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Given the increasing number of gene transfer therapy studies
either completed or underway, there is growing attention to
the importance of preexisting adaptive immunity to the viral
vectors used. The recombinant viral vectors developed for
gene transfer therapy share structural features with naturally
occurring wild-type virus. Antibodies generated against viral
vectors obtained through a previous exposure to wild-type vi-
rus can potentially compromise transgene expression by block-
ing transduction, thereby limiting the therapeutic efficacy of
the gene transfer therapy; they may also pose potential safety
concerns. Therefore, systemic gene transfer delivery requires
testing patients for preexisting antibodies. Two different assays
have been used: (1) binding assays that focus on total anti-
bodies (both neutralizing and non-neutralizing) and (2)
neutralizing assays that detect neutralizing antibodies. In this
review we focus on adeno-associated virus-based gene thera-
pies, describing the immune response that occurs to naturally
occurring adeno-associated viruses, the implications for pa-
tients with this exposure, the assays used to detect preexisting
immune responses, and strategies to circumvent preexisting
adaptive immunity to expand the patient base that could
benefit from such therapies.
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INTRODUCTION
The aim of gene transfer therapy is to treat or prevent a disease by add-
inga functional gene to compensate for amutatedor absent gene, allow-
ing restoration of a functional protein product with the potential for a
long-lasting treatment effect after a single administration (Figure 1).
Gene transfer therapies include both ex vivo and in vivo approaches.
In ex vivo approaches, the transgene is introduced to target cells isolated
and maintained in culture.1 Once the culture has been expanded, the
cells are reintroduced into the patient. In vivo approaches directly
deliver a transgene into the body via local or systemic administration.1

Different systems are being explored to deliver the transgene. Of
these, viral vectors are one of the most studied, as viruses have evolved
to effectively interact with human cells, deliver their genetic material,
and express their proteins. As such, multiple investigations are using
recombinant viral vectors, which do not have the components associ-
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ated with pathogenicity and maintain only those needed to direct
transduction and thus transgene expression in target cells. Different
vectors have been tested for gene transfer therapy, including adenovi-
ruses, retroviruses, lentiviruses, and adeno-associated viruses
(AAVs). The experience in early clinical trials highlighted the impor-
tant role of the viral vector in the safety of gene transfer therapies, as
illustrated in 1999 by the unfortunate death of a patient who suffered
from a massive inflammatory response following adenoviral gene
therapy for ornithine transcarbamylase deficiency.2 Subsequent
gene therapy studies using retroviral vectors also reported cases of
leukemias caused by insertional mutagenesis.3–6

AAVs are considered an efficient delivery vehicle for in vivo gene
transfer therapy and have emerged as a preferred vector because of
currently available safety data related to their absence of pathoge-
nicity, low immunogenicity, and minimal genome integration.7

Another advantage of AAV vectors over other viral vector delivery
systems is their wide tissue tropism (both proliferative and nonproli-
ferative cells). Within AAVs, different serotypes have varying tissue
tropism with some widely expressed in multiple tissue types (e.g.,
transduction of brain, retina, lung, liver, and muscle by AAV2)
whereas others are more tissue specific (e.g., CNS transduction by
AAV9 and muscle transduction by AAV8, AAV9, and AAVrh74).8,9

Limitations of AAV gene transfer therapy include their limited pack-
aging size (maximum �4.7 kb) and the presence of preexisting adap-
tive immunity (hereafter referred to as preexisting immunity), both
cellular and humoral.10 Previous exposure to naturally occurring
(wild-type) AAVs results in preexisting immunity that can potentially
compromise transgene expression by blocking transduction, limiting
the therapeutic efficacy of the gene transfer therapy,11,12 and repre-
sents a potential safety concern. Immunity developed in seronegative
patients after gene transfer may also limit the ability to re-administer
treatment if necessary.
22 ª 2022 The Authors.
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Figure 1. AAV gene transfer therapy mechanism of action

Following gene transfer therapy administration, the capsid binds to the cell membrane of target cells (1), where it is internalized through endocytosis (2). Following release from

the endosome (3), the vector transits to the nucleus (4) and is imported through a nuclear pore (5), where the capsid is thought to be degraded (uncoating steps not shown),

exposing vector DNA to the nucleus (6). Once the vector DNA transforms into episomal DNA (7), it is transcribed (8), and the resultant mRNA is translocated to the cytoplasm

(9), where it is translated, thereby producing the protein of interest (10).
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Given that preexisting immunity may interfere with the effectiveness
of gene transfer therapy12 and potentially cause safety issues, systemic
delivery requires testing patients for preexisting antibodies. In this re-
view we describe the importance of screening for preexisting immu-
nity prior to gene transfer therapies, methods used for accurate
testing, and strategies to overcome it.

IMPORTANCE OF TESTING
Immune response to AAV

The capsid is the protein shell enclosing the viral genome and there-
fore can be detected and stimulate immune responses. Although
wild-type AAVs generally induce a mild immune response
compared with other viral vectors, such as adenovirus, an immune
response is generated nonetheless.13 Because of the high degree of
homology between the capsid of a wild-type virus and the vector
capsid used in gene transfer therapy, patients who have been in con-
tact with wild-type AAVs can have preexisting immunity against the
vector and neutralize it before the transgene is transferred.14–16 Im-
mune responses to foreign antigens, such as the protein capsid,
include two collaborative pathways: the innate immune system
and the adaptive immune system (Figure 2). These immune re-
sponses may have important safety implications and reduce clinical
efficacy.

Innate immunity

Upon detection of a foreign antigen, the innate immune response is
first activated within hours or days (Figure 2). Innate immunity is
characterized by its rapid, non-specific response to foreign antigens
without inducing immunological memory via recognition of path-
ogen-associated molecular patterns by immune cells. This molecular
recognition leads to activation of NF-kB, induction of interferon
(IFN) signaling, or expression of pro-inflammatory cytokines and
IFNs.17,18 In addition, complement activation represents an impor-
Molecu
tant aspect of innate immunity. The complement system is composed
of highly regulated enzymatic cascades that are activated by three
different pathways, including the lectin, the alternative, and the clas-
sical pathways, all of which cleave C3 into C3a and C3b, the critical
regulator. Complement activation results in opsonization of microor-
ganisms, white blood cell release of inflammatory mediators, and
target-cell lysis.

Although the impact of these responses in the clinical setting is largely
not known beyond the absence of acute clinical responses (changes in
vital signs, nausea, vomiting) in most patients following AAV gene
transfer,12 a recent U.S. Food and Drug Administration (FDA) advi-
sory committee meeting highlighted the importance of immune-
mediated toxicities following AAV gene transfer, including both renal
and hepatic toxicities, related to complement activation.19 Also, it is
known that innate immunological responses (e.g., inflammation
and complement activation) will activate the adaptive response. In-
hibiting innate immunity blocked both cytotoxic20,21 and humoral22

immune responses to AAV capsids.

Adaptive or acquired immunity

Adaptive immune responses to a foreign antigen take longer to be
initiated (weeks) compared with innate immunity, as it requires mul-
tiple steps along with overcoming several check points to prevent
inappropriate responses to nonpathogenic foreign molecules (Fig-
ure 2). This adaptive response differs from innate responses in that
it is specific for the particular antigen and provides immunological
memory to the host for long-term protection from reinfection with
the same type of pathogen. Immunological memory is mediated by
persisting T (CD4+ and CD8+) and B (CD19+) cells that, once primed
for a specific antigen, persist in the human body as “sentinels” that
can elicit a faster and stronger response resulting in rapid, efficient
clearance of antigens with subsequent exposures. This specificity is
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 75
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Figure 2. Timing of immunological responses to AAV gene transfer therapy

Following systemic administration of AAV gene transfer therapy, the innate immune response is active within hours to days. This response includes complement activation,

neutralization by preexisting NAbs, and macrophage and neutrophil activation. Acquired immunity, including B cell and T cell activation, occurs weeks later following

administration. Both immunological responses decrease the systemic vector concentration. AAV, adeno-associated virus; NAbs, neutralizing antibodies.
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what makes the adaptive response more efficacious andmust be high-
ly regulated to avoid inappropriate activation.

T cell activation (CD4+) is an initial step required to activate all other
cells involved in the adaptive immune response, including the cell-
mediated cytotoxic response (CD8+ T cells) and the humoral
response (B cells), which includes the production of antibodies that
bind specific antigens. One aspect of the adaptive immune response
that is particularly relevant to gene transfer therapy is the generation
of anti-AAV antibodies in response to infection by wild-type virus.
Antibodies directly bind the pathogens, preventing their interaction
with host cell receptors by neutralization16,23,24 and clearing them
from the host by multiple mechanisms, including opsonization fol-
lowed by macrophage-mediated phagocytosis (Figure 3).25

Given the rapid and strong immune responses that occur once immu-
nological memory has been established, individuals with preexisting
adaptive immunity to the specific vector capsid used in gene transfer
therapymust be identified and excluded to avoid any clinical complica-
tion due to preexisting adaptive immunity. From the total antibodies
(TAbs) generated against the wild-type virus, a subset categorized as
neutralizing antibodies (NAbs) are able to inhibit transduction,
reducing the efficacy of gene transfer therapy often by blocking the
attachment of the rAAV to receptors on target cells (Figure 3).16,23,24

All the other antibodies generated against the wild-type virus that do
not block transduction but still bind to the rAAV are called non-
neutralizing antibodies (nNAbs). nNAbs also affect the efficacy of
gene transfer therapy by reducing transduction through vector clear-
ance via opsonization or complement activation, resulting in phagocy-
tosis and elimination of the circulant rAAV by macrophages and
neutrophils (Figure 3).25–27 These processes can be trigered by both
NAbs and nNAbs and have important safety implications that may
lead to inflammation. In addition, complications resulting from com-
plement effectors include thrombocytopenia, atypical hemolytic ure-
micsyndrome(aHUS), and immunecomplexdeposition(Figure3).28,29
76 Molecular Therapy: Methods & Clinical Development Vol. 25 June 20
aHUS, a type of thrombotic microangiopathy (TMA), is characterized
by thrombocytopenia and microangiopathy hemolytic anemia, often
resulting in renal involvement and immune complex deposition.
Indeed, TMA, acute kidney injury, and complement activation have
been reported in patients following systemic AAV gene therapy.30,31

Concept of antibody titers

Preexisting immunity is measured by determining antibody titers to a
specific antigen. Antibody titers are determined by serially diluting
the serum or plasma fraction of blood until the endpoint (i.e., lack
of fluorescent signal) is achieved (Figure 4). Greater dilutions are
indicative of greater levels of antibody in the sample.

Titer cut-offs are used in gene transfer therapy studies as part of the
eligibility criteria to maximize efficacy and minimize potential safety
concerns (Table 1). The titer selected as a cut-off is variable between
assays; variations can also potentially exist using the same assay if it
is optimized differently. Changes to the assay can influence the cut-
offs even within the same program. As an example, there are two
different facilities in the United States that test infants with spinal
muscular atrophy for preexisting anti-AAV9 antibodies prior to treat-
ment with Zolgensma. In one facility, samples >1:50 dilution are re-
ported as positive, whereas samples R1:25 dilution are reported as
elevated at the other laboratory.32 Given the high variability, clinicians
emphasize the importance of being positive or negative under each
specific assay cut-off. Of note, high antibody titers in some infants
may arise from passive transfer of maternal neutralizing antibodies.
For these infant to toddler patients, retesting is important, as titers
may eventually fall within titer thresholds in the following weeks or
months, permitting eventual treatment.32 Retesting older children
typically yields results similar to the previous test unless the initial
result was within borderline range.

Titer cut-offs are often determined using preclinical studies and vali-
dated after for clinical use. For example, analysis of transgene
22
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Figure 3. Potential innate immunologic responses to viral capsid

Innate responses to the AAV capsid may lead to neutralization because of the inhibition of vector entry into the cell. Additional mechanisms by which anti-AAV antibodies

neutralize AAVs may also exist. Transduction can also be inhibited by opsonization. In addition, inflammation induced by opsonization and complement activation. Innate

responses also have potential systemic effects resulting from complement activation, including thrombocytopenia, atypical hemolytic uremic syndrome, and immune

complex disposition.24–29 AAV, adeno-associated virus; NAbs, neutralizing antibodies.
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transduction in rhesus macaques following isolated limb perfusion of
AAVrh74.MCK.micro-dys.FLAG showed that those with preexisting
AAV antibody titers >1:400 had reduced transgene expression com-
paredwitho animals with AAV antibody titers %1:400 (transgene
expression 20% and 48%, respectively).38 These preclinical non-hu-
man primate (NHP) studies informed the eligibility criteria for sub-
sequent clinical studies, which used a preexisting antibody titer of
1:400 as the cut-off.33

Prevalence of different AAV serotype antibodies in clinical

populations

Gene transfer therapy could potentially trigger strong and rapid im-
mune responses via immunological memory because of previous
exposure to a wild-type virus. Therefore, seroprevalence studies are
crucial to identify vectors with lower potential to have preexisting
immunity as candidates for gene transfer therapy studies. Seropreva-
lence studies indicate that exposure to wild-type AAVs and subse-
quent development of humoral immunity typically occurs in child-
hood as early as 2 years of age.39 In another study, the presence of
anti-AAV antibodies to AAV2 and AAV8 in the participants was
moderate at birth from maternal antibodies and decreased between
7 and 11 months of age, increasing again after 3 years of age.39

The prevalence of anti-AAV antibodies, TAbs, or only NAbs varies on
the basis of serotype17,26,39–41 as well as geographical location.28 In
healthy participants, a greater percentage of individuals were seropos-
itive for anti-AAV1 NAbs in Australia, Europe, and Africa, compared
Molecu
with the United States.41 In the hemophilia A population, 47% of pa-
tients in Russia were seropositive for anti-AAV5 antibodies compared
with 21% in the United States.42

Anti-AAV antibodies to one serotype can also potentially cross-react
with other AAV serotypes because of the presence of conserved res-
idues that could lead to overlapping epitopes.17,26,40 This high homol-
ogy between AAV serotypes also predicts that patients are likely to
have antibodies to multiple serotypes.43 Figure 5 shows the phyloge-
netic relationship between AAV vectors that are used in gene transfer
therapy trials; serotypes that are further away from each other are less
likely to be similar.

Aswith preexisting humoral responses, a natural exposure toAAVcan
produce preexisting cell-mediated immunity. Prevalence studies sug-
gest that preexisting cell-mediated responses range from 4% to 60% in
peripheral bloodmononuclear cells (PBMCs) and 7% to 62.5% in sple-
nocytes; however, theymay be less prevalent than preexisting humoral
immunity.17 To monitor cell-mediated preexisting immunity, the
enzyme-linked immunospot (ELISpot) assay can be used to measure
the level of cytokines, including IFN-g, secreted by activated anti-
gen-specific B or T cells in the presence or absence of stimuli.44

As a way to circumvent preexisting immunity but maintain the ad-
vantages of AAV vectors, some gene transfer platforms use vectors
derived from non-human species as sources with lower seropreva-
lence. For example, AAVrh10 and AAVrh74 are recombinant vectors
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Figure 4. Determination of antibody titer by ELISA

Antibody titer is the maximum dilution at which the fluo-

rescent signal stops; it is determined by serially diluting a

fraction of plasma and testing for the presence of anti-

body. The last dilution that produces a signal and the first

dilution that ceases to produce a signal determine the titer.

AAV, adeno-associated virus.
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isolated from rhesus macaques.46,47 In a healthy population, 59% had
TAbs against AAVrh10 and 21% had NAbs.48 Analysis of TAbs
against AAVrh74 in patients with Duchenne muscular dystrophy
(DMD) and limb girdle muscular dystrophy (LGMD) showed that
83%were seronegative.49 In a separate interim analysis of 101 patients
with DMD aged >4 to <18 years, the majority of patients (84.9%) were
seronegative (<1:400) for anti-rAAVrh74 TAbs.50

Previous exposure to antigen will compromise safety and

efficacy of the therapy: Clinical trials

In addition to compromising safety, studies in animal models have
shown that preexisting antibodies can reduce transgene expression.
Transgene expression can also be reduced by non-antibody serum
factors.51 Both mouse and non-human primate studies have shown
that preexisting AAV antibody titers as low as 1:5 can block AAV vec-
tor transduction of liver completely.16,52

Preexisting immunity has a similar impact in humans.15 In the first
AAV gene transfer therapy trial with systemic delivery (through the
hepatic artery), immune-mediated destruction of transduced cells
through preexisting humoral immunity to AAV capsid antigens
limited the therapeutic efficacy to �8 weeks, highlighting the impor-
tance of preexisting immunity to efficacy.15 Two patients were
enrolled in the high-vector-dose cohort (2 � 1012 viral genome [vg]/
kg); one patient with greater levels of preexisting immunity (NAb titer
1:17) to the AAV2 capsid did not express any detectable circulating
factor IX (F.IX). In contrast, the patient, who had a low titer of 1:2
to the AAV2 capsid developed circulating levels of F.IX approximately
10% of normal.15 Similarly, in the first limb girdlemuscular dystrophy
2D (LGMD2D) gene transfer therapy clinical trial, in which six pa-
tients received intramuscular rAAV1.tMCK.hSGCA, efficacy evalua-
tion showed that only one patient had extremely low transgene copy
numbers per nucleus and immunostaining for alpha sarcoglycan
was unable to distiguish the treated muscle from the control.53 Subse-
quent analysis revealed an exagerated immune response (both humor-
al and cell mediated) to the AAV1 capsid, suggesting that this patient
had preexisting immunity (baseline NAb titer 1:1,600).53

As with wild-type virus, administration of AAV vectors into seroneg-
ative individuals induces seroconversion via induction of adaptive
78 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022
immune responses.17 Thus, it is important to
obtain therapeutic levels of transgene expression
with the first dose given the challenge of sero-
conversion postdosing, thereby currently
limiting re-administration of the same, and
potentially other, AAV vector subtypes. Compared with baseline,
persistence of high titers of circulating NAbs to AAV2 has been
demonstrated up to 9 years following gene transfer therapy
administration.54

ASSAYS USED TO DETECT ANTI-AAV ANTIBODIES
Given the potential safety and efficacy risks associated with preexist-
ing immunity to AAV vectors, antibody titers have been included as
inclusion or exclusion criteria for gene transfer therapy protocols
although the cut-offs and types of assays used differ (Table 1). Preclin-
ical studies are essential in determining the best cut-off titer to maxi-
mize efficacy and minimize potential safety concerns.

Sensitive and reliable assays tomeasure anti-AAV titers are crucial for
screening patients prior to enrollment in a clinical trial or treatment
with an approved drug. Assays currently used to measure anti-AAVs
include both TAb assays and neutralizing assays (NAb), both of
which have advantages and disadvantages.

TAb assays detect all binding antibodies, both NAbs and nNAbs, and
include ELISA-based binding assays in which serum anti-AAV anti-
bodies are bound to whole capsids or peptides that are coated onto a
plate and subsequently detected using a secondary antibody (Fig-
ure 6). TAb assays screen out any patient with any antibody titer
greater than the cut-off (current range R1:5 to >1:400; Table 1).
The ELISA technique allows rapid detection of most anti-AAV anti-
bodies of even low avidity.44 ELISAs are convenient to set up, robust,
reproduceable, and implementable in a commercial setting. Although
this method is sensitive in determining anti-AAV antibodies in total
and convenient,55 it is more conservative and may screen out a larger
number of patients than if measuring only neutralizing activity.56 For
example, analysis of both TAbs and NAbs against AAVrh10 in a
healthy population showed that 59% were positive for TAbs, while
21% were positive for NAbs.48

In vitro cell-based neutralizing assays detect antibodies that can inter-
fere with transduction (NAbs) by measuring residual expression of a
reporter gene following transduction with an AAV similar to the gene
transfer therapy that has been pre-incubated with a subject’s serum or
plasma (Figure 6).56 The dilution that detects <50% of the reporter
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Table 1. Determination of preexisting immunity in clinical trials of intravenous AAV gene transfer

Clinical study Vector Cut-offa Assay used

DMD, phase I/II (NCT03368742) SGT-001, AAV9 not disclosed not disclosed

DMD, phase I (NCT03362502) PF-06939926, AAV9 not disclosed neutralizing assay

DMD, phase I/II (NCT03375164)33
AAVrh74.MHCK7.micro-dystrophin,
AAVrh74

>1:400 binding assay

SMA1, phase I/II (NCT02122952),34 phase III
(NCT03306277, NCT03461289, NCT03505099)

AVXS-101, AAV9 >1:50 binding assay

Hemophilia A, phase I/II (NCT02576795)35 AAV5 not disclosed
neutralizing and
binding assays

Hemophilia A, phase I/II (NCT03370172)35,36 BAX 888, AAV8 R1:5 neutralizing assay

Hemophilia A, phase I/II (NCT03520712) BMN270, AAV5 not disclosed binding assay

Hemophilia A, phase III (NCT04370054) PF-07055480, recombinant AAV2/6 not disclosed neutralizing assay

Hemophilia A, phase I/II (NCT03734588) SPK-8016 not disclosed not disclosed

Hemophilia B, phase II (NCT02396342)37 AMT-060, AAV5
29% inhibition of transduction from
1:50 dilution

neutralizing assay

Hemophilia B, phase II (NCT02484092) SPK-9001 not disclosed neutralizing assay

Hemophilia B, phase I/II (NCT04394286) SHP648, AAV8 R1:5 neutralizing assay

Hemophilia B, phase I/II (NCT02618915) DTX101, AAVrh10 >1:5 neutralizing assay

Hemophilia B, phase I/II (NCT03489291) AMT-061, AAV5 not included in the eligibility criteria N/A

Hemophilia B, phase I/II (NCT03369444) FLT180a not disclosed
in vivo transduction
inhibition assay

X-linked myotubular myopathy, phase I/II
(NCT03199469)

AT132, AAV8 not disclosed neutralizing assay

GM1 gangliosidosis, phase I/II (NCT03952637) AAV9-GLB1 >1:50 binding assay

Danon disease, phase I/II (NCT03882437) RP-A501 >1:40 neutralizing assay

Krabbe disease, phase I/II (NCT04693598) FBX-101, AAVrh10 not included in the eligibility criteria NA

Pompe disease, phase I/II (NCT04093349) SPK-3006 not disclosed neutralizing assay

Late-onset Pompe disease, phase I/II (NCT04174105) AT845, AAV8 not disclosed neutralizing assay

Glycogen storage disease type Ia (GSDIa), phase I/II
(NCT03517085)

DTX401, AAV8 R1:5 neutralizing assay

Fabry disease, phase I/II (NCT04040049) FLT190 not disclosed neutralizing assay

Acute intermittent porphyria, phase I (NCT02082860) rAAV2/5-PBGD, AAV5 not disclosed neutralizing assay

Wilson disease, phase III (NCT04884815) UX701, AAV9 not disclosed not disclosed

Wilson disease, phase I/II (NCT04537377) VTX-801 not included in the eligibility criteria N/A

Sanfilippo syndrome, phase I/II (NCT04088734) ABO-102, AAV9 >1:100 binding assay

Mucopolysaccharidosis II, phase I/II (NCT03041324) SB-913, rAAV2/6 not disclosed neutralizing assay

Homozygous familial hypercholesterolemia, phase I/II
(NCT02651675)

AAV-directed hLDLR gene therapy, AAV8 >1:10 neutralizing assay

DMD, Duchenne muscular dystrophy; N/A, not applicable; SMA1, spinal muscular atrophy type 1.
aEvery program has its own assay to determine eligibility that has variability between laboratories.
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signal is determined; the cut-off is defined as the threshold above
which a sample is considered positive for neutralizing activity.57

This method gives consistent results and may be able to detect the
presence of non-antibody neutralization factors;58 however, because
AAVs are inefficient in transducing cells in vitro and subtypes differ
in their transduction efficiencies, greater multiplicities of infection
(MOIs) are required (range, 103–105 viral genome/cell59), which
can underestimate the titer of NAbs.56,57 In addition, cell culture con-
ditions may induce variability into the assay (e.g., specific cell line
Molecu
used and cell density and passage).56 Furthermore, non-antibody
neutralizing factors, including blood proteins (e.g., human serum al-
bumin and galectin 3 binding protein), can also bind the vector and
disturb transduction.18,60–63

It is important to note that this assay uses plasma or serum samples,
which might not fully reflect all the other components of the immune
system that can influence transduction and are only present in vivo,
such as complement, macrophages, and cytokines. This assay does
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 79
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Figure 5. Phylogenetic relationship of AAV vectors used in gene transfer therapy clinical trials

Neighbor-joining phylogenies of the VP1 capsid protein sequence of AAVs are shown. The further away one clade is from another, the less functional and serological

similarities exist.44,45 AAV, adeno-associated virus; NHP, non-human primate.
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not measure nNAbs that might not block transduction in vitro but
have the potential to affect the efficacy of gene transfer therapy in vivo
by reducing transduction through vector clearance via opsonization
or complement activation, resulting in phagocytosis and elimination
of the circulant rAAVbymacrophages and neutrophils (Figure 3).25,26

These processes may have important safety implications, which may
further lead to severe adverse events,28,29 suggesting that TAb assays
may be more robust and safer for use as a screening assay.

Complications resulting from complement effectors include throm-
bocytopenia, atypical hemolytic uremic syndrome, and immune com-
plex deposition (Figure 3).28,29 aHUS, a type of thrombotic microan-
giopathy, is characterized by thrombocytopenia andmicroangiopathy
hemolytic anemia, often resulting in renal involvement and immune
complex deposition. Indeed, TMA, acute kidney injury, and comple-
ment activation have been reported in patients following systemic
AAV gene therapy.30,31

Although in vivo neutralizing assays overcome some of the limitations
of in vitro assays, they have their own limitations, including high vari-
ability and lack of validation; they are also difficult to standardize and
scale up.57

In a seroprevalence study, samples fromhealthyparticipantswere tested
using ELISA to measure TAbs as well as a neutralizing assay to deter-
mine NAbs. TAb prevalence was higher for AAV1 and AAV2 than
AAV5, AAV6, AAV8, and AAV9.26 Similarly, the percentage of sam-
ples seropositive for neutralizing factors was greatest for AAV2 and
AAV1 with AAV8 and AAV5 being the least prevalent.41 Of partici-
pants who were seropositive for TAb AAV5, AAV8, and AAV9 sero-
types, approximately 70%–100% had low NAb titers (1:20).26

OVERCOMING PREEXPOSURE CHALLENGES
Beyond the current approaches of excluding seropositive patients and
selecting those with low to undetectable preexisting antibodies to
80 Molecular Therapy: Methods & Clinical Development Vol. 25 June 20
AAV, particularly when the gene transfer therapy is administered sys-
temically, possible solutions to avoid or suppress the immune
response to AAV gene therapies include transient immunosuppres-
sion (e.g., rituximab, eculizumab, sirolimus) in the immediate days
following infusion, although data on this approach are inconclusive.
Other studies have also highlighted the potential to modulate vector
immunogenicity; co-administration of tolerogenic rapamycin nano-
particles with AAV vectors suppressed induction of adaptive immune
responses, both cell-mediated and humoral.64 The suppression of
these responses permitted re-administration of AAV vectors in
bothmice andNHPs.64 However, complications of currently available
immunosuppressants, including infections and malignancies, may
limit their use, especially in the long term.65

Other methods for overcoming preexisting immunity include capsid
engineering approaches to produce novel, antigenically distinct AAV
variants66,67 and the removal of NAbs by degradation or plasmaphe-
resis. Specifically, transient degradation of NAbs using an IgG-de-
grading enzymes has been proposed as a means to treat seropositive
patients.68,69 This approach permitted AAV transduction of seropos-
itive mice68 as well as the re-administration of AAV vectors in
NHPs.69 In addition, plasmapheresis has also been proposed.38 In
seropositive NHPs that underwent plasmapheresis to remove AAV
NAbs, transduction following isolated limb perfusion was similar to
that observed in seronegative animals and higher than non-apheresed
seropositive NHPs (61% vs. 54% and 10%, respectively).38 Because
plasmapheresis nonspecifically removes all circulating IgG, more
recent studies have used AAV-specific plasmapheresis.70

CONCLUSIONS AND FUTURE DIRECTIONS
At present, there is no universal test or titer used to detect anti-AAV
antibodies in patients (Table 1). Both total binding and neutralizing
assays are generally difficult to standardize, especially with respect
to thresholds indicative of positivity, which can result in differences
in the prevalence of anti-AAV antibodies as well as different cut-off
22
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Figure 6. Assays used to measure preexisting

immunity to AAVs

(A) Binding assays use ELISA to detect TAbs that can bind to

AAV antigens, including both NAbs and nNAbs. (B)

Neutralizing assays detect NAbs. In vitro neutralizing assays

measure reporter gene expression following transduction

with an AAV similar to the gene transfer therapy that has

been pre-incubated with a subject’s serum or plasma. AAV,

adeno-associated virus; NAbs, neutralizing antibodies;

nNAbs, non-neutralizing antibodies; TAbs, total antibodies.
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values.17 Neutralizing assays can detect NAbs as well as other non-
antibody neutralizing factors (although their relationship to safety
is unclear). However, these assays are more difficult to validate and
have a higher risk for underestimating total anti-AAV antibody titer,
which may have safety implications for including/excluding patients
for gene transfer therapy.

TAb assays are more robust and screen out all antibodies without
discriminating between NAbs and nNAbs; therefore, the titer ob-
tained is more conservative and perhaps safer. The conservative
aspect of TAb assays was recently demonstrated in patients with he-
mophilia B treated with AAV5-hFIX gene transfer therapy, who were
initially selected using a neutralizing assay.71 Subsequent analysis of
TAbs with ELISA showed that 2 of 10 treated patients were positive
to low levels of total anti-AAV5 IgG antibodies despite being classi-
fied as negative using the original neutralizing assay.71 Finally, until
there is a standard method for analyzing preexisting neutralization
capacity and the implications of non-antibody factors are clarified,
TAb assays may be more robust and safer.
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