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Dexamethasone-eluting cochlear
implants reduce inflammation and
foreign body response in human
and murine cochleae
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Rachel Scheperle?, Ibrahim Razu?, Bryce Hunger?, Rafal T. Olszewski?, Shoujun Gu?,
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The inflammatory foreign body response (FBR) following cochlear implantation (Cl) can negatively
impact Cl outcomes, including increased electrode impedances. This study aims to investigate the
long-term efficacy of dexamethasone-eluting cochlear implant and locally delivered dexamethasone,
a potent anti-inflammatory glucocorticoid, on the intracochlear FBR and electrical impedance
post-implantation in a murine model. Preliminary impedance data in humans are also provided as

a complement to the murine data to illustrate generalizability and reinforce implications related

to clinical application. The left ears of CX3CR1*/SFP Thy1*/YFP (macrophage-neuron dual reporter)

mice were implanted with dexamethasone-eluting cochlear implants (Dex-Cl) or standard implant
(Standard-Cl) while the right ear served as unoperated control. Another group of dual reporter mice
was implanted with a standard Cl electrode array followed by injection of dexamethasone in the
middle ear to mimic current clinical practice (Dex-local). Mouse implants were electrically stimulated
with serial measurements of electrical impedance. Human subjects were implanted with either
standard or Dex-Cl followed by serial impedance measurements. Dex-Cl reduced electrical impedance
in the murine model and human subjects and inflammatory FBR in the murine model for an extended
period. Dex-local in the murine model is ineffective for long-term reduction of FBR and electrode
impedance. Our data suggests that dexamethasone-eluting arrays are more effective than the current
clinical practice of locally applied dexamethasone in reducing FBR and electrical impedance.

A World Health Organization (WHO) 2018 report indicated that hearing loss is the most common sensory
abnormality, affecting 466 million (6.1%) of the world population, and predicts that without appropriate
intervention, the prevalence of disabling hearing loss will reach 630 million by 2030 and over 900 million by
2050". In addition to the loss of capacity to detect acoustic stimuli, hearing loss negatively affects language
and cognitive development, school performance, professional development, and quality of life, and has been
identified as the most prevalent modifiable risk factor for dementia®~’.

Hair cell loss, the most common cause of sensorineural hearing loss, is caused by aging, acoustic trauma,
genetic factors, ototoxins, and inflammation, among other conditions®. Cochlear implants (CI) serve as auditory
rehabilitation for sensorineural hearing loss by bypassing the auditory function of the hair cells. Since William
House and John Doyle implanted the first single-channel device in 1961°, CI industry has seen tremendous
technological advancements in electrode design, programming software, and speech processing strategies'®. CI
electrode arrays are made of platinum/iridium electrodes housed in a silicone elastomer. These materials enable
long-term device function and are deemed biocompatible; however, they are not bioinert'! and a universal
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intracochlear foreign body response (FBR) to Cls has been widely documented!?~1°. A vigorous FBR following
CI is associated with poorer post-implant hearing performance including reduced word recognition score!”.
Further, the extent of the FBR post-CI correlates with electrical impedance across the electrode array'®-24.

Higher electrode impedances require elevated voltages at the electrode-tissue interface potentially leading
to reduced dynamic range of stimulation, reduction in clarity, increased energy consumption, and subsequent
reduction in battery life?’.

Although CIs are used in patients with severe to profound hearing loss, preservation of any residual
natural acoustic hearing represents an area of intense focus to improve overall performance?>~%’. In particular,
preservation of residual acoustic hearing enables combined “acoustic plus electric” (A + E) stimulation, or hybrid
stimulation, which markedly enhances CI performance in noisy environments, music appreciation, and sound
localization?®-32, FBR post-CI in animal models and humans has been correlated with post-CI hair cell loss and
loss of ‘residual acoustic hearing’'®33-41,

Considering the inflammatory component of FBR, macrophages have been identified as a key contributor
following CI in human subjects'>*>*3 and animal models!>***>. Other than macrophages, T and B lymphocytes
have been detected in implanted human cadaveric cochleae®. Also, fibrotic tissue response has been detected
with a-smooth muscle actin (a-SMA) and type 1 collagen47, markers for contractile fibroblasts and fibrosis,
respectively*®*. To mitigate these tissue responses, a non-specific anti-inflammatory compound, dexamethasone
has been used extensively clinically, in animal models, and in vitro models in various forms: locally (injection
into the cochlea, round window niche, and middle ear application, dexamethasone-eluting implants and rods)
and systemically (oral and parenteral) to mitigate the FBR post-CI°*°!. Sparse clinical data suggest that local
dexamethasone in the round window niche, a common clinical practice, reduces electrode impedanceSZ,
corroborated by animal model data showing reduced FBR and protection of residual hearing®*>>. More recently,
dexamethasone-eluting CI (Dex-CI) has been developed to provide sustained, intracochlear dexamethasone
delivery; early clinical trials have demonstrated that Dex-ClI effectively reduces electrode impedance®® while in
animal models, Dex-CI reduces the FBR and electrode impedances and protects hair cells without affecting SGN
density?57-62,

Still, several aspects of the impact of locally applied dexamethasone and Dex-CI are unknown. First, the
long-term pathological changes and their effect on electrical impedance need to be further investigated. Second,
the effectiveness of Dex-CI in mitigating the FBR post-CI and reducing electrical impedance in the long term
needs to be examined. Third, a comparison between local dexamethasone (a current standard clinical practice)
and Dex-CI (an experimental therapy) in reducing FBR post-CI and electrical impedance is pivotal. Fourth,
how long-term CI affects SGN survival needs to be determined, and how SGN survival is affected by Dex-CI is
imperative. Fifth, the diversity of immune cells and their activation status in implanted cochleae warrant further
studies. Finally, considering the non-specific nature of Dex-CI as a pharmacological approach, a search for a
targeted pharmacological approach for reducing FBR post-CI is crucial.

The murine component of this study was designed to address these areas systematically. During the course of
this investigation, our institution began participating in a human clinical trial of a Dex-CI. Our initial experience
with the Dex-CI in humans is included. Although limited in regards to sample size and duration of follow-up,
these novel data complement and support the murine data.

Results

Dexamethasone-eluting implants contain dexamethasone for an extended period in the
murine model

As shown in Fig. 1, once implanted, a significant decrease in the dexamethasone content is observed in Dex-Cls,
suggesting that dexamethasone is released in vivo within the implanted cochlea (p=0.013,0.0076,0.0008 at 10-,
56-, and 112-days post-CI, Ordinary one-way ANOVA with Bonferroni’s correction for multiple comparisons).

Dexamethasone-eluting cochlear implants reduce the density of CX3CR1 + macrophages in
the base of the cochlea in the murine model
Figure 2 showsbasal turn from representative mid-modiolar sections across groupsand time points. Quantification
of CX3CRI1-positive cell density in different regions of cochlea across the study period is shown in Fig. 3. In the
base of the cochlea, standard CI causes the recruitment of CX3CR1-positive cells until 56 days post-CI into the
scala tympani (p=0.007, 0.0021, and 0.0001, at 10-, 28- and 56 days post-CI, respectively) and until 28 days
in the lateral wall (p=0.0043, 0.0104 at 10- and 28-days post-CI respectively) and spiral ganglion (p=0.0038
and 0.0024 at 10- and 28-days post-CI, respectively). Dex-Cls dramatically reduced the CX3CR1 + macrophage
density until 56 days post-CI in scala tympani and lateral wall (for both areas, p=0.0001, 0.0001, and 0.0001 at
10-, 28- and 56-days post-CI, respectively). For the spiral ganglion at the base of the cochlea, Dex-CI continued
to keep the macrophage density significantly lower than standard CI until 112 days post-CI (p=0.0001, 0.0001,
0.001, and 0.0096 at 10-, 28-, 56- and 112-days post-CI, respectively). All the analyses used a two-way ANOVA
with a Tukey multiplicity adjustment.

In contrast to the dramatic effect of Dex-CI, Dex-local reduced macrophage density only in the scala tympani
of the base of the cochlea (and not lateral wall or ganglion) at 10 days post-CI (p=0.0181). This effect wore off
by 28 days post-CI (p=0.47, multiple Mann-Whitney test).

Dexamethasone-eluting cochlear implants reduce cellular density in scala tympani of the
base of the cochlea for an extended period

An increase in the density of all nucleated cells (Hoechst+) was observed in the scala tympani at the base of the
cochlea implanted with a standard CI, compared to the contralateral cochleae, as shown histologically in Fig. 2
and quantified in Fig. 3D (p=0.03, 0.0003, 0.0001 and 0.0001 at 10-, 28-, 56- and 112-days post-CI, respectively).
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Fig. 1. Dexamethasone-eluting implant study overview. (A) Experimental design for dexamethasone-eluting
implant study: The number of cochlea (n) used for histopathology in each group and time point has been
mentioned. (B) Schematic representation of a standard cochlear implants: The electrode assembly of the
standard cochlear implant consists of a half-banded, three-contact intracochlear array: 2.25 mm in length,
0.15 mm in width at the tip, and 0.64 mm in the widest part (base). The distance between the tip and the apical
electrode (E3) is 0.35 mm. Each electrode has a length of 0.25 mm. The distance between the tip of the implant
and the basal end of the first electrode (E1) is 1.6 mm. All the parameters shown in the figure are in mm. The
intracochlear array tapers to a wider extracochlear helix lead wire insulated with silicone. The intracochlear
and two extracochlear electrodes are connected to a transcutaneous 6-pin connector(C). Schematic
representation of dexamethasone-eluting implants: Structurally, dexamethasone-eluting implants are
comparable to the standard implants except that a dexamethasone-eluting strip (blue) is attached to the apical
intracochlear part of the implant. (D) Dexamethasone content of cochlear implants explanted from implanted
mice: Following euthanasia of the implanted mice, 4 mm of the electrode from the tips of the cochlear implants
was collected at 10-, 56-, and 112 days post-CI. The remaining dexamethasone content was measured using
UPLC-MS. Error bars indicate SEM. Statistical analysis was performed using Ordinary one-way ANOVA with
Bonferroni’s multiple comparison test.

Dexamethasone-eluting cochlear implants significantly reduced the cell density in the scala tympani of the base
of the cochlea throughout the experimental period (p=0.0373, 0.0001, 0.0001, and 0.0001 at 10-, 28-, 56- and
112-days post-CI, respectively, Figs. 2 and 3-D). In fact, despite the presence of the electrode array, Dex-CI
nearly eliminated cellular infiltration into the basal turn of the scala tympani throughout the study period,
mirroring the appearance of an unimplanted cochlea.

Dex-local reduced nucleus density only in the scala tympani of the base of the cochlea (and not lateral wall
or ganglion) at 10 days post-CI (p=0.0045); this effect wore off at 28 days post-CI (p=0.15, multiple Mann-
Whitney test).

Additional results are in the supplemental data section. Quantification of macrophage infiltration following
cochlear implantation in the middle, and apical cochlear turns (Supplemental Figure S1), analysis of nucleus
density in the other areas of the cochlea is shown in (Supplemental Figure S2), images labeled with anti-
MHCII antibody ( Supplemental Figure S3), quantification of CX3CR1 + MHCII + macrophages in the cochlea
(Supplemental Figure S4), nalyses of SGN density (Supplemental Fig. 5), single-cell RNA sequencing data
(Supplemental Figure S6), transcriptional analysis of infiltrating monocytes (Supplemental Figure S7), and GI
absorption and blood-brain barrier of FDA approved drugs interacting with genes expressed on mononuclear
phagocytes in implanted cochlea (Supplemental Figure S8).

Dexamethasone-eluting cochlear implants reduce a-SMA +fibrotic response in cochlea
Following implantation of standard CI, within the scala tympani adjacent to the electrode array, a-SMA + fibrotic
tissue growth was observed (Figs. 4 and 5-A). Fibrosis was observed as early as 10 days post-CI and maintained
throughout the study period (p=0.0001, 0.0001,0.0005 and 0.0007 at 10-, 28-, 56- and 112-days post-CI,
respectively). As with cellular infiltration, Dex-CI dramatically reduced the a-SMA + fibrotic tissue growth into
the scala tympani of the base of the cochlea throughout the period we examined (p=0.0001, 0.0001, 0.0001 and
0.0021 for 10-, 28-, 56- and 112-days post-CI, respectively, Figs. 4 and 5A). In contrast to Dex-CI, Dex-local did
not reduce a-SMA + fibrotic tissue growth into the scala tympani of the base of the cochlea (p=0.06, multiple
Mann-Whitney test, Figs. 4 and 5A).
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Fig. 2. Dexamethasone-eluting implant reduces CX3CR1 + macrophage and cellular infiltration in the

basal cochlear turn. CX3CR1*/¢GF? Thy1+/¢YFP mice were implanted with either a Standard cochlear

implant (Standard CI) or dexamethasone-eluting Implant (Dex-CI). In a subset of the Standard CI group,
Dexamethasone was injected into the round window niche (Dex-local). All implants were electrically
stimulated, and mice were euthanized at 10, 28, 56, or 112 days (A-N). Maximum intensity z-projections of 3D
confocal image stacks taken from 30-um thick, midmodiolar sections showing the basal turn of the cochlea.
Asterisks indicate the implant tract.

Dexamethasone-eluting cochlear implant reduces the electrical impedance of cochlear
implants

Mean electrode impedance values for standard CI, Dex-CI, and Dex-local groups over time for active electrodes
(electrodes with an open circuit denoting hardware failure were excluded) are shown in Fig. 5B. The trends in
impedance growth over time for Standard, Dex-eluting, and Dex-local appear non-linear. Therefore, we used a
linear mixed model using the square root of days, comparing the slope of the impedance over days between the
standard CI, Dex-CI, and Dex-local. There is a significant interaction effect (p <0.0001) which implies that the
group effect changes over time.

Comparable baseline electrode impedance values were observed between the standard CI and Dex-CI
(p=0.34,0) and standard-CI and Dex-local (0.99) groups at peri-operative baseline testing. Using contrasts
(Kenward-Roger degrees of freedom and a Bonferroni alpha level correction) from the linear mixed model,
we assessed at what point the three groups (Standard, Dex-ClI, and Dex local) diverged in impedance growth
over time. Dex-CI showed a reduced electrode impedance compared to standard CI as early as 10 days post-CI
(p=0.016) and continues to have lower impedance (p=0.0022, 0.0002, 0.0001, and 0.0001 at 14-, 21-, 28-, and
35-days post-CI). Dex-local implanted cochleae, on the other hand, had electrode impedances comparable to
that of the standard CI (p=0.99 at 10, 14-, 21-, and 28-days post-CI, Fig. 5B).
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Fig. 3. Quantification of macrophage and cellular density following cochlear implantation in basal cochlear
turn. Following the tracing of the scala tympani, Rosenthal canal (RC), and lateral wall of the base of the
cochlea, volumetric measurements were conducted using IMARIS image analysis software. Counts of
CX3CR1 +macrophages in each region were determined with a supervised automated counting system,
enhanced by a custom-developed macro, and their density was quantified. For each cochlea, the average
density was calculated from three midmodiolar sections. Macrophage densities were analyzed in (A) the scala
tympani, (B) the spiral ganglion, and (C) the lateral wall of the cochlea. Additionally, nuclei labeled with
Hoechst 3342 in 30-pm-thick sections were counted and their density was determined within the traced scala
tympani base (D). Error bars represent SEM. Statistical analyses were performed using two-way ANOVA
with Tukey’s multiple comparisons. Results demonstrate that cochlear implantation leads to the infiltration
of CX3CR1 + macrophages across all three regions. Dexamethasone-eluting implants significantly reduce
macrophage and cellular infiltration up to 112 days post-implantation. In contrast, local dexamethasone
injection reduces macrophage and cellular infiltration at 10 days post-implantation but fails to sustain this
effect at 28 days post-implantation, as shown by the Multiple Mann-Whitney test.

Dexamethasone-eluting implants have a lower electrical impedance in human subjects

Figure 6A summarizes the remote electrode impedance measurements in human subjects (common ground
mode). The means and standard deviations across all available remote checks for an individual are displayed.
There is a clear separation across groups. Recipients of the standard 632 array tend to have higher electrode
impedances. This tendency is more noticeable for basal and middle electrodes, compared to electrodes on the
apical end of the array. The separation at the base partially reflects the frequent occurrence of non-current-
carrying electrodes. Clinical findings of non-auditory percepts or poor loudness growth are often addressed by
deactivating the electrode in the patient’s MAP. Non-current-carrying electrodes tend to have higher electrical
impedance values’®, which is more clearly observed in ears with standard 632 arrays but is not apparent in ears
with dexamethasone-eluting 632D arrays. It is not clear why electrode impedances overlap across the two groups
more at apical sites, especially given the apical location of the drug-eluting wells.

The impedance data obtained at 3-months post-activation are provided in Fig. 6B. Both access resistance
and polarization impedance values tend to be higher for the recipients with standard 632 arrays; the separation
between groups is largest at basal sites. Electrode deactivation is expected to impact the surface of the electrode,
and thus would be reflected in the polarization component. The clear group polarization impedance separation
for electrodes 1 and 2 suggests that dexamethasone keeps deposits from forming directly on the surface of the
electrode, even when current is not being injected from that site. Access resistance is theoretically more sensitive
to the conductivity of the tissue between the active and return path of current flow. Fibrotic tissue tends to
increase over time in a base-to-apical fashion®. Although histological measures are not available for the human
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Fig. 4. Dexamethasone-eluting cochlear implants reduces a-SMA + fibrotic tissue response following cochlear
implantation. Following cochlear implantation and electrical stimulation, mice were euthanized at desired
endpoints (10, 28, 56, or 112 days). Harvested cochleae were sectioned at 30-pm thickness, immunolabeled
with anti-a-SMA antibody, and imaged with a confocal microscope. Scala tympani of the base of the cochlea
was traced. The volumes of the scala tympani and the volume of the a-SMA + fibrotic tissue was measured.
Fibrosis was measured by dividing the a-SMA + fibrotic tissue by the volume of the scala tympani and
expressed in percentage. Representative images of midmodiolar sections labeled with anti-a-SMA antibody
(A-N).

participants, the generally lower access resistance for the recipients of the 632D arrays, particularly at basal sites,
is consistent with findings that dexamethasone reduces the formation of intracochlear fibrosis.

Despite the presumed release of a therapeutic dosage of dexamethasone ending around 1-month post-
surgery, electrode impedance remains lower for the 632D recipients even at 3-months post activation. These
results suggest a potentially long-lasting effect of dexamethasone beyond the presumed end of the release of
significant levels of the drug.

Discussion
The data presented here demonstrate that diverse immune cells infiltrate cochlear tissues following implantation.
Based on a reporter mouse model, macrophage infiltration continues for an extended period. This macrophage
recruitment is associated with broad cellular infiltration and a fibrotic response and occurs universally in human
and animal models of cochlear implantation. In our murine model, dexamethasone-eluting cochlear implants
reduced inflammatory and fibrotic responses without affecting SGN survival. In human subjects, there was
likewise a reduction in electrical impedance, suggesting that the histological effects of dexamethasone elution
seen in mice cochleae likewise occur in humans.

Preclinical CI studies have predominantly used larger animal models (e.g. guinea pigs, sheep, gerbils, and
cats!. By contrast, mice have rarely been used, and even less so with active electrical stimulation; this is largely
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Fig. 5. Quantification of a-SMA + fibrotic tissue response and electrode impedance following cochlear
implantation. (A) Quantification of the a-SMA + fibrotic tissue within scala tympani of the base of the

cochlea. Error bars indicate SEM. Statistical analysis was performed using two-way ANOVA with Tukey’s
multiple comparisons. Dexamethasone eluting cochlear implants reduce a-SMA + fibrotic tissue response
throughout the study period, i.e., 112 days post-CI. Local injection of dexamethasone reduces a-SMA + fibrotic
tissue response at 10 days post-CI but not at 28 days post-CIL. (B) Mean impedance values across functional
electrodes at different time points are plotted. Error bars indicated SEM. Dexamethasone eluting implants
reduce electrical impedance, Dex-local does not.

because of the technical difficulties of manufacturing and implanting functional electrode arrays and maintaining
the electrical stimulation system in a small animal. Claussen et al. 2019 first described a mouse model of CI with
chronic electrical stimulation'®. This was remarkable progress, as various genetic tools (e.g., transgenic reporters,
knockouts, RNA sequencing) are available for mouse models. Moreover, compared to any other animal models,
the immune system of mice has been studied extensively. Leveraging the advantages of mouse models, Claussen
et al. 2022 previously described that CX3CR1*/SfP macrophage recruitment in implanted murine cochlea
occurs until 21 days post-implantation'?. Subsequently, a study by Rahman et al. 2023 revealed a sustained
inflammatory and fibrotic response associated with rising electrode impedances until 56 days. Rahman et al.
2023 further observed that the depletion of macrophages did not reduce overall cellular infiltration or the extent
of fibrotic response in the cochlea. Moreover, macrophage depletion increased electrode impedances and caused
SGN degeneration®. In the current study, leveraging the findings of Claussen et al. 2022 and Rahman et al.
2023, we extended our observations to 112-day post-CI. Moreover, we performed single-cell RNA sequencing
to characterize the diversity of inflammatory cells and transcriptomic changes associated with cochlear
implantation. Finally, we used a broad anti-inflammatory, immunosuppressive compound, dexamethasone (in
two forms: a local injection that mirrors current clinical practice and dexamethasone-eluting cochlear implant)
to modulate the inflammatory FBR post-CI and its impact on electrical impedance and neural health.

A correlation between post-CI fibrous tissue growth and electrical impedance exists in animal models,
and dexamethasone-eluting implants reduce both?’. Other studies have demonstrated the effectiveness of
dexamethasone-eluting implants in reducing fibrotic response®’. Dexamethasone, a potent glucocorticoid, is
known to suppress inflammation via various mechanisms®. In our study, dexamethasone-eluting CIs dramatically
reduced macrophage density in implanted cochleae. However, macrophage depletion alone does not explain
the reduction in overall cellular infiltration and fibrotic response caused by Dex-ClIs since specific depletion of
macrophages fails to mitigate scala tympani fibrosis following cochlear implantation, as previously observed®.
Like the FBR elsewhere in the body®®, multiple immune cell types are associated with the FBR in an implanted
cochlea: T and B cells*® and eosinophils'® have been reported in human cadaveric samples implanted with CI
which is mirrored in our findings in implanted mouse cochleae. As in other parts of the body®, CI increases
the expression of cytokines in implanted cochleae®!. Dexamethasone inhibits T cell®’, B cell®®, eosinophils®,
and pro-inflammatory cytokines’® while increasing expression of anti-inflammatory cytokines’! providing
a rational basis for its selection as the first drug to elute from electrode arrays. Nevertheless, as fibrosis can
occur independently of inflammation’%73, the anti-fibrotic effect of Dex-CI could result from the modulation of
pathways unrelated to inflammation.

Our current study presents some unique outcomes with important considerations. For the implant arrays
used here, the dexamethasone is loaded into the silicone carrier. Given the hydrophobic properties of silicone,
there are inherent limitations to the amount of drug that can be loaded into silicone. Further, elution from
silicone is predicted to occur relatively rapidly and there is limited inherent control to regulate the elution
dynamics’. Nevertheless, our data support the long-term effectiveness of dexamethasone elution from
silicone of CI electrode arrays in suppressing tissue responses and elevation of electrode impedances. These
findings might have different explanations: (1) An early burst release of dexamethasone suppressing the acute
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Fig. 6. Impedance values from human subjects following cochlear implantation. (A) Summary of remotely
measured impedance values from human subsects (1: most basal; 22: most apical electrode) for 17 participants.
Black indicates a standard 632 array (N="7). Red indicates a dexamethasone-eluting 632D array (N=10).
Triangles (632) or circles (632D) mark the mean across all available remote impedance measurements for a
given participant; vertical bars extend +/- 1 standard deviation. Random jitter was added around the electrode
number to help with visualization of individual data. (B) Scatterplots for access resistance (top panel) and
polarization impedance (bottom panel) at 3-months post activation to compare measurements in ears
implanted with standard 632 arrays (black triangles; N=3) and ears with 632D arrays (red circles; N=15) for
each electrode (1: most basal; 22: most apical).

inflammatory response might be sufficient for long-term suppression of FBR. In this regard, it is relevant that
the normal scala tympani is a fluid-filled space and perhaps, if the acute inflammation is sufficiently suppressed,
a long-term indwelling electrode array in the fluid-filled scala does not generate a long-term FBR. (2) A very
low rate of dexamethasone release from CI might be sufficient for the long-term suppression of FBR. (3) On
the surface of biomaterials, adsorption of host proteins, complement activation, immune cell adhesion, and
activation contribute to the FBR®. The localized presence of dexamethasone on the surface of the implant could
potentially suppress FBR post-CL

Local intratympanic administration of dexamethasone suspension is commonly used in clinical practice.
However, the efficacy of locally administered dexamethasone has not been studied extensively. Some animal
studies suggest that local dexamethasone reduces the inflammatory FBR following CI”®, while other animal
studies suggest it is not effective’®. Our study in the murine model is the first to show that local application of
dexamethasone around the round window niche reduces the FBR initially; this effect appears to wear off after
a few weeks. Our study raises the question of whether the current clinical practice, local dexamethasone, is
effective in improving the long-term efficacy of ClIs. Further animal and human studies are required to answer
this question. By contrast, the Dex-ClIs used in this study dramatically reduce the FBR for an extended period.
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Impedance data in our murine model and human subjects presented here also demonstrate that
dexamethasone-eluting implants reduce electrical impedance post-CI compared to standard CIs as seen in
another recent study®. Total impedance is the composite of access resistance (determined by the resistance
of the intracochlear environment) and polarization impedance (reflects capacitive resistive properties of the
electrode-electrolyte interface)*>*>7”. Increased access resistance, observed in our human subjects implanted
with standard CI, has been linked to FBR post-CI**’® and loss of residual acoustic hearing®. In light of the
findings in mice, reduction in access resistance in human subjects implanted with Dex-CI likely reflects reduced
FBR; if so, Dex-CI also has the potential to prevent loss of residual acoustic hearing.

In this study, we have found that neither standard CIs nor dexamethasone-eluting Cls affect the SGN density
post-CI. Previously, we have observed that in an implanted cochlea, depletion of macrophages with PLX5622
results in the degeneration of SGNs®. Like PLX5622, dexamethasone-eluting implants also reduce macrophage
density in the implanted cochlea. Why the dexamethasone-eluting implant does not cause SGN degeneration
despite reducing macrophage density in the cochlea is a question to be answered. One possible explanation is
that macrophages play a protective role for SGNs in cochlea while other inflammatory cells and cytokines have
a neurotoxic role. Some studies have shown a neuroprotective role of cochlear macrophages’8. On the other
hand, non-specific immunosuppressive drugs like dexamethasone and ibuprofen have been shown to protect
SGN survival®?. As a broad anti-inflammatory and immunosuppressive drug, dexamethasone can potentially
suppress the neurotoxic inflammatory cells and cytokines while PLX5622 only suppresses the neuroprotective
macrophages. While, as shown here and elsewhere, a diversity of immune and inflammatory cells infiltrates the
cochlea after implantation, understanding the impact of these non-macrophage immune cells on CI outcomes
requires further investigation.

In summary, the data presented here demonstrate the remarkable effectiveness of dexamethasone-eluting
electrode arrays to suppress the universal inflammatory FBR post-CI. Multiple clinical trials (NCT06142682,
NCT04750642, NCT06424262) are ongoing with dexamethasone-eluting Cls focused on speech intelligibility,
hearing preservation, and electrode impedances. The remarkable effectiveness of dexamethasone-eluting CIs in
murine models as well as human subjects to suppress the long-term intracochlear tissue responses to implanted
electrode arrays can guide future clinical trials and translational research that stand to improve the functional
outcomes of CL.

Materials and methods

Sex as a biological variable

Prior work in humans and mice have not recognized any differences in tissue response to cochlear implantation
or electrode impedances. Therefore, animals of both sexes were used, and the data were aggregated for analysis.
There were no differences when the data were segregated by sex. For human studies, sex was not accounted for
as a biological variable. Patients were enrolled based on hearing criteria, but not biological sex.

Experimental animals

All the experimental animal protocols were approved by the University of Iowa Institutional Animal Care
and Use Committee, consistent with the Guide for the Care and Use of Laboratory Animals from the Institute
for Laboratory Animal Research, National Research Council. Comparable number of both male and female
8-12-week-old CX3CR1*/SF? Thy1*/Y*P mice (n=60) on a C57BL/6]/B6 background were used. In these mice
macrophages and SGNs express eGFP and eYFP, respectively®*84.

Cochlear implants

Standard and dexamethasone-eluting implants (Dex-CI)

For murine implantations, we used standard (comparable to the HLO3 electrode array) and dexamethasone-
eluting cochlear implants (Dex-CI), provided by Cochlear Limited. While standard implants have been
previously described in the literature!>%, Dex-CI features a dexamethasone-eluting strip embedded in silicone
on the intracochlear portion of the electrode array.

Testing dexamethasone content in cochlear implants

Cochlear implants explanted from harvested mice cochlea were analyzed using a Waters Xevo TQ-S cronos
triple quadrupole mass spectrometer with an Acquity UPLC H-Class liquid chromatography system. It provides
an estimate of the dexamethasone release/eluted in vivo based on a comparison to the results of the t=0 samples.
The LC mobile phases were 25 mM Ammonium Acetate with 0.6% Acetic Acid (v/v) in water (Solvent A) and
Acetonitrile (Solvent B). A five-minute isocratic LC separation was performed at 40% Solvent B and using a flow
rate of 0.4 ml/min. The LC column used was a Waters Acquity BEH C18 (2.1 x 100 mm, 1.7 pm) and it was held
at 40 °C. The injection volume for each sample was 0.5 ul.

The mass spectrometry analysis was performed using positive electrospray ionization and multiple reaction
monitoring (MRM)?3¢. The ESI source parameters used were Capillary voltage 1.5kv, Source temperature 150 °C,
Desolvation Gas (nitrogen) temperature 400 °C; Cone Gas flow 50 1/Hr, and Desolvation Gas flow 800 1/Hr. The
three MRM transitions [(M + H) + to product ions] were used for quantification: 393.13-5373.14, 393.135355.19,
and 393.13>147.13. The cone voltage for each MRM transitions were 8 V, 26 V, and 26 V, respectively. The
collision energy (ev) used for each transition were 6, 10, and 26, respectively. Waters masslynx 4.2 software was
used for data acquisition and targetlynx was used for quantitative analysis.

Cochlear implantation in murine model
The timeline for this experiment is shown in Fig. 1. Under 1-3% inhalational isoflurane anesthesia, we performed
cochlear implantation in the left ear of the mice following the protocol described previously using a round
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window approach inserting the electrode array to a depth of 2.25 mm!2!3%3, An extended bullostomy was drilled
to pack implant lead wire into the tympanic bulla and fixed with dental cement. To limit leakage of perilymph
into the middle ear, fascia was packed around the round window. For electrical stimulation and impedance
measurements, a transcutaneous connector of the cochlear implant was fed through a subcutaneous pocket from
the post-auricular incision to the mid-thoracic spine to be exposed to the external environment.

Immunohistochemistry

Following intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg), mice were perfused with
transcardial ice-cold Phosphate Buffer Solution (PBS) for exsanguination followed by 4% paraformaldehyde
(PFA) as fixative and euthanized by decapitation in accordance with AVMA guidelines for Euthanasia of animals.
In a rotator, harvested cochleae were fixed overnight with 4% PFA at 4°C, and redundant PFA was removed from
samples by incubating overnight in PBS avoiding exposure to light. After decalcification using 0.1 M EDTA
(pH 7.5) solution, changed every day, for 3-5 days in a rotator, cochleae were rinsed with PBS 3 x 10 minutes.
Cochleae were cryoprotected using serial concentrations (10%-30%) of sucrose solutions. Samples were infused
with O.C.T. embedding medium (Tissue-TEK), mounted to the stage of sliding block microtome (American
Optical 860) with O.C.T. and dry ice, sectioned parallel to the mid-modiolar plane at 30um thickness, placed
on Fisher Superfrost slides, and stored at -20°C until immunolabeling was performed. For immunolabeling,
slides were first warmed to room temperature (~20-22°C), washed (3 x 5 min each wash) with ‘washing buffer’
containing 0.1% Triton X-100 and 0.3% Tween 20 in TBS and permeabilized and blocked in ‘blocking buffer’
(1% bovine serum albumin (RPI, CAS#9048-46-8) dissolved in washing buffer) for 2 hours. Blocked sections on
slides were incubated in primary antibody (Alpha-smooth muscle actin monoclonal antibody, 1A4, eBioscience™,
Catalog# 14-9760-82 (1000:1) and MHC Class II (I-A/I-E) Monoclonal Antibody (M5/114.15.2), eBioscience™,
Catalog # 14-5321-82 (200:1) in ‘blocking buffer’ overnight (~ 16 h) at 4 °C. After primary antibody application,
sections were washed (3 x5 min) in ‘washing buffer, then incubated in blocking buffer containing secondary
antibodies Alexa Fluor™ 568, Invitrogen, catalog# A-11004 (1:400) and Alexa Fluor™ 750, Novus, catalog# NBP2-
68490 (1:400) for 2 h at room temperature. Sections were then washed (3 x5 min) in ‘washing buffer. Nuclei
were stained with Hoechst 3342 (Sigma) 10 pg/ml in TBS, for 30 min at room temperature, followed by washing
with TBS (3 x 5 min) and cover-slipped with Epredia™ Aqua-Mount Slide Mounting Media (catalog #14-390-5).

Imaging and image analysis

Fluorescently labeled 3 midmodiolar cochlear sections/samples were imaged on a Leica Stellaris 5 confocal
system using a 20 (0.70 NA) objective, 0.75x digital zoom, and z-axis-spacing of 1 pum, at an exposure/gain
settings to avoid any over/under exposure. Image analysis was performed in IMARIS (Oxford Instruments, UK)
image analysis software; cell counts and quantitation of volumetric analyses were done on maximum intensity
z-projections of 3D confocal image stacks. Images were coded using a combination of random alphabetical letters
and numbers and personnel performing analyses were blinded to the experimental conditions. The outlines of
the scala tympani of the basal cochlear turn, Rosenthal’s canal (RC) and the lateral wall in the basal, middle, and
apical turns were traced and volume measured with cochlear location defined as previously described®”. After
appropriate thresholding, the number of macrophages (CX3CR1*/6F?), neurons (Thy1*/Y*F), nuclei (Hoechst
3342), and MHCII + CX3CR1*/SFF macrophages were counted using an automated counting system and density
calculated per 10° um?. The fibrotic response was assessed by volumetric quantification of a-SMA in the basal
scala tympani in reference to the volume of scala tympani.

Human subjects

Adult cochlear implant candidates were recruited from the University of Iowa Cochlear Implant Clinic and
research programs with following exclusion criteria: auditory neuropathy, otosclerosis, large vestibular aqueduct
syndrome, Meniere’s or cochlear hydrops, anatomical malformations or involvements of the cochlea/nerve,
history of bacterial meningitis, active middle ear infections, currently using ear tubes, unhealed tympanic
membrane perforations, known allergy to dexamethasone or corticosteroids. Participants consented to projects
approved by the University of Iowa Institutional Review Board (201805740, 202210440, 202307098).

Human cochlear implants

The investigational dexamethasone-eluting array (marked as 632D) is based on the commercially available
perimodiolar 632 arrays while the control group was implanted with standard 632 arrays. (Supplemental Table
1). Drug-eluting silicone wells are distributed along the apical 16 electrodes (numbered 7 thru 22). Due to the
limited shelf-life of sterilization of the 632D arrays, participants were not randomized across groups; all 15 632D
arrays have been implanted. Recruitment of the control group is ongoing as is longitudinal data collection for
both groups.

Cochlear implantation in human subjects

Subjects underwent unilateral cochlear implantation with either the 632D investigational device or FDA-
approved 632 device using standard Instructions for Use by a board-certified neurotologist. Standard facial recess
approaches for round window or cochleostomy array insertion were used, depending on surgeon preference.
Subjects in both groups received intravenous dexamethasone (10 mg) peri-operatively, but no additional
corticosteroid drugs were administered in the peri- or immediate post-operative period.

Remote impedance measurements in human subjects
Remote impedance measurements were initiated on or shortly after the initial activation appointment following
cochlear implantation. Patients/devices were registered in the Cochlear™ online patient portal and paired their
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hardware to Cochlear™ Nucleus’ Smart App. Upon daily scheduled measurement request by a research team
member via the app, participants completed daily remote impedance checks. Email reminders were sent when a
measurement was not completed, and participants were asked to report technical issues to the team. The target
number of daily checks was 90. Adherence varied across participants and some of the daily data were lost due to
technical issues. Supplemental Table 1 provides more details regarding the data available per participant.

Clinicimpedance measures

Willing participants were seen by the research team at the time of surgery and at each clinical post-operative
follow-up programming appointment. Electrode impedance was measured in CustomSound EP via the trans-
impedance matrix module®. Stimulation current was 90-CL with a pulse phase duration of 50 uS. The return
path for the stimulus used the ECE1% extracochlear electrode. The return path for the recording used the ECE2
(case) extracochlear electrode. Only on-electrode recordings using the first phase of the stimulating current
pulse are reported. The voltage measured at 6 pS was considered to be essentially instantaneous and used to
estimate the real or resistive component (i.e. access resistance). Even though the stimulating current level is
constant for the duration of the pulse, recorded voltage increases over time with a shallower slope following
the steep onset. This delayed voltage increase is used as the estimate of the reactive component (i.e. polarization
impedance). To calculate the polarization impedance, voltages measured at 50 pS were subtracted from voltages
measured at 6 uS*>%.

Impedance measurement, neural response telemetry (NRT), and chronic electrical
stimulation in murine model

Electrical impedance measurement, nerve response telemetry/NRT (8th nerve electrically evoked compound
action potential/ECAP), and programming for chronic electrical stimulation were performed using Custom
Sound EP 4.2 according to previously published protocol. Cochlear Ltd., Australia)'?!*. The Custom Sound
programming software uses current level (CL) as its unit ranging between 0 and 255 CL. Zero CL corresponds
to 17.5 pA and 255 CL corresponds to 1750 pA (i.e. a respective 0.44 and 43.75 nC for a 25 uS pulse phase
duration. Impedance and NRT thresholds were measured immediately following surgery, and at least once
weekly afterward. During electrical stimulation, electrodes with electrical impedance<35kOhms were
considered within compliance limits and were shorted together using a software patch. Conventional rodent
housing was modified with a sliding tether connected to a CI emulator (CIC4 implant emulator, Cochlear Ltd.,
AUS). Interfacing the receiver coil with a commercial CI sound processor (Cochlear Ltd., AUS), this system was
activated. Programmed to 30 CL below the NRT threshold with a dynamic range of 1CL between threshold and
comfort levels, electrical stimulation was performed for 5 h per day, 5 days a week, postoperative day 7 through
28 days as described previously'>.

Single-cell RNA sequencing

Experimental animals

Both male and female 8-12-week-old mice (n=28; 5 males and 3 females) were implanted in the left ear with
standard cochlear implant electrode, with the right ear being unimplanted control.

Single cell suspension

Following CI, mice were euthanized at 33 days post-CI, implanted and contralateral cochlea were microdissected,
tissues collected separately into approximately 500 uL DMEM F-12 media and lysed in 3 mL of accutase in a 5
mL tube at 37 °C for 30 min on a shaker. The media was carefully removed, leaving less than 300 pL of accutase,
and replaced with 2 mL of DMEM F-12 containing 5% FBS to stop the lysis. The tissue was triturated for 2 min
and filtered through a 20 pm filter (pluriSelect Life Science, El Cajon, CA, United States). The filtered cells were
then placed in the centrifuge at 300 x g for 3 min and resuspended in 90 uL MACS buffer (0.5% BSA in PBS). 10
uL of CD11b microbeads (89-097-142, Miltenyi Biotec, Auburn, Ca, USA) were added to the cell suspension and
incubated for 15 min at 4 °C. Wash step consisting of addition of 1 mL MACS buffer to cell suspension followed
by centrifugation step of 350 x g for 5 min and subsequent resuspension of cells in 500 pL MACS buffer. Cell
suspension was then applied to a prewashed column in a magnetic holder to collect flow-through containing
Cd11b negative cells. Column was then washed 3 times with 500 uL. MACS buffer with negative flow-through
captured each time. The column from the magnet was then removed and placed in a collection tube and then
CD11b microbead-bound cells were then eluted with 1 mL MACS buffer. Samples were centrifuged at 300 x g for
3 min and concentrated by removing majority of MACS buffer, leaving 90-100 pL at the bottom of the tube with
cell pellet. After resuspension by gentle pipetting, cell concentration was measured and adjusted with MACS
buffer to 3 x 10° cells/mL. Samples at this concentration were used for 10x cell capture.

10x chromium genomics platform

Single-cell captures were performed following the manufacturer’s recommendations on a 10x Genomics
Controller device (Pleasanton, CA). The targeted number of captured cells ranged from 3231 to 3572 per run.
Library preparation was performed according to the instructions in the 10x Genomics Chromium Single Cell
¢ Chip Kit V2. Libraries were sequenced on a Nextseq 500 instrument (Illumina, San Diego, CA) and reads
were subsequently processed using 10x Genomics CellRanger analytical pipeline using default settings and 10x
Genomics downloadable mm10 genome as previously described®.

ScRNA-seq data analysis — quality control
Aligned CellRanger count matrix are loaded by Scanpy (v1.9.6) using the function read_10x_mtx. The following
cells were filtered in each dataset during the pre-processing steps, respectively:
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(1) With total read counts below 1 percentile or above 99 percentile

(2) With total genes below 1 percentile or above 99 percentile

(3) With total read counts greater than 10000 or total genes greater than 5000

(4) With mitochondria gene percentage greater than 5%

(5) Thatare predicted as “doublets” by scublet with default settings®. Quality metrics are shown in Supplemen-
tal figure S9. Genes by count, total counts, and mitochondrial percentage are shown for cells derived from
control (non-implanted) and implanted cochlea (Supplemental figure S9 A-C). Starting cell counts and
ending cell counts after filtering steps are depicted in Supplemental figure S9-D.

ScCRNA-seq data analysis — annotation

All datasets are normalized using loglp normalization. Top 2000 high variable genes are used for Harmony
integration of all datasets by Scanpy function scanpy.external.pp.harmony_integrate with default settings. The
merged dataset is clustered by Leiden algorithm with resolution=1, and annotated based on known marker
genes.

ScRNA-seq data analysis - differential expression (DE) analysis
DE analysis was performed using DESingle (v3.19) with default settings.

ScRNA-seq data visualization
All data visualizations were performed using Python packages Matplotlib (v3.7.2) and Seaborn (v0.12.2).

Druggable gene identification
The druggable gene list was obtained and collated from the following public drug databases

(1) Target central resource database/pharos (http://juniper.health.unm.edu/tcrd/).

(2) Drugcentral (https://drugcentral.org/download).

(3) Drugbank (https://go.drugbank.com/releases/latest).

(4) Clue repurposing (https://clue.io/repurposing-app).

(5) Thatare predicted as “doublets” by scublet with default settings®. Quality metrics are shown in Supplemen-
tal figure S9. Genes by count, total counts, and mitochondrial percentage are shown for cells derived from
control (non-implanted) and implanted cochlea (Supplemental figure S9 A-C). Starting cell counts and
ending cell counts after filtering steps are depicted in Supplemental figure S9-D.

The FDA-approved drug list is downloaded from DrugCentral. The human and mouse homology gene match
table was downloaded from Mouse Genome Informatics (MGI) website (https://www.informatics.jax.org/hom
ology.shtml).

Gastrointestinal absorption and brain penetration prediction was performed using the BOILED-Egg
method®. The input FDA-approved drug SDF files are downloaded from DrugCentral and Drugbank (same
link as above). The complete list of drugs identified as interacting with genes expressed by macrophages and
monocytes is shown in Supplemental Table 2.

Statistical analyses

Statistical analyses for counts of immune cells, nuclei, neurons, and volume of fibrotic tissue within scala
tympani were performed using GraphPad Prism 10.2.2. Specific comparisons that were made are described in
respective figure legends. Shapiro-Wilk test was used to determine the normality of data. A two-way ANOVA
with Tukey’s multiple comparison was used for comparisons between groups and time points while the Multiple
Mann-Whitney test was applied for data that were not normally distributed. One-way ANOVA with Bonferroni’s
multiple comparisons was used for analysis of UPLC data.

A linear mixed model is used to evaluate changes in impedance over time. The fixed effects in the model are
group (Standard, Dex CI, Dex Local), days, and interaction between group and days. The interaction allows the
groups to grow at different rates. Since the trend over time appears nonlinear, we modeled the square root of
days. The random effect included in the model is a random intercept for the subject which accounts for repeated
observations per mouse. The model was fit using the Ime4 package in R. Statistical significance was defined as
p<0.05).

Software
For confocal imaging and image analysis most recent version of LAS-X (Leica Microsystems; https://www.leic
a-microsystems.com/products/microscope-software/p/leica-las-x-1s/) and IMARIS 10.2 (Oxford Instruments;
https://imaris.oxinst.com/products/imaris-essentials) was used. Statistical analyses were performed using
GraphPad Prism 10 (https://www.graphpad.com/). Adobe illustrator 25 (Adobe Inc. https://www.adobe.com/pr
oducts/illustrator.html) was used for preparation of figures.

Declarations.

Data availability

All single-cell RNA-Seq data generated in this study have been deposited in the Gene Expression Omnibus
(GEO) database (GSE282478) and can be found on GEO at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE282478. Single-cell data have been uploaded to the Gene Expression Analysis Resource (SEAR), a web-
site for visualization and comparative analysis of multiomic data, with an emphasis on hearing research (http
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s://umgear.org/p? 1=90bfbd1a). All single-cell RNA-Seq data, confocal images, and statistical analysis data are
available from the corresponding author upon reasonable request.
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