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Immunogenicity has imposed a challenge to efficacy and safety
evaluation of adeno-associated virus (AAV) vector-based gene
therapies. Mild to severe adverse events observed in clinical
development have been implicated with host immune re-
sponses against AAV gene therapies, resulting in comprehen-
sive evaluation of immunogenicity during nonclinical and
clinical studies mandated by health authorities. Immunoge-
nicity of AAV gene therapies is complex due to the number
of risk factors associated with product components and pre-ex-
isting immunity in human subjects. Different clinical
mitigation strategies have been employed to alleviate treat-
ment-induced or -boosted immunogenicity in order to achieve
desired efficacy, reduce toxicity, or treat more patients who are
seropositive to AAV vectors. In this review, the immunoge-
nicity risk assessment, manifestation of immunogenicity and
its impact in nonclinical and clinical studies, and various clin-
ical mitigation strategies are summarized. Last, we present bio-
analytical strategies, methodologies, and assay validation
applied to appropriately monitor immunogenicity in AAV
gene therapy-treated subjects.
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INTRODUCTION
Innovative medicines, such as cell and gene therapies (GTs), have
expanded the landscape of medicinal products beyond small mole-
cules and therapeutic proteins and opened new avenues for treating
debilitating diseases.While these novel modalities carry a lot of prom-
ise, their development is riddled with unique challenges. To help
accelerate discovery and clinical development of cell therapies and
GTs and their availability to patients, the International Consortium
for Innovation and Quality in Pharmaceutical Development (IQ)
launched a joint working group between the Clinical Pharmacology
Leadership Group (CPLG) and the Translational and ADME Sciences
Leadership Group (TALG) with several sub-teams focusing on
different modalities (e.g., adeno-associated virus vector [AAV]-based
GTs, chimeric antigen receptor [CAR]-T cell therapy) and aspects
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related to their development. This white paper summarizes the
immunogenicity potential and risks associated with recombinant
AAV (rAAV)-based GTs and provides a framework for bioanalytical
approaches related to the immunogenicity assessment of rAAV-based
GTs.

Although safety setbacks1 and ethical considerations2 presented
significant challenges for GT development in the past, the recent
approvals of Luxturna (voretigene neparvovec) and Zolgensma (ona-
semnogene abeparvovec), both using rAAV vectors, generated re-
newed excitement and boosted confidence in the field. Luxturna is
an AAV serotype 2 vector encoding retinal pigment epithelium-spe-
cific 65 kDa (RPE65) protein for the treatment of Leber’s congenital
amaurosis by subretinal injection. Zolgensma uses an AAV serotype 9
vector encoding survival motor neuron 1 (SMN1) protein for the
treatment of spinal muscular atrophy by intravenous administration.
The clinical successes of these therapies, using different serotypes and
routes of administration, demonstrated that rAAV vector-based GTs
have the potential and versatility to deliver breakthrough treatments
for a range of diseases. A search of the US National Library of Med-
icine Database (ClinicalTrials.gov) using AAV as a keyword yielded
146 active clinical trials as of June 28, 2022, for a variety of indications.

AAVs are small, non-enveloped, non-replicative viruses that depend
on other viruses like adenovirus or herpes virus for their replication.
While AAVs can infect humans, they only induce a mild immune
cal Development Vol. 26 September 2022 ª 2022 The Authors. 471
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Table 1. wtAAV serotypes, tropism, and NAb prevalence

AAV
serotype Preferential tissue tropism NAb seroprevalence (%)a,4,8,11

AAV1
skeletal muscle, lung, CNS, retina,
pancreas

27–50.5

AAV2
smooth muscle, skeletal muscle,
CNS, liver, kidney

47–74

AAV3
hepatocarcinoma, skeletal muscle,
inner ear

35

AAV4 CNS, retina NA

AAV5 skeletal muscle, CNS, lung, retina, liver 20–59

AAV6
skeletal muscle, heart, lung, bone
marrow

37

AAV7 skeletal muscle, retina, CNS NA

AAV8
liver, skeletal muscle, CNS, retina,
pancreas, heart

32–63

AAV9
liver, heart, brain, skeletal muscle,
lungs, pancreas, kidney

33.5

AAV10 liver 21

Important: geographical differences (not captured in table); higher seroprevalence in
racial minorities in US.8

CNS, central nervous system; NA, not available.
aNeutralizing factors in healthy subjects; percentage of subjects with neutralizing factors.
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response and are not known to cause any disease. AAVs can trans-
duce both dividing and non-dividing cells within a variety of tissues
(tropism) and persist as concatemers in an extrachromosomal state
with limited integration potential into the genome of the host
cell.3,4 These features make AAVs attractive candidates for the safe
and efficient delivery of GTs.5 However, the broad application of
AAV GTs might be limited by the presence of natural immunity
(anti-AAV capsid antibodies or cytotoxic T cells) induced by wild
type (wt)AAV infections in humans.6 Although prevalence data al-
ways need careful interpretation as they are strongly dependent on
the assay used for assessment, the published data demonstrate that
prevalence of pre-existing immunity varies widely across age,
geographical location, and serotype and may be as high as 80% for
some serotypes.7–10 An overview of wtAAV serotypes, tropism, and
corresponding neutralizing antibody (NAb) prevalence can be found
in Table 1.

The de novo host immune response (innate and adaptive) against viral
vector components as well as the pre-existing host immunity (humor-
al or cellular) to rAAV vectors can be immunological barriers to safe
and effective treatment with rAAV-based GTs.6,12 In addition, the
transgene proteins, whether secreted, present on the cell surface, or
intracellular, can also potentially induce immune responses in the
host. It has been observed in the clinic that pre-existing immunity
or treatment-induced immune responses against viral capsid and
transgene proteins can diminish efficacy andmay contribute to severe
adverse events (SAEs).13–15 In this paper, we provide a comprehensive
overview of immunogenicity risks associated with rAAV GTs, as well
as describing the methodologies for monitoring pre-existing and
472 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
treatment-boosted/or -induced immune responses. In addition, we
discuss current clinical mitigation strategies deployed to reduce
immunogenicity upon administration of rAAV-based GT.5,6

INTRINSIC PROPERTIES OF AAVs IMPLICATED IN
IMMUNOGENICITY
In rAAV-based GT constructs, the inverted terminal repeats (ITRs)
that are necessary for packaging viral genome into the AAV capsid
are utilized, but the genome of the wtAAV, which encodes the viral
functional and structural genes, is completely replaced by the genetic
construct of the therapeutic. The therapeutic construct, thus
embedded between the AAV ITRs, is usually composed of the thera-
peutic transgene and a promoter regulating the transgene expression.
The promoter can be tissue-specific, inducible, or ubiquitously active
and its strength can also vary widely.16 The transgenic protein
expressed by the transduced cells may be engineered to remain intra-
cellular, be expressed on the cell surface, or for secretion for systemic
distribution and action at a remote site. Some transgenes code for
RNA constructs (e.g., microRNA) with pharmacological function
that do not require translation. The recombinant capsid used for
packaging the genetic construct can derive from a wtAAV serotype
or a modified form that was engineered to overcome pre-existing im-
munity and/or improve transduction efficiency and/or tropism.17–19

All the components mentioned above (the viral capsid, the genetic
construct, and the transgene product) are potential contributors to
the overall immunogenicity risk of an AAV GT product.6,12,20

Innate immunity induced by AAV capsid and viral genome

The host innate immunity can be activated by either AAV capsids or
the viral genome. As the first line of host defense, the innate immune
system recognizes pathogen-associated molecular patterns (PAMPs)
in the AAV components via Toll-like receptor (TLR) 2 and TLR9, re-
sulting in activation of factors that induce expression of pro-inflam-
matory cytokines or type I interferons (IFNs). Type I IFNs may then
activate CD8+ T cells. It has been demonstrated that viral capsids can
bind to cell-surface TLR220,21 and complement proteins,22,23 poten-
tially inducing an innate immune response.

The complement system, another component of the innate immune
system, is composed of more than 30 proteins that circulate in serum
and interstitial fluid and plays an important role in recognition and
elimination of pathogens.24 Activation of complement proteins by
immune complexes formed with pre-existing anti-capsid immuno-
globulin (Ig) M or IgG antibodies with the AAV after administration
of high vector doses may cause complement-mediated cell damage.25

Furthermore, complement component C3b bound to AAV particles
may induce production of pro-inflammatory cytokines following up-
take of the vector in human monocytes, amplifying capsid immune
responses.22

Once the viral particles are uncoated within the host cells following
endocytosis, single-stranded vector DNA can also be recognized by
TLR9, located in the late endosomal and lysosomal compart-
ments.26,27 Unmethylated CpG motifs, usually present at high
mber 2022
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Figure 1. Interplay of innate and adaptive immune responses for AAV-based GTs
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frequency in viral and bacterial DNA, can trigger TLR9-mediated
innate immune activation characterized by the production of pro-in-
flammatory cytokines like tumor necrosis factor alpha (TNF-a) and
IL-6.28,29 Notably, unmethylated CpG motifs are so highly immuno-
genic that they are widely used as adjuvants in vaccine develop-
ment.28,29 Unmethylated CpG motifs are found not only in the
AAV ITRs and in the regulatory elements of the genomic construct
but also in the transgene sequence. Although CpG motifs are rare
and highly methylated in the mammalian genome, minimization or
elimination of CpG content during codon optimization during
rAAV GT lead candidate selection can reduce overall host immune
responses against rAAV vectors.30 Double-stranded viral RNAs of
rAAV GT trigger host innate immune responses via the TLR pathway
as well,31,32 which potentiate risks with viral DNAs.

Innate immune responses caused primarily by activation of local
macrophages23 that are triggered against an rAAV GT product may
be transient (e.g., lasting only as short as about 6 h after exposure),
but could lead to enhanced adaptive immune responses.26,27 This
type of immunologic response, however, is highly dependent on the
components (e.g., AAV capsid serotype, AAV ITR serotype, compo-
sition and sequence of the transgene expression construct) of the
rAAV GT product. For example, it was demonstrated in a mouse
model that self-complementary (sc)AAV vectors pseudotyped with
capsids of serotypes 2, 7, or 8 induced more potent transgene
product-specific CD8+ T cell and antibody responses than the corre-
Molecular The
sponding single-stranded (ss)AAV vectors.33 Upregulation of innate
immunity that resulted in neurotoxicity in nonhuman primates
(NHPs) had been attributed to the promoter activities of 30 ITR se-
quences.34 The interplay of host innate and adaptive immune re-
sponses after treatment with rAAV GTs is illustrated in Figure 1.
The intensity of the responses and potential clinical consequences
are determined by amalgamation of product- and host-related, as dis-
cussed in later sections.

Humoral immune response against AAV capsid

Due to natural exposure, most humans develop antibodies against
various wtAAV serotypes during their lives. The same AAV serotypes
are commonly used as vectors in GT, and pre-existing antibodies are
known to cross-react with not only the wtAAV but also with some
engineered AAV capsids.11 The seroprevalence of pre-existing anti-
bodies to wtAAV has been observed to vary by capsid serotype, pa-
tient’s age, and geographic location.10,11 Pre-existing antibodies can
directly bind to the capsid, potentially leading to the formation of
large immune complexes. Complement proteins, like those forming
the C1 complement complex, may bind to these immune complexes
to recruit macrophages, resulting in phagocytosis and rapid clearance
of the viral particles.35 Pre-existing antibodies can also prevent the
binding and internalization of the transgene-carrying viral vector to
receptors on the target cells, thus inhibiting transduction and neutral-
izing the rAAV GT therapeutic activity.36 Other antibody-mediated
mechanisms of viral neutralization and/or clearance that may result
rapy: Methods & Clinical Development Vol. 26 September 2022 473
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from the presence of pre-existing anti-AAV antibodies include anti-
body-dependent cellular cytotoxicity (ADCC), antibody-dependent
cellular phagocytosis (ADCP), and opsonization.37 Post treatment
with rAAV GT, it has been observed that most patients with no
detectable pre-existing anti-wtAAV antibodies at baseline will
develop treatment-induced antibodies to rAAV. These treatment-
induced antibodies may limit or prevent re-dosing of patients previ-
ously treated with an rAAV GT.

It may be possible to mitigate the effects of pre-existing anti-AAV
antibodies by engineering vectors that are specifically depleted of
immunogenic motifs,25 while still retaining sequences that are impor-
tant for cellular transduction, trafficking, and capsid uncoating. Two
general approaches by which capsids can be engineered to reduce
antibody epitopes are site-directed (i.e., rationale design)38 or by
random mutagenesis (i.e., directed evolution).39 While engineered
AAV capsids need further evaluation in nonclinical species and hu-
mans, they should reduce the impact of pre-existing antibodies on
safety and efficacy. Furthermore, it is unlikely that engineered capsids
would pose additional safety risk compared with more commonly
used rAAV capsids, and risks may be reduced by enabling lower dos-
ages and more tissue-specific transduction. Using directed mutagen-
esis, Wang et al. recently reported an engineered capsid with specific
tropism for the liver that did show transduction of other organs (e.g.,
heart, skeletal, muscle, kidney, lung, brain, and spleen) in mice. Addi-
tionally, the seroreactivity of this engineered capsid variant to NAbs
in serum from hemophilia B patient serum was similar to AAV5,
the parental capsid serotype.40

Cellular immune response against AAV capsid

Depending on serotype and the method (e.g., intracellular cytokine
staining, enzyme-linked immunosorbent spot [ELISpot]) used for
determination, up to �50% of healthy human adults had low but
detectable anti-AAV capsid T cell responses, which can be reactivated
after administration of rAAV GT.41 These T cell responses are
mediated by major histocompatibility complex (MHC), class I and/or
class II presentation of viral capsid peptides. MHC class I molecules
are expressed by all nucleated cells, whereas MHC class II molecules
are only expressed on specialized cells (i.e., antigen-presenting cells
[APCs])).

While pre-existing anti-viral capsid antibodies, particularly NAbs,
can affect the initial transduction efficiency of the rAAV vectors,
host cellular immune responses have been implicated in the reduced
long-term persistence of the therapy.42 Mechanistically, upon trans-
duction of an AAV vector, the capsid proteins can be degraded by
the proteasome with the resulting peptides presented on MHC class
I molecules by a mechanism of cross presentation,19,43 where they
could be recognized by CD8+ cytotoxic T lymphocytes (CTLs).18,43

Once a CTL binds to the peptide-MHC class I complex, the CTL be-
comes activated and secretes perforin and granzyme, resulting in the
death of the transduced target cell. If the viral vectors were phagocy-
tosed by APCs (e.g., plasmacytoid or conventional dendritic cells or
macrophages), the capsid peptides from proteolytic degradation
474 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
could be presented on MHC class II molecules on the cell surface
of the APCs. The peptide-MHC class II complex may then be recog-
nized by CD4+ T lymphocytes, which secrete interleukins to stimulate
B lymphocytes, which thereafter could proliferate and produce AAV
capsid-specific antibodies. AAV capsids may be engineered to reduce
T cell responses. For example, AAV capsids with reduced surface
exposed tyrosine residues showed reduced capsid-specific CTL re-
sponses in vitro and in nonclinical studies in mice, assuming a reduc-
tion in MHC (cross-) presentation.18,19

Additionally, the anti-wtAAV antibody status (e.g., seropositive or
seronegative) of humans has been shown to result in two distinct
cellular immune responses.44 In a recently published study, peripheral
blood mononuclear cells (PBMCs) isolated from AAV-seropositive
and -seronegative subjects were exposed to recombinant AAV. For
the seropositive donor PBMCs, an activated effector CD8+ T cell
response consistent with a memory response was noted against the
capsid. Interestingly, the capsid-specific response of PBMCs from sero-
negative donors was an activation of a transient natural killer (NK) cell
response. The role these activated NK cells may play in shaping the
adaptive immune response to AAV capsids is not yet fully understood.

Humoral and cellular immune responses against transgene

protein

Even though rAAV GTs encode human proteins, the protein can be
potentially novel to the dosed subjects in cases where the patient has a
null mutation and, therefore, does not express the protein related to
their disease state such as in cross-reactive immunologic material
(CRIM) negative patients with infantile Pompe disease.45 Cellular
and humoral immune responses as described above for the viral
capsid are also possible against the expressed transgene protein.
This has been demonstrated in nonclinical studies by the generation
of antibodies against transgene proteins,46,47 and in clinical studies
with de novo CD8+ T cell responses.14,15 Even pre-existing immunity
against the transgene protein is possible, especially in patients pre-
treated with replacement therapies.48 The complexity of host immune
responses against secreted transgene proteins has recently been re-
viewed.46 The consequences of immune responses against a transgene
protein expressed on the cell surface may theoretically have greater
impact compared with a secreted protein: immune effector functions
mediated by anti-transgene antibodies (e.g., ADCC, ADCP, comple-
ment-dependent cytotoxicity [CDC]) could potentially result in
direct destruction of tissues by immune cells (e.g., NK cells, macro-
phages, phagocytes) or direct activation of the complement cascade
resulting in cell lysis (e.g, CDC). Despite the observed induction of
innate and humoral responses, and possibly low cellular responses
in some cases, a direct effect or correlation of these on efficacy or
safety has not yet been clearly demonstrated and needs further
evaluation.

IMMUNOGENICITY RISKS
Similar to immunogenicity risks of therapeutic proteins, the
immunogenicity risk of rAAV GTs is a combination of product-,
manufacturing process-, treatment-, and patient-related factors
mber 2022

http://www.moleculartherapy.org


Table 2. Immunogenicity risk factors of AAV GTs

AAV gene therapy immunogenicity risk factors

Product-related risk factors Risk Impact

Capsid-specific factors

� Capsid

� TLR2 binding: potential to activate the innate
immune response by direct binding of the capsid
to TLR249

� Complement factor binding: Certain capsid se-
rotypes may potentially bind to complement
factors (e.g., C3b, iC3b),22 leading to opsonization
and activation of macrophages and/or enhanced
uptake by DCs via complement receptors (CR2
and CR3), leading to increased risk for a humoral
immune response35

� TLR2 and complement: factor binding. Devel-
opment of adaptive immune response and anti-
capsid antibodies may limit or prevent re-dosing
patients

� Complement factor binding: reduced efficacy by
enhanced capsid clearance

� Seroprevalence of pre-existing anti-capsid anti-
bodies

pre-existing antibodies (capsid-specific
and/or cross-reactive antibodies) can potentially
cause:50–53

� complement activation: anti-capsid antibodies
could potentially trigger complement activation
(via C1 complex)35

� AAV TI: Neutralizing anti-capsid antibodies may
reduce transduction of capsids to target tissues36

� complement activation: complement-mediated
toxicities potentially leading to increased safety
risks and reduced efficacy

� AAV TI: reduced efficacy. Pre-existing anti-AAV
antibodies may prevent treatment of patients

� Immunogenic potential of capsid protein
sequence

capsid protein sequences could trigger adaptive
cellular and humoral immune responses via
antigen processing and presentation pathways (i.e.,
MHC class I and II)54–56

activation of the adaptive immune system may be
associated with destruction of transduced cells/
tissues; immunotoxicities (cellular responses) and/
or loss of efficacy (cellular and humoral responses)
humoral immune response: treatment-emergent
anti-capsid antibodies may limit or prevent
opportunity for re-dosing of patients

� Capsid tropism (e.g., liver, muscle, eye, CNS)

tissues may have different immunogenicity risks
depending on the tissue-specific immune
environment. Risk factors include tissue
accessibility to lymphocyte trafficking, tissue
vascularization, tissue-resident immune cell
populations4,10,57–59

potential impact to safety and/or efficacy may be
tissue dependent

Viral genome factors

� Vector DNA
� (Unmethylated) CpG content
� Self-complementary versus single-stranded vec-
tor DNA

� Viral dsRNA

CpGs,30,60 scDNA,25,61,62 and viral dsRNA31,32

transcripts have increased risk to trigger innate
immune responses (via TLR9), leading to
production of pro-inflammatory cytokines and
subsequent activation of the adaptive immune
response. Single-stranded DNA genomes are likely
lower risk for activating the TLR9 pathway33

activation of the adaptive immune response may
be associated with immunotoxicities (cellular
response) and loss of efficacy (cellular and
humoral response)

� 30 ITR promoter and/or enhancer

potential immunogenicity risk is related to type of
promoter enhancer utilized
� ubiquitous versus tissue-specific promoter:63

ubiquitous expression of a transgene on the cell
surface of target and non-target cells may increase
the risk of an adaptive cellular immune response
directed against the transgene protein potentially
associated with immunotoxicity and loss of efficacy
� constitutively active versus inducible promoter:
constitutive and/or extensive overexpression of a
transgene protein may cause cellular stress, re-
sulting in attraction of immune cells potentially
associated with immunotoxicities

potential impact on safety and/or efficacy

� Transgene protein product

several factors influence the immunogenicity risk
of the transgene protein:10,14,64,65

� replacement therapeutic proteins may have
higher risks when patients do not have endoge-
nous counterpart

activation of the adaptive immune response may
be associated with immunotoxicities (cellular
response) and loss of efficacy (cellular and
humoral response)

(Continued on next page)
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Table 2. Continued

AAV gene therapy immunogenicity risk factors

Product-related risk factors Risk Impact

� native (e.g., endogenous) versus non-native (e.g.,
engineered) transgene protein: engineered trans-
gene proteins are higher risk than transgene
proteins, which are identical in sequence to the
endogenous protein counterpart

Treatment-related factors

� Dose
higher dose levels may be associated with a higher
immunogenicity risk, resulting in activation of
innate and adaptive immune responses66,67

activation of the adaptive immune system may be
associated with immunotoxicities (cellular
response) and loss of efficacy (cellular and
humoral response)

� Route of administration

� systemic (e.g., intravenous) and local routes (e.g.,
intravitreal, subretinal, intrathecal, intramus-
cular) of administration have different immu-
nogenicity risks68,69

� local administration may result in a lower sys-
temic exposure or activation of Treg cells and
thus reduced systemic immune reactions

� local administration to an immune-privileged site
like the eye or CNS may have a lower risk to
induce an immune response

activation of the adaptive immune system may be
associated with immunotoxicities (cellular
response) and loss of efficacy (cellular and
humoral response)

Manufacturing-related risk factors

� Product-related impurities

examples of process-related impurities that may
increase immunogenicity risk include:70,71

� empty capsid
� encapsidated host cell nucleic acids
� encapsidated helper component DNA
� replication competent AAV aggregated,
degraded, oxidized AAV vectors

capsid, CpG motifs, and immunogenic peptides
may trigger immune responses via various mecha-
nisms having the potential of immunotoxicities and
loss of efficacy

potential to increase safety risk and reduce efficacy

� Process-related impurities

expression of immunogenic peptides and
additional CpG motifs may trigger and/or boost
immune responses via various mechanisms
causing potential immunotoxicities

potential to increase safety risk and reduce efficacy

Patient-related factors

� Underlying disease
� disease-related factors (like liver impairment,
inflammation) affect immunogenicity risk

disease-related factors having the potential to
increase severity of (immuno)toxicities and/or
reduce efficacy

� Genetic background

� mutations in endogenous protein counterpart:
double null mutation leading to no functional
endogenous protein increases the immunoge-
nicity risk. The patient’s immune system may
regard the transgene protein as foreign resulting
in an adaptive immune response against the
transgene protein45

� HLA type: HLA type affects which epitopes of a
capsid may be recognized by T cells72

� polymorphism of genes potentially involved in
AAV immunogenicity (e.g., IL-6)44,73

activation of an adaptive immune responses may
be associated with immunotoxicities and loss of
efficacy

� Immune status

� pre-existing immunity
� inflammatory conditions increase immunoge-
nicity risk

� immunosuppressed (e.g., prophylactic treatment,
after organ transplantation) or immunodeficient
(e.g., due to HIV infection) decreases immuno-
genicity risk

pre-existing immunity or inflammation may be
associated with the potential of reduced
transduction efficiency and/or increased severity
of immunotoxicities74,75

(Continued on next page)
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Table 2. Continued

AAV gene therapy immunogenicity risk factors

Product-related risk factors Risk Impact

� Geographic location/ethnicity
� seroprevalence of pre-existing immunity or
immunological memory to AAVs varies region-
ally and may vary between ethnicities

pre-existing immunity or inflammation may be
associated with the potential of reduced
transduction efficiency and/or increased severity
of immunotoxicities74,75

� Age

seroprevalence of pre-existing immunity or
immunological memory to AAVs increases with
age:
� low titers at birth (maternal antibodies)
� maternal antibodies decrease to 7–11 months
� progressive increase through childhood and
adolescence

� elderly people may mount a weaker immune
response

pre-existing immunity or inflammation may be
associated with the potential of reduced
transduction efficiency and/or increased severity
of immunotoxicities74,75
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(Table 2).10 Risks to efficacy and safety to be considered are discussed
in more detail below and include (1) the innate immune response,
(2) pre-existing and treatment-induced or -boosted anti-AAV
antibodies, (3) anti-transgene protein antibodies, and (4) cellular re-
sponses (mainly T cell responses) to AAV or transgene protein pep-
tides displayed on the surface of transduced cells. Bioanalytical
methods employed to assess immunogenicity are described the
section “bioanalytical assays for immunogenicity assessment.”

Product-related immunogenicity risks associated with the rAAV vector
construct include the immunogenic potential of the viral capsid, the
DNA element of the transgene expression cassette, and the expressed
transgene protein as discussed in the sections above. Manufacturing
process-related immunogenicity risk factors are product- and pro-
cess-related impurities (Table 2). Product-related impurities usually
closely resemble the AAV viral particles, and reduction of these impu-
rities is challenging, requiring upstream (cell culture) and downstream
(purification) manufacturing process optimization. Such impurities
can include oxidized, deamidated, degraded, and aggregated forms of
the vector product as well as biosynthetic intermediates and particles
of incorrect composition. The rAAV particles generated in cell culture
may contain 50%–90% particles that have partial genome or no genetic
content (empty capsids),76 yet these all have the potential to activate
immune responses. CD8+ T cells directed against the AAV capsid
were involved in the recognition and clearance of transduced hepato-
cytes in clinical trials using rAAV GT.13,54,77 Peptides derived from
AAV empty capsids have been demonstrated to be presented on
MHC class I,55 while deamidation within these peptides can certainly
affect their binding to human leukocyte antigen (HLA) molecules,
resulting in different T cell responses.78 Another example of product-
related impurities is heterogeneous fragments of host cellular DNA un-
intentionally packaged in AAV capsid particles. AAV-encapsidated
human genomic DNA from the host cells in the rAAV vector product
may be associated with a greater risk of genotoxicity, due to the poten-
tial for homologous recombination with genomic sequences in trans-
duced human cells. AAV-encapsidated insect cell genomic DNA
may have a reduced genotoxic risk but a higher risk of immunotoxicity
Molecular The
due to unintended expression of insect cell peptides or proteins in
transduced tissues.70

Additional process-related impurities can derive from the
manufacturing process of the raw materials, and their components
and may not be structurally related to the rAAV product. Such
impurities include host cell proteins, nuclease-sensitive nucleic acids,
helper components, relevant viruses to production cell lines, and
plasmid DNA. Such manufacturing process-related impurities usu-
ally can be monitored using analytical methods established for ther-
apeutic proteins. Process optimization can help keep impurity levels
low, thus reducing their contribution to host immune activation.

The risk of immunogenicity also depends on the route of administra-
tion and the administered dose (Table 2). Local administration to an
immune-privileged site may be associated with a lower risk compared
with systemic administration.57,68 It has been widely reported that
induction of immune tolerance can be achieved via hepatic gene
transfer of rAAV therapies both in animal and human studies.69,79–
81 Hepatocyte-derived expression of a secreted transgene protein
may induce tolerance against this transgene protein, as demonstrated
in mice.69,82 This tolerance induction was mainly mediated by
antigen-specific CD4+CD25+FoxP3+ regulatory T cells (Tregs).82,83

Interestingly the CD8+ T cell-mediated clearance and induction of
tolerance is dictated by dose levels.66

A higher dose is thought to have higher immunogenicity risk, poten-
tially leading to SAEs (Table 2). Dose-dependent adverse events
(AEs) of varying severity following intravenous administration have
been reported. Some recent examples include administration of high
doses of rAAV9 (6 � 1013 to 2 � 1014 vector genomes per kilogram
body weight [vg/kg]) in neonates with spinal muscle atrophy (SMA)
leading to elevated liver enzymes84 and similar high doses in
children with Duchenne Muscular Dystrophy (DMD) (5 � 1013 to
3� 1014 vg/kg) leading to acute kidney injury, complement activation,
reduced platelets and red blood cells (RBCs), and thrombocytopenia.85

A more profound impact of the high-dose systemic delivery was noted
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in the X-linked myotubular myopathy (XLMTM) where three young
males in the high-dose (3 � 1015 vg/kg) cohort developed severe hep-
atobiliary disease (damage to the liver and bile ducts) resulting in two
deaths from bacterial infections and sepsis.86

IMMUNOGENICITY ASSESSMENT IN NONCLINICAL
STUDIES: IN VITRO AND IN VIVO
Rare cases of SAEs were reported from nonclinical and clinical studies
of a variety of rAAV-based GTs following both systemic and local (e.g.,
intrathecal) administration. These adverse effects (AEs)87 included
thrombotic microangiopathy88 and hepatotoxicity84–89 observed in
clinical studies as well as loss of dorsal root ganglia observed in mon-
keys, piglets, and mice.90–94 In most cases, these AEs were observed af-
ter administration of very high doses (R1 to 3 � 1014 vg/kg intrave-
nous or >4 � 1014 vg total intrathecal) and may be associated with
activation of the innate (including complement) and/or adaptive im-
mune system.13,95,96 Transgene overexpression under a strong
enhancer/promoter combination may also have contributed to AEs
causing deleterious effects on normal cellular function and cellular
stress.92,93 Reducing the dose by improving the rAAV vector transduc-
tion efficiency97 may have the potential to circumvent such high-dose
AEs as well as associated immune reactions. Interestingly, the green
fluorescence protein (GFP), a commonly used reporter protein, has
been shown to cause dose-dependent targeted tissue toxicity when
used in nonclinical biodistribution studies of rAAV vectors.98,99

Animal studies, primarily used to study general toxicology and
pharmacology in correlation with biodistribution, failed to accurately
predict AEs of rAAV GT products in humans.100 Additionally, animal
models do not predict immunogenicity incidence or severity in hu-
mans, likely due to the differences between the immune systems of an-
imals and human subjects.101 Nonetheless, findings from a combina-
tion of in silico tools, in vitro, and in vivo nonclinical studies can
help to elucidate the potential of various immune mechanisms to
trigger AEs in different species. A better understanding of the contri-
bution of individual product components to the overall immunogenic
potential of an rAAV GT product may help to improve vector design
(e.g., CpG content, ssAAV or scAAV vector) and product quality (e.g.,
reduce impurities like empty capsid). It can also guide in the selection
of the appropriate animalmodels, the design of nonclinical studies, and
implementation of immunogenicity mitigation (pre-) treatments in
clinical studies. Evaluating the immune response in nonclinical safety
and efficacy studies may be important for interpretation of the study
observations. Importantly, the same route of administration, adminis-
tration device, and manufacturing process should be used in IND-
enabling and clinical studies whenever possible. In summary, data
generated during nonclinical development need to be carefully inter-
preted, and interspecies differences of the immune systems need to
be considered when nonclinical data are translated to the clinics.

Nonclinical models for assessing innate immune pathway

activation

AAV capsids can bind to cell-surface TLR220 and are recognized by
complement factors like C3b,21 which can accentuate host adaptive
478 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
immune responses. C3b binding can also lead to opsonization.
TLR9-mediated innate immune response activation is triggered by
unmethylated CpG motifs. Reduction or removal of such motifs
from AAV vectors can reduce the subsequent host adaptive immune
responses and prolong the persistence of transgene expression in an-
imal models.30 As previously demonstrated in mice, increased
numbers of unmethylated CpG contents in the genetic construct re-
sulted in increased CD8+ CTL responses and decreased persistence of
transgene expression in clinical hemophilia B trials with eight
different rAAV constructs, even with immunosuppressant treatment,
as reviewed in Wright 2020a.102

To optimize vector design and improve clinical efficacy and safety, in
silico algorithms can be used to estimate the TLR9 activation potential
of an AAV vector construct.103 In vitro animal or human cells22,23 and
mouse models may also be used during construct selection, particu-
larly for engineered capsids, due to high homology of the pattern
recognition receptors (PRRs).104 Utilization of NHP models for
assessment of innate immune responses has been summarized in
recent reviews.100,101

Nonclinical models for assessing adaptive immunogenicity

Nonclinical studies in mice and monkeys demonstrated that pre-ex-
isting antibodies with a transduction neutralizing potential can
reduce transduction efficiency and transgene expression.105,106

Therefore, patients with certain levels of pre-existing antibodies or
pre-existing transduction inhibition (TI) activity were often excluded
from clinical studies, especially when using systemic route of admin-
istration.77,107,108 Safety risks may be another reason to consider
exclusion of patients with pre-existing immunity; for example, to
avoid formation of large immune complexes activating the comple-
ment system and to avoid boosting immune reactions that may
lead to more SAEs. To date, there are insufficient data to make firm
predictions on how the observed pre-existing or treatment-related
immunogenicity will affect safety or efficacy of GT in each individual,
either in animals or in the clinic.

The translatability of animal studies/models to clinical AEs can be
limited primarily due to the fundamental differences of the immune
systems among species. Animal models including NHPs may not
accurately predict immunogenicity incidence in humans due to dif-
ferences in functions of immune cells. In NHPs, memory CD8+

T cells against AAV8 capsids acquired from natural infection were
unable to eliminate rAAV8 transduced hepatocytes,109,110 in contrast
to observations in clinical trials95 demonstrating differences in
cellular responses between NHPs and humans. Immunological
profiling showed that both CD4+ and CD8+ capsid-reactive T cells
in NHPs displayed functional and phenotypic differences compared
with human cells.111 However, characterizing adaptive immune re-
sponses in animal models has been informative,101 especially for
the interpretation of the efficacy and safety outcome of nonclinical
studies. While many preclinical studies are performed in immuno-
incompetent or immunosuppressed animals, emphasis should be
placed on developing CTL models in immunocompetent animals
mber 2022
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that are more reflective of the clinical scenario.112 Although there may
be differences in the cellular responses observed in animals and hu-
mans, the correlation in animals (if any) between the response and
measured persistence of transgene expression may be informative
on the potential consequences of such a response in humans. The
challenges of detailed characterization of immunogenicity to GTs,
including the large blood volumes currently required for cellular
immunogenicity assays and the relevance of peripheral blood sam-
pling to immunogenicity in tissues, are described in more detail in
the section “cellular immune response measurement against viral
capsids and transgene product.”

Recently, some acute immunotoxicities observed in clinical studies of
rAAV GT products have been reproduced and evaluated in animal
models. AAV-naive and AAV-primed C57Bl/6 mice have been
used to evaluate the mechanism of developing uveitis after intravitreal
administration of rAAV GT.113 Both innate and adaptive immune
cell infiltrates were observed in the eye after intravitreal administra-
tion with intraocular elevation of CD45+ cells, particularly T cells,
regardless of the prior immune status; however, the adaptive response
was delayed in rAAV treatment-naive eyes.

As NHPs are thought to be the closest animal models for toxi-
cology studies of rAAV GTs due to comparable physiology and
anatomy, a clinical-grade rAAV8 encoding CNGA3 was adminis-
tered to cynomolgus monkeys by intraocular surgery (either intra-
vitreal at 1 � 1012 vg or subretinal administration at 1 � 1011 vg
and 1 � 1012 vg) with concomitant systemic and local steroid
treatment mimicking the clinical application.31 Despite the wide-
spread notion that the eye is an immune-privileged organ, activa-
tion of immune responses within the eye was observed in the high-
dose group during the first month after rAAV administration.
Both innate and adaptive immune responses resolved by day 90
in peripheral blood samples. Genetic profiling revealed upregula-
tion of IFN-g-mediated cytokines of the pro-inflammatory Th1
pathway four weeks after subretinal injection. At the same time,
immunohistochemistry showed evidence of microglial activation
and the presence of adaptive immune cells (e.g., CD8+ T cells
and CD20+ B cells) in the retina. This NHP study informed the
subretinal delivery and accompanying cautious monitoring strat-
egy in the subsequent clinical trial, including a 1-month delay be-
tween administration. Recent clinical observations of inflamma-
tory responses to ocular rAAV GTs demonstrated translatability
of this nonclinical phenomenon to humans. Additional nonclinical
studies may help to further elucidate the mechanism of potential
immune reactions and their impact on the safety and efficacy of
ocular GTs.

Impact of pre-existing immunity and treatment-induced immune

responses in nonclinical studies

Understanding the risk and impact of pre-existing immunogenicity to
rAAV GTs in animal studies will facilitate the clinical study design
and interpretation of study results.114 During the discovery stage of
evaluating a dose-efficacy or -safety relationship, animal disease
Molecular The
models are used and potentially screened for naive animals (not pre-
viously dosed with AAV, although they may have been exposed to
natural AAV infections). Animals with pre-existing immunity against
wtAAVs may be included in addition to naive animals in later
nonclinical studies to evaluate the impact of pre-existing immunity
on transduction efficiency115 and to determine the potential for im-
munotoxicities116 prior to clinical studies. Some regulatory guidance
documents on selecting animal species for nonclinical studies are
referenced in Table 3.

IMMUNOGENICITY ASSESSMENT AND THE
POTENTIAL CONSEQUENCE OF THE IMMUNE
RESPONSE IN CLINICAL STUDIES
After administration of rAAV GT products, an immune response is
usually triggered regardless of the route of administration.117 This im-
mune response is expected to include activation of the innate immune
system including the complement system, as well as activation of the
humoral and cell-based adaptive immune system.

Prior to the administration with rAAV GT products, patients may
likely have pre-existing anti-AAV capsid antibodies that can be asso-
ciated with reduced efficacy in clinical studies. These antibodies pri-
marily result from previous naturally occurring infections with
wtAAVs74 or are maternally derived in newborns. They may affect ef-
ficacy by potentially inhibiting viral transduction and/or increasing
the clearance of the administered rAAV vector directly after admin-
istration. Additionally, pre-existing immunity may be boosted after
administration of rAAV GT products and may be associated with a
higher risk for certain SAEs. Reduction of pre-existing antibodies
demonstrated improved efficacy in nonclinical studies.115 Therefore,
many clinical studies with systemic administration excluded patients
with pre-existing total antibody against AAV capsids or TI titers
above a predefined threshold.96,118 Anti-AAV capsid antibodies are
known to increase in titer after administration of an rAAV GT prod-
uct and to persist up to several years,119 preventing re-dosing. The
impact of this humoral immune response on safety and efficacy is
not yet understood; however, its contribution to some antibody
class-specific (immune) toxicities, observed in nonclinical and/or
clinical studies, cannot be excluded.

The impact of pre-existing cellular immunity to the AAV capsid on
efficacy or even on safety is not yet understood and will need further
investigation. Cellular immune responses directed against the admin-
istered rAAV vectors are reported to affect efficacy and persistence af-
ter systemic13,54,77 or intramuscular administration.120,121 They may
also trigger tissue damage that results in the release of tissue-specific
biomarkers like creatine phosphokinase (a marker of muscle cell
damage) and transaminases (suggesting liver cell damage) into the
circulation.41,95 However, elevated safety or efficacy biomarker levels
or detectable cellular immune responses against capsid and transgene
are not always associated with clinical loss of transgene expres-
sion.119,122,123 The lack of correlation may be due to differences in
the functionality of resident versus circulating CTLs (measured in
clinical studies) or other underlying mechanisms of cellular immune
rapy: Methods & Clinical Development Vol. 26 September 2022 479
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Table 3. Regulatory guidance documents on immunogenicity

considerations for rAAV GT study design

Documents Immunogenicity considerations

FDA Guidance for Human Somatic Cell
Therapy and Gene Therapy, March 1998

immunogenicity considerations in
nonclinical study interpretation

FDA: Pre-clinical Assessment of
Investigational Cellular and Gene
Therapy Products, November 2013

immunogenicity considerations to AAV
capsids and transgene proteins

FDA: Considerations for the Design of
Early-Phase Clinical Trials of Cellular
and Gene Therapy Products, June 2015

immunogenicity considerations in
nonclinical and clinical studies

EMA: Guideline on the Quality, Non-
Clinical and Clinical Aspects of Gene
Therapy Medicinal Products, March
2018

section 6.5 immunogenicity

FDA: Human Gene Therapy for
Hemophilia, January 2020

pre-existing antibody for patient
selection; humoral and cellular
immunogenicity against vector and
transgene proteins

FDA: Human Gene Therapy for Retinal
Disorders, January 2020

nonclinical immunogenicity against
vector and transgene protein; humoral
and cellular immunogenicity against
vector and transgene proteins

FDA: Human Gene Therapy for Rare
Diseases, January 2020

nonclinical immunogenicity against
vector and transgene protein; pre-
existing immunity; humoral and cellular
immunogenicity against vector and
transgene proteins

FDA: Human Gene Therapy for
Neurodegenerative Diseases (draft)

pre-existing immunity considerations;
humoral and cellular immunogenicity
against vector and transgene proteins in
clinical development

ICH S12 Nonclinical biodistribution
considerations for gene therapy
products (draft)

section 5.4 immunogenicity on species
selection
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responses against rAAV GT. The roles played by circulating or resi-
dent CTLs in the observed toxicities in transduced tissues,41 as well
as the role of Tregs,120,124,125 are not yet completely understood and
will need further investigation. In addition, PBMC sampling and
assay sensitivity adopted for measuring cellular immune responses
are not consistently performed (see section “cellular immune
response measurement against viral capsids and transgene product.”).
It is imperative to build a bioanalytical and biomarker strategy using
well-characterized methodologies during nonclinical and clinical
development to measure, monitor, and characterize potential host
immune responses against rAAV GT products.

MITIGATION STRATEGIES OF IMMUNOGENICITY
In general, immunogenicity mitigation strategies for rAAV GTs
should start early during lead candidate design and selection stage,
and should be made based on the individual risk-benefit assessment
of each GT. In silico, in vitro, and in vivo nonclinical studies need
to be conducted to estimate and understand the contribution of
product components and critical quality attributes (CQAs)126 like
product- and process-related impurities to immunogenicity of the
rAAV GT.
480 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
Strategies to avoid immune reactions against the rAAV genome
may include product optimization to block reverse-strand tran-
scription, depletion of CpG motifs during early product develop-
ment, and increasing methylation of CpG by improved production
technologies. Incorporation of short non-coding DNA oligonucle-
otides into the vector genome to inhibit TLR9 activation may also
reduce the immunogenic potential35,102,127 and therefore the risk
of a CD8+ T cell response to the transgene product.30,61 Addition-
ally, capsids may be optimized through protein engineering to
reduce prevalence of (cross-reactive) pre-existing immunity
against the rAAV GT or to be less immunogenic. Capsids may
also be encapsulated in exosomes or coated with lipids to mask
immunogenic epitopes.117,128

Effective immune mitigation strategies may also include reducing the
impact of pre-existing anti-AAV capsid antibodies in nonclinical spe-
cies and humans. Plasmapheresis has been used in nonclinical and
clinical studies to remove immunoglobulins from the blood129,130 to
overcome pre-existing anti-AAV capsid immunity. Imflidase/IdeS,
a bacterial cysteine protease,131,132 can potentially be used to degrade
circulating antibodies133 prior to treatment or re-administration of an
rAAV GT.

Furthermore, immunomodulation has proved to be an effective
mitigation strategy to reduce immune responses to rAAV GTs.
An overview on immunosuppressive medications used to mitigate
immune responses to AAV therapies in clinical or nonclinical
studies is given in Table 4.35,41,134,135 Immunomodulatory drugs
are often given in combination to achieve optimal reduction of
the immune response.

In addition, drugs targeting members of the TLR signaling cascade
like MyD88 or IRAK-4 may also be considered to inhibit the
activation of naive T cells35 reducing immune responses to
AAV GTs as well as drugs inhibiting inflammatory responses via
TNF-a.41

As mentioned in the section “immunogenicity risks,” immune toler-
ance can be induced via hepatic transfer of rAAV GTs. Therefore, an
AAV GT may be a good, or in some cases even a better, alternative to
an enzyme replacement therapy (ERT).165 Furthermore, AAV GTs
may also have the potential to treat autoimmune diseases.165

In cases in which immune responses against the transgene are
observed, the immunomodulation strategies listed in Table 4 may
be used for immunosuppression. Complement inhibitors like inhibi-
tors of the C1 complex (sutimlimab)166 and C3 (APL-2)135 are under
development or launched for treatment of rare or autoimmune dis-
eases and may also be considered as additional immunosuppressive
treatments in future clinical trials.

A better understanding of the immunogenic properties of, and the
immune pathways activated by, an AAV GT may help to optimize
the immunosuppressive treatment during clinical development.
mber 2022
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Table 4. Mitigation of immune responses to AAV therapies demonstrated in nonclinical or clinical studies

Immunosuppressive medications Mechanism of action Examples

Rapamycin/ Sirolimus

general immunosuppressant. Inhibits activation of
B and T cells. May lead to reduced anti-AAV
antibody production but does not remove existing
antibodies. Downstream effects include:136–138

� Treg generation
� suppression of CTL and T helper activation
(higher doses)

� suppression of B cell proliferation and differen-
tiation

rapamycin in combination with prednisolone
prevents production of immunoglobulin G in the
mouse (up to 93%) thereby reducing the pre-
existing AAV capsid antibodies over time139

Corticosteroids (methylprednisolone,
prednisolone, prodrug prednisone)

inhibition of innate and adaptive immune cells and
of T and B cell (lesser extent) production

treatment of transaminitis and CTL-induced
injury associated with transgene loss in hemophilia
B gene therapy77

used in approved GTs for inherited retinal
dystrophy140 and SMA141

corticosteroid treatment alone might not inhibit
AAV-mediated immune responses and formation
of capsid-reactive T cells after administration of
high doses142,143

combination of methylprednisolone with
rituximab and rapamycin resulted in a lower
increase of NAb and T cell response in a trial with
intrathecal administration of 4.2 � 1014 vg of an
AAVrh10-microRNA to adult patients144

MMF
suppression of T and B cell proliferation inhibiting
Inosine monophosphate dehydrogenase145

immune suppression in a phase II/III AAV GT
trial (NCT03612869) was achieved by adminis-
tration of tacrolimus, MMF, and steroids146

MMF reduced AAV GT transduction efficiency,
inhibiting second-strand synthesis of the vector
genome in mice147

no difference in AAV transgene expression
observed between immunosuppressed and non-
immunosuppressed NHP following MMF admin-
istration110

Calcineurin inhibitors:
Ciclosporin, tacrolimus

� inhibition of effector Th cells by suppression of
IL-2 transcription thereby inhibiting T cell dif-
ferentiation, survival, subsequent antibody pro-
duction, and CTL activities

� inhibition of MHC class I antigen presentation
� inhibition of Treg proliferation and activity148,149

Glybera clinical studies incorporated treatment
with ciclosporin, MMF, and methylprednisolone
resulting in transient cellular responses without
clinical manifestation150–152

Abatacept, belatacept
suppression of cytotoxic CD8+ T cell responses
blocking CD28-mediated signals

abatacept suppressed anti-AAV T cell and
neutralizing antibody response in a nonclinical
mouse model153

Rituximab

rituximab depletes CD20+ B cells to reduce levels
of pre-existing anti-AAV capsid antibodies and
post-treatment reduction of anti-AAV capsid and
anti-transgene antibodies. Usually given in com-
bination with other immunomodulatory drugs

rituximab in combination with
methylprednisolone prior to dosing with AAV GT
has led to reduced anti-capsid and anti-transgene
antibody responses144,154

Hydroxychloroquine

inhibition of TLRs and cyclic GMP-AMP synthase,
reducing pro-inflammatory cytokine and type I
IFN production
increase of endosomal and lysosomal pH
� preventing antigen presentation through MHC
class II pathway thereby reducing CD4+ T cell
activation

� potentially preventing endosomal escape of the
AAV155

subretinal injection of hydroxychloroquine
resulted in improved photoreceptor transgene
expression156

Eculizumab

inhibition of activation of complement factor C5,
thereby preventing membrane attack complex
formation.157,158

approved for treatment of rare disorders involving

eculizumab was used to treat a Duchenne
muscular dystrophy patient that developed
atypical hemolytic syndrome-like complement

(Continued on next page)
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Table 4. Continued

Immunosuppressive medications Mechanism of action Examples

complement hyperactivation159,160 or paroxysmal
nocturnal hemoglobinuria and atypical hemolytic
uremic syndrome157,158

activation related to AAV GT in phase 1B study by
Pfizer in 2020

Proteasome inhibitors:
Carfilzomib, bortezomib

inhibition of AAV degradation after endosomal
escape, thereby preventing presentation of capsid-
derived peptides to CTL by MHC class I
molecules.5,161

immunomodulatory role in dendritic cell
suppression and T cell stimulation162

bortezomib and carfilzomib, both approved for
treatment of multiple myeloma, enhanced
transgene expression in mice163

bortezomib enhanced transgene expression in
hemophilia A mice and hemophilia A dogs164

bortezomib in combination with prednisolone
resulted in significant reduction in serum anti-
AAV capsid antibodies139

MMF, mycophenolate mofetil.
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RELEVANT REGULATORY GUIDANCE DOCUMENTS
TO CONSIDER FOR IMMUNOGENICITY ASSESSMENT
DURING STUDY DESIGN FOR rAAV GTs
Regulatory agencies have issued a series of guidance documents on
study design for rAAV GTs. In these guidelines (examples listed in
Table 3), immunogenicity considerations are central to study design,
selection of subjects, impact on study outcome, and data interpreta-
tion. These guidance documents provide the foundation for designing
the risk-based bioanalytical strategy for nonclinical and clinical
studies of rAAV vector-based GTs.

BIOANALYTICAL STRATEGY AND METHODOLOGY
FOR ASSESSMENT OF PRE-EXISTING AND
TREATMENT-EMERGENT IMMUNOGENICITY
To address immunogenicity risk and align with regulatory expecta-
tions for nonclinical and clinical development, a program-tailored
immunogenicity testing strategy needs to be implemented that
potentially covers the detection of host innate as well as adaptive
humoral and cellular immune responses. A suite of bioanalytical as-
says that align with the immunogenicity risk assessment should be
developed and appropriately validated to enable nonclinical and
clinical studies. These assays could include cytokine and comple-
ment analysis to cover innate responses, anti-AAV-capsid, and
anti-transgene product antibody testing to cover pre-existing, treat-
ment-boosted, or treatment-induced humoral responses, as well as
testing for cellular immune responses against the capsid and trans-
gene product (Table 5).

It is important to consider the right sampling time points, blood
volumes, and sample matrices (pre- and post-dosing) to evaluate
the different types of host immune responses (see also section “bio-
analytical strategies”). For example, early collection for cytokine
and complement factor assessment is advisable to assess innate im-
mune responses (within 24 h), while pre-dose, 2–4 weeks post-treat-
ment, as well as late (months) sample collection is beneficial to assess
antibody responses (humoral) as well as T cell-mediated immune re-
sponses (cellular). It is also important to consider sampling alignment
with other types of readouts, e.g., biodistribution and biomarkers,
when possible, to enable correlation with clinical findings. For com-
482 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
plement measurement, plasma collected by EDTA tube is the
appropriate matrix for testing.

For locally delivered GTs, it may be informative to assess pre-existing
immunity and post-treatment immune reactions from the systemic
circulation.182 However, antibody titers determined in plasma/serum
are unlikely to be the same as in the local compartment (e.g., cerebro-
spinal fluid for intrathecal administration or vitreous humor for ocular
administration), so it is important to correlate data obtained in these
surrogate matrices with efficacy and safety outcomes. This practice
has been successfully employed in ocular programs with therapeutic
proteins.182 Regarding monitoring cellular responses, it is also noted
that memory T cells reside in lymphoid organs or even in the tissues
in which the immune response occurred and, if at all, only a small per-
centage may be accessible in the systemic circulation. Therefore, data
obtained from blood should be interpreted with caution.183

Bioanalytical strategies for nonclinical and clinical studies

Data on humoral immune responses against the capsid and transgene
in combination with biodistribution data are used for interpretation
of nonclinical toxicity studies. Infiltration of immune cells into
transduced tissues is generally assessed during histopathology exam-
ination. Further characterization of the infiltrated immune cells might
be helpful for data interpretation as well as for implementation of
safety measures and mitigation strategies in clinical trials. To study
dose-response relationships, pre-existing antibody-negative animals
are typically used for nonclinical toxicity studies. However, this prac-
tice is evolving and the understanding of the impact of pre-existing
antibody titers on dose and exposure may change. Importantly, if
all nonclinical studies were performed with animals selected based
on low or no anti-AAV capsid antibody titers, this selection criterion
will likely also be required in the clinical phase and after launch.
When using an animal species with a higher likelihood for pre-exist-
ing immunity, like NHPs, pre-screening is often necessary to identify
the status of pre-existing immunity in animals for data interpretation.
Animals with pre-existing immunity may help to evaluate the impact
of pre-existing immunity on transduction and transgene expression
and to assess the potential for additional AEs associated with pre-ex-
isting immunity.
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Table 5. Bioanalytical methods for monitoring host immune responses to rAAV GTs

Immune response Endpoints Assays (examples)

Capsid immunogenicity assays

Innate

cytokine and chemokine secretion/expression
� immunoassay49

� flow cytometry (e.g., MACS)167

� qRT-PCR168

complement factors and activation169
� immunoassay
� immune complex-based activation assay
� complement cleavage assays

Humoral

anti-capsid binding antibodies (i.e., total
antibodies, TAb)

immunoassay (e.g., bridging and sandwich assay
formats)170

anti-capsid TI (i.e., neutralizing antibodies) cell-based neutralization assay171–174

Cellular

T cell response to capsid by measuring secreted
factors (e.g., IFN-g)

� FluoroSpot44

� ELISpot175

T cell phenotypes responding to capsid antigen
� flow cytometry111

� tetramer staining176

Transgene product immunogenicity assays

Humoral

anti-transgene product binding antibodies
immunoassay (e.g., bridging and sandwich assay
formats)177

NAbs

� cell-based NAb assay178,179

� immunoassay (e.g., competitive ligand binding
assay)

� enzyme inhibition assay180,181

Cellular

T cell response to transgene antigen by secreted
factors (e.g., IFN-g)

� FluoroSpot44

� ELISpot175

T cell phenotypes responding to transgene product
antigen

� flow cytometry
� tetramer staining66,176
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For clinical development, monitoring of both humoral and cellular
immune responses against the AAV capsid and the transgene protein
are requested by authorities depending on the route of administration
and the target organ. In cases where one or the other assessment is
deemed not necessary, a justification may be required. Measurements
of the immune responses should be implemented, starting in phase I
since only a small number of subjects may be available to provide suf-
ficient data for an overall meaningful immunogenicity evaluation. In
addition, monitoring immunogenicity can retrospectively guide clin-
ical mitigation strategy and justify clinical intervention if SAEs are
observed that correlate with immunogenicity. Excluding patients
from clinical trials based on their pre-existing immunity may require
development of a companion diagnostic test (CDx).

Cytokine and complement measurements should be included as stan-
dard clinical pathology assessments during nonclinical and clinical
GT studies. It is recommended that cytokines relevant to innate im-
mune responses to AAV, which include IL-1b, TNF-a, IL-10, and
IL-6, are monitored. These cytokines may be assessed in serum or
plasma samples using available protein detection assays, including
multiplexed immunoassay platforms. Since cytokines typically appear
and resolve quickly, earlier time points, usually within 24 h after
dosing, will need to be collected. Complement activation has been
observed clinically after administration of high-dose rAAV GT prod-
uct35 and can be monitored using complement activity assays or by
detection of selected complement factors like C1, C3, C4, and C5.
Molecular The
Regulatory guidance on bioanalytical assay development and

validation for rAAV GTs

The appropriate regulatory aspects of assays to be used for immuno-
genicity evaluation of rAAVGTs depend upon the stages of the devel-
opment and the use of the data (context of use). The 2017 European
Medicines Agency (EMA)/Committee for Medicinal Products for
Human Use (CHMP) guidance (“Guideline on Immunogenicity
Assessment of Biotechnology-derived Therapeutic Proteins”) and
the 2019 US Food and Drug Administration (FDA) guidance
(“Immunogenicity Testing of Therapeutic Protein Products–
Developing and Validating Assays for Anti-Drug Antibody Detec-
tion”) do not apply to cell and GT products. Nevertheless, the princi-
ples of assay design, development, and validation found in these doc-
uments can be useful to sponsors developing rAAV GT products,
especially regarding anti-capsid and anti-transgene protein antibody
assays in a regulated good-practice (GxP) environment.

The methods used for nonclinical safety, clinical trial, and post-mar-
keting use need to be conducted in the appropriate GxP environ-
ment. Assays for detection of pre-existing antibodies to AAV
capsids may be used to exclude patients from GT treatment, espe-
cially when the route of administration is systemic. In those cases,
the sponsor(s) should consider developing a CDx at least during
pivotal studies for its availability upon market approval. A CDx is
defined as an in vitro diagnostic test providing information that is
essential for the safe and effective use of a corresponding drug or
rapy: Methods & Clinical Development Vol. 26 September 2022 483
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biological product. Such tests are regulated (in the US) by the Cen-
ter for Devices and Radiological Health (CDRH) and should be per-
formed in a Clinical Laboratory Improvement Amendments
(CLIA)-compliant laboratory. Sponsors can refer to FDA guidance
“In Vitro Companion Diagnostic Devices (2014)” and “Principles
for Co-development of an In Vitro Companion Diagnostic Device
with a Therapeutic Product (2016)” and local/regional regulations
as appropriate (e.g., State of New York). In such cases, co-approval
of the CDx together with the Biologics License Application (BLA)
is anticipated; thus, it is advisable to start the co-development of
the CDx latest in pivotal studies. Methods used for pre-existing
immunity assessment without affecting patient selection or immu-
nogenicity evaluations after treatment are usually validated and per-
formed in accordance with GxP requirements. In the European
Union, diagnostic tests are regulated in Regulation (EU) 2017/746
(L 117/192), and diagnostic laboratories are typically accredited ac-
cording to ISO 15189-2012(E) by country-specific agencies, and
other country/local/regional requirements like Richtlinie der Bunde-
särztekammer zur Qualitätssicherung laboratoriumsmedizinischer
Untersuchungen (Rili-BAEK).

Other types of assays, such as ELISpot, complement assessment, and
cytokine assays, have no formal guidance document at present. How-
ever, several publications exist for related types of assays that might be
helpful to consider for the sponsor.175,184 In addition, the FDA has
published a draft guidance document, “Biomarker Qualification:
Evidentiary Framework,” that proposes general approaches for fit-
for-purpose validation within their context of use.

Bioanalytical assays for immunogenicity assessment

Anti-viral capsid antibody assays

Humoral immune responses against the capsid are addressed using
ligand binding assays or functional cell-based TI assays. Although
the ligand binding assays have the potential to determine the com-
plete humoral immune response (total binding antibodies against
capsids [TAbs]), the cell-based TI assays are expected to only detect
the transduction neutralizing capacity (neutralizing antibodies
[NAbs] or transduction-inhibiting antibodies, terms that have been
used interchangeably in the literature).

A major challenge for development and validation of immunoge-
nicity assays in the rAAV GT space is the high prevalence of pre-ex-
isting antibodies.11,50 This positivity makes it difficult to select the
true-negative samples required to evaluate the natural variance of
the antibody-negative population and to set an appropriate cut point.
For some serotypes or in specific matrices, the standard cut point
approach may be applicable, and positive individual samples can be
removed via outlier test as applied commonly to therapeutic proteins.
For serotypes with high prevalence of positive samples, however, an
outlier test is probably not useful and alternative criteria for elimina-
tion of such samples from cut point determination may be required.
The use of immunodepleted samples might be an option by either
removal of all immunoglobulins or selective depletion of AAV
serotype-specific antibodies. The former approach needs careful
484 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
evaluation as nonspecific removal of all immunoglobulins might
have a huge impact on the variance of the samples and thus on cut
point determination. The latter, depletion of AAV serotype-specific
antibodies, might not alter the overall sample background and
variance.

Ligand binding assays to assess the TAb response (TAb assay)

Serotype-specific direct, indirect, or bridging ligand binding assays
are used to determine the total antibody response against the AAV
capsid. Depending on the assay design and the detection reagents
used, such assays will detect all immunoglobulin subtypes (such as
a conventional bridging assay format) or specific to IgG or IgM detec-
tion (i.e., direct or indirect assay). An electrochemiluminescence
(ECLIA) or absorbance (ELISA) readouts are commonly used. In
these TAb assay formats, the assay signal is directly proportional to
the amount of antibodies in the sample.

Many sponsors follow the process typical for therapeutic proteins
when developing and validating methods for assessing humoral
immune responses to rAAV GT products, including screening,
confirmatory, and titration steps.

For study sample bioanalysis, the screening or even the confirmatory
step may be omitted depending on the sampling time point (pre-dose
versus post-dose) and on the use of the generated data (screening for
patient inclusion/exclusion versus immune response after treatment).
In some cases, a comparison of the titer between pre- and post-treat-
ment samples can be sufficient to report the treatment-boosted
positive samples.

Assay parameters that usually are validated include a screening and
confirmatory cut point, and, if necessary, a titer cut point could
also be determined. The sensitivity, selectivity, and precision of a
method are explored using a positive control antibody. Specificity
and reproducibility should also be evaluated.170

Cell-based assays to assess vector TI

TI assays are in vitro cell-based assays detecting all sample compo-
nents that affect viral transduction independent of the nature of the
component.171 Small molecules or other components present in the
sample matrix (e.g., heparin) that inhibit or enhance viral transduc-
tion185,186 will influence the assay outcome and could lead to false-
positive or false-negative results. Common serum components, like
C-reactive protein, or galectin 3 binding protein, are also known to
inhibit rAAV transduction efficiency.187,188 Such matrix interferences
should be minimized during assay development and, therefore, a
careful characterization of the TI assay is important to ensure mean-
ingful data interpretation.

In principle, the same assay development and validation approaches
as for the TAb assays described above can be followed for the cell-
based TI assays. In many cases, a screening cut point is determined,
but a confirmatory step is rarely performed due to the large amount
of viral capsid required. Sometimes, a general immunodepleting step
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is used to confirm that the positive assay result was caused by anti-
bodies and not by a matrix effect.

As already described above, the high prevalence of pre-existing anti-
bodies is amajor challenge for development and validation of TI assays.
Alternative approaches to select negative samples for cut point deter-
mination might be used. One way to remove most of the true-positive
samples is to exclude samples based on their consistent generation of
inhibition above a predefined threshold (e.g., 30%–50% inhibition)
in the confirmatory step in multiple repeated runs. After that, individ-
ual samples with screening assay responses higher than three times
standard deviation (SD) and themedian response of the rest of individ-
ual panels in multiple runs may be removed. To be more conservative,
even 20% inhibition and two times SD can be applied. Alternatives to a
statistical cut point, like the half maximal inhibitory concentration
(IC50) titer approach, where a 50% reduction relative to the same dilu-
tion of control serum is used,105 may also be considered.

When designing a TI assay, the first step is the selection of a permis-
sive cell line. Cell lines like HEK293, HuH-7, and HeLa are usually
used. Although HEK293 cells have been recommended,171 in some
cases, and depending on the AAV serotype, the use of other cell lines
might provide the most sensitive method. In case the drug substance
is used to transduce the cells in the in vitro assay, cell transduction and
its inhibition are evaluated by analysis of the intracellular vector DNA
using a qPCR readout.189 In most cases, an AAV reporter construct is
used as a surrogate for the drug substance. These surrogate constructs
usually use the same capsid as the drug substance but contain a re-
porter gene like luciferase, instead of the therapeutic transgene, under
a cytomegalovirus (CMV) promoter. It has been reported that using
secreted luciferase, NanoLuc, as the reporter in TI assays can greatly
improve TI assay sensitivity and reproducibility, which may help
develop NAb assay as a CDx assay during/or after BLA approval.172

During method development, the following parameters should be
considered and optimized

� Cell number seeded per well
� Rate of confluency of the cell culture before cell seeding
� Number of capsids per cell (multiplicity of infection [MOI]), usu-
ally in the range of 102–105

� Optional: use of helper adenovirus or chemicals to enhance AAV
transduction and reporter gene expression if a permissive cell
line is not readily available

� Optional: heat inactivation of negative control serum when com-
plement proteins interfere with transduction

� Time point to start transduction after cell seeding
� Duration of incubation with the substrate solution at readout

In cases where sponsors exclude patients based on pre-existing anti-
AAV antibodies from clinical trials, a robust CDx demonstrating
stable assay performance over years will probably be required post-
regulatory approval for physicians to make treatment decisions.
Establishing an assay fulfilling these requirements may be technically
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challenging when a cell-based TI assay is used for patient selection.
Therefore, increasingly more sponsors use TAb assays for patient se-
lection, which will detect all antibodies, including NAbs.96,118 Even
more important, TAbs are potentially associated with AEs observed
in clinical studies.13,20,51

Anti-transgene product antibody measurement

Due to the fact that patients may not express the protein (i.e., double-
null mutation, CRIM negative) that is homologous to the expressed
transgene product or express a truncated or mutated version, the
transgene protein that is produced after treatment with an rAAV
GT product may be regarded as foreign protein by a patient’s immune
system. Consequently, the patient maymount an immune response to
the transgene protein. Patients receiving a protein replacement ther-
apy before being treated with GT might have pre-existing antibodies
directed against the transgene protein.

The humoral immune response, including TAbs and NAbs, can be
measured using methods very analogous to standard immunogenicity
assays used for therapeutic proteins. Anti-transgene product antibody
(i.e., TAb or NAb) assays may be developed and validated following
the industry white papers and respective guidelines (FDA, EMA).
Direct, indirect, or bridging ligand binding assays with enzymatic
or ECLIA readout can be commonly used for such purposes. The
development of additional assays for determination of neutralizing
activity might be necessary depending on the nature of the transgene
product and its mechanism of action. For example, NAbs against
transgene proteins with enzymatic activity like factor IXa or enzy-
matic co-factors like factor VIIIa can be detected using enzymatic as-
says or functional activity assays (e.g., clinically approved coagulation
tests). When the transgene product is a lysosomal enzyme, it may be
necessary to consider characterizing NAbs that inhibit cellular uptake
of lysosomal enzyme via the cell-surface cation-independent
mannose-6 phosphate receptor, which delivers the enzyme to the
lysosome.190 This could be important, as the class of NAbs could pre-
vent cross-correction of other cell types that are not directly targeted
by the AAV GT. Additionally, neutralization of their enzymatic
activities may also be relevant to evaluate. For structural proteins
like dystrophin, development of a functional NAb assay like a cell-
based internalization assay may not be feasible. In such cases, a
competitive ligand binding assay may be used. In this format, the
labeled drug molecule competes with the NAbs for binding to its
target molecule, which is coated to the plate. For an intracellular pro-
tein, such as retinitis pigmentosa GPTase regulator protein or RPE65,
development of a NAb assay may not be scientifically justified.

Cellular immune response measurement against viral capsids

and transgene product

Currently the standard methodology for measuring cellular immune
responses against either viral capsid or transgene protein is ELISpot
assay due to assay reproducibility.191 ELISpot is a cell-based assay
with cytokine-specific antibodies immobilized on a multi-well plate
to detect secreted cytokine from cells in the presence of stimulating
agents. This method offers higher sensitivity and functionality
rapy: Methods & Clinical Development Vol. 26 September 2022 485
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detection at the single-cell level, (e.g., number of responding cells), with
a readout of spot-forming units/well (SFU/well) or SFU/million cells. A
common ELISpot assay is the detection of IFN-g secreted by activated
CD4+ and CD8+ T cells. Antigen-specific cellular immune responses to
an AAV capsid or transgene encoded protein can be detected using
cytokine secretion as functional measure in an ELISpot assay.119

Two factors are very critical to generate reliable ELISpot assay results.
The first factor is the prompt PBMC sample isolation and appropriate
processing after whole-blood collection as done during vaccine devel-
opment.192 In order to maintain required cell viability (>70%) and
functionality, PBMCs should be isolated within 24 h after whole-blood
collection, carefully cryopreserved, and require a conscientious selec-
tion of thawing and medium conditions.192 Another key factor is the
generation and qualification of synthetic peptide pools derived from
the primary amino acid sequences of either the capsid or transgene pro-
tein. These peptide pools are made of individual peptides generally of
�15 amino acids in length overlapping by 10–11 amino acids to mea-
sure T cell responses after incubation with PBMCs. Biochemical and
biophysical characterization of these peptide pools, such as purity
(>90% without aggregation), is critical to reduce false-positive re-
sponses due to impurities, sub-optimal length of peptides, and so forth.
Several positive control systems can be adopted during the develop-
ment of an ELISpot assay. Well-characterized peptides, such as CEF
pool (CMV, Epstein-Barr virus [EBV], influenza),175 can trigger strong
T cell responses from normal PBMCs after stimulation. In addition,
sponsors can also screen for positive PBMCs against the same serotype
of viral capsid from subjects with pre-existing antibodies. Threshold for
positivity may be an arbitrary or empirical cut point (e.g., >50 SFU/
million cells) or relative to a negative control signal (e.g., >NC+3SD),
or, alternatively, a statistical cut point.

The general validation strategy will primarily be based on experience
from ELISpot assay validation used to support vaccine development
as well as published white papers,175,184 since there is no specific reg-
ulatory guidance available yet. Another consideration is to assess the
total number of PBMCs used versus assay precision based on other
bioanalytical practice193 when pediatric/juvenile patients are included
in the study, resulting in very limited volume of whole blood collected.

Besides ELISpot assay, sponsors are evaluating other bioanalytical
platforms, such as FluoroSpot, flow cytometry,119,194 and other
cellular markers,195 for multiplexing and improved sensitivity. The
FluoroSpot assay allows detection of antigen-specific responses,
combining the sensitivity of ELISpot and simultaneously detecting
several analytes (antibodies, cytokines), enabling studies of cell pop-
ulations with different functional profiles.44 Flow cytometry is a
cell-based assay using target-specific antibodies to stain and detect
simultaneously cell-surface expression of co-stimulatory molecules,
intracellular stress markers, transcription factors, and cytokines
from activated cells. This method offers a multiplexed detection of cy-
tokines and other immune-related proteins like TNF-a, IL-2, IL-6, or
granzyme B, and provides information on various immune cell
populations or phenotype of the immune cells, with a readout of
486 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
cell frequency and/or absolute cell numbers. Flow cytometry can be
used to study AAV capsid epitope antigen presentation and CD8+

T cell activation potential by MHC class I tetramers specific to the
AAV serotype.72

With the availability of these bioanalytical methods, CD8+ T cell re-
sponses against viral capsids were identified in patients receiving
rAAV GT.41 A study identified the specific immunodominant pep-
tides from AAV capsids and mapped them to common HLA types
by using spleens isolated from subjects undergoing splenectomy for
non-malignant indications. The spleens provided a source of large
numbers of lymphocytes that were then restimulated in vitrowith sin-
gle AAV capsid peptides. Further experiments confirmed that these
epitopes are naturally processed and functionally relevant. The design
of more effective and less immunogenic rAAV vectors, as well as a
precise immune response monitoring in terms of sampling time
points of vector-dosed subjects, are facilitated by these findings.72

Determination of cellular immune responses against either viral
capsid or transgene protein could provide insights into mechanisms
that trigger safety-related events such as elevation of liver transami-
nase activities.42 Such data may be used to support the immunomod-
ulatory treatment strategy to reduce the cellular immune response in
patients (see section “mitigation strategies of immunogenicity” for
further details). As mentioned previously, the cellular immune
response data might also help to elucidate mechanisms involved in
efficacy loss.6,25

CONCLUSION
Recombinant AAV-vector-based GT has demonstrated promising
therapeutic efficacy in human studies. Nevertheless, the host immune
response is one of the biggest barriers for broad application of rAAV
vector-based GTs. The initial hurdle to overcome for successful sys-
temic delivery is pre-existing immunity from natural exposure to
wtAAV serotypes, which can also potentially be reactivated after
administration of rAAV GT products.117 Pre-existing immunity
can lead to lack of transduction efficiency and may have the potential
to accelerate immune reactions after treatment, which may be associ-
ated with AEs in nonclinical and clinical studies. The most significant
outcome of pre-existing reactivity to rAAV GT product and its com-
ponents is the exclusion of patients from enrollment into clinical
studies due to the risks of either lack of transduction or safety con-
cerns derived from immune-mediated AEs. While nonclinical studies
in animal models can provide insights into the AEs, the extent of
translatability may be limited due to the fundamental differences of
immune systems among species. Development of more relevant
in vitro predictive assays using primary cells from target tissues would
be needed to help anticipate and mitigate the risks in the clinic and
could guide decisions on dose selection for clinical development.

There are multiple immunogenicity risk factors associated with devel-
opment of rAAV GT-based therapeutics that can be mitigated at each
stage. These include an amalgamation of intrinsic and extrinsic fac-
tors related to the GT product as well as factors related to the patient,
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disease, and route of administration. Currently, manufacturing of
rAAV GT products is not fully optimized,97 and the key CQAs’
impact on immunogenicity risks needs to be better understood. A
thorough assessment of the boosted immune reactions and evaluation
of the underlying immunogenic trigger (e.g., total AAV capsid dose,
CpG content, scDNA, residual host cell DNA and proteins, formula-
tion) may help to set the optimal ranges for CQAs. The outcome of
better-defined CQAs could lead to safer rAAV GT products with
improved efficacy. In theory, this could include dosing with fewer
total viral particles, resulting in lower exposure in humans. It is a
current hypothesis that greater numbers of total viral particles
administered can lead to increased immunotoxicities:196 dosing
more optimized material with less empty and thus total amount of
viral particles might lead to safer product.

Clinical implications of immune responses to safety and efficacy have
been observed both in nonclinical and clinical studies regardless of
route of administration. Thus, improved understanding of how im-
mune responses affect rAAV GT, and the development of robust
immunogenicity assays and mitigation strategies for achieving
optimal clinical outcomes are required.

The most common measure of immune response in the clinic is hu-
moral immunogenicity or anti-capsid and anti-transgene antibody
responses. Although current clinical data may show an association
of humoral responses with AEs, a clear correlation of humoral re-
sponses with the observed immunotoxicities could not be demon-
strated. This suggests that the interplay between host innate and
adaptive immunity, including both humoral and cellular immunoge-
nicity, determines the immunogenicity to the rAAV GTs. Unraveling
the complexity of host immune responses may help address the in-
consistencies in AEs observed in subjects and the range of responses
observed to immune conditioning treatments. In order to interpret
the impact of immunogenicity on nonclinical study results and the
clinical relevance, an arsenal of bioanalytical assays is needed to accu-
rately measure and monitor host innate and adaptive immune re-
sponses after dosing. There is a great opportunity to standardize
some of these methodologies across the industry, such as critical re-
agents (e.g., positive controls), assay formats, sensitivities, and
PBMC processing (e.g., isolation, storage). Standardizing these meth-
odologies will make the overall immunogenicity assessment more
comparable between studies and sponsors. Since the number of sub-
jects in each study from each sponsor is typically much smaller (<100)
compared with trials for more traditional therapeutic modalities (e.g.,
small-molecule drugs, therapeutic proteins), a comparison of immu-
nogenicity assay and study results across different clinical trials and
sponsors may help to elucidate the contribution of immune responses
to AEs. The combined immunogenicity results will potentially allow
assessment of clinical relevance and development of effective
mitigation strategies. Another benefit of universal/transferrable bio-
analytical assays across laboratories would be to enable informing
clinical development strategies based on global prevalence of pre-ex-
isting immunity in large patient populations.197 More robust and sen-
sitive methodologies will help decipher the underlying biological
Molecular The
mechanisms related to immunogenicity and potentially provide bet-
ter correlation between immunogenicity and efficacy/safety. These re-
sults will further guide optimal design and selection of lead capsids,
lead to better defined CQAs, optimize the route of administration
and repeat dosing strategies, and contribute to precision medicine
development (e.g., immunosuppression regimens).

The severity of the immune responses and potential clinical conse-
quences are determined by the immunogenicity risk factors of
rAAVGTs. A better understanding of the contribution of immune re-
actions to SAEs and the nature of these immune reactions may aid in
“reverse translation” to design/optimize clinical candidate(s) with
reduced immunogenic potential. Additionally, it may also lead to im-
plementation of more effective clinical mitigation strategies, such as
immunosuppressive regimens. For example, it is not well understood
why some SAEs are observed in a small subset of patients, whereas
these severe events can be prevented via immunosuppressive
treatments in others. The wide clinical application of immunosup-
pressants before and during treatment with rAAV GTs further com-
plicates building correlations of efficacy/safety with detectable
immunogenicity.119

In summary, a better understanding of the components and mecha-
nism(s) triggering immune reactions will provide tremendous value
in optimizing and accelerating the discovery and development of
rAAV-based GTs. This starts as early as optimal vector design and in-
cludes, but is not limited to, control of the manufacturing process,
well-characterized patient populations, repeat dosing evaluation
and feasibility, and clinical risk mitigation. Each of these factors is ex-
pected to lead to more successful GT development by reducing AEs
and achieving optimal efficacy for patients with unmet medical needs.
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