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Gene therapies such as onasemnogene abeparvovec for spinal
muscular atrophy (SMA) utilize adeno-associated virus 9
(AAV9) for targeted gene delivery, which requires an AAV9
antibody (AAV9-Ab) immunoglobulin G (IgG) <1:50 titer
threshold. This retrospective cohort study evaluated age-
related AAV9-Ab IgG seroprevalence for patients with SMA
(part 1) and AAV9-Ab IgG Kkinetics and time to 1:50 titer
threshold in newborns with elevated AAV9-Ab IgG titers
(=1:100) (part 2). A semi-quantitative ELISA assay was used
in part 1 (N = 1,323 patients). For patients aged <12 months,
3.9% (n/N = 31/795) had elevated AAV9-Ab IgG titers
(=1:100); prevalence declined with age. In part 2, a new quan-
titative ELISA (linear mixed effects model) described contin-
uous AAV9-Ab IgG concentrations for patients with initial
titers >1:100. AAV9-Ab IgG concentrations waned according
to first-order kinetics (58 samples; N = 18 patients). The model-
based estimation of the AAV9-Ab IgG average half-life was 41
(95% CI, 38-44) days. Based on visualization, 200 ELISA units/
mL was a reasonable approximate for the 1:50 titer threshold.
In conclusion, initially elevated titers >1:100 in newborn
patients declined with age. The new quantitative ELISA may
allow for quantification of time to threshold for AAV9-Ab
IgG retesting for onasemnogene abeparvovec treatment, lead-
ing to treatment as early as possible for patients with SMA.

INTRODUCTION

Adeno-associated virus (AAV) vectors are the leading platform for
targeted disease treatment via gene delivery.' AAV serotype 9
(AAV9) vectors have been used in gene therapy to cross the blood-
brain barrier and efficiently transduce cells.” Spinal muscular atrophy
(SMA) is a primary candidate disease for gene therapy because of its
genetic underpinnings. SMA is an autosomal recessive degenerative
neuromuscular disease caused by biallelic deletion or mutation in
the survival motor neuron 1 (SMNI) gene, leading to irreversible
loss of motor neurons.” SMA is characterized by progressive
hypotonia, muscle atrophy, paralysis, and, in severe cases, swallowing
and breathing impairment, permanent ventilatory support require-

ments, or infantile death.* Patients with SMA may benefit from
gene therapies that replace the mutated or deleted SMN1I gene.

The best outcomes with SMA treatment stem from early treatment of
presymptomatic infants identified by newborn screening.””” Passage
of maternal antibodies before birth protects neonates and infants
who are vulnerable to infections prior to immune system develop-
ment and vaccination.® Both immunoglobulin G (IgG) (e.g., AAV9
antibodies [AAV9-Ab]) and immunoglobulin A (IgA) mediate pro-
tective functions; however, only IgG received via transplacental trans-
fer may interfere with parenterally administered gene therapy due to
its bloodstream circulation versus IgA, which is received via breast-
feeding and remains in the gastrointestinal tract.” Circulating
maternal AAV9-Ab IgG may bind and neutralize gene therapy vec-
tors and may prevent transduction of gene therapy.”'”'" To this
end, AAV9-Ab IgG titers are tested in patients to assess AAV9-based
gene therapy eligibility.”'> AAV9-Ab IgG concentrations are typically
elevated after birth, then decline before elevating again later in
childhood due to wild-type AAV9 exposure; however, waning time
course is unclear.'”'>"? There is a specific window of eligibility for
AAV9-based gene therapy in which patients are more likely to have
AAV9-AD levels below threshold.

Onasemnogene abeparvovec is a one-time AAV9 vector-based gene
replacement therapy for patients with SMA that restores production
of functional SMN protein, leading to improved motor outcomes and
survival."* " Safety and efficacy of onasemnogene abeparvovec for
patients with elevated AAV9-Ab IgG titers (= 1:100) are not well es-
tablished; therefore, onasemnogene abeparvovec treatment requires
titers to be < 1:50.>°' Repeated testing for AAV9-AD is recommen-
ded for patients aged <6 months with elevated antibody titers to
follow AAV9-Ab seroreversion.””** However, timing for repeated
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Figure 1. AAV9-Ab IgG titers in the first test for
patients with SMA
(A) Panel of patients (N=1,323) by age in years.
o ﬁgg (B) Panel of patients (N=1323) by age in months.
150 AAVQ-Ab, anti-adeno-associated virus vector serotype 9
1% antibodies; IgG, immunoglobulin G; SMA, spinal muscular
e 1:?255 atrophy. Elevated titers in (A) and (B) refer to patients with
AAV9-ADb IgG titers >1:100.
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Japan), Europe, Canada, and South America.
For the exploratory kinetics study, there were
18 newborns (<1 month old) with sequential tests
for up to 25 weeks.
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=) Part 1: Seroprevalence study
For patients aged <12 months, 3.9% (n/N = 31/
795) of patients had elevated AAV9-ADb IgG titers
at first testing (>1:100) (Figure 1A). AAV9-Ab

IgG titers decreased with age. The prevalence of
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.1;50 elevated antibody titers was greatest at 0 to
:1:25 1 month of age, with 14% (n/N = 22/160) of

<15 patients having AAV9-Ab IgG >1:100. Howev-
er, prevalence decreased with age such that
0.5% (n/N = 1/197) of patients between 8 and
12 months of age had elevated titers >1:100
(Figure 1B).

Part 2: Exploratory kinetics study
A total of 58 samples from 18 patients with
initially elevated AAV9-Ab IgG titers (= 1:100)

25-60 months: 6/163 elevated = 3.5%
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00246
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testing is unclear, and often varies according to each individual clini-
cian’s discretion.

A better understanding of seroreversion related to clearance kinetics
for maternally derived antibodies will inform optimal antibody
testing/retesting times to prevent delays in treatment.'>** The aims
of this study were to: (1) establish age-related seroprevalence of
AAV9-ADb IgG in neonates and young children with SMA, (2) deter-
mine AAV9-Ab IgG kinetics and estimate half-life of maternal anti-
bodies in neonates with SMA, and (3) predict the time to threshold
(AAV9-AD IgG titers <1:50) in neonates with elevated AAV9-Ab
IgG titers (>1:100).

RESULTS

Patient population

For the seroprevalence study, AAV9-Ab IgG titers were measured in
1,323 patients with SMA 0-5 years of age (795 children aged 0-
12 months). Patients were from 59 countries in Asia (excluding
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| were collected. For all 18 patients who had
! multiple sequential AAV9-Ab IgG tests,
AAV9-AD IgG concentrations waned according
to first-order kinetics (Figure 2). The dynamics
of AAV9-Ab IgG decline was adequately
described by a linear mixed effect model (on a
log scale) with random effect on the intercept (baseline AAV9-Ab
IgG). Based on the final model parameter estimates (Table 1), the
model-based estimation for transplacental AAV9-Ab IgG half-life
was an average of 41 (95% CI, 38-44) days. A concentration of 200
ELISA units (EU)/mL was used as a desired AAV9-Ab IgG threshold;
this value was suggested to serve as a proxy for the titer threshold of

1:50 based on visual inspection of the titer versus concentration
(Figure S1).

DISCUSSION

Elevated AAV9-Ab IgG seroprevalence (>1:100) was relatively low
for patients with SMA; elevated titers were most prevalent in neonates
and decreased with age. Elevated AAV9-Ab IgG declined after initial
testing by first-order kinetics, demonstrating that elevated titers are
likely to be temporary. Thus, all newborn patients will eventually
display reduced AAV9-Ab IgG below the threshold for eligibility
for onasemnogene abeparvovec treatment. The model-based estima-
tion for average half-life (i.e., time for concentration to reduce by half)
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Figure 2. Waning of maternal AAV9-Ab IgG continuous concentration over
time for patients with SMA with initial AAV9-Ab IgG titers >1:100
AAV9-Ab, adeno-associated virus vector serotype 9 antibodies; ELISA, enzyme-
linked immunosorbent assay; EU, ELISA unit; IgG, immunoglobulin G; SMA, spinal
muscular atrophy.

of AAV9-Ab IgG was 41 days, which is consistent with that of other
transplacental antibodies.”® Predictions for time to threshold were
based on initial AAV9-Ab IgG concentrations: 200 EU/mL was pre-
dicted to be reached by 8 weeks and 13 weeks for those with initial
samples of 500 and 1,000 EU/mL, respectively.

Previous reports support our findings. AAV9-ADb IgG titers above
1:50 were detected in 13% (n/N = 115/882) of US infants with SMA
and declined with age (1% had titers >1:50 at >21 months of
age).'> A UK study found that AAV seroprevalence was low in a pop-
ulation of pediatric patients (n = 260).”° In another US study, neutral-
izing AAV2-Ab or AAV8-Ab titers > 1:5 were detected in 36-59%
(n/N = 353/751; n/N = 398/751) of neonates, respectively, and
reached nadir at 7-11 months of age."”

Testing/retesting AAV9-Ab IgG, as needed, is recommended to
identify patients who are eligible for onasemnogene abeparvovec
treatment as early as possible for optimal outcomes. A case report
described one patient with SMA with three SMN2 copies who had
AAV9-Ab IgG > 1:50 at diagnosis at age 9 days. The patient was
retested at 2-week intervals until reaching levels below the 1:50
threshold after 6 weeks. The patient was then treated with
onasemnogene abeparvovec and subsequently achieved age-appro-
priate motor milestones and improved motor function scores by
age 12 months.”’

This is the first study to utilize the new quantitative ELISA to calculate
the half-life of AAV9-Ab IgG, which indicates AAV9-Ab IgG waning
speed. Future studies may utilize this quantitative ELISA to evaluate
the time to threshold for each patient, which would impact recom-

Table 1. Parameter estimates for the final model

Parameter estimation using Equation 1 Model 1 (final model)

6.198 (0.174)

Intercept fixed effect ay (SE)
Slope fixed effect by (SE)

—0.119 (0.004)

Intercept random effect var; (SD) 0.521 (0.722)

Slope random effect var, (SD) N/A
0.033 (0.180)

Random error var; (SD)

N/A, not applicable; SD, standard deviation; SE, standard error.

mendations for retest timing for newborn patients with initially
elevated AAV9-Ab IgG. Understanding AAV9-Ab IgG waning and
time to threshold would directly impact all stakeholders, allowing
for realistic expectations to be set for onasemnogene abeparvovec
treatment initiation. Although comparable US study data have been
published, this is the first report from other countries. The worldwide
expansion of newborn screening programs for SMA and increase in
early SMA diagnosis further validates the need for elucidation of
AAV9-Ab seroprevalence and kinetics.”®

Limitations included the small sample size of the exploratory kinetics
study, with a limited number of measurements for some patients.
Samples were collected at the discretion of the physician during
scheduled patient visits, which did not follow a standardized time
sequence, highlighting the variability and inconsistency of testing in
real-world practice. Despite these limitations, the model parameters
were estimated with reasonable precision.

In conclusion, the likelihood of elevated AAV9-Ab IgG titers is more
likely in newborns versus toddlers, although at a low rate (<15%).
Elevations decline with age, allowing for eventual gene therapy treat-
ment. Future considerations may utilize the new quantitative ELISA
for screening for the most accurate and quantitative data predictive
of the time needed to reach the 1:50 titer threshold. Future studies
may investigate seroprevalence, clinical characteristics, and waning
of AAV9-AD IgG according to geographic region and also in correla-
tion to the mother’s AAV9-Ab IgG.

METHODS

See supplemental information, including Table S1, for detailed
methods. In brief, parts 1 and 2 followed a retrospective cohort study
design. Part 1 evaluated AAV9-Ab IgG seroprevalence. Part 2
(exploratory) evaluated AAV9-Ab IgG kinetics, half-life, and time
to threshold in neonates with elevated AAV9-Ab IgG titers.

AAV9-ADb IgG testing

Part 1: Seroprevalence study

As described previously, initial AAV9-Ab IgG titers were measured in
titrated samples with a standard screening semi-quantitative ELISA.”
Results were expressed as dilution ratios, with titers as the inverse of
the sample dilution based on predefined cutoffs.
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Part 2: Exploratory kinetics study

Patients with initial titers >1:100 and at least two longitudinal sam-
ples were identified. Health care providers retested for antibodies that
bind AAV9 at varying intervals according to their individual discre-
tion. Both titer and continuous value (EU/mL) measurements were
obtained for each AAV9-Ab IgG sample at a single dilution using a
newly developed and optimized quantitative ELISA. Results were ex-
pressed as EU/mL.

Data analysis

The study was descriptive; no hypothesis was tested. Data were
analyzed by R software (43.1, R Project, Boston, MA). Part 1 results
were reported as percentages of patients with elevated AAV9-Ab
IgG. Part 2 results for model-based predictions according to model
parameter estimates were reported as concentrations (EU/mL) over
time and mean (95% CI).

DATA AND CODE AVAILABILITY

All data generated or analyzed during this study are included in this published article and
are available from the authors under reasonable request.
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