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LIST OF ABBREVIATIONS 
Abbreviation Definition 
AAV Adeno-associated Virus 
AAV2 Adeno-associated Virus, serotype 2 
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ABE adenine base editor 
AGE Agarose Gel Electrophoresis 
ALT alanine aminotransferase 
ASO antisense oligonucleotide 
AST aspartate aminotransferase 
BCA Balanced chromosomal abnormalities 
BCH Boston Children’s Hospital 
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CMC Chemistry Manufacturing and Controls 
CND caudal-neural differentiation 
CNS central nervous system 
CoA Certificate of Analysis 
CRIM Cross-Reactive Immunological Material 
CRISPR clustered regularly interspaced short palindromic repeats 
DNA Deoxyribonucleic acid 
DRG Dorsal root ganglia 
ELISA enzyme-linked immunosorbent assay 
GE Genome Editing core 
GFAP Glial fibrillary acidic protein 
GFP green fluorescent protein 
GLP Good Laboratory Practice 
GMP Good Manufacturing Practice 
HEK293 Human Embryonic Kidney 293 cells 
HR heart rate 
ICV intracerebroventricular  
IP intraperitoneal  
IT intrathecal 
ITR inverted terminal repeat 
IU Intrauterine 
IV intravenous  
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Abbreviation Definition 
mESC mouse embryonic stem cells 
MND motor neuron differentiation 
mRNA messenger ribonucleic acid  
MUNE motor unit number estimation 
NHP non-human primate 
NLS nuclear localization signal 
O2 oxygen 
OSU Ohio State University 
PCR polymerase chain reaction 
PMBMCs Peripheral Blood Mononuclear Cells 
PMM Preclinical Mouse Model core 
PND postnatal day 
qPCR quantitative polymerase chain reaction 
RNA Ribonucleic acid 
RO retro-orbital 
RR respiratory rate 
scAAV self-complementary AAV 
sgRNA single-guide RNA 
SMA Spinal Muscular Atrophy 
SMABE Spinal Muscular Atrophy adenine base editor 
SMN survival motor neuron 
SMN1 survival motor neuron 1 
SMN2 survival motor neuron 2 
SMNRT survival motor neuron reverse transcriptase 
SMNΔ7 Truncated protein from skipping of exon 7 
Sp Staphylococcus pyogenes 
T temperature 
TNC Translational Neuroscience Center 
USP ubiquitin specific protease 
VIVO Verification of in vivo off targets 
VVR Viral Vector Regulatory Core 
WHV Woodchuck Hepatitis Virus 
WPRE Post-transcriptional Regulatory Element 
WT wild-type 
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1. INTERACT MEETING BRIEFING DOCUMENT OUTLINE 

1.1. Introduction 
 
SMA is a progressive motor neuron disease and has historically been the leading genetic cause of 
infant mortality across all ethnic groups [1-3]. SMA is caused by the homozygous loss of the 
essential survival motor neuron 1 (SMN1) gene. One or more copies of the highly similar SMN2 
gene partially compensates for the loss of SMN1 in SMA patients. However, SMN1 differs from 
SMN2 in that it contains a C•G-to-T•A change at position 6 of exon 7 (C6T) that leads to skipping 
of exon 7 during mRNA splicing [4, 5]. The resulting truncated SMNΔ7 protein is rapidly 
degraded in cells, causing SMN protein insufficiency that results in the loss of motor neurons, 
progressive paralysis, respiratory distress and ultimately death [6, 7]. Patients with the most 
common form of SMA, type I, have a >6-fold reduction in SMN protein levels and live to a median 
age of 18 months if untreated [8-11]. 
Upregulation of SMN protein can rescue motor function and substantially improve the prognosis 
of SMA patients [12-16]. The antisense oligonucleotide (ASO) nusinersen (Spinraza) and the 
small-molecule splicing modifier risdiplam (Evrysdi) both promote inclusion of exon 7 in spliced 
SMN2 transcripts and result in ~1.5 to 2-fold upregulation of SMN protein levels in patients [17, 
18]. The effect of these therapeutics is transient, however, and patients therefore require repeated 
treatment throughout their lifetimes [19-22]. Alternatively, self-complementary AAV (scAAV)-
mediated gene complementation of SMN1 cDNA by the gene therapy onasemnogene 
abeparvovec-xioi (Zolgensma) leads to constitutive overexpression of SMN protein in transduced 
cells [23-25]. It is not known whether episomal AAV will permanently persist in motor neurons 
to provide life-long protection against SMN loss in patients. Moreover, endogenous SMN protein 
levels are subject to multiple levels of regulation that variably constrain its expression across 
tissues [26-29], and SMN overexpression has been observed in animals to cause aggregation, 
toxicity and tissue-specific pathologies [30-34]. A therapeutic modality that permanently restores 
endogenous SMN protein expression and preserves native gene regulation could thus offer 
substantial benefits over existing SMA therapies. Development of a gene editing-based therapeutic 
to rescue splicing defects of endogenous SMN2 genes as described in this proposal can either 
complement or replace existing treatments for SMA in patients to enable a one-time treatment that 
permanently restores SMN expression to more physiologically normal levels which may improve 
patients’ outcomes. 
A therapeutic modality that permanently restores endogenous SMN protein expression and 
preserves native gene regulation could offer substantial benefits over existing SMA therapies.  We 
have designed a bespoke adenine base editor (ABE) that enables efficient and precise single 
nucleotide conversion of SMN2 exon 7 C6T (94±3.4% editing efficiency, 82±1.9% single 
nucleotide editing purity) to effectively and permanently restore wild-type SMN1 gene 
functionality at endogenous SMN2 alleles in SMA cells. 
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1.2. Product Development 
 
Preclinical proof-of-concept studies have been conducted with dualAAV9/SMABE, which is a 
bespoke adenine base editor (ABE) that is split across two separate AAV genomes.  This ABE 
was shown capable of efficient and precise single nucleotide conversion of SMN2 exon 7 C6T 
(94±3.4% editing efficiency, 82±1.9% single nucleotide editing purity) to effectively and 
permanently restore wild-type SMN1 gene functionality at endogenous SMN2 alleles in SMA 
cells.  The proof-of-concept studies have demonstrated therapeutically relevant levels of base 
editing in cultured cells as well as following neonatal ICV administration in mice. Experimental 
genome-wide unbiased off-target editing analysis of dual-AAV9/SMABE in cultured human cells 
revealed minimal Cas-dependent off-target editing. 
 
Proposed IND enabling studies will include the following activities, which are summarized below 
but expanded in greater detail in subsequent sections. 
• The kinetics of base editing will be quantified in a humanized mouse model. 
• Off-target editing will be assessed longitudinally in mice over an 18-month timespan, to better 

understand whether off-target edits further accumulate over time. 
• Pivotal dose-ranging efficacy studies will be conducted with dualAAV9/SMABE in the 

humanized SMA disease mouse model, alone and in combination with nusinersen, to further 
assess the additional benefit of dualAAV9/SMABE over that of nusinersen alone, and to 
establish the minimally effective dose. 

• A GLP safety study will be conducted in NHPs in a manner modeling the proposed human 
treatment, to assess safety, confirm expected biodistribution patterns, and evaluate potential 
anti-ABE immune responses. 

 
1.3. Purpose of the Meeting  
 
To our knowledge, an AAV-delivered base editing therapeutic has not been advanced to clinical 
trials for a central nervous system disorder.  We recognize that while this therapeutic strategy may 
have advantages over current SMA therapeutics, it also has unique safety and regulatory 
considerations.  We’d like to discuss specific CMC concerns regarding the manufacture of the 
dual AAV vector therapeutic.  We’ve also outlined a proposed set of IND-enabling pharmacology 
and toxicology studies, which we’d like early feedback on to set the direction of pending mouse 
proof-of-concept studies.  We’d further like to discuss a clinical trial strategy, which we recognize 
has complex considerations due to the availability and nature of existing SMA therapeutics.  The 
information provided here includes the background details of the key studies in addition to 
preliminary data and the plans for other investigations in consideration.  Specific questions are 
provided below.  
  



___________________________________________________________________________________ 
 

INTERACT Meeting Briefing Document- Page 7 
 

1.4. Questions  
 
1.4.1. Chemistry Manufacturing and Controls (CMC) 

The manufacturer and process for the clinical drug product has not yet been identified.  
Q1: dualAAV9/SMABE is composed of two separate AAV9 vectors that are intended to be 

administered together, at the same time, at a 1:1 ratio.  They would never be expected to 
be administered alone.  Our position is that the combined dual vectors would be 
considered a single drug product.  However, we would prefer to manufacture and vial 
each of the two vectors separately, combining them just prior to administration to the 
patient.  Does the agency agree with this position and strategy? Are there any specific 
considerations that we should be aware of when taking this position? 

 
Q2: Are the release testing plan and specifications listed in section 1.5.1.5 appropriate for this 

product to be used in the initial Phase I/II clinical trial? 
 
Q3: Is the plan presented in section 1.5.1.9 appropriate, to bridge the nonclinical lots with the 

future clinical drug product based on analytical comparability and in vitro potency?  
 
Q4: We plan to manufacture the nonclinical non-GMP drug product batches (for pivotal 

pharmacology and toxicology studies) in a different facility than the drug product, which 
will be manufactured under GMP quality.  Although the facility manufacturing the GMP 
drug product may use a slightly different overall process than that for the nonclinical drug 
product batches, our strategy would be to conduct analytical comparability studies to assure 
that the critical quality attributes of the GMP drug product meet or exceed the 
specifications of the nonclinical drug product batches.  Does the Agency agree with this 
strategy? Would the Agency provide any specific guidance towards acceptance criteria for 
the manufacture of non-GMP and GMP qualities, which we could follow with the 
respective vendors?   

1.4.2. Pharmacology/Toxicology 
 
Q5: Our primary pharmacology strategy is to establish a minimally effective dose and a 

prospect for direct benefit to conduct dose-ranging efficacy studies in a humanized mouse 
model of SMA, with dualAAV9/SMABE alone or in combination with nusinersen, using 
survival as the primary efficacy outcome.  Are the nonclinical pharmacology studies 
proposed in section 1.5.2.2 appropriate to evaluate the prospect for direct benefit of our 
gene editing approach in the target pediatric SMA patient population?     

 
Q6: The strategy for our pivotal toxicology studies is to conduct non-GLP and long-term safety 

assessments in mouse models, and further complement the safety data with a GLP non-
human primate (NHP) study to specifically investigate the immune responses and 
biodistribution of our investigational drug product.  Would the Agency consider the 
relevant nonclinical pharmacology and toxicology studies proposed in sections 1.5.2.3 
(mouse studies) and 1.5.2.4 (NHP studies) appropriate to assess the safety of our gene 
editing approach to enable a human trial?   
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Q7: Our off-target editing strategy is to evaluate the prospect of this approach primarily using 

in vitro studies in human cellular models, and to complement it with long-term mouse 
studies to understand the general kinetics of short-term versus long-term off-target editing 
events.  This is described in more detail in section 1.5.2.3.  Is our plan to evaluate off-
target editing sufficient to evaluate this risk?    

 
1.4.3. Clinical  
 
Q8: We recognize that the expressed base editor may be viewed as a foreign antigen and 

stimulate an anti-transgene immune response of this is not properly controlled.  We 
proposed to incorporate a published immunomodulatory regimen consisting of 
corticosteroids, tacrolimus, and sirolimus appropriate for CRIM (-) individuals. Safety 
monitoring is focused on potential adverse immune responses.  Would the FDA consider 
if the clinical immunosuppression regimen and safety monitoring strategy outlined in 
section 1.5.3 are suitable for this Phase I/II trial?   

 
Q9: In brief, we plan to enroll subjects that are taking nusinersen according to normal treatment 

guidelines.  Our rationale is that patients may receive additional benefit of 
dualAAV9/SMABE over nusinersen alone.  During future evaluation and development of 
dualAAV9/SMABE, there may be the possibility to use dualAAV9/SMABE as a stand-
alone treatment. Does the agency agree with the proposed patient population and 
enrollment strategy outlined in Section 1.5.3?   

 
1.4.4. Cross-cutting/Other 

  
Q10: Using the intrathecal route of administration of AAV9, germline cells are not expected to 

be transduced to any appreciable extent, making the risk of germline editing negligible.  
Our position is that a detailed germline transmission study would therefore not be necessary 
for our drug product at this stage of development (i.e., first-in-human studies).  Does the 
agency agree with this position? 
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1.5. Data to Support Discussion 

1.5.1. dualAAV9/SMABE Therapy: Chemistry Manufacturing and Controls 

1.5.1.1. Biological Substance  
DualAAV9/SMABE is composed of two recombinant serotype 9 adeno-associated virus vectors, 
encoding separate halves of the complete expression cassette. Half of the final product (SMABE-
N) consists of an AAV9 capsid that is packaged with a recombinant AAV genome comprising an 
AAV2 inverted terminal repeat (ITR), the CBh promoter, a gene comprised of [an N-terminally 
nuclear localization signal (NLS)-tagged ABE TadA* evolved deaminase enzyme linked to an N-
terminal portion of Cas9 from Staphylococcus pyogenes (Sp) that is directly fused to the N-terminal 
half of the split DnaE intein from Nostoc punctiforme (Npu) linked to a C-terminal NLS] [35], the 
Woodchuck Hepatitis Virus (WHV) Post-transcriptional Regulatory Element (WPRE) gamma 
expression enhancer, BGH polyadenylation signal, a U6 sgRNA expression cassette encoding the 
SMN2 exon 7-targeting sgRNA, and WT AAV2 ITR. The other half of the final product (SMABE-
C) consists of an AAV9 capsid that is packaged with a recombinant AAV genome comprising an 
AAV2 inverted terminal repeat (ITR), the CBh promoter, a gene comprised of [an N-terminal NLS 
tagged to the C-terminal half of the split Npu DnaE intein that is fused to the C-terminal chimeric 
SpCas9 and Streptococcus macacae Cas9 (SpyMac) protein linked to a C-terminal NLS], the WHV 
WPRE gamma enhancer, BGH polyadenylation signal, a U6 sgRNA expression cassette encoding 
the SMN2 exon 7-targeting sgRNA, and WT AAV2 ITR. The final product will be a mixture of 
these 2 vectors at a 1:1 ratio.  Following transduction of a cell with the 2 vectors, the encoded 
deaminase-SpyMacCas9 protein fuses into a full-length ABE protein via trans-splicing and 
excision of the Npu intein elements, and the guide RNA is expressed from both the SMABE-N and 
SMABE-C vectors.  The full sequence of the plasmid will be provided in the IND. 

• ProductName:  dualAAV9/SMABE 

• Serotype:  AAV9 Serotype Capsid 

• Formulation: Delivered in phosphate-buffered saline with 5% D-sorbitol and 
0.001% pluronic F-68 

• Gene Insert (1st half):  SMABE-N  

AAV2 
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spCas9 
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• Gene Insert (2nd half):  SMABE-C 
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1.5.1.2. Biological Product: 

In vivo and in vitro preclinical studies have demonstrated the function of dualAAV9/SMABE [4, 
5]. The specific vector lot for clinical use will be evaluated for purity and potency before release 
for human injection.  

Research grade dualAAV9/SMABE vector for preclinical testing was manufactured by either the 
UMass Chan Medical School Viral Vector Core or the UTSW Vector Core. The manufacturer and 
final manufacturing process that will be used to produce the toxicology batch(es) and the GMP 
clinical lot have not been decided.    

The sterile dualAAV9/SMABE biological product will be provided in capped vials for aseptic 
delivery, and our plan is to separately vial and test the two SMABE-N and SMABE-C vectors that 
together comprise dualAAV9/SMABE. Our position is that the two vectors will never be used 
separately and will always be combined 1:1 prior to animal or clinical use, or prior to any analytical 
tests that directly assess their function. Thus, while they would be vialed and released separately, 
the 2 vectors would be considered one drug product. Each vector would be vialed in a 2-mL CZ 
vial (1 mL per vial); it will be stored and shipped at ≤ -60°C. The product will be an aqueous 
solution in pre-sterilized vehicle (phosphate buffered saline containing 5% W/V D-sorbitol and 
0.001% F-68). 

1.5.1.3. Description of Components Used in Manufacturing 

1.5.1.3.1. Vector, Packaging and Helper Plasmid DNA 
Three plasmids will be used for manufacturing each of the 2 AAV9 vectors that compose 
dualAAV9/SMABE.  The packaging/helper plasmids pAAV9 and pALD-X80 (which provide the 
AAV and Adenoviral helper functions needed for AAV vector production in mammalian cell 
culture) will be used in the manufacture of both components of dualAAV9/SMABE.  The 2 
vectors that compose dualAAV9/SMABE will utilize different ITR plasmids, with the SMABE-N 
vector using pAAV-Cbh-TadA*-SpCas9-NpuN-Sg52 and the C-terminal vector using pAAV-Cbh-
NpuC-SpyMac-Sg52. 

1.5.1.3.2. Plasmid DNA Manufacturing, Testing and Qualification 

GMP-sourced plasmid DNA (or equivalent) will be manufactured using standard methods for E. 
coli fermentation and plasmid purification. Testing and qualification of plasmid DNA lots will be 
performed prior to release for GMP manufacturing of the vector and will include assays of plasmid 
identity, sterility, endotoxin content, purity, host cell genomic DNA, protein and RNA. See below 
for lot release criteria for the plasmid raw materials (Table 1): 
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quality attributes in the toxicology lot will need to be met or exceeded with the GMP drug product.  
Further, the potency of the lots will need to be shown equivalent. 

1.5.2. Nonclinical Pharmacology and Toxicology 

1.5.2.1. Completed Pharmacology Studies 
 
Table 4 Summary of completed pharmacology studies   

Study Key results Figure(s) 
In vitro comparison of 
splicing rescue by top base 
editor candidates compared 
to nusinersen and risdiplam. 

Base editing of SMN2 exon 7 C6T results in complete 
rescue of SMN splicing to full-length SMN transcripts in 
Δ7SMA mESCs, on par with direct treatment with approved 
therapies such as risdiplam and nusinersen. 

Fig 1 

In vitro comparison of base 
editing to nusinersen and 
risdiplam. 
 

Base editing of SMN2 exon 7 C6T enabled a 4.5-fold and 
1.5-fold greater increase in SMN protein levels compared to 
approved therapies such as risdiplam and nusinersen in 
Δ7SMA mESCs, respectively. 

Fig 2 

Editing efficiency of 
neonatal mice by ICV 
injection of 
dualAAV9/SMABE 

87% and 47% conversion of SMN2 exon 7 C6T among 
transduced cortical and lumbar spinal cord cells in Δ7SMA 
mice, respectively. 

Fig 3 

Transduction efficiency of 
neonatal mice by ICV 
injection of 
dualAAV9/SMABE 

Transduction of 43% of lumbar spinal cord motor neurons 
in Δ7SMA. 

Fig 4 

In vivo efficacy studies in 
neonatal SMA mice by ICV 
injection, compared to 
Zolgensma or risdiplam 

CMAP amplitudes were higher for dualAAV9/SMABE-
treated mice compared to low-dose risdiplam-treated or 
untreated Δ7SMA mice, while CMAP amplitudes did not 
differ between heterozygotes, Zolgensma-treated mice, and 
dualAAV9/SMABE-treated animals.  
 
dualAAV9/SMABE treatment extended the median survival 
by 33%, from 17 to 22 days. 

Fig 5 

In vitro time course of 
SMN2 splicing rescue by top 
base editing strategy, 
compared to nusinersen 
treatment 

In vitro, splicing rescue of SMN2 transcripts is not achieved 
until 7 days post-transfection, compared to ca. 3 days after 
nusinersen treatment. 

Fig 6 

In vivo combinatorial study 
with dualAAV9/SMABE + 
nusinersen 

Combined treatment of SMA mice with 
dualAAV9/SMABE and nusinersen extended median 
survival to 77 days, versus 29 days for nusinersen alone. 

Fig 7 

 
Identification of a base editing strategy to correct SMN expression in vitro.  
Current SMA drugs induce nonnative SMN protein levels, achieving ~ 1/3rd of native levels in the 
target tissue [23, 24, 30-32, 36], and require repeated dosing or may fade over time. The permanent 
and precise editing of endogenous SMN2 genes that preserves native regulatory mechanisms and 
transcript levels governing SMN protein expression may circumvent limitations of existing SMA 
therapies [1, 4, 5, 22, 29, 37]. To develop a therapeutic that can restore normal regulation and 
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that has been previously shown to extend survival in P0 treated Δ7SMA mice [71] together with 
dualAAV9/SMABE. Nusinersen alone increased survival from 17 (median) to 29 days (median) 
in Δ7SMA mice. The combination of dualAAV9/SMABE with nusinersen further improved 
survival to 77 days (median) with 60% of Δ7SMA mice surviving past the nusinersen-only treated 
mice (see Fig. 7 A). Furthermore, assessment of motor strength and function revealed that 
nusinersen-treated Δ7SMA animals performed significantly worse than healthy heterozygous 
mice. In contrast, treatment of dualAAV9/SMABE with nusinersen showed no significant 
difference compared to healthy heterozygous mice (see Fig. 7 B). Notably, about 50% of mice 
only treated with nusinersen were already deceased by this age, and no untreated Δ7SMA mice 
survived long enough.  
 

 
Figure 7. Combinatory treatment of ssAAV9-ABE and nusinersen in mice. (A) Kaplan–Meier curve 
of Δ7SMA neonates ICV injected with nusinersen (blue) or dualAAV9/SMABE (ssAAV9-ABE) + 
nusinersen (green).  Graph line shading represents the 95% confidence interval. Statistical significance 
was determined using Mantel-Cox test. ****= 0.002 (B) The hang time of Δ7SMA mice on the inverted 
screen test at postnatal day 25. Statistical significance was determined using Kruskal-Wallis test. 
****=0.007. 

 
For a more complete behavioral assessment of our combination treatment, we subjected mice to 
open field testing of locomotor activity and exploratory behavioral phenotypes at postnatal day 40. 
No significant differences were observed across the open field measurements including distance 
traveled, velocity, duration, and counts of activities between dualAAV9/SMABE and nusinersen 
combination-treated and heterozygous mice [38]. No Δ7SMA mice treated with only nusinersen 
survived long enough to undergo this analysis. Collectively, neonatal ICV delivery of 
dualAAV9/SMABE alone enables survival extension in Δ7SMA mice, however, co-
administration with nusinersen temporarily slows disease progression, broadens the narrow 
therapeutic window, and allows base editing to more effectively improve SMA defects in mice. 
Our initial proof-of-concept data demonstrate the compatibility of dualAAV9/SMABE with 
nusinersen as a treatment without adverse effects in animal behavior and highlight the potential 
for a clinical application of dualAAV9/SMABE in SMA patients already receiving an approved 
SMA treatment. 
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1.5.2.2. Proposed Pharmacology Studies 
 
Introduction to proposed studies 
An important consideration and limitation of our preclinical studies is that many SMA mouse 
models, including our Δ7 SMA mouse model, are incredibly severe with a lifespan in the range of 
14 days. This raises challenges for evaluating AAV9-based therapeutics, where a lag time to 
achieve full protein expression in transduced cells competes with the severity and overall health 
of the model.  

Our studies in the Δ7 SMA mouse model revealed that the co-administration of nusinersen and our 
optimized dual vector ssAAV9-ABE (base editor, henceforth dualAAV9/SMABE) provides a vital 
combinatory therapeutic approach to rescue SMA phenotypes including the output of functional 
motor units innervating muscle (CMAP), and survival in mice [38]. Nusinersen, which transiently 
allows for survival of motor neurons in mice, opens the therapeutic treatment window for genome 
editing in Δ7 SMA mice. Based on our previous investigations, the outlined studies intend to 
identify the optimal route of administration and dose in mice. The experimental strategy has been 
divided into several phases that (1) address more effectively outstanding questions and (2) 
collectively will provide an optimized administration of dualAAV9/SMABE in SMA mouse 
models for efficacy (see Fig. 8). The studies described will be performed at the Boston Children’s 
Hospital (BCH), Translational Neuroscience Center (TNC) and The Jackson Laboratory (JAX) 
and will also make use of the resources of the Viral Vector Regulatory Core (VVR) at UT 
Southwestern Medical Center (UTSW), the Preclinical Mouse Model core (PMM) at JAX, and the 
Genome Editing (GE) cores for viral production, large scale maintenance and experimentation in 
mouse cohorts, and analysis of molecular and physiological phenotypes.  
 

 

Figure 8. Flowchart of proposed studies. The outlined experiments aim to optimize our genome editing 
therapeutics (base editor, permanent correction of SMN2 splicing) in combination with nusinersen 
(transient SMA treatment) in Δ7 SMA mouse model. 
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Therefore, we will treat Δ7 SMA mice (both phenotypic and non-phenotypic) at the earliest 
treatment time point P0 with nusinersen (ICV) and dualAAV9/SMABE (ICV or RO) (see Fig. 12 
A). Subsequently, the mice will undergo phenotyping for efficacy assessment including body 
weight, CMAP, and survival, along with tissue collection to evaluate gDNA editing and SMN 
transcript splicing analysis.  
 
Since transient treatment with nusinersen can temporarily support SMN splicing (Phase 3) and 
promote motor neuron survival, thereby widening the treatment window, administration of 
dualAAV9/SMABE at a later time points may still be beneficial to nusinersen treated Δ7 SMA 
mice. Evaluating the efficacy of dualAAV9/SMABE in juvenile mice and in the setting of a later-
stage combination treatment may be relevant to treatment in SMA patients already receiving 
treatment for their condition and/or for later onset SMA patients. Treatment of older mice may 
also allow more accurate dose-extrapolation relative to treatment in humans via our preferred 
intrathecal route of administration for clinical studies. Thus, if feasible, we will treat juvenile 
homozygous mutant Δ7 SMA mice treated with nusinersen at later timepoints (e.g., P7 or P21) 
with a range of dualAAV9/SMABE doses by direct CNS (IT, intrathecal) or systemic (RO) 
administration (see Fig. 12 B).   
 

 
Figure 12. Combination of dualAAV9/SMABE and nusinersen for behavioral efficacy studies in 
Δ7 SMA mice. Optimized route of administration and dose of dualAAV9/SMABE (ssAAV9-ABE) and 
nusinersen, determined in Phase 1 to 3, will be injected in neonates (A) and in juvenile (B) Δ7 SMA 
mice and determine behavioral improvement. 
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In summary, we aim to (1) verify the efficacy of our lead dualAAV9/SMABE therapeutic in mice, 
(2) verify that extension of the therapeutic window by transient drug administration improves 
lifespan of dualAAV9/SMABE treated animals, (3) establish the minimum therapeutic window 
needed to support maximum rescue by dualAAV9/SMABE treatment, (4) establish optimal dosing 
of nusinersen that is necessary to support maximum efficacy of dualAAV9/SMABE in Δ7 SMA 
mice, (5) verify the compatibility (and synergy) of ssAAV9-ABE with nusinersen to support future 
combination treatment clinical trial design, and (6) assess rescue of molecular and physiological 
SMA phenotypes following co-administration of dualAAV9/SMABE with nusinersen in Δ7 SMA 
mice under optimized conditions.   
 
Possible technological improvements 
 
Lastly, we will also investigate how variants of the adenine deaminase component of the base 
editor, some of which were reported after the studies described above were underway, affect on-
target and off-target editing properties of our base editing approach in order to identify an editing 
strategy with the most promising combination of efficient target editing of SMN2 with minimized 
off-target editing. These adenine deaminase variants include one already used in the VERV-
101/VERV-102 in vivo base editing clinical trial previously reviewed by FDA or the UK MHRA 
and Health Canada, as well as other current-generation deaminases.  We would like to make the 
agency aware that if we identify variants of our lead candidate base editor that have equivalent on-
target editing efficiency but a more favorable (i.e., less) off-target editing profile, we would seek 
further guidance from the agency about making a change to the more favorable adenine deaminase 
variant and any additional preclinical studies that would be necessary to enact that change. 

1.5.2.3. In vitro and In vivo off-target assessment 
 
Some base editors can induce off-target deamination in cells, including Cas-dependent off-target 
DNA editing and Cas-independent off-target DNA or RNA editing [40, 41, 46, 47, 75, 76]. 
Genomic and transcriptomic off-target deamination by ABEs without involvement of the Cas 
protein component is rare, and deaminase variants that further minimize these events have been 
reported [48, 75]. Nevertheless, our completed as well as planned pharmacology studies intend to 
further interrogate potential concerns for off-target events and minimize their occurrence however 
possible, as described in our approach and below in this section.  
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Table 5.  Completed and Proposed studies to evaluate off-target editing 
Study Results / Purpose Figure or 

status 
In vitro study of human 
genomic off-targets in 
HEK293T cells 

High on-target editing (49%) with minimal ABE editing 
activity at off-target site rank 19 (0.4%) which falls in an 
intergenic region of chromosome 15, and no base changes 
(>0.03% above that of untreated cells) at the remaining 21 
top CIRCLE-seq nominated off-target loci.  Overall, 
minimal off-target editing events of expected clinical 
significance in a human genetic background. 

Fig 13 

In vitro study of murine 
genomic off-targets in 
Δ7SMA mESCs 

High on-target editing (95%) at SMN2 with off-target ABE 
editing activity at only one non-coding locus (off-target site 
rank 5 in Muc16, 31%) of a gene that is not expressed in the 
CNS. No base changes (>0.03% above that of untreated cells) 
at the remaining 34 off-target loci. 

Fig 14 A 

In vivo study of murine 
genomic off-targets in 
Δ7SMA mice 

High on-target editing (87%) at SMN2 with off-target ABE 
editing activity at only two non-coding loci: off-target site 
rank 5 in Muc16 (15%) and off-target site rank 15 (0.5%). No 
base changes (>0.03% above that of untreated cells) at the 
remaining four loci, measured in five mice across 14 weeks. 
No increased off-target editing events over time, and ca. 2-
fold reduction in in vivo off-target editing compared to in 
vitro. These indicate a favorable in vivo off-target editing 
profile, and that outcomes observed in cell culture 
experiments are representative of those observed in vivo. 

Fig 14 B 

In vitro study of 
transcriptomic off-targets 
in Δ7SMA cells 
 

No significant difference in trancriptome-wide A-to-I 
changes in mESCs and differentiated motor neurons and 
caudal neural lineages. 

Fig 15 

In vivo kinetics of off-
target editing in mice 
following neonatal ICV 
and RO injection of 
dualAAV9/SMABE 

Mice will be injected, then timed sacrifice of subsets of the 
cohort will be done across an 18-month timeframe.  This 
study will aim to understand the long-term risks of off-target 
editing, based on whether off-target edits accumulate over 
time. 

Fig 16 

 
Completed pharmacology studies to assess off-target events.  
To thoroughly investigate the off-target risks of our genome editing strategy, we assessed off-
target editing in both the human genome, which is most relevant for future application of our 
therapeutic in patients, and in the mouse genome, to assess long-term off-target risk in vivo. First, 
we identified putative Cas-dependent genomic off-targets using CIRCLE-seq [45], an unbiased 
and sensitive empirical in vitro off-target detection method that relies on DSB formation by the 
Cas protein complexed with the guide RNA to capture and identify Cas-targeted sites. Potential 
off-target sites identified by CIRCLE-seq can then be sequenced in-depth in base-edited human 
cells to provide a sensitive genome-wide analysis of off-target base editing events [77, 78]. We 
generated purified ribonucleoprotein (RNP) complexes of our ABE editing strategy to treat human 
genomic DNA extracted from HEK293T cells in vitro and identified a short list of 54 off-target 
genomic cleavage events. Subsequently, we measured ABE editing activity at the top 23 CIRCLE-
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seq-nominated loci in human cells (see Fig. 13) [38]. We achieved 49% C6T on-target editing at 
SMN2 in HEK293T cells and observed minimal base editing at SMN1 (0.15%). The significant 
reduction in base editor activity at the SMN1 gene that shares near-complete overlap with the on-
target SMN2 gene demonstrates that our base editor:sgRNA combination is highly specific to the 
intended SMN2 target. We detected minimal ABE editing activity at off-target site rank 19 (0.4%) 
which falls in an intergenic region of chromosome 15, and no base changes (>0.03% above that of 
untreated cells) at the remaining 21 potential off-target loci. Thus, ABE editing targets SMN2 
alleles with high efficiency without inducing any additional coding mutations and minimal (<1/100 
relative to on-target at 1 locus) non-coding changes in the genome [38]. These data establish that 
our lead ABE editing therapeutic is highly specific to the SMN2 on-target locus and does not result 
in off-target editing events of expected clinical significance. 
 

 
Figure 13. On- and off-target analysis in human HEK293T cells. On- and off-target indel frequency 
of base editing (Spy-mac nuclease and P8 sgRNA) in human cells. 
 

 
In addition to the analysis in human cells described, we assessed the specificity of our ABE editing 
strategy in the mouse genome using CIRCLE-seq. We treated mouse genomic DNA extracted from 
NIH3T3 cells in vitro with ABE editing RNPs and analyzed rare off-target genomic cleavage 
events. We identified 108 candidate Spy-mac-dependent DNA off-targets that are predominantly 
at intergenic and intronic loci, as well as 4 coding loci (off-target rank 32, 33, 37 and 86). Next, 
we measured ABE editing at the top 35 nominated sites in Δ7SMA mESCs (see Fig. 14 A). We 
achieved 95% on-target editing at the SMN2 transgene and only observed significant off-target 
editing at off-target site rank 5, which is located in an intron of the mucin 16 gene (Muc16, 31%) 
that is not expressed in the CNS [79]. In vivo, we observed 15% editing at the Muc16 off-target 
locus, and 0.5% editing at the non-coding off-target site rank 15, compared to 87% on-target 
editing of SMN2 in the CNS in five Δ7SMA mice that were injected at P0 with ssAAV9-ABE (see 
Figure 14 B) (79). Interestingly, animals ranged from 4 to 18 weeks of age and we observed no 
increase in off-target editing events over this timeframe [38]. Thus, off-target editing outcomes 
observed in cell culture experiments are representative of those observed in vivo.  
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Notably, our ABE editing strategy did not result in coding mutations in either the human or mouse 
genome and detected in vivo off-target editing was lower compared to our in vitro in cell culture 
studies (~ 2-fold lower at Muc16). The relative reduction in off-target editing observed in vivo is 
likely due to having lower copy number and expression levels of the base editor in transduced cells 
or in vivo gene silencing over time [30, 80, 81]. 
 

 

Figure 14. On- and off-target analysis in mouse cells. (A) On-target and off-target base editing of 
strategy D10 in Δ7SMA mESCs. Bars show editing of the highest edited nucleotide (P# shown in 
parenthesis) at each locus. (B) On-target and off-target editing following analysis of strategy D10 in 
Δ7SMA mESCs compared to DualAAV9/SMABE (AAV9-ABE) + AAV9-GFP treatment in Δ7SMA 
mice. Bars show editing of the most frequently edited nucleotide at each locus, with the P# position shown 
in parenthesis. 

 
In addition to Cas-dependent off-target events which can be captured by CIRCLE-seq, base editors 
may induce Cas-independent editing events. These events are not strategy dependent, and prior 
studies have shown that RNA off-target adenine base editing in vivo is rare and typically 
indistinguishable from background A-to-I conversion, likely due to the low copy-number of ABE-
expressing transgenes [30, 69]. Nevertheless, we investigated RNA off-target editing in Δ7SMA 
mESCs and differentiated neural lineages including motor neurons (MND) and caudal-neural 
(CND) differentiated cells, which stably produce ABE8e from low gene copy numbers similar to 
those resulting from AAV9 transduction [38]. Consistent with previous reports [69, 82], whole 
transcriptome sequencing did not detect accumulation of RNA A-to-I edits over background levels 
of endogenous A-to-I and A-to-G changes (see Fig. 15). 
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Figure 16. Biodistribution and toxicity analysis of ABE editing. At birth, mice will be injected either 
via ICV or RO injection. Tissue samples at different ages will be analyzed for gDNA and RNA editing 
(on-target and off-target events) and histological analysis will be performed on tissue samples from 12 
months old mice. 

 

1.5.2.4. Non-human primate GLP Toxicology and Biodistribution Studies 
 
Biodistribution Studies 
Our position is that the biodistribution of AAV9 following intrathecal administration is generally 
well characterized and known from existing literature.  A recent review summarized key 
publications describing the biodistribution of AAV9 after intrathecal delivery in small and large 
animals [83].  Considering that the biodistribution of AAV9 vectors is well-established and 
translates reasonably well from rodents to primates, the only value of additional biodistribution 
studies for dualAAV9/SMABE would be to assess the possible impact of the transgene expression 
on the expected biodistribution pattern, which we view as a negligible concern.  A limited 
biodistribution analysis will be incorporated into the GLP toxicology studies, to confirm that the 
vector biodistribution matches the expected pattern for AAV9 after intrathecal administration. 
 
Toxicology Studies 
Our overall strategy to assess preclinical toxicology of dualAAV9/SMABE is that the general 
toxicology profiles of AAV9 are reasonably well understood.  Our major concerns are the 
possibility of off-target base editing, and the possibility of an immune response against the 
expressed base editors.  The off-target base editing is best assessed against the background of a 
human genome, using cultured human cells.  In vitro studies of limited duration may not fully 
capture the long-term risk of off-target effects, so to better understand that general issue we are 
relying on a longitudinal mouse study (see section 1.5.2.3) to assess whether the rate of off-targeted 
editing increases over time in vivo.  To model the potential impacts of an immune response against 
the base editors, we are relying on a non-human primate (NHP) study conducted with the same 
immune management strategy that we are proposing in humans.  A secondary benefit of the NHP 
study will be to assess whether appropriate biodistribution of the dual vectors is achieved and 
assess whether any known AAV9-related complications arise, such as DRG toxicity.  
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1.5.3. Clinical Program  
 
Overview 
This will be an open-label Phase I/II study to evaluate the safety of dualAAV9/SMABE, with 
secondary outcomes incorporated to explore potential benefits of the treatment beyond that of the 
existing standard of care.  Our target population is patients with Type I, II or III Spinal Muscular 
Atrophy, who are currently taking nusinersen or risdiplam according to normal standard of care.  
Enrolled patients would receive a single intrathecal injection of dualAAV9/SMABE.  Patients 
would also receive an immunosuppressive regimen to manage acute immune responses against the 
drug product, as well as to manage longer-term possible immune responses against the ABE.    
 
Special considerations for this patient population 
Zolgensma is an FDA-approved gene therapy product available to Type I SMA patients, which 
utilizes an AAV9 vector.  Any patients that have received Zolgensma would be ineligible to 
receive dualAAV9/SMABE.  Patients that receive dualAAV9/SMABE would likely be ineligible 
to receive any future AAV-based treatment, due to the development of persisting anti-AAV 
antibodies.  
 
Immunological considerations, monitoring, and management 
It is anticipated that a relatively high dose of dualAAV9/SMABE will be needed.  In previous 
gene therapy studies, antigen specific T-cell responses to the AAV9 vector have been reported. 
This is an expected response between 2- and 12-weeks following gene transfer, even when 
administered IT. One possible consequence to such antigen specific T- cell responses is clearance 
of the transduced cells and loss of transgene expression.  
 
Since all SMA patients express some full-length SMN, they are expected to be immunotolerant to 
the increased expression of SMN following editing vial dualAAV9/SMABE.  However, the ABE 
itself will be a non-self protein that is potentially permanently expressed long-term, so a strategy 
will be in place to monitor for anti-ABE immune responses and to mitigate any potential adverse 
effects through an immunosuppressive regimen. 
 
Potential neuroinflammation and expansion of T-cells will be monitored by collecting and 
examining CSF at the times of nusinersen administration, to measure cell counts and cytokine 
levels.  This should occur every 4 months throughout the course of the trial.  Reactive T-cells 
against AAV9 and ABE will be assessed by interferon-gamma ELISpot on peripheral blood 
monocytes at day 0, day 21, day 90, day 180, day 360, day 720, and at the 2-year follow-up. 
 
To reduce the risk of the host immune response to the AAV9-based dualAAV9/SMABE, an 
immunosuppression regimen has been designed based the clinical trial of AAV9 gene transfer to 
CSF for giant axonal neuropathy [84].  IV methylprednisolone (10 mg/kg) will be administered 
the day of drug product administration.  Prednisone/prednisolone will be maintained at 1 
mg/kg/day x 3 month, then tapered gradually from months 3-5.  Tacrolimus will be administered 
starting at the day of drug product administration at 0.1 mg/kg/day divided into twice daily dosing 
(goal level: 4-8 ng/mL); tacrolimus will be continued for 6 months and will be tapered from month 
6-8.  Sirolimus (goal level 4-8 ng/mL) will be administered starting 1 week prior to 
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