Molecular Therapy

Methods & Clinical Development
Original Article

Direct Functional Protein Delivery
with a Peptide into Neonatal and Adult
Mammalian Inner Ear In Vivo

Kun Zhang,'>*!! Xiaoting Cheng,">*!! Liping Zhao,">*!! Mingqian Huang,"* Yong Tao,*”* Hongbo Zhang,’
Jessica M. Rosenholm,” Min Zhuang,'® Zheng-Yi Chen,** Bing Chen,"** and Yilai Shu'-**

'ENT Institute and Otorhinolaryngology Department, Eye and ENT Hospital, State Key Laboratory of Medical Neurobiology, Fudan University, Shanghai 200031, China;
2Institutes of Biomedical Sciences, Fudan University, Shanghai 200032, China; 3NHC Key Laboratory of Hearing Medicine (Fudan University), Shanghai 200031, China;
“4Department of Otolaryngology-Head and Neck Surgery, Harvard Medical School, Boston, MA 02115, USA; *Eaton-Peabody Laboratory, Massachusetts Eye and Ear
Infirmary, 243 Charles St., Boston, MA 02114, USA; ®Department of Otolaryngology-Head and Neck Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiaotong
University School of Medicine, Shanghai 200011, China; “Ear Institute, Shanghai Jiaotong University School of Medicine, Shanghai 200011, China; 3Shanghai Key
Laboratory of Translation Medicine on Ear and Nose Disease, Shanghai 200011, China; ®Pharmaceutical Sciences Laboratory and Turku Bioscience Center, Abo

Akademi University, 20520 Turku, Finland; 1°School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China

The aim of this study was to study an antimicrobial peptide
(AMP), aurein 1.2, which substantially increased protein deliv-
ery directly into multiple mammalian inner-ear cell types
in vivo. Different concentrations of aurein 1.2 with superposi-
tively charged GFP (+36 GFP) protein fused with Cre recombi-
nase were delivered to postnatal day 1-2 (P1-2) and adult
cochleae of Cre reporter transgenic mice with various delivery
methods. By cochleostomy at different concentrations of aur-
ein 1.2-+36 GFP (1 uM, 5 uM, 22.5 uM, and 50 puM, respec-
tively), the tdTomato (tdT) expression was observed in outer
hair cells (OHCs; 20.77%, 23.02%, 76.36%, and 92.47%, respec-
tively) and inner hair cells (THCs; 14.90%, 44.50%, 89.59%, and
96.13%, respectively) in the cochlea. The optimal concentration
was 22.5 pM with the highest transfection efficiency and the
lowest cytotoxicity. Wide-spread tdT signals were detected in
the cochlear-supporting cells, utricular-supporting cells, audi-
tory nerve, and spiral ligament in neonatal and adult mice.
Compared to cochleostomy, injection through the round win-
dow membrane (RWM) also produced highly efficient tdT+
labeled cells with less cell loss. In summary, the peptide aurein
1.2 fused with +36 GFP dramatically expanded the target cells
with increased efficiency in direct protein delivery in the inner
ear. Aurein 1.2-+36 GFP has the potential to be developed as
protein-based therapy in regeneration and genome editing in
the mammalian inner ear.

INTRODUCTION

Hearing loss is one of the most common sensory disorders in humans.
About 466 million people suffer from hearing impairment worldwide,
affecting 2 in every 1,000 newborns and approximately one-third of
people over 65 years of age."”” Hearing loss is generally permanent
as inner-ear hair cells and spiral ganglion cells cannot regenerate
naturally after damage or death, and there is no pharmaceutical

drug to treat hearing loss. Cochlear implants and hearing aids can
help some people with hearing loss but have their own limitations.™*

Gene therapy has emerged as a potential new treatment for some
forms of hearing loss recently. The most popular types right now
are achieved by introducing exogenous genes into the inner ear by ad-
eno-associated virus (AAV) to compensate for the lost function due
to gene mutations or by delivering gene-editing agents into the inner
ear to edit out the mutations, which ultimately restore gene functions
and recover hearing.”® Given that genome-editing agents can mediate
targeted gene disruption or repair, direct delivery of genome-editing
agents, such as RNPs (ribonucleoproteins), has the advantage over
delivery of DNA vectors due to its superior safety and scalability. In
addition, compared with direct introduction of exogenous DNA
into host cells, intracellular delivery of functional proteins can avoid
the possibility of permanent recombination into the genome, the po-
tential damage of endogenous genes, and long-term exposure to the
encoded agents.” Meanwhile, protein therapy is also a promising op-
tion for the treatment of diseases, such as protein deficiency, muta-
tions, and misfolding. Therapeutic proteins, including growth factors,
cytokines, monoclonal antibodies, and recombinant proteins, have
been placed on the medical market and transformed the pharmaceu-
tical industry.® To fully realize the therapeutic potential of protein
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biologics, it is necessary to ensure that it can access the intracellular
targets.”'’ However, the low transfection efficiency of mammalian
cells in vivo remains a major barrier to realize the therapeutic poten-
tial of functional proteins. There remains a challenging task to achieve
intracellular delivery of proteins due to the intrinsic properties of pro-
teins, such as large size, complex three-dimensional structure, uncer-
tainty of molecular charge, and susceptibility to degradation.'' Dur-
ing the past decade, several methods have been explored for protein
delivery, including peptides, liposome, nanoparticles, and poly-
mers.'>"? Although these methods have promoted the development
of protein delivery, the application is still limited by challenges,
including cytotoxicity, low activity, and instability."*

According to the previous study, the variant of green fluorescent pro-
tein (GFP), a class of naturally occurring and engineered proteins
with a theoretical net superpositive charge, can be a more effective
way to deliver functional proteins than cell-penetrating peptides
(CPPs) into cells."™'® Whereas the superpositively charged proteins
are highly efficiently endocytosed, only a small portion of functional
protein can reach the cytosol because of the inefficiency of endosomal
escape. It has been reported that the membrane-active peptides, such
as influenza-derived hemagglutinin 2 (HA2), can be endosomolytic. 17
However, many of them were cytotoxic at the concentrations neces-
sary for protein delivery.'® Antimicrobial peptides (AMPs) as a series
of membrane-active peptides can pass through microbial membranes
to defend against exogenous pathogens.'” To address this difficulty in
protein delivery, a screening was designed and performed to discover
the aurein 1.2 as an AMP that enhanced the endosomal escape of a
variety of proteins fused to superpositively charged GFP (+36 GFP)
in vitro and shown elementary hair cell transfection in cochlea of
'° Based on the previous screening results of endoso-
mal escape in vitro and preliminary in vivo data, here, we performed a
systematic test by delivering functional proteins for the whole regions
of the cochlea and vestibular system in vivo at different age stages with
different delivery routes. We hypothesized that aurein 1.2-+36 GFP
can efficiently deliver functional proteins in vivo at a whole age stage
with different delivery routes that would contribute to future research
on protein delivery in the treatment of hearing loss.

neonatal in vivo.

In this article, we performed the study to characterize transfection
patterns of aurein 1.2-+36 GFP vectors by cochleostomy and by in-
jection through the round window membrane (RWM), the two
most used inner-ear injection routes. We compared how different
concentrations affect transfection efficiency and target cell types
and toxicity in the auditory organ and vestibular systems. We discov-
ered the efficient delivery of functional proteins into a wide range of
mammalian inner-ear cell types in vivo, including hair cells, support-
ing cells, auditory nerve, and spiral ligament, as well as utricular cells.

RESULTS

To evaluate the ability of aurein 1.2 combined with +36 GFP to in-
crease the efficacy of functional protein delivery in vivo, we delivered
aurein-fused Cre recombinase protein (aurein 1.2-+36 GFP-Cre) to
the inner ear of a Cre-mediated tdTomato (tdT) reporter mice. For
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Cre recombinase to work, it must enter the cytoplasm, escape the en-
dosomes, and finally enter the nucleus to catalyze generation of tdT
fluorescence. We injected aurein 1.2-+36 GFP-Cre and +36 GFP-
Cre solutions to transfect the neonatal and adult mice inner-ear cells
via cochleostomy or RWM injection (Figure 1). 5 days after injection,
the cochleae were harvested for immunofluorescence staining and
imaged for tdT+ florescence. We tested four working concentrations,
1 uM, 5 uM, 22.5 uM, and 50 puM, for the transfection of aurein
1.2-+36 GFP-Cre or 50 uM for +36 GFP-Cre without aurein 1.2 as
a control.

Targeting Inner-Ear Hair Cells of Neonatal Mice via
Cochleostomy

After injection of aurein 1.2-+36 GFP-Cre in neonatal mice via coch-
leostomy, the strong tdT signal was observed in both outer hair cells
(OHCs) and inner hair cells (IHCs). Overall, the number of tdT+
OHCs and IHCs per cochlea was dose dependent. For four concentra-
tions tested (1 uM, 5 uM, 22.5 uM, and 50 uM, respectively), 20.77%,
23.02%, 76.36%, and 92.47% of OHCs were tdT positive, and 14.90%,
44.50%, 89.59%, and 96.13% of IHCs were tdT positive, respectively,
per cochlea (Figures 2A-2E). In the control group injected with +36
GFP-Cre, there were no tdT+ OHCs and IHCs (Figure 2D). Further,
with higher concentrations, more IHCs were tdT positive than OHCs,
and more HCs became tdT positive in the base turn than in other
turns. At 22.5 pM, the proportion of tdT+ IHCs and OHCs of the
basal turns was 95.08 + 0.75% and 87.64 + 3.32%, which indicates
that it works well at medium concentrations in neonatal mice via
cochleostomy (Figure 2E).

When the working concentrations was increased from 1 pM to 5 uM,
the transfection efficiency of aurein 1.2-+36 GFP-Cre in IHCs of the
whole cochlea increased significantly. However, the percentage of
tdT+ OHCs did not increase significantly in the apical and middle
turns of the cochlea. It is possible that in the case of the lower concen-
tration, aurein 1.2-+36 GFP-Cre preferentially transduced IHCs, and
as the concentration increased more, OHCs could be transduced. The
quantitative data of targeting IHCs and OHCs with different doses of
aurein 1.2-+36 GFP were shown in Figures 2F and 2G.

Targeting Supporting Cells of Neonatal Mice via Cochleostomy
In addition to HCs, functional aurein 1.2-+36 GFP-Cre was delivered
into supporting cells. With an increase in concentrations (5 pM,
22.5 uM, and 50 pM) of aurein 1.2-+36 GFP, the average number
of supporting cells (SCs) that became tdT positive increased signifi-
cantly, from 24.26% and 37.20% to 49.13%, respectively (Figures
2A-2E). The transfection efficiency of aurein 1.2-+36 GFP-Cre via
cochleostomy in SCs was lower than that in HCs. We again observed
a difference in the number of tdT+ SCs at different cochlear regions.
After injection at 50 uM, from the basal, middle, to apical turns, there
were 54.80 = 2.78%, 48.60 + 2.87%, and 44.0 + 2.13% tdT+ SCs,
respectively. The quantitative data of targeting SCs with different
doses of aurein 1.2-+36 GFP were shown in Figure 2H.
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Figure 1. Schematic Structure of Delivery Techniques via Round Window Membrane (RWM) Injection and Cochleostomy

Comparison of the Transfection Efficiencies via the RWM
Injection

Unlike the tonotopic gradient via cochleostomy, the transfection effi-
ciency of aurein 1.2-+36 GFP-Cre in HCs and SCs was high along the
base-to-apex axis via RWM injection. When the working concentra-
tion was increased from 5 pM to 50 puM, the transfection efficiency of
aurein 1.2-+36 GFP-Cre in HCs and SCs of the whole cochlea
increased significantly. The tdT expression was observed in OHCs
(19.41%, 44.75%, and 89.63%, respectively), IHCs (41.86%, 82.83%,
and 93.70%, respectively), and SCs (32.80%, 49.93%, and 61.01%,
respectively) of the whole cochlea with an increasing aurein
1.2-+36 GFP concentration of 5 pM, 22.5 uM, and 50 puM, respec-
tively. In the control group, no obvious tdT+ labeled IHCs and

Myo7a

OHCs were observed (Figures 3A-3D). The quantitative data of tar-
geting HCs and SCs with different doses of aurein 1.2-+36 GFP in
IHCs, OHCs, and SCs were shown in Figures 3E-3G.

The Transfection Efficiencies of Targeting Inner-Ear Cells of
Adult Mice

Comparing injection into neonatal mice, the transfection efficiencies
of aurein 1.2-+36 GFP-Cre in IHCs were also concentration depen-
dent in adults. As the concentration increased from 5 puM to
22.5 pM, the transfection efficiency of aurein 1.2-+36 GFP-Cre in
IHCs in the basal turn of the cochlea increased statistically signifi-
cantly. However, the difference in transfection efficiencies in IHCs be-
tween 22.5 uM and 50 pM was not statistically significant. The
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Figure 2. In Vivo Protein Delivery of Cre Recombinase into Mouse Neonatal Cochleae via Cochleostomy

(A-E) Representative immunofluorescence images of HCs and SCs in cochlea sections injected with aurein 1.2-+36 GFP-Cre or +36 GFP-Cre at 5 days postinjection via
cochleostomy. The scala media of P1-2 floxP-tdTomato mice were injected with 0.2 pL of 1 uM (C), 5 uM (B), 22.5 uM (E), and 50 uM (A) aurein 1.2—+36 GFP-Cre or +36 GFP-
Cre (D). Myo7a labels HCs, and Sox2 labels SCs. Green, Myo7a; white, Sox2; red, tdTomato; and blue, DAPI. Scale bar, 10 um. (F-H) The transfection efficiencies of targeting
HCs and SCs with different doses of aurein 1.2—+36 GFP in IHCs (F), OHCs (G), and SCs (H). Results were obtained from three animals and are presented as mean + SEM.

*p < 0.05, *p < 0.01; N.S., no significance; unpaired Student’s t test.
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Figure 3. In Vivo Protein Delivery of Cre Recombinase into Mouse Neonatal Cochleae via RWM Injection

(A-D) Representative immunofluorescence images of HCs and SCs in cochlea sections injected with aurein 1.2—+36 GFP-Cre or +36 GFP-Cre at 5 days postinjection via
RWM injection. The P1-2 floxP-tdTomato mice were injected with 0.5 pL of 50 uM (A), 22.5 uM (B), and 5 uM (C) aurein 1.2-+36 GFP-Cre or +36 GFP-Cre (D). Myo7a labels
HCs, and Sox2 labels SCs. Green, Myo7a; white, Sox2; red, tdTomato; and blue, DAPI. Scale bar, 10 um. (E-G) The transfection efficiencies of targeting HCs and SCs with
different doses of aurein 1.2—+36 GFP in IHCs (E), OHCs (F), and SCs (G). Results were obtained from three animals and are presented as mean + SEM. *p < 0.05, **p < 0.01;

N.S., no significance; unpaired Student’s t test.

proportion of tdT+ labeled cells in IHCs of the basal, middle, and api-
cal turns was 98.10 + 1.33%, 94.36 = 3.47%, and 84.67 + 5.60%,
respectively, at 50 pM. The tdT expression was observed in 11.41%,
19.67%, and 23.83%, respectively, in SCs of the whole cochlea with
the aurein 1.2-+36 GFP concentration of 5 uM, 22.5 uM, and
50 pM, respectively (Figure 4).

The Transfection Efficiencies of Targeting the Utricular Cells,
Auditory Nerve, and Spiral Ligament

Significantly, aurein 1.2-+36 GFP also extended delivered Cre recom-
binase activity to other inner-ear cells, such as a majority of utricular
cells, auditory nerve, and spiral ligament when injected in neonatal or
adult (Figure 5). These results suggest that the aurein 1.2-+36 GFP
delivery system may be a promising method for in vivo functional

514

protein delivery into both organ of sensory and nonsensory cells of
the inner ear.

Next, we evaluated the cytotoxicity of aurein 1.2-+36 GFP at a range
of concentrations (1 pM to 50 pM) by counting the 4',6-diamidino-2-
phenylindole (DAPI)-stained OHCs and IHCs. We observed no sig-
nificant cytotoxicity at 22.5 pM, which resulted in 98% viable cells in
neonatal cochleae. With the application of 50 uM, aurein 1.2-+36
GFP decreased cell viability to 92.87% and 81.05%, respectively, in
OHCs and THCs. At high concentration, the IHCs were more suscep-
tible to the cytotoxicity. Compared to cochleostomy, injection
through the RWM also produced highly efficient tdT+ cells with
fewer cell loss. This indicates that the RWM injection may be prefer-
able for intracellular delivery of aurein 1.2-+36 GFP-mediated

Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020
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Figure 4. In Vivo Protein Delivery of Cre Recombinase into Adult Mouse Cochleae

(A) Representative immunofluorescence images of HCs and SCs. 0.4 uL of 50 pM +36 GFP-Cre or aurein 1.2-+36 GFP-Cre was injected into the scala media of 6-week
tdTomato mice. 5 days after injection, cochleae were harvested. Myo7a labels HCs, and Sox2 labels SCs. Green, Myo7a; white, Sox2; red, tdTomato; and blue, DAPI. Scale
bar, 10 um. (B and C) The transfection efficiencies of targeting HCs and SCs with different doses of aurein 1.2—+36 GFP in IHCs (B) and SCs (C). Results were obtained from
three animals and are presented as mean + SEM. *p < 0.05, **p < 0.01; N.S., no significance; unpaired Student’s t test.

functional protein (Figure 6). It has a high transfection efficiency for
the whole cochlea with low cytotoxicity at medium concentrations.

DISCUSSION

The inner ear is a relatively closed cavity in the temporal bone that
houses the cochlea and vestibular system, the sensory organs respon-
sible for hearing and balance, respectively. Like other tissue, dysfunc-
tion can result from defects in different specialized cell types, which
can frequently result in disabling hearing loss or vertigo.””'
Currently, the medicines in the clinic for inner-ear conditions are pri-
marily antibiotics and glucocorticoids. However, advances in under-
standing the physiological and biomolecular basis of inner-ear dis-
eases have accelerated the exploration for novel therapeutic
reagents, including proteins, polypeptides, gene-editing systems,
and small-molecule drugs or nucleotides.”> Compared with the intro-
duction of exogenous DNA into host cells, direct delivery of func-
tional proteins is obviously more advantageous. Many powerful and
potentially therapeutic proteins have been discovered or engineered
over the past two decades, including antibodies that can neutralize
intracellular targets, metabolic complementary enzymes, engineered
transcription factors, and enzymes devised for genome editing.*’
However, efficient intracellular protein delivery, especially in vivo,

has been a persistent challenge in biomedical research and protein
therapeutics.

The key to the success of functional proteins to play a therapeutic
role is to choose safe and efficient vectors and appropriate path-
ways for protein transfection. However, most functional proteins
delivered in existing carriers remain in endosomes and do not
reach the cytosol. An ideal vehicle should efficiently bind the pro-
tein and protect it against enzymatic degradation, initiate the
endocytosis in target cells, trigger the endosomal disruption before
protein degradation, and finally, release the bound proteins into
cytosols. In addition to maintaining high protein activity during
the delivery process, the vehicle should produce minimal toxicity
to host cells.”*** We have previously proven that aurein 1.2 as
an AMP that enhances the endosomal escape of a variety of non-
endosomal proteins fused to +36 GFP in vitro and shown very pre-
liminary data for hair cell transfection in vivo in neonatal mice."®
Here, we systematically studied functional proteins for the whole
regions of the cochlea and vestibular system in vivo at different
age stages with different delivery routes. We found that Cre-medi-
ated recombinase was delivered into mouse inner-ear hair cells
with much greater potency, and the observed levels have achieved
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Figure 5. The Transfection Efficiencies of Targeting the Utricular Cells, Auditory Nerve, and Spiral Ligament
(A-C) Representative confocal images of whole-mount fluorescent immunolabeling of the auditory nerve (A), utricular cells (B), and spiral ligament (C). Myo7a labels HCs, and
Sox2 labels SCs. Green, Myo7a; white, Sox2; red, tdTomato; and blue, DAPI. Scale bars, 100 um (A) and 10 um (B and C).

90% Cre-mediated recombination in hair cells without significant
cytotoxicity. The tdT expression was observed in OHCs (20.77%,
23.02%, 76.36%, and 92.47%, respectively) and IHCs (14.90%,
44.50%, 89.59%, and 96.13%, respectively) of the whole cochlea
with aurein 1.2-+36 GFP in neonatal mice via cochleostomy at
concentrations of 1 uM, 5 pM, 22.5 uM, and 50 pM, respectively.
Compared with the reported protein-delivery vectors for the inner
ear, such as CPPs, nanocarriers, etc.,”””’ the aurein 1.2-+36 GFP
has higher transfection efficiency. The aurein 1.2-+36 GFP is also
the method that reported significant recombination levels in both
IHCs and OHCs and does not need any virus or other molecules
beyond a single polypeptide in vivo.

Because the endogenous regeneration of inner-ear HCs in mamma-
lian is very low, surrounding cells, especially SCs, are ideal candi-
dates for hair cell regeneration by direct transdifferentiation or by
renewed proliferation with subsequent differentiation.”® However,
the transfection for SCs is a barrier to the study. The fact that aurein
1.2-+36 GFP could transduce SCs efficiently makes it a potential
tool in hair cell regeneration studies. In our study, the transfection
efficiency of aurein 1.2-+36 GFP-Cre to SCs of the basal, middle,

and apical turns was 54.80 + 2.78%, 48.60 + 2.87%, and 44.0 +
2.13%, respectively. It provides bright potential for certain types
of deafness, like GJB2-related, induced genetic deafness and sup-
porting cell-based regeneration. Moreover, many cases of sensori-
neural hearing loss and vestibular dysfunction are caused by audi-
tory nerve, spiral ligament, or utricular cells.”” These are also
noteworthy targets for the aurein 1.2-+36 GFP, as it can transfect
these cells satisfactorily.

Due to the isolated anatomical position of the mammalian inner ear
within the hardest bone, cochlea is superior to other organs in drug
delivery. A limited passage through of the blood-labyrinth barrier
hampers; however, systemic drug delivery and toxicity are also a
concern.” Local administration via intratympanic and intraco-
chlear routes, bypassing the diffusional barriers that isolate it from
the middle ear and the vasculature, has become increasingly impor-
tant for inner-ear drug delivery. Local delivery routes that have been
explored include intratympanic injection, RWM injection, cochle-
ostomy, and posterior semicircular canal canalostomy.’"**> When
a drug is administered to the middle ear through intratympanic
drug injection, it must remain in the middle ear for long enough
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Figure 6. The Cytotoxicity of Aurein 1.2-+36 GFP at a Range of Concentrations (5 uM to 50 uM) by Counting the DAPI-Stained OHCs and IHCs
(A and B) The proportion of OHCs (A) and IHCs (B) was measured by counting DAPI-stained cells/100 um to evaluate cytotoxicity. Results were obtained from three animals
and are presented as mean + SEM. *p < 0.05, *p < 0.01; N.S., no significance; unpaired Student’s t test.

and pass the RWM or the annular ligament of oval window (OW) to
reach the inner ear. Unfortunately, drugs entering the middle ear are
quickly discharged to a Eustachian tube orifice through mucociliary
clearance.” Another challenge with intratympanic administration is
the low permeability of the RWM and annular ligament of the
OW.* The latter methods obviously have more advantages in
drug-delivery efficiency of the inner ear. Although it exhibits the
same concentration gradient trend via between the RWM injection
and cochleostomy, the former has a higher expression efficiency at
the same concentration, approaching 92% in HCs and 61% in
SCs, with better tolerance at 50 puM, which indicates that the
RWM injection may be preferable for intracellular delivery of aurein
1.2-+36 GFP-mediated functional protein.

Injection into mouse cochlea via cochleostomy or RWM injection
maximizes the efficiency, as it allows aurein 1.2-+36 GFP-Cre to
have access to many inner-ear cell types. Previous studies suggested
that neonatal mice had a better outcome of cell survival, as OHCs
will die due to injection in adult cochlea, causing a barrier for this
stage.”” We found that the protein can transduce IHCs and SCs at
the adult stage, which is useful. Future study needs to identify a route
by which injection can be performed in adults with HCs preservation,
like posterior semicircular canal canalostomy.

In summary, the present study demonstrates that the aurein 1.2 fused
with a supercharged protein (+36 GFP) can effectively deliver func-
tional proteins to the inner ear in vivo at both neonatal and adult
stages. The direct protein delivery with aurein dramatically expanded
the efficient and wide transfection of mammalian inner-ear cell types
in vivo, including HCs, SCs, auditory nerve, and spiral ligament, as
well as utricular cells in a single treatment. These findings suggest
that the intracellular delivery of functional proteins by aurein
1.2-+36 GFP may greatly expand the scope of research and therapeu-
tic applications of proteins. With a much larger size and operational
space, the human inner ear would increase the likelihood of a more
accurate delivery, which could facilitate the progression of protein
therapy in patients. It can also be developed to be used as protein-
based therapy in the mammalian inner ear, such as regeneration
and genome editing.
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MATERIALS AND METHODS

Animal Models

Rosa-tdTomato”' mice (number 007914) were obtained from The
Jackson Laboratory. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Fudan University.
Animal management was performed strictly in accordance with the
standards of the Animal Ethics Committee of the Fudan University.

Peptide Synthesis

4 mg of lyophilized aurein 1.2 peptide was obtained from China Pep-
tides (Shanghai, China), with purity >90%. High-performance liquid
chromatography (HPLC) and MALDI data were provided. The pep-
tide was dissolved in DMSO (Sigma, St. Louis, MO, USA) to a final
concentration of 10 mM.

Sortase-Mediated Peptide Conjugation

To facilitate the conjugation of aurein 1.2 to the N terminus of trigly-
cine (GGG)-+36 GFP, aurein 1.2 was synthesized with an N-terminal
histidine (His) tag and a tobacco etch virus (TEV) cleavage site (His6-
ENLYFQ) and C-terminal LPETGG. The N-terminal tag prevents
sortase reaction with the N-terminal glycine (Gly) on aurein 1.2.
20 pM of GGG-+36 GFP (positively charged GFP with N-terminal
Gly-Gly-Gly) was incubated with 400 uM of aurein 1.2 in the pres-
ence of 1 pM sortase in 100 mM Tris buffer (pH 7.5) with 5 mM
CaCl, and 1 M NaCl for 2 h at room temperature. The unreacted pep-
tides were removed through Amicon Ultra-0.5 spin filtration (Merck
Millipore, St. Louis, MO, USA). 200 pM TEV protease (Sigma, St.
Louis, MO, USA) was added to the reaction mixture to remove His
tag at 4°C for 16 h. The cleaved peptides were removed, and the reac-
tion mixture was washed twice with 500 pL of buffer concentrated to
50 pL. Conjugation efficiency was examined through liquid chroma-
tography/mass spectrometry (LC/MS) by comparing relative peak
intensities.

Protein Expression and Purification

Genes encoding +36 GFP and a (Gly-Gly-Ser)y (GGS)9 linker were
inserted N-terminal of the Cre recombinase gene by uracil-specific
excision reagent (USER) cloning, and all overexpression plasmids
were constructed on a pETDuet-1 backbone. Plasmids created in
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this work will be available at Addgene. The E. coli BL21 STAR (DE3)
competent cells (Invitrogen, Gaithersburg, MD, USA) were trans-
formed with pETDuet-1 expression plasmids.

The harvested cells were lysed by sonication (1 s pulse-on, 1 s pulse-
off for 6 min, twice, at 6 W output), and the soluble lysate was ob-
tained by centrifugation at 10,000 x g for 30 min. The cell lysate
was transferred to a His-Ni-NTA (nitrilotriacetic acid [NTA]) col-
umn (Invitrogen, Gaithersburg, MD, USA) at 4°C for 45 min to cap-
ture His-tagged protein. Protein was eluted in lysis buffer with
500 mM imidazole (I5513; Sigma, St. Louis, MO, USA) and concen-
trated by Amicon Ultra-30-kDa molecular weight filtration (Merck
Millipore, St. Louis, MO, USA) to 50 mg/mL. Protein was eluted
with PBS from a 0.1- to 1-M NaCl gradient over five column volumes.
The eluted fractions containing protein were concentrated to 50 UM,
as quantified by absorbance at 488 nm, and stored in aliquots at
—80°C.

In Vivo Microinjection

Microinjection into the Inner Ear of Neonatal Mice

Rosa26-tdT"" mice of either sex were used for injections. The mice
were randomly assigned to the different experimental groups. At least
5 mice were injected in each group. All surgical procedures were done
in a clean, dedicated space. Instruments were thoroughly cleaned with
70% ethanol and autoclaved prior to surgery.

P1-2 Rosa26-tdT"" mice cochlea was used for aurein 1.2-+36 GFP-
Cre and +36 GFP-Cre injection. Aurein 1.2-+36 GFP-Cre was
divided into different concentrations: 1 uM 5 uM, 22.5 puM, and
50 uM. Mice were anesthetized by hypothermia on ice, and a skin
incision was made behind the right ear of the mouse before 10% po-
vidone iodine-wiping disinfection to expose the tympanic ring and
the stapedial artery under the operating microscope (Zeiss, Ger-
many). Glass micropipettes (World Precision Instruments [WPI],
Sarasota, FL, USA), held by a Nanoliter 2000 Microinjection System
(WPI), were used to deliver the complexes manually into the scala
media and tympanic canal through the soft cochlear lateral wall
and RWM, which all allows access to inner-ear cells. The total injec-
tion volume was 0.2 UL per cochlea for cochleostomy and 0.5 pL for
round window injection, and the release rate was 3 nL/s, controlled by
a MICRO4 microinjection controller (WPI). The skin was closed with
a 6-0 nylon suture (Ethicon, USA).

Microinjection into the Inner Ear of Adult Mice

6-week-old Rosa26-tdT"" mice were used in this study, with the same
grouping methods and concentrations as used in neonatal inner ear.
Mice were anesthetized by intraperitoneal injection of a combination
of xylazine (10 mg/kg) and ketamine (100 mg/kg). The right postaur-
icular region was exposed by shaving and disinfected by 10% povi-
done iodine.

A 10-mm postauricular incision was made under the operating mi-
croscope (Zeiss), and the sternocleidomastoid muscle was separated
to expose the otic bulla and the stapedial artery. We used a Bonn mi-
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cro probe (Fine Science Tools, Germany) to drill a small hole on the
cochlear lateral wall. The scala media and tympanic canal were also
injected in the same way as in the neonatal mice. The total injection
volume was 0.3 puL for cochleostomy and 1 pL for round window in-
jection, and the release rate was 3 nL/s, controlled by a MICRO4
microinjection controller (WPI). The hole was sealed with tissue ad-
hesive (3M Vetbond), and the skin was closed with a 5-0 nylon suture
(Ethicon).

Immunohistochemistry

5 days after injection, the mice were sacrificed by CO, inhalation, and
the cochleae were fixed with 4% (weight/volume) paraformaldehyde
(Sigma) at 4°C overnight and then decalcified in 10% EDTA (Sigma)
for 3 days if necessary. Tissues were permeabilized with 0.3% Triton
X-100 (1% PBS-Tween 20 [PBS-T]) and blocked with 10% donkey
serum for 1 h at room temperature. All primary and secondary anti-
bodies were diluted in 1% PBS-T. To observe the tdT expression in
IHCs and OHCs of the cochlear and utricle sensory epithelium, we
used 1:600 rabbit anti-myosin (Myo)7a (#25-6790; Proteus BioSci-
ences, Ramona, CA, USA) and 1:300 goat anti-Sox2 (sc-17320; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. Appro-
priate Alexa-conjugated secondary antibodies (A21206 and A11058;
Invitrogen, Gaithersburg, MD, USA) were incubated for 1 h after
three rinses with PBS rinses, and DAPI was used to label the nuclei
(1:1,000 dilution; Sigma).

Cell Counting and Statistics

To quantify the number of tdT-positive cells after aurein 1.2-+36
GFP-Cre and +36 GFP-Cre transfection, we counted the total number
of HCs and SCs in a region spanning 100 pm with a laser-scanning
confocal microscope (Leica TCS SP8) in the apex, middle, and base
turns of the cochlea. The cytotoxicity was evaluated by counting the
DAPI-stained OHCs and IHCs. If the cell died, DAPI-stained hair
cells were lost. The results are presented as the mean + SEM, and
all statistical analyses were performed with GraphPad Prism 8.0. A
difference was considered statistically significant when *p < 0.05
and **p < 0.01. When multiple comparison tests were applied to
compare the transfection efficiencies of aurein 1.2-+36 GFP-Cre
among different groups in the three regions of the cochlear, p <
0.0167 was considered statistically significant after Bonferroni
correction.
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