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Recombinant adeno-associated virus (rAAV) vectors are a promising platform for in vivo gene therapy. The
presence of neutralizing antibodies (Nab) against AAV capsids decreases cell transduction efficiency and is a
common exclusion criterion for participation in clinical trials. Novel engineered capsids are being generated
to improve gene delivery to the target cells and facilitate success of clinical trials; however, the prevalence of
antibodies against such capsids remains largely unknown. We therefore assessed the seroprevalence of
antibodies against a novel synthetic liver-tropic capsid AAV-LK03. We measured seroprevalence of im-
munoglobulin (Ig)G (i.e., neutralizing and nonneutralizing) antibodies and Nab to AAV-LK03 in a cohort of
323 UK patients (including 260 pediatric) and 52 juvenile rhesus macaques. We also performed comparative
analysis of seroprevalence of Nab against wild-type AAV8 and AAV3B capsids. Overall IgG seroprevalence
for AAV-LK03 was 39% in human samples. The titer increased with age. Prevalence of Nab was 23%, 35%,
and 18% for AAV-LK03, AAV3B, and AAV8, respectively, with the lowest seroprevalence between 3 and 17
years of age for all serotypes. Presence of Nab against AAV-LK03 decreased from 36% in the youngest cohort
(birth to 6 months) to 7% in older primary school-age children (9–11 years) and then progressively increased
to 54% in late adulthood. Cross-reactivity between serotypes was >60%. Nab seroprevalence in macaques
was 62%, 85%, and 40% for AAV-LK03, AAV3B, and AAV8, respectively. When planning for AAV gene
therapy clinical trials, knowing the seropositivity of the target population is critical. In the population
studied, AAV seroprevalence for AAV serotypes tested was low. However, high cross-reactivity between
AAV serotypes remains a barrier for re-injection. Shifts in Nab seroprevalence during the first decade need
to be confirmed by longitudinal studies. This possibility suggests that pediatric patients could respond
differently to AAV therapy according to age. If late childhood is an ideal age window, intervention at an
early age when maternal Nab levels are high may be challenging. Nab-positive children excluded from trials
could be rescreened for eligibility at regular intervals because this status may change.
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INTRODUCTION

OVER THE LAST DECADE, recombinant adeno-associated
virus (rAAV) vectors have shown increasing promise
as a platform for in vivo gene therapy. More than 200
phase I to phase III clinical trials using AAV vectors
have been performed worldwide1 and successful re-
sults have been achieved in inherited diseases, par-
ticularly those affecting the liver,2–6 the eye,7–10 and
the central nervous system.11–13 Glybera� (Uniqure,
Amsterdam, the Netherlands) and Luxturna� (Spark
Therapeutics, Philadelphia, PA) were the first AAV
gene therapy products to receive market authoriza-
tion by the European Medicine Agency14 and the
Food and Drug Administration15 in 2012 and De-
cember 2017, respectively. To date, recombinant AAV
vectors exploiting both wild-type and engineered
capsids have shown good safety profiles in clinical
trials.16,17

The presence of antibodies with neutralizing
effect (i.e., preventing target cell transduction) has
been recognized as a major limiting factor for
gene delivery in vivo18 even at low titers such as 1
in 5 (1:5) dilution.19–21 Therefore, the presence of
neutralizing antibodies (Nab) against the vector
capsid is widely considered to be an exclusion cri-
terion for recruitment into clinical trials.22 Since
the seroprevalence against wild-type AAV in hu-
mans varies from 40% for AAV8 to 70% for AAV1
and AAV2,23 this substantially reduces the propor-
tion of the population that could benefit from AAV-
based therapeutics. Factors such as age, geographic
location, and capsid species-of-origin influence ser-
oprevalence rates.24,25 Cross-reactivity between se-
rotypes is commonly >50%.26

Although most clinical successes to date have
been obtained with wild-type capsids, great inter-
est exists in the gene therapy field for developing
engineered capsids that could improve transduc-
tion of specific organs and cell-types27 and evade
host immunity.28,29 This goal has been achieved
either by capsid shuffling30–32 or by directed evo-
lution with error-prone PCR.27,33 Increased target
cell tropism could limit the off-target effects and
may also allow a reduction in vector dose, de-
creasing both demand for a clinical-grade vector for
therapy and the potential immune response-
mediated toxicity in treated patients.34 A recently
described engineered capsid AAV-LK03 appears to
transduce human hepatocytes much better than
AAV8, although results from different labs show
some inconsistency.35,48,49 The AAV-LK03 cap se-
quence consists of fragments from seven different
wild-type serotypes (AAV1, 2, 3B, 4, 6, 8, 9), al-
though AAV3B, a capsid known for its human he-

patocyte tropism,36 represents 97.7% of the cap
gene sequence and 98.9% of the amino acid se-
quence.35 A first-in-human trial (NCT03003533)
using AAV-LK03 for hemophilia A sponsored by
Spark Therapeutics is in progress.37

Little is known about human immunoreactivity
to engineered capsids. Although seroprevalence of
antibodies against AAV-LK03 capsid has been re-
ported to be in a similar range to its close parental
wild-type capsid AAV3B in a Chinese population
(91% and 89%, respectively),38 Nab titers against
the synthetic capsid are thought to likely be lower
than those against the AAV-3B in humans.39 There
is a particular lack of epidemiological studies of
seroprevalence against wild-type30 and engineered38

AAV capsids in pediatric populations.24,25

Here, we studied the overall IgG (neutralizing
and nonneutralizing) and Nab seroprevalences
against wild-type capsids AAV3B and AAV8 and
engineered capsid AAV-LK03 in UK cohorts of pe-
diatric and adult patients as well as juvenile non-
human primate serum samples. We showed that
Nab seroprevalence in our cohorts was lower than
previously described for the three serotypes tested.
In addition, we found that Nab seroprevalence de-
creased during the first decade of life and then in-
creased in adolescence and adulthood. The latter
finding was in contrast with IgG seroprevalence,
which increased steadily with age.

METHODS
Samples

Anonymized human serum samples were provided
by the Immunology laboratory, Great Ormond Street
Hospital for Children NHS Foundation Trust, Lon-
don, UK, between April 2016 and August 2017 ac-
cording to the guidelines of the Royal College of
Pathologists. To compare seroprevalence rate with a
pediatric population, serum samples from juvenile
Vietnamese rhesus macaques (Macaca mulata) aged
£18 months old were provided by Envigo Ltd (Hun-
tingdon, UK).

Vector production
AAV vectors encapsidated with the AAV-LK03

and AAV-3B capsids were provided by Dr. Leszek
Lisowski and Dr. Sharon Cunningham from the
Translational Vectorology and the Gene Therapy
Research Unit, respectively, at the Children’s
Medical Research Institute, Westmead, Australia.
Vector encapsidated with the AAV8 capsid was
produced at the Gene Transfer Technology Unit,
UCL Institute for Women’s Health, London. The
recombinant AAV genomes contained AAV2 inverted
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terminal repeats flanking a GFP reporter gene under
the transcriptional control of the liver-specific hAAT
promoter. HEK293T cells were used to package the
AAV vectors using a triple transfection protocol as
described previously.40

Briefly, 72 h post-transfection, cells were scraped
and collected in TD buffer (NaCl 140 mM, KCl 5 mM,
K2HPO4 0.7 mM, MgCl2 3.5 mM, Tris 25 mM ad-
justed to pH 7.5). Before purification, the cells were
treated with five freeze–thaw cycles to lyse the cells
and release the viral particles. AAV particles were
purified by either double CsCl gradient centrifu-
gation for AAV-LK03 and AAV3B or protein inter-
action on an AVB sepharose column for AAV8. To
remove the glycine and restore the pH, dialysis was
performed overnight in 1 · phosphate-buffered
saline (PBS) and the purified vector concentrated
by ultrafiltration using an Amicon Ultra15_10kDa
MWCO (Merck Millipore Corporation, Temecula,
CA). Titers were determined by real-time PCR
and expressed as vector genomes per milliliter as
previously described.35

Anti AAV-LK03 ELISA
For enzyme-linked immunosorbent assay (ELI-

SA), 96-well plates (Corning, CLS3590, Merck,
Darmstadt, Germany) were coated with 50lL of
rAAV-LK03 particles at a concentration of 2 · 1010

vg/mL in 0.1 M carbonate buffer, pH 9.5 and left to
incubate overnight at 4�C. Plates were washed four
times with blocking buffer (2% bovine serum albu-
min in PBS) and subsequently blocked for 2 h at room
temperature. Following heat inactivation at 56�C for
30 min, serum to be tested was diluted in blocking
buffer at dilutions ranging from 1:30 to 1:65,610.
Fifty microliters of each diluted serum sample was
added per well in triplicates and plates were incu-
bated for 1 h at 37�C. Plates were then washed four
times with wash buffer (0.05% Tween 20 in PBS).
Wells not coated with rAAV particles but blocked and
subsequently incubated with the serially diluted se-
rum served as negative controls of background sig-
nal. Each well was then incubated with a 1:2,000
dilution of HRP-conjugated anti-human IgG (Abcam,
Cambridge, UK) in wash buffer for 1 h at room tem-
perature. Finally, plates were washed four times
with wash buffer and revealed with tetra-
methylbenzidine substrate solution (ThermoFisher
Scientific, Rockford, IL) for 15 min. The reaction was
stopped with a 2 N H2SO4 solution and the plate was
read at 450 nm in a FLUOstar Omega spectropho-
tometer (BMG Labtech, Ortenberg, Germany) with-
in 30 min of having stopped the reaction. Results
were expressed in arbitrary units in optical density
(OD). The OD values from background were sub-

tracted from the sample values from each corre-
sponding serum sample. Samples with a signal (OD
AAV - OD background) higher than a cutoff point of
0.825, determined as the average signal readings
from 20 seronegative samples at a serum titer of 1:2,
were considered positive for anti-AAV-LK03 IgG
antibody. The ELISA titer was considered to be the
highest dilution at which the signal was higher than
the cutoff point.

Neutralizing assay
Human hepatocellular carcinoma HuH-7 cells were

seeded at 5 · 104 cells per well on a 48-well plate and
left forat least7hbeforetransduction.Beforeuse,sera
were heat-inactivated at 56�C for 30min. Precipitate
resulting from heat inactivation was removed by cen-
trifugation at 13,000 · g for 10 min. On the day of
transduction, dilution of serum sample was performed
in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Invitrogen, Grand Island, NY) without fetal
calf serum (FCS) (JRH, Biosciences, Lenexa, KS)
starting from 1 in 5 then in 2-fold serial dilutions to
1:1,280.Thedilutedserumsampleswere incubatedfor
1h at 37�C with rAAV-hAAT-GFP diluted in an equal
volumeof DMEM. rAAVvectors were incubated at the
same concentration to reach a predetermined final
multiplicity of infection (MOI) into a 100-lL final
volume for transduction. The optimal transduction for
the assay was reached at an MOI of 2,000vg/cell for
AAV-LK03 and AAV-3B and 30,000vg/cell for AAV8.
Purified immunoglobulins (Octagam 10% [v/v]; Oc-
tapharma Ltd, Manchester, UK) were used as posi-
tive control. Each assay was run in duplicate. The
next day, wells were complemented with DMEM and
10% (v/v) FCS. Fluorescence-activated cell sorting BD
FACS-Verse� (BD Bioscience, San Jose, CA) analysis
of GFP signal was performed 72 h post-transduction.
Samples were considered positive when a 1:5 dilu-
tion of serum reduced the vector transduction by
50% or more. The neutralizing antibody titer was
determined as the highest positive serum dilution.

Assay validation
Reproducibility was assessed by inter- and intra-

assay coefficients of variation (CV). The inter-assay
CV was established by three assays spaced by
2–14 days on four different samples. The intra-assay
CV was established by seven repeats on four differ-
ent samples at a dilution corresponding to the titer
for each sample tested. Both ELISA and neutraliz-
ing assay showed inter- and intra-assay CV <15%.

Statistical analysis
Descriptive analysis of human samples used

four main age groups: 0–6 months to reflect
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seroprevalence from maternal antibodies; 7 months
to 2 years, age reported to have the lowest ser-
oprevalence24; 3–17 years, pediatric age excluding
infancy; and ‡18 years, adulthood. Comparisons of
continuous variables were performed using the
chi-squared test performed in GraphPad Prism
5.0 software (San Diego, CA, USA). Finally p val-
ues <0.05 were considered statistically significant.

RESULTS
Anti-AAV-LK03 IgG and Nab rates in humans
vary with age

A random representation of serum samples from
neonates to adults was tested for total IgG (n = 185)
and Nab (n = 323) against AAV-LK03 and showed
an overall rate of 39% and 23%, respectively. Anti-
AAV-LK03 IgG seroprevalence increased from 29%
in the age cohort of 7 months to 2 years to 50% in
the adult cohort (Fig. 1A). IgG seroprevalence was
significantly higher than Nab seroprevalence in
the age cohort of 3–17 years (39%, n = 89 versus
17%, n = 213; p < 0.0001). Titers of anti-AAV-LK03
IgG (n = 185) in infants younger than 6 months
were much lower than in older children (Fig. 1B).

Lowest Nab rates against AAV-LK03
are observed during late childhood
and early adolescence

Among 323 samples tested, 260 were from pe-
diatric patients (80%; 0–18 years old). Overall Nab
rates against AAV-LK03 were 27%, 21%, and 18%
at 1:5, 1:10, and 1:20 dilutions, respectively. Pre-
sence of Nabs at 1:5 dilution was analyzed in more
precisely defined age groups (Fig. 1C). The lowest
Nab titers were observed in the cohort of 6- to 14-
year-olds with a mean of 11% (n = 121) (Fig. 1C).
The highest Nab rate was observed in late adult-
hood (43–84 years old, n = 26) at 54% (Fig. 1C). The
distribution of Nab titers assessed in seropositive
samples (n = 54) showed no significant difference
within groups (Fig. 1D).

Anti-AAV-LK03 Nab rate is lower than
anti-AAV3B but higher than anti-AAV8 rates

Of the 323 samples used to study AAV-LK03 Nab
rates, 129 samples were randomly assigned to as-
sess Nab rates against AAV3B and AAV8. At 1:5
dilution, overall Nab seroprevalence was 35% (min-
imum 23% in 3- to 18-year-olda; maximum 52% in
the >18 cohort) and 19% (minimum 5% between 3
and 18 years; maximum 43% when >18 years) for
AAV3B and AAV8, respectively. Pediatric Nab ser-
oprevalence rates against AAV-LK03, AAV3B, and
AAV8 were 20%, 26%, and 7%, respectively. For all

serotypes, the lowest seroprevalence was observed
in the age range of 3–17 years (17%, 23%, and 5%
for AAV-LK03, AAV3B, and AAV8, respectively)
(Fig. 1E). In the pediatric population, AAV8 was
consistently the capsid with the lowest Nab rate,
whereas in adulthood anti-AAV-LK03 was the least
prevalent (Fig. 1E). Nab rates against AAV-LK03
and AAV3B were similar in <6-month-old infants,
but in the older cohorts AAV3B consistently ex-
hibited a higher Nab rate (Fig. 1E). When the cap-
sids were considered individually, titers assessed in
seropositive samples (AAV-LK03, n = 54; AAV3B,
n = 45; AAV8, n = 24) were not substantially different
between age groups. However anti-AAV8 antibody
titers were 1-log and 1.5-log below those of anti-
AAV-LK03 and anti-AAV3B, respectively (Fig. 1F).

No sex-associated difference in Nab rates
Nab rates were tested in 50 and 77 randomly

assigned male and female samples, respectively.
No significant difference was observed for AAV-
LK03 ( p = 0.5), AAV3B ( p = 0.3), and AAV8 ( p = 0.6)
(Fig. 1G).

Cross-reactivity of Nab between AAV-LK03,
AAV3B, and AAV8

In 129 samples analyzed for Nab against the
three serotypes, 49 were positive against at least
one capsid (38%). In this subset, 19/49 (39%) were
cross-reactive against all three serotypes studied
(Fig. 1H). Samples with anti-AAV-LK03 Nab were
highly cross-reactive against AAV3B, but less
against AAV8 (97% and 61%, respectively) (Ta-
ble 1). When tested reciprocally, samples with anti-
AAV3B Nab showed cross-reactivity rates of 67%
and 47% with AAV-LK3 and AAV8, respectively
(Table 1).

Nab rates against AAV-LK03, AAV3B,
and AAV8 in nonhuman primates
and comparison with humans

Fifty-two samples from juvenile rhesus ma-
caques were tested for Nab at a serum dilution of
1:5. Nab rates against AAV-LK03, AAV3B, and
AAV8 were 62%, 85%, and 40%, respectively
(Fig. 2A). For individual serotypes, Nab rates did
not show any significant difference between hu-
mans and nonhuman primates. Titers were not
significantly different between capsids (Fig. 2B).
The profile of cross-reactivity in macaques was
similar to that observed in humans with Nab
against AAV-LK03 cross-reacting heavily with
AAV3B (97%) but much less with AAV8 (59%).
Samples with Nab against AAV8 were highly cross-
reactive against AAV-LK03 and AAV3B (90% and
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Figure 1. Seroprevalence of immunoglobulin (Ig)G and neutralizing antibodies (Nab) against adeno-associated virus (AAV)-LK03, 3B, and 8 in humans. (A) Anti-
IgG and Nab seroprevalences against AAV-LK03; (B) anti-IgG titers against AAV-LK03; (C) Nab seroprevalence against AAV-LK03 according to age; (D) Nab titers
against AAV-LK03 according to age; (E) comparison of Nab seroprevalence against AAV-LK03, 3B, and 8; (F) comparison of Nab titers against AAV-LK03, 3B, and 8;
(G) Nab seroprevalence according to sex; (H) cross-reactivity of Nab between serotypes. Vertical bars represent the mean. Box-and-whisker plots represent the
minimum, the mean, the maximum, and the 25th and 75th percentiles. Samples: (A, B) IgG seroprevalence against AAV-LK03, n = 189; (C–F) Nab seroprevalence
against AAV-LK03, n = 323; (E, F) against AAV3B and AAV8, n = 129; (G) male and female samples, n = 50 and n = 77, respectively; (H) n = 49.
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95%, respectively) (Table 2 and Fig. 2C). Nab rates
tested according to sex in sex-matched groups
(n = 26 per sex) showed no significant difference for
AAV-LK03 ( p = 1), AAV3B ( p = 1), or AAV8 ( p = 0.8)
(Fig. 2D). Nab rates were 2 to 3 times higher in
juvenile macaques compared to humans (Fig. 2E).

DISCUSSION

This study presents the rates of IgG and Nab
seroprevalence against selected wild-type and en-
gineered AAV capsids, which are commonly used
for liver-directed gene therapy, in large UK-based
pediatric and adult cohorts and juvenile nonhuman
primates.

In humans, the IgG seroprevalence profile was
in accordance with the humoral immune response
against AAVs previously reported,24,41 with a
higher prevalence before 6 months of age, likely
caused by passive transfer of maternal IgG in utero
or during breastfeeding, a minimal rate between 7
months and 2 years after clearance of maternal
IgG, followed by a progressive rise during child-
hood and adolescence to reach a maximal rate in
adulthood.

Nab seroprevalence against all three serotypes
tested was lower than previously reported. Anti-
AAV-LK03 Nab seroprevalence overall was 23% in
our population (containing 80% pediatric samples)
and 54% in late adulthood. Anti-AAV-LK03 Nab
seroprevalence rates of 67% and 91% were reported
in recent studies in European (n = 21, cutoff 1:5
dilution)39 and Chinese (n = 100, cutoff 1:20 dilu-
tion)38 adult populations, respectively. Pediatric
anti-AAV3B Nab seroprevalence was 26%, which is
also lower than 44% reported previously in a pe-
diatric population from the United States.42 Simi-
larly, the pediatric anti-AAV8 Nab seroprevalence
rate of 7% found here is lower than previous find-
ings in the U.S. pediatric population, with 16% and
23% reported in 75224 and 6225 pediatric samples
(cutoff 1:5 dilution). In our study, anti-AAV8 Nab
seroprevalence in adults was found to be 18%, which
falls in the low range of previous reports summa-
rized by Jeune et al.30 Surprisingly, detailed testing
of anti-AAV-LK03 Nab seroprevalence rates across
age ranges showed a higher seroprevalence rate
before 6 months of age, followed by a gradual re-

duction in seroprevalence reaching a minimum of
7%–10% between 6 and 14 years of age, before in-
creasing progressively during adolescence and
adulthood. A similar tendency was observed for se-
rotypes AAV3B and AAV8. This finding is in con-
trast with some reports for AAV2 and AAV8
serotypes that observed minimal seroprevalence
rates between 7 and 11 months followed by a pro-
gressive increase, although variations in ser-
oprevalence in childhood have been observed.24 We
hypothesize that recurrent viral infections in early
childhood (AAV and other AAV helper viruses like
herpes simples virus 1 and adenoviruses) facilitated
by socialization in nurseries or preschools trigger a
transiently higher Nab seroprevalence, which later
decreases with reduced exposure to these helper
viruses in late childhood. More longitudinal pediatric
studies are required to rigorously test this hypothe-
sis. This loss of the neutralizing effect of anti-AAV
antibodies has previously been observed with wild-
type capsids in pediatric patients with hemophilia
A.25 Five children with Nab against AAV2 (n = 1),
AAV5 (n = 3), and AAV8 (n = 1) showed loss of IgG
neutralizing effect when monitored prospectively
over 4 years. Underlying immunological mecha-
nisms are not well understood. Antiviral serologic
memory is a complex phenomenon with peripheral
memory B cells and antibody-secreting plasma cells,
which might be independently regulated.43

Various factors influence Nab prevalence, such as
geographic location, living conditions, population
density, health care system, and genetic back-
ground.44 The decreased Nab seroprevalence in late
childhood and adolescence favors application of
AAV gene therapy compared to adults. This knowl-
edge is of paramount interest for the design of clin-
ical trials testing AAV gene therapy products
targeting the liver, especially for inherited met-
abolic liver diseases because teenagers are at an
increased risk of mortality (e.g., in urea cycle de-
fects).45 Moreover, liver growth slows substantially
by the age of 12 years, and therapeutic transgene
expression from AAV episomes is therefore likely to
be more durable than in early childhood.22 Finally,
the fact that the neutralizing effect of anti-AAV
antibodies could diminish over time supports the
need for further (e.g., yearly) Nab screening of chil-
dren who might benefit from an ongoing trial of
AAV gene therapy.

Compared to its close parental wild-type cap-
sid AAV3B, AAV-LK03 showed a lower Nab ser-
oprevalence (23% versus 35%) and lower titers (1/40
versus 1/200). This finding is consistent with reduced
neutralizing effect observed with pooled intrave-
nous immunoglobulins with AAV-LK03 compared to

Table 1. Cross-reactivity of neutralizing antibodies
to AAV-LK03, 3B, and 8 in humans

AAV-LK03 AAV3B AAV8

AAV-LK03 — 97% 61%
AAV3B 67% — 47%
AAV8 79% 87% —
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Figure 2. Seroprevalence of Nab against AAV-LK03, 3B, and 8 in juvenile nonhuman primates. (A) Comparison of Nab seroprevalence in nonhuman primates
and humans; (B) Nab titers in nonhuman primates; (C) sex comparison; (D) cross-reactivity of Nab between serotypes in nonhuman primates; (E) comparison
of Nab seroprevalence between serotypes in humans and nonhuman primates. Vertical bars represent the mean. Box-and-whisker plots represent the
minimum, the mean, the maximum, and the 25th and 75th percentiles. Samples: (A, E) macaque samples, n = 72; human samples against AAV-LK03, n = 323;
against AAV3B and AAV8, n = 129; (B, C) n = 72; (D) n = 45.
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AAV3B.35,39 Samples with anti-AAV-LK03 Nab
showed cross-reactivity rates of 97% and 63%
AAV3B and AAV8, respectively. This finding sug-
gests that patients may not benefit from the use of
these capsids if they are selected as vectors for sec-
ondary reinjection after the initial treatment with
AAV-LK03.

AAV5-derived vector has been successfully used in
clinical trial for hemophilia A5 but did not demon-
strate clinical benefit for acute intermittent por-
phyria.46 AlthoughAAV5presentsupto1-logreduced
transduction efficacy compared with AAV8,47 this
capsid has shown low seroprevalence in humans30;
however, high cross-reactivity rates of 55%25 and
89%26 have been reported with AAV8, making this
capsid unlikely to be suitable for re-injection.

In conclusion, high cross-reactivity of Nab be-
tween AAV-LK03, AAV3B, and AAV8 makes a
re-injection between these serotypes unlikely to
achieve significant transduction. Overall anti-
AAV-LK03 Nab seroprevalence is low (23%),
particularly in late childhood, which makes this
age group particularly suitable for AAV gene ther-
apy. Nab seroprevalence also decreases steadily
during the first decade, suggesting that Nab-
positive pediatric patients excluded from AAV

gene therapy clinical trials could be rescreened for
eligibility because this status may change. Larger
longitudinal prospective studies will be needed to
confirm our observation.
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We thank Dr. Maëlle Lorvellec for providing
HuH7 cells and technical assistance for cell culture.
This work was supported by the MRC grant MR/
N019075/1. SNW is funded by the MRC grants
MR/N026101/1 and MR/P026494/1. This research
was supported by the NIHR Great Ormond Street
Hospital Biomedical Research Centre. The views
expressed are those of the author(s) and not nec-
essarily those of the MRC, NHS, the NIHR, or the
Department of Health. LL was supported by project
grants from Australian National Health and Med-
ical Research Council (NHMRC) (APP1108311).

AUTHOR CONTRIBUTIONS

DP, IA, LL, KG, AA, SC, PG, SE, AT, SNW, and
JB contributed to overall study design. DP, JL, and
JAD performed experiments. SC and LL performed
AAV vector production. DP and JB wrote the
manuscript. All authors revised and approved the
final manuscript.

AUTHOR DISCLOSURE

LL is a co-founder and member of SAB of Lo-
gicBio Therapeutics. All other authors declare no
conflicts of interest.

REFERENCES

1. Ginn SL, Amaya AK, Alexander IE, et al. Gene
therapy clinical trials worldwide to 2017: an up-
date. J Gene Med 2018:e3015.

2. Nathwani AC, Rosales C, McIntosh J, et al.
Long-term safety and efficacy following systemic
administration of a self-complementary AAV
vector encoding human FIX pseudotyped with
serotype 5 and 8 capsid proteins. Mol Ther
2011;19:876–885.

3. Nienhuis AW, Nathwani AC, Davidoff AM. Gene
Therapy for hemophilia. Hum Gene Ther 2016;27:
305–308.

4. Nathwani AC, Reiss UM, Tuddenham EG, et al.
Long-term safety and efficacy of factor IX gene
therapy in hemophilia B. N Engl J Med 2014;371:
1994–2004.

5. Rangarajan S, Walsh L, Lester W, et al. AAV5-
factor VIII gene transfer in severe hemophilia A. N
Engl J Med 2017;377:2519–2530.

6. George LA, Sullivan SK, Giermasz A, et al. Hemophilia
B gene therapy with a high-specific-activity factor IX
variant. N Engl J Med 2017a;377:2215–2227.

7. Bainbridge JW, Smith AJ, Barker SS, et al. Effect
of gene therapy on visual function in Leber’s
congenital amaurosis. N Engl J Med 2008;358:
2231–2239.

8. Maguire AM, Simonelli F, Pierce EA, et al. Safety
and efficacy of gene transfer for Leber’s congenital
amaurosis. N Engl J Med 2008;358:2240–2248.

9. Cideciyan AV, Aleman TS, Boye SL, et al. Human
gene therapy for RPE65 isomerase deficiency ac-
tivates the retinoid cycle of vision but with slow

rod kinetics. Proc Natl Acad Sci U.S.A 2008;105:
15112–15117.

10. Russell S, Bennett J, Wellman JA, et al. Efficacy
and safety of voretigene neparvovec (AAV2-
hRPE65v2) in patients with RPE65-mediated in-
herited retinal dystrophy: a randomised, con-
trolled, open-label, phase 3 trial. Lancet 2017;390:
849–860.

11. Hocquemiller M, Giersch L, Audrain M, et al. Adeno-
associated virus-based gene therapy for CNS dis-
eases. Hum Gene Ther 2016;27:478–496.

12. Mendell JR, Al-Zaidy S, Shell R, et al. Single-dose
gene-replacement therapy for spinal muscular
atrophy. N Engl J Med 2017;377:1713–1722.

13. Muramatsu S, Fujimoto K, Kato S, et al. A phase I
study of aromatic L-amino acid decarboxylase

Table 2. Cross-reactivity of neutralizing antibodies against
AAV-LK03, 3B, and 8 in nonhuman primates

AAV-LK03 AAV3B AAV8

AAV-LK03 — 97% 59%
AAV3B 70% — 45%
AAV8 90% 95% —

86 PEROCHEAU ET AL.



gene therapy for Parkinson’s disease. Mol Ther
2010;18:1731–1735.

14. Bryant LM, Christopher DM, Giles AR, et al. Les-
sons learned from the clinical development and
market authorization of Glybera. Hum Gene Ther
Clin Dev 2013;24:55–64.

15. FDA approves hereditary blindness gene therapy.
Nat Biotechol 2018;36:6.

16. Berns KI, Muzyczka N. AAV: an overview of un-
answered questions. Hum Gene Ther 2017;28:
308–313.

17. Mingozzi F, High KA. Overcoming the host immune
response to adeno-associated virus gene delivery
vectors: the race between clearance, tolerance,
neutralization, and escape. Annu Rev Virol 2017;4:
511–534.

18. Manno CS, Pierce GF, Arruda VR, et al. Successful
transduction of liver in hemophilia by AAV-Factor
IX and limitations imposed by the host immune
response. Nat Med 2006;12:342–347.

19. Murphy SL, Li H, Zhou S, et al. Prolonged sus-
ceptibility to antibody-mediated neutralization for
adeno-associated vectors targeted to the liver.
Mol Ther 2008;16:138–145.

20. Scallan CD, Jiang H, Liu T, et al. Human immu-
noglobulin inhibits liver transduction by AAV
vectors at low AAV2 neutralizing titers in SCID
mice. Blood 2006;107:1810–1817.

21. Jiang H, Couto LB, Patarroyo-White S, et al.
Effects of transient immunosuppression on
adenoassociated, virus-mediated, liver-directed
gene transfer in rhesus macaques and impli-
cations for human gene therapy. Blood 2006;
108:3321–3328.

22. Baruteau J, Waddington SN, Alexander IE, et al.
Gene therapy for monogenic liver diseases: clini-
cal successes, current challenges and future
prospects. J Inherit Metab Dis 2017;40:497–517.

23. Vandamme C, Adjali O, Mingozzi F. Unraveling the
complex story of immune responses to AAV vec-
tors trial after trial. Hum Gene Ther 2017;28:
1061–1074.

24. Calcedo R, Morizono H, Wang L, et al. Adeno-
associated virus antibody profiles in newborns,
children, and adolescents. Clin Vaccine Immunol
2011;18:1586–1588.

25. Li C, Narkbunnam N, Samulski RJ, et al. Neu-
tralizing antibodies against adeno-associated vi-
rus examined prospectively in pediatric patients
with hemophilia. Gene Ther 2012;19:288–294.

26. Boutin S, Monteilhet V, Veron P, et al. Prevalence of
serum IgG and neutralizing factors against adeno-
associated virus (AAV) types 1, 2, 5, 6, 8, and 9 in the
healthy population: implications for gene therapy us-
ing AAV vectors. Hum Gene Ther 2010;21:704–712.

27. Kotterman MA, Schaffer DV. Engineering adeno-
associated viruses for clinical gene therapy. Nat
Rev Genet 2014;15:445–451.

28. Tseng YS, Agbandje-McKenna M. Mapping the
AAV capsid host antibody response toward the
development of second generation gene delivery
vectors. Front Immunol 2014;5:9.

29. Tse LV, Klinc KA, Madigan VJ, et al. Structure-
guided evolution of antigenically distinct adeno-
associated virus variants for immune evasion.
Proc Natl Acad Sci U S A 2017;114:E4812–E4821.

30. Louis Jeune V, Joergensen JA, Hajjar RJ, et al.
Pre-existing anti-adeno-associated virus anti-
bodies as a challenge in AAV gene therapy. Hum
Gene Ther Methods 2013;24:59–67.

31. Kay MA. State-of-the-art gene-based therapies:
the road ahead. Nat Rev Genet 2011;12:316–328.

32. Choudhury SR, Fitzpatrick Z, Harris AF, et al.
In vivo selection yields AAV-B1 capsid for central
nervous system and muscle gene therapy. Mol
Ther 2016;24:1247–1257.

33. Deverman BE, Pravdo PL, Simpson BP, et al. Cre-
dependent selection yields AAV variants for
widespread gene transfer to the adult brain. Nat
Biotechnol 2016;34:204–209.

34. Mingozzi F, High KA. Immune responses to AAV in
clinical trials. Curr Gene Ther 2011;11:321–330.

35. Lisowski L, Dane AP, Chu K, et al. Selection and
evaluation of clinically relevant AAV variants in a
xenograft liver model. Nature 2014;506:382–386.

36. Li S, Ling C, Zhong L, et al. Efficient and targeted
transduction of nonhuman primate liver with
systemically delivered optimized AAV3B vectors.
Mol Ther 2015;23:1867–1876.

37. George LA, Ragni MV, Samelson-Jones BJ, et al.
Spk-8011: preliminary results from a phase 1/2
dose escalation trial of an investigational AAV-

mediated gene therapy for hemophilia A. Blood
2017b;130:604.

38. Ling C, Wang Y, Feng YL, et al. Prevalence
of neutralizing antibodies against liver-tropic
adeno-associated virus serotype vectors in
100 healthy Chinese and its potential relation
to body constitutions. J Integr Med 2015;13:
341–346.

39. Paulk NK, Pekrun K, Zhu E, et al. Bioengineered
AAV capsids with combined high human liver
transduction in vivo and unique humoral seror-
eactivity. Mol Ther 2018;26:289–303.

40. Binny CJ, Nathwani AC. Vector systems for pre-
natal gene therapy: principles of adeno-
associated virus vector design and production.
Methods Mol Biol 2012;891:109–131.

41. Erles K, Sebokova P, Schlehofer JR. Update on the
prevalence of serum antibodies (IgG and IgM) to
adeno-associated virus (AAV). J Med Virol 1999;
59:406–411.

42. Blacklow NR, Hoggan MD, Kapikian AZ, et al.
Epidemiology of adenovirus-associated virus in-
fection in a nursery population. Am J Epidemiol
1968;88:368–378.

43. Amanna IJ, Carlson NE, Slifka MK. Duration of
humoral immunity to common viral and vaccine
antigens. N Engl J Med 2007;357:1903–1915.

44. Calcedo R, Wilson JM. Humoral immune response
to AAV. Front Immunol 2013;4:341.

45. Brassier A, Gobin S, Arnoux JB, et al. Long-term
outcomes in ornithine transcarbamylase deficien-
cy: a series of 90 patients. Orphanet J Rare Dis
2015;10:58.

46. D’Avola D, Lopez-Franco E, Sangro B, et al. Phase
I open label liver-directed gene therapy clinical
trial for acute intermittent porphyria. J Hepatol
2016;65:776–783.

47. Baruteau J, Waddington SN, Alexander IE, et al.
Delivering efficient liver-directed AAV-mediated
gene therapy. Gene Ther 2017;24(5):263–264.

Received for publication May 16, 2018;

accepted after revision June 28, 2018.

Published online: July 19, 2018.

SEROPREVALENCE AGAINST AAV-LK03 IN THE UK 87


