is stochastic, we expect to find at most 1%x 1%= 0.01%
percent red/green or yellow hepatocytes. If the numer of green/red
(yellow) hepatocytes is much greater than 0.01%s it suggests there is a
finite population of hepatocytes amenable to AAV-HR. The preliminary
results sugges there may be a defined population of amenable
hepatoyctes. In addition, we are also investigating the character of
AAV-HR positive hepatocytes, including the status of DNA synthesis
and cellular proliferation. The insights from our ongoing experiments
will give us a more complehensive understanding of AAV-HR and help
us develop better ways to improve its efficiency for clinical applications.

159. Applying Machine Learning to Predict
Viral Assembly in AAV2 Capsid Libraries
Andrew D. Marques, Sergei Zolotukhin

Pediatrics, University of Florida, Gainesville, FL

Machine learning (ML) has aided in novel discoveries across numerous
fields, including medicine and virology. Viral gene therapy is lagging
behind these fields when it comes to applications of ML. Specifically, big
data gathered through next-generation sequencing (NGS) of complex
capsid libraries is an especially prominent source of lost potential in
data analysis and prediction. Furthermore, adeno-associated virus
(AAV) based capsid libraries are becoming increasingly popular as
a tool to select candidates for gene therapy vectors with increased
transduction efficiency, higher capacity for antibody evasion, and
other desirable properties. These higher complexity AAV capsid
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libraries have previously been created and selected in vivo; however,
applying neural network algorithms to analyze and predict the viability
of capsid assembly in silico may augment smarter and more robust
libraries for selection. In this study, NGS data of AAV capsid libraries
gathered before and after viral assembly are used to train machine
learning algorithms in predicting whether newly designed variants
will form a virus-like particle. We found that a 78% accuracy of
predicting capsid assembly is possible. Furthermore, this model was
used to test hypothetical mutation patterns in library construction to
suggest the importance of three specific residues in the AAV2 capsid.
In order to biologically validate these findings, two mini-libraries
were constructed using a machine-guided approach. One mini-library
contains mutations to residues predicted to be critical in capsid
assembly using this neural network. The second mini-library contains
mutations to residues predicted to be non-critical in capsid assembly.
We found that the critical residue mini-library witnessed a significant
drop in complexity as compared to the non-critical residue mini-
library, further validating the model’s ability to predict capsid assembly.
Finally, we propose potential applications for this ML algorithm, such
as assisting the rational construction of future libraries and establishing
a foundation for in silico selection of variants.

160. A Computational and Experimental
Platform for Detecting Full Transcriptome Cell
Type Tropism of Lowly Expressed Barcoded
and Pooled AAV Variants via Single-Cell RNA
Sequencing

David Brown, Michael Altermatt, Tatyana Dobreva,
Jong H. Park, Sripriya Ravindra Kumar, Xinhong
Chen, Gerard M. Coughlin, Allan-Hermann Pool, Matt
Thomson, Viviana Gradinaru

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

Despite being one of the primary gene therapy delivery vehicles,
adeno-associated viruses (AAVs) are limited in their specificity towards
certain cell types implicated in disease. Recombinant AAVs (rAAVs)
are addressing these limitations through both capsid engineering
and gene regulatory approaches that alter viral tropism or viral
expression patterns. Current rAAV targeting, selection, screening,
and characterization methods are typically based on single- or few-
molecule read-outs, such as promoter and enhancer-driven constructs,
mouse lines expressing Cre recombinase under a cell type-specific
promoter, or cell type-specific antibodies for imaging. Such methods
harbor challenges for parallelizing rAAV characterization, or extending
characterization and engineering to complex or previously unknown
cell types. The recent advent of single-cell RNA sequencing (scRNA-
seq) has revealed a rich diversity of cell types and states, many of which
are not associated with canonical cell type markers, and can even be
defined by multi-gene programs. To aid in the engineering of rAAV's
aimed at such complex cell states and aid in the discovery of novel
tropisms, we have developed a scRNA-seq AAV screening method,
whereby we inspect full transcriptomes of cells transduced with pools
of AAV vectors in a single animal. To generate pools of variants that can
be differentiated in sequencing, we package variants with either unique
transgenes, or the same transgene with unique barcodes incorporated
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in the polyA region. We then co-inject mice with these pools of
variants, wait for expression, and harvest tissue slices for downstream
cell dissociation and single-cell sequencing using the Chromium 10X
Single Cell Kit. In order to accommodate the low expression rates of
virally delivered cargo and the loss of the region of mRNA upstream
of the polyA capture site that identifies the capsid variant, we amplify
the viral transcripts from the full cDNA library with primers near
the differentiating region of the cargo. To characterize variants, we
developed a customized computational pipeline that addresses the
unique challenges of these datasets: (1) to discern the variant that
delivered each transgene read, we demultiplex the amplified viral
transgene reads based on their differentiating sequences; (2) to reduce
the effects of PCR amplification noise, we convert variant transgene
reads into probabilistic estimates of the number of transcripts per cell;
and (3) to calculate cell type biases, we automatically identify a cell
type hierarchy and compare the distribution of viral transcripts by
cell type to a null model of empty droplets. Thus far, our platform has
corroborated several expected virus tropism findings from imaging
(e.g. for brain vasculature or neuronal preference). To apply this
barcoding strategy to even larger pools without individually cloning
and producing each variant, and link arbitrary mutations in the capsid
genome to the barcode, we have further developed a plasmid that
contains both the expressed transgene and the capsid gene, but inverted
in orientation, with their 3’ ends adjacent. With these barcoding
strategies and computational methods, we enable fast identification and
characterization of rAAV variant pools with precise disease-relevant
tropisms, with the ultimate goal of aiding the gene therapy field in
developing precision delivery vehicles.

161. Determination of Full vs Empty Ratio

of AAV Vectors with Qubit Fluorometric
Quantification Method

Zhenbin Fan, Oscar Lau, Ningguang Luo, Siyun Zhou,

Zhe Yu, Min Chen, Haifeng Chen

Virovek, Inc., Hayward, CA

Adeno-associated virus (AAV) vectors purified by column
chromatography method generally consist of a mixture of empty and
full virus particles, whereas AAV vectors purified by density gradient
ultracentrifugation method generally consist of full virus particles.
Since the empty virus particles in an AAV product are considered
contaminants, it’s critical to accurately determine the quantity of empty
capsids in any AAV product so that the experimental results could be
better interpreted. Currently there are several methods available in the
gene therapy field for us to determine the ratio of empty vs full virus
particles. One uses transmission electron microscopy (TEM) method
to determine the empty vs full ratio by observing the staining of virus
particles. However, this method suffers from false full or empty virus
images due to the variation of staining process. A second uses ELISA
method to determine the total virus particles and QPCR method the
total virus genomes so that the ratio of empty vs full virus particles can
be calculated. Due to the fact that QPCR titer can vary significantly and
therefore the empty vs full ratio is generally not very reliable. A third
method uses analytical ultracentrifugation method in which the empty
and full virus particles are separated at different density and the ratio
can be calculated based on the total protein content in the empty and
the full fractions. Recently it has been reported that a size-exclusion
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chromatography (SEC) method using multi-angle light scattering
(MALS) is able to determine the AAV empty vs full particle ratio.
However, all these methods not only require expensive equipment,
reagents, and long process time, but also have significant variations.
We developed a simple, universal and economical method using the
Qubit Fluorometric Quantification kit to quantify the contamination of
the double-stranded DNA (dsDNA) outside of the virus particles, the
single-stranded DNA (ssDNA) genome inside the virus particles, and
the virus particles by using the dyes that specifically stain the dsSDNA,
ssDNA, and proteins. Based on the results, we were able to measure
the total residual host cell DNA contamination, the total virus particles
and the empty vs full particle ratio with comparable precision to the
SEC-MALS method. This novel method should provide an additional
tool for further characterization of AAV vectors.

162. Systematic Assessment of AAV Serotype
Efficiency Reveals Regional Heterogeneity in
Cellular Tropism and Infectivity in the Adult
CNS

Mentor Thaqi', Magnus Schyler', Emily Reisenbigler',
Renae Greene!, Robert Marr?, Daniel A. Peterson!

'Center for Stem Cell and Regenerative Medicine, Rosalind Franklin Univ Med
Sci, North Chicago, IL,*Center for Neurodegeneration and Therapeutics, Rosalind
Franklin Univ Med Sci, North Chicago, IL

Direct reprogramming of cell identity from a glial to neuronal
phenotype has been demonstrated using viral vectors to deliver
reprogramming transcription factors to glial cells. Efficiency and vector
tropism have a major impact on the feasibility to reprogram a sufficient
number of new neurons for meaningful functional integration.
Previously, we have successfully targeted and reprogrammed NG2
glia to neurons in vitro and in vivo using retroviral vectors to target
the actively proliferating NG2 cell population. rAAV vectors are
an alternative delivery platform frequently used to achieve efficient
and widespread in vivo gene delivery. However, no systematic
assessment of AAV serotype efficiency in targeting NG2 glia has
been reported. We evaluated tropism and infectivity of multiple
AAV serotypes using a CMV-eGFP construct in the following
AAV serotypes: 1, 2, 4, 5, 6, 6.2, 8, 9, rh10, D], PHP.s, PHP.B, PHP.
eB. All vectors used were obtained from the University of Iowa
Vector Core Facility and adjusted to a standard titer and volume for
intracerebral delivery of each AAV serotypes into rat cortex, white
matter, and striatum. We subsequently examined brains by confocal
microscopy to evaluate number and phenotype of infected cells.
Intracerebral delivery of AAV serotypes revealed substantial
differences between the volume of tissue infected, with the largest
volumes seen with PHP.eB>rh10>PHP.B>5>8. Comparing the
number of GFP+ cell in a standardized cortical region, serotypes
1, 9, PHP.B, and PHP:s infected an equivalent number of cells to
AAV2, while the number of GFP+ cells with serotypes 4, 5, and PhP.
eB was substantially less. AAV8 produced the highest number of
cortical GFP+ cells, 3.5x more than AAV2, with 8>10>DJ=6=6.2.
Cellular tropism also varied widely between serotypes. In the cortex,
half of GFP+ cells were NeuN+ neurons and the number of neurons
infected was similar for D] and PHP.eB. All other serotypes infected
substantially fewer neurons. For GFAP+ astrocytes, serotypes 1
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and DJ were similar to AAV2, while 4, 8, and PHP.eB infected
substantially fewer astrocytes. The most astrocytes were infected
by PHP.s (3x that of AAV2) with PHP.s>PHP.B>5=6=6.2=9=10.
For Olig2+ oligodendrocytes, serotypes 1, 5, and 9 were similar to
AAV2, while 4, 6.2, PHP.B, PHP.eB, and PHP:s infected substantially
fewer oligodendrocytes. AAV8 was highly efficient at targeting
oligodendrocytes (6.5x more than AAV2) with 8>10>DJ>6.
The results found in the cortex differed from injections into white
matter or striatum, revealing regional heterogeneity in both number
and phenotype of infected cells. For example, striatal AAVS8 delivery
infected only half as many cells as in the cortex and the number of
oligodendrocytes was a third of that seen in cortex. Striatal AAVrh10
delivery infected an equivalent number of cells as in the cortex, but
the number neurons infected was 4.5x greater than in the cortex.
These data reveal substantial regional heterogeneity and tropism
between AAV serotypes, suggesting this variability should be
considered when comparing and planning studies. Although many
serotypes infected cultured NG2 glia, virtually no serotypes targeted
NG2 glia in vivo in any region with only a few NG2+ cells observed
with DJ and PHPs, suggesting that infectivity in vitro is not always a
valid predictor of in vivo performance. These data also suggest that
targeting reprogramming constructs to NG2 glia will require designing
new and specific AAV serotypes or utilizing alternatives to AAV.
Supported by NIH NS100514

163. Optimization of Single AAV CRISPRi
Jon R. Backstrom!, Jinsong Sheng', Michael C. Wang?,

Alexandra Bernardo-Colon!, Tonia S. Rex!?

'Vanderbilt Eye Institute, Vanderbilt University Medical Center, Nashville,
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The power of CRISPRIi for clinical applications has been inhibited by
delivery challenges due to the small optimal packaging limitation of
AAV and the relatively large size of Cas9, KRAB, and the need for two
promoters and the guide RNA. We addressed this through optimization
of S. Aureus dCas9 nuclear targeting and KRAB fusion, and the
selection of effective mini promoters to result in a single AAV vector
that contains all CRISPRi components, including the guide RNA, and
remains within 4.7kb. We used Pcsk9 as our initial target for proof of
principle. Our single pAAV.Pcsk9CRISPRIi construct decreased Pcsk9
mRNA levels 3-fold and secreted protein levels 3.5-fold in vitro. We
performed a tail vein injection of 1x10e11 rAAV.Pcsk9CRISPRi or a
negative control, rAAV.gstop into mice and detected a 35% decrease
in serum Pcsk9 protein only with the rAAV.Pcsk9CRISPRI. This single
AAV approach provides a clinically-translatable method for decreasing
gene transcription of specific genes by CRISPRI in any tissue or
targetable cell of interest.

164. AAV Biology Imaging Platform:
Uncovering the Cellular Mechanisms Behind
the AAV5-Based Vector Delivery System
Roberto D. V. S. Morais, Johannes P. F. Laat, Lukas K.
Schwarz, Adrian E. Godfrey, Sumiati Baatje, Bas Bosma,
Sander J. Deventer, Valerie Ferreira

Research Department, uniQure, Amsterdam, Netherlands
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Introduction: The efficiency of gene therapy delivery is partially
dependent on the events that control adeno-associated virus (AAV)
from attachment in the membrane to vector DNA release and
transgene expression. This suit of events can be regarded as multi-step
intracellular barriers and need to be fully understood. Therefore, we
developed an Imaging Platform which enables the study at the cell and
subcellular level of all the steps taken during the transduction process.
The AAV Biology Imaging Platform supported the visualization by
immunocytochemistry (ICC) and/or fluorescent in situ hybridization
(FISH) of the different cellular organelles, the AAV capsid and the
AAV vector DNA and their possible interactions. Combining ICC and
FISH to tracing down the events involved in the AAV capsid binding,
processing and vector DNA release into the target cells will provide us
with crucial data not only for fully understanding but also optimizing
our AAV-based delivery system. Methods: In order to investigate the
different steps during AAV transduction, we developed an imaging
platform to analyze and to quantify the interactions between AAV's
and host cells using 2D and 3D images. Using HEK 293T cells, ICC
protocol standardizations were performed for each antibody used
targeting the different cell organelles. To trace down AAV capsid into
the cell host, pre-labeled AAV5 capsids containing vector DNA/hFIX
were used for transduction. Cells were inoculated with labeled capsids
(5x10° viral particles/cell) as a pulse lasting for 40 minutes at 4°C. After
that, cells were washed with PBS and then maintained in complete
DMEM at 37°C in the incubator. For AAV5 visualization, samples were
collected at 4 different time-points (from 0 to 2 hours post-infection;
p-i.), while for vector DNA/hFIX detection, cells were collected in 12
different time-points (from 0 to 6 hours p.i.). When incubation time
was completed, cells were washed in PBS and fixed in 4% PFA prior
ICC and/or FISH. The latter was performed using probes specific for
AAV-hFIX vector DNA/RNA following the manufacturer’s protocol.
After staining, images were acquired by a Leica TCS SP8 X DLS confocal
microscope or by a ZEISS Scan Digital Slide Scanner or by a ZEISS
Observer 7 microscope. For 3D images, stacks of 20-50 focal planes
were captured at ~0.31 um z-intervals through the depth of the cell.
Images were processed for visualization and quantification using LAS
X-LS (Leica Microsystems) or HALO (Indica labs) software. Results:
By means of our AAV Imaging Platform we were able to visualize by
ICC, individually or in combination, the plasma membrane, early
endosomes, lysosomes, Golgi apparatus, microtubules and nuclear
envelope at the cell level. The processing of labeled AAV5-hFIX
capsids was visualized in transduced cells overtime. Additionally,
the interaction between labeled AAV5-hFIX capsids and cell host
organelles (i.e. plasma membrane, cell nucleus) was also successfully
observed, demonstrating that the platform is suitable for co-localization
type of analysis. Furthermore, vector DNA/hFIX positive cells were
detected by FISH, and in combination with ICC, 3D image analyses
showed that a higher AAV vector DNA/hFIX probe signal was
detected inside the nucleus from 2 to 3,5 hours p.i., suggesting a time
frame for AAV vector DNA release into the cell nuclei. In summary,
we developed an Imaging Platform to visualize and to analyze at the
cell and subcellular level the relevant steps of our AAV-based vector
delivery system using 2D and 3D images. The flexibility in the platform
(i.e. by adding new markers, different probes) allows us to expand its
capabilities and deepen our understanding in the intracellular behavior
of delivery viral vectors.
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165. Analysis of AAV6.2FF Biodistribution

and Transduction Efficiency in Mice When
Administered by Five Different Routes of
Injection

Sylvia P. Thomas', Yanlong Pei', Wei Zhang?, Byram W.

Bridle', Sarah K. Wootton'

'Department of Pathobiology, University of Guelph, Guelph, ON,
Canada,’Department of Molecular and Cellular Biology, University of Guelph,
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Adeno-associated virus (AAV) vectors are rapidly progressing as
gene delivery agents as evidenced by the regulatory approval of at
least three AAV gene therapies. The tissue tropism of wildtype AAV
serotypes has been carefully elucidated; however, as the field evolves
towards using novel or rationally engineered recombinant AAV vectors
designed to evade pre-existing immunity and/or increase transduction
efficiency, it is important to determine the biodistribution and tissue
targeting characteristics of these novel vectors. Here we investigated
the biodistribution of AAV6.2FF in a comprehensive manner by
comparing its tissue tropism and transducing efficiency when delivered
by five different routes of administration. C57BL/6 mice were injected
intranasally, retro-orbitally, intraperitoneally, intramuscularly or
intravenously with an AAV6.2FF vector encoding a heat stable human
placental alkaline phosphatase (AAV6.2FF-AP) reporter gene. At
6 weeks post-vector administration, mice were euthanized, and all
major organs were harvested, stained for AP expression and imaged.
Tissues were then divided such that half was cryopreserved in OCT
and the other half was flash frozen at -80°C. Cryosectioned tissues
were counterstained with nuclear fast red in order to determine
cell tropism of the vector. Flash frozen tissues will be homogenized
and alkaline phosphatase reporter gene expression quantified using
an enzymatic assay. Gross analysis revealed markedly different
biodistribution of AAV6.2FF depending on the route of administration
(Figure 1). Intranasal administration of AAV6.2FF-AP led to robust
transduction of the nasal cavity, trachea and lung parenchyma and a
lack of transduction in any of the other major organs, including the
brain. Retro-orbital and intraperitoneal administration of AAV6.2FF-
AP revealed a much broader biodistribution. While retro-orbital
administration of AAV6.2FF-AP targeted primarily the heart and
liver with high rates of transduction, the lungs were also transduced,
but at a lower efficiency than with intranasal administration.
Intraperitoneal injection of AAV6.2FF-AP displayed a similar pattern
of tissue transduction to that of the retro-orbital administration, with
the distinct difference being the high transduction efficiency of the
pancreas. These preliminary results demonstrate that AAV6.2FF tissue
transduction is highly dependent on the route of administration and
sheds light on which route of administration to use when targeting
specific organs.
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Figure 1. Representative gross images of alkaline phosphatase stained tissues from mice injected
with AAVE.2FF-AP by different routes of administration. C57BL/6 mice were administered 1x10"" vg
of AAVE 2FF-AP retro-orbitally, intraperitoneally or intranasally and tissues harvested 6 weeks later. All
major organs were harvested and stained to detect alkaline phosphatase reporter gene expression.

166. Investigation of Potential Pseudo wtAAV
Species Providing Replication Competence
Felicia Thoennissen, Renée Kober, Marina Magerl, Eva
Kochmann, Nicole Spada, Sonya Schermann, Florian
Sonntag, Markus Horer

Freeline®, Planegg, Germany

Background: The industry gold standard assay for analysis of
replication competent AAV consists of amplification of AAV in the
presence of a helper virus, followed by qPCR for either rep/inverted
terminal repeats (ITR) junction or for rep and/or cap only sequences.
However, a qPCR based read out targeting one single gene sequence
is also able to detect other replicating variants than pseudo wtAAV
carrying a rep-cap genome flanked by ITRs at both genome ends,
therefore not necessarily reflecting replication competence of a pseudo
wtAAV. In the end, any genome flanked by ITR sequences will be
amplified and produce progeny virus in cells complemented with
helper virus activity as well as Rep and Cap protein coding sequences.
In order to investigate this further, we performed an in-depth study
to characterize the primary potential replicating forms generated
during rAAV manufacturing and what factors may influence their
abundance. Method: We established a method to isolate highly
concentrated DNA from packaged AAV particles after 2 rounds of
infection in presence of Adenovirus 5. By qPCR and (nested-)PCR
in combination with DNA sequencing we characterized the content
(ITR, rep, cap), quantity, sequence orientation and functionality of
packaged sequences and traced the results back to the molecular
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design of the plasmids used for AAV manufacturing as well as to
possible recombination events resulting in the formation of replicating
rep and cap genomes. In this approach we compared a conventional
plasmid packaging system carrying rep and cap sequences on the
same plasmid with our unique FREELINE split-packaging system
in which rep and cap genes are separated on two different plasmids.
Results: Here, we provide data of an in-depth analysis of main potential
replicating AAV species generated during rAAV vector packaging and
show differences between vector preparations derived from the two
alternative plasmid systems. We observe that emerging rcAAV species
rely on the sequence arrangement of plasmids as well as the plasmid
ratio used. We identified species which derive from homologous as
well as from non-homologous recombination events and analyzed
the packaged sequences for potential functionality of rep and cap.
In this context, we confirmed the superiority of our split-packaging
system for reducing the risk of formation of pseudo wtAAV particles
containing functional rep and cap genes. Discussion: Our results show
that rcAAV levels determined by conventional (regulatory-accepted)
assays strongly depend on the sensitivity of the assay and the chosen
read-out, showing examples for over- and underestimation of rcAAV
titres. Furthermore, our results indicate that the quality of vector
preparations manufactured with different platforms using different
plasmid systems with respect to rcAAV payload cannot be compared
when relying on an industry standard rcAAV assay. The analytical tools
established here provide insight into molecular events resulting in
the composition and formation of replicating forms other than rAAV
vector sequences such as rcAAV which is a new, highly valuable quality
indicator for vector batches and the plasmid packaging system used.

167. Data-Driven Identification of Capsid
Residues That Can Define AAV Tropisms
Hoang-Anh Vu', Wei Tong Chen?, Byunguk Kang',
Maria Yanqing Chen', Georgios Mikos', Junghae Suh'
'Bioengineering, Rice University, Houston, TX,?Chemical and Biomolecular
Engineering, Rice University, Houston, TX

Adeno-associated viral (AAV) vectors can transduce many different
types of cells and tissues, but they each have a preferential target that
leads to very distinct transduction tropisms in different cell lines and
the differences in each AAV’s ability to transduce any particular cell
type can be very drastic. Taking HEK293T cells as an example, AAV1, 2,
3B, and 6 have a very high transduction efficiency in this cell line, while
AAV4,5,7,8,and 9 have very poor transduction capabilities. There are
many factors that have been discovered to be important variables in
determining the transduction efficiencies AAVs in cells, like receptors
such as AAVR or co-receptors such as galactose. Some AAV vectors
are strongly reliant on such factors, and previous works were able to
make use of such information to increase the transduction efficiencies
of AAVs in specific cells by overexpressing the dependent factors in
cells or by transplanting receptor binding footprints from one AAV to
another (Pillay et al. 2016; Shen et al. 2012). However, these previous
works required the knowledge of specific receptors or receptor binding
motif in order to build a specific cell line or virus capsid capable of
transduction. To further expand our capability to identify important
factors and features on AAV capsids responsible for controlling
transduction efficiencies, we present here a data-driven method to
help elucidate the important features on AAV capsids responsible for
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transducing HEK293T cells and generate novel mutants with enhanced
transduction capability. We performed multiple sequence alignment
and then encoded each residue using the corresponding biophysical and
biochemical properties. Using these inputs, we then trained a machine
learning algorithm to identify key residues that might be responsible
for transducing HEK293T cells efficiently. We were able to identify 8
amino acids that may each be capable of increasing the transduction
efficiency of AAV9 - a serotype with poor transduction efficiency in
HEK293T cells. Our preliminary data demonstrate that three out of
the eight identified residues increase AAV9’s transduction efficiency
in HEK293T cells. Continued efforts can enable the generation of new
AAV capsid mutants with desired tropisms.

168. AAV-Mediated Expression of Monoclonal
Antibodies Protects Against Respiratory
Syncytial Virus Infection in a Murine Model
Amira D. Rghei', Xuiaoyan Zhan* Matthew M.
Guilleman', Laura P. van Lieshout', Khalil Karimi!,

Byram W. Bridle', James E. Crowe?, Sarah K. Wootton'
'Pathobiology, University of Guelph, Guelph, ON, Canada,’Vanderbilt Vaccine
Center, Vanderbilt University Medical Center, Nashville, TN

Vectored monoclonal antibody (mAb) expression mediated by adeno-
associated virus (AAV) gene delivery has been demonstrated to
generate protective and sustained concentrations of therapeutic mAbs
in animal models for a variety of infectious diseases. Our rationally
engineered AAV6 triple-mutant capsid, AAV6.2FF facilitates rapid and
sustained mAb expression following intramuscular administration.
Given the impressive transduction efficiency of AAV6.2FF in the lungs
and its ability to promote long-term mAb expression in the serum,
we aimed to expand our AAV6.2FF-mAb platform for protection
against respiratory infections of public health importance. Respiratory
syncytial virus (RSV) infection causes acute lower respiratory tract
infections and is an important cause of death in young children (<5
years of age) in low resource settings. Additionally, RSV infection is
now recognized as a significant issue in the elderly and those who
are immunocompromised. To date, there are no licenced vaccines
to combat RSV. Prophylaxis of high-risk infants with palivizumab,
a humanized murine mAb that binds to antigenic site II on the
pre- and post-fusion conformation of the RSV fusion protein (F), is
moderately effective in prevention of hospitalizations. More potent
antibodies now are available and could be more effective. We recently
identified a potent human mAb, designated RSV90, that binds to a
highly conserved epitope in antigenic site V in the pre-fusion form of
RSV E Here we evaluated AAV6.2FF-mediated expression of RSV90
or palivizumab in mice and assessed the protective efficacy of AAV-
vectored mAb expression in an RSV challenge model. Full-length
RSV90 and palivizumab antibody genes were cloned downstream of
the CASI promoter into an AAV vector containing a WPRE sequence.
Intramuscular (IM) injection of mice with 1x10" vector genomes (vg) of
AAV6.2FF-RSV90 or AAV6.2FF-palivizumab resulted in rapid, robust,
and sustained antibody expression in the serum beyond 10 weeks post-
administration. Antibodies were also detected at numerous mucosal
surfaces, including the lung, vagina, small intestine and peritoneal
cavity for both vectors. Interestingly, intranasal (IN) administration
of the two AAV vectors resulted in mAb expression exclusively in the
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lungs. C57BL/6 mice injected with 1x10" vg of AAV6.2FF-RSV90 or
AAV6.2FF-palivizumab IM were protected completely from intranasal
challenge with 1x10° PFU RSV strain A2. Future directions include
evaluating the protective efficacy of the two AAV-vectored mAbs
in a cotton rat model, a more permissive model for RSV replication
than mice. In conclusion, AAV-mediated antibody gene delivery is a
promising method for extending the therapeutic effects of recombinant
mAbs, which potentially could be used as a passive vaccination strategy
for immunocompromised individuals or for use against pathogens for
which effective vaccines are not available.
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Figure 2. Mice expressing AAV6.2FF-palivizumab and AAV6.2FF-RSV90
completely protect mice from RSV challenge. Groups of C57BL/6J (n=8) were
injected with AAV6.2F F-palivizumab (Synagis), AAV6.2FF-RSV90 or AAV6.2FF
expressing an Ebola virus-specific antibody as a control. Four week-post AAV-mAb
administration, mice were challenged with 1x108 PFU of RSV A2 and sacrificed five
days later. Lungs were homogenized RSV infectious units quantified. Both AAV6.2FF-
palivizumab and AAV6.2FF-RSV90 showed no detectable infectious RSV in the lungs.
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Figure 1. Serum antibody expression levels after intramuscular administration of
1x10" vg of AAV6.2FF-palivizumab or AAV6.2FF-RSV90. Balb/c mice (n=4) were IM
administered 1x10'" vg AAV6.2FF-palivizumab (A) or AAV6.2FF-RSV9 (B) and their
serum human IgG levels monitored for 10 weeks.
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171. Customized Xenograft Model
Development: Liver Repopulation of FRG KO
Mice with Primary Murine, NHP, or Human
Hepatocytes
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Background: Liver-humanized mice have proven to be of great
use for in vivo studies in many application areas including
infectious diseases, NAFLD/NASH, gene editing/therapy,
metabolism, regenerative medicine, and pharmacology/toxicology.
The FRG KO mice can be repopulated with hepatocytes from
different species. This allows the replacement with “lower”
species by, instead of using primates, for example, using a mouse
transplanted with primate hepatocytes to achieve the same results.
Methods: FRG KO mice were transplanted with hepatocytes from various
sources. These include different species: mouse, rat, pig, non-human
primate, or human. The level of repopulation correlated to the level of
species-specific albumin concentration in the blood. Alternatively, the
repopulation can be measured by IHC with a FAH specific staining.
Results: Using a standardized protocol, we were able to generate FRG
KO mice that were highly repopulated with a xenograft liver. On
average, it takes approximately 12 weeks to repopulate the animal’s
liver with healthy hepatocytes. The percentage of repopulation was
at least 70% and was consistently above 90%. Once repopulated, the
xenograft remains stable for the remainder of the life of the animal. The
liver-xenograft mice show a metabolism profile of the original donor
species. This allows the testing of novel compounds in a small animal
model. Moreover, these different xenograft models can be used to test
the efficacy and tropism of viral or non-viral delivery of gene therapy
in vivo. The test article dose needed is much smaller than what would
be needed when testing in the original NHP model or in humans.
Conclusion: FRG KO mice can be repopulated with hepatocytes from
different species. These liver-xenograft mice can be used either for in
vivo studies, or their hepatocytes can be harvested and used for in
vitro applications.

172. Characterization and Correction of an In
Vitro Model of Wilson Disease by Recombinant
Adeno-Associated Virus (rAAV) Delivered
ATP7B Transgene

Justin T. Serio, Gabriela Toro, Daniela Deny, Nicholas
Richards, Brady Camplin, Sam Wadsworth, Lorelei

Stoica

Ultragenyx Gene Therapy, Cambridge, MA

Wilson disease (WD) is a rare genetic disorder affecting roughly
1:50,000 people worldwide, caused by mutations in the ATP7B gene.
In healthy hepatocytes, the copper-transporting ATPase 2 protein
(ATP7B) produced localizes to the Trans-Golgi Network (TGN)
and shuttles excess cellular copper in two major pathways: 1) direct
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excretion of copper into the bile mediated by lysosomes or 2) the
secretion of copper into the blood stream through a downstream copper
transporter Ceruloplasmin (CP). Patients with WD present with a
deficiency or complete loss of function of the ATP7B protein leading
to toxic levels of copper primarily within the liver and the CNS. Excess
copper levels drive the accumulation of several dysfunctional metabolic
and neurological symptoms as the disease progresses. Current therapies
aim to limit circulating copper leaking from the liver using chelators
or remove the entire organ through an invasive transplant. Due to the
toxicity and risks of these therapeutic strategies, treatment options that
specifically address the underlying cause of the disease are needed. In
order to target ATP7B, the genetic cause of WD, our approach involves
using rAAV vectors generated from a HeLa producer cell line (PCL)
carrying a modified human ATP7B transgene. Of the many rAAVs
generated, containing various capsids, transgene sequences, and
promoters, we identified the most therapeutically optimal vector. These
vectors can transduce HepG2 cells and ideally correct the phenotypic
deficiencies commonly seen in WD. To establish a cell-based model
of WD, we developed an ATP7B KO HepG2 cell line, validated the
specificity of the gene deletion, and confirmed the loss of ATP7B
protein compared to the parental HepG2 cell line. Additionally, we
applied several molecular and biochemical assays to assess copper
sensitivity, ATP7B localization and trafficking through the TGN as well
as in ATP7B KO cells treated with vehicle or rAAV-ATP7B. Overall,
our ATP7B KO cell line functions well as an in vitro model system of
WD and provides an efficient means of evaluating rAAV efficacy and
potency prior to in vivo studies.

173. Abstract Withdrawn

174. Anatomical Characterization of AAV
Chimeric Capsids in the Central Nervous
System of Macaque Monkeys

Martin Bohlen', Lester Suarez?, Tierney Daw’,
Mackenzie Marques', Marc A. Sommer’, R. Jude
Samulski?

'Biomedical Engineering and Neurobiology, Duke University, Durham,
NC,?AskBio, Durham, NC,*School of Medicine Pharmacology, University of
North Carolina, Chapel Hill, NC

Introduction: Natural AAV capsids containing two primary receptors
(i.e. AAV6 with the HS and Integrin motifs) can be leveraged to
generate and characterize novel capsids, via rational design, that
feature multiple receptor binding loci. For example, the galactose-
binding footprint from rAAV9 and heparin sulfate-binding locus from
rAAV?2 have been engineered into chimeric capsids for gene delivery.
Preliminary characterization has demonstrated that chimeric rAAV2g9
has the binding activity of both rAAV9 and rAAV?2, thus providing
gain-of-function over parental capsids. Further, mutant rAAV2g9 show
enhanced features over the parental rAAV2g9. In rodents, rAAV2g9
features enhanced transduction capacity and minimal leakage from
the central nervous system to mitigate off-target effects, compared
with both parental capsids. A second capsid of interest, rAAV2-retro,
was directly evolved in the striatum of rodents and selected for its
ability to provide robust post-transduction retrograde transport.
Our goal is to characterize and compare the properties of AAV2g9,
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rAAV2g9 mutants, and rAAV2-retro in the non-human primate brain.
Methods: AAV2g9, double mutant rAAV2g9, and rAAV2-retro were
injected into the prefrontal cortex, visual cortex, or superior colliculi of
cynomolgus macaques (Macaca fascicularis). After a 2-month survival
duration, we used neuroanatomical and histological approaches to
assess (1) proximal neuronal transduction at the injection site and (2)
distal transduction in regions with known anatomical connectivity
to the injection site to assess for retrograde or anterograde transport.
Results/Discussion: Despite its namesake, a major finding is that
rAAV2-retro provides conditional retrograde transduction in macaque
neuronal populations, in contrast to what has been found in rodents.
Further, in a number of injections, we have discovered anterograde
labeling of the exogenous gene in axonal terminals, in addition to
local transduction of neurons around the injection sites. This finding
was confirmed in multiple injections across the primate neuroaxis in
multiple animals. Conversely, our working hypotheses are that (1)
AAV2¢g9 provides greater transduction at the injection site compared
to recombinant parental AAV serotypes in the non-human primate
model, and (2) based on previously published rodent data, rAAV2g9
double mutants may spreads further from the injection site and provide
better retrograde transport to neurons with projections to the injection
site when compared to AAV2g9. Primate data with respect to these
and other AAV capsid mutants will be discussed.

175. Recombinant AAVs Target Custom
Frataxin Therapeutic Cassettes to Tissues of
Pathophysiologic Relevance in Friedreich’s
Ataxia

Acacia Hori, J. Elliott Robinson, Ken Chan, Nicholas
Flytzanis, Nick Goeden, Ben Deverman, Viviana
Gradinaru

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

Friedreich’s Ataxia (FRDA) is a genetic disease affecting multiple organ
systems, in which an intronic triplet repeat expansion (GAA) suppresses
expression of frataxin (FXN). This mitochondrial protein is involved in
iron-sulfur clustering, and non-regenerating tissues become especially
vulnerable to oxidative stress and cell damage. In FRDA patients,
neuronal damage in the CNS and PNS impairs motor coordination,
manifesting as progressive gait and limb ataxia. In addition, oxidative
stress in the heart leads to hypertrophic cardiomyopathy in early
adulthood, which is often lethal. Naturally occurring AAV serotypes
are widely used in research settings and clinical trials to deliver genetic
cargo throughout the body when administered systemically. However,
broad transduction of current systemic vectors (e.g. AAV9) can have
deleterious off-target effects[1], underscoring the need for vectors that
limit efficient transduction to specific disease targets. In this study, we
aimed to develop precision AAV-mediated FXN gene replacement
therapy to replace physiologic levels of FXN in the deep cerebellar
nuclei, dorsal root ganglia, and the heart in two mouse models of FRDA,
while minimizing transduction of organ systems and cell types that are
not major contributors to the disease process, including the liver. To this
aim, we used a dual-engineering approach to optimize both the delivery
system and therapeutic cargo for targeted replacement of physiologic
levels of FXN. Three constructs of the FXN gene containing different
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putative regulatory elements were cloned and packaged into AAV's for
CNS and PNS targeting. In early experiments, a cocktail of PHP.eB and
PHP.S was used for broad CNS and PN targeting of these constructs
after intravenous delivery in a knock-in-knock-out (KIKO) mouse
model of FRDA, which recapitulates the genetic etiology of the disease,
but exhibits a mild motor phenotype. With this approach, we achieved
broad FXN expression throughout the target regions. Notably, cassettes
containing FXN regulatory elements yielded expression patterns and
levels mimicking the healthy endogenous state. To evaluate whether
restoring expression patterns is sufficient to rescue sensorimotor
deficits of FRDA, we transitioned to an inducible shRNA knockdown
mouse model of FRDA (FXNiKD) which exhibits a more severe motor
and coordination deficit than the KIKO model, as well as a cardiac
phenotype. For CNS targeting in these experiments, we instead utilized
the next generation vector AAV.CAP-B10, selected for its equally
high efficiency of crossing the rodent BBB as PHP.eB but with unique
bias toward neurons, and superior detargeting of the liver, cerebellar
Purkinje cells, astrocytes and oligodendrocytes, which are clinical off-
targets in FRDA. Using this new combination of CAP-B10 and PHPS,
FXN was systemically delivered to a small pilot cohort of symptomatic
FXNiKD mice and wild-type controls, and sensorimotor phenotype
was evaluated. In addition, due to the degenerative nature of FRDA, we
are investigating whether targeted exogenous FXN therapy is able to
prevent motor and coordination deficit development in FXNiKD mice
when prophylactically applied.1.Hinderer, C., et al., Severe Toxicity in
Nonhuman Primates and Piglets Following High-Dose Intravenous
Administration of an Adeno-Associated Virus Vector Expressing
Human SMN. Human Gene Therapy, 2018. 29(3): p. 285-298.

176. AAV.PLP Stops Disease and Prevents
Epitope Spreading in a Model of Relapsing-
Remitting Multiple Sclerosis

Addelynn Sagadevan', Isabelle Cote', Geoftrey D.
Keeler!, Cristina D. Gaddie!, Brad E. Hoffman'?

'Pediatrics, University of Florida College of Medicine, Gainesville,
FL,*Neurosciences, University of Florida, Gainesville, FL

In the autoimmune disease Multiple Sclerosis (MS) there is a failure
of thymically derived regulatory T cells (Tregs) to maintain tolerance.
Unfortunately, antigen-specific therapies have remained elusive
due to the genetic diversity of multiple unknown encephalitogenic
epitopes present in patients. To address this, we have developed
relevant AAV-based gene-immunotherapies that can restore
tolerance in order prevent or reverse clinical symptoms and
neuroinflammation in preexisting disease by inducing antigen specific
Tregs in the experimental autoimmune encephalomyelitis (EAE) model.

Given that 85% of MS patients are diagnosed with relapsing-
remitting (RR) MS, demonstrating the therapeutic efficacy of
our novel gene-immunotherapy in models that closely resemble
clinical disease is an essential step toward a cure. Proteolipid
protein (PLP)-induced EAE presents with an initial relapsing-
remitting disease (RR-EAE), followed by a secondary progressive
stage in SJL mice and is similar to that of human MS disease.

Using a hepatocyte directed AAV vector expressing mouse PLP (AAV.
PLP), we have effectively induced/restored antigen-specific tolerance
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to multiple epitopes of PLP and abrogated disease. To initially test
if the gene-immunotherapy vector could prevent disease, AAV.PLP
or Null vector was given 14 days prior to EAE induction. EAE was
then induce in SJL (H-2°) mice by immunization using PLP ,, . in
adjuvant. Beginning 10 days later, all control mice quickly developed
severe RR-EAE. Remarkably, the AAV.PLP treated mice were protected
and never developed any signs of neurological disease (FiglA). For
therapeutic reversal of pre-existing disease, immunotherapy treatment
was administered after the first appearance of symptoms (early reversal)
or during the first remission (late reversal) (Fig1B). Again, following the
initial response, AAV.PLP completely blocked or ameliorated clinical
disease, reduced cellular infiltration, and suppressed demyelination
in PLP . immunized mice, regardless of treatment timing. To
demonstrate that AAV.PLP is not restricted to a specific epitope, the
vector was tested using a secondary immunogenic PLP epitope (PLP
1) that results from the epitope spreading process demonstrated in SJL
mice that were induced with PLP_,, ... Remarkably, in both prevention
and reversal experiments, disease was significantly reduced or resolved
in AAV.PLP treated mice (Fig1C). In contrast, 100% of the control mice
relapsed after the initial remission phase. Lastly, to show that AAV.PLP
can adjust to genetic diversity (MHC-unrestricted), EAE was induced
in a cohort of C57BL (H-2") mice using PLP __ . . As before, the AAV.
PLP gene-immunotherapy completely prevented disease (FiglD).

For the first time we provide definitive evidence that AAV directed
gene-immunotherapy not only efficiently prevents the development
of MS-like disease, but can also abrogate active pre-existing disease
and relapses in a murine model of RRMS. The data further supports
that treatment simultaneously provides protection against epitope
spreading. Clinical translation of this novel gene therapy could result
in prevention of the early inflammatory responses, thus stopping the
transition into secondary progressive MS and significantly improving
the quality of life for MS patients.
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177. Intraparenchymal Spinal Cord Delivery of
AAV VY-SOD102 Reduces Disease Burden in
the G93A Mouse Model of ALS-SOD1

Jeffrey M. Brown, Heather Yonutas, Carol Huang,
Michael P. Hefferan, Jenna Tocci, Ruo Jie Wang, Jeffrey
S. Thompson, Emily M. Christensen, Qingmin Chen,

Dinah W. Y. Sah, Holger Patzke

Voyager Therapeutics, Cambridge, MA

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. Previously reported studies using intraparenchymal spinal cord
dosing demonstrated significant SOD1 knockdown 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. Notably, the identified lead AAV vector substantially suppressed
SOD1 in motor neurons in cervical levels of the spinal cord, critical
for respiratory function. The current studies extend our previous
findings by demonstrating efficacy of our lead construct in the G93A
mouse model of ALS. VY-SOD102 demonstrated a dose-responsive
increase in survival of G93A mice when dosed during disease onset
(P50-55). This increased survival was associated with a delay in overall
disease onset, reduction or full prevention of hindlimb paralysis and
improved grip strength and rotarod performance. Evaluation of in vivo
pharmacology showed a dose-dependent reduction in hSOD1 mRNA
in the spinal cord which correlated with overall tissue vector genome
levels. Evaluating vector genome levels required in large animals for
spinal cord SOD1 reduction show potent knockdown at vector genome
tissue levels consistent with published data following intra-cisterna
magna dosing. Collectively, our findings support the use of AAV gene
therapy targeting SOD1 with RNAi as a potential approach for the
treatment of SOD1-ALS

178. Transgene Expression and Tolerability
After a Secondary Subretinal Injection of

an AAV Vector to the Ipsilateral Eye in Non-
Human Primates

Judith Newmark', Adrian Timmers', Ryan Boyd?,
Thomas Vihtelic?, Mark Shearman'

'Pre-clinical R&D, AGTC, Cambridge, MA,*Charles River Laboratories,
Mattawan, MI

Purpose: Secondary subretinal injection of an AAV vector to the
contralateral eye is an accepted practice in preclinical and clinical
studies. Limited information is available, however, on the expression
and safety outcomes of performing a secondary subretinal injection of
AAV vector to the same eye, and so with this specific aim, we conducted
astudy in non-human primates.Methods: Cynomolgus macaques were
divided into low dose (n=4) and high dose groups (n=4). Both eyes
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were given a single subretinal injection of AAV vector containing a
photoreceptor specific promoter and hGFP reporter on Day 1. During
Week 8 the left eye was given a second subretinal injection of the
vector at high dose, at a different location from the first injection. At
Week 16 the animals were sacrificed, and the eyes were processed for
immunohistochemistry of hGFP and histopathological assessment
by a veterinary pathologist. Ophthalmic exams were performed
throughout the study to assess tolerability and inflammation, and
fundus autofluorescence confocal scanning laser ophthalmoscopy
(cSLO) was performed to evaluate hGFP expression. Neutralizing
antibodies, fluorescein angiography, and clinical pathology were also
assessed.Results: Ocular examinations showed a minimal level of
inflammation after the first injection. Similarly, and importantly, no
apparent increase in inflammation was recorded following the second
subretinal injection. Quantitative analysis of fundus autofluorescence
cSLO images demonstrated increasing hGFP expression after the first
injection that continued through Week 16, with higher expression for
the high dose group. The hGFP fluorescence levels in the right and
left eye were similar at the same time point. Quantitative analysis of
hGFP fluorescence following the second injection showed a steadily
increasing hGFP fluorescence in the second location, similar to the
increase in the first location following dosing. hGFP expression in the
second location did not inhibit the fluorescence of hGFP in the first
location and was similar to hGFP fluorescence in the contralateral eye
at equivalent time points post-dose.Conclusions: Secondary subretinal
injection of an AAV vector to the ipsilateral eye was well tolerated
in non-human primates and did not inhibit transgene expression in
the first injection site. The option to perform additional subretinal
injections provides patients with a better chance for effective therapy
ifan initial injection was ineffective or failed, additional retinal regions
require treatment, or if transgene expression or efficacy diminishes
over time.

179. AAV9-Mediated Delivery of an NFAT-
Neutralizing Decoy Oligonucleotide
Ameliorates Heart Failure in Mice

Anca Remes', Andreas H. Wagner?, Nesrin Schmiedel’,
Markus Heckmann?, Lin Ding', Andreas Jungmann’,
Frauke Senger', Frauke Senger', Hugo A. Katus’, Nina
Ullrich? Norbert Frey', Markus Hecker?, Oliver J.

Mueller!

'Internal Medicine III, University of Kiel, Kiel, Germany,”Dept. of Physiology,
University of Heidelberg, Heidelberg, Germany,’Internal Medicine III, University
of Heidelberg, Heidelberg, Germany

Introduction: Heart failure represents the leading cause of death
in the Western world. However, recent treatment options focus
solely on reducing the severity of symptoms. Previous studies have
underlined the substantial role of nuclear factor of activated T cells
(NFAT) in the regulation of cardiac growth, fetal gene expression
and extracellular matrix deposition. Collectively, these processes
contribute to pathological myocardial hypertrophy and ultimately lead
to heart failure. Purpose: We aimed at simultaneously neutralizing
four members of the NFAT family of transcription factors as a
therapeutic strategy for myocardial hypertrophy transiting to heart
failure through AAV-mediated cardiac expression of shRNA-based
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decoy oligodeoxynucleotides (ONs) targeting NFATc1-c4. Methods:
NFAT consensus binding sequence (NFAT ON, 40 bp) and mutated
control oligonucleotide were cloned into an AAV plasmid under
the control of H1 promotor. In vitro experiments were performed
in neonatal rat ventricular cardiomyocytes (NRVCMs) using AAV6
vectors. Endothelin-1 (ET-1) was used as a pro-hypertrophic stimulus,
and mRNA levels of fetal genes were measured by real-time PCR. Cell
size was assessed by a-actinin immunocytochemistry. For in vivo
studies, AAV9 vectors expressing NFAT ON were injected 2 days after
induction of cardiac hypertrophy by transverse aortic constriction
(TAC). Expression of ONs following transduction was demonstrated
by fluorescent in situ hybridization (FISH). Cardiac function (ejection
fraction, EF; fractional shortening, FS) and left ventricular mass were
measured by echocardiography. Myocardial fibrosis was assessed in
frozen sections by Masson’s Trichrome staining. Results: Transduction
with AAV6 vectors expressing NFAT ONs markedly decreased ET-1
induced NRVCM hypertrophy, evidenced by a marked reduction in
fetal gene programme and decrease of cardiomyocyte size as compared
to controls. Tail-vein injection of the designed AAVY into adult mice
led to efficient expression of the nucleic acid compound as evidenced
by FISH. Importantly, in vivo experiments showed that although cardiac
function severely deteriorated 6 weeks after TAC in control mice
(EF: 58+6,4% in sham operated mice, 42+4% in TAC control mice),
AAV9-mediated delivery of ONs after TAC resulted in preservation of
cardiac function to basal levels (EF: 59+3,58%). Moreover, we could
show that our treatment largely ameliorated cardiac hypertrophy,
demonstrated by a reduction in HW/TL (26+2% decrease) and LV mass
(41%+2,3% decrease) as compared to controls. Additionally, reducing
NFAT transcriptional activity led to marked reduction in extracellular
matrix development in the myocardium. Conclusion: Our study proves
that continuous generation of ONs targeting NFAT transcriptional
activity in cardiomyocytes potently inhibits cardiac hypertrophy
caused by hemodynamic stress and improves left ventricular function.
Antagonizing increased NFAT activity thus seems to be a promising
approach for translation into treatment of heart failure.

180. AAV Gene-Immunotherapy is Not
Inhibited by Immunosupression in a Model for
Multiple Sclerosis

Addelynn Sagadevan', Isabelle Cote', Geoffrey D.
Keeler!, Cristina D. Gaddie!, Brad E. Hoffman'?

'Pediatrics, University of Florida College of Medicine, Gainesville,
FL,’Neurosciences, University of Florida, Gainesville, FL

While there is no cure for MS, current Disease Modifying Therapies
(DMTs) focus on generalized immune suppression to slow
disease progression. To increase the specificity, our lab has
developed a novel gene immunotherapy that can selectively
modulate the adverse immune response against specific myelin
proteins. We have demonstrated our novel approach can not
only prevent, but can also reverse Experimental Autoimmune
Encephalomyelitis (EAE), the animal model of MS, using an Adeno-
associated virus (AAV) vector expressing a specific neuro-protein.
When considering the development of a clinical trial, patients are
likely to be receiving a DMT or will start a treatment protocol as
the established standard of care. The prevailing goal of AAV gene-
immunotherapy is to restore immune tolerance so that long-term
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continuous use of a DMT is unnecessary. As such, it is vital to ensure
that the medical treatment currently being undertaken by the patient
does not adversely affect the ability of our gene-immunotherapy
to iskpre-establish and maintain tolerance. Thus, it is necessary to assess
the ability of our AAV vector expressing myelin oligodendrocyte
glycoprotein (AAV.MOG) to induce immunological tolerance while
a patient is currently being treated with the drug Fingolimod, an
established immunosuppressant used in the treatment of MS patients.
Using 8-week-old Female C57BL/6 mice, EAE induced with MOG35-
55. At first sign of clinical disease, mice were injected with AAV.MOG
vector and began daily administration of fingolimod via oral gavage
until day 24. Control mice were treated with fingolimod only, without
the administration of vector. At Day 24, fingolimod treatment was
discontinued, whereas half of the control group receiving treatment
continued receiving fingolimod and the remaining half stopped
receiving treatment. By day 20 post treatment, all treated mice had
recovered. However, after treatment was stopped mice that were only
receiving fingolimod relapsed and developed severe EAE (Fig. 1).
Whereas mice treated with AAV.MOG and fingolimod remained nearly
disease free. Our data of concomitant administration of vector and
fingolimod demonstrates a synergistic effect that results in a significant
long-term reversal of disease even upon withdrawal of DMT treatment.
In sum, simultaneously treatment using AAV.MOG and the DMT,
fingolimod, shows no apparent inhibitory effect on the function of
the vector. In fact, it appears to work synergistically to reverse disease
progression and increase the effectiveness of gene-immunotherapy.
In conclusion, our AAV gene-immunotherapy has significant clinical
relevance as it restores a persistent and continuous immune tolerance
such that long-term continuous DMT may be unnecessary for MS
patients.
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181. AAV Gene Therapy to Provide Continuous
C1-INH Expression to Treat Hereditary
Angioedema

Jill Woloszynek, Atul Sathe, Katherine Webster, Stacy
Sherman, Katie Black, Lin Xie, Natalie Fredette, Joseph
Chen, Nicole Galicia, Brian Kaplowitz, Sherry Bullens,
Heather Wenzel, Christa Cortesio, Vishal Agrawal,
Alexander Giaramita, Stuart Bunting, Hassib Akeefe,
Kahsay Gebretsadik, Gabor Veres, Peter Colosi

BioMarin Pharmaceutical, San Rafael, CA
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Hereditary angioedema (HAE) is a rare autosomal dominant disorder
that presents as localized, acute episodes of severe, painful swelling
that can occur anywhere in the body at any time. The frequency of
angioedemia episodes, which persist for 1-5 days and may not have an
identifiable trigger, is variable among patients but can occur up to several
times a week. Without treatment, a swelling event in the airway can lead
to asphyxiation and death. The recurrent and unpredictable nature of
these attacks significantly affects the patients” quality of life. HAE types
1 and 2 are due to mutations in SERPINGI that reduce C1 esterase
inhibitor (CI1-INH) activity. C1-INH is a highly expressed serum
protein (16-32mg/dL) that plays roles in the coagulation, complement,
fibrinolytic, and the contact activation pathways. Insufficient CI-
INH activity causes dysregulation of the contact activation pathway
leading to un-regulated bradykinin formation and B2 receptor
signaling resulting in excessive vascular permeability and vasodilation.
Current therapies are successful in reducing severity and attack
frequency but patients’ can still experience breakthrough attacks. We are
developing a promising new therapeutic approach for HAE types 1 and 2
using an adeno-associated virus (AAV) SERPINGI gene therapy vector
to augment functional C1-INH levels via continuous production of C1-
INH from the liver with a single treatment. BMN331 is an AAV gene
therapeutic utilizing the AAV5 capsid, with a liver specific promoter/
enhancer, driving the expression of a SERPING1 c¢DNA. Intravenous
administration of BMN331 in a dose response study in Rag2-/- mice
produced stable levels of functional human C1-INH ranging from
undetectable to 30 times the normal range, without ALT elevations,
alterations in liver histo-architecture, or pathological increases in IBA1-
positive Kupffer cells. A long-term durability study in mice is underway.
Treatment of cynomolgus macaques with BMN331 produced
significant circulating levels of C1-INH and was well-tolerated in an
ongoing study.

182. Insulin Replacement Gene Therapy Using
a Novel Glucose- and Drug-Inducible Adeno-
Associated Virus

Igor R. Correia-Rocha’, Iuliia Vitko', Binita Rajbanshi’,
Jocelyn Brown', Jun Jie?, Guangping Gao? Thurl E.
Harris', Edward Perez-Reyes'

"Pharmacology, University of Virginia, Charlottesville, VA,’Horae Gene Therapy
Center, University of Massachusetts, Charlottesville, MA

Objective: To develop AAV-based gene therapies that can be activated
by the FDA-approved drug doxycycline (Dox). We present proof-of-
concept studies using diabetic mice that show effective delivery and
pharmacological regulation of an insulin gene replacement therapy.
Methods: Glucose-inducible promoters have been developed by
incorporating the DNA sequences that bind the carbohydrate response
element binding protein, ChREBP. We developed a novel promoter
with multiple repeats of ChREBP binding motif 1 and motif 2 (Jeong
etal,,2011). For Dox regulation we engineered a single AAV to contain
both components of the 3G Dox-on system (Clontech): 1) the reverse
tetracycline transactivator (rtTA), whose expression is controlled by
the glucose-inducible promoter; and 2) the tet operator, where the rtTA
binds in the presence of Dox to induce the expression of recombinant
insulin. Recombinant AAV8 pseudovirions were injected into the tail
vein of diabetic mice (streptozotocin model). Blood glucose levels were
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monitored during ad libitum feeding and after an intra-peritoneal
glucose tolerance test (GT'T). Insulin production was monitored using
serum samples and an ELISA directed against the human C-peptide
produced by the rAAV. Expression of recombinant insulin mRNA was
also validated using RT-qPCR. AAV delivery was confirmed by ddPCR
on liver DNA.Results: Design of the AAV targeting plasmid was guided
by in vitro studies measuring the expression of the fluorescent reporter,
Fusion Red. The final designs showed modest regulation by glucose
(2-fold), but tight regulation by doxycycline (Dox) with a large dynamic
range (8,000-fold). All in vivo experiments were blinded and included 4
groups of mice (C57Bl/6, n=5 each): 1) naive (not diabetic, no AAV); 2)
negative control (diabetic, null AAV); while 3) and 4) tested variations
of the rAAV-Insulin gene therapy (versions 3 vs 4). Preliminary in vivo
studies on diabetic mice measured glucose tolerance before doxycycline
administration. These GT'Ts established that groups 2-4 were diabetic,
showing an inability to lower blood glucose after glucose challenge.
Strikingly, administration of Dox normalized glucose handling in
groups 3 & 4 to similar levels as observed in the naive group. In a
second experiment, we started Dox soon after rAAV injection, and
then measured ad libitum blood glucose. The group with rAAV-Insulin
version 4 began to show a response after 3.5 weeks, with blood glucose
falling from 600 down to levels observed in naive mice, 200 mg/dl.
Mice in this group also showed better glucose handling in the GTT
test than naive mice. This result shows lower Dox doses can be used to
normalize glucose handling, allowing for titration of the gene therapy
response. Significance: The human insulin replacement market has
been estimated at $42 billion dollars. Most commonly used strategies
rely on the patient monitoring their blood glucose from a finger prick
and daily subcutaneous injections of recombinant insulin. The present
research suggests that a one-and-done pharmacologically inducible
insulin gene replacement strategy can be developed.
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183. AAV-Mediated Anti-Eosinophil Gene
Therapy for Eosinophilic Esophagitis
Odelya E. Pagovich, Anna E. Camilleri, Saparja Nag,

Katie M. Stiles, Ronald G. Crystal
Weill Cornell Medical College, New York, NY

Eosinophils are specialized granulocytic effector cells that store and
release highly active mediators and participate in the immune defense
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against pathogens. However, eosinophils are also implicated in the
pathogenesis of a variety of chronic allergic disorders, including
eosinophilic esophagitis, characterized by persistent blood eosinophilia,
infiltration of eosinophils into the esophagus, and release of eosinophil
mediators that damage the tissue, resulting in upper gastrointestinal
morbidity, food impaction and dysphagia. Treatment with elimination
diets and/or corticosteroid therapy can slow disease progression,
but are complicated by adverse effects and limited compliance. We
hypothesized that a single intravenous administration of an adeno-
associated virus (AAV) coding for an anti-eosinophil monoclonal
antibody that induces eosinophil apoptosis (anti-Siglec-F) would
reduce on a persistent basis the number of blood and tissue eosinophils
in a murine model of eosinophilic esophagitis. To assess this concept,
we established a novel mouse model of eosinophilic esophagitis
that mimics the human disease by sensitization [intraperitoneal
administration] and challenge [intranasal administration] with peanut
extract with saline as a control. After challenge, these mice exhibit an
eosinophilic esophagitis phenotype demonstrated by elevated levels
of blood eosinophils, elevated IgE levels, infiltration of eosinophils
in the esophagus and food impaction. The mice were treated with
a single administration (10" genome copies) intravenously with
AAVrh.10mAnti-Eos, a serotype th.10 AAV vector coding for an
anti-Siglec-F monoclonal antibody. Vector administration resulted
in persistent, high levels of anti-Siglec-F antibody expression.
Administration of AAVrh.10mAnti-Eos to the mouse model of
eosinophilic esophagitis, reduced peripheral (p<0.007) and esophageal
(p<0.003) eosinophil numbers and alleviated food impaction 7 wk after
AAVrh.10mAnti-mEos administration when compared with untreated
mice. These results suggest that a single treatment with AAVrh.10m.
anti-Eos has the potential to provide substantial therapeutic benefit to
patients with eosinophilic esophagitis, primarily alleviating the burden
of eosinophilic esophagitis.

184. Developing a rAAV-Based Gene
Replacement Therapy for GM3 Synthase
Deficiency

Huiya Yang"?, Karlla Brigatti’, Jia Li', Michelle
Dookwah*, Michael Tiemeyer*, Dan Wang®, Kevin A.

Strauss®’, Guangping Gao®'

'"Horae Gene Therapy Center and Department of Microbiology and Physiological
Systems, University of Massachusetts Medical School, Worcester, MA,*The
Graduate School of Biomedical Sciences, University of Massachusetts Medical
School, Worcester, MA,*Clinic for Special Children, Strasburg, PA,*Complex
Carbohydrate Research Center and The Department of Biochemistry and
Molecular Biology, University of Georgia, Athens, GA,"Horae Gene Therapy
Center and RNA Therapeutics Institute, University of Massachusetts Medical
School, Worcester, MA

GM3 synthase (ST3GALS5) deficiency is a rare monogenic neurological
disorder common within Old Order Amish communities due to
a population-specific founder variant (ST3GAL5 ¢.862C>T) that
segregates with a carrier frequency of ~4%. ST3GAL5 mediates
synthesis of GM3, the common precursor for all a- and b-series
gangliosides. Biallelic ST3GAL5¢c.862C>T mutations abolish
ganglioside biosynthesis and result in systemic and cerebral ganglioside
deficiency. ST3GALS5 ¢.862C>T homozygotes appear healthy at birth,
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but develop progressive microcephaly, neurodevelopmental stagnation,
intractable epilepsy, irritability, insomnia, deafness, blindness, and
dyskinesia within a few months of life. No treatment is currently
available. Here, we hypothesize that gene replacement therapy
targeted to the central nervous system (CNS) could restore cerebral
ST3GALS5 expression and ganglioside biosynthesis and thereby rescue
the severe neurodevelopmental phenotype. Using fibroblast cell lines
and iPSC-derived cortical neurons from patients with ST3GAL5
deficiency, we used lentivirus-mediated gene replacement to transfer
human ST3GAL5 ¢cDNAs encoding all isoforms of the ST3GAL5
protein. We first examined the expression efficiency by Western blot.
As expected, all constructs produced the ST3GALS5. Moreover, we
showed that hST3GALS5 gene replacement restored GM3 production
in patient-derived fibroblasts. More importantly, gene replacement
in iPSC-derived cortical neurons reconstituted GM3 as well as its
major downstream a- and b-series brain gangliosides (e.g., GDla,
GD1b, and GT1b). These in vitro data indicate the strong therapeutic
potential of human ST3GAL5 cDNA gene replacement. We next
packaged hST3GAL5 constructs into AAV9 capsid that is known to
target neurons and astrocytes following systemic delivery. To examine
the safety and efficacy of transgene expression, we first delivered AAV
vectors intravenously to wild type C57BL/6 mice. We observed that at
high doses (2x10"vg/kg for neonates, 1x10"vg/kg for young adults),
AAV9-hST3GALS5 vectors compromise survival. Although lower vector
doses (2.7x10"vg/kg) were tolerable in wild type mice, such a dose
regimen may or may not be therapeutically efficacious when targeting
the CNS via systemic delivery. In addition, after recording elevations
of hepatic alanine aminotransferase following AAV9-hST3GAL5
injection, we attempted to de-target hST3GALS5 transgene expression
from liver through endogenous miR-122, but little improvement was
observed. We are currently trying to understand the pathomechanism
and optimize the vector design to mitigate vector associated toxicity.
In parallel, we injected neonatal wild type mice via direct CNS
injection. Enhanced rAAV genome biodistribution and hST3GAL5
over-expression was measured in the brain tissue by Droplet Digital
PCR (ddPCR) and Western blot, respectively, and we observed no
short-term vector-associated toxicity. Studies are underway to further
develop rAAV-based hST3GALS5 replacement vectors and test their
safety and efficacy in St3gal5-/- and St3gal5-B4galnt1 double knockout
mice. *Co-corresponding authors

185. AAVHSC-Mediated Editing of the Factor
VIl Gene for the Correction of the Inversion 22
Mutation in Hemophilia A

Ka Ming Pang, Lakshmi Bugga, Chien-Hung Liu, Chu-
Chiao Wu, Szu-Chi Su, Yen-Hsi Liu, Saswati Chatterjee
Surgery, City of Hope, Duarte, CA

Hemophilia A is an X-linked recessive genetic disease caused by a
deficiency of the clotting protein Factor VIII. Approximately half of
all hemophilia A patients carry the 122I mutation in which exons 1-22
of the Factor VIII gene (F8) are inverted relative to exons 23-26. This
1221 inversion results in the expression of a defective truncated Factor
VIII protein. We have isolated a group of Clade F adeno-associated
viruses from normal CD34+ hematopoietic stem cells (AAVHSCs).
We and others have previously shown that AAVHSC mediate precise
and efficient on-target genome editing without the need for prior
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exogenous nuclease-mediated cleavage of genomic DNA. Here we test
the hypothesis that utilizing AAVHSC vectors to target the insertion of
the exons 23-26 cDNA downstream of exon 22 would restore the full
length FVIII protein and confer clotting ability. In the abstract by Bugga
et al, we showed that AAVHSC editing vectors successfully inserted
the promoterless GFP open reading frame (ORF) into the F8 locus in
celllines and primary human liver sinusoidal endothelial cells (LSEC)
in vitro. Sequence analyses revealed that the AAVHSC vectors were
precisely inserted directly downstream of F8 exon 22, indicating that
the edited cells expressed GFP under the control of the chromosomal
F8 promoter. No evidence of indel mutations or insertion of AAV ITR
sequences was observed in the edited locus. We also showed that in
vivo intravenous injection of AAVHSC editing vectors resulted in the
targeted insertion of the promoterless luciferase ORF into the mouse
F8 gene, with stable long-term liver-specific expression of luciferase.
Based upon these studies we have designed an F8 correction vector
that encodes a codon optimized cDNA of exons 23 to 26 of the F8
gene, followed by a FLAG tag, a T2A sequence and the promoterless
mCherry ORE This was followed by a transcription termination and
polyadenylation signals. The homology arms were designed to insert
this correction cassette immediately at the end of exon 22 such that
exon 23 to 26 will be fused to exon 22 to generate a full-length Factor
VIII protein with a C terminal FLAG tag. Transduction of primary
human LSECs with this FVIII correction vector resulted in mCherry
expression, suggesting successful targeted insertion of the correction
sequence in the F8 gene. Studies are underway to test the production
of the full-length Factor VIII clotting protein and correction of the
122 truncation.

186. Improved AAV9 Transduction of the
Central Nervous System and Retina After Co-
Treatment with Neuraminidase

Maura Schwartz, Amy Huffenberger, Ricardo Pineda,
Megan Baird, Shibi Likhite, Kathrin Meyer

Center for Gene Therapy, The Abigail Wexner Research Institute at Nationwide
Children’s Hospital, Columbus, OH

Production costs and potential safety concerns related to high viral
doses are major challenges in the gene therapy field. Thus, efforts
to reduce the amount of viral vector needed for efficient targeting
of the organ/cell type(s) of interest are of high value. In this study,
we evaluated the potential of combining AAV9 delivery with
neuraminidase (NA) for cerebrospinal fluid and retinal applications.
Neuraminidase is an enzyme that cleaves sialic acid (SIA) residues
from cell surface glycans. Via this mechanism, the AAV9 galactose
receptors may transiently become more exposed and easier to access
for the vector. Importantly, multiple groups previously demonstrated
that co-injection of AAV9 and neuraminidase increases in vivo gene
transfer to heart, lung, and muscle. We evaluated whether the same
principle could be applied to increase AAV9 transduction in the
central nervous system (CNS) following cerebrospinal fluid delivery
of AAV9 and in the retina following intra-ocular injections. After
intracerebroventricular injections of AAV9.GFP and neuraminidase
into the CSF, we saw a substantial increase in overall GFP transduction
in spinal cord and sagittal brain sections. In spinal cord, counts of GFP+
neurons colocalized with ChAT suggest ~15% increased transduction
of motor neurons while non-neuronal cell targeting was also increased.
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For intra-ocular delivery, we injected AAV9.GFP and neuraminidase
into the vitreous fluid of the eyeball in 2-month-old mice. Again, we
found a substantial increase in the number of retinal cells transduced.
Colocalization of GFP+ cells with Sox2 and Otx2 counterstains showed
increased targeting of Miiller glia and bipolar cells in the inner retinal
cell layer, which is particularly exciting since previous experiments
with AAV9 alone showed low targeting of these cells. In summary,
our data suggests that the addition of neuraminidase during viral
delivery to the CNS and retina using CSF and intravitreal injections,
respectively, might be an attractive option to enhance transduction
of target cell types. This would allow for lower viral loads to reach
maximum efficacy, thus decreasing therapy production costs and the
potential for viral-mediated immune responses.

187. Miniaturizing Usher Syndrome Type 2A
Gene for Gene Therapy via Cell Proliferation
Weiwei Wang', Michael Florea', Nachiket Pendse?, Qin

Liu?, Luk Vandenberghe'

'Grousbeck Gene Therapy Center, Mass Eye and Ear, Harvard Medical School
& The Broad Institute of Harvard and MIT, Boston, MA,?Department of
Ophthalmology, Harvard Medical School, Ocular Genomics Institute, Mass Eye
and Ear, Boston, MA

Usher Syndrome (USH), an inherited disorder, is the leading cause
of deaf-blindness with prevalence estimated to be approximately 1
in 6000. According to the onset age of vision loss, severity of hearing
impairment, the presence or absence of vestibular dysfunction, it
can be classified into three type, USH1, USH2, and USH3. Multiple
genes associated Usher syndrome have been identified. This study
focused on the gene causes type 2A Usher syndrome, USH2A,
which encodes Usherin with an open reading frame of 15.6kb.
Currently the most expedited path to clinical application for inherited
photoreceptor degeneration is subretinal AAV-mediated gene
augmentation. Since AAV has a size limit for packaging transgene
cargo <~5kb, the goal of this study is to engineer constructs with
reduced size (minigenes) and yet retaining Usherin protein function
sufficient to have therapeutic effects. Full length Usherin consists of
large motif repeats (35 Fibronectin type III motifs (FN3), 10 Laminin
EGF motifs (EGF Lam), and 2 Laminin G domains). Although
several key positions have been shown to affect fibronectin and
collagen binding, the role of most motifs are yet to be examined
and potentially could be functional redundant. We aim to achieve
miniaturization by reducing the number of the motif repeats.
Due to the large number of motif repeats and lack of information
on their individual significance, we work on parallel strategies—
rational design of exploratory Ush2a minigenes, meanwhile building
combinatorial library to establish high-throughput screening to identify
which minigenes allow for superior rescue of disease phenotype. So
far we have designed seven minigenes, interrogating the significance
of EGF_Lam (5~10), Laminin G(1~2) and FN3 repeats (2~35). To
test these minigenes, we use Oc-k1 cell line which originated from the
organ of Corti of a P14 Immortomouse and expresses inner ear cells’
protein marker OCP2. We have created Ush2a knockout Oc-k1 cell
line. Both the KO cell line and WT Oc-k1 was used. The in vitro model
bases on the observation that 1) wild type Oc-k1 cells have significant
faster proliferation rate than the USH2A null Oc-kl cells, and 2)
after transfection of full length human USH2A gene, proliferation
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of null Oc-kl cells increased dramatically. Three out of these seven
minigenes achieved 50% or more rescue effect of the full length
USH2A (normalized to the cell count 96 hours after transfection of
full length human USH2A), three displayed moderate increase (~30%)
on cell proliferation and one had no effect compared to control group.
Based on the result from these seven exploratory Ush2a minigenes,
we are currently building a combinatorial library targeting LamG2
+ FN (#5~13). Establishment of the in-vitro model can allow us to
batch screen the combinatorial library of USH2A minigene in a fast,
(semi-)quantitative, and cost-efficient fashion. Our future direction
also includes further validation of the therapeutic effect in USH2A-/-
mouse model.

188. Lack of Toxicity in Non-Human Primates
Receiving Clinically Relevant Doses of an
AAV9.U7snRNA Vector Designed to Induce
DMD Exon 2 Skipping

Kevin M. Flanigan"?, Liubov Gushchina', Natalie
Rohan', Emma Frair', Adrienne Bradley', Aisha
Suhaiba', Kelly Grounds', Nianyuan Huang', Tabatha

Simmons', Megan Waldrop'?, Nicolas Wein'?

!Center for Gene Therapy, Nationwide Children’s Hospital, Columbus,
OH,*Pediatrics and Neurology, The Ohio State University, Columbus,
OH,*Pediatrics, The Ohio State University, Columbus, OH

Duchenne muscular dystrophy (DMD) is a genetic disorder
characterized by progressive muscle degeneration and weakness
affecting approximately 1 in 5,000 male births worldwide. Duplications
of exon 2 account for 10% of all duplication mutations in the DMD gene.
We have previously demonstrated prolonged therapeutic efficacy and
an absence of off-target splicing effects in AAV9.U7snRNA mediated
skipping of exon 2 in a murine Dmd model. To evaluate the potential
toxicity of AAV9.U7snRNA, male juvenile cynomolgus macaque
(NHPs, aged 29-32 months) received a single intravenous infusion
of an AAV9 vector containing four copies of a non-coding U7snRNA
with additional sequences targeting the DMD exon 2 splice acceptor
and donor sites (scAAV9.U7.ACCA vector). Three animals received the
vector at 3e13 vg/kg (the minimal efficacious dose (MED) for a planned
clinical trial), three received 8el3 vg/kg, and three received vehicle
control in a study performed in accordance with good laboratory
practice (GLP). In each group, n=2 animals were euthanized at 3
months and n=1 animal was euthanized at 6 months post-injection. We
present here the results of the analysis at 3 months post-administration,
with 6 months analysis underway. Administration of vector at both
doses resulted in no significant clinical changes, including animal body
weights, qualitative food consumption, ophthalmology, neurological
examinations, cardiac biomarkers, urinalysis parameters, bone marrow
cytology, gross necropsy, or changes in absolute or relative organ
weights. There were no remarkable echocardiography findings in any
injected animal. Treated NHPs demonstrated the minimally increased
monocytes and large unstained cells at both doses with a return to
control/baseline levels within a month of injection. The treated NHPs
had transient increases in triglycerides, alanine aminotransferase,
and aspartate aminotransferase at various levels. Minimal single
cell, hepatocyte necrosis was observed at > 3e13 vg/kg; mild, diffuse
hepatocellular vacuolization was observed in one 8el3 vg/kg dose
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group animal. The RNA-seq data showed that total DMD mRNA
levels decreased in a dose-dependent manner in all muscle tissues
(heart, quadriceps, diaphragm), reaching up to 38% reduction in
expression in the hearts of animals treated with 8E13 vg/kg of scAAV9.
U7.ACCA. DMD expression was relatively stable in the liver and testis
tissues at both doses and vehicle control. Exon 2 skipping was most
pronounced in the hearts of animals treated with a high dose, displaying
approximately 67% skipping. The biodistribution completed by gPCR
assay confirmed the presence of AAV9.U7.ACCA vector in all tested
tissue and organs demonstrating the dose-dependent exclusion of
exon 2 in skeletal muscles, diaphragm, and heart. These results were
consistent with our previous finding in the Dup2 and C57Bl6 mice,
and showed that systemic delivery of AAV9.U7.ACCA to NHPs was
safe and well-tolerated at clinically relevant doses. These findings
support initiating the first in human study of this vector for treatment
of Dup2 DMD patients.

189. A Quantitative Systems Pharmacology
Approach for Translational Modeling of AAV8-
Based Gene Therapy Products in Rodents,
Macaques and Man

Jatin Narula', Zhiwei Zhang? Glen H. Ko?, Mahua Roy',
Polina Goihberg?, Lindsay E. King’, Marko Pregel’,
Robert Bell', Joseph Rabinowitz*, Douglas M. McCarty?,
James Fleming', Suryanarayan Somanathan', Vikas K.
Dawra’, Nessy Tania', Cynthia ]. Musante', Pinky Dua®,
Chuenlei Parng', Joanne Brodfuehrer!

'Pfizer, Cambridge, MA,”RES Group Inc, Cambridge, MA,*Pfizer, Andover,
MA,*Pfizer, Morrisville, NC, Pfizer, New York, NY,¢Pfizer, Cambridge, United
Kingdom

A major obstacle in the development of Adeno-associated Virus (AAV)
based gene therapy treatments is an incomplete understanding of in
vitro-in vivo correlation and nonclinical-clinical extrapolation which
necessitates highly empirical approaches to clinical dose selection. To
address this gap, we present a Quantitative Systems Pharmacology
(QSP) framework that includes a minimal physiologically based
pharmacokinetic model linking AAV dose and systemic exposure
levels to tissue biodistribution of vector genomes, intracellular
trafficking and transcription/translation of the target gene. We have
parameterized this model for AAV8 using appropriate in vitro derived
biomeasures describing capsid-receptor interactions, internalization,
transduction and validated it using a database of previously published
pre-clinical and clinical data on dose-dependent AAV8-based
liver-targeted gene therapy treatments. We used this framework to
investigate key rate-limiting processes and inter-species differences
in AAV directed gene expression. Our analysis shows that transgene
expression kinetics are rate-limited by steps of intracellular vector
trafficking, nuclear import and DNA processing rather than cell entry.
Our model also predicted a linear dependence of vector genome/liver
cell transduction as a function of AAV8 dose which was consistent
with reported data for various single-stranded AAV8 constructs that
exhibit a fixed efficiency of 1-3% for liver-delivery of vector genomes
in both mice and non-human primates. In contrast, data for self-
complementary AAV8 constructs showed much higher liver-delivery
efficiencies and significant species differences with mice exhibiting
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efficiencies up to ~70% which could be accounted for in the model
with appropriate modification of DNA processing rates. Model-based
analysis of per-genome protein expression including corrections for
species dependent turnover/clearance where appropriate indicated
transcription/translation rates varied between species with a decreasing
trend with increasing body weight that could partly be explained by
mass-based metabolic scaling. Altogether we show how accounting
for these processes and species-scaling factors in our QSP framework
can partially reconcile observed differences between pre-clinical and
clinical gene expression thereby enabling better estimates of clinically
efficacious doses for AAV8 constructs. Finally, we discuss potential
extensions of the model to AAV9 and other non-liver targeted
treatments and prediction of tissue transduction efficiency.

190. AAV-Mediated Antibody Delivery for
Hereditary Angioedema

Joseph Thomas Bruder, Xu Wang, Devin S. McDougald,
Justin D. Glenn, Wei-Hua Lee, Chunping Qiao, Lin
Yang, Subha Karumuthil- Melethil, Andrew Mercer,

Michele Fiscella, Ye Liu, Oliver Danos

Research and Early Development, Regenxbio Inc., Rockville, MD

Hereditary angioedema (HAE) is a rare life-threatening disorder
characterized by recurring attacks of subcutaneous or mucosal
edema affecting the face, larynx, extremities, gastrointestinal tract,
and genitalia. Attacks may be frequent (weekly) and disabling with
a substantial impact on the quality of life. HAE is usually caused
by a haploinsufficiency in the SERPINGI gene encoding the C1
esterase inhibitor (C1INH), a serpin that normally functions to
inhibit factor XIIa and plasma kallikrein. Failure to inhibit these
targets results in poorly controlled plasma kallikrein activity and
overproduction of bradykinin, resulting in pain and swelling. Severe
disease is often treated prophylactically with intravenous (IV)
infusions of C1INH or subcutaneous administration of an antibody
specific for plasma kallikrein. Our approach is to deliver an adeno-
associated viral (AAV) vector capable of expressing anti-kallikrein
antibody from the liver, resulting in sustained circulating levels of
therapeutic antibody. The longer half-life and higher specific activity
of an anti-kallikrein antibody over C1-INH provides a rationale
for our AAV-mediated antibody gene therapy approach for HAE.
We conducted vector optimization studies, evaluating multiple
antibody expression cassette designs, different AAV capsids and
routes of administration to select a lead vector to advance for clinical
development. The optimized expression cassette containing a liver-
specific promoter and a codon optimized and CpG depleted transgene
with a modified furin-2A processing signal resulted in robust serum
antibody concentration when delivered intravenously using an AAV8
vector. We have achieved very high (>1mg/ml) and sustained levels
of functional anti-kallikrein antibody in the serum of C57BL/6 mice
following IV vector administration at a dose of 1el3gc/kg. Serum or
plasma from vector injected mice effectively inhibited human kallikrein
activity in vitro and inhibited endogenous mouse kallikrein in an
ex vivo assay, clearly demonstrating the functionality of the vector
expressed anti-kallikrein antibody. We are currently assessing the
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efficacy of our lead vector in a mouse model of carrageenan induced
paw swelling and planning the evaluation of its expression kinetics and
pharmacodynamics in non-human primates.

191. AAV Gene Delivery in Lung Organoids
Derived from Human Embryonic Stem Cells
Helena C. M. Meyer-Berg', Lucia Zhou Yang?, Maria
Pilar De Lucas’, Alberto Zambrano?, Stephen C. Hyde',

Deborah R. Gill'

'Radcliffe Department of Medicine, University of Oxford, Oxford, United
Kingdom,?Department of Biotechnology of Stem Cells and Organoids, Functional
Unit for Research into Chronic Diseases, Instituto De Salud Carlos II1, Madrid,
Spain,’Department of Cellular Biology, Functional Unit for Research into Chronic

Diseases, Instituto De Salud Carlos III, Madrid, Spain

We wished to use recombinant adeno-associated virus (rAAV) for
transduction of human lung parenchyma, in particular Alveolar
Type II (ATII) cells, to treat genetic surfactant deficiencies. For
efficient transduction by rAAV, careful selection of serotypes with the
appropriate tropism is required, but such serotypes have not yet been
identified. To screen for rAAV serotypes with the required tropism
we chose a human 3D lung model generated from human embryonic
stem cells. These lung bud organoids (LBOs), generated as described
by Chen and colleagues [Nat Cell Biol, (2017) 19: 542], exhibit a strong
bias towards generation of lung parenchyma, especially surfactant-
producing ATII cells. After sequential differentiation of human
embryonic stem cells to anterior foregut endoderm and subsequent
maturation and branching induction of nascent LBOs, matured LBOs
(at days 59 and 79) were microinjected with multiple rAAV vectors.
Approximately 3.5E8 - 1E9 genome copies (GC) of rAAV vectors
carrying a CMV-EGFP transgene cassette were injected in a volume of
approximately 0.5 pl. Delivery of vectors to the lumen of the organoids
in this way allowed modelling of transduction from the air-facing,
apical surface of the lung. By monitoring native EGFP fluorescence
in the LBOs, we identified rAAV2, rAAV6 and rAAV6 variants as
serotypes with strong tropisms for human lung parenchyma (n=3-4,
rAAV6.2 in two independent experiments). Serotypes 1 and 8 resulted
in low levels of transduction (n=3), whereas serotypes 5 and 9 were
indistinguishable from naive (n=3, two independent experiments).
Staining of LBOs for the ATII cell markers surfactant proteins B and
C was positive and confirmed distal lung identity, suggesting suitability
of the vectors for transduction of ATII cells. Staining for known
primary rAAV entry receptors such as alpha-2,3- and a-2,6-linked
sialic acid was similar to mature human lung. Immunohistochemistry
also confirmed the presence of the universal AAV receptor (AAVR),
providing potential to further explore vector entry mechanisms.
As a comparator to LBOs, we also screened rAAV serotypes in a
second model of the human lung - precision cut lung slices (PCLS)
- generated from surgical lung resections. Freshly excised human
distal lung tissue was sectioned (500 pm), cultured with antibiotics
and antifungals and treated ex vivo with 3E10 GC of rAAV vector
expressing CMV-EGFP. As for the LBO model, transduction of human
PCLS was confirmed for rAAV2 (n=3-6, two donors), rAAV6 (n=4, one
donor), and rAAV6 variants (n=3-6, two donors). There was minimal
transduction with rAAV serotypes 1, 8 and 9 (n=4, one donor) and
serotype 5 was negative (n=4, two donors). Results from both models
were concordant, indicating that rAAV vectors based on serotypes 2
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and 6 may be suitable for transduction of human lung parenchyma. In
summary, our results establish LBOs as a new model for pulmonary
gene transfer which, together with human lung slices, help identify
rAAV serotypes suitable as candidates for the treatment of genetic
diseases originating in ATII cells, such as surfactant deficiencies.
Bibliography: Chen, Y.W.,, et al., A three-dimensional model of human
lung development and disease from pluripotent stem cells. Nat Cell Biol,
2017.19(5): p. 542-549.

192. Abstract Withdrawn

193. Phenotypic Benefit of Intrastriatal
Administration of the AAV Gene Therapy
VY-HTTO1 in the YAC128 Mouse Model of
Huntington’s Disease

Bin Liu, Fen Chen, Jianyu Shang, Nilesh Pande,
Katherine Tyson, Kelsey Bittner, Kelly Bales, Omar

Khwaja, Todd Carter, Dinah Sah, Pengcheng Zhou
Voyager Therapeutics, Cambridge, MA

Huntington’s disease (HD) is a fatal, monogenic neurodegenerative
disease characterized by progressive motor, cognitive and
neuropsychiatric impairment, and caused by toxic gain-of-function
expansion of trinucleotide repeat in the huntingtin gene (HT'T). Partial
suppression of HT'T in the brain has been demonstrated to be both
safe and effective in animal models of HD, providing proof-of-concept
foran HTT lowering therapeutic strategy. VY-HTTO01 is an AAV gene
therapy encoding a primary miRNA selectively targeting human HTT
mRNA for knockdown. In the present study, we investigated the efficacy
of VY-HTTO1 treatment in the YAC128 mouse model of HD. YAC128
mice received bilateral intrastriatal injections of different doses of
VY-HTTOI or vehicle at 2 months of age, and human HTT lowering,
motor function and neuropathology were evaluated. Our data show
that VY-HTTO1 treatment resulted in significant and dose-dependent
human HTT mRNA and human mutant HTT protein lowering in
the striatum of YAC128 mice. Concomitant with significant human
HTT reduction, VY-HTTO01-treated YAC128 mice showed significant
improvement in motor function at all three doses tested compared to
vehicle-treated YAC128 mice. In addition, no overt neuronal toxicity or
gliosis was observed in VY-HTTO1-treated YAC128 mice at 24 weeks
post-dosing. Thus, these results demonstrate that VY-HTTO1 rescues
behavioral dysfunction in a mouse model of HD concomitant with
human HTT reduction and is well-tolerated in this model. This study
supports further clinical development of VY-HTTO1 as a therapeutic
gene therapy for treating patients with HD.
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194. AAV9 Gene Therapy Rescue of an eEF1A2
Knockout Mouse Model

Joanne Ng', Margherita Berti', Maha Tijani', Juan
Antinao Diaz', Simon N. Waddington', Cathy Abbott?,
Stephanie Schorge’, Rajvinder Karda'

'Institute for Women’s Health, Maternal and Fetal medicine, University College
London, London, United Kingdom,’Centre for Genomic and Experimental
Medicine, Institute of Genetics and Molecular Medicine, University of Edinburgh,
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Eukaryotic translation elongation factor 1 alpha 2 (eEF1A2) is essential
for the delivery of aminoacyl transfer RNA to the ribosome for protein
synthesis. Mutations in the EEF1A2 gene have been associated with
severe intellectual disability, autism and epilepsy. There are currently no
effective treatments. An eEF1A2 knock out mouse model (wasted mice)
has been well-characterised. The wasted mice exhibit gait disturbances
and tremor after weaning, followed by paralysis and motor neuron
degeneration by 23 days of age. Using this mouse model, we wanted
to test the hypothesis that the function of the protein could be restored
with gene therapy. We therefore designed an adeno-associated virus
serotype 9 (AAV9) to drive expression of the eEF1A2 cDNA and green
fluorescent protein (GFP). We interrogated its bio-distribution after
single intravenous or intracerebroventricular injections to new born
wild-type mice. We found widespread transgene expression in the CNS
after both routes of administration from a single injection of a GFP
marker gene. Following this we treated cohorts of neonatal mice in a
randomised, blinded trial with AAV9-eEF1A2. Mice with combined
intracerebroventricular and intravenous administration (n=4), or
intracerebroventricular (n=3) only were completely rescued by AAV9-
eEF1A2 (Figure 1). Behavioral studies such as rota-rod and inverte