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We aim to explore the role of epidermal growth factor (EGF) ligand shedding in tympanic membrane wound
healing and to investigate the translation of its modulation in tissue engineering of chronic tympanic membrane
perforations. Chronic suppurative otitis media (CSOM) is an infected chronic tympanic membrane perforation.
Up to 200 million suffer from its associated hearing loss and it is the most common cause of pediatric hearing
loss in developing countries. There is a need for nonsurgical treatment due to a worldwide lack of resources. In
this study, we show that EGF ligand shedding is essential for tympanic membrane healing as it’s inhibition,
with KB-R7785, leads to chronic perforation in 87.9% (n = 58) compared with 0% (n = 20) of controls. We then
show that heparin binding–EGF-like growth factor (5 mg/mL), which acts to shed EGF ligands, can regenerate
chronic perforations in mouse models with 92% (22 of 24) compared with 38% (10 of 26), also with eustachian
tube occlusion with 94% (18 of 19) compared with 9% (2 of 23) and with CSOM 100% (16 of 16) compared
with 41% (7 of 17). We also show the nonototoxicity of this treatment and its hydrogel delivery vehicle. This
provides preliminary data for a clinical trial where it could be delivered by nonspecialist trained healthcare
workers and fulfill the clinical need for a nonsurgical treatment for chronic tympanic membrane perforation and
CSOM.

Introduction

According to the World Health Organization
(WHO), an estimated 39–200 million individuals suffer

from chronic suppurative otitis media (CSOM) associated
hearing loss and it is the most common cause of persistent
hearing impairment among children in the developing
countries.1 The current standard of care is surgery to re-
store integrity of the tympanic membrane (TM), improve
hearing, and reduce further incidence of infection.2 How-
ever, initial graft take rates can be as low as 65%.2,3 Third
world countries lack the surgical resources to address the
demand and so many go untreated.4 Because of this great
unmet clinical need, a nonsurgical treatment for chronic
TM perforation has been identified as potentially the
greatest advance in otology since the cochlear implant.5

Many nonsurgical attempts for treating chronic TM per-
forations have been investigated, but are yet to demonstrate
superiority to surgery.6 In an ideal setting, a therapeutic,
bioresorbable implant would readily be administered lo-
cally and deliver the effective bioagents to accelerate or
enable the healing of chronic TM perforations.

In recognition of their potential impact for treatment,
bioactive substances have long been pursued in TM wound
healing with attempts to either inhibit or promote healing.7,8

These include fibroblast growth factor 19 and 2,10–13 various
subtypes of platelet-derived growth factor,14,15 hyaluronic
acid,16–18 and epidermal growth factor (EGF).19,20 Until now
these attempts have had poor efficacy or require adjunctive
surgical procedures to be performed, such as microscopic
excision of the perforation margin. If a bioactive substance
requires specialist training, general anesthesia or microscop-
ic-assisted surgery then it does not address the clinical need.

To address the worldwide clinical need, we aimed to
develop a novel, clinically applicable, therapeutic, bioresor-
bable implant with heparin binding epidermal growth factor-
like growth factor, also known as heparin binding–epidermal
growth factor (HB-EGF), to treat chronic TM perforations in
the presence of bacteria or Eustachian tube (ET) dysfunction.
By doing so, we explore for the first time, the effect of HB-
EGF as a therapeutic on wound healing in the TM. The ac-
complishment of this project establishes the foundation for
future research toward developing first in human studies of
HB-EGF treatment of chronic TM perforations.
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Materials and Methods

All animal work was approved by Stanford’s Adminis-
trative Panel on Laboratory Animal Care.

All mice used for all experiments were 6–10 week old
male CBA/CAJ (15–25 g) mice purchased from Jackson
Laboratories. All otoscopy and surgical interventions were
performed using inhaled isoflurane at 3–4% for induction and
1–2% for maintenance. For the ET occlusion surgery to
create mouse models 2 and 3 described below, twice daily
intramuscular buprenorphine (0.01–0.05 mg/kg) was given
for 48 h postoperatively. Determination of animal numbers
was performed using the STATA version 13 aiming for an a
of 0.05, a b of 0.8. We also made provisions for potential
animal mortality and failure to establish a chronic perforation.

Polymer construction

The polymer construction was performed according to a
previously published technique and its release of added
growth factors have been characterized.21–23 The mass ratio
of chitosan to lactide was 8:1. 3.3 mM. Sodium metabisulfite
was added into the prepolymer solution to form a cross-
linked hydrogel within a few minutes.

Creating mouse models of chronic TM perforation

Three animal models of chronic TM perforation were
developed and are described below. Each successive model
attempts to better mimic the human condition. The first
model is a model of dry chronic TM perforation. The second
model is a model of chronic TM perforation with ET oc-
clusion. The third model is a model of CSOM. When the
endpoints in the models were achieved, all animals were
sacrificed with half of the tissue used for histology and the
other half processed for immunohistochemistry.

Mouse model of chronic TM perforation (model 1)

A previously published technique to create TM perfora-
tions in rats was adapted to mice. A curved micro needle is
used to create a subtotal perforation in the pars tensa of
the TM.24 The mice TMs either had 10 mM KB-R7785
(4-(N-hydroxyamino)-2R-isobutyl-3S-methylsuccinyl)-L-
phenylglycine-N-methylamide, also known as OSU8-1) (n = 70)
or 0.9% normal saline (n = 20) injected onto gel foam (the
gel foam was placed through and onto the perforation at
the time of creating the perforation) over 7 days following
perforation. Both TMs of the mice, either both allocated to
KB-R7785 or saline groups, were used. KB-R7785 for all
animal experiments was obtained as a gift from Dr Higa-
shiyama’s lab in Ehime University, Japan. Two mice in the
KB-R7785 group were sacrificed at various time points (day
2, 7, 14, 30, 44, 60) and had tissue processed for histology
to observe the effects on keratinocyte migration, leaving a
total of 58 mice TMs to evaluate for the presence of chronic
perforation at 3 months. The endpoint for a chronic perfora-
tion is one that has remained open for a period of 3 months.

Mouse model with surgery for ET obstruction (model 2)

The procedure in the rat25 was adapted by opening the
bulla using an engraving device with a 0.5 mm burr. In brief,
a hole is be drilled (engraving device with a 0.5 mm burr) at

the midpoint along the length of the bony ET, the mem-
branous cover will be opened, and small pieces of Gutta
Percha Points (Meta Biomed) placed into the defect and
melted using electrocautery to conform to the lumen. The
mice were allowed to recover from this procedure for 4
weeks before creating chronic TM perforations (as de-
scribed in model 1). The mice were then treated with either
HB-EGF or control as described below. A total of 42 mice
with unilateral chronic TM perforations and ET occlusion
comprised this group.

Mouse model of CSOM (model 3)

To create a mouse model for CSOM, the above chronic
perforation model with ET obstruction was first created uni-
laterally. The perforation was then untouched for 3 months.
Otoscopy, under general anesthesia, was performed to verify
persistence of the perforation. The bacteria chosen were two of
the most commonly involved in chronic ear disease, Strepto-
coccus pneumoniae type 3 (ATCC strain 6303 dose of 6 · 106

colony forming units per mL) and Pseudomonas aeruginosa
(ATCC strain CRM27853 dose of 6 · 109 colony forming units
per mL). These bacteria were purchased directly from ATCC
and were prepared according to their accompanying protocols.
Streptococcus pneumoniae type 3 was prepared in ATCC
broth #44 and plated in #260 agar. Pseudomonas aeruginosa
was prepared in ATCC #18 broth and plated in #18 agar. After
creating the chronic perforation model with ET occlusion, one
of the two types of bacteria were inoculated into the middle ear
through the existing chronic perforations. The bacteria were
delivered into the middle ear through the created perforation
through the external auditory canal.

The pseudomonas group formed CSOM group 1 (n = 16),
that is, 16 mice with unilateral pseudomonas CSOM. The
streptococcus group formed CSOM group 2 (n = 17), that is,
another 17 mice with pseudomonas CSOM. At 2 weeks the ear
fluid from one mouse from each cage (mice kept in groups of
four or five) was collected through micro swab and sent for
polymerase chain reaction (PCR), performed by the Depart-
ment of Comparative Medicine at Stanford, to test for the
presence of bacteria. All the sampled mice (n = 4) from CSOM
group 1 were Pseudomonas aeruginosa PCR positive at 2
weeks. All the sampled mice (n = 4) in CSOM group 2 were
streptococcus PCR negative at 2 weeks. The mice in CSOM
group 2 then had pseudomonas inoculated as for the first group.
PCR was then performed from one mouse from each cage in
CSOM group 2 (n = 4) and all were positive for pseudomonas
at 2 weeks. This gave two cohorts of CSOM mice. CSOM 1
had pseudomonas only, whereas CSOM 2 had failed chronic
inoculation of streptococcus before having successful chronic
inoculation of pseudomonas. The mice were then treated with
either HB-EGF or control as described below. All mice from
CSOM groups 1 and 2 were caged only with other mice within
the same CSOM group. This prevented cross contamination of
bacteria between mice of different groups.

HB-EGF treatment

In all treatment groups, recombinant mouse proheparin-
binding EGF-like growth factor (proHB-EGF) purchased from
Prospec (catalogue number CYT-068) was used at 5mg/mL
delivered by the above-described hydrogel polymer. The
treatment was injected through the external auditory canal,
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using a syringe and 27-gauge needle, through and onto the TM
to fill the middle ear and into the external ear. The total volume
delivered was *0.4 mL in each case. In control ears, only the
hydrogel polymer was injected. TMs were evaluated at 4 weeks,
when the hydrogel was no longer visible in the ear canal.

After creating animal model 1 (chronic perforation
model), chronic TM perforations were either injected with
HB-EGF treatment (n = 24) or a control with the hydrogel
only (n = 26). TMs were evaluated at 4 weeks, when the
hydrogel was no longer visible in the ear canal. As the mice
in this group contained bilateral chronic TM perforations,
each mouse received the same treatment in both ears to
minimize the risk of cross contamination with treatment.

After creating animal model 2 (chronic perforation with
ET occlusion model), chronic perforations were either in-
jected with HB-EGF treatment (n = 19) or a control with the
hydrogel only (n = 23). TMs were evaluated at 4 weeks, but
the hydrogel was still visible over the TM in most case and,
therefore, the TMs were reevaluated at 6 weeks, when the
hydrogel was no longer visible in the ear canal.

After creating animal model 3 (CSOM model), chronic
perforations were either injected with HB-EGF treatment
(n = 16) or a control with the hydrogel only (n = 17). This
contained a cohort created of pseudomonas only with treatment
ears (n = 8) and control (n = 8) and a cohort with pseudomonas
following failed chronic streptococcus inoculation with treat-
ment ears (n = 8) and control (n = 9). TMs were evaluated at 4
weeks, when the hydrogel was no longer visible in the ear canal.

Otoscopy

Otoscopy was performed under general anesthesia using a
Welch Allyn Digital MacroView Otoscope.

Histology

Histology was performed using Hematoxylin and Eosin
staining according to a previously published technique.24

Immunohistochemistry

To observe the keratin and keratinocyte layers of the
TMs. Cytokeratin staining was performed using Monoclonal
Mouse Anti-Human Cytokeratin Clone MNF116 (Cat #M
0821; Dako) and a previously published technique.26

Polymer ototoxicity assay

The polymer was injected through an acute TM perfora-
tion in 12 mice. Hearing was measured at intervals in 3 mice
(auditory brainstem response [ABR] and distortion product
otoacoustic emission [DPOAE]) and compared with the
control side, which had the polymer injected only to un-
derstand how long the polymer may remain in the middle
ear. The rest of the cohort was then measured at day 60, a
time after which it was thought the hearing was likely to
have returned to baseline.

HB-EGF ototoxicity assay

HB-EGF was injected at a dose 10 times (50 mg/mL) the
effective dose (5 mg/mL) with the polymer through an acute
TM perforation in 13 mice. This dose was chosen according
to guidelines provided by regulatory FDA consultation.

Hearing was measured at 10 weeks (ABR and DPOAE) and
compared with the control side, which had the polymer in-
jected only.

Photographic recording

All transcanal photographs were taken with a Digital
MacroView Otoscope (Welch Allyn).

Hearing threshold measurements

ABR and DPOAE measurements were taken as previ-
ously described.27 Frequencies measured were 4.0, 5.7, 8.0,
11.3, 16.0, 23.0, 31.9, and 46.1 kHz. When the pure tone
average was calculated, the mean of all the above-listed
frequencies was used. Briefly, the ABR potentials were
measured through needle electrodes positioned in the post-
auricular tissue and at the vertex of the head, with a ground
electrode placed in the rear leg. A bioamplifier (DP-311;
Warner Instruments) amplified the signal 10,000 times. The
sound intensity level was raised in 10 dB steps (10 to 80 dB)
SPL. At each sound level, 260 responses were measured and
averaged. At each frequency, the peak-to-peak value of the
ABR was measured and the threshold was calculated as
when this value was five standard deviations above the noise
floor. The threshold was set arbitrarily at 80 dB SPL for
averaging purposes, if an ABR response was not detected at
80 dB SPL. DPOAEs were measured in the external auditory
canal by a probe tip microphone (type 4182; Brüel & Kjaer).
The frequency response of this microphone was measured
using a free-field microphone with a flat frequency response
out to 100 kHz (type 4939; Brüel & Kjaer). This calibration
curve was then used to adjust the DPOAE amplitudes. The
sound stimuli for eliciting DPOAEs were two 1 s sine-wave
tones of differing frequencies (F2 = 1.22 · F1). F2 ranged
from 4 to 46.1 kHz. The two tones were of equal intensities
and stepped from 20 to 80 dB SPL in 10 dB increments. The
amplitude of the cubic distortion product was measured at
2 · F1–F2. The threshold at each frequency was calculated
to be when the DPOAE was more than five dB SPL and two
standard deviations above the noise floor. The threshold was
set arbitrarily at 80 dB SPL for averaging purposes, if an
DPOAE was not detected at 80 dB SPL.

Statistical analysis

STATA version 13.0 was used for analysis. For all sta-
tistical analysis a two-tailed Student’s t-test was performed.
A significance level of 0.05 was used for the null hypothesis.

Results

The experimental protocol and results are summarized in
Table 1.

Inhibition of epidermal growth factor receptor ligand
shedding creates a chronic TM perforation (model 1)

Control TM perforations, treated with saline only, all
(100%) closed in 2 weeks (n = 20) compared with 87.9% (51
of 58) of the KB-R7785-treated ears ( p < 0.01) (Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/tea). In the KB-R7785 group, kerati-
nocyte migration was not only inhibited during its use in the
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first week, but through the following 3 months. The TM
wounds fails to exhibit significant keratinocyte proliferation
and migration during the 3 months (Fig. 1). On day 2 (Fig.
1a) the perforation margins can be seen with debris over the
perforation. There is a lack of inflammatory infiltrate within
the debris and the TM is not thickened. On day 7 there is a
lack of proliferative activity seen at the handle of the mal-
leus with no new TM forming from the attachment. There is
a lack of Cytokeratin staining (Fig. 1b) seen in the residual
TM suggesting a lack of proliferation and migration of
keratinoctyes. On day 44 (Fig. 1c) the TM is still thin with a
nonhealed perforation. The lack of proliferative activity at
the handle of the malleus is still evident with a lack of
Cytokeratin staining (Fig. 1d) seen. This suggests that ker-
atinocyte migration is essential for normal healing of the
TM. It also demonstrates that this process can be inhibited
long after the initial period of application of KB-R7785. The
TM does not recover to heal within 3 months. This provides
the validation for our chronic perforation model 1.

Chronic TM perforations with ET dysfunction (model 2)

One hundred percent (n = 42) of perforations in mice with
KB-R7785 applied following surgery to occlude the ET
became chronic. When compared with the above cohort
with chronic perforations created without ET occlusion (51
of 58), there was a significant difference with those perfo-

rations with ET occlusion more likely to become chronic
when applying KB-R7785 ( p = 0.04). The perforations with
ET occlusion, in contrast to the chronic perforations with-
out, were wet with mucoid otorrhea. The TMs were more
opaque, thickened, and reddened in the areas that did heal
(Supplementary Fig. S2). The middle ear mucosa was seen
to be thickened and inflamed with the presence of cilia
lining the middle ear mucosa and an inflammatory exudate
visible within the middle ear cavity (Fig. 2).

The first animal model for CSOM (model 3)

One hundred percent (n = 8) of specimen sampled mice
from our CSOM model were PCR positive at 2 weeks in-
dicating continuing presence of bacteria and validating our
model of CSOM. This compares with 0% (n = 4) of our
attempts to create a CSOM model with streptococcus
pneumonia type 3. Figure 3 demonstrates the perforation
edge in this CSOM model. The perforation edge shows a
mucosal layer migrated laterally to be directly adjacent to
the keratinocyte layer with a thickened fibrous layer con-
taining inflammatory cells.

HB-EGF heals chronic TM perforations

When a cohort of chronic perforations in mice ears (model
1) were treated with a single dose (40 mL) of HB-EGF

Table 1. Experimental Protocol and Outcomes

Chronic perforation model creation TMs (n)
Outcome

(% chronic perforations)

Mouse model of chronic TM perforation (model 1)—total
KB-R7785 group 58 87.9% (51 of 58)
Saline group 20 0% (0 of 20)

Mouse model with surgery for eustachian tube obstruction (model 2)
KB-R7785 group 42 100% (42 of 42)

Mouse model of CSOM (model 3)—CSOM group 1
KB-R7785 group 16 100% (16 of 16)

Mouse model of CSOM (model 3)—CSOM group 2
KB-R7785 group 17 100% (17 of 17)

HB-EGF treatment of chronic perforations
Outcome (% complete
closure of perforation)

Mouse model of chronic TM perforation (model 1)—total 50
Treatment group 24 92% (22 of 24)
Control group 26 38% (10 of 26)

Mouse model with surgery for eustachian tube obstruction (model 2) 42
Treatment group 19 94% (18 of 19)
Control group 23 9% (2 of 23)

Mouse model of CSOM (model 3)—CSOM group 1 16
Treatment group 8 100% (8 of 8)
Control group 8 50% (4 of 8)

Mouse model of CSOM (model 3)—CSOM group 2 17
Treatment group 8 100% (8 of 8)
Control group 9 33.3% (3 of 9)

Mouse model of CSOM (model 3)—CSOM groups combined 33
Treatment group 16 100% (16 of 16)
Control group 17 41% (7 of 17)

Table shows the outcomes of the creation of the chronic perforation models as well as the HB-EGF treatment in these models.
CSOM, chronic suppurative otitis media; HB-EGF, heparin binding–epidermal growth factor; TM, tympanic membrane.
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5 mg/mL, 92% (22 of 24) healed, with complete closure of
the perforation, compared with 38% (10 of 26) of controls
(polymer only), where perforations were still present, at 4
weeks ( p < 0.01) (Fig. 4). The healed treated TMs (Fig. 4a),
from the chronic TM perforation group, have a similar mac-
roscopic appearance to the normal TM.

This demonstrates the efficacy of HB-EGF in this model
of chronic perforation. The mechanism is likely to be epi-
dermal growth factor receptor (EGFR) ectodomain ligand

shedding mediated keratinocyte migration.28 Healing of the
chronic perforations in the treatment group has the appear-
ance of normal TMs with increased production of keratin. In
the cases which healed in the control, there was a lack of a
distinct keratinocyte layer and thickening of the fibrous
layer (Fig. 5). There were no cases seen in the control ears,
without HB-EGF treatment, that showed normal TM wound
healing with a normal keratinocyte layer. Without HB-EGF,
the TM may still be able to close the perforation in some

FIG. 1. Developing KB-
R7785 chronic tympanic
membrane (TM) perforations.
Figure demonstrates the lack of
progression, through the prolif-
eration and migration of kera-
tinocytes of the TM wound fol-
lowing perforation and applica-
tion of KB-R7785 with staining
with Hematoxylin and Eosin (a,
c) and Cytokeratin (b, d). Time
points are day 2 (a), showing
the perforation edge (arrow)
and surrounding exudate, day 7
(b), showing keratinization in-
hibited (arrow), and day 44 (c),
showing a perforation (arrow)
and no keratinization, day 44
(d) showing a lack of keratino-
cyte proliferation at the handle
of malleus attachment to the
TM (arrow). Scale bar = 10mm
(magnification 10 · ). Color
images available online at
www.liebertpub.com/tea

FIG. 2. Changes in the middle ear with eustachian tube
(ET) occlusion. Figure demonstrates the changes in the
middle ear mucosa with occlusion of the ET. Cilia are present
in the mucosa of the middle ear mucosa (arrows) with an
inflammatory exudate (top left corner). These changes are
seen throughout the middle ear mucosa in models created
with ET occlusion. They are not seen in models without ET
occlusion. Scale bar = 10mm (magnification 10 · ). Color
images available online at www.liebertpub.com/tea

FIG. 3. The perforation margin in the chronic suppurative
otitis media (CSOM) model. Figure demonstrates the per-
foration edge showing a mucosal layer migrated laterally to
be directly adjacent to the keratinocyte layer (arrow) with a
thickened fibrous layer containing inflammatory cells. These
findings are commonly observed in human chronic TM
perforations. Scale bar = 10mm (magnification 40 · ). Color
images available online at www.liebertpub.com/tea
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cases, but they are unable to heal with the normal histo-
logical layers of the TM. The keratinocyte layer is required
for normal TM function. Without a keratinocyte layer, in the
clinical situation, there is a predisposition for the TM to
develop granular myringitis.29

When a cohort of mice from model 2 (chronic perfora-
tions and ET occlusion) of chronic TM perforations were
treated with recombinant HB-EGF 5mg/mL (sustained re-
lease dose through a bioabsorbale chitosan–lactide-based
polymer), 94% (18 of 19) healed, with closure of the TM

FIG. 4. Heparin binding–
epidermal growth factor
(HB-EGF) treatment of
chronic TM perforations.
Figure shows the otoscopic
appearance of chronic TMs
treated with HB-EGF (a) and
those controls treated with
polymer only (b) at 4 weeks
following treatment. Figure
also shows the otoscopic ap-
pearance of chronic TMs
with ET occlusion treated
with HB-EGF (c) and those
controls treated with polymer
only (d) at 6 weeks following
treatment. Figure also shows
the otoscopic appearance of
CSOM treated with HB-EGF
(e) and those controls treated
with polymer only (f) at 4
weeks following treatment. A
white X marks the area of
residual perforation. Color
images available online at
www.liebertpub.com/tea

FIG. 5. The healed TM following HB-EGF treatment compared with healed controls. Figure shows Cytokeratin (brown)
staining to identify the keratinocytes and keratin layers in the TM. The HB-EGF-treated chronic perforation (a) shows normal
TM layers, including a thick keratin layer compared with the control TM (b). The HB-EGF-treated TM (a) has a normal
thickness connective tissue layer compared with the lack of keratinization and thick disorganized connective tissue layer of the
control TM (b). Scale bar = 10mm (magnification 40 · ). Color images available online at www.liebertpub.com/tea
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perforation, compared with 9% (2 of 23) of controls
(polymer only), with residual perforations, at 6 weeks
( p < 0.01). Macroscopically, the healed TMs had a normal
appearance in some cases, but had thickened opaque TMs
with and without retraction of the pars tensa in others (Fig.
4). The healed, treated TMs in the ET occlusion setting (Fig.
4c) demonstrate retraction (first and fifth panels) or opaque
thickening (second, third, and fourth panels) in some cir-
cumstances. In the control, polymer only group in the ET
occlusion setting (Fig. 4d) the perforations were wet with
red thickening of the TM. Healing in the presence of ET
occlusion showed macroscopic differences to those without
ET occlusion. Histologically, the HB-EGF-treated TMs
closed and had a similar appearance to the above model,
with normal layers of the TM and some areas of increased
keratin formation. In comparison, the controls showed a lack
of keratinocytes even in those few cases where closure oc-
curred. This demonstrates that HB-EGF was able to suc-
cessfully heal chronic TM perforations with normal
histological layers in the setting of ET occlusion. The
middle ear mucosa in both the HB-EGF-treated and control
groups often showed the same inflammatory changes de-
scribed in the ET occlusion chronic TM model at 3 months.
There is an increase in cilia seen lining the middle ear
mucosa and an inflammatory exudate seen in the middle ear
cavity. Despite this inflammatory process continuing
through the middle ear, all treated TMs were able to heal.

Treating a cohort of mice with the CSOM model (model
3) created as described above with recombinant HB-EGF
5 mg/mL (sustained release dose through a bioabsorbable
chitosan–lactide-based polymer) 100% (16 of 16) healed,
with complete perforation closure, compared with 41% (7 of
17) of controls (polymer only), with failure to close the
perforation, at 4 weeks ( p < 0.01). Looking at these cohorts
broken down into those who had pseudomonas only and
those that had failed streptococcus chronic inoculation, there
was no difference between these cohorts. The pseudomonas
only cohort had 100% (8 of 8) in the treatment group
compared with 50% (4 of 8) in the control group ( p < 0.01).
The pseudomonas after failed streptococcus chronic inocu-
lation group had 100% (8 of 8) in the treatment group
compared with 33.3% (3 of 9) in the control group
( p < 0.01). The difference in healing of the control groups of
both CSOM cohorts was not significant ( p = 0.52).

Macroscopically the healed TMs had a normal appear-
ance in some cases, but had thickened opaque TMs in others
(Fig. 4). The healed treated TMs in the CSOM model (Fig.
4e) demonstrate near normal appearance (second panel),
middle ear effusion (first, third, fifth panels) and areas of
opaque thickening (fourth panel) in some circumstances. In
the control, polymer only group in the CSOM model (Fig.
4f) the perforations were wet with red thickening of the TM.
In some cases, the gutta percha can still be clearly seen in
the middle ear (first and second panels of Fig. 4f). Unlike in
the ET occlusion only model, there were no cases of healed
TMs with retraction. Histologically, the HB-EGF-treated
TMs also showed normal TM layers with some showing
increased keratin. As for the other models, the controls
showed a lack of keratinocytes and keratin formation. This
demonstrates the ability of HB-EGF to successfully heal
CSOM with normal histological layers. As for the ET oc-
clusion model, there were also some specimens with an

increase in cilia seen lining the middle ear mucosa and an
inflammatory exudate seen in the middle ear cavity. There
did not seem to be any relation to middle ear mucosal
changes and incidence of healing of the TM. This is the first
and only growth factor treatment tested in an animal model
of CSOM that has shown significant benefit over control.

Biodegradable polymer for HB-EGF delivery

For future use in the human ear, we demonstrated the
nonototoxicity of the hydrogel polymer in mice ears following
perforations. A conductive hearing loss can be expected when
the ear is filled with polymer until the polymer absorbs. At
first a sample (n = 3) of the polymer-treated ears were tested
with ABR thresholds at serial time points until they reached
the level of the control ears (n = 3) at 60 days. This demon-
strated that the polymer was present in the middle ear and
causing hearing loss until this time (Supplementary Fig. S3).
When the full cohort of mice were tested, there was no dif-
ference in ABR and DPOAE thresholds measured at 60 days
(n = 9 in each group) (Supplementary Fig. S4). Histological
specimens did not demonstrate any additional inflammatory
reaction or changes when compared with the control.

HB-EGF is not ototoxic in the mouse model

When HB-EGF was injected at 10 times the effective
dose (50 mg/mL) with the polymer through an acute TM
perforation, there was no difference in hearing when mea-
sured at 10 weeks (ABR and DPOAE) (Fig. 6) and at 16
weeks (Supplementary Fig. S5) compared with the control
side, which had the polymer injected only. Furthermore,
there was no difference between sides in histological in-
flammatory changes in the middle ear or cochlea.

Discussion

The histology of TM wound healing is well known.24

Wound healing in the TM is similar to cutaneous wound
healing, except that it occurs in midair. The malleus plays a
crucial role in the healing of the TM being the site for
significant mitotic activity during the healing process. Mi-
gration of keratinocytes across layers of the TM appears to
account for the closure of the perforation.24 TM wound
healing has not previously been studied in the presence of
bacteria or ET dysfunction. This is important as the presence
of infection and ET dysfunction is known to clinically affect
healing in the middle ear and the TM.7,30

When examining the literature in this area, it is also im-
portant to make the distinction between acute and chronic
wounds. Chronic wounds, by definition, have failed to
progress through the usual orderly and timely process of
wound healing without establishing a sustained anatomic
and functional result.31 Acute TM perforations will all heal
whereas chronic TM perforations have demonstrated an
inability to heal over 3 months.23

HB-EGF was previously identified to be significant in
acute wound healing of the TM.32 KB-R7785, a hydro-
xamate-based metalloproteinase inhibitor, is an inhibitor of
EGFR ligand shedding reducing expression of HB-EGF,
amphiregulin, and tumor necrosis factor-a. HB-EGF inhibi-
tion accounts for the large majority of its effects.26 Based on
the hypothesis that HB-EGF-induced EGFR ligand shedding
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is needed for the closure of TM wounds, KB-R7785 was used
to inhibit TM wound healing in mice and create a chronic
perforation (lasting 3 months). Our results show that kerati-
nocyte migration induced by EGFR ligand shedding is nee-
ded for normal healing of the TM and is likely to be a
mechanism for the development of chronic TM perforations.
KB-R7785 inhibition of TM wound healing provides a reli-
able, reproducible, and universally available chronic TM
perforation animal model providing a platform for which to
test other treatments for TM wound healing.33

TM perforations in the clinical setting are known to heal
differently depending on their environment.34 One of the

main factors affecting healing is ET dysfunction.7 ET dys-
function may lead to the infection or inflammation, which,
then in turn, we hypothesize, inhibits keratinocyte migration
through inhibition of EGFR ligand shedding. To better mi-
mic the human condition, we then created a second mouse
model of chronic TM perforation in the setting of ET dys-
function. This is the first published model of chronic per-
foration in the setting of ET dysfunction. This model can be
reliably reproduced with practice of the surgical technique
described in the methods.

The ability to design better interventions for TM perfo-
rations has been limited by the lack of suitable chronic TM
perforation animal models. Research in this field has been
relied on testing on acute perforations. But, in current
models, all laboratory created perforations heal spontane-
ously. This devalues the intervention and makes the efficacy
in chronic TM perforations debatable.24,33 All current ani-
mal models for chronic TM perforation are not suitable
because they are either too destructive and prevent their use
in further wound healing treatment studies, create wounds
not comparable to real life or are too difficult to be repli-
cated in subsequent studies.33 To address this deficiency we
aimed to develop animal models that closely mimic the
human condition. Until now, there has been no animal
model for CSOM.

A suitable CSOM model is one that mimics the human
condition. To do this it requires three components: a chronic
perforation, ET dysfunction, and bacterial suppuration.35

Without a chronic perforation, the model is only an acute
suppurative otitis media model. In particular, it is important
to induce ET dysfunction with bacteria to mimic human
CSOM as ET occlusion can induce pathogenic behavior of
normal bacteria in the middle ear.36 In acknowledgement of
the desired characteristics of an animal model of CSOM, we
adopted our mice model with chronic perforations following
ET occlusion surgery and KB-R7785 application and inocu-
lated them with Pseudomonas aeruginosa. The uniqueness of
pseudomonas to form a chronic infection in this setting is
reflected in the human setting with it being the most common
isolate in human CSOM.35 The mucoepithelial junction in
chronic TM perforations can be found in different locations37

with the connective tissue containing inflammatory cells and
in some cases demonstrates extensive fibrosis, bone-like de-
posits, and irregular, poorly arranged fibroblasts.38 In our
CSOM model, the perforation edge shows a mucosal layer
migrated laterally to be directly adjacent to the keratinocyte
layer with a thickened fibrous layer containing inflammatory
cells. These findings add further validation to this model.

The mouse provides an ideal model for middle ear re-
search. Rats and mice both are the best nonprimate model for
TM research.33 The benefits associated with the use of mice
include availability, low financial cost, a similar TM structure
to humans,39,40 and an easily accessible TM through their
external ear canal. The mouse ET is similar to the human
child ET.41 In planning for our ET occlusion model, practice
procedures were formed, the mice sacrificed, and the ETs
were examined postmortem to confirm that the technique
provided complete occlusion of the ET. The bacteria and
concentrations used in our models were chosen based on
previous success in the literature in animal models of acute
otitis media25,42–82 Our chosen concentrations represented
concentrations previously shown to create otitis media

FIG. 6. The auditory brainstem response (ABR) and dis-
tortion product otoacoustic emission (DPOAE) thresholds of
HB-EGF-treated ears compared with control. Figure shows
the (a) ABR and (b) DPOAE thresholds measured at 10
weeks in ears perforated and injected with the polymer
hydrogel loaded with HB-EGF at 50mg/mL (n = 13), 10
times the effective dose, compared with control ears, which
were injected with the polymer hydrogel only (n = 13).
There were no differences between groups demonstrating a
lack of ototoxicity of HB-EGF in the mouse model.
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without animal mortality. The 2 week period for testing after
inoculation was chosen based on the clinical studies of
CSOM that report bacterial exudate persisting for 2 weeks in
a chronic perforation is what defines human CSOM.4

HB-EGF is from the EGF family of growth factors. EGF
family members can induce juxtacrine, autocrine, paracrine,
or endocrine signaling depending on the cellular environment
because they are cleaved from the membrane by metallo-
proteinases to form the mature soluble growth factor.83

Members of the EGF family have differing binding activity to
the EGFR family. There are four identified members of the
EGFR family (HER1, HER2, HER3, and HER4). They are
structurally related tyrosine kinases with a single membrane
spanning domain and a domain within the cytoplasm.84,85

Unlike EGF, HB-EGF binds to both HER1 and HER4.86–88

Betacellulin and Neuregulin2 also bind to HER1 and
HER4.89–91 Pro HB-EGF is synthesized as a type I single
transmembrane precursor protein that then undergoes exten-
sive proteolytic processing termed ectodomain shedding.92–95

This releases the soluble mature form of HB-EGF. HB-
EGF contains an EGF-like domain thought to be required for
EGF family members to bond and activate EGFR.96 HB-EGF
decreases epithelial markers such as keratins 1, 5, 10, and 14
while increasing cell motility genes such as SNA1, ZEB1,
COX-2, and MMP197 The metalloproteinases (including
ADAM 9, 10, 12, 17) responsible for ectodomain shedding
of pro HB-EGF predominantly regulate the binding of
mature HB-EGF and regulate activation of EGFRs.93,98–101

HB-EGF then acts through both EGFR-dependent and
EGFR-independent mechanisms. Our results show that HB-
EGF can induce keratinocyte migration in a chronic TM
perforation to close the perforation and create a histologically
comparable healed TM. For HB-EGF to be applicable in the
clinical setting it is important to demonstrate nonototoxicity.
Before human clinical trials, nonototoxicity should also be
demonstrated in a second nonrodent animal model, but these
initial results are promising. These results provide the
groundwork for further preclinical studies in translation to-
ward human clinical studies, including more work to be done
to demonstrate safety. Significant systemic absorption from
topical delivery should also be excluded. Based on single,
local administration of HB-EGF, no systemic exposure is
expected in humans. Additionally, there is literature available
on toxicity and toxicokinetics of HB-EGF after IV and in-
trabladder dosing for up to 28 days in female SD rats. No
toxicity attributable to HB-EGF was observed in the study at
doses of up to 30mg/kg for 28 days.102

To treat chronic TM perforations, an ideal approach
would be to have a liquid that can be dropped into the ear,
which then hardens and slowly resorbs over a designated
time frame while releasing a bioactive substance at a steady
concentration. This type of sustained release topical eardrop
is not commercially available. Based on our previous work
to deliver bioactive substances in bone, we further devel-
oped a biocompatible, bioresorbable, injectable polymer for
use in the ear.21,22,103 Our hydrogel consists of two main
polymers, which are hydrophilic chitosan backbone mole-
cules and hydrophobic polylactide side chains, together with
fibrinogen molecules. All three compounds are nontoxic and
biodegradable.104–106 The fibrinogen incorporation im-
proves growth factor binding affinity, enhances cell attach-
ment, and provides proteolytically degradable sites. Drug

release from the polymeric hydrogel varies according to the
characteristics such as hydrophilic affinity, swelling be-
havior, degradability, and crosslinking density of the poly-
mer. The heparin binding domains of fibrinogen within the
polymer also have additional wound healing benefits. So-
dium metabisulfite is used as the catalyst for crosslinking
and has the additional benefit of antibacterial properties
useful in inhibiting the growth of bacteria in CSOM. Our
results demonstrate that the hydrogel used is nonototoxic in
the mouse model.

In summary, HB-EGF delivered by a biodegradable in-
jectable hydrogel polymer is promising as a treatment for
chronic TM perforation and CSOM. This treatment could
address the large worldwide unmet need for a nonsurgical
way to repair TM perforations.
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