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Hearing loss is a common disability affecting the world’s pop-
ulation. Currently, its treatment options are limited. Adeno-
associated virus (AAV)-mediated inner ear gene therapy has
shown great promise as a treatment for hereditary hearing
loss. However, the host immune responses to AAV-mediated
gene therapy in the mammalian inner ear is not well under-
stood. In this study, two serotypes of AAV vectors were in-
jected individually into the mouse inner ear to evaluate the
host innate and adaptive immune responses up to 1 month af-
ter inner ear gene delivery. Our results suggest that the host
innate and adaptive immune responses to AAV-mediated in-
ner ear gene delivery are limited and mild, which is favorable
for its clinical translation.

INTRODUCTION

The mammalian inner ear is a promising target for gene therapy
because it is relatively isolated anatomically. The inner ear is housed
in the otic capsule of the temporal bone, which is one of the densest
bones in the body, and it is protected by the blood-labyrinth barrier,
blood-strial barrier, and the blood-perilymph barrier." The struc-
tural and physiological uniqueness of the inner ear allows for tar-
geted viral transduction. Adeno-associated virus (AAV) belongs to
the family Parvoviridae.” It is a non-enveloped virus with a single-
stranded DNA genome. AAV is among the most frequently used
viral vectors in human gene therapy clinical trials due to its high
transduction efficiency, the ability to engineer various viral capsids
to target different cell types,” and its documented safety profile.*
For the inner ear, multiple proof-of-concept studies have shown
that gene therapy is effective at improving the auditory and vestib-
ular functions in animal models of hereditary hearing loss,” and
recent clinical trials have shown encouraging responses.’* Despite
the advantageous features of AAV as a gene therapy viral vector, it
has been reported that AAV can trigger host immune responses in
clinical trials targeting other organs.” "' This could have a significant

impact on the efficacy of the gene therapy and may cause morbidities
in patients.”'*"'* Thus, it is critical to investigate the host immune
responses in the setting of AAV-mediated inner ear gene therapy
to maximize its therapeutic potential and to ensure patient safety.

The host immune responses to foreign pathogens are categorized
into innate and adaptive immunity.'>'® The innate immune re-
sponses occur within several hours after exposure to pathogens
and are relatively non-specific. The cellular component of the innate
immune responses is initiated by a subset of leukocytes, such as neu-
trophils, macrophages, monocytes, and natural killer (NK) cells."
The complement system mediates the humoral component of the
innate immune responses and induces the release of pro-inflamma-
tory cytokines. It also serves as a bridge to the adaptive immune re-
sponses.'®!” In contrast, the adaptive immune responses are usually
initiated several days after the initial exposure to pathogens and are
mediated by antigen-specific B cells and T cells with long-lasting
immunological memories.'® In this study, we administered two sero-
types of AAV vectors individually through the posterior semicircular
canal (PSCC) approach into the inner ears of adult mice.'® The
innate and adaptive immune responses against AAV-mediated
gene delivery were investigated both locally and systemically.

RESULTS

AAV-mediated inner ear gene delivery activates macrophages in
the cochlea

CX3CRI is a membrane receptor for fractalkine, also known as
CX3CL1. Fractalkine plays important roles in the immune responses
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Figure 1. Localization of resident macrophages in
the mouse cochlea
Cx3cr19™C P mice are used to localize resident mac-
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important roles in maintaining the homeosta-
sis of the inner ear.”” They also help to mediate
innate immune responses when the inner ear is
first exposed to pathogens or cell injuries.”**
Thus, the Cx3cr1®™”FP mouse provides a
good model for tracking innate immune re-
sponses following AAV-mediated gene deliv-
ery into the inner ear.

These resident macrophages play

To study the innate immune response
to AAV-mediated inner ear gene delivery,
AAV2.7m8-CAG-tdTomato (1.1 x 10" GC)
was injected into the PSCC of 8- to 10-week-
old Cx3cr1°F¥/* mice. The hair cell trans-
duction rates of Cx3cr1®™/*F mice injected
with AAV2.7m8-CAG-tdTomato were evalu-
ated to confirm viral transduction (n = 4,
female = 2, male = 2) (Table S1). The trans-
duction rate (mean + SD) of inner hair cells
(IHCs) was 78.74 + 5.47% in the apex,
90.10 = 1.99% in the middle turn, and
66.21 + 23.07% in the basal turn. Transduc-
tion rate of outer hair cells was 9.63 + 1.75%
in the apex, 9.84 + 1.40% in the middle
turn, and 2.75 + 3.38% in the basal turn.
The cochleae of the injected mice were har-
vested on post-operative day (POD) 1, 3, 7,
14, 21, and 28. Age-matched non-injected
and neural protection.'” The Cx3cr1®™S mouse replaces Cx3crl  Cx3cr1“™“*F mice were used as negative controls. Representative
with eGFP and labels various immune cells with eGFP, such  images in each group were presented in Figure 2. On PODI, the
as monocytes, macrophage, dendritic cells, microglia, and NK  number of macrophages labeled by eGFP in the cochlea did not in-
29°2% Multiple studies have examined the localization of macro-  crease significantly compared with non-surgery controls. Anti-
phages in the inner ear using this mouse strain.’’ *® Under normal ~ CD68 antibody, a pan-macrophage marker,”' was also used to label
conditions in the mature cochlea, macrophages are found in the  the macrophages to confirm their identity (Figures 2A and 2B).
cochlear lateral wall, spiral limbus, Rosenthal’s canal, modiolus, However, by POD3, an increase in eGFP was observed in the in-
basilar membrane, osseous spiral lamina, and spiral prominence jected cochleae, indicating an increase in macrophages (Figure 2C).
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Of note, AAV2.7m8-tdTomato transgene expression was first
observed on POD3. On POD7, macrophages were observed along
the basilar membrane that is located under the organ of Corti
(Figure 2D). The number of macrophages in the injected cochleae
continued to increase up to POD14 (Figure 2E). By POD2I, the
number of macrophages declined, even though the number of
transduced IHCs increased (Figure 2F). By POD28, the number
of macrophages returned to baseline (Figure 2G). We repeated
this experiment with AAV2-CAG-tdTomato (1.0 x 10'° GC) and
observed similar trends (Figure S1).

AAV-mediated inner ear gene delivery triggers an increase in
macrophages but not T cells in the cochlea

The Cx3cr1°"¥/™ mouse strain allowed us to trace the macrophages
in the inner ear. However, since the CX3CRI receptor plays critical
roles in immune responses, immune-neural communications,’” and
neural protections,’%’35 it is possible that the Cx3crl GFP/GFP 1 ouse,
which replaces Cx3crl with sequence encoding eGFP, may have
ameliorated immune responses.zo’36 Therefore, we also assessed
macrophage activation in the cochlea after AAV-mediated inner
ear gene delivery using the C57BL/6 mice. Eight- to 10-week-old
C57BL/6 mice were injected unilaterally with either AAV2.7m8-
CAG-eGFP (1.0 x 10'° GC), AAV2-CAG-eGFP (1.0 x 10'° GC),
or viral storage buffer (1x PBS and 5% glycerol, termed vehicle)
via the PSCC approach. To confirm appropriate AAV-mediated
gene delivery to the inner ear, we assessed the viral transduction
on POD28 by quantifying eGFP expression in the cochlea. The
average IHC transduction rates (mean + SD) in the cochlea were
84.65 + 16.50% for AAV2.7m8-CAG-eGFP and 64.57 + 25.21% for
AAV2-CAG-eGFP. Specific transduction rates for each cochlear
turn are presented in Table S2. These transduction rates were consis-
tent with a previous study.'® Macrophages were labeled using an
antibody targeting the ionized calcium-binding adapter molecule 1
(IBA1).” We found that macrophages were localized in similar loca-
tions in the cochleae of adult non-surgery C57BL/6 mice compared
with Cx3cr1®™** mice (Figure S2). Additionally, we used the anti-
CD3 antibody as a marker for T cells. T cells were barely detectable in
non-injected mice. To quantify the changes in the number of macro-
phages and T cells after AAV-mediated gene delivery, the treated
cochleae were harvested at POD3 and POD28. POD3 was chosen
to detect the innate immune responses, which is typically triggered
within 4 days after pathogen exposure.'” The cochleae from age-
matched non-surgery mice were used as negative controls. POD28
was selected as the approximate time point when maximal viral
transduction was expected.”” The eGFP signals were detectable by
POD3 and increased by POD28 for both AAV2.7m8 and AAV2-
CAG-eGFP-injected mice (Figure S3). Whole-mount images from
the sensory epithelium (Figure 3C) and lateral wall (Figure 3F)
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were used for quantification of macrophages and T cells in the co-
chlea. The number of animals used and the respective p values are
summarized in Table 1. In the sensory epithelium, an increase in
cochlear macrophages was observed in all injected mice on POD3
compared with non-surgery control mice (Figure 3A). The increase
in macrophages was statistically significant in vehicle-injected mice
compared with non-surgery control mice in the apical and middle
turns (p = 0.019 for apical turn and p = 0.014 for the middle turn,
Kruskal-Wallis test with Dunn’s multiple comparisons). In the
lateral wall on POD3, we also observed an increase in cochlear mac-
rophages in all injected mice compared with non-surgery control
mice (Figure 3D). The increase in macrophages was statistically sig-
nificant in AAV2-injected mice compared with non-surgery control
mice in the middle and basal turns (p = 0.044 for both the middle and
basal turns, Kruskal-Wallis test with Dunn’s multiple comparisons).
The fact that similar levels of increases in cochlear macrophages were
observed in mice injected with AAV and vehicle suggests that the in-
crease in macrophages on POD3 may be due to surgical trauma, and
not due to AAV-mediated gene delivery alone. On POD28, we did
not observe any statistically significant increases in the number of
macrophages in all cochlear turns compared with non-surgery con-
trol mice both in the sensory epithelium (Figure 3B) and in the lateral
wall (Figure 3E). Interestingly, there was no statistically significant
increase in the number of T cells between AAV2.7m8-injected,
AAV2-injected, or vehicle-injected mice compared with non-surgery
mice at POD3 and POD 28, both in the sensory epithelium and in the
lateral wall (Figure 3). We also did not observe any increase in mac-
rophages or T cells in the utricles between AAV2.7m8-injected,
AAV2-injected, or vehicle-injected mice compared with non-surgery
mice at POD3 and POD 28 (Figures 3G and 3H). These results sug-
gest that, while macrophages were recruited to the cochlea, the num-
ber of T cells did not increase significantly within 28 days after AAV-
mediated inner ear gene delivery.

AAV-mediated inner ear gene delivery triggers neutralizing
antibody production

An essential aspect of the adaptive immune response is the production
of antibodies mediated by B cells. We examined whether AAV-medi-
ated inner ear gene delivery would result in the production of neutral-
izing antibodies in the serum. Adult C57BL/6 mice (8-10 weeks old)
were injected either with AAV2.7m8-CAG-eGFP (1.0 X 10" GQ),
AAV2-CAG-eGFP (1.0 x 10" GC), or vehicle, and the serum was
collected at POD28 for analyses (Figure 4). The serum from mice
that were injected with vehicle had a mean neutralizing antibody titer
of 28.01 + 51.46 (mean * SD) against AAV2-CAG-eGFP (n = 8, fe-
male = 4, male = 4). The serum of AAV2-CAG-eGFP-injected mice
had a mean neutralizing antibody titer of 3,535.59 + 3,795.54 against
AAV2-CAG-eGFP (n = 7, female = 4, male = 3). This was statistically

Figure 2. Macrophage activation after AAV2.7m8-mediated inner ear gene delivery in Cx3cr

1 GFP/GFP mice

Confocal images of the Cx3cr1%™¢ 7 cochlear middle turns are shown. Adult (8- to 10-week-old) Cx3cr1% S mice underwent AAV2.7m8-CAG-tdTomato injections via

the PSCC approach, and cochleae were processed on POD 1, 3, 7, 14, 21, 28 (B-G). Cochlear images from a non-surgery Cx3cr

16FP/GFP mouse are shown for comparison

(A). The eGFP (green) and CD68 (blue) antibodies are used to label macrophages, tdTomato (magenta) expression indicates viral transduction, and Hoechst and phalloidin

stains (white) label the nucleus and F-actin, respectively. Scale bar, 20 pm.
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Figure 3. Macrophage and T cell activation after AAV-mediated inner ear gene delivery in C57BL/6 mice

C57BL/6 mice were used to localize the macrophages and T cells in the cochlea and utricle after AAV-mediated inner ear gene delivery. Quantification of macrophages (by
anti-IBA1 antibody) and T cells (by anti-CD3 antibody) were done using whole-mount images of the sensory epithelium (A and B), lateral wall (C and D), and utricle (G and H).
Quantifications were performed on POD3 and POD28. Sample whole-mount images used for quantification are shown (C, sensory epithelium; F, lateral wall; I, utricle).
Animals that did not undergo surgery were used as non-surgery controls. The scale bars represent 20 pm. Kruskal-Wallis test with Dunn’s multiple comparisons were used

for statistical analysis. *p < 0.05.

significantly higher than the mean neutralizing antibody titer of the
vehicle-injected group (p = 0.0077, Kruskal-Wallis test with Dunn’s
multiple comparisons). The serum of AAV2.7m8-CAG-eGFP-in-
jected mice had a mean neutralizing antibody titer of 11,156.05 +
7,567.70 against AAV2.7m8-CAG-eGFP (n = 8, female = 4, male =
4). This was significantly higher than the mean neutralizing antibody
titer in vehicle-injected mice (p < 0.0001, Kruskal-Wallis test with
Dunn’s multiple comparisons). We also tested the cross-reactivity of
the serum of AAV2-CAG-eGFP-injected mice against AAV2.7m8
vector and found that the mean neutralizing antibody titer was
181.93 + 77.32 (n = 3, female = 1 and male = 2, p > 0.99, Kruskal-
Wallis test with Dunn’s multiple comparisons). On the other hand,
the serum of AAV2.7m8-CAG-eGFP-injected mice had a mean
neutralizing antibody titer of 1,220.17 + 784.80 against AAV2-CAG-
eGFP (n = 3, female = 2 and male = 1, p = 0.82, Kruskal-Wallis test
with Dunn’s multiple comparisons). Our results indicated that
AAV-mediated inner ear gene delivery triggered the humoral compo-
nent of the adaptive immune response in the serum for both AAV2
and AAV2.7m8 within 1 month from surgery.

AAV-mediated inner ear gene delivery does not trigger an
interferon-y-mediated peripheral cellular immune response

In addition to B cells, T cells also play an important role in mediating
the adaptive immune responses. In fact, exposure to foreign antigens
such as AAV can trigger the release of the inflammatory cytokine
interferon gamma (IFN-y) To assess whether AAV-mediated inner
ear gene delivery triggers an antigen-specific IFN-y-mediated
T cell response, splenocytes from mice injected with AAV2.7m8-
CAG-eGFP (1.0 x 10" GC, n = 7, female = 6, male = 1), AAV2-
CAG-eGFP (1.0 x 10'° GC, 1 = 7, female = 5, male = 2), or vehicle
(n = 8, female = 2, male = 6) were harvested. All samples were
analyzed on POD28 using an IFN-y ELISpot assay. The splenocytes
were stimulated in vitro with an overlapping peptide library span-
ning the VP1 sequence from AAV2.7m8 or AAV2, and the peptides
were divided into three pools (VPla, VP1b, and VP1c). Unstimu-
lated cells (culture media only) were used as a negative control,
and concanavalin A stimulation was used as a positive control for
cytokine secretion. Of the seven mice that were injected with
AAV2.7m8-CAG-eGFP, six mice did not show an IFN-y-positive
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Table 1. Summary of the number of mice and p values for activation of macrophages and T cells following AAV-mediated inner ear gene delivery in adult

C57BL/6 mice

POD3 POD28
Apical turn Middle turn Basal turn Apical turn Middle turn Basal turn
Macrophages
AAV2.7m8-CAG-eGFP-injected POD3 n = 3
.11 .11 .31 . .12 .
(f=2,m=1),POD28 n =3 (f= I,m = 2) 0 0 0.3 0.09 0 >099
. . AAV2-CAG-eGFP-injected POD3 n = 4
Sensory epithelium (f=2,m=2), POD28 n =3 (f= L,m = 2) 0.33 0.39 0.92 0.12 0.70 0.14
vehicle-injected POD3 n =3 (f = 2,m = 1), \ R
0.019° 0.014° 0.11 0.16 0.21 0.16
POD28 n =3 (f=1m =2)
AAV2.7m8-CAG-eGFP-injected POD3 n = 3
.52 . .4 .1 . .
(f=2m = 1), POD28 n =3 (f = 2m = 1) 0.5 >0.99 0.47 0.18 >0.99 0.77
AAV2-CAG-eGFP-injected POD3 n = 3 N N
Lateral wall (f=2m=1), POD28 n=3 (f=2,m = 1) 0.09 0.044 0.044 0.63 0.58 0.30
vehicle-injected POD3 n =3 (f = 2,m = 1),
0.27 0.16 0.28 0.99 0.27 0.24
POD28 1 =3 (= 1,m = 2) g
AAV2.7m8-CAG-eGFP-injected POD3 n = 3 0.43 0.65
(f=2m=1),POD28 n =4 (f=2,m = 2) - :
. AAV2-CAG-eGFP-injected POD3 n = 4
Utricle (f=2m=2), POD28 1 = 4 (f = 2,m = 2) 0.065 >0.99
vehicle-injected POD3 n = 4 (f = 2,m = 2),
0.20 0.99
POD28 1 = 3 (m = 3) g
T cells
AAV2.7m8-CAG-eGFP-injected POD3 n = 3
0.9 0. 0.25 0.16 0. 0.
(f=2,m=1),POD28 n=3 (f= L,m = 2) >099 >099 >099 >099
- AAV2-CAG-eGFP-injected POD3 n = 4
Sensory epithelium (f=2,m=2), POD28 1 = 3 (f= L,m = 2) >0.99 >0.99 >0.99 >0.99 0.75 >0.99
vehicle-injected POD3 n =3 (f = 2,m = 1),
0.31 0.95 0.69 0.23 0.36 0.11
POD28 n =3 (f=1m =2)
AAV2.7m8-CAG-eGFP-injected POD3 n = 3
.9 . . .77 .34 .1
(f=2m = 1), POD28 =3 (f = 2m = 1) >0.99 >0.99 >0.99 0 0.3 0.18
AAV2-CAG-eGFP-injected POD3 n = 3
Lateral wall (f=2m=1), POD28 n=3 (f=2,m = 1) >0.99 0.23 0.30 >0.99 0.09 0.14
vehicle-injected POD3 n =3 (f =2,m = 1),
POD28 11 =3 (f= 1,m = 2) >0.99 0.12 0.25 >0.99 0.92 >0.99
AAV2.7m8-CAG-eGFP-injected POD3 n = 3 0.32 0.55
(f=2,m=1),POD28 n =4 (f=2,m = 2) - :
. AAV2-CAG-eGFP-injected POD3 n = 4
Utricl . .
rice (f=2,m=2), POD28 n = 4 (f = 2,m = 2) 040 >099
vehicle-injected POD3 n = 4 (f = 2,m = 2),
) >0.99 >0.99

POD28 n =3 (m = 3)

f, female; m, male.

Kruskal-Wallis test with Dunn’s multiple comparisons were used for statistical analyses. Comparisons were performed with non-surgery mice (n = 3: f=1, m = 2).

p < 0.05.

response to the viral capsid peptides (Figure 5A); only mouse 3
showed positive responses to VP1b and VP1lc. Among the seven
mice that were injected with AAV2-CAG-eGFP, six mice did not
show an IFN-y-positive response to the viral capsid peptides; only
mouse 6 showed IFN-y-positive responses to VPIb and VPlc
(Figure 5B). We also performed the IFN-y ELISpot assay on spleno-
cytes from vehicle-injected mice and found that vehicle-injection did
not trigger AAV capsid specific IFN-y-secretion (Figures 5A and

5B). These results suggest that AAV-mediated inner ear gene deliv-
ery did not trigger significant IFN-y-mediated antigen-specific T cell
immune responses toward the AAV capsid.

AAV-mediated inner ear gene delivery causes an increase in
selected cytokines and chemokines locally and systemically
Pro-inflammatory cytokines and chemokines play important roles in
both innate and adaptive immunities. We examined the secretion of
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Figure 4. AAV-mediated inner ear gene delivery triggers neutralizing
antibody production by POD28

The neutralizing antibody titers against AAV were quantified in mouse serum after
AAV2-CAG-eGFP, AAV2.7m8-CAG-eGFP, or vehicle injections. The y axis shows
viral neutralizing antibody titer by reciprocal dilution, and the x axis shows the identity
of each group. Serum samples from AAV2-CAG-eGFP-injected mice against AAV2
(A, n = 7) showed statistically significant increase in neutralizing antibodies
compared with serum samples from vehicle-injected mice (E, n = 8). Serum samples
from AAV2.7m8-CAG-eGFP-injected mice against AAV2.7m8 (B, n = 8) also
showed statistically significant increase in neutralizing antibodies compared with
serum samples from vehicle-injected mice (E, n = 8). Serum samples from AAV2-
CAG-eGFP-injected mice did not show significant increase in neutralizing anti-
bodies against AAV2.7m8 (C, n = 3), and serum samples from AAV2.7m8-CAG-
eGFP-injected mice did not show significant increase in neutralizing antibodies
against AAV2 (D, n = 3). Kruskal-Wallis test with Dunn’s multiple comparisons were
used for statistical analysis. The error bars show standard deviations. *p < 0.01,
***p < 0.0001.

pro-inflammatory cytokines and chemokines in the perilymph and
serum of mice injected with AAV2.7m8-CAG-eGFP (1.0 x 10"
GC), AAV2-CAG-eGFP (1.0 x 10" GC), or vehicle. Non-surgery
mice were used as controls. The pro-inflammatory cytokines and che-
mokines that were assessed include IFN-y, interleukin (IL)-1p, IL-2,
IL-6, IL-10, tumor necrosis factor (TNF)-a, and CXCL1. The number
of mice used in each experiment and their respective p values are sum-
marized in Table S3. On POD3, increases in IL-6 and IL-1f were
observed in perilymph samples from animals injected with
AAV2.7m8-CAG-eGFP, AAV2-CAG-eGFP, and vehicle compared
with non-surgery controls (Figure 6A) (IL-6, p = 0.022, p = 0.014,
p = 0.0094; IL-1, p = 0.033, p = 0.012, p = 0.044, respectively;
Kruskal-Wallis test with Dunn’s multiple comparisons). In addition,

increases in TNF-o and IL-10 were also observed in perilymph sam-
ples from animals injected with AAV2-CAG-eGFP and vehicle
compared with non-surgery controls (Figure 6A) (TNF-a, p = 0.012,
p = 0.047; IL-10, p = 0.017, p = 0.039, respectively; Kruskal-Wallis
test with Dunn’s multiple comparisons). On POD28, most of the
elevated pro-inflammatory cytokines and chemokines in perilymph
normalized to levels similar to non-surgery animals (Figure 6C).
However, TNF-a was elevated in mice injected with AAV2.7m8-
CAG-eGFP compared with non-surgery mice (p = 0.036). On the
other hand, serum samples from mice that were injected with
AAV2.7m8-CAG-eGFP, AAV2-CAG-eGFP, or vehicle did not show
any increase in pro-inflammatory cytokines/chemokines compared
with non-surgery animals on POD3 and POD28 (Figures 6B and
6D). Overall, these results suggest that the elevation of pro-inflamma-
tory cytokines and chemokines in perilymph is mostly transient, local-
ized, and most likely induced by surgical trauma.

Viral genomes are not detected in the liver of injected mice on
POD28

The liver is a key organ for metabolism. One common side effect seen
in patients who received AAV-mediated gene therapy is drug-related
hepatitis.”® Since AAV-mediated inner ear gene delivery triggers the
production of anti-AAV-neutralizing antibodies in the serum, we
investigated whether localized AAV-mediated inner ear gene delivery
caused systemic detection of AAV genomes in the liver of injected an-
imals. Liver tissues were collected on POD3 and POD28 from animals
that underwent inner ear injections with AAV2.7m8-CAG-eGFP
(1.0 x 10" GC), AAV2-CAG-eGFP (1.0 x 10' GC), or vehicle.
Extracted DNA samples from AAV2.7m8-CAG-eGFP-injected mice
(POD3, n = 4, female = 2, male = 2; POD28, n = 6, female = 3,
male = 3), AAV2-CAG-eGFP-injected mice (POD3, n = 4, female =
2, male = 3), POD28, n = 6, female = 3, male = 3), vehicle-injected
mice (POD3, n = 4, female = 2, male = 2; POD28, n = 6, female = 2,
male = 4), and age-matched non-surgery mice for control (n = 8, fe-
male = 4, male = 4) were analyzed by digital droplet PCR (ddPCR).
The presence of viral genomes was assessed by probes targeting the
eGFP sequence and compared with non-surgery mouse samples. On
POD3, AAV2.7m8 genomes were detected in the liver of mice that un-
derwent AAV2.7m8-CAG-eGFP injections. The AAV2 viral genomes
were also detected in the liver of two out of three mice that underwent
AAV2-CAG-eGFP injections, although the levels were lower than
those seen in AAV2.7m8-CAG-eGFP-injected mice (Figure 7). Inter-
estingly, by POD28, neither AAV2 nor AAV2.7m8 viral genomes were
detected in the liver (Figure 7), even though the transgene (eGFP)
delivered by these AAVs expressed abundantly in the cochlea
(Figure S3C). This suggests that, although AAV genomes may be tran-
siently detected in the liver of mice that underwent AAV-mediated in-
ner ear gene delivery, these viral genomes were cleared by POD28.

DISCUSSION

The host immune response plays an important role in the success of
AAV-mediated gene therapy.” It has been reported that host im-
mune responses triggered by AAV can have a significant impact
on the efficacy and safety of gene therapy.”*”*' The human inner
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Figure 5. AAV-mediated inner ear gene delivery
does not trigger a significant anti-capsid peripheral
cellular immune response

Splenocytes (POD28) were stimulated in vitro with an
overlapping peptide library spanning the VP1 sequence
of AAV2.7m8 or AAV2 and analyzed using an IFN-y
ELISpot assay. Responses were considered positive
when the number of spot-forming colonies (SFCs) per
1 x 108 cells were >50 and at least 3-fold higher than
the negative control. The orange dashed lines show
the value of negative controls. (A) The splenocytes
from AAV2.7m8-CAG-eGFP-injected mice (n = 7) were
tested and only mouse #3 showed an IFN-y-positive
response, (B) The splenocytes from AAV2-CAG-eGFP
injected mice (n = 7) were tested and only mouse #6
showed an IFN-y-positive response. The responses
were considered positive when the number of SFCs
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ear was previously considered to be immune privileged due to its
relatively isolated anatomical location. However, several studies
have shown that the mammalian inner ear has an active immune sys-
tem."* As the field of AAV-mediated inner ear gene therapy matures,
it is important to examine in detail the host innate and adaptive im-
mune responses triggered by AAV-mediated inner ear gene delivery.

Macrophages play a key role in the innate immune responses of
the mammalian inner ear. We tracked the macrophages in
Cx3cr1F/STP mice after AAV-2.7m8-CAG-tdTomato injections at
PODI, 3, 7, 14, 21 and 28. We observed that, starting at POD3, an
increase in macrophages was detected near the spiral limbus,
the osseous spiral lamina, and the basilar membrane. The number
of macrophages peaked at PODI4 and declined by POD28.
We repeated the experiment with AAV2-CAG-tdTomato injection
to  Cx3cr1®H/GrP
Cx3cr1“"/S*F mice may have altered immune responses due to
the lack of CX3CR1, we repeated this experiment with C57BL/6
mice and quantified macrophages at POD3 and POD28. We found
that, although the number of macrophages in sensory epithelium
increased in mice after either AAV2.7m8-CAG-eGFP, AAV2-
CAG-eGFP, or vehicle injections, only vehicle-injected mice showed

mice and observed similar trends. Since

per 1 x 10° cells were >50 and at least 3-fold higher
than the negative control. Error bars represent

Vehicle injected #1 standard devations.

Vehicle injected #2
Vehicle injected #3

AAV2-injected #1
AAV2-injected #2 a statistically significant increase in apical and
AAV2-injected #3 middle turns of cochlea in the sensory epithe-
AAV2-injected #4 lium on POD3, and the AAV2-CAG-eGFP-
AAV2-injected #5 injected mice showed a statistically significant
AAV2-injected #6 increase in the middle and basal turns in the
AAV2-injected #7 lateral wall on POD3, when compared with
non-surgery control mice. By POD28, the
a: Negative control ~ number of cochlear macrophages were similar
g ¥P1b between all injected and non-injected mice. In
g \IéP;mve control addition, we performed assays to assess the

presence of pro-inflammatory cytokines and

chemokines in the perilymph and serum
samples from mice that underwent AAV-mediated inner ear gene
delivery. Perilymph samples from AAV2.7m8-CAG-eGFP-injected
mice, AAV2-CAG-eGFP-injected mice, and vehicle-injected mice
on POD3 showed an increase in pro-inflammatory cytokines and
chemokines such as IL-6 and IL-1f compared with non-surgery
control mice. In addition, perilymph samples from AAV2-CAG-
eGFP-injected mice and vehicle-injected mice on POD3 showed an
increase TNF-o and IL-10 compared with non-surgery control
mice. On the other hand, serum samples from all injected animals
did not show a significant increase in cytokines compared with
non-injected mice on both POD3 and POD28. Overall, these results
suggest that the innate immune responses observed after AAV-medi-
ated inner ear gene delivery are mainly caused by surgical trauma
and not by AAV vectors themselves.

Regarding the adaptive immune responses, the production of anti-
AAV neutralizing antibodies plays an important role in the host im-
mune responses for AAV-mediated gene therapies. In fact, for some
AAV-mediated gene therapy clinical trials, the presence of pre-exist-
ing anti-AAV neutralizing antibodies is an exclusion criterion for
trial enrollment.'>** Anti-AAV neutralizing antibodies could signif-
icantly interfere with AAV-mediated gene delivery.” However, some
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studies have shown that the presence of anti-AAV neutralizing anti-
bodies in the serum may not interfere with AAV-mediated gene
therapy if the viral vector is administrated locally, such as in the
subretinal space of the eye."**® Another study showed that direct in-
jection of AAVs into the brain of patients with neurodegenerative
diseases who have pre-existing anti-AAV neutralizing antibodies
did not cause severe adverse effects and showed similar treatment
efficacy compared with patients who did not have pre-existing
neutralizing antibodies against AAV.** Our results showed that local
injections of AAV2.7m8-CAG-eGFP or AAV2-CAG-eGFP into the
mouse inner ear led to the production of neutralizing antibodies
against these viral vectors by POD28 in the serum. After AAV injec-
tion into the perilymph, the pathways through which the viral
vectors can reach the target cells in the inner ear are not completely
understood. However, unlike AAV-mediated gene delivery into the
retina, which rarely results in the production of neutralizing anti-
bodies,”” AAV-mediated inner ear gene delivery does trigger pro-
duction of neutralizing antibodies. An important question that still
needs to be addressed is whether pre-existing neutralizing antibodies
against naturally occurring AAVs could affect subsequent AAV-
mediated inner ear gene delivery. A study showed intravenous injec-
tion of AAV-PHP.B caused neutralizing antibodies in serum, but this

Serum POD3

Serum POD28

= Non-surgery

Figure 6. Assessment of pro-inflammatory cytokine
and chemokine activation in response to AAV-
mediated inner ear gene delivery

The levels of pro-inflammatory cytokines and chemokines
are assessed in perilymph and serum samples from
AAV2.7m8-CAG-eGFP-injected mice (POD3 perilymph
n = 4 [female = 2 and male = 2], POD3 serum n = 3
[female = 2 and male = 1], POD28 perilymph and serum
n = 6 [female = 3 and male = 3]), AAV2-CAG-eGFP-
injected mice (POD3 perilymph n = 4 [female = 2 and
male = 2], POD3 serum n = 4 [female = 2 and male =
2], POD28 perilymph n = 5 [female = 3 and male = 2],
POD28 serum n = 6 [female = 3 and male = 3]), and
vehicle-injected mice (POD3 perilymph and serum n = 4
[female = 2 and male = 2], POD28 perilymph and serum
n = 6 [female = 2 and male = 4]) were evaluated.
Perilymph and serum samples from non-surgery mice
(n =9 [female = 4 and male = 5]) were used as controls.
(A)  Periymph of all injected groups at POD3
demonstrated increases in IL-18 and IL-6 compared
with the non-surgery group. AAV2-CAG-eGFP and
vehicle-injected groups also showed increases in TFN-a
and IL-10 compared with the non-surgery group. (B)
Serum at POD3 from injected groups did not show
significant  differences in cytokine/chemokine levels
compared with non-surgery samples. (C) Perilymph
samples at POD28 from AAV2.7m8-CAG-eGFP-
injected group showed an increase in TFN-a compared
with non-surgery controls. (D) Serum at POD28 from
injected groups do not show significant differences in
cytokine/chemokine levels compared with non-surgery
samples. Kruskal-Wallis test with Dunne’s multiple
comparisons were used for statistical analysis. Error
bars show standard deviations. *p < 0.05, **p < 0.01.
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did not affect the viral transduction of subsequent AAV-mediated
gene delivery to the cerebellum.*® However, a seroprevalence study
showed a high prevalence of pre-existing neutralizing antibodies
against AAVs globally, which could affect even the initial dose of
AAV-mediated gene therapy due to cross-reactivities.*”*" In this
study, we also examined the in vitro cross-reactivity between
AAV2 and AAV2.7m8 by using the serum samples from mice in-
jected with either of these viral vectors. AAV2.7m8 is a synthetic
AAYV that was modified from AAV2 by adding 10 additional amino
acids to its viral capsid sequence.”’ Therefore, we expected cross-
reactivity between these two serotypes. To our surprise, the cross-
reactivity was very limited. Currently, there are several ongoing inner
ear gene therapy clinical trials targeting the non-syndromic auto-
somal recessive hereditary hearing loss DFNB9, and no significant
adverse effects related to neutralizing antibodies have been re-
ported.”® Additional studies are needed to examine the cross-reac-
tivities of various AAV serotypes for inner ear gene delivery.

ELISpot assays were performed to evaluate whether AAV-medi-
ated inner ear gene delivery induced antigen-specific IFN-y secre-
tion by cytotoxic T cells in the spleen. Both AAV2-CAG-
eGFP and AAV2.7m8-CAG-eGFP-injected mice showed minimal
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Figure 7. Vector biodistribution in the liver after AAV-mediated inner ear
gene delivery

Extracted DNA from liver of AAV2.7m8-CAG-eGFP-injected mice (PODS, n = 4;
POD28, n = 6), AAV2-CAG-eGFP-injected mice (POD3, n = 4; POD28, n = 6),
vehicle-injected mice (POD3, n = 4; POD28: n = 6), and non-surgery mice (n = 8)
were amplified by ddPCR, and viral genomes were detected using probes targeting
the eGFP sequence. Albumin was used as a reference. At POD3, viral genomes
were detected in the liver samples from all AAV2.7m8-CAG-eGFP-injected mice
and two out of three AAV2-CAG-eGFP-injected mice. At POD28, viral genome
detection levels in all injected mice returned to the level of non-surgery mice. The
orange dashed line shows the positivity threshold from background defined from
non-surgery mice. * indicates values above baseline in all samples.

IFN-y secretion against capsid peptide of respective AAV vectors.
Only one out of seven mice in each group showed positivity. The
cellular component of the adaptive immune response may have signif-
icant impact on the long-term outcomes of AAV-mediated gene ther-
apy.””” Our results showed that a one-time local injection of AAVs
into the inner ear did not induce systemic cytotoxic T cell responses.
To examine the systemic impact of AAV-mediated inner ear gene de-
livery, we evaluated whether viral genomes are detected in the liver.
Our results showed that, on POD3, viral genomes were detected in
the liver tissues of both AAV2-CAG-eGFP- and AAV2.7m8-CAG-
eGFP-injected mice. The AAV vectors injected into the inner ear
might travel from the inner ear to other organ systems through the
cochlear aqueduct and/or through blood vessels supplying the inner
ear.">> However, by POD28, viral genomes in the hepatocytes were
barely detectable.”

In this study, we investigated the innate and adaptive immune re-
sponses triggered by a single injection of AAV2 or AAV2.7m8 into
the adult mouse inner ear. Our results indicate that the innate im-
mune responses were mainly triggered locally by the surgical trauma.
For the humoral component of adaptive immune responses, anti-
AAV neutralizing antibodies were detected in the serum of injected
animals. For the cellular component of adaptive immune responses,

Molecular Therapy: Methods & Clinical Development

secretion of AAV-capsid specific IFN-y by cytotoxic T cells was de-
tected in only one out of seven mice, and the reaction is considered
mild compared with positive controls. Our results indicate that the
host innate and adaptive immune responses triggered by AAV-
mediated inner ear gene delivery are limited and mild, which sug-
gests that the host immune system is less likely to interfere with
the efficacy and safety of inner ear gene therapy.

MATERIALS AND METHODS

Animal surgery

Animal surgery was approved by the Animal Care and Use Commit-
tee at the National Institute on Deafness and Other Communication
Disorders (NIDCD ASP1378). All animal procedures were done in
compliance with the ethical guidelines and regulations set forth
by the Animal Care and Use Committee at NIDCD. Adult (8- to
10-week-old) C57BL/6 and B6.129P2(Cg)—Cx3cr1’mlLitt/] (described
as Cx3cr1®™/C*P in the manuscript) mice were used for this project.
Inner ear gene delivery was performed via the PSCC approach as pre-
viously described.'® Briefly, anesthesia was induced using isoflurane
gas (Baxter, cat# 1001936040, Deerfield, IL, USA) through a nose
cone for the mouse at a flow rate of 0.5 L/min. A post-auricular inci-
sion was made with scissors. The subcutaneous tissues were bluntly
dissected to expose the PSCC. The facial nerve was identified after
dividing the sternocleidomastoid muscle. To locate the PSCC, the
facial nerve was followed superiorly and posteriorly. The PSCC
was localized approximately 3-4 mm posteriorly from the ear canal.
To expose lumen of the ossified PSCC, a 27G hypodermic needle was
used to enter the canal lumen. A Nanoliter Microinjection System
(World Precision Instruments, Nanoliter2000, Sarasota, FL, USA)
was used in conjunction with a polyethylene tube (MicroLumen,
0.1222 mm diameter, Oldsmar, FL, USA) attached to a glass micro-
pipette (Shutter Instruments, 1.0 mm outer diameter, 0.75 mm
inner diameter, Novato, CA, USA) to load the viral vector. The
polyethylene tube was inserted into the PSCC lumen. GLUture
topical tissue adhesive (World Precision Instruments, cat#
503763, Sarasota, FL, USA) was used to secure the injection
tubing around the PSCC fenestration to prevent perilymph
leakage from the injection site. Approximately 1 pL of virus of
AAV2-CAG-eGFP (1.0 x 10" GC/mL) and AAV2.7m8-CAG-
eGFP (1.0 x 10 GC/mL) and AAV2-CAG-tdTomato
(1.0 x 10" GC/mL) and AAV2.7m8-CAG-tdTomato (1.1 X
10"* GC/mL) were injected into the PSCC of each animal. Injections
were performed only in the left ear of each animal. The posterior
semicircular canalostomy was sealed with a small piece of muscle
with GLUture topical tissue adhesive and the incision was closed
with 5-0 Vicryl sutures (Ethicon, cat# J303H, Raritan, NJ, USA)
and GLUture topical tissue adhesive. All injected animals were in-
jected in the left ear only. Age-matched non-injected mice were
used as non-injected controls.

Immunohistochemistry and quantifications

Mice were euthanized by CO, asphyxiation followed by decapitation.
Temporal bones were harvested and fixed with 4% paraformalde-
hyde diluted in PBS, followed by decalcification in 120 mM EDTA
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(Thermo Fisher Science Invitrogen, cat# AM9261, Waltham, MA,
USA), for 3-5 days. The cochlear tissues were micro-dissected into
base, middle, and apical turns. The length of each turn (mean +
SD) was 1.67 + 0.14 mm for the apical turn, 1.44 + 0.13 mm for
the middle turn, and 2.07 + 0.21 for the basal turn. The approximate
frequency range is 5-12 kHz for the apical turn, 12-24 kHz for the
middle turn, and 24-64 kHz for the basal turn.”® Tissues were
washed in PBS and blocked/permeabilized with 2% BSA and goat
serum with 0.5% Triton X-100 in PBS for 2 h. Incubation with pri-
mary antibody was performed overnight at 4°C. Antibodies against
the T cell maker CD3 (1:200, BD Bioscience, cat# BDB562163,
Franklin Lakes, NJ, USA) and against the macrophage marker
IBA1 (1:200, Invitrogen, cat# PA5-27436, Carlsbad, CA, USA)
were used to quantify the presence of T cells and macrophages in
the inner ear tissues, respectively. The antibody against CD3 markers
was tested in the thymus, spleen, and bone marrow specimens to
confirm its ability to detect T cells before its use in the cochlea
(data not shown). For the secondary antibodies, Alexa Fluor 546
goat anti-rabbit immunoglobulin (Ig) G (1:500, Thermo Fisher Sci-
ence Invitrogen, cat# A-11035), and Alexa Fluor 647 goat anti-rat
IgG (1:500, Thermo Fisher Science Invitrogen, cat# A-21247) were
applied for 2 h at room temperature. Phalloidin-Atto 390, was
used to label F-actin (1:50, Sigma-Aldrich, cat#50556, St. Louis,
MO, USA). Hoechst stain was used for label nuclei (1:300, Life Tech-
nologies, cat# 62,249, Carlsbad, CA, USA). Primary and secondary
antibodies were diluted in 1x PBS. For cross-sections, cochleae
were collected and fixed overnight with 4% paraformaldehyde
diluted in PBS (Electron Microscopy science, cat#15710, Hatfield,
PA, USA), followed by decalcification in EDTA for 3-5 days and
embedded in SCEM freezing media (Section-Lab, cat# C-EMO0I,
Kanagawa, Japan); 10-pm sections were collected using Leica
CM3050S cryostat. Images were obtained using z stack with Zeiss
LSM900 confocal microscope (Zeiss Microimaging, Jena, Germany)
with Plan-Neofluaromat x40/1.3 Oil DIC M27, Plan-Neofluar x20/
0.80 NA, Plan-Apochromat 63x/1.4NA objectives. Macrophages
were identified using anti-IBA1 antibody, and T cell were identified
with anti-CD3 antibody in z stack images of whole mount with 40x
magnifications and manually counted, and the average from two
location in each cochlear region (base, middle turn, and apex) of
the specimen was taken. Whole-mount images of the cochlea from
Cx3cr1®™/SFP mice were processed with PFA and EDTA as
mentioned above, and dissected into basal, middle, and apical turns
to evaluate changes in macrophage number on POD 1, 3, 7, 14, 21,
28; animals that did not undergo surgery were used as controls
(non-surgery control). Antibody against GFP (1:1000, Abcam, cat#
ab13970, Boston, MA, USA) was used to label eGFP, and anti-
CD68 antibody (1:200, Bio-Rad, cat# MCA1957) was used to
label macrophages. Alexa Fluor 647 goat anti-rat IgG (1:500,
ThermoFisher Science Invitrogen, cat# A-21247, Waltham, MA)
and Alexa Fluor 488 goat anti-chicken IgG (1:500, Thermo Fisher
Science Invitrogen, cat# A-11039) were used as secondary anti-
bodies. Phalloidin-Atto 390 was used to label F-actin (1:50, Sigma-
Aldrich, cat# 50556) and Hoechst stain was used for label nuclei. z
stack images were captured with a Plan-Neofluaromat 40x/1.3 Oil

DIC M27 objective. Three-dimensional view of confocal images
was processed with Imaris Viewer 10.1.1 (Oxford Instruments,
Abington, UK).

The quantification of cochlear hair cells transduction was performed
as follows. The total number of inner and outer hair cells was
counted, and the number of eGFP-expressing inner and outer hair
cells was assessed from two separate images in each cochlear turn
(apex, middle, and basal turns). The transduction rates of each
cochlear turn for AAV2.7m8-CAG-eGFP and AAV2-CAG-eGFP
are summarized in Table S1.

Perilymph collection

Perilymph was collected through the PSCC approach on POD3 and
POD 28 as previously described.”® A small drop of Vetbond Tissue
Adhesive (3M, cat# 1469SB, St. Paul, MN, USA) was applied to the
surface of the PSCC. A small fenestration was made on the surface
of PSCC through the hardened tissue glue. The first 1.1 pL of peri-
lymph was collected using a micro-pipette.”>*” Collected perilymph
was frozen immediately and kept at —80 C° until processing.

Viral neutralizing antibody titer assay

Serum samples were collected from animals that were injected with
either AAV2-CAG-eGFP, AAV2.7m8-CAG-eGFP, or vehicle on
POD28. COS-7 cells (ATCC, cat# CRL-1651, Gaithersburg, MD,
USA) were cultured in DMEM at 7,000 cells/well and incubated
for 24 h in a 96-well plate. Serum was serially diluted, and the diluted
serum was applied to COS-7 cells along with 2.5 x 10° GC of AAV2-
CAG-eGFP or AAV2.7m8-CAG-eGFP vectors for 1 hour. For the
positive control, the COS-7 cells were incubated with viral vector
with fetal bovine serum (FBS) (Neuromics, cat# FBS001, Edina,
MN, USA). For the negative control, we incubated COS-7 cells
with culture media without FBS. After 48 h of incubation, cells
were treated with trypsin and analyzed for GFP expression using
Sony SA3800 spectral cell analyzer (Sony Biotechnology, San Jose,
CA, USA) to assess the presence of neutralizing antibodies against
AAVs. For each serum dilution, the experiment was performed in
triplicates. The average GFP expression (%) was calculated and
normalized with positive and negative controls which were per-
formed simultaneously for each assay, and plotted to a nonlinear
regression curve. 50% of GFP expression of the positive control
was calculated to obtain neutralizing antibody titer.

IFN-y ELISpot assay

Splenocytes were isolated from animals four weeks after surgery, and
IFN-y ELISpot assay was performed according to manufacturer’s in-
structions (MABTech, ELISpot Mouse IFN-y, Nacka Strand,
Sweden). Briefly, splenocytes were stimulated in vitro for 48 h with
overlapping peptides spanning the AAV VP1 capsid sequence and
divided into three pools (VP1a, VP1b, VPIc, and 15-mers overlap-
ping by 10 aa). Unstimulated cells with media only were used
as negative controls, and cells that were stimulated with Concanav-
alin A were used as positive controls for cytokine secretion. Spot-
forming colonies were determined using the ELISpot reader ELR07

Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 11



(Autoimmun Diagnostika (AID) GMBH, Strassberg, Germany) and
analyzed with AID ELISpot Reader Software V7.0.

Pro-inflammatory cytokine and chemokine measurement

Seven pro-inflammatory cytokines and chemokines, IFN-y, IL-1,
IL-2, IL-6, CXCL1, IL-10 and TNF-a, were measured in perilymph
and serum samples using electrochemiluminescence V-PLEX proin-
flammatory panel 1 mouse kit (Meso Scale Diagnostics LLC, cat#
K15048D, Rockville, MD, USA). Serum samples from mice were
diluted 2-fold and perilymph samples were diluted 25-fold, and a
total 25 pL of samples were applied to 96-well plate per the manufac-
turer’s instructions. The standard calibrators of each cytokine and
chemokine were assessed in the same plate to generate a standard
curve. The results from each sample were extrapolated into concen-
trations from the standard curve. The samples below the detection
range of each cytokine and chemokine were not included in data
analysis. Computations were conducted using MSD Discovery
Workbench 4.0 Workbench (Meso Scale Diagnostics)‘58

ddPCR genome titer assay

DNA samples were extracted from the liver of mice that underwent
either AAV2.7m8, AAV?2, or vehicle injection on POD3 and POD28.
DNA from livers of non-surgery mice were used as a negative con-
trol. Droplet digital PCR was performed to detect the viral genome
in the liver tissue by using the ddPCR system QX200 (Bio-Rad).
The probe and primers for AAVs were designed to target the
eGFP sequence (GenBank: U57608) and the albumin reference
gene [AIb gene, NM_009654]. The sequences of the primers are: for-
ward eGFP primer 5 AGTCCGCCCTGAGCAAAGA 3, reverse
eGFP primer 5 GCGGTCACGAACTCCAGC 3. the sequence for
eGFP probe is 5 CAACGAGAAGCGCGATCACATGGTC 3'. For
the reference gene, we used mouse albumin (Alb) ddPCR Copy
Number Determination Assay (Bio-Rad, cat # 10042961). The PCR
reactions were performed according to the manufacturer’s protocol
with ddPCR Supermix for probe and duplicated for each sample. The
PCR protocol is as follows: 95°C for 10 min, followed by 40 cycles of
94°C for 30 s and 60°C for 1 min, and a final 98°C heat treatment for
10 min. The PCR plate was subsequently scanned on a QX200
Droplet Digital PCR System (Bio-Rad) and the data were analyzed
with QuantaSoft software (Bio-Rad).

Statistics

GraphPad Prism version 10.1 (GraphPad, Boston, MA) was used for
statistical analysis. We performed normality test on our data to assess
whether they followed a normal distribution. When the data did not
follow a normal distribution, non-parametric tests were used for the
analyses. The statistical test used in each experiment was described in
the results section. A p value of less than 0.05 indicates statistical
significance.
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