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Most gene therapy clinical trials that systemically administered
adeno-associated virus (AAV) vector enrolled only patients
without anti-AAV-neutralizing antibodies. However, labora-
tory tests to measure neutralizing antibodies varied among
clinical trials and have not been standardized. In this study,
we attempted to improve the sensitivity and reproducibility
of a cell-based assay to detect neutralizing antibodies and to
determine the detection threshold to predict treatment efficacy.
Application of the secreted type of NanoLuc andAAV receptor-
expressing cells reduced the multiplicity of infection (MOI) for
AAV transduction and improved the sensitivity to detect
neutralizing antibodies with a low coefficient of variation,
whereas the detection threshold could not be improved by the
reduction of MOI to <100. After human immunoglobulin
administration into mice at various doses, treatment with
high-dose AAV8 vector enabled evasion of the inhibitory effect
of neutralizing antibodies. Conversely, gene transduction was
slightly influenced in themice treated with low-dose AAV8 vec-
tor, even when neutralizing antibodies were determined to be
negative in the assay. In conclusion, we developed a reliable
and sensitive cell-based assay to measure neutralizing anti-
bodies against AAV and found that the appropriate MOI to
detect marginal neutralizing antibodies was 100. Other factors,
including noninhibitory antibodies, marginally influence
in vivo transduction at low vector doses.
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INTRODUCTION
Adeno-associated virus (AAV) is a promising platform for delivering
a transgene that has low pathogenicity and long-term transgenic
expression. Clinical studies on gene therapy based on the AAV vector
have been extensively developed in recent years and are being touted
as the next-generation treatment to cure several inherited and degen-
erative diseases.1,2 Although AAVs do not cause any disease in
humans, a major limitation of the AAV vector is the presence of pre-
existing neutralizing antibodies (Nabs) against the AAV capsid sec-
ondary to latent infection. The presence of Nabs is well established
to inhibit gene transfer mediated by systemic injection of the AAV
vector.3 Indeed, the seropositivity of Nabs has been the main exclu-
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sion criterion for enrolling patients in several clinical trials.4 The
detection of Nabs is important in the application of AAV-mediated
gene therapy for the treatment of human diseases.

The methods for measuring Nabs were different among various
clinical trials and are currently not standardized.5–7 Although the
prevalence of Nabs relatively varied from 5% to 60% among the
AAV serotypes, previous studies were incomparable because of their
different assay sensitivities.8–12 There are two main assays to detect
anti-AAV antibodies in vitro; these include direct detection of total
antibody by ELISA-based capture assays and by a cell-based transduc-
tion assay. Total antibody detection is easy to set up; however, it rep-
resents all immunoglobulins that bind to the AAV capsid. Therefore,
the assay does not necessarily characterize the neutralizing activity
that can inhibit virus vector transduction by immunoglobins.13

Cell-based assays have been widely employed to detect Nabs14,15

through assessment of the reduction of vector transduction to the
cells after incubation of the AAV vectors with the patient’s serum.
Compared with ELISA-based capture assays, cell-based assays can
directly assess the inhibition of vector transduction but are less sensi-
tive.5,16 There are several reasons for the limited sensitivity of the cell-
based assay. First, poor transduction of the cell with several AAV
serotypes in vitro requires a high vector genome for the assay, result-
ing in a relatively low detection sensitivity for Nabs.13 Furthermore,
the selection of reporter transgene affects the sensitivity of the assay.17

For example, the assay based on green fluorescent protein has a
limited sensitivity and can lead to false-negative results.18 Accord-
ingly, highly sensitive and reproducible cell-based assays are war-
ranted for standardization.19

In this study, we report an improved cell-based assay to detect Nabs
against AAV. Furthermore, we determined the appropriate vector
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Figure 1. Comparison of the ability to detect protein

expression among the reporter genes

(A) Schematic diagram of the AAV vector constructs used

in this study. (B) CHO-K1 and Huh-7 cells were trans-

duced with AAV5 and AAV8 vectors harboring the EGFP

gene at an indicated MOI. The percentage of EGFP-

positive cells was determined by flow cytometry. Values

are presented as mean ± SD (n = 3). (C) CHO-K1 cells

were transduced with AAV5 vector harboring luciferase or

secNanoLuc at an indicated MOI. Transgene expressions

in the cell lysate and supernatant were determined by

luminescence and expressed as RLU. (D) Huh-7 cells

were transduced with AAV8 vector harboring the lucif-

erase gene or secNanoLuc at an indicated MOI. Trans-

gene expressions in the cell lysate and supernatant were

determined by luminescence and expressed as RLU.

Values are presented as mean ± SD (n = 3). CAGp, CAG

promoter; EGFP, enhanced green fluorescent protein;

luciferase, firefly luciferase; secNanoLuc, secreting type of

NanoLuc; ITR, inverted terminal repeat; RLU, relative light

unit.
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copy number to detect marginal Nabs in vitro and examined whether
the results reflected in vivo transduction efficacy in mice.

RESULTS
Comparison of transduction efficiency among different AAV

serotypes in several cell lines

We first attempted to select the cell lines that had high transduction
efficiency for each AAV serotype. Because 10,000 relative light units
(RLU) of luciferase has been reported to be important for reproduc-
ible Nab assays,15 the multiplicity of infection (MOI, vector genomes
[vg]/cell) of the AAV vector genome that can obtain 10,000 RLU was
considered the minimal threshold for transduction to detect Nabs.
We generated several AAV vectors expressing luciferase, and the
transduction efficiency of each serotype was examined in HEK293
cells. We found that luciferase expression was efficient by transduc-
tion with AAV1, AAV2, and AAV6 but was less efficient by transduc-
tion with AAV5 and AAV8 (Figure S1A). To find an efficient cell line
for AAV5 and AAV8 transduction, we employed other cell lines, such
as CHO-K1, HT1080, and Huh-7 cells. AAV5 and AAV8 showed bet-
ter gene transfer efficiency in CHO-K1 cells and Huh-7 cells, respec-
tively (Figures S1B and S1C). We used CHO-K1 and Huh-7 cells for
further cell-based assays for Nabs against AAV5 and AAV8,
respectively.

Comparison of the ability to detect protein expression among

the reporter genes

Next, we attempted to further increase the transduction sensitivity by
AAV5 and AAV8, whose transduction efficacies were inefficient
in vitro, to alter the reporter genes. We compared the threshold of
the AAV vector genome to detect transduction among enhanced
green fluorescent protein (EGFP), luciferase, and the secreting type
of NanoLuc (secNanoLuc). NanoLuc has been demonstrated to offer
Molecular The
>150-fold RLU than firefly luciferase or Renilla luciferase, in vitro and
in vivo.20,21 Moreover, NanoLuc conjugated with an interleukin (IL)-
6 signal peptide (secNanoLuc) was shown to enable the detection of
protein expression in the supernatant.22–24 We generated the AAV5
and AAV8 vectors harboring EGFP, luciferase, or secNanoLuc re-
porters under the control of the CAG promoter (Figure 1A) and
transduced the CHO-K1 or Huh-7 cells at different MOI values (Fig-
ures 1B–1D). We detected only 5%–15% of EGFP-positive cells even
in the high vector genome (MOI of 10,000) (Figure 1B). Efficient
EGFP expression could not be obtained at an MOI of <1,000 (Fig-
ure 1B). The application of luciferase resulted in efficient reporter
expression in the cytoplasm at an MOI of 1,000 (Figures 1C and
1D). No luciferase reporter was expressed in the supernatant; howev-
er, >10-fold higher secNanoLuc activity was noted in the supernatant
(Figures 1C and 1D). The sensitivity of secNanoLuc in the superna-
tant was 10- to 100-fold higher than that of luciferase, and significant
expression was detected even at an MOI of 10 (Figure 1D). The signal
of secNanoLuc was stably detected within 30 min, whereas that for
luciferase was more unstable (Figure S2).

Influence of the AAV vector genome number on the detection of

Nabs

Next, we examined whether differences in MOI affected the detection
of AAVNabs. The AAV5 or AAV8 vector harboring luciferase or sec-
NanoLuc was incubated with a serial dilution of human immunoglob-
ulin or anti-AAVmonoclonal antibody (mAb); this mixture was then
added to the cell culture. The titer of Nabs was expressed as the dilu-
tion ratio that obtained 50% inhibition of transgene expression
(ND50) (Figure 2). At the same dilution rate, the detection of Nabs
was better with a lower MOI; ND50 increased more at an MOI of
100 than at an MOI of 1,000 (Figure 2). Both luciferase and secNano-
Luc yielded similar results (ND50 is higher at an MOI of 100), but the
rapy: Methods & Clinical Development Vol. 22 September 2021 163
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Figure 2. Sensitivity in detecting neutralizing

antibody at different MOI values

(A–D) The AAV vector (AAV5 [A and C] or AAV8 [B and D])

expressing secNanoLuc was incubated with an indicated

concentration of human immunoglobulin (IVIG) (A and B)

or anti-AAV monoclonal antibody (mAb) (C and D) for 1 h.

CHO-K1 cells for AAV5 and Huh-7 cells for AAV8 were

transduced with the AAV vector at an MOI of 100 (orange)

or 1,000 (blue). Transgene expressions in the supernatant

and cell lysate were determined by luminescence and

expressed as transduction efficiency (%). Complete

transduction (100%) was defined based on the result of

the RLU obtained from incubation of the AAV vector with

fetal bovine serum. Inhibition of vector transduction by

neutralizing antibody is expressed as the percentage of

transduction. ND50 values were calculated as the di-

lutions needed to neutralize 50% vector transduction.

Values are presented as mean ± SD (n = 3). NTC, no

transduction control.
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detection system using secNanoLuc had better interassay and intraas-
say % coefficient of variation (CV) (Tables 1 and 2). In addition, sec-
NanoLuc had a consistently high RLU of >10,000 (Figure 1).

Application of the AAV receptor-expressed cell line

To obtain maximum transduction efficacy, we generated HEK293
cells expressing the AAV receptor (AAVR). HEK293 cells were trans-
duced with the plasmid vector harboring the AAVR cDNA by con-
trolling the EF1a promoter, followed by selection of the transduced
cells by the addition of G418 (Figure 3A). We obtained HEK293 cells
that expressed AAVR at a high level after limited dilution (Figure 3A).

Next, we examined whether the expression of AAVR could enhance
AAV vector transduction. AAV1, AAV2, and AAV5 had enhanced
transduction efficacy at higher vector doses but not at an MOI of
100 (Figure S3). Conversely, transduction with AAV8 was signifi-
cantly enhanced by the expression of AAVR in all vector doses (Fig-
ure S3). To further enhance the transduction efficacy, we employed
secNanoLuc instead of luciferase. When the HEK293 cells expressing
AAVR were transduced with the AAV8 vector expressing secNano-
Luc, significant expression of the transgene could be detected even
at anMOI range of 0.1–1.0 (Figure 3B). Nevertheless, the ND50 values
at MOI levels of 1, 10, and 100 did not differ in the HEK293 cells ex-
pressing AAVR (Figures 3C and 3D). Because the assay CV tended to
become worse as the amount of the vector genome decreased (data
not shown), an MOI of 100 was the appropriate vector genome to
detect the marginal Nab in vitro. Nab titers assessed by the
164 Molecular Therapy: Methods & Clinical Development Vol. 22 September 2021
HEK293 cells expressing AAVR seemed similar
to those assessed by Huh-7 cells (see Figure 6),
but showed a better CV (Table S1).

Influence of empty capsid in the detection

of Nabs

Next, we examined whether the existence of

empty capsid affected the detection of Nabs. We purified AAV8 vec-
tors using two methods, i.e., the commercially available purification
kit (AAVpro purification kit, Takara Bio, Shiga, Japan) and the ce-
sium chloride-based centrifugation method.We examined the quality
of each AAV8 vector by sedimentation velocity analytical ultracentri-
fugation. The additional peak for empty capsid was observed for
AAV8 vectors purified using the purification kit (11.6% and 16.9%
at optical density [OD]260, 20.3% and 25.6% at OD280 in two indepen-
dent vectors), but not for those purified using the chloride-based
centrifugation method (Figure 4A). We compared Nab titers assessed
by both vectors and found that the purification method did not affect
Nab detection at an MOI of 100 in Huh-7 and HEK293 cells express-
ing AAVR (Figure 4B).

Prediction of AAV vector transduction in vivo

We further investigated whether the detection of Nabs by the cell-
based assay would predict in vivo AAV8 vector transduction. We em-
ployed AAV8 to assess the effect of Nabs on systemic administration
of the vector in vivo because of high transduction efficiency in the
mouse liver. The transduction efficiency of mouse liver with AAV5
is 100-fold lower than that with AAV8 (data not shown). We intrave-
nously administered human immunoglobulin or anti-AAV8 mAbs
into mice to obtain AAV8 Nabs in the blood (Figure S4A). We ex-
tracted blood at 1 h after the injection and measured Nabs using a
cell-based assay (Figure S4A). As expected in previous experiments,
the sensitivity to detect Nabs was poor at an MOI of 1,000 (Fig-
ure S4B). Nabs in mice could be detected after injection of >0.5 mg



Table 1. Interassay CV in ND50 at an MOI of 100

AAV5

Nab Reporter ND50 (mean ± SD)a Interassay CV (%)a

IVIG luciferase 87.82 ± 15.62 17.79

secNanoLuc 120.23 ± 16.91 14.07

mAb luciferase 278.45 ± 170.98 61.40

secNanoLuc 184.23 ± 64.23 34.86

AAV8

Nab Reporter ND50 (Mean ± SD) Interassay CV (%)

IVIG luciferase 458.70 ± 252.61 55.07

secNanoLuc 379.87 ± 32.48 8.55

mAb luciferase 8,791.33 ± 1,763.29 20.06

secNanoLuc 8,041.00 ± 1,523.33 18.94

IVIG, human immunoglobulin; mAb, monoclonal antibody; SD, standard deviation;
CV, coefficient of variation.
aThe data were derived from a mean of three independent experiments.
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of human immunoglobulin or 30 ng of mAbs but not after injection of
0.15 mg of human immunoglobulin or 10 ng of mAbs at an MOI of
100 (Figures S4C and S4D).

To examine whether the presence of Nabs in blood inhibited trans-
duction after systemic injection of the AAV8 vector, we administered
the AAV8 vector harboring secNanoLuc after the injection of human
immunoglobulin or mAbs (Figure 5A). After administration of the
AAV8 vector at a high dose (1 � 1013 vg/kg), AAV vector transduc-
tion was marginally inhibited in mice treated with 1.5 mg of human
immunoglobulin (ND50 1:7.9 at an MOI of 100) (Figure S4C; Fig-
ure 5B). However, after administration of the AAV8 vector at a low
dose (0.5 � 1012 vg/kg), transduction was completely abolished in
mice treated with 0.5 mg of immunoglobulin (ND50 1:2.28 at an
MOI of 100) or 100 ng of mAbs (ND50 1:2.74 at an MOI of 100) (Fig-
ures S4C and S4D; Figures 5C and 5D). The detection of Nabs at 1:1
serum dilution in mice treated with immunoglobulin (0.5 mg) or
mAbs (30 ng) showed a significant decrease in vector transduction
in vivo (Figures 5C and 5D). In mice treated with 0.15 mg of immu-
noglobulin, we observed a statistically significant reduction of vector
transduction, but we could not detect Nabs in their blood (Figures
5C). We compared the results between the cell-based assay for
Nabs and the ELISA-based capture assays for total antibody. The
ELISA-based capture assays could detect immunoglobulin levels
that could not be detected using the cell-based Nabs assay (Figure S5).

Detection of Nabs in human sample

Finally, we assessed whether our assay accurately selects eligible pa-
tients for a clinical trial. We used serum samples obtained from a cyn-
omolgus monkey successfully treated with AAV8 vector expressing
coagulation factor IX,25 as a control. We detected extremely high
Nab titers in the serum after vector administration, but not before
the administration (Figure S6). Next, we assessed Nabs against
AAV5 and AAV8 in commercially available human samples (n = 10,
Molecular The
Precision for Medicine, Chevy Chase, MD, USA). When samples
were assessed with the method using luciferase at an MOI of 1,500,
three samples were evaluated as negative for Nabs (nos. 6, 8, and 10
in Figures 6A and 6B). One negative sample at an MOI of 1,500 (no.
8) became positive as assessed by the assay using secNanoLuc at an
MOI of 100 (Figures 6C and 6D).

DISCUSSION
The presence of Nabs is an important factor in determining the suc-
cess of gene therapy with AAV vectors.26 Cell-based assays have been
mainly performed to detect Nabs, but they are not standardized and
are less sensitive, compared with the direct detection of total antibody
using ELISA-based capture assays.5,6,13 In addition, the required assay
sensitivity to predict the success of an AAV-mediated gene therapy
remains to be elucidated. In this study, we maximized the sensitivity
of cell-based Nab assays and found the appropriate vector genome for
the detection of marginal Nabs. Furthermore, we clarified how anti-
body titers affected the actual transduction of AAV vectors in vivo.

We have developed a sensitive and reproducible cell-based Nab assay.
Using the highly sensitive reporter secNanoLuc and cells thatwere easy
to transduce, we could reduce the number of AAV vector genomes
required for transduction. Although decreasing the vector dose
increased the sensitivity of the assay, we identified an MOI of 100 as
the appropriate vector copy number to detect Nabs with a high CV.
The reason why the assay sensitivity does not improve with decreasing
the MOI to <100 may be explained by the dissociation constant. If the
dissociation constant between AAV and Nabs is kept consistent, the
binding rate of Nabs to AAVs will deteriorate with the decrease in
the concentration of AAV and Nabs in the solution. A lower MOI
and Nab resulted in weaker Nab inhibition, and the Nab detection
might reach the limitation. The secNanoLuc simplified the test and
was expected to improve CVs because AAV infection can be detected
by directmeasurement of the cell supernatant. The employment of sec-
NanoLuc increased the sensitivity of the Nab assays with AAV5 and
AAV8, whose transduction could not be efficiently detected
in vitro.27,28 The combination with AAVR-expressed cells further
enhanced the transduction and allowed evaluation even at a very low
concentration of AAV8 vectors. The assay for the detection of Nabs
against AAV5 and AAV8 reportedly utilized a relatively high number
of vector genomes to detect reporter expression in vitro. A previous
report that employed an MOI of 30,000 for the Nab assay against
AAV8 suggested the requirement for a more sensitive assay because
the presence of a very low Nab below the detection limit impeded
the transduction efficacy in vivo.14 Clinical trials on AAV5 employed
aMOI of 25,000 for Nab assays of HEK293 cells.5 Another nonhuman
primate study on AAV5 used an MOI of 347, but only 1,000 RLU was
obtained for the positive control in the HEK293 cells.18,29

The association between the treatment vector dose and the Nab titers
was found to be important in this study. Compared with low vector
doses, relatively high doses of the AAV vectors could evade the inhib-
itory effect of Nabs. This was consistent with the results of our previ-
ous experiments on pigs, in which high doses of the AAV8 vectors
rapy: Methods & Clinical Development Vol. 22 September 2021 165
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Table 2. Intraassay CV in cell-based Nab assay at an MOI of 100

Nab Reporter
Dilution
rate

% Transduction
efficiency (mean ± SD)a

Intraassay
CV (%)b

AAV5

IVIG luciferase 1:300 108.08 ± 4.61 22.99

1:100 66.48 ± 21.80 35.6

1:30 3.63 ± 2.40 74.72

secNanoLuc 1:300 95.65 ± 15.64 11.81

1:100 38.57 ± 2.50 21.44

1:30 2.49 ± 1.28 55.20

mAb luciferase 1:1,000 89.84 ± 24.05 19.91

1:300 65.23 ± 25.99 19.64

1:100 28.12 ± 19.03 32.46

secNanoLuc 1:1,000 97.06 ± 5.35 16.98

1:300 73.51 ± 13.56 9.80

1:100 24.18 ± 14.00 18.84

AAV8

IVIG luciferase 1:3,000 87.31 ± 10.24 20.56

1:1,000 79.28 ± 17.57 18.57

1:300 46.44 ± 18.42 22.53

secNanoLuc 1:3,000 99.02 ± 1.37 16.73

1:1,000 84.08 ± 3.04 14.12

1:300 41.45 ± 3.54 25.79

mAb luciferase 1:30,000 91.44 ± 6.87 25.12

1:10,000 62.08 ± 1.86 29.88

1:3,000 16.57 ± 7.73 12.33

secNanoLuc 1:30,000 83.57 ± 5.76 18.19

1:10,000 57.89 ± 9.10 12.58

1:3,000 27.17 ± 2.55 18.81

aThe data were derived from triplicate samples in one experiment.
bThe data were derived from three independent experiments composed of triplicate
samples.
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prevented the inhibition by Nabs.30 Clinical trials and preclinical
studies on monkeys using AAV5 vectors showed a therapeutic effect
even in the presence of Nabs, suggesting that AAV5 is effective even
in Nab-positive patients.18 Although precise mechanisms including a
serotype-specific property have not yet been fully understood, high
vector doses (1 � 1013 vg/kg or higher4,31) in an AAV5 clinical trial
may evade Nabs. For clinical trials that required high vector admin-
istration, a sensitive assay to detect Nab may not be necessarily
required.32 Cumulatively, the therapeutic effect of systemic gene ther-
apy in clinical practice is determined according to the AAV vector
dose, serotype’s propensity, and Nab titer in the serum. We should
carefully determine the specific threshold value for the inclusion
criteria of eligible patients based on the vector type and dosage in
each clinical trial.

Notably, although a high-dose vector could evade the inhibitory effect
of Nabs, it had a tendency to be associated with hepatotoxicity and
166 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
other serious adverse events.33–36 In addition, cases of death second-
ary to hepatotoxicity from high-dose AAV8 (3� 1014 vg/kg) were re-
ported.37 Considering the safety of AAV-mediated gene therapy, the
amount of AAV vectors required to achieve a therapeutic effect
should be minimal. Conversely, transduction with relatively low vec-
tor doses can be easily affected by the presence of Nabs. Moreover, the
existence of marginal antibodies or other unknown factors may
slightly inhibit vector transduction in vivo, even if the Nab is deter-
mined to be negative on cell-based assays. The therapeutic effects of
AAV vectors are known to vary among individuals, and the presence
of these factor(s) may be linked to individual differences after vector
administration. Binding of antibodies that do not have neutralizing
activity may promote antibody-dependent complement activation,
which can affect viral clearance from the blood38 and result in
deceased transduction. Meanwhile, serum nonantibody-based
neutralizing factors that cannot be detected in a total antibody assay
may influence transduction efficiency.39 From these perspectives, in-
hibition of transduction efficiency in vivo may vary. Some reports
suggested that a Nab assay was more sensitive in vivo than
in vitro.7,40 Indeed, we could identify the inhibitory effect of marginal
antibodies even in the in vivoNab assay in mice (Figure S7). In future
clinical trials, we should carefully discuss the requirement for an
in vivo assay from the point of view of animal welfare as well as the
complexity of the procedure and standardization.

The detection threshold of ourmethodmet the criteria of the US Food
and Drug Administration recommendation of at least 100 ng/mL
assay sensitivity to detect antidrug antibodies in biological samples,41

albeit whether the guidance should be adapted for gene therapies re-
mains to be decided.42 Approximately 100 ng/mL antibodies has been
reported to completely prevent disease, and 10 ng/mL provided
considerable protection after vaccination against tetanus and diph-
theria.43 Although the clinical desired sensitivity to detect Nabs
against AAV has not been revealed, the detection threshold in our
present cell-based assay was 50 ng/mL mAbs against AAV. A total
antibody assay was reported to detect <100 ng/mL mAbs against
AAVs,5–7,18 whereas the previous cell-based Nab assay was less sensi-
tive at 180 ng/mL (low quality control) and 3,000 ng/mL (high quality
control).44,45 Our data suggested that an in vitro cell-based assay at a
MOI of 100 detects the desired level of a mAb and mostly predicted
the success of gene therapy.

This study had several limitations that should be addressed in future
work. First, we did not assess the influence of clinical sample-related
validation (e.g., hemolytic, lipemic, and jaundiced serum). The
impact of these validations on the test value should be examined. Sec-
ond, we could not evaluate the effect of inhibitory factors other than
immunoglobulin because we only assessed the effect of purified hu-
man immunoglobulin and mAb. We should clarify and carefully
assess the importance of serum substances that can inhibit AAV
transduction. Furthermore, we assessed only 10 human serum sam-
ples in the cell-based assay and did not evaluate whether increasing
the sensitivity altered the prevalence of Nabs in a specific population.
We previously examined the prevalence of Nabs in Japanese patients
mber 2021



Figure 3. Threshold to detect AAV-neutralizing

antibody among different MOI values in HEK293

cells expressing AAVR

(A) AAVR expression after transduction of HEK293 cells

with the linearized pBApo-EF1 plasmid containing AAVR

was determined by intracellular fluorescent staining with

anti-FLAG antibody using flow cytometry (left). The clone

with a high expression of AAVR after limited dilution was

selected (right). Histograms represent the degree of FLAG

expression (blue, isotype-matched control; red, anti-

FLAG antibody). (B) HEK293 cells expressing AAVR were

transduced with the AAV8 vector harboring the NanoLuc

gene at an indicated MOI. Transgene expressions in the

supernatant were determined by luminescence and ex-

pressed as a RLU. Values are presented as mean ± SD

(n = 3). (C and D) The AAV8 vector expressing secNano-

Luc was incubated with an indicated concentration of IVIG

(C) or anti-AAV mAb (D) for 1 h. HEK293 cells expressing

AAVR were transduced with the AAV8 vector at an MOI of

1 (black), 10 (blue), or 100 (orange). Transgene expression

in the supernatant was determined by luminescence and

expressed as transduction efficiency (%). Complete transduction (100%) was defined based on the result of RLU obtained from incubation of the AAV vector with fetal bovine

serum. Inhibition of vector transduction by neutralizing antibody is expressed as the percentage of transduction. ND50 values were calculated as the dilutions needed to

neutralize 50% vector transduction. Values are mean ± SD (n = 3).
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with hemophilia and found that 27.4%–39.7% were positive for Nabs
against several AAV serotypes.10 Our previous examination em-
ployed an MOI of 1,000 for AAV5 and AAV8.25 We are now con-
ducting clinical research to examine the prevalence of Nabs in healthy
volunteers (expected number for recruitment = 100) and patients
with hemophilia (expected number for recruitment = 240) in Japan
(UMIN-CTR: UMIN000039069). The study will reveal the real prev-
alence of Nabs in patients with hemophilia and the percentage of pa-
tients eligible for AAV-mediated gene therapy in Japan. Finally, we
have shown data only for AAV8 in in vivo mouse experiments in
this paper. It is necessary to verify whether the same phenomenon
is observed in other serotypes.

In conclusion, we developed a reliable and sensitive cell-based assay
for the determination of Nabs against AAV and found an MOI of
100 as the appropriate vector copy number to detect the existence
of marginal Nabs. Accurate measurement of Nabs against AAVs
can predict the success of systemic AAV vector-mediated gene ther-
apy. Further validation of the assays is required for future clinical
application as a laboratory test. In addition, factors other than Nabs
may affect the individual differences in treatment response. These fac-
tors that influence the therapeutic efficacy of AAV vectors should be
clarified to avail the benefits of gene therapy to many patients with re-
fractory diseases.

MATERIALS AND METHODS
Cell culture

HEK293 cells (JRCB Cell Bank, Osaka, Japan), AAVpro 293T cells
(Takara Bio), Huh-7 cells (JRCB Cell Bank), and CHO-K1 cells
(JRCB Cell Bank) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Wal-
Molecular The
tham, MA, USA) and 2 mM L-glutamine (Thermo Fisher Scientific).
HT1080 cells (JRCB Cell Bank) were cultured in DMEM supple-
mented with 10% FBS, 2-mM L-glutamine, and 1% nonessential
amino acids (Wako Pure Chemical, Osaka, Japan).

Generation of AAVR-expressing stable cell line

A codon-optimized human AAVR gene (KIAA0391L: NM_024874)
conjugated with FLAG tag at the C terminus was synthesized at Gen-
Script (Piscataway, NJ, USA). The cDNA sequence was cloned into
the pBApo-EF1 plasmid (Takara Bio). The linearized pBApo-EF1
plasmid containing AAVR (pBApo-EF1-AAVR) was transfected
into HEK293 cells using Lipofectamine 2000 (Thermo Fisher Scienti-
fic, CA, USA). To select the transfected cell clones, G418 (Nacalai Tes-
que, Kyoto, Japan) was added in the culture medium; culture was
continued for selection with limited dilution in 96-well plates. We
selected the clone that had a high expression of AAVR on flow
cytometry.

Plasmid construct and AAV vector production

The cDNA of NanoLuc containing the IL-6 signal peptide (secNano-
Luc) was synthesized at GenScript. Firefly luciferase cDNA was
derived from pGL3 basic plasmid (Promega, Madison, WI, USA). A
cDNA fragment that comprised a chimeric CAG promoter (CMV
enhancer, chicken b-actin promoter and splice donor, and rabbit
b-globin intron with splice acceptor), a transgene (EGFP, secNano-
Luc, or luciferase), and the SV40 polyadenylation signal was intro-
duced between the inverted terminal repeats in the pAAV2 plasmid.

The genes were packaged by triple plasmid transfection of AAVpro
293T cells (Takara Bio) to generate the AAV vector (helper-free sys-
tem), as described previously.46 A plasmid-expressing Rep/Cap (sero-
types 1, 2, 5, and 6) and pHelper were purchased from Takara Bio.
rapy: Methods & Clinical Development Vol. 22 September 2021 167
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Figure 4. Effect of empty capsid on the detection of

neutralizing antibody

AAV8 vectors expressing secNanoLuc under the control

of CAG promoter were produced by helper-free plasmid

transfection. AAV vectors were purified using a commer-

cially available purification kit (AAVpro purification kit,

Takara Bio) or CsCl density gradient combined with ul-

tracentrifugation. (A) AAV purity was determined by

analytical ultracentrifugation. Representative results of

two independent vectors are shown. Left, commercially

available kit; right, CsCl-based purification. (B) The AAV8

vector expressing secNanoLuc was incubated with an

indicated concentration of IVIG for 1 h. Huh-7 cells or

HEK293 cells expressing AAVR were transduced with the

AAV8 vector at an MOI of 100. Transgene expression in

the supernatant was determined by luminescence and

expressed as transduction efficiency (%). Complete

transduction (100%) was defined based on the result of

RLU obtained from incubation of the AAV vector with fetal

bovine serum. Inhibition of vector transduction by the

neutralizing antibody is expressed as the percentage of

transduction. ND50 values were calculated as the dilutions

needed to neutralize 50% vector transduction. Values are

presented as mean ± SD (n = 3).
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The capsid sequence of serotype 8 was synthesized at GenScript. AAV
vectors were purified from the transfected cells after 72 h using the
AAVpro purification kit (Takara Bio) or the ultracentrifugation
method, as previously described.30 Titration of recombinant AAV
vectors was performed by quantitative PCR, as described previ-
ously.46 The quality of each AAV8 vector was examined by sedimen-
tation velocity analytical ultracentrifugation at the Gene Therapy
Research Institution (Kanagawa, Japan).

AAV vector transduction in vitro

The cell lines were seeded at a density of 104 cells in each 96-well dish
coated with poly-L-lysine (Peptide, Osaka, Japan). A vial of vector
stock was thawed and diluted in DMEM containing 5% FBS immedi-
ately before the transduction experiment and was directly added into
each well. AAV vector transduction was measured in triplicate, and
the mean value of three measurements was considered as one
experiment.

Flow cytometry

To examine EGFP expression, the cells were directly resuspended in
stain buffer containing 7-aminoactinomycin D (7-AAD). The expres-
sion of EGFP was analyzed on an LSRFortessa (BD Biosciences,
Franklin Lakes, NJ, USA). The cells were gated by side scatter
(SSC) and forward scatter (FSC), and dead cells were removed on
the basis of 7-AAD staining. To examine the surface expression of
AAVR, the cells were fixed, permeabilized with Cyto-Fast Fix/Perm
buffer (BioLegend, San Diego, CA, USA), and stained with anti-
DYKDDDDK mAb conjugated with allophycocyanin (BioLegend).
The expression of the FLAG tag was analyzed on an LSRFortessa.
168 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
FCS files were obtained using FACSDiva software and reanalyzed
with FlowJo software (BD Biosciences).

Measurement of firefly luciferase and secNanoLuc expressions

Cells were lysed with 100 mL of lysis reagent (Promega) for luciferase
assays and were then immediately stored in a deep freezer. To mea-
sure secNanoLuc activity, 50 mL of supernatant was directly collected
and immediately stored in a deep freezer. After thawing frozen sam-
ples at room temperature, 10 mL of lysates or supernatants was added
into a 96-well plate (Berthold Technologies, Germany). The 96-well
plate was placed in a luminometer (Centro LB 960, Berthold Technol-
ogies), and 50 mL of luciferase assay reagent (Promega) or Nano-Glo
luciferase assay reagent (Promega) was injected in each well using an
automatic injector. The delay and measurement times were set for 2
and 10 s, respectively. All measurements were performed at room
temperature and completed within 15 min. The luminescence of
the negative sample (cell lysate or supernatant not transduced with
AAVs) was approximately 50 RLU and saturated at 1 � 108 RLU.
To simplify the method, we did not usually measure protein concen-
trations in each well. We measured protein concentrations of cell
lysate in 10 independent wells and found that the concentration of
each well seemed to be identical in each well (Figure S8).

Nab assay

We used the following two types of positive control to inhibit AAV
transduction: human immunoglobulin (Gammagard, Baxalta, CA,
USA) and mAb against AAV (ADK8 against AAV8; ADK5a against
AAV5) (Progen, Biotechnik, Heidelberg, Germany). Human immu-
noglobulin was diluted at a concentration of 50 mg/mL and stored
mber 2021



Figure 5. Transduction efficacy in mice passively

immunized by the AAV8 vector in vivo

(A) Schematic diagram for the experiment. (B–D) An indi-

cated dose of IVIG (B and C) or anti-AAV mAb (D) was

intravenously administered into C57BL6/J mice. Phos-

phate-buffered saline (PBS) was used as a control. The

AAV8 vector expressing secNanoLuc (B, 1.0 � 1013 vg/

kg; C and D, 0.5 � 1012 vg/kg) was injected into mice at

1 h after the IVIG or mAb injection. Blood was drawn at

14 days after the administration, and serum secNanoLuc

expression was determined by luminescence and ex-

pressed as RLU. Values are presented as mean ± SD (n =

5 for B, n = 5–9 for C, n = 4 for D). *p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.001 (one-way ANOVA, post hoc

Turkey test).
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at �80�C for future use. mAb was adjusted at a concentration of
50 mg/mL and stored at �80�C for future use.

A Nab assay was essentially performed, as described previously.14,15

Briefly, the cells were seeded at 1 � 104 into 96-well culture plates.
On the day of transduction, 20 mL of human immunoglobulin or
anti-AAV-mAb (ADK8 or ADK5a) was serially diluted with FBS
and incubated with 20 mL of the AAV vector at 37�C for 1 h. A portion
(7.5 mL) of the mixture was then added into three culture wells. After
48 h, vector transduction was examined based on the expression of
luciferase or secNanoLuc. The mean value of the triplicate samples
was considered as one experiment. Inhibition of vector transduction
by Nabs was expressed as the percentage of transduction; 100%meant
no inhibition, whereas 0% meant no transduction.

AAV vector transduction in vivo

All animal experiments were approved by the Institutional Animal
Care and Concern Committee of Jichi Medical University and were
conducted in accordance with the committee’s guidelines. For in vivo
studies, 6- to 8-week-old C57BL6/J mice (SLC, Shizuoka, Japan) were
used. Anesthetized mice were passively immunized by intravenous
administration of 50 mL of immunoglobulin or anti-AAVmAb. Blood
was drawn from the right jugular vein at an indicated time after the
injection. The serum was isolated, heat-inactivated for 30 min at
56�C, and used for the determination of Nab titer in vitro, as
described above. For the transduction of the AAV vector in vivo,
the mice received 150 mL of the AAV8 vector expressing secNanoLuc
Molecular Therapy: Methods & Clinic
(0.5 � 1012 or 1 � 1013 vg/kg) 1 h after the
immunoglobulin or mAb injection. To examine
vector transduction in vivo, 100 mL of blood was
drawn from the jugular vein. The expression of
secNanoLuc in serum was determined, as
described above.

Detection of total antibody by ELISA-based

capture assay

The 96-well microplates were coated with 1 �
109 vg of AAV vector in phosphate buffer (pH
9.0) and incubated at 4�C overnight. After washing with phos-
phate-buffered saline (PBS) containing 0.1% Tween 20 (PBS-T), the
wells were blocked with 5% casein in PBS-T. After three washes
with PBS-T, 100 mL of serially diluted human immunoglobulin or
mAb was added into each well, which was incubated for 1 h. After
washing with PBS-T, 100 mL of horseradish peroxidase-conjugated
anti-human immunoglobulin G (IgG) (Proteintech Group, Rose-
mont, IL, USA) or anti-mouse IgG (Proteintech Group) was added,
and themixture was incubated for 1 h. Antibody binding was detected
using ABTS peroxidase substrate (KPL Protein Research Products,
Washington, DC, USA). The OD of each well was measured at
405 nm.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.4.3
(GraphPad, CA, USA). Antibody titers that reached ND50 by human
immunoglobulin or anti-AAV-mAb were estimated by nonlinear
regression (inhibitor versus normalized response, variable slope). A
Student’s t test was used to compare firefly luciferase and secNanoLuc
expressions in the AAV serotypes on several cell lines. One-way anal-
ysis of variance (ANOVA) with a post hoc Turkey test was used for
calculations that involved two-group comparisons in the in vivo ex-
periments. CV was calculated as (standard deviation/ mean) � 100
(%). Intraassay CV and interassay CV indicated variations of simul-
taneous values within one assay and variation of values obtained in
three independent experiments, respectively. A p value of <0.05 was
considered statistically significant.
al Development Vol. 22 September 2021 169
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Figure 6. Detection of neutralizing antibody against

AAV5 and AAV8 in human serum samples

(A and B) Human serum was diluted with fetal bovine

serum at a 1:1 ratio and then incubated with AAV vector

expressing luciferase for 1 h. The mixtures were subse-

quently added to the cells at an MOI of 1,500. Transgene

expression in the lysate was determined by luminescence

and expressed as transduction efficiency (%). Complete

transduction (100%) was defined based on the result of

RLU obtained from the incubation of the AAV vector with

fetal bovine serum. Values are presented asmean ± SD of

triplicate samples. Neutralizing antibodies in the serum

were expressed as negative (<1) when transgene

expression was >50% of control experiment. (A) CHO cell

experiments using AAV5. (B) Huh-7 cell experiments us-

ing AAV8. (C and D) Human sera were serially diluted with

fetal bovine serum and then incubated with AAV vector

expressing secNanoLuc for 1 h. The mixtures were sub-

sequently added to the cells at an MOI of 100. The Nab

titer was expressed as the dilution ratio that achieved 50%

inhibition of transgene expression (ND50). Values are

presented as a mean of triplicate samples. (C) CHO cells

(blue bar) and HEK293 cells expressing AAVR experi-

ments (violet bar) using AAV5. (D) Huh-7 cells (orange bar)

and HEK293 cells expressing AAVR (violet bar) experi-

ments using AAV8.

Molecular Therapy: Methods & Clinical Development
SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2021.06.004.

ACKNOWLEDGMENTS
This work was supported by the Japan Agency for Medical Research
and Development (AMED) (JP18pc0101030). The BD LSRFortessa
flow cytometer, ImageQuant LAS4000 digital imaging system, and
Optima XE-90 were subsidized by JKA through its promotion funds
from Keirin Race. We thank Yaeko Suto, Mika Kishimoto, Tamaki
Aoki, Sachiyo Kamimura, Mai Hayashi, Yuiko Ogihara, Nagako Se-
kiya, Tomoko Noguchi, Miyuki Inami, Hiromi Ozaki, and Hiroko
Hayakawa of Jichi Medical University for technical assistance.

AUTHOR CONTRIBUTIONS
N.B. designed the study, performed the experiments, analyzed the
data, and wrote the manuscript. Y.K. designed the study, performed
the experiments, and revised the manuscript. M.H., N.K., T.H., and
H.M. designed the study, analyzed the data, and revised the manu-
script. T.O. designed the study, analyzed the data, and wrote the
manuscript. All authors approved the final version of the manuscript.

DECLARATION OF INTERESTS
T.O. received grant support from Novo Nordisk outside the scope of
the study. M.H. received a research grant from Bristol-Myers Squibb
outside the scope of this study. The remaining authors declare no
competing interests.
170 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
REFERENCES
1. Haendel, M., Vasilevsky, N., Unni, D., Bologa, C., Harris, N., Rehm, H., Hamosh, A.,

Baynam, G., Groza, T., McMurry, J., et al. (2020). How many rare diseases are there?
Nat. Rev. Drug Discov. 19, 77–78.

2. Dunbar, C.E., High, K.A., Joung, J.K., Kohn, D.B., Ozawa, K., and Sadelain, M. (2018).
Gene therapy comes of age. Science 359, eaan4672.

3. Wang, D., Tai, P.W.L., and Gao, G. (2019). Adeno-associated virus vector as a plat-
form for gene therapy delivery. Nat. Rev. Drug Discov. 18, 358–378.

4. Croteau, S.E., Wang, M., and Wheeler, A.P. (2021). 2021 clinical trials update:
Innovations in hemophilia therapy. Am. J. Hematol. 96, 128–144.

5. Rangarajan, S., Walsh, L., Lester, W., Perry, D., Madan, B., Laffan, M., Yu, H.,
Vettermann, C., Pierce, G.F., Wong, W.Y., and Pasi, K.J. (2017). AAV5-factor VIII
gene transfer in severe hemophilia A. N. Engl. J. Med. 377, 2519–2530.

6. George, L.A., Sullivan, S.K., Giermasz, A., Rasko, J.E.J., Samelson-Jones, B.J., Ducore,
J., Cuker, A., Sullivan, L.M., Majumdar, S., Teitel, J., et al. (2017). Hemophilia B gene
therapy with a high-specific-activity factor IX variant. N. Engl. J. Med. 377, 2215–
2227.

7. Nathwani, A.C., Tuddenham, E.G.D., Rangarajan, S., Rosales, C., McIntosh, J., Linch,
D.C., Chowdary, P., Riddell, A., Pie, A.J., Harrington, C., et al. (2011). Adenovirus-
associated virus vector-mediated gene transfer in hemophilia B. N. Engl. J. Med.
365, 2357–2365.

8. Kruzik, A., Fetahagic, D., Hartlieb, B., Dorn, S., Koppensteiner, H., Horling, F.M.,
Scheiflinger, F., Reipert, B.M., and de la Rosa, M. (2019). Prevalence of anti-adeno-
associated virus immune responses in international cohorts of healthy donors.
Mol. Ther. Methods Clin. Dev. 14, 126–133.

9. Boutin, S., Monteilhet, V., Veron, P., Leborgne, C., Benveniste, O., Montus, M.F., and
Masurier, C. (2010). 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 using AAV vectors. Hum. Gene Ther. 21, 704–712.

10. Mimuro, J., Mizukami, H., Shima, M., Matsushita, T., Taki, M., Muto, S., Higasa, S.,
Sakai, M., Ohmori, T., Madoiwa, S., et al. (2014). The prevalence of neutralizing
mber 2021

https://doi.org/10.1016/j.omtm.2021.06.004
https://doi.org/10.1016/j.omtm.2021.06.004
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref1
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref1
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref1
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref2
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref2
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref3
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref3
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref4
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref4
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref5
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref5
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref5
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref6
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref6
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref6
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref6
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref7
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref7
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref7
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref7
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref8
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref8
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref8
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref8
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref9
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref9
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref9
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref9
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref10
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref10


www.moleculartherapy.org
antibodies against adeno-associated virus capsids is reduced in young Japanese indi-
viduals. J. Med. Virol. 86, 1990–1997.

11. Calcedo, R., Vandenberghe, L.H., Gao, G., Lin, J., and Wilson, J.M. (2009).
Worldwide epidemiology of neutralizing antibodies to adeno-associated viruses.
J. Infect. Dis. 199, 381–390.

12. Liu, Q., Huang, W., Zhang, H., Wang, Y., Zhao, J., Song, A., Xie, H., Zhao, C., Gao, D.,
and Wang, Y. (2014). Neutralizing antibodies against AAV2, AAV5 and AAV8 in
healthy and HIV-1-infected subjects in China: Implications for gene therapy using
AAV vectors. Gene Ther. 21, 732–738.

13. Falese, L., Sandza, K., Yates, B., Triffault, S., Gangar, S., Long, B., Tsuruda, L., Carter,
B., Vettermann, C., Zoog, S.J., and Fong, S. (2017). Strategy to detect pre-existing im-
munity to AAV gene therapy. Gene Ther. 24, 768–778.

14. Kruzik, A., Koppensteiner, H., Fetahagic, D., Hartlieb, B., Dorn, S., Romeder-Finger,
S., Coulibaly, S., Weber, A., Hoellriegl, W., Horling, F.M., et al. (2019). Detection of
biologically relevant low-titer neutralizing antibodies against adeno-associated virus
require sensitive in vitro assays. Hum. Gene Ther. Methods 30, 35–43.

15. Meliani, A., Leborgne, C., Triffault, S., Jeanson-Leh, L., Veron, P., and Mingozzi, F.
(2015). Determination of anti-adeno-associated virus vector neutralizing antibody
titer with an in vitro reporter system. Hum. Gene Ther. Methods 26, 45–53.

16. Meadows, A.S., Pineda, R.J., Goodchild, L., Bobo, T.A., and Fu, H. (2019). Threshold
for pre-existing antibody levels limiting transduction efficiency of systemic rAAV9
gene delivery: relevance for translation. Mol. Ther. Methods Clin. Dev. 13, 453–462.

17. Wang, D., Zhong, L., Li, M., Li, J., Tran, K., Ren, L., He, R., Xie, J., Moser, R.P., Fraser,
C., et al. (2018). Adeno-associated virus neutralizing antibodies in large animals and
their impact on brain intraparenchymal gene transfer. Mol. Ther. Methods Clin. Dev.
11, 65–72.

18. Majowicz, A., Nijmeijer, B., Lampen, M.H., Spronck, L., de Haan, M., Petry, H., van
Deventer, S.J., Meyer, C., Tangelder, M., and Ferreira, V. (2019). Therapeutic hFIX
activity achieved after single AAV5-hFIX treatment in hemophilia B patients and
NHPs with pre-existing anti-AAV5 NABs. Mol. Ther. Methods Clin. Dev. 14, 27–36.

19. Gorovits, B., Fiscella, M., Havert, M., Koren, E., Long, B., Milton, M., and
Purushothama, S. (2020). Recommendations for the development of cell-based
anti-viral vector neutralizing antibody assays. AAPS J. 22, 24.

20. England, C.G., Ehlerding, E.B., and Cai, W. (2016). NanoLuc: A small luciferase is
brightening up the field of bioluminescence. Bioconjug. Chem. 27, 1175–1187.

21. Hall, M.P., Unch, J., Binkowski, B.F., Valley, M.P., Butler, B.L., Wood, M.G., Otto, P.,
Zimmerman, K., Vidugiris, G., Machleidt, T., et al. (2012). Engineered luciferase re-
porter from a deep sea shrimp utilizing a novel imidazopyrazinone substrate. ACS
Chem. Biol. 7, 1848–1857.

22. Li, J., Guo, Z., Sato, T., Yuan, B., Ma, Y., Qian, D., Zhong, J., Jin, M., Huang, P., Che, L.,
et al. (2018). Optimized application of the secreted Nano-luciferase reporter system
using an affinity purification strategy. PLoS ONE 13, e0196617–e0196617.

23. Westerhausen, S., Nowak, M., Torres-Vargas, C.E., Bilitewski, U., Bohn, E., Grin, I.,
andWagner, S. (2020). ANanoLuc luciferase-based assay enabling the real-time anal-
ysis of protein secretion and injection by bacterial type III secretion systems. Mol.
Microbiol. 113, 1240–1254.

24. Zeng, C., Evans, J.P., Pearson, R., Qu, P., Zheng, Y.-M., Robinson, R.T., Hall-Stoodley,
L., Yount, J., Pannu, S., Mallampalli, R.K., et al. (2020). Neutralizing antibody against
SARS-CoV-2 spike in COVID-19 patients, health care workers, and convalescent
plasma donors. JCI Insight 5, e143213.

25. Mimuro, J., Mizukami, H., Hishikawa, S., Ikemoto, T., Ishiwata, A., Sakata, A.,
Ohmori, T., Madoiwa, S., Ono, F., Ozawa, K., and Sakata, Y. (2013). Minimizing
the inhibitory effect of neutralizing antibody for efficient gene expression in the liver
with adeno-associated virus 8 vectors. Mol. Ther. 21, 318–323.

26. Verdera, H.C., Kuranda, K., andMingozzi, F. (2020). AAV vector immunogenicity in
humans: A long journey to successful gene transfer. Mol. Ther. 28, 723–746.

27. Wang, L., Bell, P., Somanathan, S., Wang, Q., He, Z., Yu, H., McMenamin, D., Goode,
T., Calcedo, R., and Wilson, J.M. (2015). Comparative study of liver gene transfer
with AAV vectors based on natural and engineered AAV capsids. Mol. Ther. 23,
1877–1887.

28. Büning, H., and Srivastava, A. (2019). Capsid modifications for targeting and
improving the efficacy of AAV vectors. Mol. Ther. Methods Clin. Dev. 12, 248–265.
Molecular The
29. Miesbach, W., Meijer, K., Coppens, M., Kampmann, P., Klamroth, R., Schutgens, R.,
Tangelder, M., Castaman, G., Schwäble, J., Bonig, H., et al. (2018). Gene therapy with
adeno-associated virus vector 5-human factor IX in adults with hemophilia B. Blood
131, 1022–1031.

30. Watano, R., Ohmori, T., Hishikawa, S., Sakata, A., and Mizukami, H. (2020). Utility
of microminipigs for evaluating liver-mediated gene expression in the presence of
neutralizing antibody against vector capsid. Gene Ther. 27, 427–434.

31. Pasi, K.J., Rangarajan, S., Mitchell, N., Lester, W., Symington, E., Madan, B., Laffan,
M., Russell, C.B., Li, M., Pierce, G.F., and Wong, W.Y. (2020). Multiyear follow-up of
AAV5-hFVIII-SQ gene therapy for hemophilia A. N. Engl. J. Med. 382, 29–40.

32. Long, B., Sandza, K., Holcomb, J., Pherarolis, J., Crockett, L., Falese, L., Hayes, G.,
Arens, J., O’Neill, C.A., Pryer, N., et al. (2017). Impact of pre-existing immunoge-
nicity to AAV on vector transduction by Bmn 270, an AAV5-based gene therapy
treatment for hemophilia A. Blood 130 (Suppl 1 ), 3332.

33. Pipe, S., Leebeek, F.W.G., Ferreira, V., Sawyer, E.K., and Pasi, J. (2019). Clinical
Considerations for capsid choice in the development of liver-targeted AAV-based
gene transfer. Mol. Ther. Methods Clin. Dev. 15, 170–178.

34. Colella, P., Ronzitti, G., and Mingozzi, F. (2017). Emerging issues in AAV-mediated
in vivo gene therapy. Mol. Ther. Methods Clin. Dev. 8, 87–104.

35. Flotte, T.R. (2020). Revisiting the “new” inflammatory toxicities of adeno-associated
virus vectors. Hum. Gene Ther. 31, 398–399.

36. Nicole Paulk, P. (2020). Gene therapy: it is time to talk about high-dose AAV. Genet.
Eng. Biotechnol. News 40, 14–16.

37. Shieh, P.B., Bönnemann, C.G., Müller-Felber, W., Blaschek, A., Dowling, J.J., Kuntz,
N.L., and Seferian, A.M. (2020). Re: “Moving forward after two deaths in a gene ther-
apy trial of myotubular myopathy” by Wilson and Flotte. Hum. Gene Ther. 31, 787.

38. Evgin, L., Acuna, S.A., Tanese de Souza, C., Marguerie, M., Lemay, C.G., Ilkow, C.S.,
Findlay, C.S., Falls, T., Parato, K.A., Hanwell, D., et al. (2015). Complement inhibition
prevents oncolytic vaccinia virus neutralization in immune humans and cynomolgus
macaques. Mol. Ther. 23, 1066–1076.

39. Fitzpatrick, Z., Leborgne, C., Barbon, E., Masat, E., Ronzitti, G., vanWittenberghe, L.,
Vignaud, A., Collaud, F., Charles, S., Simon Sola, M., et al. (2018). Influence of pre-
existing anti-capsid neutralizing and binding antibodies on AAV vector transduction.
Mol. Ther. Methods Clin. Dev. 9, 119–129.

40. Wang, M., Crosby, A., Hastie, E., Samulski, J.J., McPhee, S., Joshua, G., Samulski, R.J.,
and Li, C. (2015). Prediction of adeno-associated virus neutralizing antibody activity
for clinical application. Gene Ther. 22, 984–992.

41. U.S. Department of Health and Human Services Food and Drug Administration,
Center for Drug Evaluation and Research (CDER) and Center for Biologics
Evaluation and Research (CBER) (2019). Immunogenicity testing of therapeutic pro-
tein products—developing and validating assays for anti-drug antibody detection:
guidance for industry. https://www.fda.gov/media/119788/download.

42. Piccoli, S., Mehta, D., Vitaliti, A., Allinson, J., Amur, S., Eck, S., Green, C., Hedrick,
M., Hopper, S., Ji, A., et al. (2019). 2019 White Paper on Recent Issues in
Bioanalysis: FDA Immunogenicity Guidance, Gene Therapy, Critical Reagents,
Biomarkers and Flow Cytometry Validation (Part 3 - Recommendations on 2019
FDA Immunogenicity Guidance, Gene Therapy Bioanalytical Challenges, Strategies
for Critical Reagent Management, Biomarker Assay Validation, Flow Cytometry
Validation & CLSI H62). Bioanalysis 11, 2207–2244.

43. Plotkin, S.A. (2010). Correlates of protection induced by vaccination. Clin. Vaccine
Immunol. 17, 1055–1065.

44. Devanarayan, V., Smith, W.C., Brunelle, R.L., Seger, M.E., Krug, K., and Bowsher,
R.R. (2017). Recommendations for systematic statistical computation of immunoge-
nicity cut points. AAPS J. 19, 1487–1498.

45. Gupta, S., Devanarayan, V., Finco, D., Gunn, G.R., 3rd, Kirshner, S., Richards, S., Rup,
B., Song, A., and Subramanyam, M. (2011). Recommendations for the validation of
cell-based assays used for the detection of neutralizing antibody immune responses
elicited against biological therapeutics. J. Pharm. Biomed. Anal. 55, 878–888.

46. Ohmori, T., Nagao, Y., Mizukami, H., Sakata, A., Muramatsu, S.I., Ozawa, K.,
Tominaga, S.I., Hanazono, Y., Nishimura, S., Nureki, O., and Sakata, Y. (2017).
CRISPR/Cas9-mediated genome editing via postnatal administration of AAV vector
cures haemophilia B mice. Sci. Rep. 7, 4159.
rapy: Methods & Clinical Development Vol. 22 September 2021 171

http://refhub.elsevier.com/S2329-0501(21)00106-6/sref10
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref10
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref11
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref11
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref11
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref12
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref12
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref12
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref12
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref13
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref13
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref13
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref14
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref14
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref14
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref14
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref15
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref15
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref15
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref16
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref16
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref16
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref17
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref17
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref17
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref17
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref18
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref18
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref18
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref18
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref19
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref19
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref19
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref20
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref20
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref21
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref21
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref21
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref21
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref22
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref22
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref22
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref23
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref23
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref23
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref23
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref24
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref24
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref24
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref24
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref25
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref25
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref25
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref25
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref26
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref26
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref27
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref27
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref27
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref27
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref28
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref28
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref29
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref29
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref29
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref29
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref30
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref30
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref30
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref31
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref31
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref31
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref32
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref32
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref32
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref32
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref32
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref33
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref33
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref33
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref34
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref34
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref35
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref35
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref36
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref36
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref37
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref37
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref37
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref38
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref38
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref38
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref38
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref39
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref39
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref39
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref39
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref40
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref40
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref40
https://www.fda.gov/media/119788/download
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref42
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref43
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref43
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref44
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref44
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref44
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref45
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref45
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref45
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref45
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref46
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref46
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref46
http://refhub.elsevier.com/S2329-0501(21)00106-6/sref46
http://www.moleculartherapy.org

	A sensitive and reproducible cell-based assay via secNanoLuc to detect neutralizing antibody against adeno-associated virus ...
	Introduction
	Results
	Comparison of transduction efficiency among different AAV serotypes in several cell lines
	Comparison of the ability to detect protein expression among the reporter genes
	Influence of the AAV vector genome number on the detection of Nabs
	Application of the AAV receptor-expressed cell line
	Influence of empty capsid in the detection of Nabs
	Prediction of AAV vector transduction in vivo
	Detection of Nabs in human sample

	Discussion
	Materials and methods
	Cell culture
	Generation of AAVR-expressing stable cell line
	Plasmid construct and AAV vector production
	AAV vector transduction in vitro
	Flow cytometry
	Measurement of firefly luciferase and secNanoLuc expressions
	Nab assay
	AAV vector transduction in vivo
	Detection of total antibody by ELISA-based capture assay
	Statistical analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


