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ABSTRACT

Patients with head and neck cancer often suffer collateral radiation damage to the salivary
glands, leading to fibrosis. Histological examinations indicate that radiation encourages fibrosis
by promoting cellular changes leading to both senescent and myofibroblast phenotypes, coupled
with a significant loss of regenerative and acinar cells. Chronic hypofunction remains a primary
concern, even with modified radiation approaches to sparing salivary glands. Current treatments
primarily offer symptomatic relief without rectifying irreversible glandular tissue damage. This
limitation arises, in part, from a deficiency in predictive preclinical models to study this

multifaceted problem.

We introduce a 3D in vitro microtissue model to address this limitation, employing a scaffold-
free co-culture of stromal cells, such as NIH-3T3 fibroblasts and salivary epithelial cells, such as
SCA-9 cells. Our methods prioritize generating salivary gland spheroids less than 200 pm in
diameter, ensuring optimal nutrient diffusion and preventing necrotic core development. The
formation process involves precise controls on parameters such as initial cell count, cell solution
volume, culture duration, and spheroid formation technique (e.g., hanging drops, non-adhesive
microwells). We have also devised assays tailored for 3D spheroids, encompassing various
staining techniques for cell viability, apoptosis, senescence, fibrosis, and immunocytochemistry

analysis of specific markers.

When exposed to clinically relevant X-ray radiation doses, these microtissues showed cell death
and apoptosis, especially on the spheroid's surface, and manifested changes in collagen type |

fibers and a-smooth muscle actin (a-SMA) within a sixteen-day frame.



Further, we sought to examine the effects of a preexisting senescent cell burden on our 3D
microtissue model by exposing it to senescence-conditioned media before radiation exposure.
This experiment incorporated additional assays, including 3D assays of cell viability, apoptosis,
DNA damage, and senescence and additional assays such as immunocytochemistry analysis of
fibrosis markers and picrosirius red staining of collagen fibrils to evaluate fibrosis-related ECM

changes.

In conclusion, we have made considerable progress in creating a 3D in vitro model to study
radiation-induced salivary gland fibrosis and the role that senescent cell burden plays in its
development. This novel tool promises to enhance our comprehension of salivary gland fibrosis
mechanisms and pave the way for more effective therapeutic interventions, drug evaluations, and

exploration of new treatment approaches.
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Chapter 1: Introduction and background: radiation, fibrosis, senescence, and 3D
microtissue models in salivary gland research

1.1 Introduction

While small and often overlooked, the salivary glands play an essential role in our daily lives.
From aiding digestion to maintaining oral health and facilitating speech, their importance cannot
be overstated [1]. Yet, like all tissues, they are susceptible to various insults and damage, one of
the most potent being radiation [2]. The increasing application of radiation in the medical field,
particularly in oncology treatments, underscores the need to understand its repercussions on

these delicate tissues.

Traditional 2D cell culture systems have driven our cellular and molecular biology
understanding. However, they often fail to capture the complex three-dimensional (3D)
interactions and microenvironments in vivo [3]. This discrepancy between 2D cultures and the in
vivo microenvironment can lead to misrepresentations and limit the applicability of findings.
Hence, recent years have witnessed a rising interest in 3D microtissue models, which promise to

bridge this gap.

3D microtissue models, particularly spheroids, have emerged as powerful tools in biomedical
research. They offer a more physiologically relevant representation of in vivo tissues,
encapsulating essential cellular interactions, extracellular matrix (ECM) compositions, and
gradient-driven behaviors [4]. This has rendered them particularly invaluable in studying tissue-

specific responses.

Cellular senescence, a state of irreversible cell cycle arrest, adds another layer of complexity to
understanding tissue responses, especially post-radiation. Senescence has garnered attention for

its implications in aging and various pathological contexts, including fibrosis and cancer [5-7].



As cells transition into senescence, they undergo significant morphological, physiological, and
secretory changes that can profoundly impact the surrounding microenvironment and, by

extension, tissue functionality [8,9].

This dissertation seeks to link these threads of inquiry: the utility of 3D microtissue models, the
intricacies of salivary gland biology, the overarching shadow of radiation, and the nuanced role
of cellular senescence. By juxtaposing these elements, we aim to shed light on the delicate
interplay between senescent cells and radiation-induced damage in salivary gland tissues, using
the 3D spheroid model as our lens. The journey will progress from model development and

validation to probing cellular mechanisms and exploring potential therapeutic avenues.

This inaugural chapter will lay down the foundational knowledge required to navigate the
subsequent explorations. Through a brief overview of salivary gland fibrosis, cellular
senescence, 3D models in research, and the effects of radiation on salivary glands, we aim to
equip the reader with a holistic understanding of the current landscape, setting the stage for the

deeper investigations that follow.

1.2 Current understanding of salivary gland fibrosis

Salivary gland fibrosis is a debilitating condition marked by the excessive accumulation of
extracellular matrix (ECM) components, primarily collagen, leading to the scarring and
functional decline of the gland. This pathological remodeling is a simple aftermath of tissue
injury and a multifaceted response involving various cell types, signaling pathways, and intricate

molecular cascades [10].

The etiology of salivary gland fibrosis spans a spectrum of causes. Chronic inflammation,

autoimmune conditions like Sjogren's syndrome [11], radiation therapy for head and neck



cancers[12], and even some pharmacological agents have been recognized as potential triggers,
which are associated with salivary gland fibrosis [12]. These factors can instigate an intricate

cascade of events that ultimately converge on fibrosis.

At the cellular level, fibroblasts are central to the fibrotic process. Upon activation by various
stimuli, such as transforming growth factor-beta (TGF-p), these quiescent cells transdifferentiate

into myofibroblasts [13]. Characterized by the expression of alpha-smooth muscle actin (a-

Healthy salivary gland Fibrotic salivary gland

[
‘ Secretory acinar epithelial cell ‘ Hypofunctioning acinar epithelial cell

“Figure. 1.1 Schematic comparison of healthy vs. fibrotic salivary gland: This illustration depicts
the structural differences between a healthy salivary gland and one affected by fibrosis. On the
left, the healthy gland shows normal acinar cells with intact, rounded structures for saliva
production and a ductal system allowing saliva to flow freely. Surrounding connective tissue is
minimal, ensuring efficient gland function. The fibrotic gland displays disrupted architecture on
the right with significant collagen deposition, leading to thickened and scarred connective tissue.
Acinar cells are hypofunctioning, compromising saliva production. These changes highlight the
pathological impact of fibrosis on salivary gland function. Reprinted and modified with
permission from Ramesh 2022. © 2022 by Ramesh[471]

SMA) and the acquisition of a contractile phenotype [14], myofibroblasts are the primary

producers of the excessive deposition of ECM components that define fibrosis [15,16].



However, fibroblasts are not the sole culprits. Increasing evidence points to the involvement of
epithelial cells through a process termed epithelial-mesenchymal transition (EMT) [17]. Here,
epithelial cells lose their characteristic markers, such as E-cadherin, and gain mesenchymal
traits, including vimentin expression, equipping them with migratory and ECM-producing
capabilities [18]. Moreover, immune cells, particularly macrophages, play pivotal roles by
releasing cytokines and growth factors that perpetuate fibroblast activation and ECM deposition

[19].

It's crucial to understand that fibrosis, while a defense mechanism, is not without consequences.
The excessive ECM disrupts the delicate architecture of the salivary gland, impinging on ductal
structures and reducing the gland's secretory capabilities (See Figure 1.1). Clinically, this
translates to xerostomia or dry mouth. This condition compromises oral health and significantly

impacts the quality of life by interfering with speech, chewing, and swallowing [20,21].

Another dimension to the story is cellular senescence. Emerging research hints at a potential
relationship between senescence and fibrosis. Senescent cells release myriad factors through
their senescence-associated secretory phenotype (SASP), including pro-inflammatory cytokines,
growth factors, and matrix-degrading enzymes, which can influence the fibrotic milieu [22,23].
Whether these cells are bystanders, perpetrators, or saviors in the context of salivary gland

fibrosis remains a topic of active investigation and forms a core theme of this dissertation.

Salivary gland fibrosis is a complex interplay of cellular dynamics, signaling pathways, and
molecular events. Understanding its intricacies unravels the mysteries of tissue remodeling and
paves the way for potential therapeutic interventions, offering hope to those grappling with its

consequences.



1.3 Senescence and its role in tissues

Historically introduced as a phenomenon where normal cells lose their ability to divide after a
certain number of divisions, cellular senescence has evolved to be understood as a
comprehensive biological response. Characterized by stable cell cycle arrest, senescent cells
were first observed by Hayflick and Moorhead in the 1960s when they noted the limited
proliferative capacity of human fibroblasts in culture [24]. Since then, the study of senescence
has expanded from its initial focus on cellular aging to encompass broader roles in development,

tissue repair, and pathology [25].

At the cellular level, senescent cells exhibit distinctive morphological changes such as enlarged
and flattened appearance, increased lysosomal content (often detected by beta-galactosidase
staining at pH 6), and altered gene expression patterns [25—-27]. However, a defining hallmark of
senescence is the irreversible cessation of cell division. The p53-p21 and p16INK4a primarily
enforce this growth arrest-Rb pathways [28-30], though various other molecules and signaling

cascades can modulate this process.

A myriad of factors can induce senescence:

1. Replicative senescence occurs due to telomere shortening after repeated cell
divisions[24].

2. Stress-induced premature senescence (SIPS) is caused by various external stressors, such
as oxidative stress, DNA-damaging agents, and even certain chemotherapeutic drugs
[31].

3. Oncogene-induced senescence (OIS) results from activating specific oncogenes, serving

as a protective mechanism to suppress tumor development [32].



Additionally, senescence plays a role during embryonic development, aiding tissue remodeling

and organ formation [33].

While senescent cells are in a state of growth arrest, they are metabolically active and secrete

many bioactive molecules, termed the senescence-associated secretory phenotype (SASP). The
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Figure 1.2. A schematic summary of some of the functions associated with the SASP as an
essential mediator of the pathophysiological functions of senescent cells. Reprinted with
permission from Herranz and Gill, 2018. © 2018 American Society for Clinical
Investigation[431].

SASP includes pro-inflammatory cytokines, chemokines, growth factors, and ECM-degrading
enzymes. SASP factors can affect neighboring cells differently, influencing inflammation, tissue
repair, and even promoting tumorigenesis in specific contexts. Senescence, in physiological
contexts, is beneficial. It plays roles in embryonic development and wound healing and
safeguards against malignancy. However, with chronic inflammation or under persistent
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damaging stimuli, the accumulation of senescent cells can become detrimental. In tissues, they
can contribute to organ dysfunction, promote chronic inflammation, and further pathologies like

fibrosis [25,34] (See Figure 1.2).

For instance, in salivary gland fibrosis, the accumulation of senescent cells could
potentially influence the fibrotic process. Whether through the direct production of ECM
components or the SASP-mediated modulation of the tissue microenvironment, senescent cells

shape the tissue response to damage.

Given their involvement in many diseases, targeting senescent cells presents a promising
therapeutic strategy. Senolytics selectively induce apoptosis in senescent cells, and interventions
modulating SASP are under investigation [35,36]. However, given the beneficial roles of

senescence in specific contexts, it's pivotal to approach it cautiously.

In sum, once viewed merely as a cell's response to aging, cellular senescence is now recognized
as critical in various physiological and pathological processes. Its nuanced role, especially in
tissue health and disease, warrants comprehensive exploration, as we'll delve into in the

succeeding chapters of this dissertation.
1.4 3D microtissue models in biomedical research

For decades, the study of cellular behaviors and responses has predominantly relied on two-
dimensional (2D) cell culture systems. While these models have significantly advanced our
understanding of biological processes, they often fail to replicate living organisms' intricate
spatial, mechanical, and biochemical cues. This gap has been bridged by the advent of three-
dimensional (3D) microtissue models, which more closely mimic the in vivo environment and

offer unparalleled insight into cell-cell and cell-matrix interactions [3].



Traditional 2D cultures involve cells growing flatly on rigid surfaces, an environment drastically

different from the 3D context in which cells exist in vivo. These conditions can profoundly

influence cell morphology, polarization, gene expression, and function. In contrast, 3D models

offer a spatial arrangement, allowing cells to interact with their neighbors in all directions, much

like in actual tissues [3].

On the other hand, 3D cell cultures offer diverse platforms that can simulate the in vivo

environment more effectively than traditional 2D cultures. Various 3D models have emerged as

research has progressed, each with unique advantages and applications. The following are some

of the most widely recognized and employed 3D cell culture systems (See Figure 1.3).

Spheroids: These spheroids are self-assembled spherical aggregates of cells. They
can be single or multi-cellular types and have become particularly prominent in
cancer research for modeling tumors[4].

Organoids: Organoids are derived from stem cells, or progenitor or differentiated
cells from healthy or diseased tissues. They are miniaturized and simplified
versions of an organ. They recapitulate some specific organ functions and can
reproduce several aspects of the organ's architecture [37].

Hydrogels and Matrix-based Systems: Cells can be embedded or encapsulated
within hydrogels or natural matrices such as collagen and Matrigel, allowing for a
more genuine recreation of tissue biomechanics and biochemistry [38].
Bioprinting and Chip Models: Advanced techniques such as 3D bioprinting
enable the creation of more complex structures, while organ-on-a-chip models can

replicate organ interfaces and dynamic physiological processes [39,40].



e Rotating Wall Vessel (RWV) Bioreactors: These bioreactors are specialized cell
culture vessels that provide a low-shear environment that is conducive to the

formation of 3D tissue-like aggregates [41].

Cell-Containing Spheroid Organoid
Hydrogel

Printing nozzle
Microfluidic device
Printed tissue

¢ / Cell moded
Deposited fibers % Suspended ".” l ,
spheroids o “ W
1 Porous
y L / membrane
XYZ-stage : Media chaanel
3D Bioprinting Rotating Wall Vessel Bioreactor (RWV) Organ-on-a-Chip (OOAC)

Figure 1.3 3D Cell Culture Methods. Different 3D cell culture methods include 3D
hydrogels, spheroids, organoids, 3D bio-printed tissues, organ-on-a-chip (OOAC), and
rotating wall vessel (RWV) bioreactors. Image by Nathan Lawko, licensed under CC BY
4.0."[472]

As shown in Figure 1.3 different 3D cell culture methods include 3D hydrogels,
spheroids, organoids, 3D bio-printed tissues, organ-on-a-chip (OOAC), and rotating wall
vessel (RWV) bioreactors. Three-dimensional cell cultures have revolutionized
biomedical research, offering many advantages over traditional 2D models. These
benefits are not limited to providing a more physiologically relevant environment but
span various applications, from drug testing to understanding disease pathology. Here, we
delve into the myriad advantages and the diverse applications of 3D cell culture systems

in current research, which has revolutionized many areas in biomedical research:


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

e Disease Modeling: 3D systems have enabled a more accurate recapitulation of
disease environments, from cancer metastasis to neurodegenerative conditions
[42-44].
e Drug Screening: With structures more reminiscent of in vivo conditions, these
models have improved the predictive validity for drug efficacy and toxicity,
reducing the reliance on animal testing [45,46].
e Regenerative Medicine: Tissue engineering and regenerative medicine benefit
from 3D cultures as they can produce tissue substitutes with architectures close to
native tissues [47].
Given salivary glands' complex structural and functional attributes, 3D models are particularly
advantageous. They facilitate understanding epithelial architecture, acinar and ductal cell
interactions, extracellular matrix compositions, and secretory functions. In pathological states
like fibrosis or radiation damage, 3D models can provide an unprecedented view of how cells
respond within a more physiological context.
While 3D models have ushered in new research avenues, they come with challenges.
Standardizing protocols, ensuring reproducibility, and optimizing culture conditions are ongoing
concerns. Integrating emerging technologies, such as microfluidics and high-resolution imaging,
promises to refine further and advance 3D modeling techniques [47].
In conclusion, 3D microtissue models have bridged the gap between traditional cell culture and
in vivo studies, paving the way for breakthroughs in disease understanding and therapeutic
developments. Their growing adoption underscores their potential to become mainstays in

modern biomedical research.
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1.5  Cell line selection and rationale

The selection of appropriate cell lines is pivotal to the integrity and relevance of any in vitro
study. The cell lines chosen for this research, NIH-3T3, SCA-9, and senescent IMR-90 cells, are
tailored to our study's objectives and questions.

NIH-3T3 fibroblasts serve as a representative mesenchymal cell model, which are stromal cells
known for producing essential ECM components, including collagen and can be induced to
fibrotic and senescence states. Originating from mouse embryo cultures, these cells are immortal,
ensuring their consistent presence and performance in research settings. They have been widely
acknowledged for their role in transfection experiments due to their capacity to incorporate
foreign DNA [48] stably. The relevance of these cells in our study is further accentuated by their
involvement in growth factors, oncogenes, and various cellular processes, notably cancer biology
[48]. Moreover, being stromal cells, NIH-3T3 cells are significant producers of ECM
components. An overproduction or disorganization of such ECM components, like collagen, can
influence fibrotic processes [49].

SCA-9 cells are mouse SMG-derived epithelial cell lines originating from adult salivary gland
ductal cells that provide insights into salivary gland biology. Their utility stems from their
potential to form duct-like structures and express markers characteristic of salivary gland duct
cells [50]. In the context of our study, NIH-3T3 cells, with their ECM-producing capabilities, can
offer structural support to SCA-9 cells, which emulate the functional aspects of salivary gland
cells. This relationship underscores the importance of stromal and functional cell interactions and
their collective role in tissue maintenance and pathology.

The IMR-90 cell line, a human lung fibroblast derivative from a 16-week gestation male fetus,

presents an intriguing and relevant model to our research focus. After a specified number of

11



population doublings or exposure to ionizing radiation, these cells undergo senescence,
characterized by permanent cell-cycle arrest. Their distinctive features, such as an enlarged flat
morphology and elevated SA-B-gal activity, have positioned them as a reliable tool in cellular
biology [51]. More notably, the conditioned media from senescent IMR-90 cells, enriched with
senescence-associated secretory phenotype (SASP) factors, is well-established and validated
[52]. This SASP includes a plethora of factors that exert influence on surrounding cells and the
local tissue microenvironment. Given our intention to employ senescent media in subsequent
experiments, including IMR-90 cells offers a rational and methodologically sound choice. Their
well-validated role in understanding the impact of senescence factors makes them invaluable in
deciphering the intricate pathways involved in fibrotic conditions and other related biological
processes.

In conclusion, the cell lines employed in this study have been carefully chosen to represent
cellular interactions' complexity and multifaceted nature and their potential implications in
fibrosis and tissue health. By studying these cells, we aim to unravel the cellular and molecular
workings that drive pathologic conditions and offer potential therapeutic avenues.

1.6 Radiation and its’ effects on salivary glands

Radiation, especially in cancer therapy, is a double-edged sword. While it effectively targets and
destroys cancerous cells, the collateral damage to surrounding healthy tissues can be significant.
The salivary glands stand out among the tissues vulnerable to radiation-induced damage due to
their inherent sensitivity [53].

The mechanism behind radiation-induced damage is multifaceted. Primarily, ionizing radiation

can damage DNA, including breaks in the DNA strands [54]. If these breaks are not
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appropriately repaired, it can result in cell death or permanent cell cycle arrest. The latter

lonizing
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Figure 1.4 Timeline of Radiation-Induced Changes in the Rodent Salivary Gland. Following
irradiation, rodent models show decreased saliva flow at approximately three days, and a loss of
amylase secretion was reported as early as four days in rats post-IR. In the acute phase,
immediate DNA damage, rapid apoptosis of acinar cells, and elevated levels of intracellular
calcium and reactive oxygen species contribute to acute loss of glandular function following
irradiation. This period is also marked by the release of ATP, which activates the P2X7 receptor
(P2X7R), and the P2X7R-dependent release of prostaglandin E2 (PGE2) in murine parotid cells.
During the transition phase, loss of apical/basolateral polarity because of PKCC inactivation
increases nuclear Yes-associated protein (Yap) levels, compensatory proliferation, cellular
senescence, and cytoskeletal rearrangements, contributing to long-term dysfunction. Changes in
innervation and vasculature have been reported as early as 24 h post-IR, as well as at chronic
time points. Though inconsistently reported, fibrosis generally appears between 4- and 6-months
following irradiation. There is little information regarding the effect of irradiation on the immune
landscape of the salivary glands in rodent models. However, one study indicates changes at 300
days post-IR in mice. Image by Jasmer et al., licensed under CC BY 4.0."[55]
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scenario, where cells enter a permanent cell cycle arrest state but remain metabolically active, is
termed cellular senescence [52].

Radiation-induced senescence is particularly intriguing in the context of salivary glands. Post-
radiation, the accumulation of senescent cells in the glandular tissue has been noted. These
senescent cells can adopt various phenotypes, influencing tissue repair and regeneration
differently. Specifically, specific senescent phenotypes secrete a range of inflammatory
cytokines, growth factors, and proteases, collectively termed the senescence-associated secretory
phenotype (SASP) [56]. An inflammatory SASP can exacerbate tissue damage and potentially
promote fibrosis, leading to a loss of salivary gland function [57]. On the other hand, recent
studies suggest that not all SASP components are detrimental. Some phenotypic shifts in
senescent cells appear to mitigate damage and promote tissue repair [58]. The balance between
these contrasting senescent cell behaviors might play a pivotal role in determining the outcome
of radiation damage to the salivary glands (See Figure 1.4). However, the relationship between
radiation, senescence, and salivary gland function remains complex and not entirely elucidated.
While the role of senescent cells in tissue repair and fibrosis is becoming more apparent,
questions remain on how their prevalence and phenotype post-radiation can be modulated to
optimize tissue recovery.

1.7  Hypothesis and rationale

As senescent cells accumulate in salivary gland tissue with age, the SASP significantly
influences the gland's response to radiation-induced damage. In specific contexts, senescent cells
may reduce radiation damage by dampening tissue regeneration. Moreover, the SASP burden in
the tissue might impact the success and efficacy of mesenchymal stem cell (MSC)

transplantation for regenerative purposes. The central hypothesis is that the senescence-
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associated secretory phenotype (SASP) significantly influences the response of salivary glands to

radiation-induced damage.

The rationale lies in:

1. Cellular senescence is a complex process in which cells cease to divide but remain
metabolically active, often in response to stressors [58]. As these cells accumulate in tissues,
they can influence their surroundings through paracrine signaling, affecting various
physiological and pathological processes, including tissue fibrosis [57,59].

2. Salivary glands are especially vulnerable to radiation's effects due to their specific cellular
composition and functionality [60]. Radiation damages the tissue directly and can induce
senescence in various cell types [61]. The resulting burden of these radiation-induced
senescent cells within salivary glands has significant implications for tissue function,
recovery, and attempts at regeneration.

3. The release of a wide array of factors known as the SASP is a hallmark of senescent cells.
Depending on its composition, the SASP can either be detrimental—promoting inflammation
and fibrosis—or beneficial, fostering tissue repair [58]. Initial findings suggest that under
certain circumstances, senescent cells might offer protective effects against radiation damage,
possibly because of a SASP profile that leans towards tissue repair and regeneration or
perhaps because the SASP profile may inhibit cell growth and proliferation, which could
make salivary gland cells more vulnerable to radiation damage [62].

4. Introducing mesenchymal stem cells (MSCs) into a tissue environment holds promise in
regenerative medicine [63,64], but the tissue's existing state significantly dictates the MSCs'

outcomes. A tissue environment with a high senescent cell burden might present a
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challenging scenario for MSCs due to the altered cytokine milieu caused by the SASP [65].
This can impact the MSCs' survival, differentiation, and therapeutic efficacy [66].

. Radiation, a cornerstone in cancer therapy, necessitates an in-depth understanding of the
relationship between radiation, cellular senescence, tissue recovery, and regenerative

interventions. Exploring the dynamic between radiation, senescence, and regenerative
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strategies like MSC transplantation holds vast clinical implications. Such insights could
inform improved therapeutic strategies for patients undergoing radiation therapy and those

seeking regenerative interventions.

6. By investigating these dynamics in 3D co-cultured salivary gland model, the research seeks
to test the feasibility of using the 3D model to clarify the role of senescent cells in the
salivary gland's radiation response and their potential influence on regenerative approaches,
particularly future MSC transplantation. This knowledge could shape more effective
therapeutic solutions for patients undergoing radiation and those needing regenerative
treatments.

1.8 Organization of the dissertation

The organization of this dissertation is designed to provide a comprehensive exploration into the

role of senescent cells in salivary gland tissue, particularly in the context of radiation damage and

potential regenerative interventions. The structure logically guides the reader from fundamental
concepts to specific experimental designs, results, and broader implications.

Chapter 1 Introduction and background

This chapter offers an overview of the existing knowledge in the field. It sets the stage by

discussing the current understanding of salivary gland fibrosis, cellular senescence, 3D

microtissue models, and the effects of radiation on salivary glands. The chapter concludes with
the primary hypothesis and rationale, elucidating the motivation behind this research.

Chapter 2 Literature review: salivary gland bioengineering

This chapter examines the biology and pathology of salivary glands to inform their

bioengineering. The chapter discusses the development and function of these glands, exploring
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cellular aspects such as senescence and its implications on fibrosis and healing. It then explores
cell selection for bioengineering, detailing the use of various cell types, including stem and
progenitor cells. Additionally, it covers the design of biomaterials that facilitate cell survival,
differentiation, and scaffold fabrication techniques like electrospinning and hydrogel synthesis.
The chapter concludes by considering future strategies for enhancing vascularization and
innervation of bioengineered tissues, suggesting innovative technologies like bioprinting and
nanoparticles. The final section summarizes the potential future directions for research in
salivary gland bioengineering.

Chapter 3 Development and characterization of 3D co-cultured salivary microtissue models
This chapter focuses on developing and characterizing a three-dimensional (3D) co-culture
model that replicates the complex architecture and cell distribution of salivary gland tissue. The
study establishes and optimizes a 3D co-cultured microtissue model using murine NIH 3T3
fibroblasts and SCA-9 submandibular gland salivary epithelial cells. It investigates multi-cellular
interactions characteristic of salivary gland tissue, demonstrating the superior performance of
non-adherent well plates over the conventional hanging drop method for consistent spheroid
formation. The optimal cell seeding density was identified as 160 cells per well, consistently
producing spheroids smaller than 200 um, thereby preventing necrotic core development and
maintaining spheroid roundness.

LIVE/DEAD staining confirmed high cell viability and the absence of central necrosis, while
immunostaining with vimentin and TAS2R4 markers showed a mixed cell distribution within the
spheroids. The chapter further explores the feasibility of using salivary gland spheroids for
irradiation studies by exposing them to varying X-ray doses, revealing a dose-dependent increase

in apoptosis. This self-assembled, Matrigel, and scaffold-free 3D co-culture model successfully
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mimics critical features of the native salivary gland microenvironment, providing a valuable tool
for future functional and pathological studies. The chapter concludes by discussing this model's

potential applications and implications in salivary gland research.

Chapter 4  Senescence-conditioned medium exacerbates fibrotic response to radiation in
a 3D salivary gland microtissue model

This chapter investigates the dynamics of radiation-induced fibrosis using a three-dimensional
(3D) scaffold-free, necrotic core-free spheroid model of the salivary gland, comprised of NIH
3T3 fibroblasts and SCA-9 salivary epithelial cells. The study leverages this model to explore
fibrotic responses to X-ray exposure, focusing on the modulatory role of senescent cell-
conditioned medium. Initial analysis in two-dimensional (2D) cultures dissected individual
reactions of NIH 3T3 and SCA-9 cells to radiation, identifying a 16-Gy radiation dose as optimal

based on its cytotoxic effects, DNA damage, apoptosis, and senescence induction.

Transitioning to the 3D microtissue model, the study conducted a detailed investigation into how
senescence-conditioned medium influences the fibrotic response of spheroids to 16-Gy radiation.
Key aspects of this response, including cell viability, apoptosis, DNA damage, and senescence
induction, were examined to understand the mechanisms driving radiation-induced fibrosis. A
crucial element of this inquiry was the evaluation of fibrotic markers, specifically collagen | and
alpha-smooth muscle actin (a-SMA), using quantitative assessments and Picrosirius Red
staining. The results revealed significant exacerbation of fibrosis due to the senescence-

conditioned medium.

The chapter concludes by discussing the implications of these findings for understanding the
fibrotic responses in salivary gland tissues, highlighting the potential applications of this 3D

model in further functional and pathological studies.
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Chapter 5 Conclusions and future directions

The final chapter synthesizes the main findings, discusses broader implications, and suggests
potential future research directions. It provides a holistic view of the research journey and its
contributions to the field. Overall, this thesis is organized to offer a coherent and structured
journey through a complex topic. Each chapter builds upon the previous, leading to a

comprehensive understanding of the research’s significance and potential applications.
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Chapter 2 Literature review: salivary gland bioengineering

2.1.Introduction

In the United States, over twenty-four million people suffer from xerostomia, or dry
mouth, with over a million people experiencing moderate to severe symptoms [67]. More than
400 medications cause xerostomia; elderly individuals suffer disproportionately from xerostomia
as a result [68]. Other medical conditions such as Sjogren’s disease and diabetes also cause
xerostomia. Seventy-four to eighty-five percent of head and neck cancer patients receiving
radiation therapy experience xerostomia [69]. According to World Cancer Report 2014, there
were 550,000 head and neck cancer cases worldwide, suggesting the generation of at least
351,000 new cases of xerostomia from head and neck cancers alone [70]. The global xerostomia
therapeutics market size was estimated at USD 625.3 million in 2018 and is expected to grow at
a CAGR of 3.6% between 2019 and 2026 [71]. Xerostomia, the perception of dry mouth,
typically results from a defect in saliva production or secretion, known as hyposalivation.
Hyposalivation significantly decreases quality of life as it damages oral and general health,
causing cracked lips, microbial proliferation, periodontitis, cavities, oral ulcerations, and
difficulty in speaking, eating, tasting, swallowing, and digesting [72]. As a result of oral barrier
compromise and subsequent systemic inflammation related to bacterial pathogens and endotoxin,
poor oral health can contribute to cardiovascular and related diseases and is associated with
rheumatoid arthritis, Alzheimer’s disease, cardiovascular, diabetes, and cancer [73]. Currently,
available treatments include medication changes, saliva stimulants (sialagogues), and
moisturizers; however, these treatments offer only transient relief, and sialagogues can have side
effects, including sweating, increased heartbeat, abdominal pain, diarrhea, nausea, changes in

vision, among others. Temporary relief is a suboptimal solution, particularly for many head and
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neck cancer survivors experiencing persistent xerostomia due to the limited salivary gland
regenerative capacity [74]. Several approaches may improve the regenerative capacity of salivary
gland tissues, including gene therapy, stem/progenitor cell-based therapy, and tissue engineering
strategies, many of which are nearing clinical translation. Additionally, advances in organoid
technology, organoid-enabled discovery of therapeutic targets, drug screening and testing, and

tissue regeneration will provide new avenues to salivary gland tissue regeneration. This article
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Figure 2.1 Primary salivary glands. There are three pairs of major salivary glands, parotid,

submandibular, and sublingual, innervated by the facial and glossopharyngeal nerves. Created
with BioRender.com (2023)[76].

will first review salivary gland biology and pathologies driving the development of regenerative
medicine methods to restore salivary function and then review progress towards achieving
regenerative medicine-based strategies for clinical application, followed by future perspectives

on next-generation salivary gland tissue engineering and regenerative medicine.
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2.2. Learning from salivary gland biology and pathology

2.2.1. Salivary gland development and function

Salivary glands and their functional units

Salivary glands function to produce a composite of water, electrolytes, enzymes, and mucus
called saliva [75]. Ninety percent of saliva is made by three sets of major salivary glands:

parotid, submandibular, and sublingual (Figure 2.1) [76]. Gland secretions vary between the

. Myoepithelial cell

Figure 2.2. The adenomere functional unit of the human salivary gland. Reprinted with
permission from de Paula et al, 2017. © 2017 Wiley Periodicals [1].

élands, with the parotid glands in front of and beneath the ear producing primarily the watery
and proteinaceous components of saliva, the sublingual glands (SLGs) beneath the tongue

primarily producing mucus, and submandibular glands (SMGs) on both sides, just under the jaw,
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producing both components [77]. These salivary glands are innervated by the autonomic nervous
system. Parasympathetic innervation via the cranial nerves tends to promote saliva secretion. The
glossopharyngeal nerve innervates parotid glands, and the facial nerve innervates SMGs and
SLGs[1]. Additionally, hundreds of minor salivary glands line the surface of the mouth and
throat. Each gland is divided into lobules; these lobules, in turn, are made up of functional units
called adenomeres. The adenomere contains several cell types: acinar (serous and mucous),
myoepithelial, basal, and ductal (intercalated, striated, and excretory). The adenomere does not
function independently but rather in an integrated fashion with neighboring parasympathetic
ganglia and blood vessels [77,78].

Coordination of saliva secretion

The adenomere and the acinus have been referred to in the literature as the functional unit of the
salivary gland. The distinction between the two is that the adenomere also includes the
intercalated, striated, and excretory ducts, which provide the necessary conduits for saliva
expulsion into the oral cavity and the acinus. In each adenomere, innervated myoepithelial cells
surround clusters of acinar cells, each arranged in a bulb-shaped formation (Figure 2.2). Serous
acinar cells secrete a watery fluid devoid of mucus; mucous acinar cells produce a secretion rich
in mucins. Mucins are glycoproteins that combine with water to form a mucin hydrogel (mucus).
The secretory products of each pair of glands are governed by the distribution of serous acinar
versus mucous acinar cell types. Accordingly, the parotid gland, a serous gland, releases a watery
secretion that contributes to around 25% of our daily saliva. Its secretions enter the oral cavity
via ducts in the cheek lining, aligning roughly with the molar teeth. SMGs on the lower jaw
produce both watery and mucous secretions, contributing to 70% of total salivary output. Their

secretions flow into the mouth through ducts on both sides of the tongue's base, near the thin

24



frenulum. In contrast, the SLG produce primarily mucous secretions in smaller quantities,
dispensed through several tiny ducts beneath the tongue [79]. It is worth noting that in humans, a
given acini can be mixed (seromucous acini) and in mice, the SMG acini contain seromucous
cells [80]Production of saliva requires the coordinated efforts of multiple cell types.
Myoepithelial cells contain actin filaments, which contract to increase hydrostatic pressure in
neighboring cells. This myoepithelial cell contraction results in the expulsion of acinar-cell
secretory products into the ductwork of the adenomere [81]. Acinar secretions are deposited into
the ductal system, initially entering through the intercalated duct. Acinar and ductal cells are
linked together by multiple classes of complementary cell junctions such as occluding,
anchoring, and communicating junctions, which maintain the structural and mechanical integrity
of the adenomere structure [82]. Together with the basement membrane, the myoepithelial cells
surround the acini and line the abluminal layer of the intercalated duct. The lumen of the
intercalated duct is continuous with the striated duct. The characteristic appearance of the striated
duct results from numerous folds in the apical plasma membrane that facilitate ion exchange to
modify the acinar cell saliva. The apical domain of the striated duct cells secretes HCO3™ and
K* and reabsorbs Na*and CI™ using the Na"™-K* pump and the CI-HCO3 pump to make the
saliva hypotonic. This would not be the case were it not for the ductal cells being relatively
impermeable to water. This causes the water in the saliva to remain in the duct and not be
reabsorbed back into the bloodstream, and thus, the saliva becomes diluted or hypotonic
compared to plasma by the time it exits the ducts into the oral cavity [77]. Further, the overall
reabsorption of Na* and CI is higher on a molar basis than the secretion of K™ and HCO3", which
further contributes to the hypotonic nature of the saliva. The production of saliva requires the

apicobasal polarity of the epithelial cells, which develops following epithelial cell-cell
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interactions and interactions with basement membrane proteins [83] that are produced by both
epithelial and stromal cells [84].

Salivary gland development
Branching morphogenesis creates the adult gland structure

Throughout nature, branching morphogenesis serves to form complex, well-ordered
architectures. This meticulous formation arises from the cellular and molecular coordination that
sets the stage for the unfolding of tissue development. Paramount in this orchestration are the
molecular cues that navigate the dynamic cellular landscapes, ensuring their timely and spatial
responses.Fibroblast growth factors (FGFs), especially FGF7 and FGF10, act as liaisons between
the mesenchyme and epithelium. Their paracrine signaling is pivotal for driving epithelial
proliferation and, in turn, shapes the eventual branching architecture of the gland [85,86]. Other
morphogens, such as bone morphogenetic proteins (BMPs) and pivotal members of the
transforming growth factor B (TGF-B) superfamily, orchestrate cellular proliferation and
differentiation [87]. Their nuanced gradient distributions within developing tissues help establish
unique cellular zones, dictating specific branching patterns within the salivary gland [88]. Not to
be overshadowed, the Sonic Hedgehog (Shh) signaling pathway, central in many developmental
processes, carves its niche particularly in the early stages of salivary gland morphogenesis
[85,86,89][20,21]. Moving to the cellular adhesion process, cadherins emerge as central players.
These calcium-dependent adhesion proteins ensure epithelial cell cohesion, with E-cadherin
playing a lead role [90]. Its dynamic modulation during morphogenesis facilitates the flexible
cellular rearrangements necessary for bud formation and clefting processes, as reviewed by Sisto
et al. [90]. Integrins, the bridges between the cells and their extracellular matrix (ECM), transmit
vital signals that inform cellular behavior. Their nuanced interactions with the ECM components,

notably fibronectin and laminins, play a cardinal role in the epithelial invagination and migration
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tales that underscore branching morphogenesis [91].As the story unfolds, these structures develop
from a series of reciprocal interactions between tissue types, anchored in conserved molecular
programs [18]. This process includes coordinated cellular actions, such as proliferation, ECM
remodeling, differentiation, migration, and apoptosis. In the salivary gland, branching
morphogenesis functions to maximize surface area, ensuring the flow of saliva from the salivary
gland. Branching morphogenesis maximizes the surface area for the secretion of fluid across its
underlying epithelium. Normal salivary gland function is dependent on branching morphogenesis
of the epithelium to form the parenchymal tissue as well as the coordinated branching of the

vasculature and nerves that support and innervate the gland, respectively [85,86].

Epithelium, endothelium, and neural crest derived cells regulate early salivary gland

development

The orchestration of salivary gland development is a testament to the high-level interplay
between diverse cell types. Each cell type not only carves its niche but also communicates
actively with its neighbors to shape the mature gland. In coordinated unfolding of salivary gland
development, the mesenchymal condensates and the thickening process of the oral epithelium
precede formation of the primordial bud, or bud initiation, in morphogenesis. The mesenchymal
condensates, clusters of mesenchymal cells, prominently express characteristic proteins such as
FGF10 and FGFR2b. [85,92]. At the same time, as the oral epithelium thickens prior to bud
formation, it exhibits a distinctive set of markers. E-cadherin marks the expanding adhesive
interactions within this layer [93-95]. The epithelial cells initiate the very buds that subsequently
undergo branching morphogenesis, setting the stage for the gland's elaborate architecture. This
budding and subsequent branching rely on a myriad of signaling pathways, including those

activated by growth factors such as FGFs and epidermal growth factors (EGFs) [32,33]. Proteins
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such as SOX9, SOX10, and Pax-9 indicate evolving lineage commitments, steering the epithelial
cells towards their predetermined roles in the salivary gland development [29,31]. Endothelia
form the innermost lining of the blood vessels. Their intricate web ensures the delivery of
essential nutrients and oxygen to the developing gland. Furthermore, the endothelial cell
signaling can influence the behavior of nearby epithelial and mesenchymal cells, potentially
impacting gland morphogenesis [96]. Neural crest-derived mesenchyme cells originate from the
neural crest— a transient structure during embryonic development— and migrate to various parts
of the embryo. In the context of the salivary gland, they provide crucial signals for epithelial
morphogenesis. They secrete factors that guide the epithelial branching and possibly influence
the differentiation of specific cell types within the gland [97]. Lineage tracing experiments have
been instrumental in understanding the origins of various cell populations in the gland. The
Sox17-2A-iCre/R26R experiments highlight the ectodermal origin of major salivary glands,
emphasizing the shared developmental lineage between the skin, nervous system, and the glands
[98]. This underscores the deeply evolutionarily conserved developmental pathways shared
among various organs. Among the factors governing differentiation and lineage commitment in
salivary gland development, the SOX transcription factors, particularly SOX2, SOX9, and
SOX10, have emerged as pivotal regulators [95,99,100].SOX2 is a master regulator of the acinar
cell lineage. It is expressed in progenitors that give rise to both acinar and ductal cells. However,
in its absence, the formation of acinar cells is notably affected, while ductal formations remain
largely unaffected. Peripheral nerves further play a role in acini formation through SOX2
regulation [99]. SOX9's significance in SMGs is underscored by its changing expression patterns
from the embryonic to the adult stage. A lack of SOX9 during the early developmental phases

leads to smaller initial SMG buds. Additionally, studies have shown that introducing SOX9 into
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mouse embryonic stem cell-derived oral ectoderm can stimulate salivary gland rudiment
development. ChIP-sequencing studies further reinforce the role of SOX9 in guiding genes
involved in tube and branching formation [95].Lastly, SOX10 has proven crucial for both the
maintenance and differentiation of specific epithelial progenitors in exocrine glands. Notably,
these progenitors are marked by the KIT/FGFR2b/SOX10 axis, representing the earliest multi-
potent and tissue-specific progenitors of exocrine glands. When SOX10 is genetically deleted in
the epithelial context, there is a marked loss of secretory units, subsequently reducing organ size
and function. However, intriguingly, the ductal tree persists. In the absence of SOX10, the
remaining duct progenitors demonstrate a lack of adaptability and cannot properly form secretory
units. Yet, when SOX10 is overexpressed in these ductal progenitors, there is an enhancement in
their adaptability towards KIT* progenitors, driving the differentiation into secretory units. Thus,
SOX10 emerges as a central regulator of plasticity and multi-potency in epithelial KIT* cells
across several secretory organs, encompassing the mammary, lacrimal, and salivary glands
[100]. Collectively, while the distinct roles of SOX2, SOX9, and SOX10 are becoming clearer in
the context of salivary gland development, there remains much to be explored about their
interplay, regulatory mechanisms, and potential therapeutic implications. The fact that parotid
glands, SLGs, and SMGs arise from the oral epithelium sheds light on the potential shared
molecular mechanisms between the salivary glands and other oral structures [101]. Meanwhile,
the revelation from Whnt-1-cre lineage tracing, that mesenchymal and nerve cells in the gland
originate from the neural crest, underscores the neural crest versatility and its profound influence
on craniofacial development [102]. By mouse embryonic day 11 (E11) or human embryonic day
30 (H30), neural crest cells migrate to the oral epithelium, initializing a mesenchymal

condensation (See Figure 2.3) [103]. This process prompts the oral epithelium to thicken into a
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placode by mouse E11. The placode dives into the mesenchyme, forming an epithelial bud by
E12, eventually becoming a primary bud. This action underpins salivary gland branching
development. Simultaneously, nerve connections of the gland are established. Neural crest cells
evolve into the parasympathetic fibers for the facial nerve, integrating with the SMG and SLG.
By E12, these fibers structure the parasympathetic ganglion (PSG) [104-106]. For the gland's
continued maturation at E12/H36, interactions between basal cells, marked by keratin 5 (K5),
and the PSG are essential [107]. Wnt signals, emitted by K5" gland cells, regulate this nerve
interaction [108].The parasympathetic ganglion cells also depend on neurotrophic factors such as
neurturin (NRTN). Diminishing NRTN in adult mice experiments notably hampers gland
regeneration and saliva production. At the molecular level, the glial-derived neurotrophic factor
(GDNF) family, inclusive of NRTN, orchestrates nerve cell dynamics. Their receptors, glial cell-
derived family receptors o, (GFRa 1-4), partner with ligands such as GDNF and NRTN. These
ligand-receptor interactions, especially involving NRTN and GDNF, are pivotal for maintaining
the health of the SMG's parasympathetic ganglion. Mechanistically, their association with GFRa
and RET co-receptor triggers cellular pathways (e.g., MAPK and PI3K-Akt), overseeing cell
growth and survival [109]. Reciprocal Wnt signaling from K5* salivary gland progenitors is
necessary for innervation [108]. Wnt signaling, known for its role in cellular proliferation,
differentiation, and stem cell maintenance, activates a cascade involving Dishevelled proteins,
leading to the stabilization and nuclear translocation of B-catenin, where it can regulate gene
expression [110]. In the context of the salivary gland, the specific genes targeted by this
signaling might dictate progenitor cell behavior and further differentiation. The progenitors rely
on the GDNF family members, such as NRTN. In adult mice, when NRTN and related GDNF

family members were experimentally decreased, a 50% reduction in gland regeneration and a
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40% reduction in saliva secretion were observed [111].In general, GDNF family members are
involved in survival, proliferation, and differentiation of neuronal populations in the central and
peripheral nervous systems. System receptors for these ligands include GFRa 1-4, which are the
preferential co-receptors for GDNF, NRTN, Artemin (ARTN), and Persephone (PSPN),
respectively. NRTN and GDNF are crucial neurotrophic factors with different temporal effects
on prenatal and postnatal development and on survival of the SMG parasympathetic ganglion.
These effects are mediated through binding to GFRa 1,2,3, and the ‘“rearranged during
transfection” co-receptor (RET co-receptor), which activates mitogen activated protein kinase
(MAPK), phosphatidylinositol-3-kinase-protein kinase b (PI3K)-Akt, phospholipase ¢ (PLC)-y
and sarcoma (Src) signaling pathways [109]. In conditions where NRTN and GDNF are
experimentally decreased, the salivary gland exhibits marked dysfunction. A significant insight
into the protective role of NRTN comes from studies involving irradiation-induced damage in
salivary glands. Irradiation, commonly used in the treatment of head and neck cancers,
frequently results in irreversible salivary gland hypofunction. Research has shown that NRTN
plays a pivotal role in safeguarding the gland against such damage. NRTN assists in the
epithelial regeneration of irradiated salivary glands by preventing the apoptosis of
parasympathetic neurons, which are crucial for the gland's function. When delivered via gene
therapy, NRTN effectively shields the gland against irradiation damage. Glands pre-treated with
NRTN maintain their function post-irradiation, a stark contrast to untreated glands, which exhibit
significant dysfunction. This protective mechanism of NRTN operates, at least in part, by
bolstering parasympathetic innervation. Markers of parasympathetic function, negatively
impacted by irradiation, remain stable when NRTN is present [112]. NRTN’s essential function

goes beyond its protective role against external damage like irradiation. In the developing and
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adult salivary gland, NRTN pairs with GFRa2. While the gland parenchyma produces NRTN,
GFRo2 is expressed in the parasympathetic ganglia. NRTN deficiency leads to a substantial loss
of GFRa2-expressing parasympathetic neurons in the salivary gland, and the surviving ones
appear smaller than in normal conditions. This finding suggests a pivotal role for NRTN as a
trophic factor for specific parasympathetic neuron populations within the salivary gland [113].
The epithelium undergoes branching morphogenesis to elaborate its branched structure. At
E13/H42, the endbud enlarges, and three to five clefts form in the epithelium as the salivary
gland undergoes branching morphogenesis. These clefts later deepen to become the major
lobules of the gland. In contrast to other organs in which branching morphogenesis is driven by
proliferation, branching in the salivary gland is driven by the formation of clefts in the basement
membrane on the surface of the buds [114]. Cleft formation is initiated by basement membrane
fibronectin. Fibronectin drives BTB/POZ domain-containing protein 7 (Btdb7) expression,
which induces snail family transcription factor 2 (Snail2) expression and E-cadherin suppression
[115,116]. Cleft formation is further reinforced by the action of GSK 3-8, which phosphorylates
B-catenin in cells at the base of the cleft, targeting it for degradation. A cytoplasmic shelf with a
core of microfilaments occurs in cells at the base of the cleft [117], which may be a matrix
attachment point to drive cleft elongation via cytoskeleton attachment. This notion is supported
by studies showing that the inhibition of actin cytoskeletal polymerization inhibits cleft
formation. Daley et al. proposed that a mechanochemical checkpoint involving rho-associated
coiled-coil containing kinase (ROCK) regulates the transition of initiated clefts, which are
proliferation independent, to a stabilized state that is competent to undergo cleft progression
[118]. Basement membrane is required for cleft formation with laminin a5-null mice showing

delayed SMG branching and delayed cleft formation. ROCK also controls organization of the
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outer layer of cells adjacent to clefts by coordinating cell polarity via PAR-1b protein, which
controls positioning of the basement membrane on the basal side of the outer layer of epithelial

cells in the developing epithelial buds [119]. Epithelial cell proliferation drives the expansion of
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Figure 2.3. Stages of salivary gland development. Reprinted with permission from Mattingly et
al., 2015. © 2015 Wiley Periodicals [87].

buds to drive the growth of the developing gland. EGFs and their receptors are important for

SMG development. EGF-null mice show reduced epithelium proliferation, branching, and
maturation [120]. Fibroblast growth factors such as FGF1, FGF3, FGF7, and FGF10 are
produced from mesenchyme and modulated by platelet-derived growth factor (PDGF) [121].
FGFs are required for salivary gland development as the FGF10- and FGFR2b-null mice do not

develop salivary glands [122]. Proliferation is driven by FGF10 and FGF7, both of which bind to
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FGFR2b. When FGFR2b binds to FGF10, duct elongation is induced, while binding to FGF7
induces budding [123]. In vivo, FGF10 signaling is likely modulated by heparan sulfate as
FGF10 binding to heparan sulfate increases its affinity for FGFR2b, and the ternary complex
resulting from this binding increases proliferation [124]. Other growth factors are required for
salivary gland development, including Wnt and ectodysplasin (Eda), as reviewed previously
[125,126]. Defining the regulation of different cell populations is critical for the development of
regenerative therapies. With recent studies to define distinct cell populations by single cell RNA
sequencing (sScCRNASeq) [126,127], it will be possible to comprehensively define the specific cell
populations responding to specific signals. The adult salivary glands appear to harbor various
stem and progenitor cell populations essential for tissue maintenance, regeneration, and repair.
Extensive studies have been conducted to pinpoint the exact locations of these cell pools within
the salivary glands. The ductal regions, especially the intercalated and striated ducts, are seen as
potential storehouses for progenitor cells. Notably, cells that express markers like c-Kit or
Keratin 5 (K5) reside in these ductal regions, hinting at their stem-like properties [128].

Ascl3, a transcription factor that plays an essential role in determining cell fate, development,
and differentiation, marks a progenitor cell population in the adult mouse salivary glands. Ascl3-
expressing cells were shown to be intermediate lineage-restricted progenitor cells that exist in all
major salivary glands that can differentiate into acinar and ductal cells in vitro in 3D spheres
[129]. Basal cells, found at the basal side of the acinar units, are also proposed as potential stem
or progenitor cells. They frequently express markers like Keratin 14 (K14) and are known to play
a part in gland regeneration under certain conditions. [130].Although the primary role of acinar
cells is saliva production, they have been observed to dedifferentiate and adopt progenitor-like

abilities, suggestive of their ability to aid in glandular repair in specific contexts. Mesenchymal
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stem cells (MSCs) present in salivary glands are typically found near blood vessels. These cells
have the capacity to evolve into multiple cell types, potentially assisting in tissue repair post-
injury [131]. In some conditions, salivary gland cells can develop spheroid formations when
cultured. These spheroid-forming cells exhibit stem cell traits, positioning them as potential
sources for regeneration. In specific mouse studies, Lgr5-positive cells, commonly recognized as
stem cell markers in other tissues, have been identified within salivary glands and are suggested
to contribute to tissue balance and recovery [132]. It should be noted that the exact roles, traits,
and connections of these cell types within human salivary glands remain a subject of ongoing
debate.

2.2.2. Fibrosis, cellular senescence, and salivary gland pathology

When salivary glands are damaged by immune dysfunction (e.g., Sjogren’s syndrome),
radiotherapy, or age-associated cellular senescence, an increase in senescent cells is typically
accompanied by fibrosis. In each case, local inflammation is initially or subsequently driven by
senescent cells and their secreted products, resulting in inflamed, fibrotic, and senescent cell-
enriched salivary glands. In Sjogren’s syndrome, autoimmune dysfunction leads to lymphocyte
infiltration of the salivary gland, which is followed by an increase in senescent cells [133]. In
salivary glands exposed to radiation, oxidative stress leads to DNA damage, which triggers the
DNA-damage response pathways in cells that can lead to cellular senescence or apoptosis [134].
Finally, the number of senescent cells increases with advancing age due to replicative senescence
and responses to environmental factors. As senescent cells produce secreted factors as part of
their senescence associated secretory phenotype (SASP), senescent cells can affect otherwise
healthy cells via bystander effects. This senescence-induced inflammation has many effects that

include driving acinar cells to senescence, destroying their ability to produce saliva; dampening
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or destroying existing stem cells that may exist in or migrate to salivary gland tissue, capping
natural regenerative processes; and provoking phenotypic shifts in fibroblasts that drive the
unremitting ECM production characteristic of fibrosis [135-137]. Numerous studies have shown
that the SASP can exert deleterious effects on stem cell function. For example, geriatric stem
cells could change reversible quiescence in satellite stem cells into senescence [138]. In the
salivary gland, salivary gland stem cells (SGSCs) isolated from Sjogren’s syndrome patients
were regeneratively inferior; they were likely to be senescent or limited to intercalated duct cell
differentiation only [139]. The impact of radiation on the salivary gland senescence is evidenced
by a subtle interplay between different cell types and their physiological responses. A central
response is the expression of pl16, an inhibitor of cell division kinase 4, seen in the basal cells of
the salivary duct, which are believed to act as progenitors. The correlation between pl6
expression in these cells with saliva production and the infiltration of CD45" leukocyte cells in
Sjogren's Syndrome (SS) patients suggests that basal cell senescence might be an early hallmark
of SS, likely contributing to diminished salivary gland function [140]. After radiation exposure,
there is a significant loss of acinar cells and shrinkage of the gland during the acute phase
[141,142]. In the aftermath of radiation, the resilience and adaptability of different ductal
progenitor populations within the gland including KRT14" progenitors is impressive. Fast-
cycling cells display an increased proliferation in response to radiation-induced damage and
asymmetrically divide to replenish the cells of the larger granulated ducts. On the other hand,
KIT* intercalated duct cells are a stark contrast, being long-lived progenitors with minimal
divisions both during homeostasis and post-radiation. These cells maintain ductal architecture
with slow rates of cell turnover, emphasizing the heterogeneity in response mechanisms

employed by salivary progenitor cells to sustain tissue structure [143].Another facet of radiation-
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induced effects on salivary glands is their rapid functional impairment, which is evident as soon
as 24 hours post-exposure. This response underscores the significant impairment of
myoepithelial cells, offering a fresh perspective on the pathogenesis of radiogenic salivary gland
dysfunction. Beyond the damage to acinar cells, this indicates that secretory retention, assessed
scintigraphically, might be rooted in myoepithelial cell impairment [144,145].In general, salivary
gland cellular senescence and its associated fibrosis create the need for tissue replacement, while
simultaneously creating a host tissue environment that is not conducive to it [146].

SASP Signaling Drives Neighboring Proliferation-Competent Cells to Senescence (Bystander

Effect)

Senescent cells induce the DNA-damage response in neighboring proliferation-competent cells
through a variety of different mechanisms that often results in an increased senescent cell
burden. This induction can occur via gap junction-mediated cell-cell contact and processes
involving reactive oxygen species (ROS). Continuous exposure induced senescence in bystander
fibroblasts [147]. Mikula-Pietrasik et al. showed that senescent human peritoneal mesothelial
cells (HPMCs) elicited the bystander effect on neighboring HPMCs and human peritoneal
fibroblasts (HPFCs). Further, they identified TGFB1 as the essential soluble mediator eliciting
this change. It was postulated that this effect occurred though the induction of ROS and p38
MAPK. HPMCs also released thrombospondin-1 (TSP-1), a major activator of TGFp1 [148].
Nelson et al. asserted that ROS-activated NF-«xB also elicits the DNA-damage response, leading
to senescence in bystander cells [149]. Finally, Da Silva et al. demonstrated the bystander effect
in vivo across multiple tissues using NOD SCID gamma mice, which support highly efficient
engraftment of human hematopoietic stem cells (hu-CD34") and human peripheral blood

mononuclear cells (hu-PBMC) [150]. These findings suggest a possible senescent cell-signaling
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basis for fibrosis development in salivary glands and decreased saliva production. More
importantly, they suggest a set of strategies for mitigating or reversing these effects, which will

be explored in a later section.
Senescence and Its Impact of Normal Fibroblast Dynamics in Healing and Fibrosis

Fibroblasts have a set of functionally dynamic phenotypes that are temporally varied according
to the healing stage of the tissue in which they reside. Oxidation and other factors associated
with wounding prompt fibroblasts to shift their phenotype. While few studies have examined
these transitions in the salivary gland, in response to a reversible injury where a metal clip is
placed on the primary salivary gland duct, a transient fibrotic response occurs in which Pdgfra*,
Pdgfrb* fibroblasts overexpress ECM proteins [151]. Reversible phenotypic shifting among
fibroblasts is thought to serve as a mechanism for tissue homeostasis [152,153]. In salivary gland
organoid culture, Pdgfra+ cells that support epithelial cell proacinar differentiation in response
to FGF2 can transition to a fibrotic myofibroblast like phenotype in response to TGFB1 [153]. In
other contexts, these shifts can occur between fibroblast, senescent fibroblast, myofibroblast, and
senescent myofibroblast phenotypes. However, it should be noted that fibroblasts may originate
from different cell types, which may, in turn, dictate how they shift phenotypically [153,154].

The relationships between senescence and fibroblast dynamics have been explored in other
organs and cultured cells. Damaris et al. found that wound-site damage prompted fibroblasts to
become senescent and secrete PDGF-AA. PDGF-AA, in turn, prompts wound closure by
inducing a phenotypic shift in fibroblasts to myofibroblasts. Contractile elements in the
myofibroblasts are responsible for wound closure [155]. In tandem, the myofibroblasts emerge
mainly, but not exclusively, as a phenotypic variant of the fibroblasts. Although not all

myofibroblasts assume the same function, as a class they produce ECM, close wounds, and
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release cytokines. IL-10 was shown to play a key role in fibrosis resolution by reversing a
TGFp1-induced, transiently activated, myofibroblast phenotype [156]. These two cytokines can
cause neighboring macrophages to become oriented toward ECM degradation, which can lead to
the resolution of fibrosis. ECM degradation reduces matrix stiffness, which shifts the
apoptosis/senescence axis towards myofibroblast apoptosis. Apoptosis complements the
macrophage degradation function to reestablish normal tissue homeostasis. Alternately,
myofibroblasts may shift phenotype to become ECM-degrading fibroblasts (deactivation), or
they may shift toward senescence as well, by the signaling action of cysteine-rich angiogenic
inducer 61 (CYR61/CCN1) [157]. In general, pathological fibrosis is known to occur when
myofibroblasts and senescent myofibroblasts escape apoptosis and engage in ongoing
overproduction of ECM. Additionally, these cells produce several other compounds that further
facilitate pathological remodeling. These pathological changes are readily observed in
histological samples of salivary gland tissue that has been damaged due to autoimmune
dysfunction, irradiation, or aging. Understanding the factors that control fibroblast dynamics is
critical to successful salivary gland tissue engineering. Engineered and host tissue scaffold
stiffness and local and systemic signaling aberrations are relevant to transplant success. The
same is true of cell-signaling aberrations present in diseased salivary gland and the larger system
in which the salivary glands operate. For example, individuals with systemic inflammation will
likely have ongoing immune cell infiltration, while individuals with irradiated salivary glands
may have different patterns of damage [69]. Aged individuals may have different kinds of cross-
linking in their tissue, such as advanced glycation end products, which are less amenable to
degradation [158]. Therefore, different patients may require different approaches to salivary

gland engineering to optimize transplant and engraftment success. Scaffold stiffness and growth
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factors such as TGFB1 and connective tissue growth factor (CTGF) cue certain fibroblasts to
phenotypically shift to the myofibroblast phenotype. This shift is evidenced by the expression of
a-smooth muscle actin (a-SMA). ECM stiffness is driven via mechanotransduction pathways
that involve lengthy cascades of signaling molecules to control a-SMA transcription. These
pathways start at the surface of the cell via Bl integrins. B1 integrins are connected to F-actin
stress fibers, which are bound, in sequence, to FAK, ROCK and myocardin-related transcription
factor (MRTF). MRTF can translocate to the nucleus where it binds serum response factor
(SRF), which leads directly to the production of a-SMA. MRTF also binds transcriptional co-
activators yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif
(TAZ) to initiate a-SMA transcription. These proteins activate other transcription factors such as
TEA domain family member (TEAD), T cell factor/lymphoid enhancer-binding factor
(TCF/LEF), and B-catenin [159]. ECM stiffness and mechanical forces also regulate force-
dependent activation of latent TGFB1 by increasing resistance to traction forces generated by
fibroblasts. In this mechanism, extracellular latent TGFB1 (TGFB1 with its latency-associated
peptide) is released from latent TGFB1-binding protein stores when aV integrins respond to
mechanical pulling forces. Once activated, TGFB1 binds to TGFP receptors and promotes
canonical mothers against decapentaplegic homolog 3 (SMAD?3) activation [89][160]. Activated
SMAD3 binds to SMAD4 and translocates to the nucleus, where it binds to SMAD-binding
elements in the promoters of fibrogenic genes, such as ACTA2 (encoding a-SMA). Together,
myofibroblast activation is controlled by both the TGFB-SMAD pathway as well as
biomechanical pathways such as integrin-FAK-ROCK-MRTF-YAP-TAZ signaling [161].
Moreover, ECM stiffness induces expression of the microRNAs miR-21 and miR-29a, which

promote the survival of myofibroblasts by increasing the expression of pro-survival BCL-2
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proteins [162]. Increased ECM stiffness, TGFB1 and CTGF all cue fibroblasts to differentiate
into collagen-producing, a-SMA* myofibroblasts. These “activated” myofibroblasts also produce
the anti-inflammatory cytokines, TGFB1 and IL-10, which act on macrophages at the injury site,
stimulating them to produce ECM degrading compounds. This shift in activity is a part of the
resolution phase of normal wound healing (See Figure 2.4). Macrophages promote ECM
softening in tandem with soluble pro-apoptotic factors, including IL-1B, FGF1, and PGE2,
which, in turn, promote myofibroblast apoptosis. However, this is not the only potential fate of
myofibroblasts. Myofibroblasts can revert to scar-resolving fibroblasts or temporarily be driven
to senescence via CCN family member 1 (CCN1). Myofibroblast apoptosis, reversion to scar-
resolving fibroblasts, and conversion to senescent myofibroblasts are all normal fates in the
course of normal wound healing. However, myofibroblasts and senescent myofibroblasts can
indefinitely escape apoptosis. This pathological turn of events leads to fibrosis and persistent
tissue inflammation. Cells in the area are destroyed and replaced with scar tissue. Eventually this
leads to tissue and organ failure. Several factors are postulated to account for apoptosis escape
associated with the onset of pathological fibrosis. Pro-survival signaling through
mechanotransduction pathways and integrin-mediated TGF[ activation have been shown to
inhibit IL-1B, FGF1, and prostaglandin E2 (PGE) by shifting the senescence-apoptosis axis
toward senescence. Additionally, factors that reinforce matrix stiffening also shift the orientation
of myofibroblasts and senescent myofibroblasts toward persistence, survival, and senescence.
Stiffening is reinforced by matrix-stabilizing, pro-fibrotic matrix metalloproteinases (MMPs) and
crosslink-promoting lysyl oxidases (LOXs). Although MMPs are generally associated with
matrix degradation, the reality is more nuanced. Weakening of the ECM by certain MMPs

triggers fibroblasts to synthesize and deposit ECM. In addition, these same fibroblasts secrete
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ECM-crosslinking enzymes such as LOXs [163]. Furthermore, tissue-stabilizing, fibroblast
orientation of ECM fibers occurs during normal tissue repair [164], but the disruption of these
orienting processes further defines pathological fibrosis. Lastly, advanced glycation products,

which form crosslinks between collagen fibrils and also activate the receptor for advanced
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Figure 2.4 Myofibroblast origins and fate in normal wound healing. Created with Biorender.com
[171].

glycation end products, may play a profound role in the emergence of fibrosis by irreversibly

increasing matrix stiffness over time [165]. Myofibroblasts may originate from multiple cell
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types; however, how they transition from one cell type to another is poorly understood and has
not been characterized in the salivary gland. Myofibroblasts can be derived from pericytes,
adipocytes, endothelial, epithelial cells, and mesenchymal stem cells (MSCs) [157]. Sun et al.,
transplanted bone marrow-derived MSCs into injured lung tissue hoping they would differentiate
to lung epithelial cells [166]. Instead, these cells differentiated to myofibroblasts, which further
exacerbated fibrosis. It was determined that this transition was mitigated by Wnt/p-catenin
signaling, which could be attenuated using Dickkopf WNT Signaling Pathway Inhibitor 1
(DKK1) [167]. Sun’s experimental outcomes speak to the complexities and potential problems
investigators may encounter in their efforts to develop therapeutic approaches using MSCs.
However, implantation of MSCs also showed potential to prevent fibrosis. Kim et al., determined
adipose-derived MSCs could provoke salivary gland remodeling of fibrotic tissue and other
beneficial effects in a mouse model of irradiated salivary gland tissue [168]. Saylam et al.,
showed adipose-derived MSCs could reduce differentiation of MSCs to myofibroblast after
implantation, which may lie in a better understanding of factors that govern myofibroblast
conversion in specific contexts. Engineered salivary gland tissues that incorporate strategies for
shifting the senescence/apoptosis axis toward apoptosis can improve the likelihood of successful
transplant engraftment and imaginably reverse or halt host tissue fibrosis. Conceptually, this
approach to engineering salivary gland tissue is similar in nature to stent technology that not only
provides scaffolding architecture to support arterial remodeling, but also integrates strategies for
the timed release of chemistries that function to ensure proper engraftment and reduce the risk of
complications [169]. Manipulatable factors that disrupt normal shifts of the senescence/apoptosis
axis and pathological shifts in salivary gland tissue do exist. Apoptosis, a form of programmed

cell death, is regulated by two intertwined pathways: the intrinsic (mitochondrial) and the
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extrinsic (death receptor) pathways. The BCL-2 protein family plays a pivotal role, particularly
in the intrinsic pathway, and can be classified into four categories: sensitizers, pro-survival (anti-
apoptotic) proteins, activators, and effectors (pro-apoptotic proteins). Sensitizers inhibit pro-
survival proteins that would otherwise inhibit the activators. The activators trigger effectors to
initiate mitochondrial outer membrane permeabilization (MOMP) [170] and drive the
myofibroblast phenotype toward apoptosis [171]. However, myofibroblasts will not undergo
apoptosis in this state if pro-survival proteins are present and sequester pro-apoptotic proteins.
BCL-2 homology domain 3 (BH3)-mimetic drugs have been used to circumvent this issue and
trigger apoptosis by binding to pro-survival proteins, resulting in apoptosis [172,173].

Senolytics and SASP Depressants Support-Healing, Reduce Fibrosis, and Improve Transplant
Engraftment

Senolytics and SASP depressants have been shown to support healing, reduce fibrosis, and
improve transplant engraftment following salivary gland irradiation. Head and neck cancer
patients acquire salivary gland damage caused by irradiation. Irradiation boosts mitochondrial
ROS production, leading to a reduction in store-operated calcium entry (SOCE), which, in turn,
decreases intracellular calcium necessary for the activation of calcium-dependent ion channels
driving fluid secretion [174]. When cells are treated with H,O;, an increase in intracellular Ca?*
occurs, which leads to calpain-dependent processing of IL-1a [175], which ultimately leads to
the production of inflammatory mediators IL-6 and IL-8 [176], suggesting that reducing
oxidative stress would restrict inflammatory gene expression. Chelating Ca?* during senescence
inhibits calpain activation and subsequently, IL-1a processing, which attenuates the SASP
phenotype. Another study by Ambudkar further validated this concept; H20O2 treatment resulted
in a rapid calcium release from intracellular stores, mediated by the activation of PLC/IP3/IP3R

pathway. Notably, further senescence development was accompanied by persistently elevated
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[Ca®Ti levels. In HoOo-treated human MSCs, [Ca?*]i chelation by BAPTA-AM was sufficient to
prevent the expansion of the senescence phenotype, decrease endogenous ROS levels, avoid
GO/G1 cell-cycle arrest, and finally, retain proliferation [174]. Hai et al. generated a mouse
model of irradiation-induced hyposalivation in which Sonic hedgehog (Shh) gene transfer
repressed irradiation-induced cell-senescence. This effect was attributed to Shh upregulation of
DNA repair pathways and decreased oxidative stress [177]. Lastly, numerous studies have
demonstrated that pharmacologic (e.g., dasatinib, quercitin) or genetic elimination of senescent
cells attenuates fibrosis and function in a variety of organ systems [178-185]. McCarthy et al.,
found senescence-associated oxidants and calcium drive the secretory phenotype, but antioxidant
administration could limit SASP expression by restricting the expression of IL-la [175].
Alternately, SASP repression strategies may offer a unique benefit, maintaining tumor
suppression while eliminating other deleterious SASP-related effects [186-189] .

2.3.Cell Selection for Salivary Gland Bioengineering

2.3.1. Salivary Gland Cell Lines
Numerous cell lines have been developed for salivary gland basic research studies that inform

engineering strategies [189]. These cell lines include human tumor-derived salivary gland cells
and rodent immortalized or transformed salivary gland cells (Table 2.1). Representative human
tumor-derived salivary gland cell lines include HSY, a neoplastic epithelial cell line derived from
a thymic mouse tumor after transplantation with surgical specimens of a human parotid gland
adenocarcinoma [190], and human salivary gland (HSG), a neoplastic intercalated ductal cell line
derived from an irradiated human SMG [191]. Although these human cell lines are useful for
biological studies, they are not useful for tissue engineering applications due to their tumor
origins. Additionally, caution should be used with the HSG cell line as cross-contamination
between this cell line and HeLa cells has been reported [192]. Rodent immortalized or
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transformed salivary gland cell lines include mouse SIMS [193], rat submandibular cell lines
(SMIE [194] and RSMT-AS5 [195]), rat submandibular acinar cell lines (SMG-C6 and SMG-C10
[196]), murine mSG-PAC1 and mSG-DUCL [197], and rat parotid cell lines (Par-C5 and Par-
C10[198]). Rodent cell lines have been useful for testing cell-cell and cell-material interactions

and cell behaviors when seeded on engineered scaffolds for salivary gland regeneration.

A pertinent observation is that most of the aforementioned cell lines are epithelial in nature.
While epithelial cells offer certain utilities, they may not fully capture the complex
functionalities of acinar cells in salivary glands. While there is a potential for some of these
epithelial cells to dedifferentiate, replicating the natural functions of acinar cells remains a

challenge. This inherent limitation underscores the reliance on primary tissues in the field.

The gap in authentic acinar cell cultures impacts salivary gland bioengineering. Acinar cells,
being paramount to saliva secretion, are indispensable for reconstituting a functional salivary
gland. This gap not only impedes replicating gland function but reinforces dependence on
primary tissues. These challenges provide an argument for exploring induced pluripotent stem
cell (iPSC) technology. iPSCs, with their potential to differentiate into diverse cell types, could
provide a way for generating acinar-like cells for salivary gland bioengineering, potentially

addressing the challenges tied to primary acinar cells or epithelial-derived cell lines.
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Table 2.1 Summary of representative salivary gland cell lines

Species

Cell
lines

Tissue sources

Cell types

Characteristics

Human

HSY

Parotid gland
adenocarcinoma

Ductal epithelial cells

Form desmosomes & tight junctions (TJs)
and exhibit polarization [199]; Express
amylase [200]; Respond to muscarinic and -
adrenergic autonomic agonists [201].

HSG

Irradiated SMG

Intercalated duct
epithelial cells

Form desmosomes with sporadic TJ and no
AQP expression on plastics
[202]Differentiate into acinar structures and
express amylase on Matrigel; Respond to
muscarinic & purinergic agonists; Express
ductal differentiation markers (EGF, NGF &
renin) [189]; Express TJs (claudin-1, -2, -3, -
4, occludin, JAM-A & Z0-1) and AQP
(AQP5) on Matrigel-coated permeable
supports [203]. Reported to be derived from
Hela cells [130]

Mouse

SIMS

A 22-day-old
transgenic SMG

Immortalized ductal
epithelial cells

Exhibit polarity and express E-cadherin &
Z0-1 and duct-specific cytokeratins on
Matrigel-coated surfaces; Form duct-like
structures (cysts) on collagen Type | gels
(Col I); Form a tight monolayer on filter
supports, exhibiting microvilli, desmosomes
& TJs, vectoral transport and exclusive
basolateral localization Na*/K*-ATPase;
Express EGF, NGF & renin [193].

SIMP

A 12-day-old
PyLT transgenic
SMG

Immortalized striated
ductal epithelial cells.

Exhibit polarity and express E-cadherin &
Z0-1 and duct-specific cytokeratins on
Matrigel-coated surfaces; Form duct-like
structures on Col I; Express duct-specific
cytokeratins and differentiation markers
(EGF, NGF & renin) [204].

mSG-
DUC1

SMG

Genetically modified
mice, homozygous
for floxed alleles of
the integrin a3
subunit

mSG-DUCL1 cells express the ductal markers,
keratin-7 and keratin-19, and form lumenized
spheroids [197].

mSG-
PAC1

SMG

Genetically modified
mice, homozygous
for floxed alleles of
the integrin a3
subunit

Express the ductal markers, keratin-7 and
keratin-19, and form lumenized spheroids.
express the pro-acinar markers SOX10 and
aquaporin-5 [197].
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Rat

SMIE

SMG

Immortalized salivary
glandular epithelium-
like cells

Form TJs on collagen-coated filters [194];

Resemble salivary glandular epithelium with
an immature lumen; Express ZO-1 & E-
cadherin, but low level claudin-3 [205];

Have a low level transepithelial resistance
(TER) that can be regulated by IGF-1 [206]

RSMT-
A5

SMG

Transformed ductal
cells

Exhibit a ductal epithelial phenotype and a
high density of a1-adrenergic receptors
[207].

SMG-C6

SMG

Immortalized
submandibular acinar
epithelial cells

Form TJs and desmosomes, enabling
polarization [196] ; Exhibit secretory features
(i.e., domes, granules, and canaliculi) and
more cytodifferentiation than SMG-C10
[208]; Respond to muscarinic and purinergic
agonists (but not to al agonists) by
increasing [Ca?*]i and respond to f-
adrenergic agonists by increasing [CAMP];
Lack ductal marker cytokeratin 19
expression and exhibit high TER on
collagen-coated polycarbonate filters [209].

SMG-
C10

SMG

Immortalized
submandibular acinar
epithelial cells

Form TJs and desmosomes, enabling
polarization [196] ;

Respond to B-adrenergic agonists [208] ;
Exhibit high TER on collagen-coated
polycarbonate filters [209] ; Modulate
Na* transport and regulate salivary cell
volume [210].

Par-C5

Rat parotid
glands

Immortalized acinar
epithelial cells

Form layers of plump cells containing
intercellular lumen-like invaginations on
their medial surfaces; Form secretory
granules, TJs, intermediate junctions,
desmosomes, and microvilli.

Respond to a1-adrenergic agonists by
increasing [CAMP] [211];

Respond to cholinergic, muscarinic & al-
adrenergic agonists by increasing [Ca?*];
[212]; Express functional amylase [213].

Par-C10

Immortalized acinar
epithelial cells

Form monolayers of cuboidal cells with thick
ECM at their bases [211]; Form secretory
granules, TJs, intermediate junctions,
desmosomes, and microvilli; Respond to al-
adrenergic agonists by increasing [CAMP]
[212]; Respond to cholinergic, muscarinic &
al-adrenergic agonists by increasing [Ca?*]
[213];

Do not express amylase [214]; Exhibit high
TER [215];

48




Express sodium bicarbonate cotransporters
and anion exchange proteins on basolateral
surfaces, which regulate transepithelial
transport. Par-C10 cells achieve
transepithelial transport that is sensitive to
both intracellular Ca(2+)- and cCAMP-
dependent stimulation[215]; Form 3D
differentiated acinar-like spheres on growth-
factor-reduced Matrigel, expressing TJs, ion
transporters, M3 muscarinic receptors &
AQP3, increasing AQP5 expression under
osmotic stress and showing changes in
potential difference in response to muscarinic
agonist stimulation [216].

2.3.2. Primary salivary gland cells
Primary cells have been used to explore cell interactions with scaffolds as well as for

implantation in vivo. But critical problems exist with the ability of primary cells to achieve
acinar formation in vitro, including a tendency to dedifferentiate when grown on plastic [217].
Salivary epithelial cells also become apoptotic when dissociated into single cell suspensions
[218], demanding approaches that will maintain sufficient cell viability. However, single human
parotid epithelial cells can differentiate into acinar and ductal structures when grown in a 3D
environment [219]. When grown on hyaluronic acid hydrogels, these cells can assemble into
acinar lobules, form tight junctions (TJs), develop central lumina, and express a-amylase [220].
A few studies show primary salivary gland cells can be transplanted into living organisms.
Human parotid cells grown on polyglycolic acid polymers were implanted subcutaneously into
athymic mice [221]. When the polymer scaffolds were retrieved, they had differentiated into
acinar structures. Another study transplanted labeled rat SMG into atrophic salivary glands
[222]. After several weeks, the labeled SMG cells were detectable over a broad area of the
atrophic gland and localized around the acinar and ductal regions, suggesting that salivary gland
cells can be transplanted and maintain differentiation. However, in these studies, it was not

determined whether the transplanted salivary gland cells were able to function in response to
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neurotransmitters. In a landmark study, embryonic salivary gland organ “germs” were
transplanted in vivo and shown to integrate with existing ductal cells to restore some function

[223].

2.3.3. Progenitor cells of the developing salivary gland

Salivary Gland Stem and Progenitor Cells During Development

The identity of salivary gland stem cells and their capacity to participate in gland development
and regenerative responses has been a subject of intense study, since understanding how salivary
gland stem and progenitor cells are regulated in development can inform regenerative medicine
strategies. Lineage tracing studies, in which cells that are induced to express a fluorescent protein
in a specific cell population that can then be traced along with its progeny as development
proceeds, have been instrumental in defining the contribution of specific cell populations in
developing salivary glands. Cells that express the transcription factors SOX2 and SOX9 and the
intermediate filament protein, keratin 5 (K5), prior to emergence of the salivary gland can give
rise to all cells in both the SMG and SLG [224-226]. During development, cell lineages become
more restrictive and K5 is only expressed in ductal progenitor cells and SOX2 and SOX10 in
acinar cells and progenitors (proacinar cells). SOX9 plays a pivotal role in determining the
cellular differentiation and lineage commitment in the gland development [227].

Stromal-Epithelial Interactions During Development

Salivary gland branching morphogenesis requires interaction of epithelial cells with mesenchyme
cells, and mesenchyme cells support the organization and differentiation of salivary gland
epithelial clls in organoid cultures [228,229]. Different stromal-derived factors are required to
stimulate different aspects of salivary gland development [126]. Although salivary gland

progenitors, when combined with Matrigel and EGF to substitute for mesenchyme, could
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recapitulate branching morphogenesis seen during embryonic development [230], FGF signaling
is required for in vivo-like branching and FGF2 signaling in the salivary gland stroma is needed
for those cells to support pro-acinar cell differentiation [231,232].

2.3.4. Stem cells for salivary gland tissue engineering

Studies targeted at increasing regenerative abilities of salivary glands are in progress. In addition,
stem cell-based tissue engineering and cell therapy may improve function in damaged salivary
glands [233]. Multiple types of stem cells and/or progenitor cells can be considered for
regenerative therapies: the unipotent progenitor cells, elusive multipotent adult stem cell
including salivary gland stem cells (SGSCs), MSCs, and induced pluripotent stem cells (iPSCs).
There has been an ongoing search for a salivary gland stem cell for many years, based on the
assumption that the hematopoietic stem cell-based paradigm is applicable to identify stem cells
in all organs. However, recent studies suggest that such multipotent stem cells may not exist in
adult salivary glands [234]. MSCs show great potential for tissue regeneration, including salivary
gland tissue due to their anti-inflammatory, anti-fibrotic, and regenerative properties, while
iIPSCs possess the unique capabilities of unlimited self-renewal and the ability to undergo
differentiation but with a risk of tumorigenesis. With stem cells, controlling their lineage
commitment poses a new set of challenges, which can be better met with tailored biomaterial
design strategies that influence transplanted cell fate as well as the host-tissue microenvironment.

Salivary Gland Stem Cells (SGSCs)

Lineage tracing studies in adult glands have enabled the isolation of SGSCs from the ducts of
salivary gland tissues. SGSCs are characterized by the expression of a collection of stem cell
markers including c-Kit, K5, K14, CD49f, CD90, and CD44 (See Table 2) [235]. However, Sui
et al. asserted that there is no single, universal, definitive group of SGSC markers. For example,

cells located in the striated ducts of the salivary gland expressed stem cell markers identified in
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other organs, including CD24, CD49f, CD133, and c-Kit [236]. SGSCs can perhaps be best
recognized by their behavior, which has been explored in 3D cultures. When human SMG
stem/progenitor cell-derived human salispheres were cultured in a collagen I/Matrigel matrix for
2-3 weeks, they formed salivary organoids expressing markers such as cytokeratin, a-amylase,
and AQP5 [139]. Human SMG stem/progenitor cells cultured in Matrigel formed aggregates on
day 1; when FGF10 was added daily until day 14, they exhibited high expression of gland-
specific markers such as AQP5 and Mistl (acinar markers), a-amylase (functional marker), and
a-SMA (salivary myoepithelial marker) and responsiveness to neurotransmitters responsible for
salivary secretion [235]. However, the presence of mouse tumor-derived Matrigel makes this
system unsuitable for future therapeutic applications. As another option, peptide-modified
hyaluronic acid hydrogels supported long-term maintenance of human parotid gland
stem/progenitor cells cultured for more than 100 days, showing increased gene expression of
acinar markers (e.g., MISTI/BHLHAL1S, a-amylase/AMY 1A) after treatment with B-adrenergic
and cholinergic agonists, such as isoproterenol and carbachol for 20 hours [237]. However,
mature differentiation into secretory acinar cells was not observed. The potential for implantation
of cultured salivary gland organoids was shown by implantation in mice. In vivo transplantation
of mouse salivary organoids with E12.5 mouse salivary gland mesenchyme showed natural
morphology and saliva secretion, suggesting the role of salivary gland mesenchyme in promoting
maturation and function of salivary organoids [238]. Further, Raman spectroscopy has been
successfully used to identify the differentiation state of organoids, which may also be
generalizable to cells on scaffolds to screen tissue constructs prior to implantation [239]. The
therapeutic potential of stem cells is widely recognized. Yet, little is known about the

engraftment and capacity of tissues derived from human adult epithelial stem cells. Pringle et al.
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recently isolated human salivary gland stem/progenitor cells in vitro and observed self-renewal
and multilineage differentiation of these cells into organoids. They further demonstrated in vivo
functionality, long-term engraftment, and functional restoration of saliva production in irradiated
salivary glands in a xenotransplantation model [240]. Additionally, the regenerative potential of
stem cells transplanted into irradiated SGs was enhanced and further improved by selection for c-
Kit expression. This groundbreaking work marks the first instance of salivary gland rescue using
salispheres and the first clear demonstration of salivary gland stem/progenitor cell self-renewal

and multilineage differentiation into functional organoids.

Table 2.2 Salivary gland stem cell markers

Stem Cell Marker Salivary Gland Method of Progenitor or Reference Number
Location Identification Stem
c-KIT (CD117) Ducts Gene expression Stem [241]
SCA-1 Ducts Gene expression Stem [241]
Keratin 5 (K5) Ducts Cytoskeletal Progenitor [242,243]
(developing) protein
expression, in
vivo lineage
tracing
Keratin 14 (K14) Ducts Cytoskeletal Progenitor [242,243]
(developing) protein
expression, in
vivo lineage
tracing
LGR5 Ducts (human Gene expression Stem [244]
parotid and
submandibular)
CD44 Not specified MSC surface Stem [12,244-246]
antigen
CDA49f (integrin) Not specified MSC surface Stem [12,244-246]
antigen
CD90 Not specified MSC surface Stem [12,244-246]
antigen
CD105 Not specified MSC surface Stem [12,244-246]
antigen

Mesenchymal stem cells (MSCs)

MSCs are multipotent adult stem cells that can differentiate into several cell types, including

adipocytes [247], osteoblasts [248], chondrocytes [249], myocytes [250], cardiomyocytes [251],
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hepatocytes [252], neuronal cells [253], and salivary gland cells [254] among others. MSCs
exhibit anti-inflammatory, anti-fibrotic, and regenerative potential [255,256]. Adult MSCs
impact immune T- and B-cell responses through multiple pathways, including T-cell
suppression, cytokine regulation, Th1/Th2 balance, Treg regulation, B-cell viability and
proliferation, antibody secretion, co-stimulatory molecule production, dendritic cell maturation
inhibition, and suppression of IL-2-induced NK cell activation [257]. MSCs that have been tried
for salivary gland tissue regeneration include bone marrow-derived MSCs [258], adipose tissue-
derived MSCs [259-262] and salivary gland-derived MSC-like cells [263,264]. Denewar et al.
demonstrated bone marrow-derived MSCs prevented the development of diabetic-induced
hyposalivation in rats [265]. MSCs have several advantages over alternate stem cell types. They
are easily obtained from adipose tissues [266] and unlike ESCs and iPSCs, they are not
potentially tumorigenic in vivo. However, newer research suggests the origin of MSCs may be
an important consideration [267]. Additionally, MSCs can be used for allograft transplantation
[268,269]. Moreover, by reducing lymphocyte infiltration, fibrotic processes may be mitigated
under certain circumstances, as described more fully in the fibrosis section of this review [270].
Stromal cells derived from the mesenchyme compartment are not only important for
development, they also have been used to restore function in hypofunctioning salivary gland.
MSCs derived from bone marrow stroma have been shown to improve gland function in a mouse
model of Sjogren’s Syndrome [271], and adipose-derived MSCs restored salivary gland function
in mice following a radioiodine-induced injury that mimics salivary hypofunction in patients
treated for thyroid cancer [272]. In rabbit models, the application of MSCs and anti-
inflammatory agents has been explored with improved function with dual treatment therapy as an

experimental allogenic transplant [273]. Clinical trials are currently underway to evaluate the
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ability of MSCs to restore salivary function for glands damaged by irradiation [274]. Thus,
manipulating the stromal environment holds promise for clinical applications in salivary
hypofunction.

Pluripotent Stem Cells (PSCs): ESCs and iPSCs

ESCs and iPSCs are pluripotent, i.e., they can self-renew and differentiate into somatic cells of
all three germ layers—ectoderm, mesoderm, and endoderm [275-281]. As such, they offer more
potency than adult stem cells. Due to ethical concerns and variable immunogenicity associated
with ESCs, autologous iPSCs offer a feasible alternative to ESCs [282]. iPSCs were first
generated by introducing four transcription factor genes (Oct 3/4, SOX2, Klf4, and c-Myc) into
mouse and human fibroblasts [283]. More advanced methods that produce iPSCs with higher
efficiency have since been developed and commercialized [281,284]. The use of both ESCs and
iIPSCs for more than 14 diseases in clinical trials has shown the promise of PSC-based cell
therapies although there are still challenges to overcome, such as heterogeneity and a low, but
non-negligible risk of teratoma or carcinoma formation in vivo [285]. Teratomas are thought to
result from the presence of residual undifferentiated cells and differentiated but still proliferative
progenitors, while carcinomas are thought to result from the use of the tumorigenic
reprogramming factors (e.g., c-Myc) and viral vectors for generating iPSCs and genetic
abnormalities of PSCs. Removing undifferentiated cells and genetically abnormal PSCs prior to
implantation and using virus-free gene delivery methods can reduce the likelihood of teratoma
development [286,287]. In vitro 3D culture models, including organoids and organ-on-chips, can
be utilized to predict tumorigenicity and identify factors to reduce heterogeneity [285,288,289].
Kawakami et al. co-cultured mouse early ESCs (mEES-6) with mitomycin-treated human
salivary gland-derived fibroblasts, attempting to differentiate mEES-6 cells to salivary gland

cells (co-SG), and finally, to engraft these co-SG cells into the SMG of immune deficient mice.
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These co-cultured cells expressed a variety of salivary gland-related markers and could generate
new tissues by transplantation in vivo [290]. Additionally, these cells could reconstruct gland
architecture in a 3D culture system. Similar results [290] were achieved by co-culturing mouse
GFP-iPSCs with E13.5-day SMG cells for 4 days [291]. In a monoculture study, mouse ESCs
were differentiated to early salivary gland organoids via stepwise viral induction, focusing on
SOX9 and Foxcl, followed by microdissections of protruding buds [292]. The differentiation
process was very tedious and inefficient, with loss of salivary organoids/cell aggregates during
the frequent medium changes, highlighting the unmet need to differentiate not only mouse but
also human iPSCs into mature salivary gland cells efficiently.

2.3.Biomaterials for salivary gland cells survival, differentiation, and engraftment
2.3.1. Cell support system overview

The design of an ideal cell support system for salivary gland tissue engineering necessitates a
thorough understanding of the native ECM properties and composition. Native decellularized
salivary gland tissue has unique properties, whose topography is characterized by honeycomb-
like structures with pores in the range of 10-25 um. Additionally, this tissue presents a notably
low indentation modulus, approximately 120 Pa, indicative of its soft, gel-like nature. Such
intrinsic properties play a pivotal role in facilitating cellular adhesion, proliferation, and
differentiation, ultimately guiding the engineered tissue's functional outcomes[293,294].
Building on this foundational knowledge, early experiments examined the compatibility of
salivary gland cell lines with different polymers and ECM proteins for salivary gland tissue
engineering. Aframian et al. performed a 2D experiment wherein HSG cells were cultured on a
poly(l-lactic acid) (PLLA), polyglycolide (PGA), or different poly (lactic-co-glycolic acid)

(PLGA) co-polymer substrates. The purpose of this study was to examine the growth and
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morphology of a salivary gland epithelial cell line (HSG) in vitro on several biodegradable
substrates as part of an effort to develop an artificial salivary gland. Culture on copolymers alone
was unsuccessful, but HSG cells grew particularly well on PLLA coated with ECM proteins,
including fibronectin, collagen I, collagen 1V, laminin, and gelatin, all of which promoted
monolayer growth [295]. Since that time, many different fabrication techniques, such as
bioprinting, electrospinning, thermal molding, freeze-drying, and in particular, hydrogel
synthesis, have been used to produce scaffolds for salivary gland tissue engineering (Table 2.3

and Figure 2.5).

Magnetic Bioprinting

Electrospinning

Thermal
molding

Hydrogel
Synthesis

T

Freeze Drying

Figure 2.5. Major approaches to biofabrication of salivary gland tissues (Created using Biorender,
Biorender.com)
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Table 2.3 Major methods to biofabrication of scaffolds for salivary gland tissue engineering

Fabrication method Biomaterial and Cell type
dimensionality

Advantages and disadvantages

Thermal molding 2D PLLA & PGA HSG
(flat disks)

Pros: Biodegradable; able to form
into coverslip-like disks suitable
for cell seeding; and versatile
permitting melt-processing
polymer pellets between sheets of
aluminum foil using a Carver press
at 350°F, 450°F, 175°F, and 200°F
for PLLA, PGA, 50/50 PLGA, and
85/15 PLGA, respectively
[295,296].

Cons: Require ECM coating to
support cell attachment; lack 3D
Cues.

Electrospinning  PLGA (fibrous SIMS
scaffolds)
PLGA (fibrous Par-C10
scaffolds)

Pros: Provide topographic cues
(e.g., nanofibers,  curvature);
exhibit more rounded and
clustered cell shape vs. 2D flat
disks; and  enhance  cell-
polarization effects and expression
of water channel proteins
[297,298].

Cons: Require laminin coating for
cell  polarization and tight
junctions; lack in  vivo-like
viscoelasticity.

Freeze-drying Silk fibroin (porous Primary
scaffolds) salivary gland
epithelial cells
from rat SMG
and parotid
gland

Pros: Provide topographical cues;
promote epithelial cell growth;
facilitate the secretion of ECM
proteins; and retain the
differentiated function [299].
Cons: Require fibronectin coating;
mimic the basement membrane for
epithelial cells but might not be
ideal for stromal cell culture; lack
in vivo-like viscoelasticity.

Hydrogel synthesis HA hydrogels (cell Primary human
culture insert) salivary gland
acinar-like cells

Pros: Mimic the  hydrogel
component of ECM; and exhibit
acini-like structures with tight

from the parotid junctions, o-amylase expression

gland

and an apoptotic central lumen on
HA gels with an elastic modulus
of 2000 Pa and incorporating
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peptide derived from domain IV of
perlecan [300].

Cons: Require coupling bioactive
peptides; or form acinar-like
structures that are less organized
or slowly growing in 2D or 2.5D
than those in 3D HA hydrogels

[301].
3D HA/PEG Primary human Pros: Provide 3D
hydrogels (cell salivary gland microenvironment for

culture insert)

gland

acinar-like cells
from the parotid

encapsulated cells; facilitate cell
self-assembly  into  acini-like
spheroids of ~50 pm in size;
demonstrate neurotransmitter-
stimulated protein secretion and
fluid production; and integration in
an in vivorat model with no
obvious sign of inflammation
[300,302,303].

Cons: Indicate reverse polarity;
lack essential machinery for full
salivary restoration [301].

[PEG(RGD)-C12],

microfibers salivary gland
myoepithelial
cells

Human primary

Pros:Fabricate meter-long
multiblock copolymer
microfibers via

straightforward interfacial
bioorthogonal polymerization;
Provide guidance cues for the
attachment and elongation of
myoepithelial cells [304].

Cons: Cannot use for cell
encapsulation; culture cells on the
surface two dimensionally rather
inside the  microfiber three
dimensionally.

3D PEG hydrogels

from
SMG

A mixture of
primary acinar
and ductal cells
mouse

Pros: Improve cell viability and
proliferation and facilitate cell-cell
contacts by encapsulation of pre-
assembled spheroids [305].

Cons: Remain as single cells
without forming organized acini-

like structures after cell
encapsulation in 3D PEG
hydrogels.

2D polyacrylamide Mouse E13 Pros: Promote branching
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gels

SMG

morphogenesis; partially rescue
acini structure and differentiation
by transferring glands from stiff to
soft gels or by adding exogenous
TGEB1 [246,247][306]

Cons:  Require  addition  of
exogenous TGFp1 to
polyacrylamide gels for partial
acini structure rescue; lack 3D
Cues.

2D RGD-modified Mouse

alginate
sheet

hydrogel mesenchymal

E13

cells and SMG

Pros: Promote mesenchymal (not
epithelial) cell adhesion by RGD
surface modification; enhance the
bud expansion and cleft formation
in SMG by softer gels, whereas
stiffer gels attenuate them and
decrease gene expression of FGF7
and FGF10; partially rescue acini
structure and differentiation by
adding exogenous FGF7 or
FGF10, or by transferring SMGs
from stiff to soft gels [307].

Cons:  Stiffer RGD-modified
alginate hydrogel sheets attenuate
bud expansion and decrease gene
expression of FGF7 and FGF10.

3D

hydrogel microtubes SIMS

Alginate Co-culture

of

with

mouse NIH 3T3

fibroblasts
E16
mesenchyme
cells

or

Pros: Provide 3D
microenvironment in hydrogel that
is easy to handle; allow for high
density cell growth; facilitate 3D
mesenchymal-epithelial
interaction; allow salivary gland
epithelial cell organization into 3D
cavitated structures with lumen
formation; exhibit potential for
formation of uniform organoids
and functional units [308].

Cons: Require 3D arrangement of
microtubes with organoids and
additional elements to construct
the full machinery of the salivary
gland.

2D Fibrin-based Par-C10

hydrogels

Pros: Support differentiation of
salivary gland cell clusters with
mature lumens[309]

Cons: 2D culture on the hydrogel
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surface;  require  laminin-111
peptide-modification.

Fibrin-based
hydrogels

Acellular,
laminin
peptide

functionalized

Pros: Mitigate the risk of tumor
development; results in restoration
of functional salivary tissue [247].
Cons: Require decoration with
laminin-1 peptides; require
injection of liquid followed by
internal gelation to avoid hydrogel
clogging the needle.

Gelatin-based
hydrogel sheet

Acellular,
controlled
release

of

growth factors

(EGF,
NGF)

FGF,

Pros: Demonstrate atrophy and
regeneration of the SMG; and
enable observation of effects of
sustained release of
physiologically active substances
contained within an implanted
hydrogel sheet.

Cons: Collapse of the hydrogel
mesh began by day 7, in
conjunction with invasion of
surrounding fibrotic connective
tissue, without regeneration of the
salivary gland tissue [310].

Cryoelectrospinning 3D Alginate-elastin
cryoelectrospinning

scaffolds

NIH
fibroblasts

3T3

Pros: Produce porous nanofiber-
sponge scaffolds that recapitulate
the topography and
viscoelasticity of salivary gland
ECM; allow cell penetration
deeply and 3D culture; support
stromal cell viability and
homeostatic marker
expression[293]

ons: Require dynamic seeding to
achieve high seeding efficiency;
require  dynamic culture to
achieve high density cell growth.

Bioprinting

Magnetic
bioprinting
(M3DB)

3D

Neural

crest

derived MSCs
and human

dental
stem cells

pulp

Pros: Develop innervated
secretory epithelial organoids in
the presence of FGF using cells
tagged with magnetic
nanoparticles that are ordered
using magnetic dots.

Cons: Require magnetic
nanoparticles;  challenge  to
determine an apicobasal

polarization due to tightly packed
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epithelial cells; and exhibit
limited vascularization in the
organoids [311].

3D scaffolds that mimic salivary gland tissues can be produced using a variety of top-down
or bottom-up approaches. Scaffold fabrication approaches to salivary gland tissue engineering
include electrospinning, phase-separation, freeze-drying, hydrogel synthesis, self-assembly, and
bioprinting. Top-down approaches typically entail scaffold development, which may integrate
essential constituents of native ECM. Cells seeded on such scaffolds are expected to attach,
migrate, grow, and proliferate in a systematic way in accord with cues provided by the
engineered bioscaffold. On the other hand, bottom-up methods involve the fabrication of tissue
building blocks, which can be developed in several ways, cell-encapsulated hydrogels, self-
assembled cell aggregates, 2D cell sheets, and bioprinted cells. The specific cell types best suited
for transplantation on or within scaffolds are unclear. But immature stem or progenitor cells
survive longer than other cell types during the dissociation and transplantation stages than all
other tested cell types [312,313]. Based on clinically translatable successes with hematopoietic
stem cell transplants [314,315], cell transplantation to reverse incurable disease and regenerate
tissue holds promise. However, transplanted cells must survive longer, aggregate less, and
integrate into host tissue better than cells have in any study to date [316-318], underscoring the

unmet need for scaffolds for efficient salivary gland tissue regeneration.

2.3.2. Scaffold fabrication approaches to salivary gland tissue engineering

Electrospinning is used to fabricate microfibers and nanofibers less than 1000 nm in diameter for

tissue engineering. It uses a syringe pump, high-voltage source, and collector plate, which
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Polycarbonate Nanofibers

>

Re-aggregated SMGs (48hrs ex vivo)

Polycarbonate Nanofibers Microfibers

Re-aggregated SMGs (48hrs ex vivo)

Figure 2.6 Nanofiber scaffolds promote self-organization and branching morphogenesis of
dissociated embryonic salivary gland cells. (A) Bright field images of spontaneously re-
aggregated cell pellets from dissociated embryonic day 13 (E13) SG cells cultured on
polycarbonate filter membrane, PLGA nanofibers and microfibers for 48 h. (B) Confocal images
through the equatorial section of re-aggregated buds immunostaining for talin (green, top panels)
or vinculin (cyan, bottom panels), co-stained for nuclei (DAPI, blue), showed diffuse cortical
expression with stronger staining along the basal cell membranes at the bud periphery
(arrowheads), similar to that observed in intact glands, scale bars = 50 um. Reprinted with
permission from Sequeira et al., 2012. © 2012 Elsevier [298].
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comprise the basic setup. Generally, a capillary spinning tip is filled with polymer solution with
a certain conductivity and viscosity. The solution will stay at the opening of the tip due to surface
tension. An electric field is used to oppose the surface tension. Once the force of the electric field
exceeds the surface tension forces, a Taylor cone is formed at the opening of the spinning tip,
causing a jet of particles to emanate from the tip. Due to molecular cohesion, a continuous
stream of liquid results, leading to an unstable and whipping motion of the jet, which is generally

Crater
Diameter

Figure 2.7 Biomaterials Can Control The Shape of Organized Tissue Constructs. (A) Confocal
image (right) of SIMS cells stained for F-actin (green, phalloidin) and nuclei (blue, DAPI) grown
in 30-pum nanofibrous craters (SEM of top view, left and angled view, middle) for 96 h, scale bar
= 10 um. The arrow denotes the Z-plane. Reprinted with permission from Soscia et al., 2013. ©
2022 Elsevier [234]. (B) Confocal images of CellTracker™ Red CMTPX-labeled SIMS cells and
CellTracker™ Green CMFDA-labeled NIH 3T3 fibroblasts showed cellular organization after
co-cultured in microtubes for 4 days, scale bar = 250 um. Reprinted and modified with
permission from Jorgensen et al., 2022. © 2022 by the authors [308].

termed bending instability. The bending instability and solvent evaporation result in the
elongation and thinning of fibers as the jet travels to the collector plate. Fiber dimensions can be
controlled by regulating solution constituents, humidity, temperature, viscosity, surface tension,
and other factors. Numerous synthetic and natural polymers have been used to produce
electrospun micro- and nanofibers, e.g., PLLA, PLGA, Poly (glycerol-sebacate) (PGS)/PLGA,

polycaprolactone (PCL), alginate, collagen, chitosan, chitin, and silk fibroin [319-324]. PLGA
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nanofiber scaffolds were used to investigate physical characteristics of the scaffolds and their
influence on cell behavior for application in salivary gland tissue engineering. Sequeira et al.
compared PLGA nanofibers from 250-1200 nm in diameter [325] and observed a decreased
number of focal adhesion complexes in epithelial cells cultured on the nanofibers relative to

microfibers or flat

A. Glass Film Nano Nano + CS

Figure 2.8 Cell behavior in organoids can be achieved through cell surface modifications of
nanofibrous scaffolds. Confocal images of immunostained SIMS cells seeded on PLGA
nanofibers (Nano) showed apical restriction of ZO-1 (green), which was disrupted by chitosan-
modified nanofibers (Nano + CS) compared to 2D culture on glass or PLGA film. Scale bar = 25
pum. Reprinted with permission from Cantara et al., 2012. © 2012 Elsevier [328].

Z0-1
Apical

Basal

surfaces. As the material stiffness was the same for micro- and nanofibers, the topography was
assumed to be a significant factor in determining the structure of cell attachments. Additionally,
they observed spontaneous self-organization and branching of dissociated embryonic salivary
gland cells grown on these nanofibers (Figure 2.6) [325]. The intent was to increase surface area
and better recapitulate the 3D architecture of the basement membrane surrounding spherical acini
of salivary gland epithelial cells. They subsequently cultured SIMS ductal and Par-C10 acinar
cells in these nanofiber-lined craters, concluding that increasing curvature yielded more

polarized cells expressing the tight junction protein, occludin, localized at the apical surface of



the cells and increased expression of the water channel protein AQP5 in Par-C10 cells (Figure
2.7) [326]. Cantara et al. examined effects of PLGA nanofiber scaffolds on cell proliferation and
apicobasal polarity. Using murine SIMS ductal and rat SMGC10 parotid acinar salivary gland
epithelial cell lines, they observed that cell proliferation was greater on chitosan-coated
nanofiber scaffolds than uncoated scaffolds, but that chitosan interfered with apicobasal cell
polarity, as indicated by decreased apical localization of the tight junction protein, ZO-1 [298].

Neither salivary gland acinar nor ductal cells are fully polarized on these nanofiber scaffolds, as
indicated by the homogenous membrane distribution of occluding. Functionalizing nanofibers
with laminin-111 promoted more mature TJs and demonstrated more apicobasal polarization. To
recapitulate the varied functional capabilities of the basement membrane, bifunctional PLGA
nanofibers were generated by coating the nanofibers with both chitosan and laminin-111. The
signals provided by bifunctional scaffolds prompted a response from both acinar and ductal cell
lines, demonstrating the applicability of such scaffolds for epithelial cell types (Figure 2.8) [327].

Phase separation to produce composite scaffolds

As scaffolds comprised of one material are rarely sufficient to support and direct cell behavior,
the combination of multiple materials is typically needed. Although they have not been widely
applied in the development of salivary gland bioscaffolds, phase separation methods can be used
to create scaffolds from multiple materials. With these methods, the polymer of choice is
dissolved, and then thermal or non-solvent-addition phase separation is induced. In either case,
thermodynamic instability results in a two-phase separation. The solvent is generally extracted
using water. Next, the temperature is lowered, which causes the polymer-rich phase to solidify

into a 3D porous scaffold [328].
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Freeze-drying to fabricate porous scaffolds

Freeze-drying, also known as lyophilization, is a method of producing porous scaffolds that does
not degrade bioactive molecules [329]. Polymeric and/or proteinaceous materials in solution are
frozen, followed by sublimation of the solvent under vacuum, creating materials with a sponge-
like structure full of pores. The pore characteristics, including their size, volume fraction, and
shape, hinge on several factors. These include the temperature at which the freezing occurs, the
concentration of the initial solution, the types of solvent and solute involved, and the way the
freezing is managed directionally. Researchers have experimented with a variety of solutions—
ranging from water-based to organic, including mixtures with fine particles and solutions where
COz is used in a supercritical fluid state—to produce diverse porous and particulate formations.
Innovative techniques, such as spray freezing and controlled, directional freezing are pushing the
boundaries even further, paving the way for not just porous particles but also materials with
pores arranged in a specific alignment, expanding the potential applications of this fascinating

process [330].

Hydrogel synthesis to form injectable cell delivery vehicles

Hydrogels are networks of cross-linked hydrophilic polymers that form gels upon hydration.
Crosslinked polymers may be chemically synthesized or made from naturally occurring
polysaccharides (e.g., alginate, chitosan, hyaluronic acid) and proteins (e.g., collagen, gelatin,
fibrin). There are many synthetic crosslinking materials including polyvinyl alcohols,
polyethylene glycol (PEG), and polyacrylate as well. These materials can be modified in ways
that enable transplantation by injection, a cleaner, less invasive means than surgical implantation.
To use this method, two critical factors must be considered: first, the mechanical properties of

the hydrogel should be optimized for injection, and second, ECM components may be included
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to prevent apoptosis. Salivary gland engineers have used CaCl,-crosslinked alginate [307],
polyacrylamide [331], and PEG hydrogels [305] among others in their research efforts. Miyajima
et al. used arginine-glycine-aspartic acid (RGD)-modified alginate hydrogel sheets of different
stiffness to demonstrate enhanced bud expansion and cleft formation of submandibular salivary
glands. Softer alginate gels facilitated bud expansion and cleft formation, whereas increasing
stiffness attenuated these results [307]. RGD-modified alginate hydrogel beads (20, 50, or 100
pum in diameter) also enhanced the ratio of cleft formation and tissue morphogenesis of SMGs
[332]. Chitosan-coated alginate hydrogel sheets demonstrated enhanced cell growth, bud
expansion, and neural innervation of isolated SMGs [333]. Chitosan also facilitated essential
ECM deposition and enhance SMG branch formation [334,335]. Supplemental chitosan added to
medium enhanced the morphogenic effects of mesenchyme and mesenchyme-derived growth
factors (e.g., FGF7, FGF10 and HGF) on salivary gland epithelial morphogenesis [336] through
spatial and temporal regulation of basement membrane [337]. Additionally, egg white-alginate
hydrogel discs were synthesized and supported survival and spheroid formation of salivary gland
cell lines [338]. Srinivasan et. al., study showed that parotid cells seeded in hyaluronic acid-
based environments self-assembled into acini-like structures expressing functional
neurotransmitter receptors. These structures, particularly in 3D hydrogel setups, grew into
organized spheroids, exhibiting a range of markers such as CD168/RHAMM, CD44, Keratin-5
(K5), Keratin-14 (K14), integrin-1, and a-amylase. Methodologies like staining,
immunocytochemistry, and suspension culture techniques were crucial in identifying and
verifying the markers and spheroid characteristics. Hyaluronic acid hydrogels may potentially be
used as implantable cell delivery vehicles for salivary gland tissue restoration as well. Prodhan et

al. used photo-crosslinked hyaluronic acid hydrogel inserts coupled with perlecan domain 1V
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peptides to culture human parotid gland acinar cells, exhibiting lobular acini-like structures and
lumen formation [220]. Shubin et al., employed PEG hydrogels synthesized by step-growth
thiol-ene polymerization to encapsulate primary SMG cells in thiol-ene PEG microspheres,
which promoted duct and acinar cell proliferation, improved cell viability relative to controls,
and maintained the differentiation of salivary gland epithelial cell phenotypes [305]. Fibrin
hydrogels have gained traction in the realm of salivary gland bioengineering due to their
biomimetic properties and ability to support cellular functions. Fibrin's inherent ability to guide
tissue repair and promote regeneration has been further augmented by chemically conjugating it
with Laminin-111 peptides [309]. Furthermore, an additional aspect of this research is the
potential therapeutic application of these modified fibrin hydrogels in addressing radiation-
induced salivary gland damage. Nam et al., assessed the regenerative potential of transdermally
injected fibrin solution chemically conjugated with Laminin-1 peptides A99 and YIGSR on
irradiated salivary glands, forming hydrogels through internal polymerization using endogenous
thrombin. The results were promising; the treated irradiated glands showed substantial
regeneration, culminating in the restoration of functional salivary tissue. In stark contrast,
untreated irradiated glands continued to manifest significant structural and functional
degradation [339].Gelatin-based hydrogels have demonstrated profound potential in the domain
of salivary gland regeneration. In a study by Miyaki, et. Al., aimed at creating a model to
elucidate the impacts of physiologically active substances on the atrophy and regeneration of
salivary gland acinar cells in vivo, acellular gelatin-based hydrogel sheets were employed. These
sheets were implanted into resection wounds made in the SMG of Wistar rats. Notably, by Day
10 post-implantation, the hydrogel sheets had almost entirely dissipated. The subsequent

histochemical examinations revealed that in atrophic regions, a remarkable transition was
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observed from the initial state of acinar cell atrophy to the emergence of newly formed, mature
acinar cells by Day 10. These results were further accentuated by the observed transformation of
striated and granular ducts into duct-like structures between Days 5 and 7. In contrast, necrotic
regions showcased a slightly different progression, with a conspicuous destruction of acinar and
ductal cells post-resection, followed by the appearance of new acinar cells by Day 10 [310]. The
significance of this model lies in its capacity to mimic and elucidate the processes of atrophy and
subsequent regeneration in the SMG. Moreover, it offers a valuable framework for evaluating the
sustained release impacts of physiologically active substances embedded within an implanted

hydrogel sheet.

Self-Assembly to generate cellular clusters and organoids

Scaffold-free methods of developing tissues and organs have emerged, yielding self-assembled
and self-organized sets of cells. To implement this approach, cells are selected and exposed over
time to a variety of growth regulators. Two distinct forms of scaffold-free technology have
evolved, self-assembling processes (SAP), and self-organizing techniques (SOT) [340]. In the
self-assembling process, non-adherent culture substrates like agarose support high-density
seeding, prevent cell-attachment, and encourage cell-cell interaction. Differential adhesion and
differential interfacial tension are important concepts in self-assembly, pointing to the idea that
cells minimize free energy via cell-cell binding. Consequently, cells with similar surface tension
aggregate with one another. Cells with the highest surface tension will sort to the center of a
nascent tissue. N-cadherin often plays a role in this process via its expression and localization on
cell surfaces. ECM secretions can anchor or free cells from their location. Chemotactic
secretions can create concentration gradients that guide cells from one place to another as well

[340]. Salivary gland cells have inherent self-assembly properties. This was first revealed when
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Wei et al. used E13 mouse SMG cells to study tissue assembly. They found that dissociated
SMG epithelial cells self-organized into structures that underwent significant branching.
Significant insights were garnered by this study. One such insight was that B1-integrin inhibition
blocked cell aggregation, but E-cadherin inhibition hampered aggregate compaction. SMG
mesenchymal cells added to the epithelial cell cultures facilitated branching and proacinar

differentiation [341].

2.4. Potential engineering strategies to improve salivary gland tissue vascularization,
innervation, and engraftment

Significant hurdles must be overcome before organ-level tissue engineering becomes clinically
translatable. Recapitulating the vascular and neural architecture of engineered salivary glands are
big challenges, but new technologies and methods may soon mitigate these two issues. 3D
bioprinting, tissue-nanoparticle integration, and mesh electronics are relatively new technologies,
which have not been applied to SG engineering in significant measure, but the proof of principle
to support their application to SG engineering is abundant. This section will explore these
relatively new technologies and prospective approaches for their application to salivary gland

engineering.

2.4.1. Prospects for engineering vascularized salivary gland tissue

Salivary glands need blood vessels to remain viable as oxygen cannot diffuse more than 200
pm due to mass transfer limitations. Salivary gland thickness surpasses that length along every
axis. The human SMGs, for instance, have an anterior-posterior length of 35 + 5.7 mm, a
paramandibular extension to gland depth of 14.3 + 5.7 mm, and an extension in frontal scanning
of 33.7 £ 5.4 mm [342]. Emerging 3D bioprinting technologies can precisely deposit a variety of
cell-laden biomaterials with spatiotemporal controls. [343]. In another strategy is to produce
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perfusable vascular tubes, Koroleva developed a 3D co-culture of vasculogenic cells (e.g.,
human umbilical vascular endothelial cells, HUVECs) and human adipose-derived stem cells

(hASCs) within a synthetically modified fibrin hydrogel [344].

2.4.2. Prospects for engineering innervated salivary gland tissue

Innervation of engineered tissue has been a long-standing, but an elusive goal of tissue engineers.
As both salivary gland development and saliva secretion depend upon sympathetic and

parasympathetic innervation, engineered salivary glands must have the capacity to interface with
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Biorender.com)[473]

the nervous system. Evidence indicates that normal salivary gland development will not occur in

the absence of the PSG [224,345]

Mesh electronics and bio-hybrid systems

Normal development and maintenance of salivary gland tissue is severely undermined when the
parasympathetic ganglion is damaged [346]. Mesh electronics may offer a way to circumvent
salivary gland innervation problems that emerge after damage. Mesh electronics are a class of
ultra-flexible and scalable neural probes originally designed to seamlessly integrate with the

neural tissues (Figure 9). These semiconductor electronics resemble a 3D mesh or network,
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allowing them to be implanted in the brain (or other tissues) with minimal inflammation or
damage over long durations. Their design aims to achieve a biologically compatible interface,
where the implanted electronic mesh can move with the tissue, reducing the relative motion
between the device and the surrounding neurons. This ensures long-term stability and a reduced
immune response. Bridging is enabled by the structural and mechanical properties of mesh
electronics, which mimic native neurons. Mesh electronics are small enough to be injected
directly into tissue or integrated into engineered tissues and transplanted. These probes are
neuro-attractive and non-immunogenic. Further, they are capable of long-term mapping and
modulation of neural activity [347,348]. Mesh electronics show promise for restoration of
function in damaged glands and for creating functional engineered glands (Figure 2.9).

Biocompatible, endocytosed nanotubes in salivary gland tissue

Nanotubes can be comprised of a single sheet of atoms or multiple layers formed into a tube
having a diameter in the nanometer range. Goldman et al. discovered that multiwall inorganic
tungsten disulfide (JWS2], INT-WS2) nanotubes, which are 40-150 nm in diameter/ 75-100 nm
in length and fullerene-like nanoparticles (IF-WS2), which are 120-150 nm in diameter were
biocompatible with rat submandibular cells. Transmission electron microscopy (TEM) images
indicated nanoparticle (NP) endocytosis and accumulation in cytoplasmic vesicles, suggesting
promising future uses as these NPs have many potential medical applications [349]. NPs of
different compounds form nanotubes and fullerene-like particles and can be functionalized with
proteins and other biomolecules, enabling targeted drug delivery and bioimaging capabilities
[350]. These nanomaterials have superior mechanical and tribological (interacting surface in
relative motion) properties. Additionally, carbon nanotubes have demonstrated the potential to
induce axonal regeneration and peripheral nerve repair because of their unique properties, such
as biocompatibility, electrical conductivity, and flexibility [351].
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Bioprinting of neurons and innervation of tissues

Bioprinting offers the possibility of printing stem cells, nerve cells, and nerve conduits for
integration with engineered salivary gland tissue. Owens et al. developed a synthetic nerve graft
using murine bone-marrow stem cells (BMSCs) and Schwann cells. The cells were cast into 500
pm diameter tubes then loaded into an extrusion bioprinter, which formed Schwann cell tubes
surrounded by BMSCs [352] . Lorber et al. printed rat ganglion cells and glia using an inkjet
printing system [353]. Pateman et al. used micro-stereolithography to print PEG-based nerve
guidance conduits for nerve repair studies, which performed similarly to autograft controls [354].
As Dbioprinting technology continues to improve, we can anticipate more papers and

technological advances in this important area to facilitate the innervation of engineered tissues.

Nanoparticles offer essential spatiotemporal control over scaffold development and engraftment

NPs range in size from 1-100 nm, creating extremely high surface area-to-volume ratios. The
surface area and size of NPs make them highly mobile and interactive, with the potential for
highly tunable interactions. The NP surface and its interior can be functionalized for many tissue
engineering-relevant purposes including cell-specific targeting and penetration, heat production,
vibration, antimicrobial activity, contrast, magnetic control, and conductance. These particles can
be designed with biocompatibility and non-immunogenicity in mind and can be engineered to
mimic the size of ECM components. Researchers have developed NP applications specific to
tissue engineering fields across several basic areas, including biological, electrical, and
mechanical property enhancement, mechanotransduction stimulators, gene delivery, magnetic
cell patterning, 3D tissue construction, and biomolecular detection. NPs can be directed and
delivered to salivary gland tissue or integrated into engineered salivary gland tissue and are

demonstrably biocompatible and easily endocytosed [355]. NPs can improve the engraftment
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environment by reducing apoptosis and can also be used to promote PSG innervation through the
controlled release of growth factors to drive branching morphogenesis of neurites. Further,
Arany et al. targeted the pro-apoptotic PKCd gene using a novel, pH-responsive nanoparticle
complexed with siRNA. The knockdown of PKC6 not only reduced the number of apoptotic
cells during the acute phase of radiation damage, but also markedly improved saliva secretion at
3 months in irradiated animals. Treatment was administered prior to ionizing radiation. Varghese
et al. developed a protocol for nanoparticle delivery to salivary gland tissue using retroductal
injection of the SMG via Wharton’s duct and parotid gland via Stetson’s duct. As nanoparticles
can be delivered in combinations and with spatiotemporal controls, future advancements will
further increase their applicability for salivary gland tissue engineering and other medical
applications [355].

Injectable engineered salivary gland transplants

Injectable scaffolds allow for minimally invasive cell delivery in vivo and can be used to
increase survival rates upon cell implantation. However, this process can be hampered by
mechanical stress during cell injection [356,357]. Shear-thinning biomaterials are materials that
decrease in viscosity or become less viscous when subjected to increasing shear stress. This is a
non-Newtonian flow property wherein the material becomes more fluid-like under mechanical
stress or agitation and returns to its more viscous or semi-solid state once the stress is removed.
Shear-thinning biomaterials, such as alginate[356] and hyaluronic acid [358], have been shown
to form a lubricating layer on the syringe wall, which reduces resistance to flow, which, in turn,
leads to increased cell viability after injection [356,357]. Once these cells are transferred, they
are still subject to apoptosis as many cells undergo integrin-mediated apoptosis, or anoikis, in the
absence of ECM binding [359,360]. Injectant inclusion of ECM components, such as collagen,

laminin, fibronectin, and HA, can prevent this anoikis. Other compounds can also improve post-
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transplant survival, and biomaterials can be modified to mimic ECM-mediated signaling through
inclusion of integrin-binding domains. RGD is a well-known integrin-binding domain that binds
to at least eight different integrin complexes [361,362]. These integrin-binding domains offer
many benefits. First, RGD is the main integrin-binding domain present within ECM proteins
such as fibronectin and vitronectin; hence, it is widely recognized by many cell types. Second,
short peptides like RGD are more stable than their corresponding proteins. Third, as
functionalization components, they easily fit biomaterial spatial and conformational parameters
[363]. Studies have shown a marked increase in in vitro MSC survival following the use of
RGD-modified alginate [364]. Like RGD, laminin-derived peptides, isoleucine-lysine-valine-
alanine-valine (IKVAV) and tyrosine-isoleucine-glycine-serine-arginine (YIGSR) and the
collagen-derived peptide glycine-phenylalanine-hydroxyproline-glycine-glutamic acid-arginine
(GFOGER) [365,366] can improve cell survival for specific cell types. Two examples are
laminin- and collagen-mimetic peptides, which can be used for neural cell transplantation and
musculoskeletal system transplantation, respectively [367,368]. Injectable scaffolds hold promise
for salivary gland engineering and also for repair of damaged glands. An exploration of the
various strategies aimed at enhancing glandular vascularization, innervation, and engraftment
would not be complete without consideration of how these methods would be applied in different
pathological environments, particularly radiation-damaged versus diseased or senescent ones.
Radiation damage often results in acute and chronic inflammation, vascular damage, and fibrosis
[369]. Strategies employed for this environment need to not only promote tissue regeneration but
also combat the detrimental effects of radiation. For instance, antioxidants, anti-inflammatory
agents, and growth factors might be incorporated into the tissue engineering approach to mitigate

the radiation-induced damage. Furthermore, given the compromised vasculature post-radiation,
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strategies that promote early rapid vascularization will be vital to ensure the viability of the
engineered tissue in the radiation-damaged environment or a diseased or senescent glandular
environment that is characterized by cell aging, reduced proliferative capacity, and often, chronic
inflammation [61]. In such a context, strategies should focus on rejuvenating the tissue, possibly
through the introduction of younger, more proliferative cells or stem cells. Additionally, given
the chronic inflammation often seen in these settings, anti-inflammatory approaches will also be
of value. Tissue engineering solutions here might prioritize restoring normal cellular function,
potentially utilizing signaling molecules that combat senescence or promote cellular
rejuvenation. Lastly, an emerging class of compounds knowns as senolytics offer promise in
reducing the effects of senescent cell burden in diseased or senescent tissue [370]. In summary,
while the goal remains the restoration of gland function, the specific challenges posed by
radiation damage versus inherent glandular disease or senescence necessitate tailored strategies.
The effectiveness of any tissue engineering approach will hinge on its adaptability to the unique
challenges of the environment under consideration.

2.5. Conclusions and future perspectives

As current treatments for salivary hypofunction are inadequate and only offer transient relief,
regenerative medicine-based treatments are being developed. Efforts to date have included gene
therapy, stem/progenitor cell-based therapy, and tissue engineering strategies. Understanding
salivary gland development and its relevance to normal and dysregulated wound healing
provides a foundation for the development of engineered salivary gland tissues. The salivary
gland, stromal cells, nerves, and vasculature engage in reciprocal signaling that leads to
branching morphogenesis of the epithelium, integration with the vascular and nervous systems,

and the eventual elaboration of mature secretory salivary glands. Depending on the cause,
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hyperfunctioning salivary gland tissue can be characterized histologically by degenerated acinar
epithelial cells, an increase in the ductal/acinar epithelial ratio, exaggerated numbers of senescent
cells, fibrotic stromal tissue, and increased immune infiltration. Efforts to develop salivary gland
ltissue models must carefully consider what biomaterials and fabrication methods will be used to
provide a substrate for culturing cells, and many natural, synthetic, and semi-synthetic materials
have been used to create scaffolds for elucidation of cell interactions with scaffolds and for
implantation in vivo. Fabrication strategies have included electrospinning, phase separation,
freeze-drying, self-assembly, enhanced hydrogels, photolithography, and bioprinting. For
eventual clinical application, bioengineering a tissue greater than 200 um thick that is perfusable

and innervated remains a major challenge in developing engineered salivary gland tissue that

Table 2.4. Future perspectives of salivary gland bioengineering

Category Details and Strategies fully
Origins and Development e Ectodermal origin of major salivary glands
e Role of epithelial, stromal, endothelial, and nerve cells recap
Histological Features of e Degenerated acinar epithelial cells; Increased ductal/acinar ratio
Hypofunctioning Tissue e  Fibrotic stromal tissue :
: P itulat
e Increased immune infiltration
Fabrication Strategies for e  Electrospinning, phase separation, freeze-drying
Scaffolds e Self-assembly, enhanced hydrogels, photolithography es the
e Bioprinting
Major Challenges e  Creating tissue >200 pum thick that is perfusable & innervated featu
e Integration with the in vivo environment
e Integration with vasculature and nervous systems res
Emerging Technologies e Bioprinting, microfluidics, cryoelectrospinning
e Nanotubes, mesh electronics inher
Outlook e Redefining current techniques
e Precise integration of cellular components .
e Exploring new approaches on the horizon in regenerative ent in
medicine for salivary hypofunction
natur

al tissue. Significant progress has been made in overcoming these hurdles using innovative

1 Part of this chapter has previously appeared as : Rose, S.C.; Larsen, M.; Xie, Y.; Sharfstein, S.T.
Bioengineering 2024, 11, 28. https://doi.org/10.3390/bioengineering11010028Salivary Gland Bioengineering

78



technologies, including bioprinting, microfluidics, nanotubes and NPs, mesh electronics, and

other nascent technologies (See Table 2.4).
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Chapter 3: Development and characterization of a non-necrotic core 3D microtissue model

of salivary gland tissue for radiation studies

3.1 Introduction

Traditional in vitro co-culture models have predominantly utilized two-dimensional (2D)
surfaces to investigate cell-cell interactions, which fall short of accurately reflecting living
tissues' complex three-dimensional (3D) architecture. These simplified 2D systems cannot
replicate the intricate cellular arrangements and the full spectrum of biochemical interactions
found in vivo. 2D culture significantly alters cell morphology, metabolism, and gene expression
patterns from the in vivo state, particularly in higher organisms. Furthermore, the constraints of
2D cultures limit essential biological processes, such as cellular communication, nutrient and

oxygen diffusion, waste removal, and overall cellular metabolism [371,372].

In response to these limitations, there has been a concerted effort within the scientific community
to develop 3D in vitro models that better emulate the tissue microenvironment. These models
aim to offer a more accurate representation of the spatial and chemical cues encountered by cells
within actual tissues, thus facilitating a deeper understanding of cell behaviors, including direct
and indirect interactions like autocrine and paracrine signaling [373,374]Understanding the
properties and composition of the native extracellular matrix (ECM) is central to integrating

these 3D models, which are crucial for cellular adhesion, proliferation, and differentiation.

Recent advances have utilized biomaterials and bioengineering strategies to create various 3D
models, employing natural ECM proteins such as collagen gels and laminin to synthesize
matrices. The unique properties of native decellularized salivary gland tissues, such as their
honeycomb-like topography and soft, gel-like nature, have inspired these developments

(Ramesh, 2022). Song et al. used engineered extracellular matrices combined with microbubble
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array technology to evaluate radiosensitivity and the mitigation of radiation damage using a
radioprotective compound [375]. The exploration of various polymers and ECM proteins for
salivary gland tissue engineering has underscored the importance of substrate compatibility,
highlighting the critical role of material science in tissue engineering [376-378]. Advanced
biofabrication techniques, including bioprinting, conventional electrospinning and
cryoelectrospinning, and hydrogel synthesis, have expanded possibilities for creating scaffolds
that support and direct the development of salivary gland tissues, as reviewed in Rose et al.,

2023.

The widespread presence of xerostomia, the subjective feeling of dry mouth, which can be
related to salivary gland hypofunction, is the primary driver for interest in salivary gland models.
Xerostomia affects over 24 million people in the United States alone (Sasportas et al., 2013),
with more than one million experiencing moderate to severe symptoms. Xerostomia primarily
results from hyposalivation—a defect in saliva production or secretion, which significantly
diminishes the quality of life through its detrimental effects on oral and general health, including
cracked lips, microbial proliferation, periodontitis, cavities, oral ulcerations, and challenges in
speaking, eating, tasting, swallowing, and digesting. Salivary hypofunction is disproportionately
suffered by the elderly, partly due to the side effects of over 154 medications [381]. Additionally,
diseases such as Sjogren's disease and diabetes contribute to its prevalence [21,382]. Notably,
74-85% of head and neck cancer patients undergoing radiation therapy develop salivary
hypofunction, with the World Cancer Report 2014 indicating that head and neck cancers alone
could lead to at least 351,000 new cases of xerostomia worldwide [380,383-385]. The
prevalence of radiation-associated salivary hypofunction underscores the urgency to develop

models for irradiated salivary gland tissue.
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An additional application of in vitro-developed 3D salivary gland models garnering interest is
their potential role in cell-based therapies, such as the transplantation of non-differentiated,
patient-derived organoids into the glands of irradiated patients to alleviate conditions like
xerostomia. This innovative approach aims to restore glandular function by leveraging the
regenerative capacity of organoids, thus providing a promising avenue for improving patient

outcomes in cases of severe hyposalivation[386].

The global xerostomia therapeutics market, valued at USD 625.3 million in 2018, is expected to
grow at a CAGR of 3.6% between 2019 and 2026, reflecting the escalating demand for effective
treatments. [387] Despite the availability of treatments, such as medication adjustments, saliva
stimulants (sialagogues), and moisturizers, these interventions often provide only transient relief.
Side effects, such as sweating, increased heartbeat, and nausea, can accompany them. This
situation is particularly challenging for head and neck cancer survivors, whose persistent
xerostomia underscores the limited regenerative capacity of salivary glands (Konkel et al., 2019;

Polaris Market Research, 2023b; Weng et al., 2018; Yoo et al., 2014).

The current state-of-the-art salivary gland tissue models, including 3D bioprinting and organoid
cultures, have played a pivotal role in understanding the pathophysiology of salivary gland
diseases and testing new therapeutic approaches. These advances set the stage for our approach
to accurately simulate glandular biology and pathology, directly addressing the unmet need for
effective salivary gland regeneration strategies. The development of models that accurately
mimic the salivary gland environment is crucial for facilitating the exploration and eventual
application of regenerative therapies, offering hope for substantial improvements in the quality

of life for individuals suffering from xerostomia and related conditions.
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In our study, we harness cells' intrinsic ability to self-assemble and produce their own ECM,
preceding using exogenous scaffolds. By co-culturing murine NIH 3T3 fibroblasts with SCA-9
submandibular gland salivary epithelial cells in a 5:1 mesenchymal to epithelial ratio (based on
prior research, [391] within non-adherent well plates, we have facilitated the formation of
spheroids with desired size and high viability from a small initial cell number, through natural
migratory and adhesive behaviors of mesenchymal and epithelial cells. We have further
demonstrated the utility of the spheroid model for investigating the effects of X-ray irradiation
on salivary tissues. This scaffold-free, 3D co-culture system successfully simulates the cell-cell
and cell-matrix interactions crucial to the physiology of the salivary gland, presenting a more

physiologically relevant platform for the study of tissue dynamics.

3.2  Materials and methods

3.2.1 Cell culture

NIH 3T3 mouse embryonic fibroblasts (passage 12-17) [392] and SCA-9 mouse submandibular
gland (SMG)-derived epithelial cell line (ATCC® CRL-1734™), which was developed from an
undifferentiated, chemically induced carcinoma of adult mouse SMG [393-395], were routinely
maintained (separately) in cell culture medium, consisting of Dulbecco’s Modified Eagles
Medium (DMEM, high glucose, Thermo Fisher Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin-streptomycin (Thermo
Fisher Scientific). Cell culture media were changed one day before subculturing and cells were
passaged every 3 or 4 days at 70-80% confluence. Cultures were maintained in a humidified

37°C incubator with 5% CO:..

83



3.2.2 Spheroid formation and culture

The hanging drop method used 160-2560 NIH-3T3 fibroblasts and SCA-9 epithelial cells at a 5:1
ratio. Cells mixed with cell culture medium were seeded in 15 pL drops on the inverted lids of
50 mm Petri dishes with 200 pL of distilled water in the base to maintain humidity. An

additional 15 pL of medium was added on days 3 and 7, respectively.

Non-adherent 96-well Biofloat® plates (faCellitate, Mannheim, Germany) were also evaluated
for spheroid generation. Cell densities ranging from 40 to 620 cells/well for NIH-3T3 and SCA-
9 cells (at a 5:1 ratio) were tested for optimal spheroid formation. Briefly, 800-12,400 cells/mL
were seeded in each well in 50 puL of cell culture medium, centrifuged at 250 x g for 5 minutes,
and then incubated in a 37°C incubator with 5% CO>. On days 3, 6, and 9, 30 pL of medium was
removed, and 30 pL of fresh medium was added. All cultures were incubated and imaged daily
for ten days to monitor spheroid formation using an EVOS M7000 microscope imaging system

(Thermo Fisher Scientific Invitrogen, Carlsbad, CA).
3.2.3 Viability assay and determination of spheroid core structure

Cell viability within spheroids was assessed by fluorescence using the Thermo Fisher
LIVE/DEAD™ Viability/Cytotoxicity Kit. Live cells are detected by the presence of
intracellular esterases that convert the nonfluorescent cell-permeant calcein AM to fluorescent
calcein; simultaneously, dead cells are detected by the permeation of red fluorescent ethidium
homodimer-1 due to loss of plasma membrane integrity. Briefly, on day 10 after seeding,
spheroids were washed with PBS three times, and then calcein AM and ethidium homodimer-1
were added to final concentrations of 2 uM and 4 UM, respectively. After addition of calcein AM

and ethidium homodimer-1, spheroids were incubated at room temperature for 40 minutes per
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the manufacturer’s instructions (Thermo Fisher Scientific, Invitrogen). Images were captured
using the EVOS M7000 microscope imaging system with GFP (482/524 nm) and RFP (542/593

nm) filters (Thermo Fisher Scientific) and processed using ImageJ.

As an additional measure to determine whether the core structure was hollow or solid, spheroids
were cultured over ten days, after which they underwent a systematic preparation process for
cryosectioning and staining. This process involved fixation (Thermo Fisher Scientific, Liverpool,
N.Y.), a graded series of dehydration steps in solutions of sucrose (Thermo Fisher Chemical,
Waltham, MA.), and embedding in tissue freezing media (Electron Microscopy Sciences,
Hatfield, PA) for solidification (Supplementary Methods). The core integrity of the spheroids
was confirmed using picrosirius red staining, which highlights collagen fibers, thereby providing

a clear indication of the solid-core structure within the spheroids (Supplementary Figure S1).

3.24  Immunocytochemistry and fluorescence microscopy

To determine cell distribution within spheroids, immunofluorescence staining of NIH 3T3
fibroblasts, SCA-9 epithelial cells, and co-cultured NIH 3T3 and SCA-9 cells was performed
using an anti-vimentin antibody to recognize NIH 3T3 fibroblasts and anti-TAS2R4 to recognize
epithelial cells [396]. Cells were fixed in 4% paraformaldehyde (Thermo Fisher Scientific) for 30
min, washed four times with PBS-Tween (0.5% v/v Tween 20 (Thermo Fisher Scientific) in 1X
PBS, PBS-T), permeabilized using 0.4% v/v Triton-X 100 (Sigma-Aldrich, St. Louis, MO) in 1X
PBS for 30 min, and blocked in 20% donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA) in PBS-T. Spheroids were then incubated with primary antibodies, anti-
TAS2R4 (polyclonal rabbit anti-mouse, Osenses, Keswick, Australia [Catalog # Rb2950-
010217-WS]) at a 1:400 dilution in PBS and/or anti-vimentin (mouse-p chain specific, Sigma-

Aldrich [Catalog # V2258]) at a 1:400 dilution in PBS at 4 °C overnight, followed by incubation
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with 4’.6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) at 1 pg/mL. five washes with PBS-T,

and incubation with secondary antibodies at room temperature for 4 hours. Secondary antibodies
used were Alexa Fluor 488 AffiniPure F(ab'). fragment, donkey-anti-mouse IgM, p chain
specific (Jackson ImmunoResearch [Catalog # 715-546-020]) at a 1:400 dilution in PBS-T with
5% donkey serum and 3 wt.% BSA to reveal vimentin and Alexa Fluor 647 donkey-anti rabbit
IgG (H+L) (Thermo Fisher [Catalog# A-31573]) at a 1:400 dilution in PBS-T with 5% donkey
serum and 3 wt.% BSA to reveal TAS2R4. Images were captured using the EVOS M7000
microscope imaging system with DAPI (357/447 nm), GFP (482/524 nm), and RFP (542/593
nm) filters and processed using ImageJ.

3.2.5 Irradiation of salivary spheroids and apoptosis assay

Spheroids in covered, round-bottomed 96-well plates containing 30 pL of medium were placed
in the Faxitron RX 650 Cabinet X-Radiator™ System (Faxitron X-Ray LLC, Lincolnshire, IL).
The energy of the X-ray beam was 120 kV, and the rate of exposure was 150 cGy per minute.
Spheroids were exposed for various times to deliver a single dose of 0 Gy, 4 Gy, 8 Gy, 12 Gy, or
16 Gy. After X-ray exposure, spheroids were incubated for four hours in a humidified 37°C
incubator with 5% CO> before being washed with PBS and transferred to Annexin V binding
buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4). At four hours post
irradiation, apoptosis was quantified by staining with a solution of 25 puL Annexin V — Alexa
Fluor 488 conjugate (Invitrogen) in 100 uL Annexin V binding buffer per 96 round-bottom well
to detect apoptotic cells and 7.48 uM propidium iodide (Invitrogen) to detect dead cells. The
spheroids were imaged using fluorescence microscopy. Images were captured using the EVOS

M7000 microscope imaging system with DAPI (357/447 nm), GFP (482/524 nm), and RFP
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(542/593 nm) filters and processed using ImageJ, and the percentage of early and late apoptotic

cells were calculated.
3.2.6 Quantification using ImageJ

3.2.6.1 Quantification of spheroid size and roundness

Cell cultures and spheroids were imaged daily for ten days using an EVOS M7000 microscope
imaging system to monitor spheroid formation. Size and roundness were determined using
ImageJ analysis. The spheroid size was determined using ImageJ by observing and measuring
the total 2D area from a section at the center of the microtissue of each DAPI-stained spheroid.
The roundness of a spheroid was defined as the ratio of its 2D surface area to the area of a circle
whose diameter matches the spheroid maximum diameter. Therefore, the roundness can be
mathematically expressed as the surface area of the spheroid divided by the product of pi and the

square of half the maximum diameter (Eq. 1).

Area
Roundness = 4 * . . 1)
mx(Maximum Diameter )2

3.2.6.2 Quantification of cell viability

Cell viability in spheroids was determined via ImageJ analysis of the fluorescent images of
calcein AM and ethidium homodimer-1-stained spheroids, calculated by the ratio of green

fluorescence area relative to the combined green and red fluorescence areas.

3.2.6.3 Quantification of cell apoptosis

Cell apoptosis in spheroids was quantified using ImageJ to measure the ratio of the area of
Annexin V green fluorescence to the area of propidium iodide red-stained fluorescence. To

quantify the Annexin V and propidium iodide-related fluorescence areas, images were split into
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separate color channels (green and red) and then converted to 8-bit grayscale. Next, the

threshold function was used to measure the respective areas.

3.2.7  Statistical analysis

Statistical analysis was performed using GraphPad Prism version 10.0.0 for Windows. Results
were expressed as mean + the standard error of the mean. The statistical significance of
differences in apoptosis among treated groups was analyzed using one-way analysis of variance
(ANOVA), with further assessments of variance homogeneity conducted using Brown-Forsythe

and Bartlett's tests. A P-value of less than 0.05 was considered statistically significant.

3.3 Results

3.3.1 Optimization of cell seeding density for spheroid formation

To establish a consistent and uniform 3D co-culture model of salivary gland tissue, we initially
assessed the formation of spheroids using the hanging drop method and subsequently using 96-
well non-adherent Biofloat™ plates, seeding NIH 3T3 fibroblasts and SCA-9 submandibular

gland salivary epithelial cells in a 5:1 mesenchymal to epithelial ratio at varying densities.

We maintained spheroids for ten days using the hanging drop method with seeding densities of
160, 320, 1280, or 2560 cells per 15 uL drop (Figure 3.1). We found that uniform spheroids only
consistently formed at higher densities (> 2560 cells per drop). However, these conditions also
resulted in spheroids larger than 400 um in diameter, which would be predicted to develop
necrotic cores based on mass transfer principles in addition to prior research [397]—this was
deemed inconsistent with our objective to maintain cell viability throughout the spheroid. We
subsequently evaluated the formation of spheroids in 96-well non-adherent Biofloat™ plates
with seeding densities of 40, 80, 160, 320, or 640 cells per well in an NIH 3T3 to SCA-9 ratio of

88



Ay ! i x -
i : :
'y ‘
; . k : ; By ~ : .
3 % 5
g . ‘
5 . ! X
a
E F G H
—

Figure 3.1. Spheroid development using hanging drop method and non-adherent 96 well plates.
Top: Spheroid development using the hanging drop method. NIH 3T3 fibroblasts and SCA-9
epithelial cells were co-cultured in a mesenchymal to epithelial ratio of 5:1 and seeded at varying
densities using the hanging drop method for 10 days. (A) 160 cells/drop. (B) 320 cells/drop. (C)
1280 cells/drop. (D) 2560 cells/drop. Scale bar = 100 um. Bottom: Spheroid development in non-
adherent 96-well plates. NIH 3T3 fibroblasts and SCA-9 epithelial cells were co-cultured in a
mesenchymal to epithelial ratio of 5:1 and seeded at varying densities in a 96-well non-adherent
Biofloat™ plate for 10 days. (E) 40 cells/well. (F) 80 cells/well. (G) 160 cells/well. (H) 320
cells/well. (1) 640 cells/well. Scale bar =100 um.

5:1, with cells cultured for ten days (Figure 3.1). One hundred and sixty cells per well yielded
optimal results as follows. The spheroid diameter ranged from a minimum of 145.0 um to a
maximum of 185.0 um, with a mean diameter of 166.4 um £ 9.7 um and a median diameter of
167.5 um. The range of differences in diameters observed was 40.0 um, highlighting the
controlled size distribution of the spheroids formed. The lower and upper 95% confidence

intervals for the mean diameter were 162.7 um and 170.2 um, respectively (Figure 3.2).

We measured each spheroid's roundness as a measure of morphological consistency. A perfect
sphere would have a roundness ratio of 1. The minimum measured value was 0.60, and the

maximum was 0.91, with a mean roundness of 0.76 + 0.08, indicating a relatively consistent
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spheroidal shape across samples. The lower and upper 95% confidence intervals for the mean
roundness were 0.74 and 0.79, respectively. The coefficient of variation was calculated at 9.8%,

underscoring the uniformity in spheroid roundness (Figure 2).

These data suggest that a cell seeding density of 160 cells per well in non-adherent Biofloat™
plates is optimal for generating uniform spheroids with minimal variation in diameter and
roundness. This density ensures the formation of spheroids within the desired size range (< 200
pm diameter), which is crucial for avoiding necrotic core development and maintaining overall

cell viability. Therefore, this seeding density was adopted to investigate cell-cell interactions
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Figure 3.2. Typical growth pattern over 10-day period of NIH 3T3: SCA-9 spheroids seeded at
160 cells/well. (A-J) Days 1-10, respectively. The cell seeding density of 160 cells per well
formed spheroids within 24 hours, with a mean diameter increase of 13.8% over a 10-day period.
Under these conditions, 99.7% of spheroids remained below the 200 pm threshold, minimizing
the risk of necrotic core formation. (K) Mean and standard deviation for average spheroid

diameter measured on day 10. (L) Box and whiskers plot highlighting the spheroid roundness,
interquartile values, and outliers measured on day 10. Scale bar = 100 pm.

within the spheroids further.

3.3.2 Assessment of spheroid viability

LIVE/DEAD staining was used to evaluate the viability of NIH 3T3: SCA-9 spheroids within
our 3D co-culture model produced from 160 cells per well (Figure 3.3). Spheroids were assayed
on day 10, revealing high levels of cell viability across all examined spheroids. The percentage
of viable cells within the spheroids ranged from a minimum of 97.4% to a maximum of 100%.
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The mean viability was determined to be 99.5 + 1.0%, capped at 100%, indicating a consistently

high viability across the spheroids. The standard error of the mean was calculated at 0.4%,
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Figure 3.3. Cell viability of NIH 3T3: SCA-9 spheroids determined by LIVE/DEAD assay.
(A) Confocal images of LIVE/DEAD stained NIH 3T3: SCA-9 spheroids grown under normal
culture conditions for 10 days, in which the absence of red fluorescence in the center of the
normal spheroid indicates a non-necrotic core (top panels), in contrast to the non-viable
spheroid control (treated with 70% methanol) (bottom panels). Green, live cells. Red, dead
cells. Scale bar = 100 um. (B) Percentage of live cells in the NIH 3T3: SCA-9 spheroids after
10 days in culture. N=7.

further underscoring the consistency of high cell viability in NIH 3T3: SCA-9 spheroids (Figure

3.3B).

The absence of red fluorescence in the NIH 3T3: SCA-9 spheroid centers indicates a non-
necrotic core, contrasting sharply with the non-viable control spheroids treated with 70%
methanol, which showed extensive red fluorescence. These observations, supported by the
quantitative data, confirm the high level of viability sustained by the NIH 3T3: SCA-9 spheroids
under the specified culture conditions. Additionally, to determine whether or not the spheroids

contained cells all the way through or were hollow, spheroids were subjected to cryosectioning
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followed by picrosirius red staining. As shown in Figure S1, the spheroids harbored a solid core.
These outcomes highlight the effectiveness of using the NIH 3T3: SCA-9 spheroids as a co-
cultured microtissue model in maintaining spheroid integrity and cell viability, a crucial aspect of

its application in studying cell-cell interactions within a simulated tissue environment.

3.3.3 Expression of mesenchymal and salivary epithelial markers in co-cultured

spheroids

The distribution of cell types and their ability to maintain characteristic mesenchymal and
salivary epithelial marker expression within our NIH 3T3: SCA-9 spheroids over ten days were
examined using immunofluorescence to identify and localize the NIH 3T3 fibroblasts and SCA-9
salivary epithelial cells within the co-culture spheroids. Cell-specific markers vimentin, an
intermediate filament protein characteristic of fibroblasts, and TAS2R4, a taste receptor protein
expressed in SCA-9 cells [398,399], were utilized to distinguish between these two cell

populations.

Vimentin and TAS2R4 immunostaining identified NIH 3T3 and SCA-9 cells in the co-cultured
spheroids. The immunofluorescence image delineates the presence of both markers, confirming
the coexistence of both cell types within a single spheroid structure (Figure 4A). To verify that
NIH 3T3 and SCA-9 cells exclusively expressed their respective markers, we created and
immunostained NIH 3T3 spheroids as well as SCA-9 spheroids, demonstrating exclusivity

(Figure 4B-G).

These findings highlight the association of the two cell types when cultured in spheroids,
emphasizing the ability of our co-culture system to preserve cell-type specificity within a

heterogeneous population. The absence of cross-staining in the single-population spheroids
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validates the specificity of the immunofluorescent markers used, confirming the reliability of our

TAS2R4 Vimentin Brightfield

SCA9

NIH 3T3:SCA9

NIH 3T3

Figure 3.4 Cell distribution within NIH 3T3: SCA-9 spheroids. (A) Fluorescence image of NIH
3T3: SCA-9 spheroid, demonstrating expression of both vimentin (mesenchymal marker to
reveal NIH 3T3 fibroblasts in green) and TAS2R4 (SCA-9-specific marker in red). (B-D)
Fluorescence images of SCA-9 spheroids showing only expression of TAS2R4 (B), not vimentin
(C), along with the brightfield image (D) showing the total spheroid cell population. (E-G)
Fluorescence images of NIH 3T3 spheroids showing the absence of TAS2R4 (E) and presence of
vimentin expression (F), along with the brightfield image (G). Red, TAS2R4. Green, vimentin.
Scale bar = 100 pum.

method for assessing cell distribution within the spheroids. This result ensures that our 3D co-
culture accurately reflects the cellular heterogeneity characteristic of native salivary gland tissue,
which is crucial for studying cell-cell interactions and tissue function in vitro. However, it is
essential to clarify that while our system adeptly replicates cellular heterogeneity, it does not
fully emulate the complex cellular structures found in native tissue. This distinction underscores
the limitations of our model in replicating the full spectrum of tissue architecture and should be

considered when interpreting our findings.

3.3.4  Exposure of the 3D co-cultured salivary gland to X-rays

To evaluate the utility of the spheroid model for investigating the effect of X-rays on salivary
tissues, spheroids were exposed to varying radiation doses: 0 Gy (control), 4 Gy, 8 Gy, 12 Gy,

and 16 Gy, followed by apoptosis assay to assess the response of our 3D microtissue spheroid
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model. Spheroids were stained with Annexin V and propidium iodide to identify early and late
apoptotic (cell membrane rupture and death) events, respectively (Figure 5). The ratio of

apoptotic to necrotic cells increased with increasing radiation dosage (Figure 5F).

Our experiment successfully delineated early versus late apoptosis proportions across the

different radiation doses (Figure 5A-E). The fluorescent staining within the NIH 3T3: SCA-9
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Figure 3.5. Radiation-associated apoptosis in NIH 3T3: SCA-9 spheroids. NIH 3T3: SCA 9 spheroids
stained for Annexin V to detect early apoptotic cells in green (top panel) and propidium iodide to
detect late apoptotic cells in red (bottom panel). Spheroids were cultured in non-adherent 96-well
plates and irradiated. (A) 0 Gy (negative control), (B) 4 Gy, (C) 8 Gy, (D) 12 Gy, or (E) 16 Gy. Scale
bars = 100 pm. (F) Quantification of cell apoptosis: ratio of early to late apoptosis (left panel),
percentage of cells in late apoptosis (middle panel), and percentage of cells in early apoptosis
(right panel).
spheroids demonstrated increased green fluorescence (Annexin V) across the spheroids exposed

to increasing X-ray dosage, indicating a dose-dependent increase in early apoptotic events.
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Simultaneously, red fluorescence (propidium iodide) indicated late apoptotic events, particularly

at higher doses of radiation.

One-way ANOVA was performed to determine the significance of the differences in the ratio of
apoptotic to dead cells with increasing radiation doses. The analysis revealed an F-value of 3.292
with a P-value of 0.0486, indicating a statistically significant difference among the means of the

treatment groups (P < 0.05) (Figure 5F)

These results demonstrate that our 3D co-culture spheroid model is sensitive to X-ray exposure.
An X-ray dosage of 16 Gy generated a significantly different response from the negative control,
thus validating the utility of this 3D co-culture spheroid model for studying cellular responses to

radiation and evaluating the efficacy of radioprotective or radiosensitizing agents.

3.4 Discussion

This study aimed to advance tissue engineering and regenerative medicine by developing
efficiently produced, necrotic core-free, self-assembled, 3D co-cultured spheroids for salivary
gland research that simulate the in vivo environment, which traditional 2D cell cultures and
typical 3D spheroid cultures do not. A distinctive feature of our model is its necrosis-free core,
addressing the limitations of oxygen and nutrient transfer in spheroid models over 200
micrometers in diameter [397]. Additionally, our model incorporated both stromal and epithelial
cells at a low starting cell number (160 cells in 50 pL of medium) or low initial cell seeding
density (3,200 cells/mL), enhancing its suitability for high-throughput screening and simplifying

experimental setups.

The model's Matrigel-free and scaffold-free design ensures more natural cell interactions and

growth dynamics, offering a physiologically relevant platform for studying cellular behaviors
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and treatment responses. We successfully established a model that overcomes many limitations
associated with traditional 2D cultures and scaffold-based 3D models, introducing a
methodological innovation in cultivating and characterizing 3D spheroids. Our findings
demonstrate that optimizing cell seeding density and leveraging the natural propensity for self-
assembly in a scaffold-free environment can produce spheroids that maintain high viability and
structural integrity without necrosis for at least 16 days. This necrosis-free microtissue model
represents a significant step in creating physiologically relevant in vitro models for studying
tissue-level responses to various stimuli, including radiation, and exploring potential

radioprotective treatments.

A noteworthy application of our model is its potential in radiation therapy research and
protecting healthy salivary glands. The spheroids were exposed to single X-ray doses slightly
above the range used in the total course of head and neck cancer radiation treatment. The dose-
dependent increase in cell apoptosis highlights the model's sensitivity to radiation-induced
cellular changes, offering a promising avenue for exploring radioprotective treatments, which
may mitigate irreversible collateral damage to the salivary glands when total exposure exceeds
30 Gy [400,401]. Furthermore, our model's adaptability to incorporate patient-specific cells in
the future positions it as a valuable tool for personalized medicine. By testing therapeutic

interventions on patient-derived spheroids, we can develop patient-tailored treatments.

Over the past few decades, the technology for producing spheroids in 3D cell culture has evolved
significantly. Innovations include agarose molds, microfluidic devices, magnetic levitation,
bioreactors, and non-adherent well plates [402]. Despite these advancements, the quest for a

model that genuinely encapsulates the complexity of in vivo tissue environments continues. Our
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study introduces a scaffold-free, self-assembled 3D co-culture model that addresses several

limitations inherent to existing methodologies.

Historically, salivary gland tissue engineering has evolved significantly, with foundational work
by Arnold et al. exploring stromal-epithelial interactions in co-culture models, demonstrating the
stroma’s regulatory role on epithelial cell growth [403]. Progress continued with Ozdemir et al.
and Sfakis advancing tissue-engineered constructs aimed at restoring salivary gland function,
primarily through hydrogel-based or compliant scaffolds [378,404]. The field leapt forward with
the development of transplantable 3D salivary gland organoids by Tanaka and Mishima (2020)
using Yamanaka factors and further innovations by Lindberg et al. (2021) with secondary
structures from co-cultured spheroids, alongside Ramesh and coworkers engineered
cryoelectrospun elastin-alginate scaffolds for transplantable bioengineered tissues [405-407].
These recent studies highlight the efficacy of 3D co-culture models and the potential for
mimicking tissue architecture and functionality, underscoring the dynamic progression towards
developing therapeutic applications and enhancing our understanding of tissue engineering

[408].

In contrast to prevailing methods, our research adopted a scaffold-free approach that simplifies
the construction of our model and enhances its physiological relevance, thanks to a matrix
composed entirely of naturally produced ECM. We have developed spheroids that maintain
structural integrity and high viability without external scaffolds by optimizing the cell seeding
density in non-adherent well plates. This methodological advancement provides a more accurate
platform for examining tissue-level responses, addressing a critical gap left by previous studies.

Unlike research in oncology, which often tolerates the presence of necrotic cores within larger
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spheroids, our focus on mimicking healthy tissue structures demands models that maintain

cellular viability throughout, ensuring relevance to tissue engineering and regenerative medicine.

Our study contributes to understanding salivary gland tissue engineering and sets a new
benchmark for producing spheroids in research. The ability to generate smaller, viable spheroids
without necrosis presents an important advance, highlighting the importance of controlling
spheroid size for maintaining a viable microenvironment. Due to oxygen and nutrient diffusion
limitations, traditional spheroid models over 200 um in diameter promote necrotic cores. While
this may be acceptable in oncological research, given that tumors frequently have necrotic cores,
it is not the norm in other in vivo environments, including salivary gland tissues. Thus,
eliminating necrosis from our 3D model creates a better mimic of normal salivary gland tissue

[409].

Necrotic cells release damage-associated molecular patterns (DAMPs) or alarmins, which
include high mobility group box 1 (HMGBL1), heat shock proteins (HSPs), ATP, and
extracellular DNA and RNA. These signals activate the immune system, releasing pro-
inflammatory cytokines such as TNF-a, IL-1, and IL-6, and attract phagocytic cells [410].
Additionally, reactive oxygen species (ROS) and fragments of extracellular matrix proteins like
hyaluronan can be released, further perpetuating inflammation and tissue damage [409]. The
release of intracellular proteins from necrotic cells can also alter pH and ionic balance,
potentially influencing cell viability and function. Lastly, enzymatic degradation caused by the
release of matrix metalloproteinases can degrade ECM [411-414]. Overall, the presence of a
necrotic core introduces significant variability and potentially masks or alters the phenomena
intended for study. Therefore, our model offers substantial improvements over existing 2D and

3D models in this fundamental respect.
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This finding is particularly relevant given the sparse literature on sub-200-um spheroids and the
limited efforts to produce smaller spheroids in non-oncological contexts. Pinto et al. defined
spheroids as being at least 200 um. They cite 23 studies, which include scaffold-free and
scaffold-based approaches; curiously, no study cited by Pinto uses an initial cell seeding density
of fewer than 625 cells for microtissue formation [415]. Lee and colleagues generated size-
controllable spheroids using 100,000-200,000 gingiva-derived mesenchymal stem cells, utilizing
concave microwells for spheroid formation with controlled sizes and high viability [416]. Our
approach allowed us to form uniform co-cultured spheroids with diameters less than 200 um

using 160 cells in 50 pL of medium, highlighting a technological advancement in the field.

Our study introduces a scaffold-free, self-assembled 3D co-culture model that significantly
advances salivary gland bioengineering. Leveraging the natural propensity for self-assembly, our
model allows the constituent cells to produce their own ECM, mimicking the normal in vivo
environment rather than relying on artificial scaffolds or mouse tumor-derived Matrigel, which

are not specific to salivary gland tissue.

These advancements offer a simplified and physiologically relevant platform for studying tissue
morphogenesis, tissue-level responses, and the effects of therapeutic interventions. Our model's
versatility and potential scalability make it applicable to various research and clinical scenarios,
providing valuable insights and methodologies for salivary gland bioengineering. Through our
methodological refinements, we can observe cellular responses in a 3D microenvironment where
our controls are not contaminated by necrotic cell signaling from the core of the spheroid.This
innovative approach allows for the study of tissue-level responses, drug screening, disease

modeling, and the development of personalized treatments for salivary gland disorders. Our
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findings pave the way for further advancements in tissue engineering, regenerative medicine, and

personalized medicine in the context of salivary gland bioengineering.
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Chapter 4 Senescence-conditioned medium exacerbates fibrotic response to radiation in a
3D salivary gland microtissue model

4.1 Introduction

While small and often overlooked, salivary glands play an essential role in our daily lives. From
aiding digestion to maintaining oral health and facilitating speech, their importance cannot be
overstated [1]. Yet, like all tissues, they are susceptible to various insults and damage, one of the
most potent being radiation (Deasy et al., 2010 ). The increasing application of radiation in the
medical field, particularly in oncology treatments, underscores the need to understand its
repercussions on these delicate tissues.

Salivary gland fibrosis is characterized by the excessive accumulation of extracellular matrix
(ECM) components, mainly collagen, resulting in glandular scarring and functional decline. This
condition results from various causes, including chronic inflammation, autoimmune diseases
such as Sjogren's disease, radiation therapy, and aging [417-419], which trigger complex
molecular and cellular responses [10,12,271] Central to the fibrosis process are fibroblasts,
which transform into myofibroblasts under stimuli such as TGF-p, producing large amounts of
ECM [14-16,420-422] . Epithelial cells also contribute through epithelial-mesenchymal
transition, gaining mesenchymal traits and contributing to ECM production[17,18] or through
epithelial defects, contributing to abnormal ECM remodeling and fibroblast activation [422,423].
Additionally, macrophages play a significant role by activating fibroblasts through cytokines and
growth factors [19]. The resultant disruption in the gland architecture causes a loss of functional
cells, often leading to xerostomia (the perception of dry mouth) and can severely impact oral
health and quality of life .[20,21,424].

Radiation has been shown to profoundly affect cultured cells, impacting cellular structure,

function, and viability. The primary mechanism through which radiation exerts its effects is by
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causing DNA damage. This damage can be in the form of single-strand breaks, double-strand
breaks, and the formation of reactive oxygen species (ROS), which can further damage cellular
components. Such DNA damage can lead to mutations, apoptosis (programmed cell death), and
senescence (permanent cell cycle arrest), depending on the dose and type of radiation. High
doses of radiation are particularly lethal to cells, leading to significant cell death and reduced
proliferation rates. Even at lower doses, radiation can cause sublethal damage that affects the cell
cycle, often resulting in delayed cell division and altered cellular functions [425].

The type of radiation also plays a crucial role in determining the extent and type of cellular
damage. For example, ionizing radiation, which includes X-rays and gamma rays, is highly
penetrative and can cause extensive DNA damage. In contrast, non-ionizing radiation, such as
ultraviolet (UV) light, primarily affects the surface layers of cells, causing damage to DNA and
other cellular components through the production of ROS and direct absorption by DNA
molecules. The cellular response to radiation-induced damage includes activating repair
mechanisms, such as the DNA damage response (DDR) pathways, which work to repair the
damaged DNA. However, the efficiency of these repair mechanisms varies, and failure to
correctly repair the damage can result in genomic instability and potentially lead to
carcinogenesis, fibrosis, and other pathological conditions. Studies have demonstrated that
prolonged radiation exposure, even at low levels, can lead to significant long-term effects,
including increased mutation rates and reduced cellular functionality. X-rays were chosen in our
work as they are commonly used in the treatment of head and neck cancers, which cause
collateral damage to the salivary glands. In the series of experiments that followed, we
attempted to determine a radiation dose that would be adequate to induce effects including; DNA

damage, cell apoptosis, senescence and fibrosis, comparable to those experienced by individuals
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subject to head and neck cancer irradiation, which commonly results in collateral damage to
salivary glands, including loss of functional cells, fibrosis, and senescence [426]. A dosage too
low would have negligible effects on these characteristics; a dosage too high would result in
Necrosis.

Radiation therapy is a double-edged sword in the field of oncology, offering life-saving
treatment for various cancers, particularly those of the head and neck. However, this treatment
does not come without its costs, particularly to the salivary glands, which are highly sensitive to
radiation damage [427,428]. Even with protective measures and advances in radiation delivery
such as intensity-modulated radiation therapy (IMRT), patients often experience a significant
reduction in salivary function [429]. This reduction in salivary function is primarily due to the
susceptibility of salivary gland acinar cells, which are responsible for saliva production, to
radiation-induced apoptosis and necrosis. As these cells deteriorate, saliva production
diminishes, leading to xerostomia, or the sensation of dry mouth, which severely compromises
digestion, oral hygiene, and overall quality of life [427].

Further, radiation prompts the activation of fibroblasts into myofibroblasts, increasing the
deposition of extracellular matrix proteins and leading to the stiffening and scarring of glandular
tissues [430]. This fibrotic change not only further reduces gland function but also complicates
potential recovery, as the fibrotic tissue is less responsive to regenerative therapies. Additionally,
radiation-induced senescence contributes to an inflammatory milieu, characterized by the
secretion of pro-inflammatory cytokines and chemokines, which can perpetuate the cycle of
damage and fibrosis [427]. These processes underline the critical need for targeted therapeutic
strategies to protect and regenerate salivary gland tissue during and following radiation therapy,

ensuring better outcomes for patients undergoing treatment for head and neck cancers.

103



Cellular senescence is another layer of complexity in understanding tissue responses, especially
post-radiation. Senescence, a state of irreversible cell cycle arrest, has garnered attention for its
implications in aging and various pathological contexts, including fibrosis and cancer [6,7]. As
cells transition into senescence, they undergo significant morphological, physiological, and
secretory changes that can profoundly impact the surrounding microenvironment and, by
extension, tissue functionality [8,9].

Once seen as a simple cessation of cell division due to aging, cellular senescence is now
understood as a complex response impacting development, tissue repair, and disease progression
[24] .Senescent cells exhibit distinct changes and secrete various bioactive molecules through the
senescence-associated secretory phenotype (SASP), influencing neighboring cells and potentially
contributing to conditions like fibrosis [26,27,431] Factors inducing senescence include
replicative limits, external stressors, and oncogene activation, each playing roles in physiological
and pathological contexts Brandl et al., 2011; Courtois-Cox et al., 2008; Hayflick & Moorehead,1964)
The accumulation of senescent cells in tissues can promote dysfunction and chronic diseases,

making them targets for therapeutic strategies such as senolytics[35,36,432].

Traditional two-dimensional (2D) cell culture systems have driven our cellular and molecular
biology understanding. However, they often fail to capture the complex three-dimensional (3D)
interactions and microenvironments in vivo (Ravi et al ., 2015). This discrepancy between 2D
cultures and the in vivo microenvironment can lead to misrepresentations and limit the
applicability of findings. Hence, recent years have witnessed a rising interest in 3D microtissue
models, which promise to bridge this gap. 3D microtissue models, particularly spheroids, have
emerged as powerful tools in biomedical research. They offer a more physiologically relevant

representation of in vivo tissues, recapitulating essential cellular interactions, ECM
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compositions, and gradient-driven behaviors [4]. This has rendered them particularly invaluable
in studying tissue-specific responses.

Recent advances in 3D culture systems for salivary gland cells and organoids have made
significant strides, offering more physiologically relevant models for research and potential
therapeutic applications. These systems can be broadly categorized into scaffold-based,
hydrogel-based, and bioprinting/magnetic bioassembly techniques[433-437]. Scaffold-based
techniques include micropatterned PLGA nanofiber craters, which provide a structured
environment that promotes cell attachment and organization, supporting glandular
differentiation[438]. Similarly, PEG hydrogel-micropatterned PCL nanofibrous microwells
combine PEG hydrogels with micropatterned PCL nanofibers to create a conducive niche for
salivary gland cells, enhancing cell viability and function[439,440]. Cryoelectrospun elastin-
alginate scaffolds mimic the native extracellular matrix, steering cell adhesion and
proliferation[441].

Hydrogel-based techniques are also pivotal. Matrigel, widely used for its ECM-like properties,
supports the formation of complex organoid structures, facilitating functional studies of salivary
glands[442-446]. A blend of collagen and Matrigel has been shown to enhance the structural and
functional mimicry of native tissues [447,448]. Laminin-peptide conjugated fibrin hydrogel
offers improved cell-matrix interactions, promoting better cell differentiation and organoid
formation than fibrin hydrogels alone [449]. Growth factor-encapsulated HA/alginate hydrogel
provides a sustained release of growth factors to support cell growth and differentiation[450].
Alginate hydrogel microtubes support 3D cell culture, enhancing cell viability and
function[451,452]. Versatile and tunable, PEG hydrogels offer a customizable environment for

salivary gland cell culture[453,454].
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Magnetic bioassembly and 3D bioprinting are innovative techniques in this field. Magnetic
bioassembly uses magnetic forces to assemble cells into desired structures, offering precision
and scalability [455,456]. 3D bioprinting leverages bioinks and printing technologies to create
complex, functional salivary gland constructs[457]. These studies highlight the ongoing progress
and diverse methodologies employed to develop effective 3D salivary gland models, contributing
to advancements in regenerative medicine and disease model . In particular, see Chapter 3, we
successfully developed a scaffold-free, spheroid model with a non-necrotic core for non-
oncologic studies by co-culturing stromal cells (e.g., NIH 3T3 fibroblasts) and salivary epithelial
cells (e.g., SCA-9 cells), establishing a more consistent and controlled environment for observing
cellular dynamics than prior models, which are greater than 200 um in diameter [458-460].
Building upon this advancement, the current study aims to employ this innovative model to
explore the effects of radiation in the milieu of cellular senescence. We hypothesized that the
burden of the senescence-associated secretory phenotype would elicit a significant increase in
fibrotic markers post-radiation in a 3D salivary gland model.

To test the hypothesis, we simulated the senescence microenvironment using a senescence-
conditioned medium generated from senescent IMR-90 fibroblasts, which is a widely used cell
line for senescence studies. Furthermore, we confirmed the effects of X-ray radiation at the
optimal dose in a scaffold-free, 3D co-cultured salivary spheroid model and, in particular,
evaluated fibrotic responses to radiation in the presence of the senescence-conditioned medium.
This study would establish and validate a 3D radiated salivary gland model that can be used to
reveal mechanisms that drive fibrotic processes and potentially influence future therapeutic
approaches for conditions characterized by enhanced fibrotic activity.

4.2 Materials and methods
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42.1  Cell culture

NIH 3T3 mouse embryonic fibroblasts (at passages 12-17)[461] Click or tap here to enter text.and
SCA-9 mouse salivary epithelial cell line [393], derived from an undifferentiated chemically
induced carcinoma of the murine submandibular gland, were utilized to model salivary gland
stromal and epithelial components. Cell lines were maintained in DMEM (high glucose) medium
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, all sourced
from Thermo Fisher Scientific (Waltham, MA). Cultures were incubated in a humidified
environment at 37°C with 5% CO> and passaged every three or four days upon reaching 70-80%
confluence.

4.2.2 Preparation of senescence-conditioned medium
4.2.2.1. culture of senescent IMR-90 fibroblasts

IMR-90 cells (ATCC CCL-186, fibroblasts isolated from normal human lung tissue derived from
a 16-week-old female fetus)[462] were wused to generate senescence-conditioned
medium(Dulbecco's Modified Eagle Medium (DMEM)(ThermoFisher Scientific, Waltham, MA.
with 1% PenStrep (ThermoFisher Scientific, Waltham, MA.) , which is a well-established model
for inducing cellular s enescence [462,463]. A total of 7 x 10° cells were seeded into T75 flasks
(Thermo Fisher, Fairport, NY), maintained in xxx medium, supplemented with xxx, and
incubated at 37°C at 5% CO: until reaching 70-80% confluence, typically within 3-4 days,
indicative of a thriving, low population doubling (PD) culture. Cells were then detached using
0.05% trypsin/EDTA?? (Thermo Fisher Scientific). Trypsin activity was halted by adding fresh
medium and centrifugation to segregate viable cells from debris. Next, the cell pellet was
resuspended, and cell counts, viability, and cumulative PD were checked using a Bio-Rad TC20

Automated Cell Counter (Bio-Rad, Hercules, CA) to calculate the cumulative PD, a critical
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metric in the assessment of cell aging. This calculation integrated the initial and final cell counts,
adjusted for the PD levels at both the seeding and counting phases. Through repeated cycles of
seeding, growing, and splitting the fibroblasts, we observed an extension in the time required for
cultures to achieve confluence, eventually resulting in the discontinuation of cell division. This
phase marked the onset of senescence, at which point the cells were evaluated for senescence
markers or prepared for downstream analysis. Notably, due to the enlarged size of senescent
cells, we observed that the apparent confluence of the culture did not correlate with actual cell
count, underscoring the importance of PD stability and the presence of senescence markers as
more reliable indicators of the senescent state. Throughout this procedure, we utilized
proliferating primary fibroblasts as the control group, providing a benchmark against evaluating
the progression toward senescence.

4.2.2.2. Collection and storage of senescence-conditioned medium

After reaching senescence, 7 x 10° senescent IMR-90 fibroblasts were seeded in a T75 flask and
cultured in xxx mL xxx medium. After culturing for xxx days, senescence-conditioned medium
was collected. The “strength” of the senescence-conditioned medium was normalized based on
cell number to maintain specific metabolic conditions and ensure consistent nutrient availability
across different experimental setups. Hence, cells were counted after removing the senescence-
conditioned medium to ascertain the cell number before replating or other analyses. The
collected senescence-conditioned medium was centrifuged at 500 x g for 5-10 minutes to remove
cell debris. The supernatant was then transferred to 50-milliliter conical tube for storage at -80°C
adapted from previous report (Neri et al., 2021).

4.2.3 2D and 3D irradiated cell culture models

4.2.3.1. Radiation of 2D culture of fibroblasts or salivary epithelial cells
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For 2D experiments, NIH 3T3 fibroblasts or SCA-9 salivary epithelial cells were cultured in 24-
well plates until they reached 70-80% confluence. Subsequent X-ray exposure was performed
using the Faxitron RX 650 Cabinet X-Radiator™ System (Faxitron X-Ray LLC, Tucson, AZ),
applying doses of 0 Gy (as a negative control), 4 Gy, 8 Gy, 12 Gy, and 16 Gy to investigate

dose-dependent effects on cell viability, DNA damage, apoptosis, and senescence.

4.2.3.2. 3D spheroids of co-cultured NIH 3T3 fibroblasts and SCA-9 salivary epithelial cells

For 3D experiments, including DNA damage, apoptosis, senescence, and fibrosis in NIH 3T3:
SCA-9 spheroids, we generated spheroids by culturing NIH 3T3 fibroblasts and SCA-9 cells in a
5:1 ratio. We seeded 160 cells per well in 50 puL of cell culture medium in non-adherent
Biofloat® 96-well plates (faCellitate, Mannheim, Germany). The 96-well plates with added cells
were then centrifuged at 250 x g for 5 minutes and incubated at 37°C with 5% CO to form
spheroids. The medium was exchanged every three days by removing 30 pL of medium and then
adding 30 pL of fresh medium.

Four different conditions were established through this experiment: negative control (C) with
regular medium; senescence-conditioned medium (CM); X-ray exposure to 16 Gy (X), which is
the optimal dose determined by radiation of 2D culture; and senescence-conditioned medium for
three days prior to a 16 Gy radiation dose (CMX). All spheroids were cultured in regular
medium for three days to allow them to reach size maturity (160 um). On day three, the medium
in half of the wells (conditions (C) and (X)) was replaced with fresh regular medium, and the
medium in the other half of the wells (conditions (CM) and (CMX)) was replaced with the
senescence-conditioned medium. The cells were incubated for an additional 72 hours. After the
72-hour incubation, the X and CMX spheroids were subject to 16 Gy of radiation. The (C) and

(X) conditions were placed in the X-ray chamber for the same period, but with no radiation.
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Additionally, spheroids were consolidated by systematically transferring spheroids from
individual wells to two or three wells corresponding to their condition (e.g., CM). Spheroids
were then fixed in 4% paraformaldehyde (Thermo Fisher Scientific) for 30 min on ice, washed
four times with PBS-Tween (0.5% v/v Tween 20 (Thermo Fisher Scientific) in 1X PBS, PBS-T
before treatment with reagents such as H2AX.

4.2.3.3 Radiation studies of 3D co-cultured spheroids

Spheroids in covered, round-bottomed 96-well plates containing 30 pL of medium were placed
in the Faxitron RX 650 Cabinet X-Radiator™ System (Faxitron X-Ray LLC, Lincolnshire, IL).
The energy of the X-ray beam was 120 kV and the exposure rate was 150 Gy per minute.
Spheroids were exposed to deliver a single dose of 16 Gy. Control spheroids were placed in the
X-Radiator for the same period without irradiation.

4.2.4 Cell viability assay in 2D culture

Cell viability for 2D cultures was assessed at 72 hours post-irradiation using the LIVE/DEAD™
Viability/Cytotoxicity Kit (Thermo Fisher Scientific). Live cells were detected by the presence
of intracellular esterases that convert the nonfluorescent cell-permeant calcein AM to fluorescent
calcein; simultaneously, dead cells were detected by the permeation of red fluorescent ethidium
homodimer-1 due to loss of plasma membrane integrity. Briefly, cells were washed with
phosphate-buffered saline (PBS) three times, and then calcein AM and ethidium homodimer-1
were added to final concentrations of 2 UM and 4 puM, respectively. After adding calcein AM
and ethidium homodimer-1, cells were incubated at room temperature for 40 minutes per the
manufacturer’s instructions (Thermo Fisher Scientific, Invitrogen). Images were captured using
the EVOS M7000 microscope imaging system with GFP (482/524 nm) and RFP (542/593 nm)

filters (Thermo Fisher Scientific) and processed using ImageJ. The viability metric (% dead
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cells) was calculated using ImageJ by determining the percentage of red fluorescence (dead
cells) to the total fluorescence, which is the sum of both green and red fluorescence (dead cells).

Treatment with 70% methanol for ten minutes was used as a positive control of cell death.

4.25 Immunocytochemistry analysis of phosphorylated H2AX to detect DNA damage

4.2.5.1. DNA damage detection in irradiated 2D culture

To detect DNA double-strand breaks in NIH 3T3 and SCA-9 cells cultured in 2D cultures, we
utilized Anti-phospho-Histone H2A.X (Ser139) Antibody (clone JBW301, FITC conjugate)
(Millipore, Darmstadt, Germany). This FITC-conjugated mouse monoclonal antibody is
specifically designed to bind to the phosphorylated form of histone H2AX, a marker indicative
of DNA damage. Following radiation exposure, cells were incubated at 37 °C for 30 minutes
before proceeding with the staining protocol. Cells were fixed in 4% paraformaldehyde in 5%
(w/v) sucrose and 0.6X PBS for 15 minutes at room temperature, permeabilized with 0.1%
Triton X-100 in PBS for 10 minutes and blocked with 5% bovine serum albumin (BSA) in PBS
for 1 hour to minimize non-specific antibody binding. The fixed cells were then incubated
overnight at 4°C with the anti-phospho-histone H2A.X antibody at a dilution of 3 pg/mL

Following incubation, cells were washed three times with PBS. Etoposide-treated cells were
employed as a positive control to ensure the assay’s sensitivity to DNA damage, while the 0 Gy
dose served as a negative control. Each radiation dose, including controls, was replicated across
12 wells. After washing DAPI was added at a concentration of 1 pg/mL for nuclear visualization
of the total cell population. Images were captured using an EVOS M7000 imaging system with
DAPI (357/447 nm) and GFP (482/524 nm) filters and processed using ImageJ to determine %

fluorescent H2AX by dividing the total area of phosphorylated H2AX by total area of DAPI
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staining, providing a quantitative measure of H2AX phosphorylation, thereby reflecting the

extent of DNA damage induced by X-ray exposure.

4.2.5.2. DNA damage detection in 3D Spheroids

3D spheroids were produced and cultured as described in Section 4.4.2.3.2, including treatment
with normal medium and senescence-conditioned medium. On day six, thirty minutes after
irradiation at 16 Gy (or no irradiation), the spheroids initially in individual wells were combined
into two wells per condition within the 96-well Biofloat plates. This consolidation process made
handling and processing the spheroids easier, allowing for more efficient media changes and
treatment applications. These spheroids were then fixed in 4% paraformaldehyde in 5% (w/v)
sucrose and 0.6X PBS for 30 minutes, followed by permeabilization with 0.4% Triton X-100 for
30 minutes. After permeabilization, the spheroids were washed again using PBS and then
blocked for 2 hours in 5% BSA in PBS at room temperature to prevent nonspecific binding.
Spheroids were then incubated overnight at 4 °C with Anti-phospho-Histone H2A.X (Ser139)
Antibody (clone JBW301, FITC conjugate). After staining, spheroids were washed in PBS and
counterstained with DAPI for nuclear visualization. The stained spheroids were carefully
transferred to an 8-chamber glass-bottomed cell culture slide, (CELLTREAT®, Port
Washington, NY) for imaging. Fluorescence microscopy was employed to capture the FITC
signal from the anti-phospho-histone H2A.X antibody and the DAPI signal for nuclei. Images
were captured using an EVOS M7000 imaging system with DAPI (357/447 nm) and GFP
(482/524 nm) filters and processed using ImageJ to determine % fluorescent H2AX as described
above, with comparisons made across the four treatment groups to assess the impact of

senescence-conditioned medium and X-ray irradiation on DNA damage within the 3D spheroids.

4.2.6 Apoptosis assay in irradiated 2D cultures
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After radiation exposure, cells were incubated for four hours in a humidified 37°C incubator with
5% CO.. After incubation, cells were washed with PBS. The PBS was then removed and
replaced with a solution of 25 pL Annexin V- Alexa Fluor 488 Conjugate (Thermo Fisher
Scientific) in 100 pL. Annexin V binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM
CaCly, pH 7.4) per well to detect apoptotic cells and 7.48 uM propidium iodide (Thermo Fisher
Scientific) to detect necrotic/late apoptotic cells. The cells were incubated in the stain for 15
minutes. After staining, cells were washed with Annexin V binding buffer and then imaged using
fluorescence microscopy. Images were captured using the EVOS M-7000 with GFP (482/524
nm), and RFP (542/593 nm) filters (Thermo Fisher Scientific, Carlsbad, CA) and processed
using ImageJ. The percentage of apoptotic cells was calculated by dividing the area of apoptotic
cells by the total area occupied by cells. Staurosporine treatment was used as a positive control
for Annexin V assays.

4.2.7 Determination of Senescence Using a Fluorescent Beta-galactosidase Substrate
4.2.7.1 Cellular senescence detection in 2D cultures

Following radiation exposure, cells were washed with PBS, the medium was replaced, and the
cells were returned to the incubator. The medium was changed again on days six and nine. On
day ten, cells were washed with PBS, and then 100 uL of fixation solution containing 4%
paraformaldehyde in 5% (w/v) sucrose and 0.6X PBS was added to each well for 15 minutes.
The cells were kept on ice in the dark during fixation. Following fixation, cells were washed with
1% BSA in PBS. Next, 100 pL of prewarmed working solution was added to each well. The
prewarmed working solution was prepared by diluting CellEvent™ Senescence Green Probe
(Thermo Fisher Scientific) 1:1000 into the pre-warmed CellEvent™ Senescence Buffer (Thermo

Fisher). Next, the plates were then covered with plastic film to minimize evaporation. Cells
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were incubated at 37°C for 2 hours in a non-CO2 environment to maintain the optimal pH for the
enzymatic reaction. After incubation, the working solution was discarded, and the cells were
washed 3 times with PBS to remove unreacted stain. Images were captured using the EVOS
M7000 with GFP (482/524 nm) and processed using ImageJ. The percentage of senescence-
associated beta-galactosidase activity was measured by quantitation of green fluorescence
relative to the total area covered by DAPI-stained?? cells.

4.2.7.2 Cellular senescence detection in 3D spheroids

Ten days post-irradiation, spheroids were stained to detect senescence-associated beta-
galactosidase activity. Spheroids were consolidated in round-bottomed 96-well plates and then
washed with PBS. Next, 100 pL of fixation solution containing 4% paraformaldehyde in 5%
(w/v) sucrose in PBS was added to each well; these spheroids were kept on ice for 30 minutes.
Following fixation, spheroids were washed with 1% BSA in PBS to eliminate any leftover
fixation solution and to block nonspecific sites. Next, 100 pL of prewarmed working solution
was added to each well. The prewarmed working solution was prepared by diluting the
CellEvent™ Senescence Green Probe (1,000X concentration) into the pre-warmed CellEvent™
Senescence Buffer. Next, the plates were covered with plastic film to minimize evaporation.
Cells were incubated at 37°C for 2 hours in a non-COz environment to maintain the optimal pH
for the enzymatic reaction. After incubation, the working solution was discarded, and the cells
were washed 3 times with PBS to remove unreacted stains. Next, 100 uL of pre-prepared DAPI
solution (1pg/mL in PBS) was added to each well and the spheroids were incubated for 15
minutes at room temperature in the dark. Following incubation, the cells were washed three
times with PBS to remove excess DAPI. Finally, 100 pL of PBS was added to each well before

imaging. Imaging was carried out using an EVOS M7000 imaging system with GFP (470/525
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nm) and DAPI (357/447 nm) filters and processed using ImageJ. The percentage of green
fluorescence was measured as a percentage of the total 2D area of the spheroid, which was
determined by measuring the area of blue stain from DAPI.

4.2.8 Evaluation of Fibrotic Response in Irradiated 3D Spheroids

4.2.8.1 Immunocytochemistry analysis of expression of fibrosis markers in 3D spheroids
Immunocytochemistry was performed to assess the expression of fibrosis marker, collagen I and
myofibroblast marker, a-SMA in NIH 3T3: SCA-9 spheroids subjected to various treatments as
described above. For immunocytochemistry, spheroids 10 days post-irradiation were fixed using
a solution containing 4% paraformaldehyde in 5% (w/v) sucrose and 0.6X PBS for 30 minutes at
room temperature, permeabilized with 0.4% Triton X-100 in PBS for 30 minutes and blocked
with 5% BSA in PBS for 2 hours at room temperature to minimize non-specific antibody
binding. Following the blocking step, spheroids were incubated overnight at 4°C with primary
antibodies targeting a-SMA (mouse Anti-Actin, a-Smooth Muscle antibody, 1:300 dilution)
(Sigma Aldrich, Catalog # A5228) and collagen | (rabbit Anti-Collagen I, 1:300 dilution)
(Millipore Sigma, Catalog # AB745) Following the incubation period, the spheroids were
washed five more times followed by incubation with DAPI and secondary antibodies for 4 hours.
Alexa Fluor 488 Donkey Anti-Rabbit IgG was the secondary antibody to identify collagen I.
(catalog# ab150073, 1:400 dilution) and to identify a-SMA was Alexa Fluor 647 Donkey Anti-
Mouse IgG (catalog# 715-606-150, 1:400 dilution) (Jackson ImmunoResearch Laboratories).
Images were captured using the EVOS M-7000 with DAPI (357/447 nm), GFP (482/524 nm),
and RFP (542/593 nm) filters (Thermo Fisher Scientific) and processed using Imagel. The

expression of each marker was quantified by % fluorescence that was calculated by dividing the
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total area of a-SMA Dby the total area of DAPI and the total area of Collagen | fluorescence by
the total area of DAPI.

4.2.8.2 Picrosirius red staining of collagen fibers in 3D spheroids

After culturing, spheroids were consolidated, fixed, and washed as described in section 2.3. After
washing, the spheroids were subjected to a series of dehydration steps using sucrose solutions.
Spheroids were first exposed to a 10% sucrose solution, followed by increasing concentrations
up to 30% sucrose. Each step involved an hour of refrigeration at 4 °C, except for the final
sucrose solution, which was refrigerated overnight.

Subsequently, spheroids, were placed into a silicone mold with about 32 spheroids per mold. A
very thin layer (~0.8 mm) of tissue freezing medium (Leica, Deer Park, IL) was added to cover
the spheroids, and they were refrigerated at 4 °C and frozen the following day using liquid
nitrogen, which was poured around the silicone molds (molds were not submerged). Next, more
tissue freezing medium was added to create a thicker block, which was also frozen with liquid
nitrogen. This method positioned the spheroids near the surface of the block, making it easier to
section them for analysis. The samples were then stored horizontally at -80°C until they were
sectioned into 5-um sections using a cryostat (CM 1950, Leica Biosystems, Nussloch, Germany).
After cryopreservation and sectioning, picrosirius red (PSR) staining was employed to quantify
and assess the distribution of collagen in spheroid sections. Samples were dipped in Bouin’s
fluid (Newcomer Supply, Middleton, WI., Catalog # 1020B) five times, then removed and
allowed to dry overnight at room temperature to fix the sample. The following day, the Bouin’s
fluid temperature was increased to 60°C, and the samples were placed in the Bouin’s fluid for
one hour to enhance fixation. After fixation, the samples underwent ten dips in tap water to

remove excess fixative. The samples were then stained with PSR (Scytek, Logan, UT, Catalog #
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SRS999) by immersion for 15 minutes, followed by rinsing under running tap water for one
minute to wash off unbound dye. The samples were subsequently immersed in picric acid
(Newcomer Supply, Middleton, WI. Catalog # 1336B) for 40 minutes to enhance staining
contrast. Following this, the samples were dehydrated in 100% isopropanol for five minutes.
Dehydration continued with five dips in 100% ethanol, which was repeated once with unused
100% ethanol, to ensure thorough water removal. This was followed by 10 dips in a
xylene/ethanol mixture (1:1 ratio) and three consecutive xylene washes—Ilasting one minute, one
minute, and two minutes, respectively—to clear the tissue of any remaining ethanol. Finally, the
slides were mounted using a non-aqueous mounting medium, Fisher Chemical™ Permount™
Mounting Medium (Thermo Fisher Scientific), to preserve the stained tissue for microscopic
examination.

Brightfield images of the samples, stained with PSR, were captured using the EVOS M7000
imaging system. The captured images were subsequently analyzed using ImageJ software. To
quantify the proportion of collagen in each section, images were first converted to 8-bit
grayscale. The total area of each section was quantified via thresholding as follows: First, the
images were split into three color channels: red, green, and blue. Next, the green channel lower
and upper thresholds for pixel intensity were set to (0,146) respectively to measure the total area.
Subsequently, the red area lower and upper thresholds for pixel intensity were set to (0,75). This
red area was subtracted from the total section area to calculate the percentage of the area
occupied by collagen.Heat maps were generated to examine differences in signal intensity
visually and depict areas of increasing signal intensity within the collagen-defined area. This was

achieved using the Heatmap Histogram plugin for ImagelJ. The plugin counts pixels for each
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gray value in an 8-bit or 16-bit image within a defined interval, transforming the image into a

heatmap complete with a calibration bar.

4.2.9 Statistical analysis

Quantitative data were expressed as mean £ SEM (standard error of mean). Descriptive statistics

were compiled to summarize cell viability, DNA damage, apoptosis, and collagen deposition

across the four treatment groups. One-way ANOVA was performed to determine the significance

of treatment effects on collagen accumulation, followed by Tukey's multiple comparisons test to

discern differences between specific treatment groups. The Brown-Forsythe and Bartlett's tests

were utilized to evaluate the homogeneity of variances among the groups. These analyses were

performed using GraphPad Prism version 10.0.0 for Windows, GraphPad Software, Boston,

Massachusetts USA, www.graphpad.com”

4.3 Results

4.3.1 Effects of radiation dosages on 2D cultured SCA-9 salivary epithelial cells and NIH
3T3 fibroblasts

4.3.1.1 SCA-9 and NIH 3T3 viability post-irradiation

We examined the effects of X-ray exposure on SCA-9 cell viability across a range of doses (0, 4,

8, 12, and 16 Gy). Our study revealed a significant increase in percentage of dead cells (i.e.,

reduction in viability) as radiation dose increased from 0 to 16 Gy (Fig. 1, A-F, M). One-way

ANOVA indicated a profound effect of radiation on cell viability (p < 0.0001), with the dose

variation accounting for 99% of the response variability (R-squared = 0.99). Tukey’s multiple

comparisons further confirmed that viability at all irradiated doses was significantly lower

compared to the control group. Particularly, the transition from non-irradiated cells to 4 Gy

exposure showed an average viability decrease of over 11%, and the reduction continued to be
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significant at higher doses. However, the difference between 8 Gy and 12 Gy was insignificant,
suggesting a threshold effect within this range. The most significant decrease in cell viability

occurred at 16 Gy, indicating severe cytotoxic effects.

A-B- C-
G-H- I-

Figure. 4.1. Effect of the radiation dosage on

cell viability. (A-L) Fluorescence images of
LIVE/DEAD staining of 2D cultures of

™ ™ *  SCA9 (A-F) and NIH 3T3 (G-H) cells
§ o0 iso_ exposed to increasing doses of radiation.
% .l . 3. (A,G) negative control (C(-), 0 Gy); (B,H)
= . -} . positive control (C(+), treated with 70%
1, N methanol); (C,1) 4 Gy; (D,J) 8 Gy; (E,K) 12
Cth 4 8 12 16 Ci) ch4 s wcy Gy, (FL) 16 Gy. Scale bar = 275 um. (M,N)

Yoray dosage (&) oray dosage (G) Quantification of LIVE/DEAD stained SCA-

9 (M) and NIH 3T3 (N) show the percentage
of dead cells (mean = SEM) under different
X-ray exposures. SCA-9, N=4. NIH 3T3,
N=2,3,4,3,4,4 for C (-), 4,8,12,16 Gy and C
(+), respectively.

Similarly, the effects of radiation on NIH 3T3 cell viability showed that higher doses
significantly increased cell mortality, especially at 16 Gy (Figure 4.1, G-L, N). One-way
ANOVA results showed a significant impact of radiation dose on cell death ( p = 0.0108), with
about 70% of variability in cell death explained by dose differences. However, lower doses did
not exhibit significant increases in mortality compared to the control, suggesting a higher

threshold for observable effects on NIH 3T3 fibroblasts. The homogeneity of variances,
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confirmed by the Brown-Forsythe test (p = 0.5578), supported the validity of the ANOVA

findings.

4.3.1.2 Analysis of DNA damage in 2D cultures of SCA-9 and NIH 3T3 post-irradiation
NIH 3T3 fibroblasts showed a significant increase in phosphorylated H2AX expression at 16 Gy
compared to the control group (Fig. 4.2), indicating DNA damage; the ANOVA results
approached statistical significance, F(4, 33) = 2.366, P = 0.0729, indicating potential differences

in DNA damage between the groups.

In SCA-9 cells, Following the ANOVA results, Tukey’s posthoc analysis revealed a significant
difference in phosphorylated H2AX expression at 16 Gy compared to all other doses (0, 4, 8, and

12 Gy) (Fig. 4.3).
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Figure 4.2 2D DNA damage assay of NIH 3T3 cells subject to 0 Gy, 4 Gy, 8 Gy, 12 Gy, or 16
Gy of X-ray exposure as indicated by H2AX phosphorylation. (A-E) Fluorescence images of
phosphorylated H2AX expression in green. (F-J) Fluorescence images of DAPI-stained nuclei to
show total cell population. (A,F) negative control (0 Gy); (B,G) 4 Gy; (C,H) 8 Gy; (D,I) 12 Gy;

(E,J) 16 Gy. Scale bar = 275 pm. (K) Quantification of H2AX fluorescence percentage (total area
of phosphorylated H2AX / total area of DAPI staining).
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Figure 4.3. 2D DNA damage in SCA-9 cells subjected to X-ray exposure as indicated by H2AX
phosphorylation. (A-E) Fluorescence images of H2AX expression in green. (F-J) Fluorescence
images of DAPI-stained nuclei to show total cell population. (A,F) 0 Gy; (B,G) 4 Gy; (C,H) 8 Gy;
(D,)) 12 Gy; (E,J) 16 Gy. Scale bar = 275 um. (K) Quantification of H2AX fluorescence
percentage (total area of phosphorylated H2AX / total area of DAPI staining).

4.3.1.3 SCA-9 and NIH 3T3 cell apoptosis post-irradation

Apoptosis in SCA-9 and NIH 3T3 fibroblasts was evaluated after exposure to varying radiation
doses and quantified using Annexin V fluorescence, a marker for early apoptotic events (Fig.
4.4). In SCA-9 cells, apoptosis was significantly induced only at the highest radiation dose of 16
Gy, with no significant changes observed at lower doses (0, 4, 8, and 12 Gy, Fig. 4A-E, K). One-
way ANOVA confirmed the effect of radiation dose on apoptosis (F(4, 64) = 2.894, p = 0.0289),
although the variance explained by the treatment was relatively low (R-squared = 0.1531).
Tukey's post hoc test further isolated the 16 Gy dose as significantly different, indicating a
threshold effect where apoptosis markedly increased only at this high dose. The variance across
treatment groups was not homogenous, suggesting differing responses to radiation doses.

In contrast, the NIH 3T3 cells displayed a more pronounced dose-dependent increase in
apoptosis. The ANOVA results showed a significant effect of radiation dose on apoptosis levels
for by the radiation dose. The highest dose of 16 Gy notably increased apoptosis compared to

both the control and the lower radiation doses. Tukey’s multiple comparisons indicated
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significant differences between the highest dose and the control and across increasing dose levels
from 4 to 16 Gy. No significant increases were observed among the lower doses or between
these doses and the control, highlighting a threshold effect at 16 Gy. However, NIH 3T3 cells

showed generally lower level of annexin V staining.

- -
-
Figure 4.4. Apoptosis in 2D cultures of
SCA-9 and NIH 3T3 cells as a function
of radiation dose ranging from 0 to 16
Gy. Four hours post-irradiation, cultures
were stained for Annexin V (in green) to
154 assess apoptosis. (A-E) Fluorescence
} } images of SCA-9 cells. Scale bar = 125
b um. (F-J) Fluorescence images of NIH
0.51 { S 0. .3 3T3 fibroblasts. Scale bar = 275 um.
r * * __ _ (AF) Negative control (0 Gy). (B,G) 4
0 4 8 1216 0 4 8 1216 Gy (CH)8 Gy. (D) 12 Gy. (EJ) 16 Gy.
XRay Dosage (Gys) Xray dosage (&) (K L) Quantification of cell apoptosis of
SCA-9 (K) and NIH 3T3 (L). SCA-9, N =
14. NIH 3T3, N=18, 19, 22, 19, and 18
for 0 Gy, 4 Gy, 8 Gy, 12 Gy, and 16 Gy,
respectively.
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4.3.1.4 SCA-9 and NIH 3T3 cell senescence post irradiation

Examination of senescence in SCA-9 and NIH 3T3 cells exposed to radiation revealed differing
responses across varying doses (Fig. 4.5). SCA-9 cells showed no significant increase in
senescence-associated beta-galactosidase activity with increasing radiation doses up to 16 Gy

(Fig. 5, A-E, K). One-way ANOVA confirmed no significant differences in senescence levels
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(F(4, 75) = 2.141, P = 0.0840), and the R-squared value was relatively low (0.1025), suggesting
minimal influence of radiation dose on senescence in these cells. Tests for homogeneity of
variance confirmed consistent variability across groups.

In contrast, NIH 3T3 cells showed an observable, though not statistically significant, increase in
senescence at higher radiation doses, particularly at 16 Gy (Figure 4.3, F-J, L). Despite the
visible increase in senescence-associated activity, statistical analyses (One-way ANOVA: F(4,

135) = 1.893, p = 0.1152) did not show significant differences, with a low R-squared value

- J

Figure 4.5. Cellular senescence in SCA-9 and
NIH 3T3 cells using a fluorescent beta-
galactosidase substrate for SCA 9 (A-E) and
NIH 3T3 (F-J) cells subjected to increasing
1 doses of radiation. Negative control (0 Gy,
{ AF); 4 Gy (B,G); 8 Gy (C,H); 12 Gy (D,D); 16

7 % 21 Gy (E,J). Mean = SEM of percentage of total
} area occupied by Flu-beta galactosidase for

07— 0-——+——1+——SCA-9 (K) and NIH 3T3 (J) cells. N=16.

0 4 8 12 16 0 4 8 12 16 7
X-ray dosage (Gys) X-ray dosage (Gy) Scale bars = 400 pm.

K

AR

%Flu-Beta Galactosidase
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(0.05311) indicating that radiation dose poorly explained the variance in senescence. The
variance homogeneity tests yielded conflicting results, suggesting potential disparities in data

distribution, especially at higher doses.
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We chose 16 Gy as the best dosage to use for the reabased on several key findings from prior
experiments. Initially, we conducted dose-response studies on NIH 3T3 fibroblasts and SCA-9
salivary epithelial cells cultured in two-dimensional (2D) systems. These studies examined a
range of doses: 0 Gy, 4 Gy, 8 Gy, 12 Gy, and 16 Gy. Our results indicated that 16 Gy was the
most effective in inducing significant levels of cytotoxic effects, DNA damage, apoptosis, and
senescence in these cells.

Specifically, the 16 Gy dose resulted in a notable increase in apoptosis compared to both the
control and lower radiation doses, as demonstrated by Annexin V staining. The ANOVA results
confirmed a significant effect of radiation dose on apoptosis levels, with the highest dose
showing significant differences from the control and lower doses, highlighting a threshold effect
at 16 Gy. Additionally, 16 Gy was found to increase phosphorylated H2AX expression
significantly, indicating substantial DNA damage.

Given these findings, we concluded that 16 Gy was the optimal dose for further experiments,
particularly in our 3D co-culture spheroid model, as it provided a clear and pronounced response

across multiple cellular and molecular endpoints
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4.3.2 DNA Damage Response in NIH 3T3: SCA-9 Spheroids Cultured in Senescence-
conditioned Medium and Subject to X-ray Irradiation at 16 Gy
Next, NIH 3T3 fibroblasts and SCA-9 salivary epithelial cells were co-cultured in a 5:1 ratio,

seeded at 160 cells per well in non-adherent 96-well plates, and centrifuged to form spheroids,
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Figure 4.6. Impact of radiation and
senescence-conditioned medium on DNA
g damage in NIH 3T3: SCA-9 spheroids. (Left
panel) Fluorescence images of H2AX
staining of spheroids exposed to X-ray (16
Gy, X) and senescence-conditioned media
(CM) or combined (CMX), compared to
negative control (C). Purple, DAPI-stained
@]

nuclei. Green, Phosphorylated H2AX. Scale
bar = 200 um. (Right Panel) Percent H2AX
was calculated as the area of H2AX
fluorescence divided by the area of DAPI
fluorescence using Imagel. C, N=12; X,
N=2; CM, N=3; CMX, N=43.

which were then incubated at 37°C with 5% CO2 with regular medium changes every three days.

We evaluated spheroid responses to four different experimental conditions: control (C),
spheroids cultured in regular medium; X-ray exposure only (X) at 16 Gy; senescence-

conditioned medium only (CM); and combined senescence-conditioned medium with X-ray
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exposure (CMX), starting with assessment of DNA damage by expression of phosphorylated
H2AX (Figure. 4.6). While both the X-ray-treated and senescence-conditioned medium-treated
spheroids showed apparent increases in DNA damage, statistical comparisons between the
control and either the X or CM groups alone an  tween the X and CM groups compared to the
CMX group did not reach statistical significance, suggesting that the observed effect is
specifically associated with the combined treatment. Notably, the CMX group exhibited the
highest mean value, suggesting a potential additive effect of the senescence-conditioned medium
and X-ray exposure on DNA damage. Group standard deviation varied minimally, indicating
consistent responses within each treatment condition. One-way ANOVA revealed a statistically
significant difference among the four treatment groups (F(3, 17) = 15.38, p < 0.0001), explaining
approximately 73.08% of the variance in H2AX phosphorylation levels. The absence of
significant variance in standard deviations among the groups, as indicated by the Brown-
Forsythe test (p = 0.4241), suggests that the observed differences in means are not due to the
heterogeneity of variance. Post hoc analyses using Tukey's HSD test identified a significant
increase in DNA damage in the CMX group compared to the control (mean difference = -0.2779,
p < 0.0001), indicating that the combination of senescence-conditioned medium and X-ray
exposure significantly exacerbates DNA damage. These results support the hypothesis that
senescence-conditioned medium exacerbates DNA damage in NIH 3T3: SCA-9 spheroids
exposed to radiation, as evidenced by a significant increase in H2AX phosphorylation levels in
the CMX group compared to controls. The absence of significant differences between the control
and either the X or CM groups alone, and between these groups and the CMX group,
underscores the specificity of the senescence-conditioned medium effect when combined with X-

ray exposure.

126



4.3.3 The Impact of senescence-conditioned medium on senescence induction in NIH
3T3: SCA-9 spheroids post X-ray irradiation
The effects of senescence-conditioned medium on the induction of senescence in NIH 3T3:
SCA-9 spheroids exposed to radiation were explored using a fluorescent substrate to assay beta-
galactosidase activity (Figure. 4.7). This study aimed to determine if pre-treatment with
senescence-conditioned medium would amplify the senescence response to radiation. Overall,
the study demonstrated that pre-treatment with senescence-conditioned medium significantly
amplified the senescence response to radiation in NIH 3T3 SCA-9 spheroids, whereas X-ray
exposure alone or CM alone did not significantly increase senescence levels compared to the
control. The ANOVA results showed a significant influence of the treatment conditions on

senescence induction (F(3, 17) = 15.38, P < 0.0001), with an R-squared value of 0.7308. This
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Figure 4.7. Senescence assay using fluorescent
beta-galactosidase staining of spheroids exposed
to 16 Gy radiation dose (X), senescence-
conditioned media (CM), or both (CMX),
compared to negative control (C). (A)

Fluorescence images of beta-galactosidase

staining in green (middle), co-stained with DAPI

. in blue (left) and merged (right). Scale bar = 200

x 5 um. (B) Quantification of % fluorescent beta-
galactosidase stained area/ DAPI stained area for

each condition. C, N=12; X, N=2; CM, N=3;

CMX. N=4.
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indicates that the treatment conditions explained approximately 73% of the variance in
senescence levels. Subsequent post hoc analysis using Tukey's multiple comparisons tests
revealed detailed differences between the groups. The most notable finding was a significant
increase in senescence levels in spheroids pre-treated with senescence-conditioned medium.
Then, it was exposed to radiation (CMX), with a mean difference of -0.2779 compared to the
control group, indicating a heightened senescence response (P < 0.0001). No significant
differences were observed between the control and the other two treatment conditions (X and
CM), suggesting that neither X-ray exposure alone nor senescence-conditioned medium alone
was sufficient to increase senescence levels significantly compared to the control. Future studies
with larger sample sizes would be warranted given the trend observed.

The comparisons between X-ray-only (X) and senescence-conditioned medium-only (CM)
conditions did not show significant differences, nor did the comparison between X-ray exposure
alone and the combination of senescence-conditioned medium with X-ray exposure (X vs.
CMX). However, a trend was noted towards increased senescence in the CMX group compared

to other treatments, albeit not reaching statistical significance in all cases.

4.3.4 Effect of senescence-conditioned medium on fibrosis NIH 3T3: SCA-9 spheroids
post X-ray irradiation

4.3.4.1 Expression of collagen I and a-SMA in response to 16 Gy X-ray exposure

We investigated the fibrotic response of NIH 3T3: SCA-9 spheroids to radiation and senescence-

conditioned medium, starting with the expression of myofibroblast marker, a-SMA and fibrosis

marker, collagen 1. As before, four experimental conditions were analyzed: control (C), X-ray
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only (X), senescence-conditioned medium only (CM), and senescence-conditioned medium

followed by irradiation (CMX).
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Figure 4.8. Effects of radiation and senescence-
conditioned medium on fibrosis marker
expression. (A) Fluorescence images of
expression of collagen I (green) and o-SMA
M (red), co-stained with DAPI (blue) under four
conditions: control, radiation only at 16 Gy
(X), senescence-conditioned medium only
(CM), and their combination (CMX). Scale bar
= 200 um. (B,C) Quantification of expression
of collagen I (B) and a-SMA (C). Control, N=
CMX 16; X, N=11; CM, N=7; CMX, N=13.

No significant differences were observed in the mean expression levels of a-SMA across the four
groups. One-way ANOVA was performed to assess the statistical significance of differences
among the mean expression levels of a-SMA across the four groups. The analysis yielded a P-
value of 0.6204, indicating no significant difference among the groups. Further analysis using
Tukey's multiple comparisons test confirmed the lack of statistically significant differences. This
outcome challenges our initial hypothesis and highlights the complexity of fibrotic signaling

pathways in the context of senescence and radiation exposure.
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The study further investigated the effects of senescence-conditioned medium and X-ray exposure
on the expression of collagen I in NIH 3T3: SCA-9 spheroids, exploring another facet of the
fibrotic response (Figure 4.8). A one-way ANOVA revealed significant differences in collagen |
expression among the four groups. Subsequent Brown-Forsythe and Bartlett tests confirmed the
significance.

4.3.4.2. Picrosirius red staining of cryosectioned spheroids

Further investigation into fibrotic responses across different culture conditions in a 3D
microtissue model of the salivary gland using PSR staining of cryosectioned spheroids revealed
significant variations in collagen deposition. The senescence-conditioned medium and irradiation
(CMX) combination significantly enhanced collagen deposition within the microtissue model.
Furthermore, these findings highlight the differential impact of culture conditions on the fibrotic
phenotype of 3D salivary gland microtissues, with the combined effect of senescence
conditioning and radiation exposure markedly accelerating collagen accumulation, a hallmark of
fibrosis (Figure 4.9).

Statistical evaluation via one-way ANOVA demonstrated a profound effect of treatment on
collagen deposition (F(3, 37) = 69.47, p < 0.0001, R-squared = 0.8492), confirming significant
differences among the groups. These findings highlight the differential impact of culture
conditions on the fibrotic phenotype of 3D salivary gland microtissues, with the combined effect
of senescence-conditioning and radiation exposure markedly accelerating collagen accumulation,

a hallmark of fibrosis.

130



Figure 4.9. Picrosirius red staining of cryosectioned NIH

::: 3T3: SCA-O spheroids. (A-D) Optical images. (E-H)
8 } Collagen heat maps generated using ImageJ. Red, yellow, and
g %37 . blue denote decreasing collagen densities. (A,E) control (C).
g 0.2 = (B,F) Radiation only at 16 Gy (X). (C,G) Senescence-media
3 0.1- i only (CM). (D,H) Senescence-conditioned media plus
Soolr radiation at 16 Gy (CMX). Scale bars = 200 micrometers.
& ¢ x ¢cM cmx (I) Quantification of fractional presence of collagen

Conditions

(red)/total area (red plus yellow). N=10.

4.4 Discussion

Our study highlights the complex interplay between cellular senescence, the SASP, and the
fibrogenic processes following radiation exposure. The significant increase in collagen
deposition, particularly in the presence of a senescence-conditioned medium, underscores the
role of senescent cells in promoting fibrotic environments. The SASP, characterized by the
secretion of pro-inflammatory cytokines, chemokines, and growth factors, influences the
behavior of neighboring cells and tissue microenvironment. In our study, the use of the
senescence-conditioned medium, which contains these SASP factors, provides a relevant context
to explore their impact on fibrotic responses. Conversely, the nuanced response of a-SMA

expression points to the multifaceted nature of fibrosis, suggesting that fibrogenesis can be
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modulated through various cellular actors and signaling pathways beyond the traditional
myofibroblast-centric view.

This study's contributions to the field extend beyond the empirical findings; they stimulate
further inquiry into the mechanisms driving fibrosis and offer a foundation for developing
strategies to mitigate such effects in radiation therapy. The detailed examination of SASP
components and their impacts on fibrotic outcomes would provide a roadmap for identifying new
therapeutic targets within the complex senescence-associated secretome.

Translating these findings into therapeutic strategies offers a promising horizon for managing
radiation-induced fibrosis. ldentifying key SASP factors in promoting fibrosis allows targeted
interventions to neutralize these components or inhibit their production. Furthermore, exploring
senolytic agents that can selectively clear senescent cells presents an opportunity to alleviate the
profibrotic pressures within irradiated tissues. These approaches, grounded in a deep
understanding of the cellular responses to radiation and the senescence phenotype, promise to
enhance the therapeutic efficacy of radiation therapy while minimizing its adverse sequelae.

As we advance our understanding of the cellular dynamics in radiation-induced fibrosis, the
insights from this study beckon a more nuanced approach to cancer treatment that harmonizes
the oncological imperative of eradicating tumor cells while preserving tissue integrity and
function. The journey from bench to bedside is fraught with challenges. However, the potential
to improve patient outcomes by integrating these molecular insights into therapeutic strategies
offers an inspiring direction for future research and clinical practice.

Our experiments with SCA-9 cells with a tumorigenic origin revealed no significant increase in
senescence when treated with a senescence-conditioned medium and subjected to X-ray

irradiation. This resilience against senescence-inducing stressors, likely due to inherent defense
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mechanisms in tumor-derived cells, underscores the complexity of cellular aging and the
adaptive strategies of tumor cells to bypass growth arrest [432].

Contrastingly, the same conditions led to pronounced DNA damage in co-cultured spheroids, as
indicated by increased H2AX phosphorylation. This result suggests that factors in the
senescence-conditioned medium, part of the SASP, sensitize cells to radiation, potentially
exacerbating DNA damage through interference with repair mechanisms or increased oxidative
stress [465]. To confirm these findings, further investigation with possibly larger sample sizes or
different statistical methods might be warranted.

Moreover, our findings highlight a significant role of senescence-conditioned medium in
enhancing fibrotic responses, notably through increased collagen deposition in spheroids. This
suggests that SASP factors facilitate the transformation of fibroblasts into myofibroblasts,
enhancing extracellular matrix production and fibrosis and compromising tissue function [466].
The synergy between senescence signals and radiation in promoting fibrogenesis underscores the
therapeutic potential of targeting the senescent microenvironment. Approaches like senolytics or
senomorphics, which modulate detrimental senescence pathways, could theoretically enhance
treatments like mesenchymal stem cell therapy for fibrosis, providing a dual strategy to
counteract radiation-induced fibrosis.

The differential expression of fibrotic markers such as collagen I and a-SMA in response to
radiation and senescence-conditioned medium further delineates the complex regulatory
mechanisms of fibrosis influenced by the cellular microenvironment.

Our study highlights the significant role of the senescence-conditioned medium and X-ray
irradiation in enhancing collagen | deposition across treatment groups, particularly in those

receiving both treatments (CMX group). This enhanced collagen deposition, a hallmark of
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fibrotic diseases, suggests that factors in the senescence-conditioned medium, particularly SASP
components, might stimulate profibrotic cytokines and growth factors, thereby promoting
increased collagen production by fibroblasts and myofibroblasts [466-469].

Interestingly, despite the increase in collagen deposition, a-SMA expression remained
unchanged, suggesting a dissociation between collagen production and myofibroblast activation.
This finding indicates that collagen deposition may be regulated through alternative pathways
independent of myofibroblast transdifferentiation, highlighting the complexity of fibrotic
processes and suggesting the need for further research into specific pathways and cell types
involved in fibrosis under senescent and genotoxic stress conditions [470].

These observations contribute to a nuanced understanding of fibrosis, emphasizing that
fibrogenic responses can vary significantly depending on the cellular environment and external
stimuli. The absence of increased a-SMA expression alongside elevated collagen levels
underscores the diversity of fibrotic pathways. This could lead to new therapeutic strategies
targeting specific aspects of fibrosis, such as collagen deposition, without impacting
myofibroblast activity.

Furthermore, our findings underline the complexities of radiation therapy, particularly the
challenge of inducing fibrosis in adjacent healthy tissues, highlighting the importance of
precision in radiation dosing. Modulating the tissue microenvironment to inhibit SASP could
mitigate fibrosis, improving the therapeutic ratio of radiation therapy by minimizing its adverse
effects on healthy tissue.

The role of senescence-conditioned medium in enhancing fibrotic responses highlights a novel
therapeutic opportunity. By targeting the senescence-associated secretory phenotype (SASP),

characterized by pro-inflammatory cytokines, chemokines, and growth factors, we can
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potentially limit the fibrogenic consequences of radiation therapy. Therapeutic strategies include
senolytics to eliminate senescent cells, thereby reducing the SASP or modulators to adjust the
secretion profiles of these cells, minimizing their impact on tissue fibrosis. Identifying specific
SASP factors exacerbating fibrosis could lead to targeted therapies to neutralize these factors or
block their effects on responsive cells.

4.5 Conclusion and future research directions

Our findings suggest new avenues for optimizing radiation therapy by targeting the mechanisms
of radiation-induced fibrosis and the modulatory effects of the senescent microenvironment.
Future research should focus on translating these benchtop insights into clinical strategies to
improve treatment efficacy and patient quality of life. Bridging the gap between in vitro results
and clinical applications is essential, recognizing the complexity of in vivo biological systems.
To confirm these findings, further investigation with possibly larger sample sizes or different

statistical methods might be warranted.

Limitations and prospects for further study

Our findings underscore the importance of exploring the temporal dynamics of senescence and
fibrosis to understand the initiation and progression of fibrosis post-radiation. Investigating these
patterns through longitudinal studies could reveal critical intervention points to alter the course
of fibrosis. Furthermore, there is substantial potential for developing targeted interventions
against the SASP. Strategies include designing small molecule inhibitors, monoclonal antibodies,
and other biologics to neutralize specific SASP factors or block their receptor interactions.
Employing senolytics to enhance the clearance of senescent cells could also reduce the

profibrotic effects of the SASP.
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Chapter 5: Conclusions and Future Directions

5. Summary of key findings

Throughout this investigative journey, we explored the intricate dynamics between cellular
senescence and radiation-induced damage, primarily focusing on 3D salivary gland spheroid
models. As we progressed through each chapter, a sequence of significant findings emerged,

laying the foundation for future research in this domain.

One of the most striking discoveries was the pivotal role that senescent cells play in modulating
radiation responses. These cells, which have undergone a permanent growth arrest, displayed
unique properties in the face of radiation. Their distinct secretory profile, the Senescence-
Associated Secretory Phenotype (SASP), was revealed to influence neighboring cells

significantly.

Our experiments suggested that conditioned media, enriched with factors from senescent cells,
provided a protective shield against radiation-induced DNA damage. This observation was
counterintuitive and highlighted the potential therapeutic avenues that might be derived from

understanding the SASP.

We observed a clear link between the presence of senescent cells and the onset of fibrosis in the
spheroid models. This connection is especially critical given the detrimental impact of fibrosis on

tissue functionality.

It was also intriguing to note that not all senescent cells responded uniformly. Depending on their
induction method—whether replicative senescence or stress-induced premature senescence—
their behavior and impact on surrounding cells varied, indicating a layered complexity within the

realm of senescence.
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By drawing these key conclusions, we have expanded the existing knowledge base on the subject
and set the stage for further studies that can dive deeper into each of these findings. This journey
through the world of senescence and radiation has shed light on areas previously shrouded in

mystery and opened up new, promising avenues for therapeutic interventions.

6.1 Implications of research conclusions

The findings from this research have opened a window into the complex interplay between
senescence, radiation, and tissue response, and revelations bear far-reaching implications across

various scientific domains.

The understanding that senescent cells, particularly the SASP, can modulate tissue response to
radiation is groundbreaking for regenerative medicine. Recognizing the protective or detrimental
roles of senescent cells can guide strategies for tissue regeneration, especially in scenarios where
radiation therapy is a prerequisite. Harnessing the protective properties of conditioned media or
modulating the senescent cell population might offer avenues for enhanced tissue recovery post-

radiation.

The protective effect of conditioned media against radiation-induced DNA damage reshapes our
understanding of radiation biology. Traditional views have often considered radiation to exert
uniform effects across tissues. However, this research underscores that specific cellular factors
can significantly influence radiation outcomes. Such insights can guide the development of

treatments that reduce the side effects of radiation or enhance its therapeutic efficacy.
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Our exploration of senescence has illuminated the heterogeneity of senescent responses based on
the nature of their induction. It underscores that senescent cells are passive, aged entities and
active in shaping tissue microenvironments. This expanded understanding can have implications
in aging research, where the accumulation of senescent cells is a hallmark, and in diseases where

senescence plays a role, such as fibrotic disorders or certain cancers.

The discovery that senescent cell behavior can vary based on its induction mode suggests that
therapies targeting senescent cells must be fine-tuned based on the specific context. Broad-
spectrum anti-senescence or senolytic treatments might not be universally beneficial, and a more

tailored approach could be the key to maximizing therapeutic gains.

The successful use of 3D salivary gland spheroids in this research underscores the potential
advantages of employing physiologically relevant model systems. Such systems can bridge the
gap between in vitro and in vivo studies, providing more accurate representations of in vivo

scenarios.

The insights gleaned from this research have paved the way for reevaluating established norms in
multiple scientific areas. They remind us that biological systems are dynamic and interconnected,
and a shift in one component can ripple through the entire system, influencing outcomes in ways

previously unimagined.

6.2 Future directions

The journey undertaken in this dissertation has traversed the intricate pathways of cellular
senescence, radiation response, and tissue repair, offering a fresh perspective on how these
entities interact, influence, and are influenced by one another. Some key conclusions drawn from

this body of work include:

138



One of the pivotal findings has been the protective role of senescence-conditioned media against
radiation-induced DNA damage. This observation underscores the multifaceted nature of
senescent cells, highlighting their potential as end-of-the-line cells marked by growth arrest and

as dynamic entities that can actively influence their surroundings.

The research has revealed that while senescence can be protective against immediate radiation
damage, its prolonged presence or the continuous influence of senescence-associated secretory
phenotype (SASP) can promote fibrotic changes, emphasizing the dual role senescence plays in

tissue health.

The evident transformation of tissue towards a fibrotic state in the presence of conditioned media
from senescent cells post-radiation underscores the profound influence that senescent cells exert
on tissue microenvironments. This relationship between senescence and fibrosis can have

profound implications for several pathologies where fibrosis is a detrimental outcome.

The research also emphasized the robustness and relevance of 3D salivary gland spheroids as a
model system. Their physiological relevance enabled a closer mimicry of in vivo conditions,

yielding insights that might have been overlooked in traditional 2D models.

The variations observed in cellular response based on the media condition, whether regular,
senescence-conditioned, or DMEM, emphasize the intricate nature of cellular metabolism,
growth, and response mechanisms. Such findings highlight the need for meticulous experimental
designs in future studies, ensuring that variables like media composition are appropriately

considered.

In summing up, this dissertation has expanded the understanding of senescence beyond its

traditionally perceived roles. By delving deep into the intersections of senescence, radiation, and
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tissue health, we have unraveled layers of complexity that, while challenging established norms,
offer exciting possibilities for the future of regenerative medicine, radiation therapy, and aging

research.

The discoveries and insights from this dissertation contribute to the existing body of knowledge
and illuminate paths for further exploration. As the boundaries of our understanding expand, so
too do the horizons of what can be achieved. Here are some critical areas of exploration that

emerge as future directions based on the work presented.

6.2.1 Senolytic and anti-senescent treatments

Targeting Senescent Cells with Senolytics: Senolytic agents, which selectively target and
eliminate senescent cells, have gained significant attention in recent years for their potential in
rejuvenation therapies and combating age-related diseases. Given the findings of this
dissertation, exploring how these agents impact radiation-damaged tissues that harbor senescent
cells could be transformative. Can they effectively reduce the senescent cell burden in such

tissues? And if so, does this alleviation improve tissue health and function post-radiation?

Another avenue is modulating the SASP. Given that SASP factors have been seen to influence
radiation response and tissue fibrosis, understanding how to manipulate these secretions could
hold the key to mitigating detrimental effects. This endeavor involves studying molecules or
interventions that can suppress the pro-fibrotic elements of SASP or enhance its beneficial

components.

Understanding the therapeutic window for these interventions is needed. When is the optimal
time post-radiation to introduce senolytic or anti-senescent treatments to achieve the best

outcomes? Is there a "golden hour" post-exposure when intervention is most beneficial?
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A promising strategy would be the combination of radiation with senolytics or anti-senescent
agents. Such a synergistic approach might enhance the therapeutic effects of radiation while

minimizing its side effects, especially in cancer treatment, where radiation is a mainstay.

While immediate effects can be gauged, the long-term implications of using senolytic or anti-
senescent treatments in the context of radiation exposure remain an open question. Would these
treatments confer long-term benefits to tissue health and function? Or might there be unforeseen

complications that emerge over time?

Incorporating these future directions into subsequent research endeavors would be instrumental
in achieving a holistic understanding of senescence modulation in radiation biology. Moreover,
these investigations could pave the way for innovative therapeutic strategies that address the
immediate aftermath of radiation exposure and sculpt long-term outcomes for improved health

and longevity.

6.2.2 Enhanced 3D models for studying radiation response

Significance of 3D Models: Traditional 2D cell culture systems, while foundational to our
understanding of cellular processes, often lack the complex intercellular interactions and
microenvironments found in vivo. 3D culture systems, conversely, can more closely mimic the
physiological conditions of tissues and organs. Given the intricate dynamics of radiation
response involving multiple cell types and intricate cell-cell and cell-matrix interactions,
employing advanced 3D tissue models is crucial for generating physiologically relevant and

translatable data.

Incorporation of Multiple Cell Types: One key feature that advanced 3D models can incorporate

is the co-culture of multiple cell types. Given that radiation affects not just a single cell type but
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the entire tissue ecosystem, models that include numerous resident cell types of a particular
tissue (e.g., fibroblasts, epithelial cells, immune cells) can offer a more comprehensive

understanding of radiation response.

Leveraging microfluidic technologies allows for creating "organ-on-a-chip™ models where
dynamic cellular interactions can be studied in real time. Such models could be instrumental in

understanding radiation's immediate and delayed effects at a microphysiological level.

Different types of radiation (e.g., X-rays, gamma rays, alpha particles) may have varying effects
on tissues. Advanced 3D models can be employed to understand these differential effects,

providing insights into the mechanistic underpinnings of tissue response to diverse radiation

types.

With the advancement of imaging technologies, it's now possible to monitor cellular and
subcellular processes in 3D models in real time. Such dynamic monitoring post-radiation
exposure could provide invaluable insights into the immediate cellular responses, onset of

senescence, and emergence of other radiation-induced phenotypes.

3D models can be complemented by computational modeling to predict radiation responses
based on various parameters. Such integrative approaches can be powerful in anticipating

outcomes and guiding experimental designs.

In summary, the enhancement and employment of advanced 3D tissue models stand as a frontier
in radiation biology. By their ability to emulate physiological conditions, these models promise
to unveil deeper and more relevant insights into how tissues and organs respond to radiation. The
knowledge gleaned from such studies can be instrumental in devising strategies to protect,

mitigate, or repair radiation-induced damage.
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6.2.3 Exploring molecular mechanisms further

Understanding the Interplay: While this dissertation has touched upon some critical molecular
pathways, especially concerning the transition between senescence and fibrosis, there is still a
vast landscape of molecular interactions yet to be explored. The cellular response to radiation
and the interplay between senescence and fibrosis is multifaceted, with multiple molecular

pathways likely contributing to the observed phenotypes.

Role of Non-Coding RNAs: Recent research has highlighted the significance of non-coding
RNAs, including microRNAs and long non-coding RNAs, in modulating cellular responses to
various stimuli, including radiation. Their potential role in governing the transition between

senescence and fibrosis or modulating the SASP could be fertile ground for exploration.

Post-Translational Modifications: Beyond gene expression changes, post-translational
modifications (such as phosphorylation, acetylation, and ubiquitination) can dramatically
influence protein activity and stability. Exploring these modifications, especially in critical
proteins involved in senescence or fibrosis, can provide a deeper understanding of radiation-

induced changes at the molecular level.

Interplay with Metabolism: Cellular metabolism is tightly linked to many cellular processes,
including senescence. Exploring shifts in metabolic pathways, such as glycolysis or oxidative
phosphorylation, in response to radiation can shed light on the metabolic requirements of

senescent cells and how they may differ from non-senescent counterparts.

Systems Biology Approach: Instead of focusing on individual pathways or molecules, a systems

biology approach considers the network of interactions and how they collectively contribute to
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cellular outcomes. Employing this approach can help understand the complex interplay of

molecular pathways following radiation exposure.

Feedback Mechanisms: Cellular responses are often regulated by feedback mechanisms, where
the output of a pathway can influence its input. Identifying and understanding these feedback
loops, especially in radiation response, senescence, and fibrosis, could be pivotal in predicting

long-term outcomes and potential therapeutic interventions.

Integration with Clinical Data: While molecular studies in laboratory models provide invaluable
insights, integrating these findings with clinical data can validate their relevance in real-world
scenarios. Such an integrative approach can ensure that the explored mechanisms directly affect

patient care and treatment outcomes.

In summary, while significant strides have been made in understanding the molecular
underpinnings of radiation response, senescence, and fibrosis, much terrain remains to be
charted. Delving deeper into these mechanisms, with advanced technologies and integrative
approaches, will pave the way for a more comprehensive understanding and potentially novel

therapeutic interventions.
6.2.4 Recommendations for further studies

Expanding the Cell Types: While the current dissertation has centered on salivary gland
spheroids and their response to radiation in the presence of senescent cues, it is crucial to expand
the study to other cell types. Different cells might have unique radiation responses, and

understanding these nuances could offer a broader perspective on radiation biology.

In Vivo Models: While 3D spheroid models provide a more physiological context than 2D
cultures, in vivo animal models are a step closer to understanding responses in a living organism.
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For instance, mouse or rat models could provide insights into systemic responses, tissue-tissue

interactions, and more comprehensive physiological outcomes post-radiation.

A detailed time-course study of post-radiation exposure could provide insights into the
immediate and long-term molecular and cellular changes. Such a study could delineate the
chronological sequence of events, from the immediate DNA damage response to the eventual

tissue remodeling or fibrosis.

In the clinical setting, radiation is often given with other treatments, such as chemotherapy.
Understanding how these combined treatments impact senescence and subsequent tissue

outcomes could be of significant relevance.

With the advent of single-cell RNA sequencing technologies, dissecting cellular responses at an
individual cell level is now possible. Given the heterogeneity of cellular responses to stimuli like
radiation, single-cell studies could unearth previously unappreciated nuances in how different

cells within a tissue or spheroid respond.

Beyond transcriptomics, incorporating proteomics, metabolomics, and even epigenomics could
offer a multi-dimensional view of the cellular response to radiation in the context of senescence.
Such an integrative approach can provide a holistic understanding of the changes occurring

within the cells.

Given the rising interest in senolytic agents that selectively target senescent cells, understanding
which senescent cells (induced by radiation or otherwise) are sensitive to which senolytic agents
could be pivotal. It could also pave the way for combining treatments that utilize radiation and

senolytics for therapeutic benefits.
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Beyond molecular markers, functional assays that assess cellular capabilities (e.g., migration
assays, wound healing assays for fibrosis studies) could provide a more tangible measure of the

impact of radiation and senescence on cellular behavior.

Numerous avenues remain to be explored in the vast and ever-evolving field of radiation biology
intersecting with cellular senescence. While not exhaustive, the above recommendations provide
a direction for subsequent research endeavors to deepen our understanding and uncover novel

therapeutic possibilities.
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