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Abstract. The number of viral vector-based gene therapies (GTx) continues to growwith two
products (Zolgensma® and Luxturna®) approved in the USA as of March 2021. To date, the
most commonly used vectors are adeno-associated virus-based (AAV). The pre-existing humoral
immunity against AAV (anti-AAV antibodies) has been well described and is expected as a
consequence of prior AAV exposure. Anti-AAV antibodies may present an immune barrier to
successful AAV transduction and hence negatively impact clinical efficacy and may also result in
adverse events (AEs) due to the formation of large immune complexes. Patients may be screened
for the presence of anti-AAV antibodies, including neutralizing (NAb) and total binding
antibodies (TAb) prior to treatment with the GTx. Recommendations for the development and
validation of anti-AAVNAb detectionmethods have been presented elsewhere. Thismanuscript
covers considerations related to anti-AAV TAb-detecting protocols, including the advantages of
the use of TAb methods, selection of assay controls and reagents, and parameters critical to
monitoring assay performance. This manuscript was authored by a group of scientists involved in
GTx development representing eleven organizations. It is our intent to provide recommenda-
tions and guidance to industry sponsors, academic laboratories, and regulatory agencies working
onAAV-basedGTx viral vector modalities with the goal of achieving amore consistent approach
to anti-AAV TAb assessment.
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INTRODUCTION

Gene therapies (GTx) were first used in clinical studies
in the 1980s in an ex vivo setting where the genetic
modification of patient cells could occur under carefully
controlled laboratory conditions. As the field of GTx
matured, approaches to in vivo gene replacement and gene
modification evolved. These approaches generally utilize the
administration of viruses, with adeno-associated viruses
(AAV) proving to be effective vectors for the delivery of
genetic information. Administration of viral vectors for
in vivo gene therapy and the ability of these vectors to
deliver and express an exogenous gene may be impacted by a
number of patient-dependent factors, including the immune
response.

Anti-AAV vector antibodies may be either pre-existing
or treatment-induced. Pre-existing anti-AAV vector antibod-
ies commonly arise as a consequence of natural, non-
pathogenic AAV infection with their prevalence varying with
different AAV serotypes, geographic region, and age of the
population. Additionally, the titer and avidity of anti-AAV

1 Sana Biotechnology, Inc., Cambridge, Massachusetts, USA.
2Alkermes, Waltham, Massachusetts, USA.
3 University of Pennsylvania, Philadelphia, Pennsylvania, USA.
4 Precision for Medicine, Bethesda, Maryland, USA.
5 bluebird bio, Cambridge, Massachusetts, USA.
6 Bristol Myers Squibb, Princeton, New Jersey, USA.
7 BioMarin Pharmaceutical Inc., Novato, California, USA.
8 BioAgilytix, Durham, North Carolina, USA.
9 Novartis, Cambridge, Massachusetts, USA.
10 Covance by Labcorp, Geneva, Switzerland.
11 Covance by Labcorp, Indianapolis, Indiana, USA.
12 Johnson & Johnson, Spring House, Pennsylvania, USA.
13 To whom correspondence should be addressed. (e–mail:

boris.gorovits@sana.com)
Abbreviations: GTx, Gene therapy; AAV, Adeno-associated virus;
NHP, Non-human primate; CDx, Companion diagnostic test; FDA,
US Food and Drug Administration; BLA, Biological license applica-
tion; LDT, Laboratory-developed test; ELISA, Enzyme-linked im-
munosorbent assay; NAb, Neutralizing antibody; TAb, Total
antibody; TI, Transduction inhibition; DC, Dendritic cells; MAC,
Membrane attack complex; HRP, Horseradish peroxidase; ADA,
Anti-drug antibody; ECL, Electrochemiluminescence; CV, Coeffi-
cient of variance; MRD, Minimum required dilution; LOD, Limit of
detection; EPO, Erythropoietin; WHO, World Health Organization.

DOI: 10.1208/s12248-021-00628-3

1550-7416/21/0600-0001/0 # 2021 American Association of Pharmaceutical Scientists

The AAPS Journal (2021) 23: 108

; published online 16 September 2021

http://orcid.org/0000-0001-9405-7718
http://crossmark.crossref.org/dialog/?doi=10.1208/s12248-021-00628-3&domain=pdf


antibodies may vary over time in any subject. Further, it is
expected that most, if not all, patients without detectable pre-
existing anti-AAV antibodies will seroconvert to antibody
positive following systemic administration of AAV gene
therapy vectors. This could present a constraint for GTx that
experience a decrease in product activity over time since they
may preclude re-administration of the GTx (1–4). Upon GTx
administration, the levels of treatment-induced antibodies in
non-human primate (NHP) studies were significantly elevated
as compared to the antibody levels at baseline (5). Similarly,
in patients administered Zolgensma® by intravenous infusion
who were required to have anti-AAV9 antibody titers ≤1:50
prior to treatment, the post-treatment anti-AAV9 antibody
titers reached at least 1:102,400 in every case, with most titers
exceeding 1:819,200 (6). Other non-antibody-based factors
found in circulation may act as transduction inhibitors and
could be detected in the neutralizing antibody (NAb) assay,
more appropriately described as a transduction inhibition
(TI) assay (7–9).

In this manuscript, the authors focus on the review of
topics related to the detection and evaluation of total
antibody (TAb) response against AAV vectors. Other types
of immune response, including cellular immunity against
AAV and humoral or cellular anti-transgene protein re-
sponses, remain outside of the scope of this publication.

Important considerations related to anti-AAV TAb-
detecting assays are reviewed in this manuscript, including
benefits of detecting TAb response and selection of assay
critical reagents and parameters. Authors intend to provide
recommendations and guidance to industrial sponsors, aca-
demic laboratories, and regulatory scientists working on
AAV-based GTx viral vector modalities with the goal to
reach consistency in anti-AAV TAb assessment.

TOTAL ANTIBODY ASSAYS AS AN ALTERNATIVE
TO NEUTRALIZING ANTIBODY ASSAYS

The term TAb refers to all antibodies that bind to a
specific antigen, irrespective of isotype, epitope, or neutraliz-
ing ability. Detection of anti-AAV TAbs therefore facilitates a
comprehensive assessment of various modes of potential
impact that pre-existing or treatment-induced AAV capsid-
specific antibodies may have on gene therapy treatment
outcomes. The most direct impact is capsid neutralization,
either by blocking epitopes on the capsid that play a role in
receptor-mediated uptake into target cells or by hindering
intracellular processes that lead to uncoating of the capsid
(10–12). TAbs in this group may be further characterized in a
cell-based transduction inhibition assay to determine the
magnitude of the inhibitory effects. While some degree of
correlation between anti-AAV TAb and NAb titers has been
reported (13), the prevalence of TAbs is generally considered
to be higher since a moderate fraction (~20%) of antibody-
positive samples contain low to undetectable NAb titers
assuming comparable assay sensitivities (5,14).

While the latest generation of cell-based NAb assays
may have improved sensitivity, emerging evidence suggests
that this increased in vitro sensitivity may come at the
expense of in vivo relevance (13). A recent report describing
the improved sensitivity of a cell-based NAb assay evaluating
the pre-treatment plasma of hemophilia B patients receiving

an AAV5-FIX gene therapy showed no relationship between
the presence of low-titer pre-treatment anti-AAV5 NAbs and
therapeutic efficacy (13). Though depletion of IgG did reduce
reported NAb titers, AAV5-specific IgG could only be
detected in pre-treatment serum samples using an ELISA
method from patients with higher NAb titers, suggesting the
detection of non-antibody-based inhibitory factors in the
NAb assay. Similarly, non-clinical data from cynomolgus
monkeys treated with an AAV5-FVIII GTx construct dem-
onstrated diminished expression of FVIII only in animals with
detectable anti-AAV5 antibodies (5). Animals were also
tested for the presence of TI in a cell-based method that is
similar to a NAb protocol. The terms TI and NAb have been
applied interchangeably. Animals that tested positive in the
NAb assay but had no detectable anti-AAV5 antibody titers
all had normal levels of FVIII expression. Similar to the
clinical data described above, there was a trend toward
animals with higher NAb titers also having detectable anti-
AAV5 antibodies. Overall, these data suggest that due to
improved sensitivity and absence of specificity, the latest
generation of cell-based NAb assays may be detecting low
levels of non-antibody plasma factors that limit the transduc-
tion efficiency in vitro but may have limited clinical relevance.
Conversely, there have been examples of NAb and TAb assay
discordance where antibody is detected in the absence of a
neutralizing signal. In one study reporting on characterization
of the TI and TAb assay, 5 of 100 (5%) healthy donors and 2
of 24 (8%) of hemophilia A patients met this criterion with
positive TAb titers in the absence of neutralization in the TI
assay (14). This data highlights one potential risk in enrolling
subjects solely based on the TAb assay as there are subjects
with anti-AAV binding antibodies that are non-neutralizing
and, though meeting an exclusion criterion for pre-existing
immunity, may be predicted to respond to gene therapy.
However, though these antibodies may be non-neutralizing
for uptake of AAV by a cell line in vitro, they may alter the
biodistribution in vivo and/or enhance clearance through Fc-
receptor-mediated uptake into cells of the reticuloendothelial
system. Though this redirection may inhibit or enhance full
transduction of target tissue, one study noted increased
uptake of vector genomes into the liver in the presence of
binding, non-neutralizing antibody, while no increase in
transgene expression was detected (10). Reduced efficacy is
not the only concern with respect to pre-existing anti-AAV
antibodies. Of further consideration is that these subjects may
be at greater risk for safety-related adverse events and
infusion-related reactions emanating from AAV antibody-
mediated immune complex formation and complement acti-
vation (15). These potential safety concerns exist regardless
of whether the pre-existing antibodies are neutralizing or not.

Opsonization is another mechanism by which anti-AAV
TAbs may impact AAV GTx efficacy. Antibodies bound to the
capsid can increase Fcγ-receptor-mediated uptake of the GTx
vector by immune cells, such as dendritic cells (DCs) and
macrophages, which could lead to an altered biodistribution of
the vector, increased clearance of the AAV, resulting in a lower
distribution to a target tissue, and/or inflammation (16). Finally,
mechanismof anti-AAVTAbs impactmay be based on ability to
form large immune complexes that may trigger the classical
C1q-dependent complement pathway, which could result in
further opsonization, inflammation and attraction of other
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immune cells mediated by C3a and C5a proteins, and assembly
of a membrane attack complex (17).

Currently, single administration is the primary approach
of delivering AAV GTx therapeutics administered systemi-
cally. For a single administration AAV GTx, pre-existing
antibodies, rather than treatment-induced or treatment-
boosted antibodies, may impact the efficacy of the AAV
GTx due to the rapid partitioning of the AAV into the
cellular compartment of blood and tissues and lymphoid
organs, such as spleen and lymph nodes (10,18). As a
consequence, it is likely that the vast majority of the vector
dose will have been cleared from the plasma compartment
prior to the advent of treatment-induced or treatment-
boosted antibody responses that could reduce efficacy. In
accordance, anti-AAV antibody responses arising in response
to dose administration were shown to not impact safety or
efficacy (4). Relevance of anti-AAVantibodies found in blood
compartment to the GTx modalities administered into
immune-privileged tissues, for example intravitreally (IVT),
is briefly discussed in the “ASSAY MATRIX SELECTION”
section.

The presence of anti-AAV TAbs could be used as a
biomarker of previous exposure to AAV. Such previous
encounters between the virus and the host may have formed
a lasting immune memory in the B cell, the T cell, or both
compartments of adaptive immunity. While the presence of
these memory cells may not directly influence the fate of a
gene therapy vector during dose administration, they could
still modulate how the pre-sensitized gene therapy recipient
responds to the presence of vector-transduced target cells in
the long run, thus potentially impacting durability of the
treatment. This, currently theoretical, concern may be more
applicable to certain tissues than others and is reliant on the
duration of expression of AAV peptides on the cell surface.
For example, it is known that most, if not all, AAVs will
distribute to the liver. A cellular response to the AAV may
lead to lysis of hepatocytes which may be evident by increases
in serum transaminases (19). If the target cell type for efficacy
is the hepatocyte, this may also lead to an attenuated efficacy.
If the target cell type is not the hepatocyte, e.g., the target cell
type is within the brain, the impact on efficacy may be limited
since antibodies in blood are unlikely to distribute to the
brain tissue and interact with the transduced cells. More
studies are needed to fully understand the clinical implica-
tions of anti-AAV TAbs as a predictive immune biomarker
for treatment success.

NATURE OF THE TAB ASSAY ANALYTES

Anti-AAV TAbs can be defined as immunoglobulins that
bind to the capsid of an AAV vector. Assays detecting TAbs
should be capable of assessing the presence of all anti-AAV
immunoglobulin isotypes found in circulation, including the
IgG and IgM subclasses. Detection of other classes of anti-
AAV immunoglobulins is rarely considered critical, except
potentially for the IgE class. Regulatory expectations for
assays detecting the presence of specific IgE class antibodies
are relatively unique and have been defined elsewhere (20).
In general, it should be expected that TAb assays at minimum
detect the presence of IgM and IgG antibody classes specific
to the viral capsid as the main analytes for the test. Selection

of the assay format is likely to impact the ability of the
method to detect any given immunoglobulin isotype of anti-
viral vector antibodies. In a typical TAb method, the choice of
assay format therefore should be driven by the need to detect
multiple or a single, specific isotype. From a practical point of
view, it is preferred to use a single assay that can detect
multiple or all anti-AAV antibody isotypes. Subsequently, a
separate method designed to detect a specific subclass of anti-
AAV antibodies, for example, IgG or IgM, may be added if a
detailed characterization of the immune response is required.

ANALYTICAL METHODOLOGIES APPLIED FOR
TAB DETECTION

With respect to platform, format, and design, anti-AAV
TAb assays are very similar to conventional anti-drug
antibody (ADA) assays. The main difference lies in the
requirement for the use of the therapeutic drug as the capture
antigen and anti-drug-specific antibodies as the positive
control in the traditional ADA assays. This is in contrast to
anti-AAV TAb assays where commercial viral vectors of the
same serotype for plate coating and commercial anti-vector
antibodies as positive control may be acceptable. However,
comparable antigenicity between GTx and commercial vec-
tors may sometimes be a questionable assumption. Depend-
ing on the manufacturing cell line, purification process, and
the achieved ratio of empty vs. full capsids, antigenic epitopes
and/or binding strength may differ between different vector
preparations (21,22). This should at least be considered when
choosing the target antigen for anti-AAV capsid TAb assays,
and some bridging data may be required to demonstrate the
commercial vector as a suitable surrogate antigen for the
GTx. It should also be noted that the supply of the
therapeutic GTx may be limited at the early stages of
development. Considering that typical TAb assays require a
large amount of vector regardless of whether they use the
classical ELISA format or other immunoassay platforms, this
may lead to the diversion of the GTx material from patient
treatment to TAb assays. Consequently, TAb assays may use
commercially available AAV capsids which usually are empty
capsids or empty capsids that are harvested during the
purification of the GTx. Although the potential, as yet
unproven, differences between the binding of anti-AAV
antibodies to the GTx intended for clinical use versus empty
capsids are acknowledged, sponsors may choose to take a
pragmatic approach (e.g., using commercially available empty
capsids rather than striving for perfection by using the GTx
product for clinical trials). It should also be noted that by
using empty capsid as a reagent, lot-to-lot comparative
evaluation should be considered (23). It may be advantageous
to create a platform assay that can be used across multiple
GTx programs of the same AAV capsid serotype, thereby
reducing the cost of drug development.

The potential ADA assay interference from residual
drug in post-treatment study incurred samples, commonly
referred to as ADA assay drug tolerance, is often considered
and addressed for common protein-based biotherapeutics
(20). Fast clearance of the GTx from the blood compartment
suggests limited, if any, impact from the residual GTx
therapeutic on the performance of the TAb assays. Addition-
ally, no significant level of circulating AAV, including GTx
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therapeutic, is expected to be present prior to treatment, i.e.,
at the point of collection of pre-treatment samples. Therefore,
the value of the assessment of the drug tolerance may be
limited and could be determined based on specific needs of a
program.

Antigen-Capture and Bridging Formats of TAb Protocols

Anti-GTx TAb assays could be designed with either
antigen-capture or bridging formats. Figure 1 presents various
adaptations of assay format and platform for an anti-AAV
TAb assay. In the antigen-capture format, the AAV capsid is
coated directly onto the ELISA or electrochemiluminescence
(ECL) microtiter plate. Following a blocking step, samples
are loaded onto the assay plate to allow for the binding of
TAbs to the coated capsids. Subsequently, the plate is washed
to remove the unbound material, and a detection agent is
added. The detection system utilized in this step could be
species-specific enzyme-conjugated (e.g., horseradish peroxi-
dase (HRP)-tagged) (24–29), or ruthenylated anti-Ig antibod-
ies depending on the ELISA versus ECL platform (Figure 1a
and b, respectively). Several groups apply multiple isotype-
specific labeled detection reagents (13,30–32). An indirect
ELISA approach was employed where AAV capsids were
bound to the ECL plate, incubated with the test sample, and
detected by ruthenium-labeled protein A, G, or L (5). If the
method is intended for a specific class of anti-AAVantibodies,
isotype-specific secondary antibodies may be used for detec-
tion. Alternatively, HRP-conjugated or ruthenylated protein
A, G, or A/G may substitute for secondary detection
antibodies (Figure 1c). Where enzyme-conjugated detection
systems are used in the ELISA platform, the enzyme
substrate is added as the last step for colorimetric detection,
and the assay signal is monitored in absorbance units
following the addition of stop reagent. If a ruthenylated
detection system is utilized, the assay signal is measured in
luminescence units after the addition of the read buffer. An
antigen-capture format is recommended when information
about isotypic composition of TAb response is needed. The
assay can be re-developed with relative ease to detect IgG,
IgM, or other isotypes through a substitution of isotype-
specific secondary detection antibodies.

Anti-GTx TAb assays may also be developed in bridging
format on both ELISA and ECL platforms. In this assay
format on the ECL platform, AAV capsids bound to ECL
plate are bridged to ruthenium-labeled AAV capsids through
anti-capsid antibodies present in the test sample (14). The
advantage of the bridging format is that it is agnostic to
antibody isotypes and detects all antibodies that are at least
bivalent (the only exception being monovalent, bispecific
IgG4 antibodies). This makes the bridging format a powerful
tool for initial screening assays. For ELISA bridging assays,
unlabeled viral capsid is coated onto standard immunoassay
microtiter plates, and biotinylated capsid in combination with
streptavidin-HRP is used for detection (Figure 1d). On the
ECL platform, biotinylated and ruthenylated AAV capsids
may be used as capture and detector, respectively, using
standard or high bind streptavidin-coated plates (Figure 1e).
An ECL-based bridging assay may also be designed using
unlabeled capsid for coating and ruthenylated capsid as the
detection reagent (Figure 1f). A summary of the

characteristics of the antigen-capture versus bridging assay
formats is presented in Table I.

Homogeneous vs. Heterogeneous Protocol

Irrespective of platform or format, a homogeneous (co-
incubation) or a heterogeneous (stepwise) protocol may be
followed to develop anti-AAV TAb assays. For a homoge-
neous antigen-capture format, test sample and the secondary
detection antibody are added simultaneously onto the plate.
For a homogeneous bridging TAb assay where unlabeled
viral capsid is coated onto the plate, test sample and the
labeled capsid are co-incubated. A bridging homogeneous
protocol based on ECL bridging assay involves co-incubation
of samples with biotinylated and ruthenylated viral capsids
which are used as the capture and the detection reagents.
Alternatively, incubations may be conducted sequentially
forming a heterogeneous version of the method. Selection
of homogeneous versus heterogeneous methods should be
based on the performance characteristics of the assay and
should be investigated during method development. There
are no pre-determined guidelines as to which protocol better
suits a particular TAb assay. Depending on the assay and the
properties of its critical reagents, either a homogeneous or a
heterogeneous method may be selected based on whether the
method would lead to improved assay selectivity, antigen
tolerance, or specificity.

Confirmatory Assay

Most anti-AAV TAb screening assays described above
may be followed up or accompanied by a confirmatory assay.
This additional step is performed to ensure the specificity of
the signal obtained while screening the samples. A common
confirmatory assay format consists of signal depletion due to
competition with an excess amount of exogenously added,
unlabeled AAV capsid. The unlabeled capsids compete with
the labelled capture and/or detection capsid reagents for the
limited amount of anti-AAV antibodies contained in a test
sample, thus leading to a reduction in screening signal which
may be normalized and expressed, for example, as percent
depletion of assay signal in comparison to the signal
generated during the corresponding screening assay. Alter-
native approaches include immunoglobulin removal from the
test sample using generic immunoadsorption resins (22,33), or
specific anti-AAV immunoglobulin removal using customized
AAV capsid-conjugated resins (25).

TAB ASSAY CRITICAL REAGENT CONSIDERATIONS

While several formats of TAb assays are possible, all will
require the use of AAV capsid-derived reagents. Such viral
capsid-related critical reagents are applied as a capture-only
or as capture and detection reagents, depending on the
chosen format for the TAb assay. Unlabeled viral capsid-
related reagents may also be applied during confirmatory
assay step. Capsid reagents can be the GTx capsid itself or a
suitable surrogate, e.g., an empty (also referred as light)
version of the GTx capsid or a representative protein the
GTx capsid, while keeping in mind that specific manufactur-
ing process details may impact capsid configuration. Yet
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another alternative is to use a reporter gene carrying version
of the GTx vector with the same AAV serotype, which is also
often a preferred reagent in cell-based NAb assays designed
to detect neutralizing anti-AAV antibodies.

Since the main goal of the TAb assay is to detect
antibodies specific to the broad variety of epitopes present
on the surface of the viral capsid, the use of the intact viral
capsid reagent is recommended. Peptide or protein fragment-
based reagent may not represent all epitopes required and,

therefore, limit the ability of the assay to detect all anti-capsid
antibodies. Additionally, some of the epitopes found on an
isolated capsid proteins or fragments thereof may not be
exposed or accessible on the native capsid surface. Use of
these reagents as target antigen in TAb assays may result in
the inadvertent detection of irrelevant antibodies.

It is debatable whether the use of an empty capsid vs. a
capsid carrying the transgene or a reporter gene has an
impact on the ability to detect anti-AAV capsid antibodies.

Figure 1. Total anti-AAVantibody assay formats. a Antigen-capture format on ELISA platform: capture phase, viral capsid,
and detection phase, horse radish peroxidase (HRP)-conjugated secondary detection antibody. b Antigen-capture format on
ECL platform: capture phase, viral capsid, and detection phase, ruthenylated secondary detection antibody. c Antigen-
capture format on ELISA platform: capture phase, viral capsid, and detection phase, HRP-conjugated protein A, G, or A/G.
d Bridging format on ELISA platform: capture phase, viral capsid, and detection phase, biotinylated viral capsid in
combination with streptavidin-HRP. e Bridging format on ECL platform using streptavidin coated ECL plates: capture
phase, biotin-labeled viral capsid, and detection phase, ruthenium-labeled viral capsid. f A different iteration of bridging
ECL assay in e where unlabeled viral capsid is coated onto bare ECL plates

Table I. Comparison of the Characteristics of the Antigen-Capture and Bridging Assay Formats with Respect to Application, Design, and
Methodology

Assay parameter Antigen-capture format Bridging format

Capture reagent AAV capsid AAV capsid
Detector reagent Labeled secondary antibody Labeled AAV capsid
Applicable platforms ELISA, ECL ELISA, ECL
Isotype specificity detection Feasible Not feasible
Species specificity Feasible Not feasible
Sensitivity Comparable to other formats Comparable to other formats
Ease of development Comparable to other formats Comparable to other formats
Homogeneous protocol Feasible Feasible
Heterogeneous protocol Feasible Feasible
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On one hand, some evidence exists that capsids carrying a
payload may have different affinity of binding to antibodies
tested (22). It is, however, not clear at the moment whether
this reported difference in binding abilities expands to all
anti-AAV capsid antibodies found in vivo. On the other hand,
GTx preparations may still contain empty capsid in addition
to the transgene carrying vectors, and because the reported
difference in the binding affinities is relatively limited, it is
considered that the use of empty capsid as a target antigen
may be appropriate.

Further, the use of a reporter gene carrying vector as
target antigen could allow for an alignment with the NAb
assay which can be viewed as a plus, but only if a NAb (TI)
assay is used. Specificity of a reporter gene carrying vector-
based TAb method against transgene carrying GTx may be
confirmed during assay development phase. This can be done
by conducting a competition test where transgene carrying
GTx vector is added to a PC-spiked sample resulting in
reduction of the assay signal. If assay specificity is confirmed,
the data could form a rational argument in favor of using a
surrogate reporter gene vector in both TAb and NAb assays
if a sponsor uses both assays. It should be noted that there are
no regulatory requirements to utilize both TAb and NAb
assays in support of GTx modalities. Some sponsors use only
either Tab assay, or Nab assay, but very few sponsors use
both.

Some of the commonly used AAV serotypes are
commercially available and can be used in relevant TAb
assays for the assessment of the antibody response to a GTx.
One should ensure that the viral vector used to construct the
GTx has no additional mutations and is identical to the wild-
type version. Another consideration is related to any
contaminants or co-purified components of the virus expres-
sion system. If cell lines used to produce GTx vector or
commercial reagent are different, it is possible that co-
purified components of the final assay reagent will also vary.
The resulting assay may detect antibodies that are specific to
not only the capsid epitopes but also to any other immuno-
genic components found in the assay capture or detector
reagent. However, this concern is not unique to GTxs and
applies to all biologic drugs. In addition to wild-type AAV
vectors, lab-engineered serotypes, that contain modifications
to the capsid protein sequence, have been actively introduced
(34). Caution should be applied when using commercially
available TAb assays when detecting immune response
against lab-engineered serotype vectors.

Similar to protein-based biotherapeutics, production
process modifications may introduce changes in the GTx
vector product composition. A significant change in the
nature and concentration of contaminants or co-purified
components could potentially result in inaccurate results from
the TAb. However, at this point in time, this concern is
theoretical in nature rather than a proven one. Ideally, the
viral capsid reagent should be produced using a process
identical or very similar to that used to generate clinically
applied GTx vector material. One may consider a compara-
tive analysis of analytical specifications available for the assay
capsid reagents and the clinically applied GTx vector
material, and if they are different, one may consider bridging
studies to confirm comparable antigenicity. It should be noted
that comparability assessments for immunoassays are fraught

with challenges, and it may not be feasible to truly show
comparability. For example, the data from titration assays are
often reported as the reciprocal of the dilution required to
produce a signal that is above a certain value (cut point).
Consequently, small changes in the OD may cause a result to
be reported as a different value. Such inherent variability
makes comparison between assays a challenging endeavor, a
point that has been acknowledged by health authorities in
package inserts.

POSITIVE CONTROL (PC) PARAMETERS, TYPES,
AND LEVELS

Multiple serotype-specific anti-AAV capsid monoclonal
and polyclonal antibodies are commercially available and can
be applied in TAb assays. Proprietary antibodies may be
required if GTx vectors are unique, and there is a desire to
develop antibody reagent using GTx as the immunogen (35).
Antibodies with various binding affinities and different
specificities would be used as positive controls for the TAb
assay. It is practical and recommended by the authors to
apply commercial reagents wherever possible to facilitate
cross-product data comparison.

Serotype specificity may be achieved by applying mono-
clonal positive control reagents. The question regarding the
need for strict serotype specificity of the PC reagent is
debatable. While strict PC antibody specificity against viral
serotype can be desired in some cases, a broader approach
based on a given cross-reactive antibody reagent with
appropriate target specificity and binding affinity may also
be applied. The latter allows application of commercial
reagents and is more practical. Serotype-specific or cross-
reacting PC reagent may be used to characterize some of the
assay performance parameters, including assay sensitivity,
precision, selectivity, and/or robustness. Other parameters
should be defined based on analysis of the negative control or
naive individual matrix samples. These include assay speci-
ficity, assay matrix interference, and cut point. It is critical to
understand that serotype specificity demonstrated by using
serotype-specific PC reagent does not guarantee strict sero-
type specificity of the antibody response detected in study
samples, where polyclonal, cross-reactive antibody responses
are expected (4). Thus, a cross-reacting PC with broad
specificity may be preferred but not required.

Affinity of the PC reagent together with the TAb assay
design defines whether the method will have acceptable assay
sensitivity, commonly expected to be at or below 100 ng/mL
of PC antibody in undiluted matrix. When using a bridging
format of detection, higher affinity of the interaction may be
required to achieve acceptable assay sensitivity. Due to the
multivalent nature of IgM isotype antibodies, high avidity of
binding can also ensure that relatively low affinity IgM
response can still be detected. Sufficiently characterized PC
antibody reagent will ensure acceptable assay performance,
including assay sensitivity. However, no specific PC antibody
affinity requirements are proposed here, and the need for
affinity assessment should be defined on a case-by-case basis.

Similar to ADA detecting methods applied for other
biotherapeutic modalities, no true standard reference mate-
rial can be available for anti-AAV TAb-detecting protocols.
The PC antibody reagent is instead used as a suitability
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control and only serves the purpose of demonstrating that the
assay performance remains acceptable and similar to that
observed during the initial assay validation phase. Although
not commonly viewed as critical, the human origin of the PC
reagent may become important based on the assay setup. For
example, in the direct binding assay format, in order to use a
non-human origin PC antibody, one would need to confirm
that the anti-human immunoglobulin detection reagent has
sufficient cross-reactivity with the PC reagent or alternatively
to create a separate detection protocol of the PC reagent
alone. Such complexity can be avoided by using a human PC
antibody reagent, although obtaining a human antibody
specific to the viral vector serotype of interest may be
challenging.

As generally recommended for other assays designed to
detect antibody responses to biotherapeutics, each method
should include negative and positive control samples in order
to monitor the assay performance (20). The PC antibody is
commonly evaluated at low (LPC) and high (HPC) concen-
trations. The mid-concentration PC sample may be used
although this should be regarded as optional. Alternatively,
the PC sample may be tested at multiple dilutions in a
titration test.

NEGATIVE CONTROL (NC) SELECTION

Negative matrix (i.e., biological material without AAV-
binding antibodies) plays several important roles in GTx TAb
assays. At a minimum, the negative matrix is used as a control
to monitor assay performance and as a diluent for the assay
PC controls. For screening and confirmatory assay tiers (if
used), negative matrix control may be further used to
normalize signal and adjust for inter-plate variation. For titer
assays, a negative matrix may be used as a diluent to ensure
consistent matrix concentration at each dilution.

Sufficient amounts of negative matrix should be prepared
and stored to support method development, validation, and
sample testing. Consequently, a pooled matrix from several
individuals is typically required. For many AAV vectors used
in generating GTx, a significant proportion of treatment-naïve
donors are expected to have vector cross-reacting antibodies
(36–38). High prevalence of pre-existing antibodies greatly
complicates preparation of a pooled negative control mate-
rial. Depending on availability of matrices and the frequency
of individuals with capsid-binding antibodies, different strat-
egies may be applied.

If relatively few individuals have antibodies, individuals
may be screened, and anti-AAV antibody-negative samples
are pooled to prepare matrix sample serving as the negative
control. While samples with high positivity will likely stand
out, samples with lower amounts of reactive antibodies may
be difficult to discern; therefore, a confirmatory step is
recommended in order to accurately identify and exclude
antibody-positive samples for the negative control prepara-
tion. Consequently, it may be necessary to estimate screening
and confirmatory cut points as part of method development.

In situations where large numbers of individuals have
antibodies, screening to remove positive individuals may not
be feasible to generate the required volume of matrix, and
immunodepletion may be preferred. Non-specific
immunodepletion may be performed through use of reagents

that bind multiple antibody isotypes (e.g., Protein A, Protein
G, Protein L) (14,25), whereas specific immunodepletion may
be performed by using an affinity column to selectively
remove antibodies reactive to the AAV capsid of interest
(22). Because non-specific immunodepletion may alter assay
background, one should demonstrate that the signal of the
negative control is not too far below the assay cut point (20);
otherwise non-specific immunodepletion may not be a
suitable approach to generate a negative matrix. Specific
immunodepletion, which could be performed to deplete
serotype-specific antibodies (22), should use the same capsid
that will be used for the TAb assay. This specific approach is
unlikely to alter assay background because most immuno-
g lobul ins wi l l remain in the sample fo l lowing
immunodepletion.

Both specific and non-specific immunodepletion proto-
cols have the potential to produce negative control matrix
that will generate a significantly reduced assay signal. This
may lead to an artificially inflated rate of reported anti-AAV
TAb prevalence and t i ter in study samples . If
immunodepletion approach is selected, the NC produced
signal should be carefully compared to the assay cut point
value.

Negative matrix should match the sample type(s) that
will be evaluated in the assay (e.g., species, specimen type,
anticoagulant). Some matrices (e.g., CSF, aqueous humor)
may not be available in sufficient quantities, potentially
requiring the use of a surrogate matrix. Suitability of a
surrogate matrix should be demonstrated, and any impact
may be mitigated by including a limited number of matrix
matching controls (39).

SAMPLE TESTING STRATEGY

Serum (or other matrices such as plasma, CSF, aqueous
humor, vitreous humor, or saliva) may be analyzed using a
classical (screening, confirmatory, titration) testing paradigm
(40–42). The intent of the screening and confirmatory tests is
to reduce the number of samples that are subsequently tested
in the titration assay since the titration assay is resource
intensive and is of low throughput. However, there can be a
strong rationale for only analyzing the sample in a titration
assay. For example, for patient selection, a titration result
may be required, and the turnaround time for the sample
analysis may be rate-limiting for the treatment of the patient.
In this case, solely analyzing the sample in the titration assay
may be the best approach. Post-treatment, most if not all,
patients will develop an anti-AAV antibody response. There-
fore, the use of a screening and confirmatory assay will only
add time and cost to the sample analysis. Therefore, some
sponsors do not conduct screening and confirmatory assays
and only perform the titration assay.

Classical tiered-based approach to TAb testing may be
considered in case anti-GTx serotype antibody specificity and
cross-reactivity with other AAV serotypes needs to be
understood. Clinical trials for GTx often consist of a small
number of patients and hence a low number of samples;
therefore, screening and confirmation tests may be done in
parallel. A comparison of pre- and post-dose sample titers
may be necessary irrespective of the cut point assessment
approach. An increase in post-dose versus pre-dose titer
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signifies treatment emergent anti-AAV capsid immune
responses.

Reporting TAb assay results in titer units calculated as a
reciprocal of sample dilution is recommended. Consistent
reporting in titer units will facilitate the ability to compare
among studies and programs. It has to be pointed out that
assay to assay differences prevent direct comparison of
results.

ASSAY MATRIX SELECTION

The sample matrix that is used for the analysis of anti-
AAV antibodies will depend on many factors and may differ
between, and within, programs depending upon the questions
that are being asked. Serum is the matrix that is most often
used to detect presence of anti-AAV antibodies, regardless of
the route of administration for gene therapy. Measurement of
the titers of pre-existing anti-AAV antibodies can be impor-
tant for mitigating the impact of these antibodies on efficacy
of IV administered gene therapies, or the acute safety of
intravenous (IV), intrathecal (IT), or cisterna magna (ICM)
administered gene therapies. Serum is also a relevant matrix
for measuring treatment-induced or treatment-boosted anti-
AAVantibody titers which may potentially be associated with
certain systemic adverse events such as cytotoxic immune
response (43).

In addition to serum, plasma is also often used for anti-
AAV antibody detection. These two matrices are top choices
due to relative ease of sample collection. Although plasma is
used less frequently, at times it may be the only option. In
pediatric clinical trials, blood volume often limits the number
of analytes that can be measured. It may not be possible to
collect contemporaneous samples to assess cellular responses
(as measured by an ELISpot assay) and humoral responses
(anti-AAV antibodies). Therefore, it may be necessary to
collect whole blood that is used to prepare PBMCs and
plasma as a byproduct that can be used for the measurement
of anti-AAVantibodies. However, it is acknowledged that it is
not possible to collect the large volume (e.g., 8–10 mL) of
blood required for the cellular response at multiple
timepoints, if it is feasible to collect such samples at all.
Consequently, the assessment of anti-AAV antibodies within
a clinical trial may require the analysis of both plasma and
serum samples. Another example where plasma samples are
preferred are GTx clinical trials in the area of coagulation
disorders, such as hemophilia A and B; collection of serum
samples may be difficult due to the inability to form proper
blood clots in the absence of any medical treatment.

Application of serum as the assay matrix for the
detection of anti-AAV antibodies may not be the fully
relevant, depending on route of administration (e.g., intra-
thecal, intravitreal, subretinal), and detection of anti-AAV
antibodies in other matrices could be of relevance. For
example, for intravitreally administered gene therapies, the
measurement of anti-AAV antibodies in vitreous humor or
aqueous humor may be of importance. However, the
collection of vitreous fluid can only easily be performed
immediately prior to the intravitreal (IVT) administration.
This limits the utility of the collected sample since it cannot
be used for patient selection. However, the collection of
aqueous humor can be made repeatedly and may offer hope

as a surrogate matrix for the vitreous. Similarly, cerebrospinal
fluid (CSF) is often collected prior to IT administration with
the same limitations that exist for the collection of vitreous. It
has been documented that anti-AAVantibody titers are lower
in CSF and vitreous than in the corresponding serum samples,
and it is likely that anti-AAV antibodies do not exist in the
subretinal space, which is an artificial space created by the act
of injecting the gene therapy (44,45). Collection of CSF
samples post-dose remains more feasible than the collection
of vitreous post-dose samples. It will be, therefore, important
to understand the relationship between anti-AAV titers in
rare matrices and proposed surrogate matrix, such as serum.

One matrix that may be of utility for anti-AAV antibody
testing but has rarely been used to date is saliva. It is possible
that saliva may be used as a surrogate matrix for serum,
which would be more convenient for the patient and also
allow for more frequent sampling. More data are needed to
investigate the presence of anti-AAV TAbs in saliva and the
correlation with serum or plasma antibody levels.

KEY TAB ASSAY VALIDATION PARAMETERS

Assay Sensitivity

Sensitivity parameter for the assays designed to detect
total anti-capsid antibodies can be assessed similar to the
approach applied for ADA detection methods (40). Current
FDA guidance, describing regulatory expectations for anti-
biotherapeutic immunogenicity detection protocols, (20)
suggests that a typical ADA assay should be developed with
a minimal target sensitivity of 100 ng/mL. It has been broadly
demonstrated that sensitivity of ADA assays commonly
meets and exceeds such proposed minimal requirements
(46). Because the sensitivity of either ADA or anti-AAV
TAb assay is expected to be defined based on the perfor-
mance of the assay-positive control, low affinity PC reagents
may present a challenge in achieving the required value. In
these cases, assay conditions, including nature of the PC used,
should be re-evaluated. The PC reagent is not expected to
represent actual anti-AAV capsid antibodies in patient
samples, and the exact correlation between the ability of the
assay to detect PC antibodies at a given concentration and
clinically observed safety or efficacy signals remains unclear.
Thus, assays with greater than 100 ng/mL sensitivity in
detecting PC may be still capable of detecting clinically
relevant TAbs. The ultimate desired clinically relevant TAb
assay sensitivity may also depend on several other factors,
including antibody epitope specificity, binding affinity, isotype
composition, effective concentration in patients’ blood, and
more.

Serotype Specificity of Detected TAb

It has been shown that there is a prevalence of anti-AAV
immunity in the general population (37). Anti-AAV antibod-
ies have also been shown to be highly cross-reactive across
AAV serotypes (37,47). Treatment-naïve donors assessed for
anti-AAV binding antibodies were found TAb positive for
AAV serotypes 1, 2, 5, 6, and 9 with the highest sero-
prevalence being against AAV2 reported (48,49). The degree
of cross-reactivity varied depending on the AAV serotype
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and was proposed to be contingent on the degree of
homology between AAV sequence (50). The high degree of
cross-reactivity of anti-AAV TAb activity may be distin-
guished from a lower level of cross-reactivity of neutralizing
antibody responses (51–55). High complexity and multi-step
process of viral transduction is likely to require a high
specificity of neutralizing antibody binding which should be
distinguished from a simple binding event which is detected in
the case of the TAb assay. The actual level of cross-reactivity
may be dependent on the analytical methodology and
antibody titers. High degree of alignment of anti-AAV5- or
anti-AAV8-neutralizing activity was reported for samples
with high anti-AAV2 NAb titers (47). In general, anti-AAV
antibody response to various serotypes, including age-
dependent rise of the anti-AAV immunity, has been associ-
ated with environmental exposure to highly prevalent AAV2
serotype (47,56).

Recently, the sero-prevalence of pre-existing anti-AAV9
antibodies was assessed in patients enrolled in clinical trials of
onasemnogene abeparvovec (intravenous and intrathecal
administration) and managed access programs (intravenous).
Through December 31, 2019, 196 patients and 155 biologic
mothers were screened for anti-AAV9 antibodies using a
TAb assay. Of these, 15 patients (7.7%) and 23 biologic
mothers (14.8%) had titers >1:50 on their initial screening
tests. Eleven patients (5.6%) had elevated titers on their final
screening tests (57).

The need to demonstrate whether the anti-AAV anti-
bodies detected in the TAb assay are specific for the GTx
serotype of interest may be important under some circum-
stances, for example, if GTx of different serotypes are
available for the treatment of the disease. This could be
achieved by performing confirmatory test. Presence of
serotype-specific antibodies should then lead to signal deple-
tion compared to the untreated sample. This is not to say that
the TAb assay should be designed to achieve exclusive
serotype specificity since such assays would not detect
antibodies that bind to both the serotype of interest and
other related serotypes. It may not be technically feasible to
develop serotype-specific assays due to the high homology of
capsid sequences across various AAVs. Additionally, the
reason for detecting anti-AAV antibodies in clinical trials is
to understand the impact of all antibodies that bind to the
serotype of the GTx, not to understand the impact of
antibodies that bind only to the serotype of the GTx.
However, the cross-reactivity of the antibody response may
be of great importance when the patient may be subsequently
treated with another vector-based drug, either as another
GTx or as a vaccine. For example, following recent develop-
ment of vaccines against SARS-COV2 virus, sponsors may
consider whether the antibodies generated by the investigated
GTx can bind to viral serotype used by vaccine product, e.g.,
Ad26 (58,59).

Factors other than immunoglobulins can play a role in
the overall effect on the degree of vector transduction
inhibition in NAb assays. Depending on the assay setup,
TAb protocols can report capsid-specific interaction (bridging
assay formats, Figure 1d, e, and f) or presence of anti-capsid-
specific IgG/IgM or other isotype immunoglobulins (direct
binding assay formats, Figure 1a, b, and c). The need to
determine whether the binding is immunoglobulin-based may

require an additional characterization of the TAb activity or a
need for a sample pre-treatment step, e.g., isolated immuno-
globulin fraction. Any additional characterization of the
immune response should be value-driven since it will be
costly and time-consuming and require a larger sample
volume. Only antibody characterization approaches that can
add significant value to the interpretation of the study data
should be considered.

Precision

Assay precision is defined based on the observed
variability of the assay raw signal or assay signal-to-noise
ratio (S/N). Typically, assay precision is calculated based on
results obtained in the intra- and inter-assay experiments. In
these experiments, samples are tested in two or more
replicates. The inter-assay evaluation most commonly in-
cludes multiple (3 or more) runs conducted by several (2 or
more) analysts on different days. This approach is to ensure
that sufficient data are collected to appropriately assess assay
performance.

Typical ligand-binding assay precision acceptance criteria
for both intra- and inter-assay performance (e.g., CV% less
than 20%) are applicable for anti-AAV TAb protocols (40).

Selectivity and Matrix Interference

In the assay selectivity test, the influence of naturally
occurring matrix components in individual donor samples is
evaluated. To assess selectivity, positive control samples at the
LPC concentration are evaluated to confirm the assay ability
to detect PC at the low concentration levels under interfer-
ence of various matrix components. PC reagent is spiked into
several, typically 10, individual TAb-negative donor samples
to be evaluated in the assay. At least 80% of LPC level-
spiked samples should score TAb positive. Unspiked individ-
ual samples are also tested with the expectation that at least
80% of samples should score TAb negative. Ideally, selectiv-
ity should be performed using both healthy and disease-state
samples although healthy donor samples may be applied if
disease-state samples are difficult to procure.

Additional evaluation of assay performance in samples
containing varying amounts of known and potentially inter-
fering matrix components should be considered. This includes
the assessment of the impact of lipids (lipemic samples),
hemoglobin (hemolytic samples), and bilirubin (icteric sam-
ples) (20). Such components may have limited or no impact
on assay performance, and tests can be conducted during
assay development phase only. Other matrix components that
are expected to be present in samples at the time of collection
may be considered and tested, including various co-
medications and anti-coagulants (e.g., heparin). The overall
criteria for the acceptance of the test should be similar to the
criteria applied for the selectivity test.

Assay Cut Point

TAb detection methods are semi-quantitative and em-
ploy a threshold value, referred to as assay cut point, that
determines whether a sample contains detectable levels of
anti-AAV antibodies and thus is reported as positive. A
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multistep tier-based approach, commonly used to evaluate
ADA against protein-based biotherapeutics (20,40,60), is
suggested for the TAb protocols. Individual cut point values
are assigned to screening and confirmatory methods. Such cut
points are method specific and identified during assay
qualification or validation phase, prior to clinical sample
testing. Both screening and confirmatory assay cut points are
determined based on statistical analysis of data obtained for a
large number of drug naïve individual study relevant samples
(20,40). For example, assay data are collected for 50 or more
individual samples obtained from treatment-naïve subjects
that are tested in 3 to 6 runs. The resulting data set is
analyzed for the presence of statistical and biological outliers
which are removed. Typically, in the next step, the 95th
(screening test) or 99th (confirmatory test) percentile of the
data distribution is identified by an appropriate statistical
approach. The methodology has been described in detail
elsewhere (20,40,41).

Similarly, application of a statistically defined cut point
value is proposed for anti-AAV TAb assays. One of the
practical challenges and potential limitations of this approach
is the high prevalence of pre-existing anti-AAV capsid
antibodies in treatment-naïve subjects. Selection of a large
pool (50 or more) of individual samples that do not
demonstrate detectable presence of anti-capsid TAb may,
therefore, be a concern. The distribution of sample-generated
assay responses is often continuous, not allowing for a clean
separation between positive and negative sample population
as it has been observed in other cases (42). One possible
solution is to identify true anti-AAV TAb-positive samples in
a confirmatory test. Unlabeled GTx-spiked samples that
produce 50% or greater assay signal reduction may be
removed from the cut point data analysis as biological outliers
containing pre-existing anti-AAV TAbs. The proposed 50%
cut-off is based on the assumption that such a high impact on
assay response suggests a clear indication of a true anti-
capsid-binding biological component in the sample. Data set
produced by samples with less than 50% of signal reduction
can be applied to calculate screening and confirmatory cut
point values for the anti-AAV TAb method. It is clear that an
analysis of a large number of samples will be required to
finally yield at least 50 TAb-negative individual samples
needed for the statistical calculation of assay cut points.

VALUE OF ANTI-AAV TAB ISOTYPE
CHARACTERIZATION

In either the T-cell-dependent or T-cell-independent pathways
of the immune response, anti-capsid antibody development can be
expected within the days and weeks after GTx exposure. Initially,
there will be development of a low affinity, typically IgM isotype
immunoglobulins, response. Maturation of the B-cell response can
further result in immunoglobulin class switching, increase in
binding affinity, and potentially in a modulation of the binding
epitopes. Resulting anti-capsid antibody pools consist of a collec-
tion of various immunoglobulin isotypes, including various IgG
subclasses, although development of other isotypes is also possible.
Understanding of the exact isotype composition of anti-capsid
immune responsemay be important as it could potentially allow for
a more detailed explanation of post-dose toxicities or facilitate the
patient selection process prior to the treatment. Detection of IgEs

specific to a biotherapeutic presents a separate case, as this class of
immunoglobulins has been linked to various hypersensitivity
responses, including a type I response. However, hypersensitivity
reactions to AAVGTx have been rarely, if at all, observed to date.
The significance of understanding the presence of other classes and
subclasses of immunoglobulins is less clear at this point (61).

The pre-existing anti-AAV antibodies will predominantly be
the IgG isotype (49). Prevalence and isotype composition of pre-
existing anti-AAV8 antibodies was investigated in cohorts of
healthy donors and patients with hemophilia B from different
geographical regions (38). It was shown that majority of anti-
AAV8-positive samples contained IgG (71%) or a mix of IgG and
IgM (12%) isotypes. A more sensitive TAb assay demonstrated a
very strong correlation between IgG isotype of anti-AAV8 TAb
and NAb responses, suggesting connection between mature
antibody response and anti-AAV8-neutralizing activity (38). While
detection of IgG4 subclass antibodies may indicate a highly mature
response, this specific subclass has been associated with reduced
effector function as compared to other IgG subclasses, for example,
IgG1 (62,63). The ability of anti-capsid antibodies to interact with
and activate complement cascade components to bind the Fc-
gamma receptors may be reflected in the clinical safety observa-
tions. For example, IgM, IgG1, and IgG3 immunoglobulins have
high capability to activate complement, as opposed to the IgG2 and
IgG4 subclasses (64–67). Both affinity and avidity of antibodies
usually correlate with immunoglobulin class and subclass. IgM
immunoglobulins are typically low affinity but may present high
avidity due to the repetitive nature of the capsid protein structure
that could allow multiple Fab arms on the pentameric IgM
molecule to engage with the target antigen, barring any steric
constraints. Binding affinity of the IgG isotype antibodies is
typically higher due to somatic hypermutation that occurs concur-
rently with class switching in germinal centers (65,68). It is possible
that presence of IgM isotype may help to explain complement
related hypersensitivity reaction or that the presence of IgG4
subclass may facilitate with understanding of the maturity of
immune response, particularly pre-dose. Although a significant
amount of data is available regarding potential implications of IgM
and IgG subclasses development, we are still learning about
whether andhow specific isotype information can benefit treatment
decisions related to a given GTx product.

At the present time, various methodologies are available
to assess the isotype composition of anti-AAV capsid immune
response. These include LBA protocols allowing to detect a
particular isotype, as well as multiplexing methods that can
detect multiple isotypes in each sample in one run (69). Other
emerging methodologies have been discussed, including
liquid chromatography-mass spectrometry (LCMS)-based
protocols (70).

VALUE AND CHALLENGE OF STANDARDIZING
TAB ASSAYS ACROSS THE INDUSTRY

Since GTx treatment decisions can bear substantial
implications for the course of the disease in patients, it may
be helpful to harmonize how anti-AAV TAb assays are
performed across the industry. This could lead to a higher
degree of transparency, reliability, and comparability for a
key methodology that is used to predict treatment success of
gene therapies. As more experience is gained with regard to
the predictability of clinical outcomes based on anti-AAV
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antibody status and titer, the standardization of antibody
measurements would also enable a better comparison be-
tween different clinical trials. Clinical lessons learned about
pre-existing antibody titers in AAV5 gene therapy may even
be informative for other AAV serotype gene therapies, if the
same route of administration is used, such that anti-AAV
antibodies would be expected to pose similar barriers to
successful dosing.

Without assay standardization, however, a comparison of
anti-AAVantibody titers across different TAb assays is highly
difficult and oftentimes nearly, if not completely, impossible,
due to differences in assay sensitivity, reagents, cut points,
sample dilution schemes, and the different mathematical
calculations for antibody titer determination. Currently,
measurements of anti-AAV antibodies are not standardized
and thus method and clinical trial specific. This restricts our
ability to reach broader conclusions about the impact of pre-
existing immunity on AAV gene therapy outcomes, thus
decelerating progress made by the field as whole. However,
sponsors with a large portfolio of GTx of the same serotype
will be able to use the same TAb assay across their portfolio
and apply learnings across programs. Standards in assessing
pre-existing immunity would also help leveling the ground for
competing companies in the same disease area, as it would
remove the opportunity to use inadequate anti-AAV TAb
assays, or less restrictive screening criteria in order to identify
a larger patient population as eligible for treatment.

The fundamental challenge for standardizing the assess-
ment of pre-existing anti-AAV immunity using TAb assays is
to seek industry and health authority agreement that this type
of assay is clinically meaningful to measure anti-AAV
antibody levels. In contrast to cell-based NAb assays, TAb
assays detect the binding of antibodies to the AAV capsid,
leaving out of consideration any potential functional conse-
quences of this interaction. As stated earlier in this manu-
script, while a good correlation between TAb and NAb titers,
in particular for higher antibody levels, is typically expected,
presence of non-neutralizing anti-AAV antibodies is possible
and would require an orthogonal assessment in both TAb and
NAb assays (5,14,71).

Standardization for quantitative bioanalytical assays has
been achieved in the past by establishing global calibration
standards, for example, the WHO International Standards for
coagulation factor levels in human plasma (72). In contrast to
quantitative assays, however, anti-AAV TAb assays do not
have an objective calibration standard that fully corresponds
to the measured analyte. This problem stems from the
heterogeneous nature of the analyte, a polyclonal mixture of
AAV-specific antibodies of various isotypes that are highly
diverse in composition across human individuals. Therefore,
anti-AAV TAb assays are not usually performed by absolute
quantification using interpolation against a concentration
curve of standard material but rather by performing relative
quantification using sample dilution to determine antibody
titers. Reporting of absolute anti-AAV antibody matrix
concentrations in reference to a global calibration standard
(i.e., as international antibody units per mL) would thus be a
very difficult approach.

Other challenges for the standardization of anti-AAV
TAb assays arise from the use of different assay technologies
and formats, with varying sensitivities and diverse reagents

across the pharmaceutical industry. In addition, multiple
statistical approaches exist to establish cut points used for
discriminating positive from negative samples and to deter-
mine the antibody titer in a positive sample using the results
from serial sample dilutions (endpoint titer vs. interpolated
titer). Given that at least some of these differences are due to
internal choices made during assay development and valida-
tion, they may be amenable to a certain degree of standard-
ization, as detailed below.

An important milestone for standardization of anti-AAV
TAb assays would be their consistent use for testing of pre-
existing AAV immunity in patients across all clinical gene
therapy trials. The TAb assay may even be run concurrently
to an otherwise preferred cell-based NAb assay, which is used
by some sponsors for enrollment decisions, but additionally
performing a TAb assay would constitute an important step
toward generating data that can be consistently cross-
referenced with clinical outcomes in each trial. Ideally, TAb
data would encompass patients found to be both eligible and
ineligible for a particular AAV gene therapy in question.

To enable further standardization of anti-AAV TAb
assays, harmonizing the use of certain critical assay reagents,
such as the AAV capsid material that serves as the target
antigen, could be considered. Commercially available AAV
reference standards exist for some serotypes (e.g., ATCC:
VR-1616, VR-1816) and could be established for additional
serotypes if desired. As discussed above, this approach would
require a careful evaluation to ensure comparable antigenic-
ity between the AAV reference material and the AAV vector
under development, given the potentially diverging
manufacturing conditions and the different sequence and
length of the vector genomes.

It is difficult to gauge the potential value of using AAV
reference materials as target antigens in anti-AAV TAb assays
since these assays do not quantify AAV capsids but rather
determine the magnitude of antibody responses directed against
them. It would also be counter-productive to standardize the exact
amount of AAV capsid utilized in the assay to be combined with a
certain volume of test sample, because this parameter is frequently
optimized during assay development to achieve the desired
sensitivity for antibody detection.

Instead of standardizing assay reagents, formats, and
technology platforms, it appears more promising to seek
industry and health authority alignment for mandatory
method performance characteristics and for regulated proce-
dures associated with data analysis. For example, assessing
the minimally required dilution (MRD) of a test sample that
is needed to avoid matrix interference, or achieving sufficient
sensitivity and specificity for anti-AAV antibody detection, is
of utmost importance for generating reliable results. More-
over, statistical procedures that lead to cut point establish-
ment could be harmonized, similar to those used for ADA
assays (20), as described earlier in the manuscript. One needs
to remember that FDA guidance on immunogenicity assess-
ment, issued in 2019, specifically excludes application for the
gene therapy modalities. As random collections of donor
samples frequently contain pre-existing AAV antibodies,
harmonized and transparent procedures are needed to
identify and exclude baseline-positive samples, as well as
statistical outliers from cut point analyses.
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Finally, antibody titer results can be reported by TAb
assays either as the reciprocal of the highest sample dilution
that was still tested positive (endpoint method), or as the
reciprocal of the sample dilution interpolated at the titer cut
point, as this would be the highest sample dilution theoret-
ically expected to still test positive (interpolated titer). The
latter approach tends to report higher but potentially more
accurate titers, in particular if relatively large dilution steps
(greater than 1:3 dilutions) are used for the test samples.
Thus, harmonized guidelines could be beneficial to direct
which titer dilution scheme (1:2, 1:3, or 1:5) and associated
titer reporting algorithms should be used. In summary, many
anti-AAV TAb method performance parameters and data
analysis procedures could be amenable to industry-wide
standardization, if all stakeholders (industry, regulators,
diagnostic companies, patient advocates) choose to seek
alignment.

It is worth noting that the above efforts to standardize
anti-AAV TAb assays would still be unlikely to achieve full
data comparability. Numerical antibody titers reported by
TAb assays heavily depend on assay sensitivity: a more
sensitive assay will report a higher antibody titer for the
same sample than a less sensitive assay, since more sample
dilutions are required until the sample no longer tests
positive. PC reagent antibodies can be monoclonal or
polyclonal, highly purified and crude serum, but in any case,
they usually differ between different sponsors. It is, therefore,
currently not possible to ensure comparable sensitivity
between anti-AAV TAb assays that use different PC anti-
bodies, even if the same concentration (ng per mL) was
validated as the limit of detection (LOD). Hence, the current
assessments of sensitivity performed during method valida-
tion are insufficient to enable a direct comparison of antibody
titer results.

A similar shortcoming had previously been recognized
by the ADA community when comparing results from TAb
assays that detect anti-EPO antibodies (73). The solution
implemented in this case was the establishment of a global
and publicly available antibody reference panel, consisting of
a set of highly purified, monoclonal human anti-EPO
antibodies (i.e., WHO positive control anti-EPO reference
panel).

With regard to AAV gene therapy, monoclonal antibod-
ies against AAV capsids could be isolated and purified, in
order to test them under defined conditions in different anti-
AAV TAb assays across various laboratories. For each anti-
AAV antibody in the panel, an LOD could be determined,
and titer results could be correlated with antibody levels
expressed as mass concentration units. These data could then
be compared between different sponsors to gain insights into
assay sensitivities for various types of antibodies and how the
reported titer results could potentially be translated. As the
establishment of a global reference panel would be a time-
consuming and resource-intensive endeavor, meaningful en-
gagement of stakeholders will critically depend on the
perceived value for sponsors, regulators, caregivers, and
patients.

As a short-term and more cost-efficient alternative to
establishing reference panels containing purified human
monoclonal anti-AAV antibodies, a defined set of crude
human plasma or serum samples containing polyclonal

mixtures of anti-AAV antibodies could be distributed to
individual laboratories to perform proficiency testing. Each
laboratory would test the same set of samples and report back
the obtained titer results. This would help benchmark relative
sensitivity and magnitude of titer measurements for each TAb
assay across sponsors and also reveal the overall degree of
variation that currently exists between different laboratory
tests. The disadvantage of this approach would be the finite
quantity of the human samples used for cross-testing, thus
restricting longitudinal assessment and trending of method
performance.

It should be noted that in attempting to standardize TAb
assays, we may be constraining our ability to provide the most
appropriate bioanalytical support. For example, once a
standardized assay format had been agreed upon, there
would be no incentive to develop assays that may be an
improvement upon the standardized assays. Defining a
sample dilution scheme that must be followed by all sponsors
would mean that a sponsor could not deviate from that
scheme when it may be appropriate to use small dilution steps
to characterize a low-titer response and larger dilution steps
to characterize a high titer response. Additionally, standard-
ization of reagents will increase the criticality of those
reagents, making them highly vulnerable to supply chain
disruptions.

APPLICATION OF THE TAB ASSAY DATA

Total anti-AAV antibody data can be used as a risk
mitigation strategy and as a tool to determine the association
of anti-AAV antibodies to the safety and/or efficacy of the
gene therapy. As mentioned above, TAb data can be used to
identify subjects for treatment with a gene therapy. An
argument in favor of using TAb assays may be that any type
of pre-existing anti-AAV antibodies, neutralizing and non-
neutralizing, is a specific biomarker that indicates prior
exposure to AAV. Anti-AAV antibodies may also accelerate
the uptake and clearance of AAV vectors by other immune
cells, thus compromising the efficacy of AAV gene therapy.
More research is needed to better understand the immune
correlates of successful gene therapy outcomes, and it appears
that currently the broad detection capabilities of anti-AAV
TAb assays offer a key advantage over other assays due to its
ease of execution, quick turn-around time. In addition to the
scientific reasons for using a TAb assay rather than a NAb
assay, there are pragmatic reasons for this choice. TAb assays
will be more robust than NAb assays, and their data quality
consequently better suited for use as a companion diagnostic
or a point-of-care assay than cell-based NAb assays.

Anti-AAV TAb methods have been used for patient
stratification during clinical studies. The sample will be
collected in a pre-defined timeframe (e.g., within 1–2 months
prior to administration of the gene therapy). If the titer meets
the pre-defined criterion for patient eligibility, then the
patient may be dosed with the gene therapy contingent upon
the patient meeting all other eligibility criteria. If the TAb
titer does not meet the predefined criterion, another sample
may be collected at later time, and the patient will be re-
screened. If the titer does meet the acceptance criterion, the
patient is eligible for treatment. If the titer does not meet the
acceptance criterion, further rescreening may be performed,
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depending on the observed titer and the likelihood that the
titer may decline to an acceptable level in a reasonable time
frame. Plasmapheresis or immuno-adsorption-based anti-
AAV antibody depletion and IgG-clearing patient pre-
treatment strategies have been proposed to reduce the impact
of pre-existing anti-AAV vector antibodies (22,25,74).

There is much debate about what represents a suitable
eligibility criterion with respect to pre-existing antibody titer. Often
the criterion is selected based on an abundance of caution and
represents the lowest detectable titer (i.e., subjects are required to
be seronegative). The eligibility criteria are not often based upon
actual data that show a relationship between anti-AAV antibody
titer and safety and/or efficacy variables. It should be noted that for
some routes of administration (e.g., intrathecal, intravitreal,
subretinal), serum circulating anti-AAV antibodies may have a
different overall level of impact on the treatment. Therefore, the
use of a stringent anti-AAV Ab titer threshold as an exclusion
criterion for GTx administered by routes other than intravenous
may unnecessarily exclude patients from receiving a beneficial life-
changing therapy. It should be noted that although the initial
clinical trial for Luxturna® used an exclusion criterion of 1:1000 for
serum anti-AAV2 antibodies, no such exclusion criterion was used
for subsequent studies nor is there a requirement included in the
product label (75). Similarly, the impact of pre-existing serum anti-
AAVantibodies on the safety ofAAVgene therapies is likely to be
far less for those gene therapies that are administered by non-
intravenous routes compared to those administered intravenously.
Although the systemic bioavailability of a gene therapy after
intrathecal administrationmay be high, the systemic concentrations
of theAAVgene therapywill be low and hence the safety concerns
due to the presence of pre-existing anti-AAVantibodies in serum is
likely to be lower. Consequently, it may be feasible to administer
AAV gene therapies by the intrathecal route to patients with titers
of pre-existing antibodies that are greater than the threshold
antibody titers used for patient eligibility in intravenously admin-
istered gene therapies. However, more research is required to
determine how high the threshold titer would be for patient
stratification during AAV gene therapies by the intrathecal route.

For the treatment of newborn patients, monitoring of the
maternal serum anti-AAV antibody titers may be advanta-
geous. The immune repertoire of the newborn will reflect that
of the mother as a consequence of placental transfer of IgGs,
and it will take several months for the mother’s immunity to
wane in the infant and for the infant to develop their own
anti-AAV antibody repertoire based upon environmental
exposure. By screening the mother for the presence of anti-
AAV antibodies, it is possible to provide some guidance as to
whether the newborn may be eligible for treatment with an
intravenously administered AAV gene therapy or whether
the treatment may need to be delayed until the infant’s
passive anti-AAV antibody titers have waned. More research
is required to determine the relationship between maternal
and newborn serum anti-AAV antibody titers and the time
required for the maternally transferred antibodies to decline.

REGULATORY CONSIDERATIONS

Screening prior to enrollment in a clinical study may be a
useful strategy to identify patients who are most likely to
benefit from investigational GTx. The regulatory consider-
ations for GTx TAb and NAb assays during clinical studies

have not been fully defined. However, a qualified test may
suffice for phase I/II studies, while registration studies may
require a validated test.

The assays used to identify patients for treatment with
marketed gene therapies in the USA will require a compan-
ion diagnostic assay (CDx) or laboratory-developed test
(LDT). In the USA, regulation of LDTs falls under the
Clinical Laboratory Improvement Amendments (CLIA)
program which regulates laboratories that perform testing
on patient specimens in order to ensure accurate and reliable
test results (76). However, debates continue regarding US
FDA’s assertion that they regulate LDTs under “enforcement
discretion.”

Regardless of the regulatory oversight, for patient
inclusion/exclusion in clinical trials intended for treatment
with an investigational gene therapy, anti-AAV antibody
assays may need to be run in a facility regulated under the
CLIA regulations using personnel trained to perform testing
under these regulations for US patients. This requirement
would not apply to natural history studies (i.e., studies in
which no therapeutic agent is administered) or samples
collected at the time of dosing or post-treatment since the
data are not used for patient selection or the determining how
to treat the patient. Industry experience suggests that this
may not always be necessary if principles of good clinical
practice (GCP) and general regulatory recommendations for
validated immunogenicity assays are followed. However, if
the data collected is intended to support a submission to US
FDA for subsequent approval as a CDx, FDA may expect
that the pre-screening testing be performed using facilities
and personnel regulated under CLIA. This is an area of great
debate in the industry and is a topic that needs clear guidance
from the FDA.

It should also be noted that CLIA does not apply
globally as it is governed by the US regulations, and thus
assay validations should be deemed suitable for the specific
geographic region where the patient samples are derived
from. Attention should be paid to where the samples are
collected and analyzed, including specific country, state, or
other appropriate jurisdictions. During clinical development,
these assays may be run in a single lab as a laboratory-
developed test (LDT); however, upon marketing of the
therapeutic product, it may be preferable to have a US
FDA-approved or EU CE-marked companion diagnostic test
(CDx) in place to perform the assays.

GTx clinical studies may form the basis for a CDx
requirement if prospective patients with detectable pre-
existing antibodies are excluded. The term “companion
diagnostic” is defined by the FDA (https://www.fda.gov/
medical-devices/vitro-diagnostics/companion-diagnostics).
Recent FDA guidance documents, covering Human Gene
Therapy for Rare Diseases (77) and Human Gene Therapy
for Hemophilia (78), describe considerations for the study
population where pre-existing antibodies to the GTx product
may block delivery of the therapeutic vector genome, pose a
potential risk to safety, and /or limit therapeutic potential. In
such cases where patients are excluded on the basis of pre-
existing antibodies, both guidance documents state that the
sponsor should strongly consider contemporaneous develop-
ment of a companion diagnostic. Submission of the premarket
application (PMA) for companion diagnostic and submission
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of BLA/MMA for a gene therapy product should be
coordinated to support contemporaneous marketing
authorizations.

As an alternative to developing a CDx test, patient
screening may be accomplished with LDTs. Some current
examples from marketed GTx products include Zolgensma®
and Luxturna®. Clinical trials of Zolgensma® used a
laboratory-developed ELISA assay where anti-AAV9 titers
above 50 were not studied. Patients receiving the marketed
GTx are recommended to have an anti-AAV9 Ab titer of ≤50
prior to infusion. For Luxturna®, indicated for treatment of
Leber congenital amaurosis and administered via subretinal
injection, pre-existing immunity to AAV2 was assessed during
clinical development but did not appear to affect treatment
safety or efficacy, and therefore this assessment was not
requested prior to therapeutic administration during the post-
approval phase. Detailed discussion of CDx and LDT is
beyond the scope of this manuscript. Both tests are reviewed
by the FDA and should meet expected targets for method
performance parameters. The extent of method validation
necessary for assays detecting pre-existing antibodies should
match the stage of product development, and the level of
validation should be “fit-for-purpose” or appropriate for the
intended purpose of the study.

SUMMARY AND CONCLUSIONS

The expected immune response against GTx is likely
multi-factorial and may be as complex as the therapeutic
itself. GTxs consist of multiple components that may be
affected by the immune response and, therefore, may require
multiple assays to fully understand patient immune response
to the therapeutic. The goal of this paper is to guide the
immunogenicity assessment of these products, resulting in the
delivery of relevant data that, in context with safety and
efficacy measures, will allow for the delivery of beneficial life-
changing therapies to the patient population.

Pre-existing or treatment-induced anti-AAV antibody
immunity has been broadly reported (29,37). The prevalence
of pre-existing anti-AAV antibodies is highly dependent on a
number of factors, including AAV serotype, geographical
region, and age of the patient (37). Individual characteristics
of the anti-AAV response are variable and may include both
TAb and NAb. Parameters and expectations for cell-based
neutralizing anti-AAV antibody detection assays have been
discussed elsewhere (79). Here, we review various consider-
ations relevant to the detection of the TAb anti-AAV
antibody response, including applicable analytical protocols,
assay format, positive and negative control selection, sample
matrix selection, sample testing strategies, key assay valida-
tion parameters, value and challenges of method standardi-
zation, and regulatory considerations.

Total antibody detecting methods are a valuable alterna-
tive to the NAb detection protocols. TAb methods are
typically LBA based, relatively easy to establish, and robust
in production. TAb protocols may also offer a significant cost
benefit when compared to complex cell-based NAb methods.
While common NAb methods can also be detecting
immunoglobulin-based transduction inhibitors, a TAb proto-
col can be designed as antibody specific to identify the total
binding antibodies (both neutralizing and non-neutralizing)

that can impact post-administration AAV vector concentra-
tions through clearance, e.g., opsonization, but do not possess
ability to directly neutralize cell transduction. More patients
are expected to be identified as TAb positive than NAb
positive due to typically higher TAb titers and overall
expected higher TAb assay sensitivity. It remains to be
determined whether and at what level the TAb positivity
can be directly correlated with an impact on GTx treatment.
The actual answer is likely to be product and treatment
specific.

Analytical platforms and assay validation parameters
relevant to the TAb-detecting protocols are generally similar
to those that have been broadly accepted for ADA detection
methods (20,40). The similarity between ADA and anti-AAV
TAb protocols includes possible application of a tier-based
approach to sample analysis where initial screening and
confirmatory tests are followed by the final titer determina-
tion test. Considering that treatment decision is typically
based on reported patient TAb titer, direct titer determina-
tion with no prior screening and confirmatory analysis may be
applied. Based on the typical assay formats and platforms
used, TAb protocols are expected to detect majority of the
anti-AAV antibody isotypes with the IgM and IgG classes to
be the main analytes for the test.

Harmonization of anti-AAV antibody assays presents an
opportunity to combine immunogenicity data obtained in
various studies, improve level of reliability for a critical
methodology, and overall advance our ability to predict
success of GTx-based treatment. The semi-quantitative na-
ture of TAb assays due to the lack of a true calibration
standard, use of various analytical platforms and assay
formats, and diversity of reagents are examples of challenges
currently standing in the way of standardization of TAb
protocols. Some of these are based on the decisions made
during assay development, e.g., selection of certain critical
reagents and use of commercial AAV serotype reference
standards where appropriate. Even more relevant is to apply
an industry wide approach to evaluation of assay perfor-
mance and data reporting. Strong examples of the latter are
agreements on a statistical methodology to calculate assay cut
point value and reporting assay results as reciprocal of the
sample dilution value. A set of standardized antibody
reagents or pooled matrix samples may be established and
distributed to analytical labs to perform proficiency testing in
order to establish comparable baseline for the assay sensitiv-
ity and performance.

Overall, TAb-detecting protocols present an attractive
alternative to often complex and variable NAb methods. TAb
assays may detect pre-existing anti-AAV antibodies where
potentially less sensitive NAb methods would not and
therefore warn about prior exposure to the virus. TAb assays
also offer significant advantages, e.g., ease of use, relatively
straightforward to establish and validate, high cost efficiency,
and improved assay turnaround time. More needs to be done
to understand the connection between TAb assay results and
possible impacts on safety and efficacy in the clinical studies.
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