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ABSTRACT

Adeno-associated virus (AAV)-mediated inner ear gene therapy is a promising treatment option for hear-
ing loss and dizziness. Several studies have shown that AAV-mediated inner ear gene therapy can be
applied to various mouse models of hereditary hearing loss to improve their auditory function. Despite
the increase in AAV-based animal and clinical studies aiming to rescue auditory and vestibular functions,
little is currently known about the host immune responses to AAV in the mammalian inner ear. It has
been reported that the host immune response plays an important role in the safety and efficacy of viral-
mediated gene therapy. Therefore, in order for AAV-mediated gene therapy to be successfully and safely
translated into patients with hearing loss and dizziness, a better understanding of the host immune re-
sponses to AAV in the inner ear is critical. In this review, we summarize the current knowledge on host
immune responses to AAV-mediated gene therapy in the mammalian inner ear and other organ systems.
We also outline the areas of research that are critical for ensuring the safety and efficacy of AAV-mediated

Cochlea

inner ear gene therapy in future clinical and translational studies.

© 2023 Published by Elsevier B.V.

1. Introduction

Hearing loss is the most common sensory deficit worldwide.
According to World Health Organization, over 460 million people
are affected by hearing loss, and this prevalence is expected to
continue to rise due to an aging population (https://www.who.int/
news-room/fact-sheets/detail/deafness-and-hearing-loss). Hearing
loss can be caused by dysfunction or damage to a wide variety
of highly specialized cell types in the cochlea due to genetic or
environmental factors. Since most cell types in the mature mam-
malian cochlea are incapable of regeneration, the treatment op-

Abbreviations: AAV, Adeno-associated virus; PAMPs, pathogen-associated molec-
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tions for patients with hearing loss are restricted to hearing aids,
auditory rehabilitation, and cochlear implants. While these inter-
ventions provide benefits for some individuals, they still fail to ad-
dress the underlying pathology of hearing loss and do not restore
natural hearing. Hence, recent research has been focused on de-
veloping novel therapeutic strategies to protect or repair hair cells,
auditory neurons, and other epithelial cell types of the inner ear.
Inner ear gene therapy is a promising treatment for hearing
loss. It involves the delivery of genetic materials into the inner
ear, which may restore the auditory function or protect against in-
ner ear damage (Chien et al., 2015). The success of gene therapy
depends in part on the viral vector and its ability to deliver ge-
netic materials to the targeted cells efficiently (Chien et al., 2015).
Currently, adeno-associated virus (AAV) is amongst the most fre-
quently used viral vectors in human gene therapy clinical trials.
AAV is a non-enveloped virus with a single-stranded DNA
genome. It belongs to the family of Parvoviridae (Fig. 1) (Naso et al.,
2017). It is a commonly used viral vector for gene therapy appli-
cations because of its advantageous features, such as high trans-
duction efficiency and the ability to engineer the viral capsid to
target different cell types (Chien et al., 2015). Furthermore, AAV
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Fig. 1. Schematics of the AAV genome organization. (A) Wild-type AAV genome is comprised of two sets of open reading frames (ORFs): Rep (replication) and Cap (capsid),
that encode viral genes along with the polyadenylation site (poly(A) tail; labeled “pA”) flanked by two inverted terminal repeats (ITRs). Rep ORF encodes four non-structural
proteins that regulate AAV replication and packaging of the viral ssDNA genome into pre-formed capsids. Cap ORF encodes three structural proteins that assemble into capsid
shell and assembly-activating protein responsible for the viral structure. The p5 and p19 promoters regulate Rep gene expression and the p40 promoter regulates Cap gene
expression. (B) Recombinant AAV used for gene therapy contains a heterologous promoter that drives the expression of the transgene and a transgene expression cassette

inserted between the ITRs that replace the Rep and Cap genes.

is replication-deficient and nonpathogenic in humans. It can also
achieve stable, long-term gene expression in animal models and
humans (Chien et al., 2015).

Despite the advantageous features of AAV as a gene therapy
viral vector, it has been shown that AAV can trigger immune re-
sponses in the host organisms (Amado et al., 2010; Manno et al.,
2006; Mingozzi and Buning, 2015). The immune system plays
a critical role in protecting the host against foreign pathogens,
such as viruses. Despite its protective effects on the host, it has
been shown that the host immune responses may pose a signif-
icant challenge to the efficacy and safety of viral gene therapy
(Manno et al., 2006; Mingozzi and High, 2013). One example of
this was reported in a clinical trial utilizing AAV-mediated gene
therapy as a treatment for Duchenne muscular dystrophy, spon-
sored by Solid Biosciences (NCT03368742) (Duan, 2018). Patients
who received AAV9-micro-dystrophin therapy presented with a de-
crease in platelet and red blood cell counts, and developed re-
nal dysfunction only a few days after gene therapy administra-
tion. In addition, complement activation was also observed in these
patients, suggesting the activation of innate immune response
(Duan, 2018). In another clinical trial utilizing AAV-mediated ther-
apy as a treatment for X-linked myotubular myopathy, sponsored
by Astellas Pharma (NCT03199469), several patients who received
high-dose AAV gene therapy died from liver failure, likely as a
result of the activation of host immune responses (Wilson and
Flotte, 2020). These examples highlight the critical role that im-
mune response plays in the safety and success of viral-mediated
gene therapy.

Several recent studies have shown that AAV-mediated gene
therapy can be successfully applied to the mammalian cochlea to
treat hearing loss in animal models (Askew and Chien, 2020a).
However, it is still unclear whether AAV triggers any immune re-
sponse in the mammalian inner ear. To maximize the therapeu-
tic potential of gene therapy to preserve or restore hearing, it is
important to understand the effects of host immune responses to
viral vectors in the inner ear. In this review, we summarize our
current understanding of AAV-mediated immune responses in the
mammalian inner ear.

2. Overview of the immune response to pathogens

The immune system plays a critical role in defending against
pathogens. The immune response can be classified into two main
categories: innate and adaptive immunity, and each consists of
cell-mediated and humoral immune responses (Parham, 2021).

2.1. Innate immunity

The innate immune response is the first line of defense to fight
against pathogens. It is fast-acting and non-specific compared to
the adaptive immune response. The cellular component is medi-
ated by a subset of leukocytes such as neutrophils, eosinophils,
mast cells, macrophages, monocytes, dendritic cells, and natural
killer cells (NK cells) (Chaplin, 2010). Most of these leukocytes cir-
culate in the vascular and lymphatic systems, and some leukocytes
(such as tissue resident macrophages and dendritic cells) reside in
various organ systems and help monitor the local environment.

The innate immune cells express pattern-recognition recep-
tors (PRRs) on their cellular surfaces to detect the presence of
pathogens and distinguish “self” from “non-self” (Kaur and Sec-
ord, 2021). PRRs recognize pathogen-associated molecular pat-
terns (PAMPs), which are conserved molecular structures of
pathogens. Bacterial molecules such as lipopolysaccharide (LPS)
(gram-negative bacteria) and peptidoglycans (gram-positive bacte-
ria) are well-known examples of PAMPs. Viruses also contain sev-
eral structurally diverse PAMPs, such as surface glycoproteins or
viral genomes (Simmonds and Aiewsakun, 2018). PRRs also detect
damage-associated molecular patterns (DAMPs), which are the en-
dogenous danger molecules released by damaged or dying cells as
a result of inflammation or infection. PRRs can be broadly divided
into five distinct classes: retinoic acid-inducible gene I (RIG-I)-
like receptors (RLRs), nucleotide-binding oligomerization domain-
like receptors (NLRs), C-type lectin receptors (CLRs), absent in
melanoma 2 (AIM2)-like receptor (ALRs), and Toll-like receptors
(TLRs).

TLRs are the best-characterized class of PRRs that sense a
wide variety of molecular patterns (e.g., PAMPs and DAMPs) and
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initiate the innate immune response. TLRs are largely classified
into two subgroups based on their cellular localization: cell sur-
face TLRs (TLR1, TLR2, TLR4, TLR5, TLR6) and intracellular TLRs lo-
calized in the endosome (TLR3, TLR7, TLR8, TLR9) (Kawasaki and
Kawai, 2014). TLR2 and TLR4 on the cell surface detect viral pro-
teins in the extracellular milieu (Aoshi et al.,, 2011; Lester and
Li, 2014). The intracellular TLRs, TLR3, TLR7/8, and TLR9, recog-
nize virus-derived double-stranded RNA (dsRNA), single-stranded
RNA (ssRNA), and viral DNA that is rich in unmethylated cytosine-
guanine dinucleotide (CpG)-DNA motif, respectively (Aoshi et al.,
2011; Kano et al., 2022; Kawasaki and Kawai, 2014; Parham, 2021).
Typically, activation of TLRs by PAMPs or DAMPs is commonly me-
diated by adaptor molecules such as Toll/interleukin-1 receptor
domain-containing adapter inducing interferon-8 (TRIF) or myeloid
differentiation primary response 88 (MyD88), which activates the
NF-xB (Wang et al., 2014). NF-xB activation leads to the secretion of
inflammatory cytokines and chemokines, such as type I interferons
(IFN-o and IFN-B), tumor necrosis factor-o (TNF-«¢), interleukin-
6 (IL-6), interleukin-12 (IL-12), C-X-C motif chemokine ligand 8
(CXCL8), and C-C motif chemokine ligand 2 (CCL2). These cytokines
and chemokines are essential for facilitating the recruitment of in-
nate immune cells into the infected tissues, resulting in the clear-
ance or inactivation of the PAMPs (Aoshi et al., 2011; Ivashkiv and
Donlin, 2014; Poeck et al., 2010). Specifically, type I interferons
are widely expressed during viral infection to activate an antivi-
ral state in both infected and neighboring uninfected cells to pre-
vent the virus from spreading and promote rapid viral clearance
(Ivashkiv and Donlin, 2014; Schreiber, 2020).

Leukocytes involved in cell-mediated innate immunity utilize
several other mechanisms to initiate protection against invad-
ing pathogens. Phagocytosis is a key mechanism used by neu-
trophils, macrophages, and dendritic cells for the engulfment and
elimination of pathogens. Engulfed pathogens are delivered to
an intracellular organelle called the phagosome that further fuse
with lysosomes, an acidic membrane-bound organelle that con-
tains degradative enzymes (e.g., proteases, lysozymes, or lipases),
to form phagolysosomes (Lee et al., 2020; Uribe-Querol and Ros-
ales, 2017). Macrophages and dendritic cells also serve as antigen-
presenting cells (APCs). Following phagocytosis of the pathogen,
APCs break down antigens into small amino acid fragments and
present antigens on their cell surface for recognition by T cells to
bridge the innate and adaptive immune responses (Roche and Fu-
ruta, 2015).

The humoral component of innate immunity is mediated largely
through the complement system (Shishido et al., 2012). The com-
plement system is comprised of a large group of soluble plasma
proteins (>40 proteins) that are responsible for recognizing and
clearing the invading pathogens. The system also participates in
opsonization, a process by which a pathogen is coated with an-
tibodies and targeted for elimination by phagocytes (Schartz and
Tenner, 2020). The complement proteins are primarily produced
by the liver and circulate in the blood in their inactive forms.
Recognition of pathogens leads to the activation of proteolytic
enzymes to cleave complement proteins, rendering them active.
The complement system can be activated by three distinct path-
ways: classical, alternative, and lectin pathways (Thau et al., 2022).
Activation of the complement system via one of these path-
ways leads to increased opsonization and phagocytosis activity by
macrophages, neutrophils, and dendritic cells (Calcedo and Wil-
son, 2013; Schartz and Tenner, 2020; Thau et al., 2022).

2.2. Adaptive immunity
Adaptive immunity is initiated when the innate immune re-

sponse is unable to completely eliminate pathogens. Similar to
the innate immune system, the adaptive immune system also has
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both cellular and humoral components. Cell-mediated adaptive im-
munity involves the activation of naive T cells through a process
called “antigen presentation” that allows T cells to detect anti-
gen molecules displayed on the surface of APCs, including B cells,
macrophages, and dendritic cells. Antigen presentation is an inte-
gral part in the transition between innate and cell-mediated adap-
tive immunity. APCs phagocytose pathogens and degrade them into
short amino acid peptides (8-25 aa), and bind peptide fragments
to the major histocompatibility complex (MHC) molecules which
are then translocated to the cell surface for antigen presentation
(Chaplin, 2010). The MHC molecules are classified into two major
classes, MHC class I and MHC class II. MHC class I molecules are
expressed by nearly all nucleated cells, and they help to present
endogenous antigens to cytotoxic CD8+ T cells that are critical for
the rapid clearance of pathogens and pathogen-infected cells. Cy-
totoxic CD8+ T cells mediate their effector functions through the
production of cytokines, such as TNF-« and IFN-y, or by the re-
lease of cytotoxic granules, such as perforin or granzymes, to ini-
tiate apoptosis of infected cells (Demers et al., 2013; Kumar et al.,
2017; Rosendahl Huber et al., 2014). MHC class Il molecules are ex-
pressed by APCs and present exogenous antigens to helper CD4+ T
cells that release cytokines to activate cytotoxic CD8+ T cells or B
cells for antibody production (Parham, 2021). While there are sev-
eral subsets characterized, the two major subsets of helper CD4+
T cells are Th1 and Th2 cells classified based on their profile of
cytokine production. The Th1 cells secrete cytokines such as IFN-
y and TNF-¢, which helps to activate macrophages and dendritic
cells for cell-mediated immunity (Chaplin, 2010). The Th2 cells me-
diate the activation of humoral adaptive immunity, which is also
called antibody-mediated immunity. They secrete cytokines, such
as IL-4, IL-5, and IL-13, to stimulate naive B cells to differentiate
into plasma cells and to produce antibodies (typically IgM) spe-
cific for the antigen, or become memory B cells (Chaplin, 2010).
Cytokines secreted by helper CD4+ T cells can stimulate B cells to
undergo immunoglobulin heavy-chain class switching from IgM to
IgG, IgA, or IgE. This process is called class switch recombination.
Antibody-mediated neutralization of an invading pathogen can ex-
ert antiviral activity by interfering with interactions between virus
and host cells or complement-mediated opsonization and cell ly-
sis. However, antibody-mediated immunity is limited to the recog-
nition of extracellular antigens, for example, on viruses circulating
in the blood. Additionally, memory B cells circulate in the blood-
stream in a quiescent state and, upon re-encounter with antigen,
can be quickly activated to differentiate into antibody-secreting
plasma cells, typically producing IgG.

3. Anatomy and immunity of the mammalian inner ear

The peripheral auditory system is comprised of the outer, mid-
dle, and inner ear. The outer and middle ear collects, amplifies, and
transmits sound stimuli into the inner ear. The inner ear is en-
closed by the otic capsule. The cochlea is the auditory organ in the
inner ear. It is composed of three fluid-filled compartments called
scala vestibuli, scala media, and scala tympani. The scala vestibuli
and scala tympani are filled with perilymph, which has a low con-
centration of potassium ions, while the scala media is filled with
endolymph, which contains a high concentration of potassium ions
(Zdebik et al., 2009).

The sensory hair cells, which detect and process auditory stim-
uli, are located in the organ of Corti of the cochlea. Once sound
enters the cochlea, the sensory hair cells convert the mechanical
sound stimuli into neural signals and transmit them through the
auditory nerve fibers of the spiral ganglion neurons into the audi-
tory cortex in the brain (Hudspeth, 1989). In addition to cochlear
hair cells, the stria vascularis is critical for normal hearing. The
stria vascularis is a highly vascularized structure located in the
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lateral wall of the scala media, and its main role is to generate
endocochlear potential by actively pumping out ions against the
concentration gradient into the endolymph and maintaining the
unusually high concentration of the potassium ions in the scala
media (Smith et al., 1954). This generates a positive potential of
~+80mV in the endolymph compared to the perilymph, in which
this electrochemical gradient becomes the driving force for proper
hair cell mechanotransduction (Nin et al., 2008).

The inner ear was initially thought to be immuno-privileged
due to the fact that it is anatomically secluded from the external
environment, and the presence of the blood-labyrinth barrier helps
to tightly regulate the microenvironment in the inner ear from the
blood circulation (Okano, 2014). However, subsequent studies have
shown that the inner ear has an active immune system that helps
to protect it against damage. One line of evidence that supports
the presence of an active immune system in the inner ear is the
presence of leukocytes (Hu et al., 2018). The most abundant leuko-
cyte in the inner ear is macrophage, which account for ~80-85% of
immune cells in the neonatal period, and ~95% of immune cells in
adults (Hirose et al., 2005; Matern et al., 2017; Okano et al., 2008).

The macrophages are the major mediators of the immune re-
sponse in the cochlea (Hu et al., 2018). They express markers such
as CX3CR1, Ibal, F4/80, and CD68. The majority of them are located
in the cochlear lateral wall (stria vascularis and spiral ligament),
as well as near the spiral ganglion neurons in the modiolus and
the Rosenthal’s canal (Fig. 2A-D) (Hirose et al., 2005; Okano et al.,
2008). A unique subset of macrophages, called the perivascular
macrophages, are found in the stria vascularis (Ito et al., 2022;
Zhang et al., 2012). They are closely associated with the blood ves-
sels and regulate the blood-labyrinth barrier permeability that re-
stricts the entry of substances from the blood into the inner ear,
thereby maintaining the microenvironment of the inner ear.

Under normal physiological conditions, the organ of Corti is
devoid of leukocytes, and the macrophages are located on the
scala tympani side of the basilar membrane (Fig. 2D) (Cai et al.,
2014; Hirose et al., 2005; Okano et al., 2008). In the modiolus
and Rosenthal’s canal, macrophages have been found to surround
the spiral ganglion neurons and their nerve fibers (Okano et al.,
2008), and are thought to play a role in maintaining synaptic
homeostasis (Hu et al., 2018). In the presence of cochlear insult,
these macrophages are activated and undergo dynamic changes to
mediate cellular immunity (Frye et al, 2017; Yang et al, 2015).
The acute immune responses in the mammalian cochlea have
been examined under various conditions, including noise trauma,
cochlear implantation, ototoxicity, and infection (Fujioka et al.,
2006; Janesick et al., 2022; Koo et al., 2015; Matsunaga et al., 2020;
Milon et al., 2021; Sung et al., 2019; Wakabayashi et al., 2010). Un-
der these conditions, activated macrophages have been shown to
clear damaged spiral ganglion neurons or hair cells via phagocy-
tosis (Cai et al,, 2014; Hirose et al., 2017). Macrophages have also
been shown to promote the repair of damaged synapses after mod-
erate noise exposure that leaves auditory hair cells intact but re-
sults in loss of hair cell synapses (Kaur et al., 2019; Manickam
et al, 2023). Moreover, upon noise trauma or infection, a large
influx of infiltrating leukocytes is found in the inner ear in addi-
tion to the cochlear resident macrophages. It has been shown that
monocytes/macrophages account for the majority of the infiltrating
inflammatory cells into the cochlea (Hirose et al., 2005; Rai et al.,
2020; Yang et al., 2015).

In addition to the cochlea, the endolymphatic sac may also
play a role in the immune response in the mammalian inner
ear (Kampfe Nordstrom et al., 2018). The endolymphatic sac is a
pouch-like structure that is connected to the inner ear by the en-
dolymphatic duct. It plays an important role in ion transport and
fluid absorption, and helps to maintain endolymphatic homeosta-
sis (Honda et al., 2017; Honda et al., 2021). Several studies have
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Fig. 2. AAV injection into the inner ear results in an increased number of
macrophages in the cochlea. (A) Schematic diagrams of the inner ear and cochlear
cross-section. (B and C) Confocal images showing the localization of macrophages
in the cochlea harvested from an adult non-injected CX3CR1SFP/SFP mouse (age 9
weeks). The macrophages in the CX3CR1¢FP/SFP mouse express GFP under the reg-
ulation of the promoter for the fractalkine receptor CX3CR1. Under normal con-
ditions, resident macrophages are most abundantly located in the cochlear lateral
wall and around the spiral ganglion neurons in the modiolus and the Rosenthal’s
canal. (E and F) Confocal images of cochlear sections from an adult CX3CR1GFP/GFP
mouse (age 13 weeks) 14 days after AAV2.7m8-tdTomato (2.0x10'® GC) adminis-
tration through the posterior semicircular canal. Increased number of macrophages
were observed in the lateral wall, the modiolus, and the basilar membrane. Addi-
tionally, macrophages were observed along the lining of the perilymphatic space
in all cochlear turns. (C and F) Magnified inset images from white dotted box in
panels B and E. (D and G) Schematic representation of macrophage distribution in
the middle cochlear turn as shown in panels C and F. (B,C,E,F) Scale bars represent
100 pm.

reported the presence of leukocytes such as macrophages in the
endolymphatic sac (Bui et al., 1989; Kampfe Nordstrom et al., 2018;
Okano et al., 2010; Rask-Andersen and Stahle, 1979, 1980). In ad-
dition, gene expression analysis of the human endolymphatic sac



Y. Ishibashi, C.Y.W. Sung, M. Grati et al.

from vestibular schwannoma patients showed the expression of
several genes involved with immune responses, such as TLR4, TLR7,
lactoferrin (iron-binding protein with antimicrobial activity), and
B-defensin (small cationic antimicrobial peptides) (Moller et al.,
2015). These data suggest that the mammalian inner ear has an
active immune system and is capable of mounting robust immune
responses against pathogens.

4. Adeno-associated virus (AAV) and AAV-mediated immune
responses

4.1. Overview of AAV biology

AAV is a helper-dependent parvovirus with a linear single-
stranded DNA genome of ~4.8 kb. Twelve AAV serotypes (AAV1 to
AAV12) have been isolated from humans and non-human primates,
with AAV2 being the most prevalent serotype (Wu et al., 2006).
Different AAV serotypes have different tissue/cellular tropisms due
to their binding of distinct host cell surface receptors. Therefore,
they can infect a highly diverse range of dividing and non-dividing
cell types (Summerford et al., 2016; Zincarelli et al., 2008). The
genome of wild-type AAV is comprised of two open reading frames
and viral genes (Rep and Cap) flanked by two inverted terminal
repeats (ITRs) (Fig. 1A) (Earley et al., 2020; Penaud-Budloo et al.,
2018; Yan et al., 2005). Recombinant AAV vectors, derived from
wild-type AAV, have been genetically engineered to lack viral genes
except for the ITRs that allow for the replication of the comple-
mentary DNA strand and facilitate the packaging of the exogenous
genome of interest (Fig. 1B) (Wang et al., 2019). AAV genomes
are primarily present as episomes or concatemers in the cell nu-
cleus. However, during latency, the AAV genome can integrate into
a specific genome locus known as AAVS1 (adeno-associated virus
integration site 1; chromosome 19q13.4 qtr) in human cells, al-
beit at very low frequencies (0.1% occurrence) (Kotin et al., 1991,
1990; Linden et al., 1996a, 1996b; Samulski, 1993). This is pri-
marily due to the sequence similarity (86%) between AAV ITR and
host chromosome leading to Rep activity (Linden et al., 1996b;
Meneses et al, 2000; Weitzman et al, 1994). Deletion of Rep
gene in the AAV viral vectors designed for gene delivery signifi-
cantly reduces the risk of AAV genome integration into the host
chromosome, thereby avoiding the risk of insertional mutagenesis
(Wang et al., 2019).

4.2. AAV-mediated immune responses in the mammalian inner ear

Innate immune responses against AAVs in animal models
showed TLR9 involvement, followed by activation of MyD88, which
increases the secretion of type I interferons and pro-inflammatory
cytokines through the NF-xB signaling pathway (Martino and
Markusic, 2020). Recombinant AAVs can also trigger the release
of cytokines such as TNF-¢, IFN-y, CCL2, inducible protein-10, and
type I interferons (IFN-o¢ and IFN-B) (Nathwani et al., 2006). Pri-
mary human non-parenchymal liver cells transduced with AAV in
vitro showed activation of NK-«kB through TLR2, followed by up-
regulation of pro-inflammatory cytokines (Hosel et al., 2012). In
an in vivo study, IL-6 and CCL2 were increased in the liver cells
within 6 hours after systemic AAV8 delivery (Suzuki et al., 2013).
Following AAV-mediated gene delivery to the host cells, compo-
nents of the AAV vector, including capsid, promoter, transgene,
poly(A) tail, and ITR can be processed and presented as antigens on
MHC molecules for antigen presentation to T cells (Li and Samul-
ski, 2020).

Adaptive immune responses against AAVs are primarily medi-
ated by TLR9-MyD88 pathway to activate NF-kB and induce cy-
tokine production in helper CD4+ T cells that in turn activate
cytotoxic CD8+ T cells. The helper CD4+ T cells also activate B
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cells for antibody production (Rogers et al., 2015; Sudres et al.,
2012). Furthermore, long-lasting immunity (also known as pre-
existing immunity) against AAV is mediated by memory B cells,
memory T cells, and pre-existing antibodies. Specifically, clinical
studies in healthy children have shown that natural exposure to
wild-type AAV is, in part, responsible for pre-existing immunity
(Calcedo et al., 2011; Erles et al., 1999; Mingozzi and High, 2013).
In addition, patients that have received AAV-mediated gene ther-
apy for the first time can also develop humoral and cell-mediated
immunity against AAV. This newly developed immunity to AAV
may be triggered by additional administration of AAV-mediated
gene therapy at a later date. Approximately 70% of the adult pop-
ulation was found to have IgG antibodies against AAV1 and AAV2,
and 40-50% has antibodies against AAV5, AAV6, AAV8, and AAV9
(Boutin et al., 2010; Calcedo et al., 2009). Neutralizing antibod-
ies against AAVs have also been found in 15-20% of the younger
populations (between one year old to adolescence) (Calcedo et al.,
2011). The pre-existing immunity to AAV can significantly affect
the transduction efficiency and potency of AAV-mediated gene
therapy (Fitzpatrick et al., 2018; Hosel et al., 2012; Mingozzi et al.,
2013b; Mingozzi and High, 2013; Vandamme et al., 2017).

AAV is one of the most commonly used viral vectors for hu-
man gene therapy clinical trials due to the low immunogenicity,
safety profile, and high transduction efficiency (Steines et al., 2016;
Vidovic et al., 2016). AAV has also become the primary choice
of inner ear gene therapy studies and has been shown to medi-
ate efficient transduction in a wide variety of cell types in the
vestibular organs (Tan et al., 2019; Wang et al., 2014) and in the
cochlea, including the organ of Corti, spiral ganglion neurons, spi-
ral ligaments, stria vascularis, and spiral limbus (Akil et al., 2019;
Hu et al., 2019; Isgrig et al., 2022, 2019; Ivanchenko et al., 2021;
Landegger et al., 2017; Lee et al., 2020; Tan et al., 2019). Numerous
studies have shown that AAV-mediated gene replacement therapy
can successfully improve the auditory function in several animal
models of hereditary hearing loss (Askew and Chien, 2020b). These
studies have used local AAV gene delivery directly into the inner
ear (e.g., round window or semicircular canal delivery), which has
been shown to result in high transduction efficiencies. In addition,
wild-type and heterozygous littermates that were injected with the
same AAV vectors showed minimal change in hearing thresholds,
suggesting AAVs as excellent viral vectors for safe therapeutic gene
delivery to the mammalian inner ear. Unfortunately, most of these
studies did not specifically examine the host immune responses in
the inner ear after AAV-mediated gene delivery. Therefore, more
research in this area is greatly needed.

Despite the lack of studies that have directly examined the
host immune responses in the mammalian inner ear after AAV-
mediated gene delivery, a few studies have indirectly tackled this
important topic. In a study by Landegger et al. (2017), where the
synthetic AAV Anc80L65 was injected into the neonatal mouse in-
ner ear via the round window, they found robust transduction
of the inner and outer hair cells in the cochlea. They also re-
ported that low levels of neutralizing antibodies were detected in
the serum of injected mice (Landegger et al, 2017). In another
study, Isgrig et al. (2019) compared two synthetic AAVs, AAV2.7m8
and AAV8BP2, administered in the neonatal mouse inner ear via
the posterior semicircular canal (Isgrig et al., 2019). The authors
showed that AAV2.7m8 (9.75 x 10° GC) was capable of transduc-
ing cochlear inner hair cells, outer hair cells, inner pillar cells,
and inner phalangeal cells with high efficiency and with no sig-
nificant change in hearing, as assessed by auditory brainstem re-
sponse (ABR). In contrast, AAVSBP2 (1.10 x 10'9GC) showed only
~50% transduction efficiency in inner hair cells and outer hair
cells. Mice injected with AAV8BP2 had elevated ABR thresholds
compared to control mice. Examination of the cochlea in these
animals showed evidence of immune cell infiltration, suggesting
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activation of innate immunity. When AAV8BP2 was administered at
half dose (5.5 x 10° GC), ABR thresholds were comparable to those
of control mice, but the transduction efficiency also decreased
(Isgrig et al., 2019). Recent data from our group showed that in-
jection of AAV2.7m8-tdTomato (2.0x1010 GC) into the inner ear
via the posterior semicircular canal increased macrophage accu-
mulation in the cochlear lateral wall, the modiolus, and the basi-
lar membrane. Macrophages were also found along the lining of
the perilymphatic space in all three cochlear turns (base, middle,
apex), while macrophages were minimally detected in this region
from the cochleae of non-injected control mice (Fig. 2). Addition-
ally, studies in non-human primate showed that round window ad-
ministration of AAV-S-EGFP at a low dose (8x1010 GC) had low-to-
moderate transduction efficiency in hair cells, while higher doses
(5.8x10" GC; 4.7x10" GC) nearly transduced 100% of hair cells
throughout all regions in the cochlea (Ivanchenko et al,, 2021). An-
imals administered with high dose AAV-S-CBA-GFP (4.7x10'! GC)
showed normal tissue morphology and structure, but immune cell
infiltration was observed in the modiolus, though this did not af-
fect AAV-mediated gene transfer. In summary, administration of
AAV into the inner ear showed high transduction efficiency and
minimal immunogenicity, as demonstrated in various animal stud-
ies (Chien et al., 2015; Landegger et al., 2017; Liu et al.,, 2005;
Verdoodt et al., 2021; Wang et al., 2019). However, the assess-
ment of immunogenicity has been based on rather crude histology,
such as hematoxylin & eosin (H&E) staining to examine inflamma-
tory cell infiltration into the inner ear. Given that inflammatory re-
sponses can be cytotoxic at the cellular level, while maintaining
normal tissue morphology and structure, it is important to em-
ploy more sophisticated assays which will allow for the assessment
of the various immune cell types and antibody responses against
AAV-mediated gene therapy in the inner ear.

4.3. Immune responses in AAV-mediated gene therapy clinical trials

The first human clinical trial of AAV-mediated gene therapy oc-
curred in 1996, where AAV2 was used to deliver cystic fibrosis
transmembrane regulator (CFTR) cDNA to patients with cystic fi-
brosis, a genetic disorder caused by mutations in the CFTR gene
leading to severe damage primarily in the lungs and the diges-
tive system (Flotte et al., 1996). The study was approved by the
FDA following multiple animal model studies which achieved long-
term gene transfer without developing adverse immune responses
(Fisher et al., 1997; Kessler et al., 1996; Xiao et al., 1996). In con-
trast, adverse effects of the host immune responses to AAV were
reported in a clinical trial for hemophilia B, a hereditary bleed-
ing disorder caused by mutations in the gene for coagulation fac-
tor IX (FIX). In this clinical trial, AAV2 was used to deliver FIX
cDNA to hemophilia B patients (Manno et al., 2003, 2006). Al-
though AAV2 was able to achieve transduction in human hepa-
tocytes without long-term toxicity for many patients, a decline
in FIX levels occurred over an 8-week period. In addition, the
destruction of transduced hepatocytes occurred in these patients
through CD8+ T cell-mediated cytotoxicity, limiting long-term ex-
pression of the transgene (Manno et al., 2006; Sabatino et al.,
2005; Yamashita et al., 2018). These cytotoxic CD8+ T cells are
capable of targeting the capsid components that are conserved
throughout many AAV serotypes or can become memory T cells
to prevent future infections (Hui et al., 2015). In addition to the
AAV capsid, the host immune system can also target the transgene
delivered by AAV. For example, it has been reported that patients
with Duchenne muscular dystrophy (an X-linked genetic disorder
caused by mutations in the dystrophin gene which leads to pro-
gressive muscle wasting) who received AAV2-mediated gene ther-
apy to deliver a mini-dystrophin transgene developed dystrophin-
specific T cell immunity (Mendell et al., 2010).
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To overcome pre-existing and newly developed humoral
and cellular immunity, various approaches have been inves-
tigated in animal models and pre-clinical studies (Ertl and
High, 2017; Martino and Markusic, 2020), such as switching
AAV serotypes (Majowicz et al., 2017), altering AAV capsids
(Mingozzi and High, 2013), administration of immunosuppressants
(Mingozzi et al., 2012), or administration of empty viral capsids
to absorb neutralizing antibodies (Mingozzi et al., 2013a). An ex-
ample of this can be found in clinical trials of patients with
Leber congenital amaurosis (LCA), a rare form of inherited reti-
nal dystrophy causing severe visual impairment early in life. LCA
is caused by mutations in more than two dozen genes, including a
gene that encodes retinal pigment epithelium-specific 65 kDa pro-
tein (RPE65). LCA patients who received AAV2-RPE65 gene ther-
apy also received a 5-week course of prednisolone given orally
starting 1 week prior to gene therapy delivery to suppress inflam-
mation (Bainbridge et al., 2008). These patients displayed only a
mild postoperative intraocular inflammation, and no significant ad-
verse events were reported. Long-term follow up of these patients
showed chronic intraocular inflammation in 5 out of 8 patients
who received a higher dose of the gene therapy, but no intraocular
inflammation was found in any patients who received a lower dose
of the gene therapy (Bainbridge et al., 2008). Some patients devel-
oped neutralizing antibodies against AAV2 and/or AAV2-reactive T
cells, but no immune responses were detected against the RPE65
transgene product. This therapy was approved by the FDA as a
treatment for LCA (Luxturna).

Another AAV-based gene therapy recently approved by FDA is
Zolgensma for spinal muscular atrophy. Spinal muscular atrophy
is a devastating autosomal recessive disorder caused by mutations
in the survival motor neuron 1 (SMN1) gene (Burghes and Beat-
tie, 2009; Monani et al., 1999). Patients with type 1 spinal mus-
cular atrophy have the most severe disease phenotype and present
with progressive muscle weakness before 6 months of age. By two
years of age, many patients have difficulty speaking, swallowing,
and breathing, which may require permanent ventilation support
(Burghes and Beattie, 2009; Monani et al., 1999). Following suc-
cessful pre-clinical studies with AAV9-mediated SMN1 gene re-
placement (Dominguez et al., 2011; Foust et al., 2010), a clinical
trial of type 1 spinal muscular atrophy was approved to move for-
ward (NCT02122952). Initially, no immunosuppression was used
in patients enrolled in this study. However, soon after gene ther-
apy delivery, the liver enzyme alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were elevated, indicating possi-
ble hepatic inflammation. Upon this finding, prednisolone was in-
corporated into the clinical protocol to suppress the immune re-
sponse, which decreased the incidence of ALT/AST elevation in sub-
sequent study subjects. In addition, the viral titer administered was
also reduced to decrease immune activation (Mendell et al., 2017).
In 2019, onasemnogene abeparvovec (Zolgensma) was approved by
the FDA for the treatment of type 1 spinal muscular atrophy. Re-
cently, there have been two cases of deaths in children who re-
ceived Zolgensma due to liver failure (Philippidis, 2022). This high-
lights the importance of studying the immune responses of viral-
mediated gene therapy to ensure patient safety.

5. Conclusions

Inner ear gene therapy is a rapidly evolving field. Over the past
decade, several studies have shown that AAV-mediated inner ear
gene therapy is effective at improving auditory function in var-
ious small animal models of hearing loss. However, little atten-
tion has been paid to the immune responses triggered by AAV-
mediated gene therapy in the inner ear. In this review, we provided
an overview of AAV-mediated immune responses in the setting of
gene therapy delivery in the mammalian inner ear. It is clear that
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more studies on the immune activation in the mammalian inner
ear in response to AAV-mediated gene therapy are needed in or-
der to ensure the safety of future inner ear gene therapy clinical
trials. Many important questions remain to be answered, such as:

o Are there differences in AAV-mediated immune responses in
the inner ear among different animal species?

e Is the degree of inflammation dependent on viral dose,
serotype, route of administration, or repeated injections of vi-
ral vector upon local delivery into the inner ear?

Additionally, many people have been exposed to AAVs in the
past and have generated neutralizing antibodies against them. As
pre-existing immunity interferes with viral transduction efficiency
and facilitates immune activation, this raises the following impor-
tant questions:

o Does pre-existing immunity affect the efficacy and safety of in-
ner ear gene therapy?

e Can the use of immunosuppressive drugs (e.g., corticosteroids
or rapamycin) that transiently suppress viral-triggered immune
responses increase the efficacy and safety of AAV-mediated in-
ner ear gene therapy?

Lastly, several mechanisms have been identified by which viral
vectors can activate the immune responses in animal models as
previously discussed. This raises the following key questions:

o Can the viral capsid be engineered to remove or modify the epi-
topes that are commonly recognized by the immune cells?

e Can components of the viral genome that may be recognized
by the immune system be modified to circumvent immune ac-
tivation?

Considerable progress has been made in the development
of AAV-mediated gene delivery systems that resulted in FDA-
approved products for clinical use in other organ systems (e.g. Lux-
turna and Zolgensma). However, few data exist on how the human
inner ear will respond to AAV-mediated gene delivery. A better un-
derstanding of AAV-mediated immune responses is paramount to
developing definitive AAV-mediated gene therapies that maximize
safety and efficacy in the human inner ears. It is our hope that this
review will inspire investigators to not only focus on the assess-
ment of transduction efficiency and tropism of viral vectors, but
also to investigate the mechanisms that induce diverse immune re-
sponses triggered by them.
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