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Abstract

Understanding the Molecular Mechanisms of Epimorphic Regeneration in the
MammalianTympanic Membrane

Sonia M. Scaria

The tympanic membrane (TM) is the central component of the conductive apparatus of the
ear and is the first major organ sound waves hit in the process of being transmitted to the
brain. The TM receives sound from the external auditory ear canal (EAC) and appropriately
vibrates to transmit this sound to the middle ear. Notably, the TM has the remarkable
ability to rapidly repair itself, with perforations typically closing in days to weeks in all
mammalian species studied. However, in a subset of cases, these perforations do not close,
and patients present with conductive hearing loss. Though this function of the TM has been
known for many decades, lack of understanding of the basic biology of the TM has hindered
our ability to explain the pathophysiology of chronic perforations because the cellular and
molecular mechanisms underlying this repair ability remain largely unknown. This study
looked to thoroughly characterize the repair process of the injured TM as epimorphic
regeneration and uncover mechanisms of epithelial regeneration that could serve as future
targets for treatments for disorders of the tympanic membrane and be applied broadly to

epithelial wound repair.
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Chapter 1:

Wound Healing vs. Epimorphic Regeneration



1.1 Wound Healing Principles

When a tissue is injured, a cascade of intermingled biological processes is initiated that
ultimately should result in the healing of the injured tissue. However, in a subset of cases,
wound healing can lead to a series of complications, resulting in numerous morbidities and
mortalities. Moreover, in the case of chronic wounds- wounds that cannot heal- very
serious infections and abnormalities can occur in the injured tissue, leaving a high burden
for the patient and the provider. Therefore, there has been many in-depth studies into the
processes that govern wound healing in an attempt to alleviate this burden on patients and

the healthcare system.

The four main stages of wound healing are (1) coagulation and hemostasis, (2)
inflammation, (3) proliferation, and (4) remodeling and maturation (Figure 1.1) (Velnar,
Bailey, and Smrkolj 2009; Broughton, Janis, and Attinger 2006; Wang et al. 2018). These
phases must happen sequentially yet with overlapping periods in order for proper wound
healing to occur (Wang et al. 2018). Immediately after injury, coagulation and hemostasis
have to occur in an instant in order to prevent exsanguination (Velnar, Bailey, and Smrkolj
2009). A combination of vasoconstriction and the clotting cascade brings active bleeding to
a stop. The clotting cascade, in turn, initiates phase two of wound healing: the inflammatory
phase. In order for proper wound healing to occur, there must be adequate activation and
infiltration of inflammatory cells, neutrophils and macrophages into the wound site, which

then produce pro-inflammatory cytokines. These cytokines then initiate the activation of



several growth factors and fibroblast-specific growth factors that allow fibroblasts to
proliferate and also infiltrate the wound site (Portou et al. 2015). Macrophages are
generally thought to be the key cell in orchestrating normal wound healing, and they take

about 48 hours to infiltrate the wound site (Gantwerker and Hom 2011a).

Once the immune response has been successfully initiated, the proliferative phase can
begin, generally beginning three days after injury and continuing for two more days. The
proliferative phase can be broken down into a series of stages itself: (1) fibroblast
migration, (2) collagen synthesis, (3) angiogenesis and granulation tissue formation, (4)
protrusion, (5) adhesion, (6) traction, and (7) epithelization (Velnar, Bailey, and Smrkolj
2009). Of note, the epithelization phase is thought to begin just a few hours after wounding
with cells from the wound edge eventually migrating over the wound site with an increase
in proliferation directly over the site. The granulation tissue that forms contains
fibroblasts, new blood vessels, and immature collagen (Gantwerker and Hom 2011a). The
last phase of wound healing, remodeling, occurs when the new epithelium is fully
developed, and final scar tissue is formed. This phase can last from one to two years and
sometimes even longer. For this phase to result in a fully resolved wound, there has to be a
coordinated balance between degradation and synthesis, particularly with the synthesis
and breakdown of collagen (Velnar, Bailey, and Smrkolj 2009). The result is a tissue that
grossly resembles that of the original tissue but usually is not identical in structure and

function and always contains some remnant scarring.



1.2 SKin: a case study for epithelial wound healing

In studies of wound healing, skin is often used as the model organ due to its canonical
stratified epithelial structure and the ease of ability to manipulate the tissue. The skin is
separated into three sections: the epidermis, dermis and hypodermis. The epidermis has a
stratified structure of 5 levels: (from superficial to deep) the stratum corneum, stratum
lucidum, stratum granulosum, stratum spinosum and stratum basale, with further
differentiation of cells as the layers move superficially (Gantwerker and Hom 2011a). The
epidermis also contains specialized skin structures like hair follicles, sebaceous glands, and

sweat glands.

When skin undergoes an injury, the first phase of healing, the hemostatic phase, occurs
within seconds to minutes. During this critical window of time, the platelet response- the
coagulation cascade- is crucial for the subsequent steps of the healing process. Platelets
trigger the necessary cytokine release, which allows for immune cell infiltration. In the
inflammatory response in the skin, neutrophils arrive first, and then macrophages and
lymphocytes arrive at roughly 48 hours post-injury. Without these inflammatory cells
present, the proliferative phase will not begin, and thus skin repair will not occur. The
proliferative/epithelization phase involves proliferation and an influx of keratinocytes
specifically at the leading edge of the wound with a new basement layer being laid down
and subsequent stratification forming. During the fourth and final phase of repair,
angiogenesis and collagen remodeling from Collagen III to Collagen I results in the final

wound state and a tensile scar (Gantwerker and Hom 2011a).



The skin wound response follows the canonical four phases of wound healing with periods
of overlap between the phases. Basal progenitor cells at the wound edge are the primary
cells that respond to the injury and proliferate (Gonzales and Fuchs 2017). However, it is
unclear how stem cell progenitors at other areas of the tissue not immediately adjacent to
the wound respond and to what extent they are necessary for healing. Moreover, in most
skin repair, the process will lead to a non-functioning fibrotic mass, a scar, which continues
to remodel slowly for years (Gurtner et al. 2008). In particular, the deeper the wound, the
poorer job mammals do of repairing it, especially if the wound crosses into the dermis. In
this case, scarring is inevitable. Thus, though wound healing will provide a restoration of

most function and structure, it does not truly replicate the organ.

1.3 Epimorphic Regeneration Principles

In certain species, injury to a tissue results in, not wound healing, but regeneration of the
lost tissue, leading to a replacement organ that is identical in structure and function to the
original structure. Generally, the term “regeneration” has been used to refer to the
replacement of a lost body part, but it can also be used to refer to the replacement of cells
or tissue in response to injury; thus, regeneration can occur at multiple levels of biological
organization (Seifert and Muneoka 2018). The focus here in this work was particularly on
mammalian epimorphic regeneration, which requires actual cell proliferation in the
process of organ replacement, as opposed to the rearrangement of existing cells (Morgan

1901). What particularly separates the processes of epimorphic regeneration from the



processes of disorganized wound healing previously discussed is that regeneration acts
through a multi-lineage transient proliferative mass called a blastema (Siefert and

Muneoka 2018).

From the literature, seven key components of epimorphic regeneration have emerged. The
first is that a specialized wound epidermis must form that serves to attract blastemal cells
and maintain cell proliferation (Globus et al 1980). Second is the dependence on
innervation and the exposure to nerve secreted factors (Farkas et al 2016). Third is the
formation of a pro-regenerative extracellular matrix (Calve et al 2010), and fourth is the
activation of major developmental signaling pathways, such as BMP, FGF, or EGFR (Stoick-
Cooper et al 2007). Lastly, epimorphic regeneration requires (5) the physical interaction of
cells in three-dimensional space (Cook and Siefert 2016), (6) level-specific replacement of
the appropriate injured tissue (Siefert and Muneoka 2018), and (7) dependence on
macrophages to initiate regeneration (Godwin et al 2013). All of these factors collectively

contribute to and support blastema formation

Moreover, in recent years as there has been a resurgence of interest in regenerative biology
and trying to harness its powers to create new therapies, the predominant distinguishing
trait between canonical wound healing and regeneration has been that wound healing
always results in a persisting scar (A. W. Seifert and Maden 2014). While both processes
involve inflammation and reepithelization, it is the balance of the processes and the order
of operations that determine whether or not there is scarring. The mammalian fetus has

been actively documented to be able to undergo scar-free repair (Figure 1.2). However,



the adult mammal has been thought to lose this ability entirely, and thus, there does not

exist a documented “perfect” model of adult mammalian epimorphic regeneration.

1.4 Axolotls: a case study for epimorphic regeneration

While mammalian adult epimorphic regeneration is still an area of active research,
regeneration of amphibians and fish is much better understood. In particular, regeneration
in adult axolotls (Ambystoma Mexicanum) has been thoroughly characterized and serves as
the primary example of perfect limb regeneration. Axolotls are able to repair full-thickness
wounds on average by 80 days, including epidermal organs and underlying muscle (A.
Seifert et al. 2012). There are a couple of key findings that have been noted that could
indicate why axolotls can perform this scar-free repair and most epithelial tissues in
mammals cannot: (1) a limited hemostatic response, resulting in only a thin layer of
coagulated plasma that is lacking cells, (2) significantly lower numbers of neutrophils in
the inflammatory response, (3) faster re-epithelization post-injury, and (4) a delay in
deposition of a regenerative extracellular matrix after re-epithelization (A. Seifert et al.
2012). Neutrophils are known to amplify an immune response by recruiting other immune
mediators, so by keeping neutrophil levels lower at the wound site, axolotls dampen the
inflammation response, which leads to less fibrosis. With a smaller inflammation response,
re-epithelization is able to occur much faster, with axolotls reported to be able to re-

epithelize 4 mm wounds completely by 18-24 hours post-injury (Durant and Whited 2021).



In axolotl limb regeneration, the wound epidermis (WE) and blastema have also been



studied extensively. The WE has been shown to be required for limb regeneration,

and the blastema forms from progenitor cells that aggregate under this wound epidermis
(Thornton 1957; Stocum and Dearlove 1972; Mescher 1976). The WE promotes blastema
cell proliferation and guides blastema outgrowth (Leigh et al. 2018). Most recently, the
individual populations that play integral roles in the axolotl regeneration process have
been sequenced and now have comprehensive molecular descriptions, including the basal

WE, macrophages, and Pax7+ muscle satellite cells (Leigh et al. 2018).

1.5 Mammalian epimorphic regeneration: examples and failures

It has long perplexed scientists to find a well-matched regenerative example in
mammalians to the axolotl limb, and it has been difficult to find true parallels. Deer antler
regeneration appears to be blastema-mediated, but this is a physiologic process and not in
response to injury (Li 2012). Two very specific examples of mammalian epimorphic
regeneration in response to injury that have been documented are digit tip and ear pinna

regeneration.

Both mouse and human digit tip regeneration have been extensively studied. In a mouse,
the digit tip, when injured, is able to restore its original structure and function in a

blastema-mediated fashion. Unlike canonical epimorphic regeneration, the digit tip does
not, however, undergo rapid re-epithelization, and instead, the epidermis heals first onto

the lateral regions of the amputated stump bone, and the blastema eventually arises distal



to this site (Sierfert and Muneoka 2018). A number of major developmental signaling
pathways have been implicated in this regenerative response, including BMP (Yu et al
2010), WNT (Lehoczky and Tabin 2015), and VEGF (Yu et al 2014). However, the model of
digit tip regeneration is highly dependent on the exact location where the amputation is
made. If the amputation is made in the distal third of the distal phalynx, it will regenerate; if
the amputation is made anywhere proximal to this distal one third, it results in wound
healing (Simkin et al. 2013). Thus, the digit tip regeneration model is an example of

regeneration but does not apply universally to the whole organ.

The ear pinna similarly displays some hallmarks of regeneration but comes with a series of
limitations. Specifically, in two species of wild African spiny mice (Seifert et al. 2012) and
one other mouse species, Acomys. carihinus (Gawriluk et al 2016), the external ear pinna
can regenerate when a full thickness hole is made. However, wounds made at the edge of
the pinna only had the ability to initiate wound repair but not actually regenerate, so like in
the case of the digit tip, location has a strong impact on the regenerative nature of the
tissue (Seifert and Muneoka 2018). Moreover, it is only these species of mice that have
been shown to be able to regenerate these pinna holes, so it is not a universal phenomenon
to mammals. However, in the cases where the pinna can regenerate, it does closely follow
the tenets of epimorphic regeneration with appropriate neutrophil recruitment, formation
of a wound edge that then recruits cells for the blastema, and eventual reparation of the
epithelial layer, hair follicles, and cartilaginous matrix (Gawriluk et al 2016). Overall,
though ear pinna regeneration is thought to be restricted in mammals, it can provide a

useful model for species-specific studies of blastema formation.
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Figure 1.1

1. Coagulation and Hemostasis

3. Proliferation

4. Remodeling

2. Inflammation

5 10 15 20
Days Post-Injury

Figure 1.1: The four stages of wound healing. The four stages of wound healing- (1)
Coagulation and hemostasis, (2) Inflammation, (3) Proliferation, and (4) Remodeling occur

sequentially, but with overlapping periods of time.
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Figure 1.2

Embryo Neonate  Young Old
> > —>

Mammalian Skin

Mammalian
Digit Tip

Salamander Skin

Salamander limb,
heart, brain

Figure 1.2: Mammals lose the ability to regenerate after embryonic stage. In the fetal
stage, mammals can undergo scar-free repair, but soon after birth, this ability is lost.
Meanwhile, axolotls are able to regenerate throughout their entire lifespan.
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Chapter 2:

Structure, Functions, and Maintenance of the Homeostatic Tympanic Membrane
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2.1 Anatomy of the Ear

Hearing is a function that mammals rely on in order to perceive their surroundings and
appropriately react to them. The process of hearing is highly dependent on the proper
functioning of the organ, the ear, and its maintenance of the integrity of its structure.
Because the ability to process sound is crucial for mammalian survival, conduction of
sound requires the elegant coordination of many different structures within the ear. The
ear itself is divided into three main parts: the outer, middle and inner ear. The conductance
of sound is divided into two parts: the outer ear, which catches sound and the middle ear,

which transduces this sound (P. W. Alberti, n.d.)

The outer ear is composed of all of the structures that are visible outside of the skull. This
includes the pinna, which is the cartilage covered by skin that protrudes from the side of
the skull, and the external auditory ear canal (EAC), which is lined with skin containing
hair, sweat glands and sebaceous glands. These gland secretions are what produce ear wax
when mixed with dead epidermal cells (P. W. Alberti, n.d.). At the medial end of the EAC is
the tympanic membrane (TM), colloquially known as the eardrum, which separates the
outer ear from the middle ear space. The middle ear connects all the way to the back of the
nose via the Eustachian tube, a long thin tube lined with mucosal cells. The middle ear
space ends with the cochlea, a snail-shaped bony organ that is ultimately responsible for
transducing auditory vibrations as neural impulses to the brain. The inner ear consists of
the cochlea and the vestibular apparatus, which allows for linear and rotational

acceleration to be processed and provide balance to the body.
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The path of sound is such that sound waves enter the pinna space and travel down the EAC.
When they reach the end of the EAC, they come into contact with the tympanic membrane,
which vibrates in response. These vibrations are conducted through the ossicles, or middle
ear bones, the first of which, the malleus, is embedded in the surface of the tympanic
membrane. The vibrations are passed on from the malleus to the incus and stapes
(remaining ossicles) until eventually the vibrations are propagated to the cochlea via the
oval window of the inner ear. Once arrived at the cochlea, the sound vibrations are
detected by the hair cells within the cochlea. This detection by the hair cells triggers a
series of cellular changes, resulting in depolarization of the cells, and corresponding signals
being sent to the auditory cortex of the brain. Thus, overall, the tympanic membrane is
essential to the conductance of sound since it is the first major organ to come into contact

with sound waves and transduce their frequency.

2.2 Anatomy and Structure of the Tympanic Membrane

The tympanic membrane is the main divider between the outer and middle ear. Thus, it is
aptly positioned to be the first major organ to encounter sound waves and begin the
process of sound conduction. The TM is anatomically broken down into two major regions:
the pars tensa and the pars flaccida (Figure 2.1). The pars tensa, located superiorly when
in situ, is a thin epithelial tissue, 1-3 cells thick in the mouse. Unlike many other epithelial
tissues, the pars tensa is unique in that it lacks stratification. Interestingly, axolotls, a

species with known regenerative capabilities, also lacks a linearly stratified epithelium and
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instead only shows patterns of pseudo-stratification (Seifert et al. 2012). Surrounding the
pars tensa is the annulus, a ring of thickened fibrous tissue that keeps the pars tensa
tethered to the bony ring contiguous with the EAC. This seal allows for the tympanic

membrane to be kept taut in order to vibrate when contacted by sound waves.

The pars flaccida, located inferiorly, is a thicker epithelial tissue, usually 3-5 cells thick in
the mouse. Unlike the pars tensa, the pars flaccida does display epithelial stratification. The
pars flaccida is also not surrounded by the annulus in the same way as the pars tensa, as it

does not need to be held taut for sound conduction to occur (Fay, Puria, and Steele 2006).

The TM, though not very thick, has a unique three-layer structure. Facing the EAC is the
epithelial layer as previously described, which is contiguous with the EAC epithelium.
Facing the middle ear space is the mucosal layer of cells of the TM, which is usually one cell
layer thick and contiguous with the middle ear mucosa. In between these two layers is a
fibrous tissue layer that contains mesenchymal cells and an interwoven collagen fiber
system. The TM, particularly within the pars tensa, contains two layers of collagen fibers,
an inner layer with fibers oriented circularly and an outer layer with fibers oriented
radially. The first of the ossicles (middle ear bones), the malleus, is embedded in the fibrous
layer, which allows the vibrations from the surface of the TM to be transduced to the

middle ear space (Graham, Reams, and Perkins 1978).

20



2.3 Proliferation and Migration of Cells of the Tympanic Membrane

For decades now, scientists have been observing that anything placed on the surface of the
TM would eventually end up removed from the TM and be seen moving down the sides of
the EAC (Stinson 1936; Litton 1963;. Alberti 1964; Tinling and Chole 2006). From these
numerous reports, the authors concluded that the epidermis of the TM must be migrating
outwards into the EAC as a protection mechanism for the ear. By removing any debris that
gathers on the TM in this way, it prevents a mass from building up in the ear canal, which
could lead to conductive hearing loss. In studies involving serial imaging of ink dots placed
on the surface of mice, rats, guinea pigs, and human TMs, certain patterns of migration
arose. In humans, it appeared that the cells moved out centrifugally from the tip of the
malleus, the umbo (Alberti 1964; Michaels and Soucek 1990). Rats and gerbils appeared to
show cells moving radially outward from the handle of the malleus. From studies in which
mice were dosed with BrdU and TMs were harvested at a variety of time points (Kakoi et al.
1997), three major areas of proliferation emerged: (1) near the annulus, (2) near the
handle of the malleus, and (3) in the intermediate zone between the pars tensa and pars

flaccida. This was also consistent with findings in human TMs (Kakoi et al. 1997).

To better understand the migratory behavior of TM keratinocytes, we established
techniques for time-lapse imaging of TMs cultured as explants, employing the K5-CreERT2
and Ki67-CreERT2 mouse lines paired with the fluorescent reporter mT/mG, in which
labeled cells express membrane-localized EGFP, and the reporter R26R-Confetti, in which

recombination leads to expression of one of four fluorescent proteins: RFP, YFP, nCFP, or
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nGFP (Rock et al. 2009; Muzumdar et al. 2007; Snippert et al. 2010). After tamoxifen-
induced recombination in K5-CreERTZ2; R26mTmG/mTmG mjce, TMs were harvested and
cultured as an explant with serial hourly imaging, which showed that radial movement was
seen only on the periphery of the TM, but the predominant direction of migration was over
the malleus superiorly-to-inferiorly (Figure 2.2A). Live-cell imaging of explants of Ki67-
CreERTZ2; R26mTmG/mTmG mjce revealed GFP predominantly arising from the pars flaccida and
regions of the pars tensa near the malleus and revealed cell movements similar to those
seen with the K5-CreERTZ2; R26mTmG/mTmG TM explants (Figure 2.2B). We also broke the
displacement of cells into directional components, using Imaris software, which showed
again that the pars tensa cells predominantly move superior-to-inferiorly (i.e., downward
in the y-direction; Figure 2.4C). Thus, the basal keratinocytes of the pars tensa exhibit
directional lateral migration, and the basal keratinocytes of the pars flaccida do not (Figure

2.4D).

2.4 Cellular Identities and Dynamics of the Tympanic Membrane at Homeostasis

Prior studies have defined the basic layers of the TM, but work in the lab initially sought to
define the resident stem cell populations of the TM for the first time. Single-cell RNA
sequencing (scRNA-seq) of thirty-eight adult murine TMs, pooled and split into two
anatomic fractions, epidermal and fibrous/mucosal, generated two corresponding datasets,

analyzed with Seurat (Satija et al. 2015) to identify cell clusters (Figure 2.3A,B).

22



In the epidermal fraction, seven cell clusters were identified, including five keratinocyte
clusters (numbered 0,1, 2, 3, and 4), mesenchymal (5), and mucosal (6) cells (Figure 2.3A).
Keratinocytes in cluster 3 are cycling, marked by expression of Top2a and Mki67 (Figure
2.3C). The prominent axis of distinction among the other keratinocyte clusters was
differentiation state. Clusters 1 and 2 are relatively undifferentiated; they express markers
of basal keratinocytes, including Krt5, Krt15, and Itga6 (Figure 2.3C). Cluster 0 is an
intermediate differentiation state; the cells have lost expression of the basal-like markers
and gained expression of differentiation-associated genes, including Krt10 and Ivl. Lastly,
Cluster 4 are terminally differentiated keratinocytes, expressing markers including Flg2
and Hrnr. Overall, the gene expression profiles obtained among the keratinocytes were
similar to those previously observed in other interfollicular epidermal sites (Cheng et al.
2018; Joost et al. 2018; Aragona et al. 2017), providing a level of validation to our scRNA-

seq data.

The same approaches were utilized to define the cell populations in the fibrous/mucosal
fraction, where 12 clusters were discovered. Among these are multiple Vimentin+ (Vim)
mesenchymal populations, including: endothelium (Pecam1+), smooth muscle (ActaZ+),
and Schwann cells (Mbp+). Four additional clusters of mesenchymal cells were identified,
numbered 0 (Gpx3+), 2, 3 and 5 (all Igfbp3+), marking distinct populations of fibroblasts.
Lastly, Sox2 is a known marker of mucosa and is expressed in both non-ciliated and ciliated
mucosal cell clusters (Tucker et al. 2018). Ciliated Mucosa was identified via expression of
motor proteins, including Dnah5 and Dynlrb2. The mucosal clusters express Krt19, while

the keratinocyte clusters do not.
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2.5 Stem Cell and Progenitor Niches of the Tympanic Membrane

Prior to studies done in our lab, the clonal architecture of the TM and how it was
maintained was very minimally understood. Using a Ki67-CreERTZ;R26R-Confetti mouse
line to visualize individual clones on the TM, mice were given a minimal dose of tamoxifen
and clones were visualized two days to two months later (Figure 2.5A). From counting the
number of cells in each clone at each captured time-point, we found that the distribution of
clone sizes was consistent with that of neutral drift dynamics in the stem cell pool (Figure

2.5B) (Klein et al. 2010; Mascré et al. 2012; Lopez-Garcia et al. 2010).

At early timepoints, circular clones were found near the umbo of the malleus, which has
been characterized as a major site of cell turnover of the TM (Knutsson, Von Unge, and
Rask-Andersen 2011). At longer timepoints, there were clones extending supero-inferiorly
along the pars tensa that always connected back to the upper border with the pars flaccida,
another known proliferative region (Figure 2.5C); along with other clones emanating from
this region, these data led us to conclude that the junction of the pars flaccida and the pars

tensa is the location of the long-term repopulating stem cells of the tissue.

A K5-CreERTZ2;R26R-Confetti mouse model with maximal tamoxifen labeling was used to
answer questions surrounding long-term repopulation of the epithelial layer of the TM. At
later time points after multiple cycles of complete turnover of the TM, streaks of color

formed across the tympanic membrane, consistent with models of stochastic stem cell
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turnover (Figure 2.5D) (Klein and Simons 2011). Overall, the architecture of the clones
from both sets of experiments was consistent with a model in which the long-term
repopulating stem cells arise exclusively from the region adjacent to the pars flaccida; the
committed progenitors and their progeny then migrate from this stem cell region over the

pars tensa and are eventually shed along the sides of the EAC (Figure 2.5E).
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Figure 2.1
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: J Malleus

Pars Tensa

Figure 2.1: Tympanic Membrane Anatomy Image of a tympanic membrane floating in
saline. The image is annotated with the two main regions of the TM: the pars flaccida and
the pars tensa. The annulus surrounding the pars tensa and the malleus, the first of the
middle ear bones, embedded in the pars tensa are also noted.
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Figure 2.2
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Figure 2.2: TM migratory patterns revealed by live-cell imaging. (A) TM from a Krt5-
CreERT2;R26mTmG/mTmG mouse serially imaged hourly for 24 hours. Cells were identified and
tracked using Imaris. Cells are shown at their final position, with their full track traced
from time = 0 hours (purple) to 24 hours (red). (B) Whole- mount TM from a Ki67-
CreERTZ2;R26mTmG/mTmG mouse imaged hourly for eight hours. On the left, cells are at their
initial positions with vectors showing the directions in which they will move. On the right,
cells are at their final positions with tracks showing their paths. (D) X, Y, and Z components
of the displacement. (E) Cartoon summarizing findings from the live cell imaging. (Adapted
from Frumm et al. 2021)

27



Figure 2.3
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Figure 2.3: Single-cell RNA sequencing (scRNA-Seq) identifies cell types in the
murine TM. (A) t-Distributed Stochastic Neighbor Embedding (tSNE) visualization of the
cell clusters identified in the epidermal fraction. (E) tSNE visualization of the cell clusters
identified in the fibrous/mucosal fraction. (F) Heat-map showing expression of genes
associated with keratinocyte differentiation states in keratinocyte clusters 0 - 4. Yellow
indicates high expression and violet low expression. Each column is a single cell. (Adapted
from Frumm et al. 2021)
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Figure 2.4

A ATmx AHarvest B o:: 70
& g~ :
5 (& & > 2 .

0N VD X Vv =

| | | | | | 'T'g 50

A A A A A A S )

s
% o

1 2 3 4 2
week weeks weeks weeks months

3 months

% Stem cell-derived clone

% Stem cell-derived clone

<. Differentiated Cell

29



Figure 2.4: TM Keratinocyte clones arise from distinct stem cell and committed
progenitor populations. (A) Experimental timeline. Mice were injected with 250 mg/kg
tamoxifen at day 0 and TMs were harvested weeks to months later. (B) Number of cells per
clone identified at each indicated time-point. The total number of clones quantified at each
time-point is indicated above the data. (C) Example of clones captured at 2 months. In each
pair of images, the entire whole-mount TM is shown on the left with the annulus and
malleus outlined by a white dotted line, the magnified area shown with an orange box, and
the scale bar indicating 500 pm; on the right, designated with a prime, are more magnified
images of clones, and the scale bar indicates 100 pm. (D) Representative whole-mount TMs
from 3 month timepoint from K5-CreERTZ2;R26R-Confetti mice given 5 days of tamoxifen.
(E) Cartoon depicting our model for the location of stem cells (SCs) and committed
progenitors (CPs) of the murine TM epidermis based on data from the Ki67-CreERTZ2;R26R-
Confetti lineage trace. We posit that SCs reside in the superior portion of the pars tensa,
near the border with the pars flaccida and that committed progenitors proliferate over the
malleus. (Adapted from Frumm et al. 2021)
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3.1 Abstract

Adult mammals are generally believed to lack the ability to regenerate complex tissues and
instead repair wounds by forming scars. In humans and across mammalian species, the
tympanic membrane (TM) rapidly repairs perforations without intervention. Using mouse
models, we demonstrate that the TM repairs itself through a process that bears the
hallmarks of epimorphic regeneration rather than typical wound healing. Following injury,
the TM forms a wound epidermis characterized by GFR ligand expression and signaling.
After the expansion of the wound epidermis which emerges from known stem cell regions
of the TM, a multi-lineage blastema-like cellular mass is recruited. After two weeks, the
tissue architecture of the TM is largely restored, but with disorganized collagen. In the
months that follow, the organized and patterned collagen framework of the TM is restored
resulting in scar-free repair. Finally, we demonstrate that deletion of EGFR in the
epidermis results in failure to expand the wound epidermis, recruit the blastema-like cells,
and regenerate normal TM structure. This work establishes the TM as a model of
mammalian complex tissue regeneration and demonstrates that adult mammals appear to

retain the capacity for epimorphic regeneration at this site.

3.2 Introduction

Mammals are capable of scar-free injury repair in the embryonic stage; however, after
birth, they display increasingly limited capacity to regenerate injured tissues (AW and K

2018). The characteristic stages of wound healing in adult mammals - (1) hemostasis, (2)
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inflammation, (3) proliferation, and (4) wound remodeling (V. T, T, and V 2009) - result in
tissues that may be functional but do not completely recapitulate the gross morphology
and microscopic patterning of the unwounded tissue. In contrast, tetrapods, such as
axolotls (Ambystoma Mexicanum), are able to regenerate entire complex-tissue limb
structures throughout their life-spans (JP and A 2008; Gerber et al,, n.d.). The resulting
organ resembles the previous unwounded structure in gross morphology, cellular
patterning, and full function, with little, if any, remnant of the inflicted injury (scar)
(Whited and Tabin 2009). This repair process, termed epimorphic regeneration, is
distinguished from mammalian wound healing by a few key features. Epimorphic
regeneration is definedby an initial cellular response to wounding, the formation of a
cellularly heterogeneous blastema, and subsequent cellular patterning and morphogenesis
resulting in scar-free repair of a tissue or organ (AW and K 2018). In the axolotl, the site of
the wound is rapidly covered by a specialized epidermis, which then serves as a scaffold
for blastema formation and the resulting regeneration of the organ (Leigh et al., n.d,;
Chalkley 1954). With rare and species-specific exceptions (TR et al. 2016; K, WF, and SV
1986; U, C, and ]S 2009), mammals are believed to lack the ability to regenerate tissues and
organs once they develop past the embryonic stage (Seifert and Maden 2014), and
epimorphic regeneration has not been described in an adult mammalian organ across

species.

The tympanic membrane (TM) or eardrum is a central component of hearing, relaying
sound from the environment to the cochlea. Anatomically, it is separated into two major
compartments: the larger but thinner pars tensa (PT), and the smaller but thicker pars

flaccida (PF). Both regions are composed of three cellular layers: the external epidermis,
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the middle fibrous/mesenchymal layer, and the inner mucosal epithelium, which is
continuous with the middle ear. In skin elsewhere in the body, the epidermis is stratified,
with a basal layer of keratinocytes (KCs) separated from the underlying dermis by a
basement membrane. The TM epidermis is a specialized type of skin that is only 3-5 cells
thick in humans and 1-3 cells thick in mice and lacks common skin appendages such as hair
follicles and sweat glands (Blanpain and Fuchs 2009; KAU and E 2017; CM and A 1999).
Within the fibrous layer, the TM has two organized layers of collagen fibers, one radial and
one circular. Within the PT, the first sound-transducing bone, the malleus, is embedded
within this mesenchymal layer, surrounded by nerves and blood vessels. The junction of
the PT and the PF as well as the area over the malleus are thought to be the

stem/progenitor niche regions of the organ.

In humans, guinea pigs, mice, rats, dogs, and chinchillas, the TM rapidly and spontaneously
repairs following injury (Wang AY et al. 2014; Gao et al. 2017). This process is so robust
that in attempting to create models of chronic TM perforation, investigators have struggled
to find animal models where this repair is reproducibly prevented (Wang AY et al. 2014;
ZC,ZH, and QP 2012). In clinical practice, 750,000 myringotomy procedures are performed
in the United States every year, in which a perforation is made in the TM to drain fluid from
or relieve pressure in the middle ear space behind the TM (Hall et al. 2010). The vast
majority of these surgical perforations successfully heal (Hall et al. 2010). In order to
prevent the healing process and keep the perforation patent, metal or plastic tubes are
typically inserted into the TM to treat eustachian tube disorders (RM et al. 2013). This

robust repair process across adult mammalian species spurred us to characterize the
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healing of this organ, the cellular and molecular mechanisms of which repair remain poorly

understood.

Here, we demonstrate that the mouse TM displays key features of epimorphic
regeneration (M, S, and YC 1980), including the hallmark of scar-free repair. We define a
new “wounded” epithelial population of the TM that emerges in response to injury and
demonstrate that EGFR is necessary for a robust proliferative response. Taken together,
these data provide a cellular roadmap of the TM’s response to injury and for the first time,
demonstrate the capacity of an adult mammalian organ to undergo epimorphic

regeneration.

3.3 Results

Injury to the TM induces a robust proliferative response

To characterize the TM response to injury, we first assessed gross tissue morphology
during the time course of wound repair. We perforated the left TMs of mice in the postero-
inferior quadrant of the pars tensa, using the right TMs as unwounded controls (Figure
3.1A). We harvested TMs at multiple timepoints during wound healing and imaged whole
mounts (Figure 3.1B). Macroscopically, there is a large buildup of tissue with thickening of
the TM by day 3 post-perforation. This increase in tissue volume persists through day 7. By
day 14, the tissue has drastically remodeled and decreased in volume back to the gross

appearance of an unwounded TM, without apparent evidence of the prior injury. Across all
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experiments, we found that TM perforations observed at day 7 or later (240/240) were

closed.

We next sought to characterize the spatial and temporal proliferative response following
TM injury. We created perforations as previously described and pulsed the mice with EdU
two hours prior to harvesting the TMs (Figure 3.1C). Within 18 hours of perforation, there
was a detectable increase in proliferation (p =.0082) (Supp. Figure 3.1A,B). This early
increase in EdU-labeled cells is faster than that seen in mammalian wound healing in skin,
which typically shows an increase in proliferation only 48 hours following wounding
(Aragona et al. 2017). At one day post-injury, there was a marked increase in proliferation
in the same regions that are proliferative under homeostasis, the tissue over the malleus
and the junction of the pars tensa and pars flaccida(SM et al. 2021) (Figure 3.1D). By day 5,
we observed the peak in proliferation, with a 5.5-fold increase in EAU+ cells over the whole
TM (p=.0043) (Figure 3.1E). By day 7, the proliferation had substantially decreased, and

by day 14, the proliferation pattern resembled that of the unwounded TM.

The proliferative response to wounding in the TM appeared to involve the whole organ
rather than just the area around the wound site. Homeostatic turnover of the entire TM
epidermis takes approximately 3 weeks(SM et al. 2021). To see how the rate and location
of turnover are impacted by wounding, we maximally labeled the TM KCs with EdU
supplied via drinking water, then removed the source of EAU upon injury of the TMs and
harvested the tissues over the course of four weeks (Supp. Figure 3.1C). We observed the

loss of the EAU label in the TM epidermis by day 7 rather than the typical 3 weeks seen in
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the homeostatic TM (Supp. Figure 3.1D). Thus, the robust proliferative response to

wounding of the TM accelerates turnover of the TM epidermis throughout the organ.

TM perforation repair restores all layers of the TM

Most skin wounds heal by filling a defect that is bounded by tissue on three sides and
results in incomplete reconstitution of pre-existing skin structures (Gantwerker and Hom
2011). In contrast, wounding of the TM creates a full thickness perforation that goes
through epidermal, mesenchymal, and mucosal layers (Figure 3.2A) and is bound only by
tissue along its edges. It also disrupts the organized layers of radial and circular collagen
fibers in the TM (Figure 3.2A-B). We examined H&E-stained cross-sections of the TM at
the area of injury over time (Figure 3.2C). At one day following perforation, we began to
see some expansion and stratification of the keratinocytes over the malleus and annulus.
By day 3, this population had massively expanded, and the TM had thickened substantially.
By day 5, the perforation was typically filled by a mass of cells (~16x thicker than the UW
TM) including keratinocytes, Pdgfra+ mesenchymal cells (Figure 3.2E), and immune cells.
At day 7, the TM reached its maximal thickness (~52x thicker than UW), with marked
expansion of the epidermis that extended beyond the site of perforation. Notably, we
observed keratinization on the epidermis side of the TM with sloughing of keratin debris at
day 7 while wild-type TMs do not usually display keratinization. day 14 post-injury, the TM
had restored its original thickness and appeared histomorphologically identical to the
unwounded TM, with resolution of the multi-lineage disorganized cell mass and with intact
mucosal, connective tissue, and epidermal layers. This process resembles the steps of

epimorphic regeneration in the axolotl limb, including expansion of a wound epidermis,
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formation of a multi-lineage blastema-like structure, and subsequent morphogenesis and

resolution (AW and K 2018).

We next investigated the differentiation state of the KCs during the time course of healing.
In the initial phases, there is expansion of nucleated, basal-appearing Keratin5+ (K5+)
keratinocytes. At later timepoints, we observed heterogeneous labeling for markers of
basal KCs (K5), differentiated KCs (Keratin10, Keratin23, Filaggrin(M. T et al. 1990)), and
mesenchymal cells (Pdgfra) throughout the thickness of the TM by in situ hybridization
(ISH) (Figure 3.2D) and immunofluorescence (IF) (Figure 3.2E, F). Of note, we observed
cells positive for both K5 and Keratin10 (Figure 3.2D). This disorganized stratification and
differentiation was most prominent at day 7 post-injury and resolved by day 14. Taken
together with the histological features, we conclude that the keratinocytes within the
thickened mass differentiate, keratinize, and form a crust, which is later lost in the external
auditory canal, consistent with previous observations in humans and other mammals(ZC,

ZH, and QP 2012).

The TM displays scar-free repair

Repair of other mammalian epithelial tissues such as skin generally results in scar
formation (Rodrigues et al. 2019), defined as deposition of fibrotic tissue that does not fully
recapitulate the original tissue structure and function. We next sought to determine
whether repair of the injured TM similarly resulted in a scar by studying the characteristic
organization of collagen fibers in the TM (Figure 3.2B). The middle mesenchymal layer of

the TM is primarily composed of Collagen II (COLII) at homeostasis, with the appearance of
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Collagen I (COLI) being associated with injury(Maria et al. 2010). We performed IF for
COLII and COLI in the unwounded TM and at multiple timepoints post-injury to visualize
the collagen patterning of the injured TM (Figures 3.2G and Supp. 3.2A). At 2 weeks
following perforation, the TM, though grossly healed, did not display the typical circular
and radial COLII fiber patterning, and a small amount of COLI was present localized to the
wound site. However, by 2 months, the COLII patterning appeared nearly restored to the
pre-injury state (n=15 for Col II), and COLI was minimally present at the site of perforation
(n=15). At one year following injury, there was no detectable difference in the appearance
of the COLII radial and circular fiber structure (n=3). Thus, the healed TM restores its
cellular structure and its highly organized connective tissue layer without evidence of a

scar.

TM cell populations undergo transcriptional shifts during healing

We next sought to generate a global transcriptional map of cells during TM perforation
repair. We performed single-cell RNA sequencing using the 10x Genomics Single Cell
Solution v3 platform on dissociated TM tissues at 4 different timepoints post-injury and
compared to unwounded controls (Figure 3.3A, B). We selected timepoints at 1, 3, 7, and
14 days after injury based on gross and microscopic changes observed in our prior
experiments that indicated that these were key timepoints of wound epidermis response,

robust proliferative expansion of cell layers, and morphologic resolution.

Datasets for each timepoint were analyzed with Seurat v3(R et al. 2015) and the results

visualized two-dimensionally using uniform manifold approximation and projection

44



(UMAP) (Supp. Figure 3.3). As we were interested in transcriptional changes over the
time-course of repair, we merged the 5 datasets and reanalyzed the combined object with
Seurat (Figure 3.3C-E). Eight major cell types were identified by their marker gene
expression: keratinocytes, non-ciliated mucosa, ciliated mucosa, mesenchyme, immune, red
blood cells, adipocytes, and endothelium (Farahani and Xaymardan 2015; Gil-Yarom et al.
2017). In order to identify distinct subpopulations of cells along the time course, we used
CellFindR (Yu et al. 2019), an algorithm that incorporates unbiased iterative sub-clustering
to identify biologically significant populations. This revealed multiple distinct
subpopulations of cells, many of which were specific to distinct stages of TM healing. When
the cells were colored by original timepoint in the merged UMAP, cells within each time
point occupied a distinct space, indicating that they were dissimilar from cells at other
timepoints within the major cell populations of the TM (Figure 3.3F). Though the TM
tissue structure appeared grossly resolved by day 14 (Figure 3.1B), the transcriptional
states of the cells did not fully restore to the unwounded state in this time frame.
Nevertheless, the general trend over the time course indicated that the cells’
transcriptional states were continuing to become increasingly similar to the unwounded

state based on RNA velocity vector analysis (Figure 3.3G, H).

Single-cell analysis reveals that distinct layers of the TM demonstrate time-
dependent transcriptional shifts and turnover following injury

A key feature of epimorphic regeneration is layer-specific and multi-lineage replacement of
tissue. Therefore, we sought to investigate the transcriptional shifts over time within each

layer of the TM during repair. To separately investigate each layer of the TM, we
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subclustered the merged dataset into specific cell types: keratinocytes, mesenchymal cells,

immune cells, and mucosal cells (Figure 3.31, Supp. Fig 3.4).

Keratinocytes make a large transcriptional shift almost immediately after perforation; at
day 1 after wounding, they occupy an almost entirely separate transcriptional space from
that of unwounded keratinocytes (Figure 3.31I). There are changes in expression of
numerous transcripts, such as Lgals1, Cald1, BC100530, Odc1, and Gpr15L, some of the
highest differentially expressed genes, as well as an increase in inexpression of
proliferation-associated genes like Mki67 and Ccnd1 in the keratinocytes. This is in line
with the rapid proliferative response we observe as early as 18 hours after perforation
(Figure 3.1D, Supp. Figure 3.1B). In contrast, the other layers of the TM display a more
delayed transition transcriptionally, consistent with associated histologically apparent
changes (Figure 3.2) and prior immunostaining data(DA et al. 2019). In homeostasis, very
few cycling cells are seen in the layers of the TM outside of the epidermal layer(SM et al.
2021). However, during TM repair, multiple cell types, including mesenchymal, mucosal,
and macrophage populations, express proliferation markers including Mki67, Top2a, and
Ccnd1, consistent with a multi-lineage response to injury (Supp Fig 3.4A-D). We confirmed
the timing of increased proliferation in the keratinocyte and mucosal layers after injury by
injecting mice with EdU 2 hours prior to harvesting TMs and co-staining with Krt5 (Supp.
Fig 3.4E) or Sox2 (Supp. Fig 3.4F) antibodies, respectively, to identify cells actively
proliferating. Krt5+ cells showed an increase in proliferation (EdU labeling) at one day

post-perforation, while Sox2+ cells showed an increase at 3 days post-perforation.
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To better understand the populations of mesenchymal cells present during TM wound
healing, we computationally isolated the mesenchymal cells from the merged dataset and
re-clustered them using CellFindR. We discovered 15 subclusters (Supp. Figure 3.5A4, 3.B),
including several subpopulations specific to the wounded state. Labeling by timepoint
revealed a large transcriptional shift at day 3 following injury (Supp. Figure 3.5C), with
differential expression of multiple genes, including upregulation of Mt1, Mt2, and Timp1
amongst the highest expressed genes (Supp. Figure 3.5D). Cells in the unwounded state
displayed higher expression canonical mesenchymal markers, such as Vimentin, Pdgfra,
Fibronectini, and Collagen 1al and 1a2 (Supp. Figure 3.5E-1 ) (Stone et al. 2016; McDonald
et al. 2013). In contrast, in the wounded state, there appeared to be activation and
proliferation of an Acta2+ (cluster 1.1.2) subpopulation as well as a distinct Coch+
population (cluster 1.1.4), both of which were detectable as early as day 1 following
perforation. RNA velocity analysis revealed transcriptional trajectories that transitioned
through wounded states and ultimately returned to a more unwounded like state (Supp.
Figure 3.5M, N). To corroborate our day 1 findings with our initial analysis that revealed
the largest transcriptional shift at day 3 post-injury, we examined the shifts in UMAP space
from the unwounded state to day 1 specifically and found that the day 1 wounded and
unwounded pars flaccida cells were closely overlapping, indicating that the transcriptional
identities immediately post-injury of the mesenchyme still largely resemble that of the
unwounded state but more significant transcriptional shifts occur at later timepoints
(Supp. Fig 3.50, P). Notably, the unwounded pars tensa cells do not overlap with the day 1
wounded cells, which suggests a transcriptional shift within these cells upon injury. ISH of

TM sections revealed Coch+ mesenchymal cells within the blastema of the healing TM
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(Supp. Fig 3.5Q). Thus, the mesenchyme displays a robust response to wounding,
coinciding with blastema formation, but following the induction and expansion of the

wound epidermis.

Among immune cells, there are several populations detectable in both the wounded and
unwounded states. We identified macrophages, dendritic cells, B cells, T cells, Langerhans
Cells, myeloid-derived cells, and monocytes (Supp. Figure 3.6A, B). Within these
populations, the transcriptomes showed clear differentiators between the wounded and
unwounded state with distinct clusters of macrophages, myeloid derived suppressor cells,
and T-cells appearing at distinct timepoints after wounding (Supp. Figure 3.6B, C).
Canonical Markers of the major immune populations were used to identify these sub-
clusters (Supp. Figure 3.6D-H). In examining the UMAP of immune cells labeled by
timepoint, the largest transcriptional changes arise between days 1 and 3 post-injury
(Supp. Figure 3.6C). Moreover, RNA velocity analysis shows clusters of immune cells that
are unique to day 3-14 that do not appear derived from the unwounded timepoints (Supp.
Figure 3.6I), including a distinct monocyte population, indicating potential immune cell
migration into the TM from circulation. ISH for Cd68, a marker of macrophages and
monocytes (Klinge et al. 2020), revealed an increase in this cell population over the malleus

at day 7 post-injury (Supp. Figure 3.6]).

Finally, we examined mucosal cells for distinct subpopulations and transcriptional changes
in response to injury. Although we identified distinct ciliated and non-ciliated mucosal

cells, we did not identify any populations specific to the wounded state.
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Injury leads to the development of a specialized wound epidermis

We next sought to more deeply characterize the initial response of keratinocytes following
injury. We investigated whether the cells responding to injury were progeny of a pre-
existing K5+ population of stem cells in the TM. Krt5-CreERT2;R26R-Confetti mice were
administered a single dose of 30 mg of tamoxifen to label a minimal subset of resident stem
and progenitor cells. The TMs were injured 3 days later and harvested at various
timepoints to visualize the K5+ daughter cells (Figure 3.4A). In unwounded TMs, we
observed rare K5+ cells over the malleus and PF, with little evidence of subsequent
expansion or migration. In contrast, in wounded TMs, we observed an expansion of K5+
lineage-traced cells as early as 12 hours following perforation, predominantly over the
malleus and at the junction of the PF and PT (Figure 3.4B). On days 1-7, there was further
expansion of K5+ lineage-traced cells, and their localization shifted to the site of the wound
(Supp Figure 3.7A, B). This is consistent with rapid expansion of a K5+ population in the
stem/progenitor niches of the TM within 24 hours post-injury, with subsequent migration

to the site of injury.

Given the rapid proliferative and migratory responses we observed, we next sought to
characterize the transcriptional events within the keratinocyte populations. We first
investigated the keratinocyte shifts occurring on the first day post-injury by merging and
re-clustering the unwounded and day 1 datasets. We found that keratinocytes generally
expressed a distinct transcriptional program by one day following wounding (Supp. Figure

3.7C). Furthermore, we identified a subpopulation of keratinocytes that expressed genes
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distinct from any seen during homeostasis (Figure 3.4C, Supp Figure 3.7D, E). We
hereafter refer to this novel and transient population as the “wounded epithelium”. In
contrast, the other keratinocyte populations had high differential expression of genes that
more clearly aligned with markers seen at homeostasis, such as Fam213a, Fcgbp, Dst, and
Apoe, and likely represent less radically transcriptionally shifted versions of these
populations. The wounded epithelium’s highest differentially expressed transcripts were
for genes not expressed in unwounded keratinocytes, such as BC100530, Odc1, and Gpr15L
(Figure 3.4C). There were 167 genes that separated this population from all other
keratinocyte populations at day 1, when filtered for at least a two-fold change in average
differential expression. This wounded epithelium persisted through day 7 but had largely
dissipated by day 14, with top markers of the wounded epithelium no longer detectable
(Figure 3.4D-E). We used ISH for Gpr15L, one of the top three differentially expressed
genes in this population, to identify the spatial localization of this population through the
time course of repair (Figure 3.4G). Cells positive for Gpr15L first appeared over the
malleus on day 1 post-injury and then around the wound site at later timepoints (Figure
3.4G, H). This localization is consistent with the expansion and migration of the K5+

lineage-traced population that we had observed earlier.

The wounded epithelium activates Egfr signaling

Among the top upregulated genes within the wounded population were Amphiregulin
(Areg), Epigen (Epgn), Heparin-binding Egf (Hbegf), Epiregulin (Ereg), and Tgfa, all ligands
of Egfr(B, G, and R] 2016) (Figure 3.4C). Areg expression appeared to closely overlap with

Gpr15L expression in the keratinocyte populations (Figure 3.5A). Thus, we hypothesized
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that the wounded epithelium may be activating signaling through the Egfr pathway and

that activation of this pathway may be required for TM regeneration.

To test whether the increase in Areg expression was specific to the post-injury state of the
TM, we queried the merged dataset of keratinocytes from all timepoints. We found that
Areg was maximally expressed in day 3 keratinocytes (Figure 3.5B). Using IF, we observed
that Areg was present in keratinocytes from day 1 to day 7, initially localized to the malleus
and shifting to keratinocytes around the wound site at day 3 (Figure 3.5C). This expression
pattern was consistent with levels and localization of Areg mRNA detected via ISH (Supp
Figure 3.8A-C). This spatial and temporal distribution matched that seen previously in the

wounded epithelium (Figure 3.4B, H).

We next sought to decipher whether Areg was acting in an EGFR-independent(Stoll et al.
2016) or dependent fashion, as both mechanisms had been reported to drive keratinocyte
proliferation. Using IF, we stained for pEGFR at various timepoints post-injury and found a
robust increase in pEGFR signal (Figure 3.5D). The spatial localization of pEGFR and Areg
was consistent with the pattern of EGFR expression over the malleus and at the wound site
on day 3 (Figure 3.5E-G) and corresponded to the localization of Areg RNA (Figure 3.5H,
I). We next co-stained for pEGFR and Gpr15L RNA and identified a subset of Gpr15L+ cells
that were positive for pEGFR (Supp. Fig 3.8H, I). Thus, EGFR signaling appears to be

activated in an autocrine fashion within the wounded epithelium.
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Deletion of Egfr abrogates the TM’s rapid proliferative response to injury

To test whether EGFR signaling was required for TM regeneration, we generated a
genetically engineered mouse model that allowed for conditional deletion of Egfr in
keratinocytes (K5-CreERTZ;Egfi//fl:R26mTmG/mTmG) (Figure 6A). We also utilized the mT/mG
Cre reporter, in which cells heritably convert from tdTomato+ to EGFP+ in response to Cre
recombinase expression (Muzumdar et al. 2007). With this mouse model, cells in which
Egfr is deleted will thus express EGFP. We administer tamoxifen for 5 sequential days to
induce Cre activity and then perforated TMs 24 to 48 hours after the last injection to
ensure complete degradation of EGFR protein, which has a half-life of 6-24 hours (Ray et
al. 2016; Greig et al. 2015) (Figure 3.6B). IF staining for EGFR confirmed the absence of
EGFR protein in the TM (Supp. Figure 3.8]-K). Macroscopically, TMs with tissue-specific
deletion of Egfr did not initially generate the same large tissue mass in response to injury
observed in wild-type mice (Figure 3.6C, 3.1B). The day 3 timepoint showed no gross
changes from the earlier timepoints. By day 14, when EGFR wild-type TMs had normally
grossly repaired, the perforations had failed to close in the EGFR KO mice (Figure 3.6C).
We examined H&E-stained cross sections of perforated TMs from EGFR KO mice and again
observed neither a large build-up of tissue nor closure of the wound by day 7 (Figure
3.6D). In order to determine if the EGFR KO mice had a proliferative defect following
wounding, we administered EdU 2 hours prior to harvesting of the TM. Whereas wild-type
EGFR+ TMs showed a robust proliferative response to injury, EGFR KO TMs showed
significant reductions in the number of EdU-labeled cells, particularly on days 1 and 3
(Figure 3.6). Thus, the initiation of the injury response and tissue mass accumulation

appear contingent on the presence of EGFR. Evolutionarily, Areg appears to be fairly
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conserved across mammals (Supp. Figure 3.8L), suggesting a potential role for EGFR
signaling via Areg activation in other mammalian species. We conclude that Gpr15L+ Areg+
cells activate EGFR signaling likely in an autocrine fashion, driving the initiation of the

regeneration program of the TM (Figure 3.6F).

3.4 Discussion

The data presented here serves to define and provide an initial characterization of adult
mammalian regeneration under physiological circumstances without genetic or
pharmacologic manipulation. We provide a computational and molecular characterization
of epimorphic regeneration of the tympanic membrane after it has suffered a full-thickness
injury. We performed single-cell RNA sequencing to provide an unbiased and
comprehensive roadmap of this multi-tissue regenerative process. We highlight the
populations that have previously been described to exist within the TM at homeostasis
(Frumm et al. 2021) and show how these populations are transcriptionally altered
throughout regeneration. Moreover, our results show that there are novel cell populations
that arise during regeneration, providing us important insight to candidate molecular

signals that drive regeneration.

TM wound healing is via epimorphic regeneration
Herein we characterize repair of the adult murine TM and present data supporting our
postulation that wound healing of this tissue occurs by epimorphic regeneration.

Epimorphic regeneration is perhaps best-described in the axolotl limb (JD et al. 2016; Kragl
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et al. 2009) and is defined by: (1) induction of a unique wounded cell population, (2)
creation of a multilineage blastema, and (3) scar-free resolution of injuries. These features
are typical of systems in vertebrates more classically defined as having the capacity for
epimorphic regeneration (Haas and Whited 2017). The gross and microscopic histological
phenomenology that we have described in this work appears to occur similarly in all other
mammals previously studied including humans (Lou, Tang, and Yang 2011), rats (Yilmaz et
al. 2021), chinchillas, dogs, and guinea pigs (Wang AY et al. 2014). This suggests that this
regenerative response is a general phenomenon of mammals, rather than being a

peculiarity of an individual mammalian species.

A wounded keratinocyte population is formed during TM healing

TM perforations are distinct from other epidermal wounds because they are full-
thickness—i.e. they involve the epidermal, mesenchymal, and mucosal layers of the TM.
Additionally, owing to the anatomic position of the TM, no underlying tissue scaffold exists
to guide regeneration. Prior histological studies of the healing TM and the data shown here
indicate that keratinocytes seem to be the first cell type responding to tissue injury (Chari
et al. 2019). This is again unique from other epidermal wounds, where the first steps in
repair require coagulation and formation of granulation tissue (containing macrophages,
fibroblasts, and extracellular matrix (ECM) components (Sorg et al. 2017)), which is
followed by and thought to be a prerequisite for effective epithelialization (Sorg et al. 2017;
Rittié 2016). With single-cell RNA sequencing of TMs throughout a wound-healing time
course, we confirmed that the earliest transcriptional shifts do indeed occur in the

keratinocytes. Furthermore, we discovered that there is a unique population of
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keratinocytes that emerges only after tissue injury, which we have termed the “wounded
epithelium.” Based on its transcriptional signature, this population does not appear to be
derived from a pre-existing stem cell population, which is remarkably similar to what has
been documented in single-cell data of the initial wound response in the axolotl (Gerber et

al,, n.d.).

A multilineage blastema forms in the healing TM

Epimorphic regeneration in other vertebrates relies on the wounded epidermis to induce
multiple lineages of cells to de-differentiate and form a blastema which continues the
process of faithfully regenerating the injured tissue(L] and CM 2008; CS 1957; AL 1976;
Stocum 2017). Through our lineage-tracing experiments (Figure 3.4A, B), we outlined the
migration of cells from the known proliferative centers of the TM(SM et al. 2021) to the
perforation site. At day 1 post-injury, computationally and biologically, we validated the
appearance of an undifferentiated transient keratinocyte population that only exists on the
TM during regeneration, dissipating by day 14 (Figure 3.4G). This proposed migration
pattern and emergence strongly suggest blastema-driven regeneration in the TM like that
of other non-mammals. The volumetric tissue response seen within the TM (Figure 3.1B,
2B) coupled with our data that highlights a new wounded epidermis (Figure 3.4) shows a
strong similarity to the wounded epidermis and resulting blastemal bud seen in axolotl

regeneration (Wong AY and JL 2020).

Another tenet of epimorphic regeneration is level-specific replacement of tissue. We show

here that the epidermal and mesenchymal cell populations undergo transcriptional shifts
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in regeneration of the TM (Figure 3.3). How the different layers communicate in TM
regeneration is an area for future investigation, particularly within the multi-lineage

blastema containing mesenchymal and immune cells.

The TM undergoes scar-free repair

A key aspect of epimorphic regeneration is scar-free repair. In general, mammalian tissues
are understood to have an extremely limited capacity to regenerate faithfully(Xia et al.
2018). At the embryonic stage, mammals have the capacity for scar-free healing and
regeneration, but this is quickly lost upon maturation (Porrello et al. 2011; Tsonis and Fox
2009). Here, we demonstrate that the murine TM undergoes scar-free repair, as evidenced
by the restoration of the organization of collagen fibers in the healed TM (Figure 3.2G).
This is very unlike what is seen in other reportedly regenerative organs in the adult
mammal, like the liver and skin, in which although function restores, the tissues grossly
retain a remnant of the injury (Stanger 2015)(KAU and E 2017). Not only does the TM
display scar-free repair, but it performs this mechanism under the circumstances of a full-
thickness wound and while being suspended in thin air, giving understanding TM

regeneration important applications in the field of epithelial pathological scarring.

Recent reports demonstrated in mice that scar-free repair of skin may be possible by
mechanical, genetic, or pharmacological manipulations that prevent fibrogenic Engrailed-1
positive fibroblasts from emerging during healing (S et al. 2021). The work we are
reporting here complements and extends that work to demonstrate a tissue where

epimorphic regeneration is possible under physiological circumstances even without these

56



manipulations. Indeed, based upon our scRNA-seq data we did not detect Engrailed-1
expression in TM fibroblasts throughout the injury time-course. It remains to be seen if
circumstances that lead to chronic perforation in humans show scarring and activation of

this population.

Egfr signaling is required for TM wound healing

Lastly, we identified the ligand of Egfr, Areg, as having a large transcriptional increase in
the early stages of TM regeneration with levels restoring back to homeostatic levels by day
14 (Figure 3.5B). Interestingly, Areg has been shown to be rapidly induced in the wound
epidermis of the axolotl post-limb amputation (Bryant et al. 2017). However, in the axolotl
limb, Areg expression quickly subsides in normal regeneration, and if Areg is aberrantly
over-expressed, the limb actually does not regenerate properly, exhibiting epithelial
thickening and impaired internal proliferation (Bryant et al. 2017). Thus, our findings of a
large spike then rapid decrease in Areg expression in the post-perforation TM directly
aligns with other regenerative processes. We were able to genetically modulate Egfr
signaling via a conditional knockout mouse where Egfr was deleted from keratinocytes -
this resulted in a complete dissipation of the rapid, robust proliferative response to injury
we normally see on the TM as well as an inability for TMs to close the injury at all, which

indicates that Egfr activation is necessary for the regeneration of the TM.

Implications and Future Directions
Taken together with this previous work, this work suggests that the potential for

epimorphic regeneration is not lost in adult mammals. Our results show that there are
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novel cell populations that arise during regeneration, providing us important insight to
what molecular signals drive regeneration. We anticipate that a deeper understanding of
the process of epimorphic regeneration in the adult mammal TM will permit us to better
uncover the critical roadblocks to regeneration in clinical TM conditions, such as chronic
TM perforation, as well as in other mammalian tissues. This may ultimately bring us closer

to driving whole tissue and organ regeneration in diverse tissues in humans.
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Figure 3.1
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Figure 3.1: The TM displays a rapid and robust proliferative response to injury
macroscopically. (A) Representative image of a murine TM dissected en bloc to include
the pars flaccida (PF) and pars tensa (PT) (left panel). Perforations were made in the
anterior PT (right panel). (B) Representative wild-type murine TMs harvested from
different mice at the indicated timepoints post-perforation. Red arrowheads indicate the
site of perforation and gross resolution over time. (C) To characterize the proliferative
response to injury, perforations were created in the left TMs of mice on day 0. On days 1, 2,
3,7,and 14, EdU was injected IP 2 hours prior to TM harvest. (D) Edu-labeled whole-mount
TMs demonstrate a peak proliferative response 3 days post-injury, with resolution by day
14. White dashed circles indicate the perforation. (E) Graph of number of EAU+ cells in a
400 x 1200 um area over the malleus in response to injury. Results of t-tests for WO vs UW
TMs at a single time-point are indicated with the black bars; *p < 0.05. Scale bars: (B)200
um (D): 100 pm.
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Figure 3.2
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Figure 3.2: The TM regenerates without permanent scarring. (A) A cross-sectional
view of the TM demonstrates the three major layers: inner mucosa, middle mesenchyme,
and outer epidermis. When wounded, the injury crosses all 3 layers. (B)The mesenchymal
layer contains two layers of inner circular and outer radial collagen fibers. (C)Hematoxylin
and Eosin (H&E) stained sections of the TM at the level of the perforation mid pars tensa at
multiple time points following perforation. Tissue stratification peaks at Day 7 and resolves
by Day 21. The epidermal layer is oriented downward, and the black circle indicates the
site of the perforation. (D) RNAscope showing expression of Krt5 (red) and Krt10 (green) in
a cross-section of the TM from day 7 post-injury, illustrating transient mixed stratification
within the epidermis. The yellow magnified region highlights an area directly over the
wound site. White arrows denote cells co-expressing Krt5 and Krt10. (E) IF for Pdgfrain a
TM cross-section from day 7, demonstrating the newly formed multi-lineage stratification
of the TM. (F) Immunofluorescence (IF) for Krt5, Krt23, and Flg in TM cross-sections from
day 7 and day 14 post-injury, demonstrating expansion and quick dissipation of cells
positive for these markers. (G) IF for COLII (green) in representative whole-mount TMs
harvested at the indicated timepoints post-injury reveals restoration of normal collagen
patterning of the TM by year 1 (n=5 mice per timepoint, except n=3 for 1 year). Scale bars:
100 um
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Figure 3.3
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Figure 3.3: Single-cell RNA sequencing (scRNA-seq) reveals the transcriptional shifts
of the regenerating TM. (A) TMs at various timepoints post-perforation were harvested
and processed at the same timepoint. (B) Single cells were isolated from unwounded and
wounded TMs for scRNA-seq. (C) UMAP visualization of all cell clusters in the merged
scRNA-seq data, including wounded and unwounded states, compiled and analyzed by
Seurat. (D) UMAP plots showing expression of Krt5 in the KCs, Pdgfra in mesenchymal cells,
Sox2 in mucosal cells, and Cd74 in immune cells. (E) Dot Plot highlighting top marker genes
of the KC, mesenchymal, mucosal and immune cell populations. (F) UMAP plots
highlighting the cells based on which unwounded/wounded timepoint they originated
from. (G-H) Separate UMAP visualizations of all of the unwounded and wounded cells with
RNA velocity vectors super-imposed, calculated using the scVelo package with all cells
highlighted(G) and with only the unwounded and day 14 cells highlighted (H). (I) Separate
UMAP visualization of KCs from all timepoints, which were re-clustered independent of
other cell types. Cells are highlighted based on their original injury timepoint.
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Figure 3.4
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Figure 3.4: A migratory wounded epithelium forms within one day post-injury. (A)
Krt5-CreERTZ2;R26R-Confetti mice were injected with a single dose of 30 mg of tamoxifen 3
days prior to TM injury to induce minimal labeling of TM KCs. Perforations were made in
the left TMs of mice on day 0, and both TMs were harvested at the indicated timepoints. (B)
Control TMs from the right ear (top row) show sparse labeling with the Confetti reporter.
Perforated TMs from the left ear (bottom row) show increased labeling over the malleus at
early timepoints, with a concentration of labeled cells at the site of injury at later
timepoints (n=5 mice per timepoint. White dotted circles indicate the perforation (C) Heat-
map showing expression of top genes associated with the wounded epithelial cell state in
KC clusters from the unwounded TM and day 1 post-injury. Each column represents a
single cell. (D-F) Violin Plots showing expression of BC100530 (D), Gpr15L (E), and Odc1 (F)
in KCs from each timepoint. (G) RNAscope for Gpr15L (green) expression on whole-mount
TMs throughout the regenerative time course (top row). Higher magnification regions
show expression of Gpr15L (green) over the malleus at day 1 and near the perforation by
day 7 (bottom row), suggesting migration of the wounded epithelium. Scale bars: 100 pm
(H) Cartoon model of the origination and migration of the wounded epithelium on the TM.
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Figure 3.5
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Figure 3.5: A blastema-like structure with activation of the Egfr pathway arises at the
site of injury. (A) UMAP visualization of the KCs from all timepoints with the unwounded
cells highlighted in red and day 1 or day 3 keratinocytes in blue. The right panels highlight
cells with the highest expression of Gpr15L or Areg. (B) Violin plot showing expression of
Areg in keratinocytes from each timepoint. (C-D) IF for Areg(C) and pEgfr (D) in
unwounded and wounded whole-mount TMs shows peak expression of both at day 3 post-
injury. White dotted circles indicate the perforations (E-G) IF for Egfr (E), Areg (F), and
pEGFR (G) on representative whole-mount TMs from the day 3 wounded state. Higher
magnification shows increased staining around the site of perforation (H-I) IF for pEgfr co-
stained with Areg RNA using RNAscope on a whole-mount TM of the day 3 unwounded(H)
and wounded(I) state. Panels (I') and (I"") show zoomed in images of co-localization of Areg
and pEgfr from the D3 WO TM. Scale bars: 100 pm
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Figure 3.6
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Figure 3.6: Egfr is required for the early TM regenerative response. (A) EGFR deletion
was induced in vivo in adult K5-CreERTZ2;Egfi//fl; R26mTmG/mTmG mice via tamoxifen injection.
Egfrf/fi; R26mTmG/mTmG mijce served as negative controls. (B) Tamoxifen was administered for
five consecutive days to induce complete recombination in TM keratinocytes prior to
perforation. TMs were then harvested at multiple timepoints post-injury, with EAU
injection 2 hours prior to each harvest. (C) Wounded TMs isolated from different EGFR KO
mice at multiple timepoints post-injury demonstrate incomplete resolution of injury. Red
arrowheads indicate the site of perforation.

(D) H&E-stained sections of the TM at the level of the perforation mid pars tensa at
multiple time points following perforation in EGFR KO mice, showing that tissue
stratification and wound closure is absent. The epidermal layer is oriented downward, and
the black circle indicates the site of the perforation. (E) EAU labeling in control EGFR+ mice
post-perforation (left) demonstrates peak labeling at day 3 and closure of the perforation
by day 14. EdU labeling in EGFR KO mice post-perforation (right) shows a lack of a
proliferative response and incomplete wound closure. White dashed circles indicate the
perforation. (F) Schematic of our proposed model of TM regeneration. Scale bars: 100 um.
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Supplementary Figure 3.1
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Figure S3.1: The TM undergoes a rapid, patterned response to injury. (A)
Representative whole-mount TMs from perforations created in left TMs of mice at 2, 6, 12,
and 18 hours pre-harvest. EQU was injected IP 2 hours prior to the left (perforated) and
right (control) TMs being harvested. The perforation is indicated with a dashed white line.
(B) Graph of number of EAU+ cells in a 400 x 1200 pm area over the malleus in response to
injury over 18 hours. Results of t-tests for WO vs UW TMs at a single time-point are
indicated with the black bars; *p < 0.05. (C) Timeline describing the pulse-chase
experiment. Mice were exposed to EAU continuously for three weeks (pulse), and then the
EdU source was removed, the left TMs of the mice were perforated, and the label allowed to
dilute for four weeks (chase). (D, E) Representative whole-mount TMs harvested without
injury (D) and 3 days, 1 week, 2, 3 and 4 weeks post-injury (E) during the labeling. TMs are
stained for EdU (green). Scale bars: 100 um.
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Supplementary Figure 3.2
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Figure S3.2: Collagen changes in response to wounding dissipate by 2 weeks. IF for
Collagen I (orange) in representative whole-mount TMs harvested at the indicated
timepoint post-injury to display the return to wildtype architecture (first panel) in collagen
patterning of the TM. Each whole-mount represents at least an n=5. Minor artifactual
staining is present at both the unwounded and 2-month timepoints. Scale bars: 100 pm.
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Supplementary Figure 3.3
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Figure S3.3: ScCRNA-seq identifies major populations of cells at each timepoint during
the injury response. (A-E) UMAP visualization of all cell clusters in the individual
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(D), and day 14(E), compiled and analyzed by Seurat.
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Supplementary Figure 3.4
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Figure S3.4: Markers of proliferation reveal turnover of all layers of the TM. (A)
UMAP plot showing expression of Mki67 in all the wounded timepoints and unwounded
state cells of the murine TM. (B)- (D) UMAP plots showing expression of Mki67 (B), Top2a
(C), and Ccnd1 (D) in the KC fraction, mesenchymal fraction, mucosal fraction, and immune
fraction of cells from the total time course. (E) IF for Krt5 (red) co-stained with EAU
(Green) in a representative whole-mount TM (i) from one day post-injury. EAU was
injected IP 2 hours prior to the TMs being harvested. (ii)-(v) are 4x zoomed in panels of (i).
(F) IF for Sox2 (red) co-stained with EAU (Green) in a representative whole-mount TM (i)
from 3 days post-injury. (ii)-(v) are 4x zoomed in panels of (i). Scale bars: 100 um.
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Supplementary Figure 3.5
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Figure S3.5: Time-course mesenchymal-specific analysis reveals distinct post-injury
transitions. (A) UMAP visualization of the cell clusters identified in scRNA-Seq of all the
wounded and unwounded state cells of the murine TM, compiled and analyzed by
CellFindR. (B) UMAP visualization of mesenchymal cells from the original clustering,
containing the mesenchymal cells from all timepoints, which were re-clustered
independent from the other cell types. (C) UMAP visualization of mesenchymal cells, with
the cells highlighted based on their original injury timepoint. (D) Dot Plot representation of
a subset of the genes that have expression differences in the WO mesenchyme vs the UW
mesenchyme. (E-I) Mesenchymal fraction UMAP plots indicating expression of (E)
Vimentin, (F) Pdgfra, (G) Fibronectin 1, (H)Collagen 1al, (1) CollagenlaZ2. (M-N) UMAP
visualizations of the mesenchymal populations with RNA velocity vectors super-imposed,
calculated using the scVelo package. (M) has cells clustered by their Seurat identities. (N)
has cells clustered by timepoint. Blue circle in (N) highlights vectors moving from the WO
to the UW state. (0)UMAP visualization of the Unwounded and Day 1 mesenchymal cells,
which were re-clustered independent from the other timepoints. (P) UMAP visualization of
the unwounded pars flaccida, unwounded pars tensa, and day 1 timepoints separated into
panels to observe overlapping cells across conditions. (Q) RNAscope for Cochlin in a TM
cross-section from day 7, demonstrating the newly formed multi-lineage blastema of the
TM, which includes mesenchymal cells. Scale bar:100 pm.
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Supplementary Figure 3.6
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Figure S3.6: Time-course immune-specific analysis reveals distinct immune
populations that arise in response to injury. (A) UMAP visualization of the cell clusters
identified in scRNA-Seq of all the wounded and unwounded state cells of the murine TM,
compiled and analyzed by CellFindR. (B) UMAP visualization of Cluster 3 from the original
clustering, containing the immune cells from all timepoints, which were re-clustered
independent from the other cell types. (C) UMAP visualization of immune cells, with the
cells highlighted based on their original injury timepoint. (D)- (G) UMAP plots showing
expression of (D) Cd207 to identify Langerhans Cells, (E) Cd79 to identify B cells, (F) Cd14
to identify Macrophages, and (G) Cd3 to identify T cells. (E) Dot Plot visualization of top
marker genes for each major immune sub-population present in the TM during
regeneration. (I) UMAP visualization of the immune populations with RNA velocity vectors
super-imposed, calculated using the scVelo package with cells clustered by timepoint. Blue
circle indicates wounded immune cells unique to day 3-14. (J) RNAscope for Cd68 in a TM
cross-section from day 7, demonstrating the newly formed multi-lineage blastema of the
TM, which includes immune cells. Scale bar: 100 um.
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Supplementary Figure 3.7
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Figure S3.7: Computational analyses of the 1-day post-injury dataset reveal a
transcriptional signature for a novel and transient wounded epithelium. (A)
Representative whole-mount TM from 1 day post-injury of a Krt5-CreERT2;R26R-Confetti
mouse injected with a single dose of 30 mg of tamoxifen 3 days prior to injury to induce
minimal labeling of cells. Perforations were created in left TMs of mice on day 0, and the
right(control) and left(perforated) TMs were harvested at the indicated timepoint. The
injury is outlined with the gray box. Right panel is zoomed in view of the TM corresponding
to the location of the box. (B) Representative whole-mount TM from 7 days post-injury
from experiment described in (A). Each TM represents an n of at least 5. (C) UMAP
visualization of the subset of cells from the Day 1 wounded and unwounded state of cells,
re-clustered and colored by timepoint to display the transcriptional shift immediately post-
perforation. (D-E) Heat-map showing expression of top genes associated with the wounded
epithelium state of the TM in the KC clusters from the unwounded TM (D) and day 1 (E)
regenerating TM. Yellow indicates high expression and blue low expression. Each column is
a single cell. Scale bar: 100 pm.
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Supplementary Figure 3.8
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Figure S3.8: Areg RNA expression identifies activated keratinocytes in response to
injury. (A-D) RNAscope for Areg(green) on representative whole-mount TMs from the
unwounded state(A) and day 3 post-injury(B) from wild-type mice. (C-D) represent
zoomed in images of the day 3 WO TM corresponding to the gray boxes in (B). (E) Day 3
wounded TM stained with Alexa 488 anti-rabbit secondary to control for artifactual
staining for pEGFR experiments. (F) Day 3 wounded TM stained with Alexa 555 anti-rabbit
secondary to control for artifactual staining for Egfr experiments. (J-K) IF for Egfr in
representative unwounded whole-mount TMs from an Egfi//fl; R26mTmG/mTmG (‘EGFR+")
mouse (J) and a K5¢re-ERT2/+ :Eqfrfl/fi; R26mTmG/mTmG (‘EGFR KO’) mouse (K) injected with
tamoxifen. Zoomed in images demonstrate absence of Egfr staining in the KO TM. (L)
Mouse Areg on chromosome 5 (chr5;mm10). Black bars denote conservation across the
listed species; Blue peaks denote areas of high conservation in comparison of the listed
species to mouse. Scale bars: 100 um.

81



3.6 Methods

Animals

Mice husbandry and procedures were conducted following the guidelines of the
Institutional Animal Care and Use Committee at the University of California, San Francisco
(approval number #192822). Experiments using wild-type mice were performed in strain
FVB/NJ. K5-CreERTZ2, Egfr/(TC and DW 2009), R26R-Confetti(Snippert et al. 2010), and
mTmG(Muzumdar et al. 2007) mouse lines were acquired from the Jackson Laboratory and
maintained on a C57BL/6 background. To generate Egfr//l; R26mTmG/mTmG conditional KO
mice, Egfr/fimice carrying loxP sites flanking exon 3 of Egfr were initially crossed with
R26mTmG/mTmG mice, and then Egfi/fl; R26mTmG/mTmGywere crossed with Keratin5-CreER
transgenic mice. For most experiments, adult animals—both male and female—between 6

and 12 weeks of age were used.

Perforations

Perforations in mouse TMs were created as previously described(SM et al. 2021). In brief,
animals were anesthetized with isoflurane, and the left TM was visualized under a
dissection microscope. Perforations were then created in the left anterior pars tensa, using

a 25-gauge needle. The right TM of each mouse was kept uninjured, serving as a control.

TM Dissociations
TMs were dissected from 10 6-week-old FVB/N] mice (all female) per timepoint (1-, 3-, 7-,

and 14-days post-injury), with the contralateral ear to the site of perforation serving as an

82



unwounded control. TMs were incubated in dispase (Corning) at 37°C for ten minutes and
then mechanically separated into epidermal and fibrous/mucosal fractions. The epidermal
tissue was dissociated in TrypLE (Life Technologies), and the fibrous/mucosal tissue was
dissociated in 0.2 mg/mL collagenase P (Sigma-Aldrich) and 5 pg/mL DNAse. Both
dissociations were done at 37°C for 10 minutes, with trituration every five minutes. Cells
were passed through 40 pum strainers, collected by centrifugation, and subjected to removal
of dead cells (Miltenyi Biotec). The cells were resuspended at 1,000 cells/uL in 0.04% BSA

in phosphate buffered saline (PBS), and 30,000 cells were loaded for single cell capture.

scRNA-seq Analysis

Isolated cells were run on the Chromium Controller (10X Genomics) with the Single Cell 3’
Reagent Kit v2, and the generated libraries were sequenced on an [llumina HiSeq 4000.
Mouse data was aligned to mm10. Data was run through CellRanger 2.0.0 (10x Genomics)
and then analyzed via R primarily through single cell analysis package Seurat version 4(Y
etal. 2021; R et al. 2015). In order to limit non-biological sources of variation, standard
processing steps were conducted to remove cells expressing less than 200 genes and genes
expressed in less than three cells. The data matrices were then log-normalized in a sparse
data matrix. Principal component analysis was performed, and the first 10 components that
emerged were used to cluster the cells via Seurat-implemented Louvain clustering.

We implemented dimensionality reduction analysis and unbiased clustering of cell
populations based on similar gene expression patterns without using prior knowledge of
population markers to drive the clustering. UMAP plots were generated to create a 2D

representation of this multidimensional data. The keratinocytes were analyzed both with

83



and without a linear regression based on cell cycle analysis and assignment of each cell to
either S, G1 or G2 phase; no considerable differences were seen between these two analysis
modalities, so the data representation used was that of pre-cell cycle regression analysis.
Samples from all timepoints following TM injury were harvested and run together in the
same batch, so no regression due to batch effects was necessary. All of the individual
timepoint read count matrices were combined together and re-clustered via Seurat. This
Seurat object was then used for isolating the total keratinocyte, mucosal, immune, and

mesenchymal datasets.

Immunofluorescence (IF)

Whole-mount TMs were dissected en bloc, fixed in 4% paraformaldehyde (PFA) at 4°C for
four hours, and decalcified in 5% EDTA overnight. For antibody staining, TMs were
permeabilized in PBS with 0.5% Triton X-100 for two hours at room temperature (RT),
blocked in PBS with 0.5% Triton X-100 and 10% fetal bovine serum (FBS; blocking buffer)
for two hours at RT, and incubated in primary antibody diluted in blocking buffer at 4°C
overnight. TMs were then washed with PBS, incubated in secondary antibodies in blocking
buffer for one hour at RT, and again washed with PBS. For addition of a nuclear stain, TMs
were incubated in Hoechst dye diluted 1:1000 in PBS for 30 minutes and washed in PBS.
TMs were mounted with Prolong Gold Antifade Mountant (Life Technologies) and sealed
with coverslips. Primary antibodies used were rabbit anti-Keratin5 (1:1000) (BioLegend
#905501), rabbit anti-Keratin23 (1:100) (LS-Bio #LS-C400571), rabbit anti-Filaggrin
(1:100) (LS-Bio #LS-B13455), mouse anti-Collagen II (1:200) (Invitrogen #MA5-12789),

rabbit anti-Collagen I (1:100)(Novus #NB600-408), rabbit anti-Areg (1:100) (Invitrogen
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#PA5-109404), rabbit anti-EGFR (1:100)(Abcam #ab52894) and rabbit anti-pEGFR
(1:350) (CST #2234). Secondary antibodies used in these studies were all Alexa fluor-

conjugated antibodies (1:250) (Thermo Fisher Scientific).

To prepare paraffin sections of the TM, auditory bullae were fixed with 4% PFA overnight
and decalcified in 5% EDTA for three days with daily solution changes. They were then
dehydrated, embedded in paraffin, and sectioned at 7- pm thickness. To stain the sections,
the paraffin was removed in Histo-Clear II (Electron Microscopy Sciences). The tissue was
then rehydrated, and slides were sub-boiled in citrate buffer (10 mM citric acid, 2 mM
EDTA, 0.05% Tween-20, pH 6.2) for ten minutes on a heating plate to retrieve the antigens.
Samples were permeabilized and blocked at RT for one hour in Animal-Free Blocker
(Vector Labs SP-5030) mixed with 0.5% Triton X-100 and 2% normal goat serum (Cell
Signaling Technology). The slides were stained with primary and secondary antibodies as
described above, but nuclear staining with Hoechst dye was performed at 1:500 for 5

minutes at RT.

Imaging

Fluorescent imaging of whole-mount TMs was performed on a Nikon A1R HD confocal
microscope with a DU4G filter-based detector, using a Plan Apo Lambda 10x 0.45NA or
Super Plan Fluor LWD 20x 0.70NA air objective lens with digital zoom of either 1x or 2x.
TMs from K5-CreERTZ2; R26R-Confetti mice were acquired using a Nikon AZ100 macro
confocal microscope with a DUS spectral detector using a 4x objective and 2x optical zoom,

as well as a 1x or 2x digital zoom. Both microscopes used NIS-Elements software for
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acquisition. Whole-mount images are displayed as maximum intensity projections of z-
stacks. TM sections were imaged on a Leica DM6 B microscope. FIJI (Image]) software was
used to analyze images, place scale bars, export individual TIFFs, and adjust levels for each
channel as needed to maximize image clarity. Imaging of gross anatomy of TMs was
performed using a Leica M205 FA stereo microscope and a 2x air objective with the LAS X

software.

RNAscope

Mice were euthanized with COzand thoracotomy and perfused with RNAse-free PBS
followed by 4% paraformaldehyde (PFA) diluted with RNAse-free PBS (for isolation of
wholemount TMs) or 10% normal buffered formalin (NBF)(for preparation of tissue
sections). In preparation for RNAscope in tissue sections, auditory bullae were isolated,
incubated in NBF at RT for 24 hours, decalcified, embedded in paraffin, and sectioned at 7-
um thickness. The RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell
Diagnostics) protocol was adapted with the following conditions: manual target retrieval
was performed for 15 minutes, and digestion with Protease Plus was performed for 30

minutes.

To perform RNAscope in wholemount TMs, a protocol for staining of whole-mount
zebrafish embryos was adapted (Gross-Thebing, Paksa, and Raz 2014). The TMs were fixed
in 4% PFA diluted in RNAse-free PBS for 6 hours at RT. They were then washed in PBT
(RNAse-free PBS with 0.1% Tween 20), dehydrated in increasing concentrations of

methanol (25, 50, and 75% in PBT), and stored in 100% methanol at -20°C overnight. The
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next day, the TMs were rehydrated using decreasing concentrations of methanol (75, 50,
and 25% in PBT), incubated in Protease III at RT for 10 minutes, washed, and incubated
with the appropriate probes for hybridization at 50°C overnight. The TMs were then
washed in 0.2x SSCT, fixed in 4% PFA at RT for 10 minutes, and washed again. The signal
was amplified and developed following the protocol for the RNAscope Multiplex

Fluorescent Reagent Kit v2 protocol.

EdU Administration, Detection and Analysis

To label proliferating cells in the TM at the time of tissue harvest, mice were injected 2-
hours prior to takedown with EdU (Carbosynth Limited) was resuspended at 5 mg/mL in
saline and passed through a 0.22 pm filter. Mice were each injected with 1 mg (200 uL) by
intraperitoneal (IP) injection. To fully label and track the proliferating cell population in the
TM over time, EAU was administered continuously, first by IP injection at the start of the
experiment and then via supplementation in the drinking water at a concentration of 0.5
mg/mL with 1% sucrose that had been filtered using a 0.2-pm filter. The water supply was
changed every three days with care taken to protect the water bottles from light. TMs were
dissected and processed as described for IF. The Click-iT EAU Alexa Fluor 488 or 647
Imaging Kit (ThermoFisher Scientific) was used for EAU detection. For combined EdU and
protein detection, the IF protocol was followed after EAU detection, starting from the

blocking step. Quantification of EdU-labeled cells was performed using Fiji (ImageJ).

87



Lineage tracing with the R26R-Confetti Reporter

To perform minimal labeling of TM keratinocytes, K5-CreERTZ2;R2 6 R-Confetti mice were
given a single IP injection of 30 mg tamoxifen 3 days prior to perforation. At the specified
time-points post-injury, whole-mount TMs were dissected en bloc, fixed in 4% PFA at 4°C
for 4 hours shielded from light, and decalcified in 5% EDTA at 4°C overnight. Prior to
mounting, TMs were permeabilized in 0.5% Triton X-100 in PBS at RT for 2 hours, and

nuclei were stained with Hoechst as above.

Egfr Deletion

To induce Egfr deletion in vivo, K5-CreERTZ2;Egfr//; R26RmTmG/mTmG mice received IP
injections of tamoxifen (0.1 mg/g body weight) dissolved in corn oil at a concentration of
25 mg/mL for 6 days consecutively. Loss of Egfr protein was validated by

immunofluorescence for Egfr.

Statistics

Analyses for scRNA-seq data were done using Seurat functions, and GraphPad Prism was
used to analyze all other data. Statistical significance was determined by t-test when
comparing two groups. All representative wholemount images of [F or RNAscope represent

an n of at least 3, and all EAU images represent an n of at least 5.
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Chapter 4:

Effects of Topical Stimulation on the Tympanic Membrane
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4.1 Introduction and Project Goals

A main goal of understanding the molecular mechanisms of tympanic membrane
regeneration is because of the clinical need for improved therapeutics for chronic tympanic
membrane injuries. Faithful repair of TM perforations is of great clinical importance since
unrepaired perforations can lead to conductive hearing loss and result in recurrent ear
infections. Though most perforations close within days to weeks without intervention, 6-
20% of cases become chronic (Kristensen 1992). The current gold standard when it comes
to repair of chronic perforations is surgical myringoplasty or tympanoplasty, in which the
graft is successful only 80% of the time (Indorewala et al. 2015). With surgery, there is
always the risk of general anesthesia and a high-cost burden. Moreover, some patients are
unable to undergo surgical repair due to other comorbidities and thus are subject to

conductive hearing loss and the potential infections that could ensue.

There are non-surgical repair tactics for chronic TM perforations as well, but they are very
limited. There has been variable success with patch scaffolds made of other materials, like
collagen, silk, chitosan, and calcium alginate (Bonzon et al. 1995; Weber et al. 2006; Kim et
al. 2013) Moreover, there has been growing interest in harnessing the power of embryonic
stem cells to enhance healing capacity but again with limited success (Rahman et al. 2008;
Goncalves et al. 2017; 2016). At this point, researchers have been unable to restart the

native healing process in chronically patent wounds.

The tympanic membrane, however, is indeed ideally placed for a non-surgical intervention.

Because the tympanic membrane is positioned at the end of the external auditory canal, it
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is easily accessible endoscopically. A series of clinical trials tried to take advantage of this
fact to easily administer therapies to the tympanic membrane down the EAC. One trial of
acute TM perforation patients randomized observational treatment versus placing a
Gelfoam patch endoscopically on the TM surface and found that the time to closure was
14.7 +/- 9.1 days in the Gelfoam group versus 26.8 +/- 9.1 days in the observation group
(Huang et al. 2018). In a different study that compared observation, Gelfoam patching, and
Gelfoam soaked in FGF-2, they found that both interventions (the plain Gelfoam and soaked
Gelfoam) had shorter times to closure, but there was no statistical difference between the
two interventions (Jin, Dong, and Lou 2017). Lastly, there was a study that compared
interventions of liquid drops of EGF, FGF-2 or ofloxacin applied directly to the TM down the
ear canal, and again, the time to closure was shorter than no intervention, but there was no
statistical difference between the interventions (Lou and Lou 2017). Therefore, these trials
gave uncertain results of what specific therapies could be potentially utilized for chronic
therapies, and at the time, the molecular mechanisms of wound closure were still a mystery

with the placebo giving the more or less the exact same response as the treatment.

Based on these clinical trial results, however, we were keen to understand what was
driving this shorter closure time they were observing, particularly because they seemed to
be observing it with many different types of conditions, particularly ones we would have
thought to be inert. We hypothesized that topical stimulation could lead to increased cell
turnover in the TM. The goal of our project was to rigorously characterize the effects of
different types of topical stimulation to the tympanic membrane and to elucidate by what

mechanism topical stimulation was leading to these increased closure rates. Moreover, we
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were curious as to what parallels existed between the response to topical stimulation and
the response to injury we had previously observed in the TM. Therefore, we aimed to fully
characterize the response of the tympanic membrane to topical stimulation and compare
the mechanisms by which proliferation is activated to the mechanisms we had elucidated

in wound repair, documented in Chapter 3.

4.2 Results

We first set out to definitively answer if contact of any substance on the tympanic
membrane would indeed stimulate turnover in the epithelium. We delivered saline (PBS)
endoscopically to the surface of murine tympanic membranes, sacrificed the mice at
various timepoints over 24 hours and harvested their tympanic membranes (Figure 4.1A).
We injected the mice with EAU 2 hours prior to takedown to capture which cells were
actively proliferating at these time points. Remarkably, by 18-24 hours, we could see a
significant increase in EdU-labeled cells compared to wildtype unstimulated tympanic
membranes (Figure 4.1B-C). Notably, the proliferative response appears to be in the
same stem cell/progenitor niche regions of the tympanic membrane that we saw
proliferation induced after injury. Therefore, even without an injury, the presence of an

inert liquid on the tympanic membrane stimulates proliferation.

Based on clinical trial data that showed both solid and liquid drug stimulation resulting in
shorter closure times (Huang et al. 2018), we decided to test out different types of topical

stimulation. We tested three conditions of topical stimulation: PBS, corn oil, and mouse
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food pellets. Mice were sacrificed at 24 hours after the topical stimulation with EdU
injected 2 hours prior to sacrifice. Once again, we found that all of these conditions were
able to trigger statistically significant increases in proliferation on the surface of the
tympanic membrane when compared to the control opposite ear (Figure 4.2). Moreover,
the proliferative response again seemed to be globally throughout the tympanic membrane,
not localized to one particular region where the topical stimulation occurred. Thus, both

liquids and solids were able to trigger this rapid and robust proliferative response.

We were then curious to understand the similarities in the process of induction of
proliferation in injury versus the process in topical stimulation. As discussed in chapter 3,
when the tympanic membrane is injured, a wounded epithelium forms 24-hours post-
injury and continues to expand through day 3. Therefore, we applied PBS to tympanic
membranes 3 days prior to sacrifice, and with the harvested TMs, we stained for markers
of the injured tympanic membrane’s wounded epithelium. In particular, we performed
immunofluorescence for Amphiregulin (Areg), a ligand of EGFR, and for pEGFR, as well as
RNAscope for GPR15L, one of the highest differentially expressed genes in the wounded
keratinocyte population (Figure 4.3). We found that though the proliferative response to
wounding and the response to topical stimulation seem to exist in the same regions and be
comparable in size, we do not see the presence of Areg at day 3 (Figure 4.3B) or an
increase in pEGFR signal (Figure 4.3C). However, we do see an increase in GPR15L
signaling after day 3 (Figure 4.3A). Therefore, there are some similarities in signal

induction between wounded tympanic membranes and tympanic membranes with topical
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stimulation, but the downstream mechanisms in topical stimulation are likely not

dependent on EGFR activation via Areg.

4.3 Discussion and Future Directions

Overall, we have shown that topical stimulation, both solid and liquid, induces a rapid and
robust proliferative response on the tympanic membrane after 24 hours. This response
validates earlier clinical trial data for TM perforation treatments that found that treatment
groups versus non-treatment controls were showing similar increases in closure despite
the control treatment having no actual drug. Work in Chapter 3 discusses the tympanic
membrane as the closest adult mammalian example of regeneration. This data opens the
discussion of what exactly does the tympanic membrane need to sense in order to induce a
proliferative response. In the case of injury, there is a break in the surface of the pars tensa
being made. Therefore, there is also a decrease in tension across the surface and a break in
cell-to-cell contact in the region of the injury. Moreover, there is a break in not only the
epithelial layer, but also the mesenchymal and mucosal layers of the tympanic membrane
when it is injured, and the tympanic membrane is then tasked with repairing all three
layers. However, in the case of topical stimulation, the liquid or solid is interacting
primarily with just the keratinocytes, so this suggests that the initial rapid and robust
proliferative response of the tympanic membrane to both injury and topical stimulation

might be only reliant on the keratinocytes sensing the perturbation.
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Moreover, RNAscope for GPR15L, a marker of the wounded epithelium found in tympanic
membrane injury, revealed that this population may also be present after topical
stimulation of the tympanic membrane. This suggests that perhaps the induction of
proliferation in these two situations are overlapping in mechanism. However, we found
that the downstream signaling in topical stimulation versus injury does not appear to be
the same. RNAscope for Areg and IF for pEGFR did not show the typical increase seen in
response to injury by day 3. Our previous work (Chapter 3) showed that EGFR is required
for wound closure. However, here EGFR signaling does not appear activated. This suggests
that perhaps the decision point for repair of an injury versus generic epithelial
proliferation comes downstream of the formation of a wounded epithelium. Moreover, this
could also suggest that EGFR signaling is not necessary for the induction of the
regeneration response of the TM, but rather is necessary for the resolution of the

regeneration response.

The deviation in downstream signaling in topical stimulation versus regeneration of the
tympanic membrane could have many explanations. Firstly, since injury perturbs all layers
of the tympanic membrane and topical stimulation only perturbs keratinocytes, we could
hypothesize that it is signaling of one of the other layers of the tympanic membrane or
general cross-talk between the layers that leads to the activation of EGFR signaling. Indeed,
the wounded epithelium is activated in both conditions, but this epithelium may be in
communication with the injured mesenchyme or mucosa and therefore, receiving different

cellular signals than this population of keratinocytes in topical stimulation.
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Another possibility for why these tissues differ in their downstream signaling may be due
to a difference in tension signaling. Perforation breaks the tension, and thus lowers it, in
the tympanic membrane. Topical Stimulation likely increases the tension as a weight is
placed on the surface of the tympanic membrane, which has to remain taut to support it.
Therefore, the two perturbations to the TM have opposite effects on tension of the organ.
Thus, the release of tension may be critical to activating EGFR signaling, which then leads
to regeneration of the TM, while the increase in tension could inhibit this signaling. There is
evidence that increases in cell contractility due to increased tension leads to an increase in
stem cell proliferation and inhibits migration (Ning et al. 2021). Moreover, the force on
adherens junctions alone have been reported to induce proliferation via beta-catenin- and
Yap1-dependent pathways (Benham-Pyle, Pruitt, and Nelson 2015). Future experiments
measuring contractility of cells in the tympanic membrane under these two conditions and
staining for pathways involved in tension signaling could help us determine what the
changes in tension are and how the epithelial layer of the tympanic membrane is reacting

to them.

Lastly, another reason for the difference in downstream response to injury versus topical
stimulation could be a response to changes in cell density. One of the known regulators of
cell density in epithelial cells is Piezo1l. When cells are “stretched” or in lower density,
Piezo1 activation leads to an increase in proliferation. When cells are too dense, Piezo1
triggers extrusion and apoptosis (Gudipaty et al. 2017). In the case of TM injury, cells
experience a temporary state of lower density due to the hole in the tissue. This density

change does not occur in the case of topical stimulation. We could hypothesize that the
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decrease in cell density triggers Piezo1 signaling in the injured tympanic membrane, which
contributes to regeneration, while the lack of Piezo1 activation in topical stimulation halts

the downstream regenerative response after the wounded epithelium forms.

Overall, the crucial next step in this project is to conduct a single-cell experiment similar to
what we performed for the injured tympanic membrane (Chapter 3), in which we perturb
the TM with the conditions tested in this chapter (PBS, corn oil, murine food pellets),
harvest the TMs and submit the cells for single-cell RNA sequencing at days 1, 3, 7 and 14.
This will allow us to directly compare the cell populations after topical stimulation to those
after wounding and to properly decipher the signaling pathways that contribute to the

proliferative response we observe when the TM is topically stimulated.
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Figure 4.1
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Figure 4.1: Topical PBS induces proliferation on the tympanic membrane. (A) TMs at
various timepoints post-addition of PBS were harvested and processed using the Click-it
EdU Detection Kit (B) Edu-labeled whole-mount TMs demonstrate a peak proliferative
response 18 hours post-addition of PBS. (C) Graph of number of EAU+ cells in a 400 x 1200
um area over the malleus in response to topical stimulation via PBS. Results of t-tests for
PBS vs control TMs at a single time-point were significant with a p-value < 0.05.
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Figure 4.2
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Figure 4.2: Different forms of topical stimulation all induce proliferation. (4, C)
Representative wild-type murine TMs harvested from mice 24 hours after either (A) corn
oil or (C) murine food pellets were added to the surface of the TM. (B, D) Graph of number
of EAU+ cells in a 400 x 1200 um area over the malleus in response to topical stimulation
via (B) corn oil or (D) murine food pellets. Results of t-tests for Stimulation vs control TMs
at 24 hours was significant with a p-value < 0.05.
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Figure 4.3
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Figure 4.3: Topical stimulation of the TM induces wounded epithelium markers. (A)
RNAscope for Gpr15L (green) expression on whole-mount TMs 3 days after topical
stimulation with PBS. (B) IF for Amphiregulin on whole-mount TMs 3 days after topical
stimulation with PBS. (C) IF for pEGFR on whole-mount TMs 3 days after topical
stimulation with PBS.
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5.1 Overall Conclusion of this Thesis and Next Steps

This thesis work was undertaken on the tail end of conclusions being drawn from the
previous tympanic membrane-focused project in the lab, in which I participated in the
finishing up of. This project undertook the gargantuan task of thoroughly characterizing
the biology of the tympanic membrane at homeostasis. This study used single-cell RNA
sequencing (scRNA-seq) to identify the populations at homeostasis with biological
validation. It proved that it is predominantly the keratinocytes that are proliferating in the
TM, and the entire epidermal layer turns over in approximately three weeks. It identified a
stem cell population for the tympanic membrane located primarily at the pars
flaccida/pars tensa junction with the committed progenitor cells being concentrated over
the malleus. Lastly, this work identified Pdgfra as a candidate for promoting cell turnover.
During the course of this project, a good amount of work went into optimizing strategies to
study the tympanic membrane, including developing dissection methods, creating an
explant culture system, live-cell imaging of TMs, staining via IF and ISH, and a method for

dissociating cells for single-cell RNA sequencing.

With these interesting discoveries and these tools in our arsenal, we were able to ask and
answer a variety of questions about the tympanic membrane no longer under homeostasis,
but now under the state of injury when I began this project. Overall, what began as a simple
question of how the tympanic membrane heals wounds morphed into a much more
complex story defining the tympanic membrane as potentially the most regenerative organ

in the adult mammal. This thesis served to prove that the TM can indeed regenerate and
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that the tympanic membrane displays the key tenets of epimorphic regeneration in this
process, which are (1) rapid development of a wound epidermis, (2) blastema formation,
(3) activation of major developmental signaling pathways (in this case, EGFR), and (4) scar-

free repair.

The first conclusion made from this work was that the tympanic membrane displays a
rapid and robust proliferative response to injury, far faster than we would have anticipated
for an epithelial tissue. This was quantified and validated using a variety of techniques. We
showed in both whole-mount and cross-sectional views that the TM displays a rapid
covering of the wound with thickened tissue that rapidly remodels down to its original
shape by two weeks. We were able to quantify this gross response using an EAU pulse 2
hours prior to sacrifice on a time-course of injuries, which revealed that the TM shows a
statistically significant increase in proliferation as early as 18 hours. Macroscopically, we
could conclude that the TM had repaired the wound site by 2 weeks from both whole-
mount and cross-sectional views, but we wanted to further characterize this response at

the microscopic level.

We investigated the wound sites of the TM at the microscopic level by staining for Collagen
[1, the primary collagen of the tympanic membrane at homeostasis. We found that by 2-
months post-injury, the collagen fibers had almost perfectly restored the radial and circular
collagen matrix unique to the TM, and that by 1 year out, a wounded versus unwounded
tympanic membrane were indistinguishable in their collagen patterning. Thus, the

tympanic membrane displays scar-free repair, a key principle of epimorphic regeneration.
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We then used single-cell RNA sequencing to understand the transcriptional shifts of all
three layers of the tympanic membrane throughout the regeneration time course, similarly
to how we had characterized the homeostatic TM. This experiment was informative for a
number of reason but notably because it allowed us to define a wounded epidermis that
emerges in response to injury of the TM by 24 hours. This wounded epidermis exists
through day 3 and disappears at the day 7 and day 14 timepoints. This wounded epidermis
was validated using two markers among the highest differentially expressed markers,
GPR15L and Areg. Since Areg is also a ligand of EGFR, this led to us investigating EGFR
signaling in the repair of the TM. What we found was that pEGFR was greatly increased by
day 3 in response to injury, and when we deleted EGFR in K5-CreERTZ2; Egfr/f1:R2 6mTmG/mTmG
mice, the tympanic membranes were no longer able to close the holes, and the rapid, robust
proliferative response we had previously observed was completely abrogated. Thus, we

showed that EGFR is required for wound closure of the TM.

The data indicated to us that all layers of the TM display markers of proliferation at some
point during regeneration (i.e. Ki67, TopZa); thus, the TM displays level-specific
replacement of the organ, a tenet of epimorphic regeneration (Seifert and Muneoka 2018).
The single-cell data also allowed us to define time-dependent shifts in the layers of the TM,
with the keratinocytes showing early changes (day 1), and the immune, mesenchymal, and
mucosal populations showing a more delayed effect post-injury (day 3 or after). The single-
cell data indicated to us that the cells had not completely restored their transcriptional

state by day 14, the final time point we collected for sequencing, though TMs appear

121



grossly resolved at this time. Therefore, at what timepoint the TM fully restores is still
necessary to explore. A future single-cell RNA sequencing experiment that looks at later
timepoints post-injury of the tympanic membrane, such as 2 months and 6 months out, will
be extremely important in defining the fully regenerated transcriptional state of the
tympanic membrane and to understanding if the transcriptional state of the TM and the cell
populations present at these later time points do fully recapitulate the unwounded TM and
maintain the same ratios of cell populations. Once this experiment is conducted, we can
then use packages like scVelo to draw trajectories of cells from the unwounded state to the

fully regenerated state to prove restoration.

From the validation of the single-cell data that included staining for pEGFR signaling, we
saw that it appeared that the wounded epidermis was leading to the activation of cells in a
large mass of tissue that developed by day 3 on the regenerating tympanic membrane. This,
along with the single-cell data indicating layer-specific turnover, led us to ask the question
if this mass of tissue could be a blastema, defined as a multi-lineage tissue responsible for
giving rise to the new organ. We validated that the mass was indeed a multi-lineage tissue
and used a Krt5-CreERTZ;R26R-Confetti mouse model to track individual clones showing
the migration and growth of these cells throughout regeneration with serial imaging.
However, this was only shown in isolated timepoints, not continuously over time, so it is
high priority for us to be able to develop a system to watch the transformation of the
blastemal tissue throughout regeneration to visualize how the tissue reorganizes to the
original structure of an unwounded tympanic membrane. One hypothesis is that the

majority of this tissue is lost due to apoptosis and that the natural homeostatic
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proliferation of cells fills the wound space. Another hypothesis could be that this tissue
loses some of its structure due to apoptosis, but also that the mass remodels and cells
migrate into the wound space to restore the original architecture. Live-cell imaging as well
as staining for markers of apoptosis, like cleaved Caspase-3, will allow for more definitive
answers to these questions. In general, the rate of apoptosis on the TM even at homeostasis
has not been studied, so studies focused on defining the homeostatic apoptotic rate and

post-injury will be extremely informative.

Lastly, this work provided conclusive evidence that topical stimulation to the tympanic
membrane results in a robust proliferative response not dissimilar to the initial rapid
proliferative response seen after injury. However, through further characterization of the
effects of topical stimulation, we found that the proliferating populations do not seem to
retain all of the same markers as the wounded epithelial population in TM injury, so we
believe that these processes might have similar inductions but deviate in downstream
signaling. Further studies should investigate what major signaling pathways are activated
in this response via single-cell RNA sequencing and staining. If we can pinpoint pathways
critical for this response, it could help inform ways to keep holes patent in the tympanic
membrane, which is often necessary for many surgeries accessing the inner ear. Currently,
ENT surgeons encounter great difficulty in trying to keep the TM open when necessary, and
it could be due to this proliferative response that is initiated when anything makes contact
with the surface of the membrane. The knowledge of this response will help in the

development of many future therapies for the inner and middle ear because we can be
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cognizant that this effect can happen with any treatments coming in to contact with the TM

surface.

5.2 Manipulating Regenerative Mechanisms of the Tympanic Membrane for

Therapeutic Development

For a long time now, there has been interest amongst the Otolaryngology community in
developing a targeted molecular therapy for tympanic membrane perforation repair. Many
clinical trials have tried and failed to harness the mechanisms of repair of the tympanic
membrane in a treatment, via manipulation of pathways like FGF, PDGF and KGF (Ma, Zhao,
and Zhou 2002). However, these studies lacked a high-level understanding of the actual
mechanisms they were trying to manipulate. Without true understanding of what pathways
the tympanic membrane needs to utilize for regeneration, not just what is sufficient, it is
difficult to create a targeted therapy. Some transcriptional profiling attempts had been
made(Santa Maria et al. 2011; Hassmann-Poznanska et al. 2013), but these studies did not
provide functional validation or staining of tissues like our study did in highlighting the

requirement of EGFR signaling for tympanic membrane repair.

Thus, with our ability to display the necessity of EGFR signaling to tympanic membrane
repair, we can now test much more targeted strategies for molecular treatments of TM
perforation. In particular, future studies should center on showing if EGFR signaling that is
specifically dependent on Areg is required for TM perforations to close because this could

create an avenue for a highly targeted therapy that mimics the structure and function of
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Areg to be administered endoscopically to the perforation and have effects very specific to
regeneration of the tympanic membrane. The power to induce scar-free repair in a

tympanic membrane would be a huge advance for the field of regenerative medicine.

We already showed with our work that perforation closure is EGFR-dependent, but EGFR
signaling has widespread downstream effects and multiple upstream inputs, so a more
specific approach would likely have a better result with minimal off-target effects. We can
explore this necessity of Areg with the development of mouse models with Areg
conditionally knocked out of the mouse genome, similar to what we developed for Egfr.
This can be accomplished using a novel technique called i-GONAD. I-GONAD is a novel
CRISPR in vivo system, in which the acronym stands for improved-Genome editing via
Oviductal Nucleic Acids Delivery (Ohtsuka et al. 2018). This method allows the
development of a mouse with a knock-out of a gene after one generation of mating by
editing out the gene at the single-cell level of an embryo immediately after fertilization.
Thus, we could introduce CRISPR guides to a newly impregnated wildtype female and
potentially get a pup that is a heterozygote or homozygote knockout for Areg. Though there
is a chance none of the pups will have the knockout, when done in multiple pregnant

females, the odds are high you can generate a mouse with your genotype of choice.

The mode of delivery for a treatment for tympanic membrane perforation will also be
important to optimize going forward. Given our results that simple contact of numerous
inert solutions or solids with the TM result in aberrant proliferation, we will have to test

different forms of delivery. Making a soluble EGFR agonist or Areg-mimicking molecule
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that could be delivered in a droplet manner down the ear canal is one approach. Another
approach could involve endoscopically placing small pieces of gel foam soaked in the drug
of choice on the rim of the injury. Which method would be the most effective and show
actual clinical significance in closure times over placebo is uncertain, but if we can show the
ability to potentially regenerate chronically perforated tympanic membranes with an
EGFR-based therapy, this could hold powerful significance for the field of regenerative
medicine on the whole. Moreover, it would allow for patients with this ailment to avoid
having to undergo invasive surgery, relieving a burden on the patient and the healthcare
system. Additionally, studies to see if the regenerative mechanisms that govern the
tympanic membrane apply to other epithelial tissues could unlock powerful tools to treat

chronic injuries throughout the body.

5.3 Single-Cell Resolution of Initiating Steps of Regeneration prior to 24 hours

We showed in our data that there is a statistically significant increase in proliferation as
early as 18 hours after injury via EAU studies. However, in our scRNA-seq database we
produced of the regenerating TM, the earliest time point that we queried was 24 hours
post-injury. This 1-day timepoint revealed very interesting patterns, including a wounded
keratinocyte population that only exists in the early regenerative state of the tympanic
membrane. However, given that we know that proliferation increases even earlier than 1-
day post-injury, it is important to study the transcriptional shifts at these shorter
timepoints. In particular, identifying if there are certain triggers for proliferation that can

be identified from the transcriptional profile at these shorter timepoints could be powerful
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information for understanding the initiation of regeneration in epithelial tissues on the
whole. Moreover, sequencing of these earlier timepoints could help define when the
wounded epidermis of the tympanic membrane is first initiated. Lastly, the inflammation
response post-injury should be triggered almost instantaneously, so these shorter time
points could help us further elucidate the migration of inflammatory immune cells onto the

tympanic membrane.

Thus, we plan to conduct a scRNA-seq experiment that captures the TM 6, 12 and 18 hours
after injury in order to: (1) define the timepoint at which the wounded epidermis first
appears, (2) identify new activators of proliferation sub-24 hours after injury, and (3)
characterize the earliest inflammation response to injury on the tympanic membrane. The
original experiments we conducted looking at regeneration over the course of two weeks
were critical to our general understanding and characterization of tympanic membrane
regeneration on the whole, but now we are curious to understand the details of the very
earliest response to injury within the tympanic membrane, and we believe that what we
learn here can help define principles for crucial steps necessary in determining if an
epithelial organ will generate or simply undergo wound healing. Moreover, a deeper
understanding of the initial molecular sensing in the wound response can help us to
understand what triggers might be absent in the case of chronic perforations of the TM. It is
unclear currently if chronic tympanic membrane perforations are able to undergo the first
steps of regeneration and then get stalled later on in the proliferation stages or if the
process is halted prior to initiation of proliferation altogether. Before this thesis work,

there was close to no understanding of what biological decisions create the separation
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between a fully regenerative and chronically injured TM, but these future experiments

coupled with our newly documented discoveries will greatly elucidate this fork in the road.

5.4 Single-Cell Resolution and Validation of Fully Regenerated Tympanic Membranes

As mentioned earlier, we learned from our initial single-cell RNA sequencing experiment
that though the TM looks grossly resolved at two weeks post-injury, it is actually not fully
resolved from a microscopic point of view. The transcriptional profiles of the cells have
begun to more closely resemble the unwounded state but are not entirely restored yet.
Therefore, there is a need to sequence time-points that are further out than 2 weeks, such
as 2 months and 6 months post-perforation. At these time points, we can see via Collagen II
staining that the microstructure of the tympanic membrane appears more or less identical
to the unwounded state; therefore, it will be interesting to see if at these later time points,
the transcriptional profiles of the cells have also fully restored to the unwounded profile.
Therefore, we will perform scRNA-seq on unwounded, 2-month and 6-month post-injury
wildtype tympanic membranes. We will run scVelo on the data generated in order to create
trajectories through the cells to see if the trajectories map from the unwounded state
through the intermediate timepoints and then 2 and 6 months to see if the trajectories lead
directly back to the unwounded state. Moreover, using UMAP representations of the cells,
we will be able to determine if the 2-month and 6-month cells are overlapping in

transcriptional space with the unwounded cells.
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Defining a timepoint in which the unwounded and regenerated tympanic membrane are
microscopically identical is crucial to fully defining the TM repair process as epimorphic
regeneration. Moreover, it is often asked how the actual fibers of the regenerated tympanic
membrane compare to the unwounded state, so an important future direction of
characterizing a regenerated TM is to develop a system to measure the tensile strength of
the tissue. When scarring occurs, there is usually a deposition of fibrous tissue that leads to
an overall stiffer and more disorganized tissue. However, based on our Collagen II
validation experiments, this is not the case in the tympanic membrane; instead, the TM
restores to a structure that recapitulates the original collagen fiber meshwork. However,
we need to create a protocol that is able to measure the stress load of the tympanic
membrane both pre- and post-injury in order to compare the tensile strength of these
tissues since currently, there is no commonly used way to do this. Some protocols that exist
in the field of tension and stress measurements of other organs are atomic force
microscopy (AFM) and scanning electron microscopy (SEM) (Lee et al. 2017). We have
conducted some pilot experiments with SEM to assess the rigidity of the TM two months
after injury (Figure 5.1), but currently, we are running into issues with the protocol due to
an inability to have the tympanic membrane lie flat since the TM naturally has a curvature
to it. Thus, it is hard to get clear readings from the tissue, particularly since it has a
proclivity for folding in on itself as well. These are issues we hope to trouble-shoot in the
near future. By being able to gather quantitative data about the tensile strength of the
tissue both pre- and post-injury, we will be able to answer if the tympanic membrane

definitively restores all structure and function when regenerating after perforation.
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5.5 Live-Cell and Live-Animal Imaging of the healing murine Tympanic Membrane

Via the use of inducible fluorescent mouse models and minimal dosing of tamoxifen, we are
able to visualize individual cell clones on the tympanic membrane. From this visualization,
we have made educated hypotheses about the trajectories of cells based on isolating
numerous timepoints post-injury with a high number of samples per timepoint and
observing the patterns of the areas with the majority of fluorescent clones at each time
point. In our studies, we used a Krt5-CreERTZ;R26R-Confetti mouse model to track
individual clones after perforation and used this data to define a migratory wounded
epidermis present in early tympanic membrane regeneration. However, we want to be able
to visualize these clones actually migrating in order to definitively state how these cells
arrive at the wound site outside of our conjectures. Thus, we are working on optimizing the

live-imaging of fluorescent TMs in situ.

In our most recent experiments developing a method for this, we have been able to
visualize the homeostatic movement of keratinocytes on an unwounded tympanic
membrane floating in media immediately after being dissected from a mouse (Figure 5.2).
We can watch in real-time as the cells move downwards and outwards from the malleus
and from the pars tensa/pars flaccida junction, using a K5-CreERTZ2;R26mTmG/mTmG mouse
injected with a minimal dose of tamoxifen to be able to track individual GFP-expressing
cells. Now, future directions for this project focus on optimizing this protocol for
visualizing live cells in a wounded tympanic membrane. However, we ran pilot experiments

to grossly visualize the process of TM regeneration ex vivo and found that the mechanical
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process did not seem to exactly replicate what we were observing in vivo. Rather, it
appeared that the TM was able to cover the wound with a new epithelial layer, but it was
not actually regenerating and repairing the wound site with all three layers of tissue. Thus,
there are two approaches we are working on moving forward. We have been testing
different medias with different proportions of serum and supplements for floating the
tympanic membrane in after being dissected out of the mouse that may help recapitulate
the environment necessary for the TM to undergo regeneration. Along with that, we have
piloted making the perforation both immediately before sacrificing the mouse and one day
before sacrificing the mouse to see if we can pinpoint an optimal time post-injury to
observe cell migration, and these studies are ongoing. Utilizing our single-cell RNA
sequencing data and the necessity of EGFR signaling may help us optimize the media
conditions to trigger the regenerative mechanism instead of simple re-epithelization as

well.

The other approach that could help us capture the entire regenerative process of the
tympanic membrane in real-time would be to conduct live-animal imaging. Technically, the
TM visualization is accessible without incision via direct visualization down the external
auditory ear canal. However, some clear issues arise with this type of imaging. First off,
visualization of the entire tissue would be required to characterize this phenomenon, so
any objective over 10x magnification makes it difficult to do this. If we use a higher
objective, it becomes nearly impossible to orient oneself to the area being imaged, so the
data becomes hard to interpret, but a higher magnification gives us better resolution of the

cells themselves. Another issue that arises is that the EAC must be held open by forceps or a
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speculum normally to be able to visualize the TM. To do this in the context of a microscope
visualizing down the ear canal, a significant amount of tissue around the TM has to be
removed, which does not allow for the mouse to stay alive for the long time-course of days
to weeks necessary to be able to observe full regeneration. Lastly, if the mouse is kept alive,
the breathing of the mouse moves the plane of focus of the microscope and obscures the
images we can take. Overall, these challenges will all have to be addressed in order to
accurately capture TM regeneration in a live mouse. There have been microscopic cameras
developed now that can attach onto a live mouse, so the mouse can be followed over time
and kept in its normal habitat. This could solve many of the above problems, but the issues
around getting a clear visualization down the ear canal without performing surgery on the

mouse is still something we will have to work on optimizing.
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Figure 5.1: Scanning Electron Microscopy struggles to elucidate the structure of the
tympanic membrane. (A) Image of whole-mount tympanic membrane taken using
scanning electron microscopy. (B-D) Zoomed in images of (B-C) sites near the annulus and
in the (D) center of the pars tensa, resolving some of the collagen fiber patterning of the
tympanic membrane.
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Figure 5.2

Figure 5.2: Live-cell imaging of the tympanic membrane at homeostasis. TM from a
K5-CreERT2;R26mTmé/mTmG mouse injected with minimum dose of tamoxifen that was
imaged for 24 hours continuously. The GFP expressing cells that are migrating in the
superior-to-inferior pattern are keratinocytes.
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