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Adeno-associated virus (AAV) vectors are promising gene ther-
apy candidates, but pre-existing anti-AAV neutralizing anti-
bodies (NAbs) pose a significant challenge to successful gene de-
livery. Knowledge of NAb seroprevalence remains limited and
inconsistent. Wemeasured activity of NAbs against six clinically
relevant AAV serotypes across 10 countries in adults (n = 502)
and children (n = 50) using a highly sensitive transduction inhi-
bition assay.NAbprevalencewas generally highest forAAV1and
lowest for AAV5. There was considerable variability across
countries and geographical regions. NAb prevalence increased
with age and was higher in females, participants of Asian
ethnicity, and participants in cancer trials. Co-prevalence was
most frequently observed between AAV1 and AAV6 and less
frequently betweenAAV5andotherAAVs.Machine learningan-
alyses revealed a unique clustering of AAVs that differed from
previous phylogenetic classifications. These results offer insights
into the biological relationships between the immunogenicity of
AAVs in humans beyond that observed previously using stan-
dard clades, which are based on linear capsid sequences. Our
findings may inform improved vector design and facilitate the
development of AAV vector-mediated clinical gene therapies.

INTRODUCTION
Adeno-associated virus (AAV) is a non-enveloped parvovirus that is
non-pathogenic in humans. AAV vectors provide compelling advan-
tages for the delivery of therapeutic genes.1–4 AAV-based gene ther-
apies have been approved for the treatment of spinal muscular
atrophy,5 familial lipoprotein lipase deficiency,6 RPE65 mutation-
associated retinal degeneration,7 and hemophilia.8 Over a thousand
human participants have received AAV-based gene therapies in clin-
ical trials.9–22 Despite relatively few long-term safety assessments,23

trials have been mostly free of vector-related adverse events.24–26

AAVs can provide durable therapeutic gene expression and are thus
attractive candidates for gene therapeutics,27 notwithstanding their
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restricted pro-inflammatory profile.28 Immune responses tomost sys-
temically delivered viral vectors are influenced by prior exposure of
the human immune system to both the wild-type virus capsid from
which the vector was engineered29 and cross-reacting serotypes. Since
human populations are first exposed to AAVs during childhood and
adolescence,30,31 there is a high prevalence of anti-AAV immunity,
with detectable antibody titers in adults reported to exceed 60% for
some serotypes.32 This adaptive immunity (particularly humoral im-
munity in the form of neutralizing antibodies [NAbs]) to wild-type
AAVs represents a significant challenge to successful systemic gene
delivery via AAV vectors.33,34

Prior infection with AAVs may limit viral gene transfer efficiency and
the durability of transgene expression35,36; however, successful gene
transfer has been documented in some patients with pre-existing
anti-AAV NAbs.37–39 In re-administration studies using preclinical
animal models, little to no transduction was detected after the second
administration, and poor transduction was associated with the pres-
ence of NAb activity against AAV capsid proteins and/or transgenes
elicited by the first vector administration.29,40–43 Indeed, sustained
high-titer antibody levels following systemic AAV-mediated gene
therapy may prevent the possibility of re-administration of cross-
reacting AAV therapies in humans.23

In response to these findings, the field of AAV gene therapy has
used serological assays to exclude seropositive patients from
linical Development Vol. 32 September 2024 ª 2024 The Authors.
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receiving systemic AAV vector infusions. Despite the challenges
posed by anti-AAV NAbs, knowledge of NAb seroprevalence is
limited and inconsistent, with wide geographical variation observed
in published and ongoing gene therapy and epidemiological
studies.35,44,45 The immunology of human responses to AAV expo-
sure is also poorly understood, highlighted by unexpected and un-
explained differences in therapeutic success following administra-
tion of AAVs when pre-existing NAbs are present to AAV537–39

versus other serotypes.21,29,46,47 Finally, assays to determine NAb
levels are poorly standardized across studies and vary in methodol-
ogy, cutoffs used to determine sample positivity, and cutoffs used to
determine patient eligibility.34 Consequently, the same patient may
be deemed eligible for administration of AAV gene therapy in one
trial but ineligible in another.48,49

This global multi-country observational study assessed the seropreva-
lence of NAbs against six AAV serotypes across 10 countries using a
robust, highly sensitive, cell-based transduction inhibition assay.50–52

We also characterized the relationships between neutralizing titers of
the six different AAV serotypes, along with demographic variables,
using innovative machine learning algorithms. The results will inform
vector design, planning of future gene therapy studies, and assessment
of potential eligible populations in anticipation of the wider adoption
of AAV vector-mediated gene therapies.

RESULTS
Blood samples from 552 participants who previously participated in
selected Pfizer clinical studies were analyzed. Most participants
were adults (n = 502, 90.9%) with a mean (standard deviation
[SD]) age of 48.6 (9.8) years (Table 1). Most adult participants were
male (n = 276, 55%) and of White (n = 334, 66.5%) or Asian
(n = 129, 25.7%) ethnicity. Fifty participants (9.1%) were pediatric pa-
tients with a mean (SD) age of 7.9 (1.5) years. Pediatric participants
were exclusively male (n = 50, 100%) and predominantly of White
ethnicity (n = 42, 84.0%).

By design, participants were located across 10 countries with approx-
imately 50 participants per country. Among adults, there were slightly
higher proportions of participants from France (n = 61, 12.2%) and
the UK (n = 52, 10.4%), and slightly lower proportions from Spain
(n = 42, 8.4%) and Italy (n = 47, 9.4%); the remaining participants
were equally distributed across the US (n = 50, 10%), Canada
(n = 50), Germany (n = 50), Australia (n = 50), Japan (n = 50), and
South Korea (n = 50). Pediatric participants were mostly from the
US (n = 31, 62.0%), followed by Canada (n = 6, 12%), the UK
(n = 6, 12%), Japan (n = 4, 8.0%) and Italy (n = 3, 6.0%). A total of
50.2% (n = 252) of the adult participants was from Europe, 19.9%
(n = 100) were from North America, and 29.9% (n = 150) were
from the Asia-Pacific region. Among adult participants from the
US (n = 50), most were from the South (n = 28, 56% [US divided
into two regions]; or n = 16, 32.0% [US divided into four regions]).
A total of 74% (n = 37) of the pediatric participants was from North
America, 18% (n = 9) were from Europe, and 8.0% (n = 4) were from
the Asia-Pacific region. Among the pediatric participants from the US
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
(n = 31), the majority were from the North (n = 23, 74.2%) and the
Midwest (n = 19, 61.3%).

Most participants (n = 461, 83.5%) were exposed to immunomodula-
tory drugs (study drugs and/or concomitant medications), predomi-
nantly avelumab (n = 328, 59.4%). Exposure to immunomodulatory
drugs was documented in 31 participants with baseline serum sam-
ples collected prior to the date of first study drug exposure, and in
430 participants with post-baseline samples collected after or on the
date of first study drug exposure. Most adult participants (n = 340,
67.7%) were enrolled in clinical studies for cancers. All the pediatric
participants were enrolled in clinical studies for Duchenne muscular
dystrophy.

The present report includes the results for the analysis comprising
AAV1, AAV5, AAV6, AAV8, AAV9, and AAVRh74var vectors.
Further assay development is required for AAV2, AAV3b, and
AAV-DJ.

NAb seroprevalence was highest for AAV1 and lowest for AAV5

With the exception of the 1:1 serum dilution, NAb activity directed
against AAV1 was the most prevalent, while NAb activity directed
against AAV5 was the least prevalent, across dilutions in all coun-
tries and in both the adult and pediatric populations (Figures 1
and 2). In adult participants at the 1:1 serum dilution, the most
prevalent AAV NAb activities were AAV1 (74.9% of evaluable par-
ticipants had positive serum samples), AAV6 (70.1%), and AAV5
(63.9%), followed by AAV8 (60.4%), AAVRh74var (58.4%), and
AAV9 (57.8%; Figure 1A). At the 1:2 serum dilution and above, a
consistent pattern emerged with NAb prevalence highest for
AAV1 and lowest for AAV5. Specifically, prevalence at the 1:2 dilu-
tion was 60.8% for AAV1 and 40.8% for AAV5. At the 1:4 serum
dilution, NAb activity against AAV1 was again the most prevalent
(53.4%), and NAb activity against AAV5 was the least preva-
lent (27.1%). NAb activity against AAV6, AAV8, AAV9, and
AAVRh74var was intermediate, ranging from 51.6% to 55.4% at
the 1:2 dilution and from 45.6% to 47.6% at the 1:4 dilution. Similar
trends were observed at the 1:8, 1:16, and 1:80 dilutions. At the
1:400 and 1:2,000 dilutions, NAb activity against AAV5 was no
longer detectable in the samples. NAb activity against all AAVs
was undetectable at dilutions >1:10,000.

Pediatric samples (Figure 1B) exhibited lower prevalence of anti-AAV
NAbs compared with adult samples (Figure 1A), although the sample
size was considerably smaller for the pediatric population (n = 50
compared with n = 502 for adults). At the 1:1 serum dilution in all pe-
diatric participants (Figure 1B), the three most prevalent NAb activ-
ities were directed against AAV1 (70.0%), AAV6 (62.0%), and AAV5
(60.0%), similar to adults. At the 1:2 serum dilution, the lowest prev-
alence of NAb activity was observed for AAV5 (28.0%), followed by
AAVRh74var (32.0%); the highest positivity was observed for
AAV1 (46.0%). At the 1:4 serum dilution, the lowest prevalence of
NAb activity was directed against AAV5 (14.0%) and AAVRh74var
(22.0%), and the highest was directed against AAV1 (38.0%). Similar
er 2024



Table 1. Participant demographic and clinical characteristics

Variables Overall (N = 552) n (%) Adultsa (N = 502) n (%) Childrenb (N = 50) n (%)

Age group (years)

6–10 47 (8.5) 0 47 (94.0)

11–15 3 (0.5) 0 3 (6.0)

16–40 95 (17.2) 95 (18.9) 0

41–60 407 (73.7) 407 (81.1) 0

Age (years)

n 552 502 50

Mean (SD) 44.89 (14.98) 48.57 (9.83) 7.92 (1.50)

Min, max 6, 60 19, 60 6, 12

Biological sex

Male 326 (59.1) 276 (55.0) 50 (100.0)

Female 226 (40.9) 226 (45.0) 0

Ethnicity

African 7 (1.3) 7 (1.4) 0

Asian 136 (24.6) 129 (25.7) 7 (14.0)

White 376 (68.1) 334 (66.5) 42 (84.0)

Other 9 (1.6) 8 (1.6) 1 (2.0)

Missing 24 (4.3) 24 (4.8) 0

Geographical region

North America 137 (24.8) 100 (19.9) 37 (74.0)

Europe 261 (47.3) 252 (50.2) 9 (18.0)

Asia-Pacific 154 (27.9) 150 (29.9) 4 (8.0)

Country

US 81 (14.7) 50 (10.0) 31 (62.0)

Canada 56 (10.1) 50 (10.0) 6 (12.0)

Germany 50 (9.1) 50 (10.0) 0

Spain 42 (7.6) 42 (8.4) 0

France 61 (11.1) 61 (12.2) 0

UK 58 (10.5) 52 (10.4) 6 (12.0)

Italy 50 (9.1) 47 (9.4) 3 (6.0)

Australia 50 (9.1) 50 (10.0) 0

Japan 54 (9.8) 50 (10.0) 4 (8.0)

South Korea 50 (9.1) 50 (10.0) 0

Site location within four US regions

Midwest 27 (33.3) 8 (16.0) 19 (61.3)

Northeast 18 (22.2) 14 (28.0) 4 (12.9)

South 24 (29.6) 16 (32.0) 8 (25.8)

West 12 (14.8) 12 (24.0) 0

Site location within two US regions

North 45 (55.6) 22 (44.0) 23 (74.2)

South 36 (44.4) 28 (56.0) 8 (25.8)

Immunomodulation

Exposed 461 (83.5) 461 (91.8) 0

Non-exposed 91 (16.5) 41 (8.2) 50 (100.0)

(Continued on next page)
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Table 1. Continued

Variables Overall (N = 552) n (%) Adultsa (N = 502) n (%) Childrenb (N = 50) n (%)

Disease area

Cancers 340 (61.6) 340 (67.7) 0

Others 212 (38.4) 162 (32.3) 50 (100.0)

Indications

Alopecia areata 28 (5.1) 28 (5.6) 0

Dermatitis atopic 50 (9.1) 50 (10.0) 0

Diabetic retinal edema 4 (0.7) 4 (0.8) 0

Duchenne muscular dystrophy 50 (9.1) 0 50 (100.0)

Fallopian tube cancer, malignant peritoneal
neoplasm, ovarian cancer

115 (20.8) 115 (22.9) 0

Metastatic renal cell carcinoma 103 (18.7) 103 (20.5) 0

Non-small cell lung cancer 12 (2.2) 12 (2.4) 0

Parkinson’s disease 8 (1.4) 8 (1.6) 0

Psoriasis 14 (2.5) 14 (2.8) 0

Psoriatic arthropathy 37 (6.7) 37 (7.4) 0

Squamous cell carcinoma of head and neck 59 (10.7) 59 (11.8) 0

Transitional cell carcinoma 51 (9.2) 51 (10.2) 0

Type 2 diabetes mellitus 21 (3.8) 21 (4.2) 0

SD, standard deviation.
a16–60 years.
b<16 years.
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trends were observed at 1:8 and 1:16 serum dilutions. At 1:80 and
1:400 serum dilutions, NAb activity against AAV5 was not detected.
At the 1:2,000, 1:10,000, and 1:50,000 serum dilutions, all pediatric
samples were negative for anti-AAV NAb activity. NAb prevalence
in pediatric participants was similar for the global (Figure 1B) and
US-only (Figure S1A) populations, although it is noted that the
US pediatric participants represented the majority (n = 31, 62%) of
all pediatric participants.

In adults at the 1:1 serum dilution, South Korea exhibited the high-
est prevalence of NAb positivity against all six AAVs. The highest
prevalence in South Korea was observed for AAV1 (96.0%) and
AAV6 (94%), and the lowest prevalence was observed for AAV5
(82%; Figure 2A). The lowest overall prevalence of NAb activity
at the 1:1 serum dilution was observed against AAVRh74var in
Japan (36.0%). In Australia, seropositivity ranged from 44% for
AAV9 and AAV8 to 60% for AAV1 and AAV6. In the US, the prev-
alence of NAb positivity ranged considerably by AAV vector, from
48% for AAVRh74var and AAV9 to 86% for AAV1. The remaining
countries (Spain, Germany, UK, France, and Canada) presented in-
termediate levels of NAb positivity. At the 1:2 serum dilution,
similar variation in NAb positivity was observed, with Japan,
Australia, and the US presenting the lowest prevalence and South
Korea the highest (Figure S1B). At 1:4 and 1:8 serum dilutions,
NAb positivity was the lowest against AAV5 across all 10 countries
(Figures 2B and S1C).
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
NAb seroprevalence varied across geographical regions, was

higher in females versus males, was higher in those of Asian

ethnicity, and increased with age

Further analysis of pre-defined exploratory aims noted no consistent
trends in the prevalence of NAb positivity in adults by AAV vector
and serum dilution across geographical regions, although some pat-
terns were observed (Figure 3). In the Asia-Pacific region, Australia
and Japan had similarly low levels of NAb positivity across AAV vec-
tors and serum dilutions, which contrasted with the high prevalence
observed in South Korea. In Europe, France, Germany, Italy, and the
UK presented similar patterns while Spain exhibited a higher NAb
prevalence. In North America, Canada and the US exhibited different
patterns of seropositivity, with more variation observed across AAV
vectors and serum dilutions in the US than in Canada.

There was a numerically higher prevalence of NAb positivity in fe-
males (n = 226) compared with males (n = 276; Table S1). Prevalence
differed for AAV9 at the 1:400 dilution, from 3.6% (95% confidence
interval [CI], 1.8%, 6.6%; n = 10) in adult males to 8.0% (95% CI 4.8%,
12.3%; n = 18) in adult females. In adults, differences between ethnic-
ities were observed at the 1:2 serum dilution for AAV1 and AAV5,
with higher prevalence among those with Asian or missing ethnicity
information. Specifically, the prevalence of NAb activity against
AAV1 at the 1:2 serum dilution was 75.0% (95% CI 53.3%, 90.2%;
n = 18) among those with missing ethnicity information, 68.2%
(95% CI 59.4%, 76.1%; n = 88) in Asian participants, 57.8% (95%
er 2024
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Figure 1. Prevalence of NAb positivity in global adult

and pediatric participants by AAV serotype and

serum dilution

(A) Heatmap of the prevalence of NAb activity for adult

participants (n = 502). (B) Heatmap of the prevalence of

NAb activity for pediatric participants (n = 50). Heatmaps

show the prevalence of NAb activity against six AAV sero-

types across all serum dilutions. Numbers inside squares

indicate the percentage of serum samples positive for NAb

activity against the designated serotype at the designated

serum dilution (out of all samples tested for that AAV at that

serum dilution). Gray squares indicate that all tested serum

samples were negative for NAb activity against the serotype

at the specified dilution. AAV, adeno-associated virus; Nab,

neutralizing antibody.
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CI 52.3%, 63.1%; n = 193) inWhite participants, 28.6% (95% CI 3.7%,
71.0%; n = 2) in African participants, and 50.0% (95% CI 15.7%,
84.3%; n = 4) in other ethnic groups. Prevalence of NAb activity
against AAV5 at the 1:2 serum dilution was 50.0% (95% CI 29.1%,
70.9%; n = 12) among those with missing ethnicity information,
51.2% (95% CI 42.2%, 60.1%; n = 66) in Asian participants, 36.8%
(95% CI 31.6%, 42.2%; n = 123) in White participants, 28.6% (95%
CI 3.7%, 71.0%; n = 2) in participants of African ethnicity, and
25.0% (95% CI 3.2%, 65.1%; n = 2) in other ethnic groups. Similar
trends were observed for other serotypes and serum dilutions (data
not shown).

The prevalence and titers of anti-AAV NAb activity increased grad-
ually with age from childhood to late adulthood (Figure 1). The over-
Molecular Therapy: Methods & C
all prevalence of pre-existing NAb activity
against each AAV serotype was generally higher
in adults aged 41 to 60 years (n = 407) than in
those aged 16 to 40 years (n = 95) across sero-
types and serum dilutions (Table S2).

NAb seroprevalence varied across US

subregions and was higher in participants

with cancer

The prevalence of NAb positivity in adults varied
across AAV serotypes and serum dilutions in the
four US regions (Midwest, Northeast, South, and
West). A lower prevalence of NAb activity was
observed in the Midwest, and a higher prevalence
was observed in the West. At the 1:1 serum dilu-
tion, the prevalence of NAb activity directed
against AAV1 was 100% (n = 12) in the West,
93.8% (n = 15) in the South, 78.6% (n = 11) in
the Northeast, and 62.5% (n = 5) in the Midwest.
The prevalence of NAb activity directed against
AAV5 was 83.3% (n = 10) in the West, 75.0%
(n = 12) in the South, 64.3% (n = 9) in the North-
east, and 37.5% (n = 3) in the Midwest. When
dividing the US into two regions, there was a
trend toward higher prevalence of NAb positivity in the South
compared with the North across AAV serotypes and serum dilutions.
At the 1:1 serum dilution, the prevalence of NAb activity directed
against AAV1 was 96.4% (n = 27) in the South and 72.7% (n = 16)
in the North; against AAV5, it was 78.6% (n = 22) in the South and
54.5% (n = 12) in the North.

NAb prevalence was numerically higher in adult participants with
cancer (n = 340) compared with adult participants with other types
of disease under investigation (n = 162; Table S3). At the 1:1 serum
dilution, among participants in cancer clinical studies, the prevalence
of NAb activity directed against AAV1, AAV5, and AAVRh74var was
77.4% (95% CI 72.5%, 81.7%; n = 263), 68.2% (95% CI 63.0%, 73.2%;
n = 232), and 63.8% (95% CI 58.5%, 68.9%; n = 217). Among
linical Development Vol. 32 September 2024 5
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Figure 2. Prevalence of NAb positivity in adult

participants by AAV serotype and country at 1:1 and

1:4 serum dilutions

Heatmaps show the prevalence of NAb activity against six

AAV serotypes for all adult participants (left column; n =

502) and the subset of participants from each country for

the (A) 1:1 and (B) 1:4 serum dilutions. Numbers inside

squares indicate the percentage of serum samples positive

for NAb activity against the designated serotype in the

designated country (out of all samples tested for that AAV in

that country). AAV, adeno-associated virus; Nab, neutral-

izing antibody; USA, United States; CAN, Canada; UK,

United Kingdom; DEU, Germany; ESP, Spain; ITA, Italy;

FRA, France; AUS, Australia; JPN, Japan; KOR, South

Korea.
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participants in other clinical studies, the prevalence was 69.8% (95%
CI 62.1%, 76.7%; n = 113), 54.9% (95% CI 46.9%, 62.8%; n = 89), and
46.9% (95% CI 39.0%, 54.9%; n = 76), respectively. Furthermore, the
prevalence of NAb positivity varied greatly by study disease indica-
tion, although some trends were observed. At the 1:1 serum dilution,
participants with a diabetes-related condition (diabetic retinal edema
and type 2 diabetes mellitus) presented the highest prevalence of NAb
activity against AAV1 (100%, n = 4 and 95.2%, n = 20, respectively)
compared with other disease indications. A similar prevalence of NAb
activity against AAV1 was observed in participants with cancer (non-
small cell lung cancer [83.3%, n = 10], squamous cell carcinoma of the
head and neck [83.1%, n = 49], and transitional cell carcinoma
[88.2%, n = 45]) and in participants with skin-related disorders (alo-
pecia areata [60.7%, n = 17], atopic dermatitis [58.0%, n = 29], and
6 Molecular Therapy: Methods & Clinical Development Vol. 32 September 2024
psoriasis [50.0%, n = 7]) at the 1:1 serum dilution.
Participants in non-small cell lung cancer trials
presented the highest prevalence of NAb positiv-
ity, and participants in skin-related disorders tri-
als presented with the lowest prevalence. Ninety-
two percent of adult study subjects were exposed
to immunomodulatory drugs; however, similar
trends were observed between those exposed
and non-exposed to immunomodulatory drugs
(data not shown).

Co-prevalence of NAb positivity, the percentage
of participants positive for NAb activity against
both AAVs in a pair, varied across serotypes.
At the 1:1 serum dilution in all participants
(adults and pediatrics), 46.4% (n = 256) of partic-
ipants were positive for all AAVs and 15.0%
(n = 83) were negative for all AAVs (data not
shown). Co-prevalence was most frequently
observed between AAV1 and AAV6 across
serum dilution levels (Figure 4). Co-prevalence
between AAV5 and the five other AAVs was
less frequent as the serum dilution level
increased. Discordance of NAb prevalence, the
percentage of participants positive for NAb activity against one
AAV while negative for NAb activity against another AAV, also var-
ied across pairs of AAVs. Up to the 1:4 serum dilution, all possible
discordant pairs of AAVs were observed. Across all dilutions, discor-
dance of NAb prevalence was observed most frequently between
AAV1 (positive) and AAV5 (negative).

Machine learning analysis of NAb seroprevalence suggests a

different clade classification for AAV5 and AAV9 compared with

previous phylogenetic analyses

Ward’s hierarchical clustering of anti-AAVNAb ID50 titers across pa-
tients was compared with clustering of AAVs into clades based on
phylogenetic analysis (Figures 5A and 5B).53,54 Ward’s method itera-
tively clusters the AAVs based on the similarity across patient ID50
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values. With this method, AAV1 and AAV6 clustered together indi-
cating that they were closely related. AAVRh74var formed a cluster
with AAV8. These two clusters were consistent with the litera-
ture53,54; however, AAV5 was found to be closer to clade E
(AAVRh74var:AAV8) than prior phylogenetic analyses had revealed.
AAV9 was an outlier and had the lowest similarity relative to the
other five AAVs. These hierarchical clustering results were further
supported by a two-dimensional projection using principal-compo-
nent analysis (PCA) that characterized similarities across patient
ID50 values by distance in the projected space (Figure 5C).

Beyond the dimensionality reduction and clustering, the relationships
between anti-AAV NAb titers and demographic data were assessed
using regression models. For each AAV, a regression model was
created from the other AAVs and demographic data as predictors.
The variable importance or p values assessed the strength of the pre-
dictors. A random forest prediction model (Table 2) showed that the
strongest predictors of each anti-AAV NAb titer were other AAVs,
and the most predictive AAVs were those identified as most similar
in the clustering analysis (i.e., AAV1 and AAV6, AAV8 and
AAVRh74var). For example, the strongest predictor of anti-AAV6
NAb titer was AAV1, and the strongest predictor of AAV1 was
AAV6 (variable importance: 0.6864 and 0.6791, respectively). Simi-
larly, the strongest predictor of AAV8 was AAVRh74var, and the
strongest predictor of AAVRh74var was AAV8 (variable importance:
0.6887 and 0.5435, respectively). Demographic and clinical character-
istics of study participants had far less predictive power. The highest
estimate of variable importance for any demographic characteristic
was 0.0497 (for age and AAV9). Similar results were also obtained
with linear and XGBoost regression analyses.

DISCUSSION
This retrospective, multi-country, observational study employed a
sensitive, robust, and standardized cell-based transduction inhibition
assay to measure anti-AAV NAb activity directed against several se-
rotypes that are commonly used in AAV-mediated human gene ther-
apy.50–52 The assays were performed by a central laboratory that spe-
cializes in NAb testing. The study determined the prevalence of NAb
activity directed against six different AAV vectors in a large global
population of adult and pediatric subjects.

We found that the prevalence of NAb activity directed against AAVs
varied by serotype, serum dilution (also known as titer), and study
participant demographics, including age, sex, ethnicity, and the 10
countries examined. NAb activity directed against AAV1 was most
prevalent and NAb activity directed against AAV5 was the least prev-
alent across all countries and in both adult and pediatric populations.
Similarities in prevalence were most frequently observed between
Figure 3. Prevalence of NAb positivity in adult participants by AAV serotype an

Heatmaps show the prevalence of NAb activity against six AAV serotypes for adult p

geographical region (green, North America; yellow, Europe; pink, Asia-Pacific). Number

against the designated serotype at the designated serum dilution (out of all samples tes

samples were negative for NAb activity against the serotype at the specified dilution. A

8 Molecular Therapy: Methods & Clinical Development Vol. 32 Septemb
AAV1 and AAV6 across a range of serum dilution levels, whereas
similarities in prevalence between AAV5 and other AAVs were less
frequently observed. The results reported here also suggest that
increased age may be associated with increased NAb positivity. There
were also trends favoring higher prevalence of NAb positivity in sam-
ples obtained from females, those identified with Asian ethnicity, and
participants enrolled in cancer treatment studies across all AAVs.

The finding that NAb activity directed against AAV1 was most prev-
alent is consistent with prior studies.32,35,36,55 A study with samples
from 10 countries and four continents found a higher prevalence of
anti-AAV1 NAbs compared with anti-AAV7 or AAV8 NAbs.35 A
higher prevalence of anti-AAV1 NAbs versus anti-AAV5, AAV6,
AAV8, or AAV9 NAbs was also reported based on an adult popula-
tion from France.32 The lower prevalence of NAb activity directed
against AAV5 is also consistent with prior reports56,57 and relevant
in light of recent clinical trial findings showing that treatment of he-
mophilia B with AAV5 vector-based gene therapy was largely suc-
cessful even in study subjects with pre-existing anti-AAV5NAb activ-
ity.37–39 AAV5 is one of the most divergent serotypes in sequence,53

antigenic properties,58 and structure,59 and its distinct structural fea-
tures may contribute to the lower NAb activity observed in this
and other studies. The relatively high co-prevalence of NAbs across
multiple specific AAV serotypes is also consistent with prior
studies.18,33,36,56,57 High co-prevalence could be the result of multiple
natural infections with various AAVs; however, it is more likely that
the immune response to AAV infection generates cross-reactive
NAbs based on regions of antigenic homology within different
AAV capsids.60 It is also possible that different NAb specificities
co-exist in the same samples, rather than the same NAb exhibiting
cross-reactivity.

The observed increase in the prevalence of anti-AAV NAbs with
increasing age is consistent with prior observations.30,45,57,61–63 First
exposure to AAV likely occurs in early childhood, most commonly
with AAV2.64 While NAbs have been detected in newborns, this is
likely a result of maternal transmission.30,64 In addition, biological
sex has been reported previously as a factor in the prevalence of
anti-AAV NAbs, with females more likely to exhibit anti-AAV
NAbs than males.45 These findings are consistent with studies
demonstrating an influence of biological sex on immune responses,
with higher immunity in females than in males.65,66 However, dura-
tion of exposure, proximity to children, and other factors may also
contribute to this observation.

Geographical35,44,45 and ethnic56 differences in anti-AAV NAb preva-
lence have been observed previously. This study revealed a higher prev-
alence of anti-AAV NAbs among Asians (or those with missing
d serum dilution across geographical regions

articipants (n = 502) across all serum dilutions on a per country basis, sorted by

s inside squares indicate the percentage of serum samples positive for NAb activity

ted for that AAV at that serum dilution). Gray squares indicate that all tested serum

AV, adeno-associated virus; Nab, neutralizing antibody.
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Figure 4. Pairwise co-prevalence of NAb positivity in all participants at the 1:1, 1:2, and 1:4 serum dilutions

Circles show the co-prevalence of NAb activity against pairs of the six AAV serotypes across serum dilutions for all participants (n = 552). Circle colors indicate the percentage

of serum samples positive for NAb activity against both AAV serotypes in pair. AAV, adeno-associated virus; Nab, neutralizing antibody.
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ethnicity information) compared with African, White, or other ethnic/
racial groups; however, a previous study reported a higher NAb prev-
alence among Black and Hispanic versus White populations.56 The
later study included only participants from the US,56 which may ac-
count for the difference in findings compared with the present study,
which included a global population. Together, these findings suggest
that genetic and environmental factors (population density, living con-
ditions, socioeconomic status) may play a role in human exposure to
and infection with AAVs, and, potentially, differences in immune
recognition and NAb responses. It will be important to consider these
factors when designing gene therapy vectors, particularly when seeking
to harmonize regulatory approvals across geographical regions.

Participants from cancer studies exhibited higher prevalence of anti-
AAV NAbs compared with participants from studies with other dis-
eases. While previous reports have found differences in anti-AAV
NAb seroprevalence based on participant health,31,49,67,68 none found
a difference related specifically to cancer. Because a majority of adult
samples (67.7%) were collected from participants in cancer studies,
the findings of this study may not represent the prevalence of anti-
AAV NAbs in the general population. While cancer affects immune
system functioning,69 its impact on the development of NAbs is not
fully understood. Several recent studies suggest that patients with can-
cer may exhibit lower prevalence of NAbs in response to vaccination
or virus exposure.70–72 Therefore, it is possible that the results of this
study may underestimate the prevalence of NAbs in the general pop-
ulation. While some cancer treatments are immunomodulatory, we
did not observe a difference in the prevalence of NAb positivity be-
tween those exposed to immunomodulatory drugs and those not
exposed. However, as disease under investigation and exposure to
immunomodulatory drugs were exploratory aims of this study, we
cannot draw strong conclusions. It is possible that there are demo-
graphic differences between those in the cancer versus non-cancer tri-
als, and a high percentage of adult participants were exposed to
immunomodulatory drugs. Future studies should provide a better un-
derstanding of the role of cancer or immunomodulatory drugs in
modulating anti-AAV NAb levels.
Molecular T
The clustering results of this study mostly support the phylogenetic
clade classification reported previously.53,54 However, our results
also suggest a need for further investigation into AAV5 and AAV9,
which showed a surprisingly different relationship than reported pre-
viously. Specifically, AAV5 was clustered more closely with AAV8
and AAVRh74var than shown previously, while AAV9 was more
distant from the other AAVs. These differences might be related to
the differing biological elements used to generate the clade classifica-
tions. In previous studies,53,54 clade classifications were performed
based on the genetic similarity among serotypes that share a common
ancestor, while in this study NAb titers were used. It should be
noted that while the previous clade organizations were based on
two-dimensional analysis of linear amino acid sequences, NAb
titer clustering reflects the three-dimensional in vivo immune rela-
tionship across AAV serotypes. Previous work has found discrep-
ancies between sequence-based and structure-based phylogenies.73

These results are an important point of distinction from earlier
published reports of NAb seroprevalence30,35,44,45,49,56,57,61,67,68 and
may be particularly useful for the rational design of gene therapy
vectors.

Due to the observational retrospective design of this study, it may be
subject to selection bias (in participant demographics and clinical
characteristics). Specifically, most participants were enrolled in clin-
ical trials for cancer and most had been exposed to immunomodula-
tory drugs. All pediatric participants were males with Duchenne
muscular dystrophy, and most were White and from North America.
Some pediatric and adult serum samples had insufficient volume to be
tested in the assay, so the initial random sampling plan could not be
applied fully. Changes included no random sampling for pediatric
participants or adults from France or Italy. A subset of US adult par-
ticipants were analyzed by sequentially selecting from the original
random sampling list. Finally, cellular immunity (i.e., T cell responses
to either wild-type AAVs or transgene vectors) was not assessed in
this study but may provide evidence of prior exposure to AAVs
and influence immune responses to AAV vectors even when patients
are seronegative.74
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Figure 5. Machine learning analysis of relationship between different AAV serotypes

(A) Cladogram showing phylogenetic classifications of AAV serotypes, based on Gao et al.53 and Mietzsch et al.53,54 (B) Results of Ward’s hierarchical clustering of AAV NAb

titers showing the relationship between the six analyzed AAV serotypes. AAV1 and AAV6 formed a cluster, indicating that they are closely related. AAV8 and AAVRh74var also

formed a cluster, which was found to be related to AAV5. AAV9 was least similar to the other AAVs. (C) Principal-component analysis (PCA) of normalized NAb titers in all

participants for the six AAV serotypes. AAVs that are nearer one another in the two-dimensional projection are more closely related. As observed with the clustering analysis

(B), AAV1 and AAV6 were closest to one another, followed by AAVRh74var, AAV8, and AAV5, while AAV9 was most distant from all the other AAVs. AAV, adeno-associated

virus; Nab, neutralizing antibody; PC, principal component.
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Conclusions

This study brings insights into the global distribution of NAb activity
directed against AAV vectors. It provides critical knowledge for the
rational design of AAV-mediated gene therapy studies and for the
assessment of eligible populations for AAV-mediated gene therapies.
MATERIALS AND METHODS
Experimental model and subject details

Human subjects

This global, multi-country, observational, retrospective, cross-
sectional, epidemiologic study included participants who were
enrolled in previous Pfizer clinical studies between 2015 and 2019
in the following 10 countries: Australia, Canada, France, Germany,
Italy, Japan, South Korea, Spain, UK, and US. The study assayed re-
sidual serum samples stored in the Pfizer Biobank as part of the prior
unrelated clinical studies.

The algorithm for trial and sample selection is detailed in Figure S2.
Clinical studies were selected if they met the following criteria: (1) re-
sidual serum samples were stored in the Biobank, (2) final approved
protocol date was between January 1, 2015, and December 31, 2019,
(3) specimens were approved by the respective study team for use in
this study, and (4) trial was conducted in at least one of the following
countries: Australia, Canada, France, Germany, Italy, Japan, Korea,
Spain, UK, and US.

Male and female participants could be included if they were enrolled
in one of the selected clinical studies (described above) and met all of
the following criteria: previously consented to post hoc/future explor-
atory assays using their blood/serum samples, aged up to 60 years,
and had available a baseline serum sample if in a treatment arm or
any serum sample if in a placebo arm or long-term follow-up study.
10 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
One serum sample per participant was analyzed and, if available, the
baseline sample collected in the clinical trial was used for this study.
Participants were excluded if their serum sample was of insufficient
quality (e.g., hemolyzed sample) or volume (<0.6 mL).

The target study size was 550 participants comprising 500 adults (�50
serum samples per country) and 50 children. For adult participants, a
random sampling scheme was used across countries, although for
certain countries (i.e., France) more samples were selected to compen-
sate for smaller numbers of samples in other neighboring countries
(i.e., Italy, Spain). All samples from France were selected for analysis
to make up for those not available from Italy and Spain. For pediatric
participants, it was not possible to employ a random sampling scheme
across non-US countries due to the smaller sample size.

Ethics statement

Informed consent was obtained at the time of clinical trial participa-
tion regarding the storage of blood samples and their use for future
research. The study was conducted in accordance with legal and reg-
ulatory requirements and followed accepted research practices
described in the International Ethical Guidelines for Biomedical
Research Involving Human Subjects (Council for International Orga-
nizations of Medical Sciences 2002), International Council for Har-
monisation Guideline for Good Clinical Practice, Good Epidemiology
Practices, Good Pharmacoepidemiology Practices, and the Declara-
tion of Helsinki.
Method details

Research question and objectives

The primary objective of this study was to estimate the global seropre-
valence of NAbs against clinically relevant AAV serotypes (AAV1,
AAV5, AAV6, AAV8, AAV9, AAVRh74var [also known as
ber 2024



Table 2. Variable importance in predicting AAV NAb titer from six AAVs and additional features using a random forest prediction model

Features AAV1 AAV5 AAV6 AAV8 AAV9 AAV Rh74var

AAVRh74var 0.1903 0.2219 0.1547 0.6887 0.1853 –

AAV8 0.0595 0.2143 0.0694 – 0.4256 0.5435

AAV6 0.6791 0.2728 – 0.0683 0.0455 0.1015

AAV1 – 0.1397 0.6864 0.0649 0.0584 0.1621

AAV9 0.0268 0.0866 0.0321 0.0895 – 0.1373

AAV5 0.0189 – 0.0358 0.0593 0.1622 0.0212

Age 0.0024 0.0108 0.0017 0.0045 0.0497 0.0033

Fallopian tube cancer, malignant peritoneal
neoplasm, ovarian cancer

0.0004 0.0063 0.0004 0.0039 0.0161 0.0004

North America region 0.0062 0.0021 0.0015 0.0008 0.0095 0.0062

Canada 0.0037 0.0017 0.0029 0.0010 0.0101 0.0069

Metastatic renal cell carcinoma 0.0009 0.0042 0.0021 0.0006 0.0016 0.0048

France 0.0029 0.0052 0.0008 0.0008 0.0009 0.0010

White ethnicity 0.0015 0.0014 0.0041 0.0010 0.0024 0.0008

UK 0.0002 0.0015 0.0002 0.0050 0.0036 0.0007

Ethnicity not reported 0.0016 0.0045 0.0009 0.0007 0.0013 0.0007

Asian ethnicity 0.0011 0.0018 0.0008 0.0008 0.0034 0.0016

Europe region 0.0005 0.0031 0.0005 0.0012 0.0026 0.0007

Male 0.0009 0.0010 0.0011 0.0006 0.0038 0.0005

South Korea 0.0000 0.0018 0.0001 0.0003 0.0044 0.0001

Ethnicity not Hispanic or Latino 0.0010 0.0018 0.0004 0.0004 0.0022 0.0009

Female 0.0002 0.0009 0.0004 0.0006 0.0034 0.0005

AAV, adeno-associated virus; Nab, neutralizing antibody.
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AAV-Spark100], AAV2, AAV3b, and AAVDJ) in adult (aged 16–60
years; overall and by country) and pediatric (aged younger than 16
years; overall and US only) clinical study participants. Secondary ob-
jectives included estimation of the seroprevalence of anti-AAV NAbs
in subgroups of adults stratified by geographical region (North Amer-
ica, Europe, Asia-Pacific), biological sex (male, female), and ethnicity
(African, Asian, White, other). Although not specified as a secondary
objective in the study protocol, seroprevalence by age group (16–40 or
41–60 years of age) was also explored. Exploratory objectives included
estimation of the seroprevalence of NAbs in subgroups stratified by
site location within four US regions (Midwest, Northeast, South,
West), clinical study disease area (cancer, other) and indication,
and immunomodulation (exposed versus non-exposed to immuno-
modulatory drugs). Although not specified as an exploratory objec-
tive in the study protocol, seroprevalence by site location within
two US regions (North, South) was also explored. The co-prevalence
of NAb positivity in the combined pediatric and adult populations
was also assessed. Finally, machine learning analyses were performed
to examine clustering of AAV serotypes as well as assess the relation-
ship between NAbs and demographic data.

Clinical trial data management

Trained Biobank staff obtained previously collected clinical trial data
for the selected participants using unique de-identified participant
Molecular T
identifiers. Variables from the clinical trial database included partic-
ipant baseline characteristics (age, biological sex, ethnicity, and coun-
try), study drug and study drug start and stop dates, concomitant
medications and date of medication start and stop dates, date of
serum sample collection, clinical study indication (derived from the
clinical trial number), disease area of previous clinical trial (derived
from the study indication), geographical region (derived from coun-
try; if the sample was from the US, the site location within two [North,
South] or four US regions [Northeast, Midwest, South, West] was
derived), and immunomodulation status (derived from the list of
concomitant medication and study drugs). No safety data were
collected.

Participants’ immunomodulation status was derived using an in-
house algorithm. Specifically, participants were first categorized as
having a baseline sample (if their serum sample collection date was
before the date of their first study treatment exposure) or post-base-
line sample (if their serum sample collection date was on or after the
date of their first study treatment exposure). For immunomodulatory
study drugs, participants with a post-baseline sample were considered
exposed if the study drug was recorded as ongoing, if the stop date of
the study drug was within 7 days (%7 days) of the sample collection
date, or if the start date of the study drug was within 7 days (%7 days)
of the sample collection date (regardless of study drug stop date). For
herapy: Methods & Clinical Development Vol. 32 September 2024 11
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immunomodulatory concomitant medications, participants with a
baseline or post-baseline sample were considered exposed if the
concomitant medication was recorded as ongoing, if the stop date
of the concomitant medication was within 7 days (%7 days) of the
sample collection date, or if the start date of the concomitant medica-
tion was within 7 days (%7 days) of the sample collection date
(regardless of concomitant medication stop date). Participants who
did not have study treatment start and end dates (n = 39) were
assumed to have a baseline serum sample and were considered
non-exposed to immunomodulatory drugs.

Neutralizing antibody assay

Serum samples (0.6 mL) were shipped to and analyzed by a central
laboratory (Labcorp-Monogram Biosciences, South San Francisco,
CA). Samples were analyzed for NAb activity directed against
AAV1, AAV5, AAV6, AAV8, AAV9, and AAVRh74var using a stan-
dardized anti-AAV NAb assay (Figure S3). A cell-based transduction
inhibition assay was used to determine NAb titers in serum specimens
by detecting reporter gene expression. In brief, a recombinant AAV
vector comprising an AAV capsid containing a recombinant genome
encoding a firefly luciferase reporter gene was incubated with serial
dilutions (1:1, 1:2, 1:4, 1:8, 1:16, 1:80, 1:400, 1:2,000, 1:10,000, and
1:50,000) of human serum followed by addition to target cells (human
embryonic kidney 293 [HEK293] cell line) maintained in tissue cul-
ture. Transduction of target cells is inhibited in the presence of
anti-AAV NAb, measured as a proportional reduction in luciferase
activity (taken 22–26 h after addition of target cells). Percent inhibi-
tion of luciferase activity was plotted against serum dilution, and in-
hibition curves were fit to the data using a four-parameter function.
NAb titers were reported as ID50, the interpolated serum dilution
that produces 50% inhibition of the luciferase activity achieved in
the absence of human serum. Seroprevalence was assessed based on
qualitative NAb determinations (positive, negative) at each of the
following serum dilutions: 1:1, 1:2, 1:4, 1:8, 1:16, 1:80, 1:400,
1:2,000, 1:10,000, and 1:50,000.

Positive and negative controls were included on every assay plate. The
assay positive control was a unit of polyclonal plasma with positive
anti-AAV NAb activity against all AAV vectors in the study. The
assay negative control was a unit of human polyclonal plasma nega-
tive for anti-AAV NAb activity against all AAV vectors in the study.
Acceptance criteria for each assay included the titer of the positive
control falling within a predefined range of ID50 results for each virus
serotype. Under the standard test conditions, the test results for
AAV2, AAV3b, and AAV-DJ were positive for all samples tested.
Follow-up studies confirmed that further assay development would
be necessary for each of these three AAV serotypes.

Quantification and statistical analysis

Seroprevalence

NAb prevalence was estimated for overall populations and designated
subgroups. Outcomes estimating prevalence were evaluated by
dividing the number of participants who were classified as NAb pos-
itive against a specific AAV at a specific serum dilution by the total
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Septem
number of participants tested for that specific AAV at a particular
serum dilution. Exact 95% CIs for the prevalence estimates were
calculated using the Clopper and Pearson method. Continuous vari-
ables including NAb titer were described using mean, SD, and mini-
mum andmaximum values. Titers reported as <1 were imputed as 0.5
to allow summarization and analyses. Categorical variables, including
country, biological sex, ethnicity, clinical study indication, disease
area, geographical region, site location within two or four US regions,
and immunomodulatory drug exposure status, were summarized
descriptively using frequency tables. Percentages were calculated us-
ing the specified denominator in the frequency table. A chi-square
test was used to explore risk factors for NAb positivity. Fisher’s exact
test was used if any one of the cells had %5 participants.

Machine learning analysis

Two sets of approaches were used to gain insight from AAV values
where the data were converted to have a single ID50 per AAV per
participant. From this table of results, the initial focus was to deter-
mine the relationship between the AAVs using the data across partic-
ipants. First, the unsupervised techniques were used, which included
Ward’s hierarchical clustering and the PCA dimensionality reduction
techniques. For each of these techniques, the similarity between the
AAVs could be established using clusters or similarity of the projec-
tions between the AAVs based on their ID50 values across partici-
pants. These results could then be compared with the patterns from
an established cladogram or hierarchical clustering of the AAV
sequences.

To further understand the relationships between the AAVs and the
other factors, three machine learning models were explored to model
and predict the ID50 values for each AAV. To predict a single AAV,
the participant data from the other AAVs as well as demographic var-
iables including age, gender, geographical region, and ethnicity were
used. Three machine learning models were used for these predictions:
random forests, linear regression, and XGBoost. A key use of these su-
pervised models is not to predict the AAV but identify the critical var-
iables in each of the models.
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