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The evolving definition of salivary gland stem cells
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Dysfunction of the salivary gland and irreversible hyposalivation are the main side effects of radiotherapy treatment for head and
neck cancer leading to a drastic decrease of the quality of life of the patients. Approaches aimed at regenerating damaged
salivary glands have been proposed as means to provide long-term restoration of tissue function in the affected patients. In
studies to elucidate salivary gland regenerative mechanisms, more and more evidence suggests that salivary gland stem/
progenitor cell behavior, like many other adult tissues, does not follow that of the hard-wired professional stem cells of the
hematopoietic system. In this review, we provide evidence showing that several cell types within the salivary gland epithelium
can serve as stem/progenitor-like cells. While these cell populations seem to function mostly as lineage-restricted progenitors
during homeostasis, we indicate that upon damage specific plasticity mechanisms might be activated to take part in
regeneration of the tissue. In light of these insights, we provide an overview of how recent developments in the adult stem cell
research field are changing our thinking of the definition of salivary gland stem cells and their potential plasticity upon damage.
These new perspectives may have important implications on the development of new therapeutic approaches to rescue

radiation-induced hyposalivation.

npj Regenerative Medicine (2021)6:4; https://doi.org/10.1038/s41536-020-00115-x

INTRODUCTION

Adult salivary glands, like every other tissue and organ in our
body, preserve their functionality by maintaining homeostasis, a
balance between cell death and cell replacement, which is strictly
regulated by adult resident stem/progenitor cells capable of self-
renewal and differentiation into mature tissue lineages. Although
the function of salivary glands is not a necessity for human
survival, the dysfunction of this organ due to radiotherapy
treatment of head and neck cancer, leads to long-lasting
detrimental side effects. Such side effects, which include
difficulties swallowing (dysphagia), eating, and speaking and an
accelerated tooth decay and dental caries as well as an increase in
fungal and bacterial infections of the oral cavity, can drastically
reduce the quality of life of patients'™.

Consistent with the need for new therapeutic approaches that
will provide long-term solutions to restore salivary gland function
and together with the knowledge that radiotherapy treatment
leads to a loss of regenerative potential®>, there has been an
increased focus on identifying the stem/progenitor cell popula-
tions and the niche signaling pathways that regulate their
behavior during tissue homeostasis and regeneration®™®.

In this review, we address the challenge of identifying resident
adult stem cells, as well as the role they play within the salivary
gland during homeostasis and regeneration. Initially presenting
salivary gland stem/progenitor cells within the context of the
quiescent, multipotent “traditional” stem cell definition, we
highlight questions within the field and provide evidence of
how recent developments in the adult stem cell research field are
changing the perception and quest for identifying salivary gland
stem cells from a strictly phenotype-based approach to a more
functional approach.

CLASSICAL STEM CELL DEFINITION: THE HARD-WIRED DOGMA
OF THE HEMATOPOIETIC STEM CELL (HSC) AS TEMPLATE FOR
ALL OTHER STEM CELLS

Initial attempts to identify stem cells in a relative unexplored
tissue, such as the salivary gland, have historically relied on the
“stem cell dogma” based on the well-characterized multipotent
HSC system'®. The rarity, the quiescent state, and the ability of
HSCs to asymmetrically divide are characteristics that served as a
template for all studies aiming to characterize adult stem cells in
most mammalian tissues. These characteristics guarantee, on one
hand, the “self-renewal and long-lived permanence” of the tissue,
and on the other hand, ensure a unidirectional differentiation of
well-characterized progenitors along the hierarchical tree until
final differentiation is reached'' %

However, can we apply this template based on the only non-
solid fast turnover tissue in our body (the hematopoietic system)
to solid tissues that differ in size, morphology, physiology,
constitution, function, and stressors to which they are exposed
to during life? Starting from the HSC point of view, the simplest
definition of a stem cell in adult mammalian tissue is a slow-
cycling cell that, under homeostatic conditions, limits the number
of consecutive divisions to minimize DNA replication errors. In this
view, the differentiated cells of a given tissue are derived from
transient amplifying progenitors rather than directly from the
“primitive” stem cells sitting at the apex of the hierarchical tree.
Cells with a low proliferative activity are experimentally defined by
the ability to retain chromatin labels, such as 3H-thymidine,
bromodeoxyuridine, and histone—green fluorescent protein fusion
protein, for an extended period of time and are therefore termed
label retaining cells (LRCs).

While retention of nuclear labels essentially defines the pro-
liferative history of cells, studies based on long-term pulse-chase
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experiments and on the repair of radiation-induced damage in
epidermis and intestine’>'> showed that LRCs were spatially
segregated in these tissues. This led to the proposal that cell cycle
characteristics and spatial organization of these cells could describe
their identities: slow cycling cells are stem cells (located in the basal
layer, in a protected position) and fast cycling cells represent the
transient amplifying cells that terminally differentiate after a finite
number of divisions following a unidirectional stream starting from
the basal layer'*'®"”. Although the search for novel stem cells based
on quiescence is complicated, also considering the fact that the
majority of adult cells are not dividing, studies on LRCs (and
therefore defining the quiescent state as a “stem cell trait”) were
successfully applied in the quest to uncover adult stem cells in
several tissues, such as the hair follicle'®, skin (reviewed in'®), sweat
glands®®?!, teeth??, pancreas®, and intestine®*.

Similar to liver, prostate, and lung, the salivary gland belongs to
a group of tissues in our bodies with a relatively slow turnover
(>60 days)®. These tissues increase proliferation in response to
damage, in order to replace the lost cells, to then go back to their
low-level maintenance when homeostasis is restored.

THE QUEST FOR SALIVARY GLAND STEM CELLS

Salivary glands are composed of two types of secretory acinar cells
surrounded by myoepithelial cells that help the secretion of the
mucous or serous fluid into the ductal network through which
saliva reaches the oral cavity (Fig. 1)%57%,

During salivary gland homeostasis, a single administration of
3H-thymidine labeled intercalated ducts and to a lower extent
acinar cells and granulated ducts®®. Over time, the number of
labeled intercalated ductal cells decreased, while the number of
labeled acinar and granulated ductal cells increased, potentially
identifying the intercalated ductal cells as candidates for transient
amplifying (T/A) progenitor cells?**'. Although the intercalated
duct seems to be recognized as the T/A compartment in salivary
glands agreeing with the unidirectionality of the differentiation
stream proposed based on the model of HSCs, the identity of the
multipotent cell that occupies the apex of the salivary gland stem
cell hierarchy tree remains unknown.

While LRC studies in adult salivary gland show a scattered
distribution of LRCs throughout the parenchyma and co-
expression of putative salivary gland progenitor cell markers?,
these studies only focus on the gland in homeostatic situations
and do not consider the limitations that arise using a label
retaining approach. LRC studies are unable to discriminate
between potential quiescent stem/progenitor cells and other cell
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Fig. 1 Schematic representation of a generic salivary gland
structure. The salivary gland epithelium is composed of two types
of saliva-producing cell types, serous acinar cells and mucous acinar
cells. Myoepithelial cells surrounding the acinar unit aids the
expulsion of saliva from acinar cells into the ductal network,
composed of intercalated, striated, and excretory ducts, through
which saliva is modified and transported to the oral cavity (Figure
created with BioRender.com).

npj Regenerative Medicine (2021) 4

types which are cycling slowly at the moment of the pulse or
differentiated cells that have ceased dividing and thus potentially
generate false positives. In order to address the nature and
regenerative potential of LRCs, a label retaining approach should
be combined with an injury model to verify whether the number
of LRCs stays the same or decreases and the percentage of
proliferating LRCs and whether these proliferating LRCs (if present)
contribute to salivary gland regeneration in a multipotent way,
giving rise to both acinar and ductal cells. Currently, label
retaining approaches applied to adult salivary glands have
resulted in being neither sensitive enough nor specific enough®?
for the identification of salivary gland stem/progenitor cells, and it
is therefore not possible to conclude, based on their spatial
localization and cycling characteristics, whether salivary gland
LRCs are (or are not) stem cells.

The recent use of genetic lineage-tracing models in salivary
gland has provided new insights into the nature and properties of
adult tissue progenitor cells. Tracing of adult acinar cell markers or
markers for acinar progenitors, such as Mist1, Pip, and Sox2,
revealed that homeostasis of the acinar compartment can be
achieved via self-duplication of acinar cells or the replacement of
mature acinar cells by immature acinar progenitor cells*>~3*
without the contribution of a more primitive adult stem cell
population. Keratin-14 (K14), Keratin-5 (K5), and Kit all mark
different cell types within the ductal compartment and act as
lineage-restricted progenitors to maintain the ductal compart-
ment during homeostasis>*~8, Moreover, lineage tracing for the
myoepithelial marker Acta2 (alpha-smooth muscle actin) proves
that myoepithelial cells are maintained through self-duplication®®.
In contrast to adult homeostasis, stem/progenitor cells identified
during embryonic development are more multipotent and less
lineage restricted. For example, K5 and Sox2 are co-expressed
throughout cells of the oral epithelium prior to salivary gland
development®® and mark a population of cells that give rise to all
epithelial cells of the submandibular and the sublingual
glands*®*'. However, this multipotent cell population becomes
restricted to cells of the ductal and acinar lineages, respectively, as
development progresses®*3¢. This evidence points to the transi-
tion from a multipotent state during development to distinct,
unipotent salivary gland proliferative units in adulthood that
provide lineage-restricted support to their compartment of origin
in homeostatic conditions (Fig. 2). In contrast to HSCs, these cells
are relatively abundant, they are not quiescent, they mostly seem
to divide symmetrically, and their persistence in the tissue is
subjected to stochastic events. Therefore, when comparing
salivary gland stem/progenitor cells to the paradigm of the HSCs,
we have to face the reality that, so far, we do not know where or,
more importantly, if a multipotent “professional” quiescent stem
cell exists within the salivary glands. Could it then be that salivary
glands do not contain such stem cell types but rely entirely on the
proliferative capacity of the three main differentiated cell types:
acinar, ductal, and myoepithelial cells, and could this be explained
by the tissue’s development?

Tissues with a fast turnover, such as epidermis or intestine,
contain cells with a lifetime of days or weeks, and while they are
more easily exposed to insult because of their proximity to the
external environment, their natural morphology allows a fast
disposal route of cell debris: a direct interface with the outside
world*2. Lineage-tracing studies and statistical analysis in fast
turnover tissues, such as the testis*?, intestine****, esophagus”®,
and glandular stomach®’, revealed that each of these tissues are
devoid of slow cycling stem cells, which are central to the dogma
of the HSCs. In contrast, they appear to possess a pool of
equipotent proliferating stem-like cells (clones), which are capable
of giving rise to all differentiated cell lineages in the tissue. All
these equally potent stem-like cells compete with each other for
niche space and their long-term permanence in the niche will

depend solely on stochastic events*®*°, similar to what is
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Fig. 2 Salivary gland homeostasis seems to be achieved via self-duplication of lineage-restricted progenitor cells. Salivary glands are
suggested to be structured in salivary gland proliferative units (SPUs), respectively, the acinar and the ductal proliferative units. Each unit
contains multiple lineage-restricted progenitor cells, which, under normal homeostatic conditions, are able to self-duplicate and replace the

lost cells within the unit (Figure created with BioRender.com).

described as the neutral theory of molecular evolution in
population genetics®®. In adult tissues, the heterogeneity of the
niche structures, the niche size, and the variety and spatial
distribution of the signals released from the niche in relation to
stem-like cell location could drive stochastic cell fate decisions.
Hence, following a neutral drift dynamic, only certain clones
persist in the niche. All other clones are displaced and pushed
away from stem cell-promoting factors by their actively dividing
neighbors, are exposed to differentiation factors, and ultimately
are cleared into the external environment®>*9°'>2 (Fig. 3a). This
continuous process of rapid division and disposal of unwanted/
used or damaged cells mostly by cell extrusion shapes these
tissues, constantly maintaining the appropriate balance for a
correct tissue homeostasis>.

On the other hand, when tissues with a slow turnover, such as
the salivary gland, liver, lung, or prostate, are considered, one
could hypothesize that the cellular density of these tissues and
the heterogeneity of the epithelial composition throughout the
tissue, as well as the absence of a direct external environmental
interface, could evolutionarily explain the potential “absence” of
a single and spatially segregated, quiescent multipotent stem
cell population, as well as the presence of multiple populations
of proliferative stem/progenitor-like cells, in these tissues. While
a quiescent multipotent stem cell population spatially segre-
gated in the tissue (for example, in the basal layer of the main
excretory ducts) may result in an inefficient short-term
regeneration strategy due to the physical distance imposed
by the branched morphogenesis of the tissue, other strategies
such as plasticity of differentiated cells could account for rapid
tissue repair’®. The absence of a direct disposal route could
be the reason why these slow turnover organs invested in a
long-term maintenance approach, where the balance between
new cells and the clearance of senescent cells and cellular
debris could potentially require more sophisticated routes, like
resident macrophages®>. This could involve, for example,
efferocytosis, potentially performed by tissue-resident “profes-
sional” (macrophages, dendritic cells) or “non-professional”
(epithelial cells) phagocytes, or autophagy®® (Fig. 3b).

Published in partnership with the Australian Regenerative Medicine Institute

REGENERATIVE CELLS: “THE USUAL SUSPECTS” OR “SHAPE-
SHIFTERS"?

Despite its slow turnover and the current lack of proof for the
existence of a multipotent stem cell, studies on salivary gland
damage have revealed a great regenerative potential of the gland,
which varies depending on the type of damage inflicted. Upon
ligation of the main salivary gland excretory duct, the acinar
parenchyma is drastically reduced®. Lineage-tracing studies
revealed that, following removal of the ligation, the few remaining
acinar cells in the damaged gland re-enter the cell cycle and begin
cell division without de-differentiating to a stem-like state and
subsequently drive regeneration of the gland. Within 7-14 days,
the acinar tissue of the gland is completely restored*3. While mild
and reversible damage to the gland, such as the described
ligation-induced damage, appear to be rescued in a lineage-
restricted manner, an alternative repair mechanism seems to
come into play when broader stressors, such as radiation,
irreversibly damage the whole salivary gland parenchyma.
Despite the beneficial effect of targeted tumor treatment,
radiotherapy for head and neck cancers often inflicts damage to
the surrounding healthy salivary gland tissue (which is often
unavoidably included in the irradiation field) causing severe
complications for surviving patients®. Analysis of clinical data to
investigate the dose-volume response in salivary gland function
revealed that up to 40 Gy fractionated radiation (tumor dose
60-75 Gy in 1.8-2.0 Gy fractions 5 days a week, over 5-7 weeks)
salivary glands may maintain a partial regenerative capability>®".
While it is important to take the dose, the volume, and the effect
of a single dose compared to a fractionated radiation schedule
into consideration when looking at a regenerative response,
murine models have been widely used to study and describe the
kinetics of the salivary gland radiation-damage response®®. A
single dose of 15Gy of X-rays, delivered locally to the glands,
induces a slow and progressive decline of the acinar cell unit that
culminates 90 days post local rat salivary gland irradiation®* and
seems to resemble best the clinical dose response®®. Recent
lineage-tracing studies in mice indicated that, at 30 days following
doses of 10-15 Gy y-rays irradiation, when little acinar cell loss has
occurred, acinar and ductal cells activate “a first regeneration
response”, similar to the one described for ligation-induced

npj Regenerative Medicine (2021) 4
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Fig. 3 Tissue anatomy and niche size determine the regenerative strategy adopted by different tissues. Adult stem cells in fast turnover
epithelial tissues, such as the intestine (a), are subjected to neutral competition for limited stem cell-promoting factors and niche space. Only
cells that have the capacity to receive stem cell-promoting factors will remain stem cells, the others will be eliminated by extrusion from the
niche or via lineage displacement in the outer space. In a slow turnover tissue, such as the salivary gland (b), the high cellular density, as well
as the branching structure, of the tissue could explain the absence of a “professional” stem-like cell and explain instead the presence of
lineage-restricted progenitors. The absence of a direct opening for disposal of damaged/unwanted cells could force salivary glands to use
alternative slower clearance routes, such as autophagy or tissue-resident immune cells (Figure created with BioRender.com).

damage, which can be described as a lineage-restricted regenera-
tion response: acinar cells give rise to acinar cells®*, while ductal
cells remain restricted to replacing ductal cells**®°, This phase can
be described as a “mild-damage phase”, considering that the
parenchyma of the gland is still intact®®. The question remains as
to what extent this specific “first regenerative response” occurs
after higher doses when fewer remaining cells are capable of
division. The subsequent 60 days can be described instead as a
“severe-damage phase”: only a few clusters of isolated acinar cells
are present in the gland, while no major changes are evident in
the ductal compartment®. Upon such conditions, Weng et al.®
provided proof for an in vivo response involving ductal cell
plasticity. By tracing the lineage of two distinct ductal cell
populations (expressing K5 and Axin2; shown in Fig. 4a, b), they
demonstrated that 90 days post 15 Gy y-ray irradiation ductal cells
rather than “a professional” stem cell population were responsible
for a “second regeneration response” attempting to replace the
severely compromised acinar cell compartment. Recent fate-
mapping analysis upon unilateral ligation of the main excretory
duct showed a remarkable plasticity of the ductal (K141 and cKit™)
and myoepithelial cells (SMA™) to replenish the lost secretory
acinar compartment. While K14% cells activate a multipotency
program able to give rise to both acinar and ductal cell lineages,
the main contribution to acinar cell replacement seems to take
place via dedifferentiation of both myoepithelial cells and cKit™
cells into a common bipotent progenitor cell that gives rise to
cKit™ cells and differentiate into acinar secretory cells®” (Fig. 4B).
Recent studies revealed that it is not only ductal cells that can
acquire a multipotent stem-like state but also acinar cells have

npj Regenerative Medicine (2021) 4

been suggested to respond to ligation-induced injury by under-
going acinar-to-ductal metaplasia®®, similar to the response known
to be required for the survival of pancreatic acinar cells subjected
to stress®®. It would be of interest to address whether, like
pancreatic acinar cells, also salivary gland acinar cells possess a
“protective plasticity”, the ability to re-acquire the secretory
phenotype once the damage is resolved®®®® (Fig. 4b). While there
have been only a few studies that reported the plasticity of the
salivary gland epithelium during in vivo regeneration, which
seems to be dependent on the type and severity of injury,
radiation, or ligation, this phenomenon can be recapitulated
in vitro. Clonal organoids derived from single cell-sorted salivary
gland ductal epithelial cells (EpCAM™, epithelial cell adhesion
molecule marker, or CD24%/CD29") exhibit the capacity to
proliferate and give rise to organoids containing the three major
cell types present in the salivary gland when cultured in
Matrigel®®’°. The ability of these, thought to be post-mitotic
fate-restricted, cells to re-enter the cell cycle is an indication that
with the appropriate signaling factors they can acquire the
potential to revert to a multipotent stem-like cell state. While
lineage-tracing studies would be needed to confirm in vitro (and
in vivo) plasticity mechanisms of EpCAM?' cells, we could
speculate that plasticity of these cells could occur via the
activation of a “revival” cell’’, a rare, non-regenerative cell during
homeostasis that upon damage can activate a transient expansion
program to reconstitute the progenitor/multipotent cell pool
responsible for the generation of the salivary gland lineages,
similar to the transdifferentiation process recently described for
SMA™ and cKit™ cells®’.

Published in partnership with the Australian Regenerative Medicine Institute
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give rise to new acinar cells. b In the context of tissue damage, salivary gland progenitor cells exhibit plasticity. Depending on the type of
injury inflicted, salivary gland cells show different damage-induced plasticity: irradiation-induced plasticity, ligation-induced plasticity, and
in vitro induced plasticity (giving rise to an organized 3D system formed by different cell types named organoid) (Figure created with

BioRender.com).

SALIVARY GLAND ORGANOIDS AND NICHE SIGNALING

The development of salivary organoid cultures has increased the
knowledge of how to control and characterize the behavior of
salivary gland-derived cells, such as the ability to proliferate and to
differentiate into distinct lineages in terms of marker expression
and at a molecular level®’°. The optimization of culture
conditions® and the three-dimensional support of an extracellular
matrix’, as well as an increased effort to reproduce in vitro the
biochemical signals produced by the native microenvironment’?,
contributed to their huge expansion potential that has opened up
the possibility for using salivary gland-derived organoids as a
source for cell therapies. Transplantation of salivary gland

Published in partnership with the Australian Regenerative Medicine Institute

organoid-derived cells into irradiated murine salivary gland
resulted in engraftment, viability, and long-term survival of the
transplanted cells into the host. Selection, expansion, and
transplantation of salivary gland stem/progenitor cells based on
molecular markers taken from well-characterized stem cell
systems, such as that of the mammary gland (CD24/CD29)”3,
indicated their ability to rescue the irradiation-induced hyposali-
vation up to 50% compared to non-transplanted irradiated
animals”®. In salivary gland, the CD24 and CD29 markers label all
the ductal cells in the gland, although with different expression
intensities between cells’®, raising the possibility that a population
of cells with stem-like characteristics could be hidden under the
umbrella of a mature lineage.

npj Regenerative Medicine (2021) 4
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While the niche signaling that regulates homeostasis in the
adult gland remains poorly understood, lineage-tracing studies of
Axin2-Cre Wnt-responsive cells have shown restricted Wnt activity
in the ductal compartment®. Moreover, basal EpCAM™ ductal cells
co-express nuclear B-catenin, an intracellular signal transducer in
the Wnt signaling pathway, most abundantly in the excretory
ducts®. Organoid culturing of EpCAM™ ductal cells showed an
unprecedented expansion and multipotent potential upon Wnt3a
and R-spondin stimulation. Wnt-derived organoids facilitated the
engraftment and repopulation of irradiated salivary glands upon
transplantation and restored 80% of the saliva secretion®. Contrary
to the long-standing belief that we should be searching for stem
cells based on the phenotypic identity of the cells, recovery in
saliva production obtained with unselected Wnt-stimulated cells
suggests that we should look at the functionality of the cells in
terms of their ability to replace damaged tissue instead of surface
markers’“. It could be possible that, rather than the identity of the
cells transplanted, the signals they are exposed to are responsible
for their in vitro and in vivo regenerative potential. Alternatively, it
has been suggested that, beside the niche signaling the cells are
exposed to and that are responsible for their activation,
transplanted activated cells could be a potential source of
paracrine factors’”>’7, such as cytokines, growth factors, or
extracellular vesicles, that could contribute indirectly to the final
therapeutic benefit of cell transplantation’®. Taken together, these
findings showed that, as the stem cell field evolves, dogmas and
definitions are becoming outdated and most mammalian adult
tissues, including the salivary glands, do not follow the traditional
HSC paradigm. Instead, it seems that they display more plasticity
that was previously believed, with the response of the tissue
depending on the type and intensity of the damage.

FUTURE DIRECTIONS AND THERAPEUTIC PERSPECTIVES

While in fast turnover tissues, such as the intestine, stem cell
function can be distributed over a large population of cycling cells
that compete for niche space, slow turnover epithelial tissues
appear to adopt a different repair strategy. In the salivary glands
as well as in the pancreas’®™®' and liver®?, stem cell function may
be executed through the plasticity of previously thought to be
terminally differentiated cells. Plasticity in the salivary gland could
involve a switch in cellular identity from one differentiated cell to
another type of differentiated cell as described upon ligation
injury. Alternatively, it could be executed by “revival” cells, being
rare terminally differentiated cells activated upon injury that are
able to replace the progenitor cell pool responsible for the
regeneration of the damaged tissue. This is suggested to occur in
the second regeneration phase of irradiated salivary gland, upon
unilateral ligation of the main duct and potentially during
organoid culture, similarly to what has been observed in the liver
and intestine’'®2. A change in stem cell definition and the
phenomenon of plasticity bring questions regarding the meaning
of what is always referred as terminal differentiation. What was
once described as a unidirectional process along a hierarchical
tree toward a final state appears now as a dynamic process where
several steps along the route may be reversible. Every nucleated
cell in our body possesses the same genetic information and
therefore the potential to change phenotype. Could we then
argue that, more than nature, here meant to be a fixed set of
genes or specific surface markers, it is nurture that will define the
state of cells with regards to their ability to execute stem cell
function and replenish lost or damaged tissue? How should we
then characterize the regeneration process of an adult tissue, such
as the salivary glands, where the stem cell hierarchy is unknown
and where plasticity more than phenotypic characteristics could
be responsible?

In vivo lineage-tracing studies have so far shed some light on
salivary gland cell fate decisions during homeostasis and
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regeneration in model organisms, such as mice. However, these
types of genetic manipulations are not feasible in the study of
human tissue regeneration processes. While the expression of
murine cell markers could be used as a starting point to explore
the regeneration ability of the human salivary gland, it has been
shown that those markers are either not expressed or are not
equally potent in human tissue'. Culturing of unselected human
salivary gland-derived cells as organoids and the transplantation
of these cells into locally irradiated salivary glands exploits the
regenerative potential of these cells””.

New, broader, and unbiased approaches, which do not require
prior knowledge of genes and markers expressed by a cell of
interest, are therefore needed to unravel cellular lineage relation-
ships during adult salivary gland tissue regeneration as well as to
investigate the niche signals responsible for lineage conversion of
both murine and human salivary gland cells. While the niche of
two species may differ, xeno-transplantation remains the closest
available model to study the functionality and fate of salivary
gland-derived cells. However, achieving single-cell resolution to
identify the regenerative potential of a specific cell type might be
complicated. A combination of organoid culture and heritable
DNA barcodes, introduced at a single-cell level and read using
next generation sequencing, could allow one to perform clonal
analysis and lineage tree reconstruction, identifying the potency
of salivary gland derived cells, without the need for a starting
identity. The advancement of single-cell RNA sequencing, the
principle of which is based on the assumption that cells that are
genetically closely related have similar transcriptomes, and their
algorithm of analysis could be of use in salivary gland regenera-
tion studies to capture cellular lineage relationships as well as to
probe cellular composition and dynamics of the niche under
different conditions.

Recent evidence has shown that environmental changes can
induce epigenetic modifications of chromatin that can alter stem/
progenitor cell behavior providing the plasticity necessary to
adapt to the changing environment®. Currently, there is very little
knowledge on the salivary gland epigenetic landscape. How it is
set, maintained, and regulated in terms of DNA methylation,
histone modification, and chromatin remodeling via pioneer
transcription factors during salivary gland development and
regeneration remains unknown. These epigenetic events could
be responsible for controlling the transcriptomic switches that
determine cell-fate decisions, as well as plasticity, of specific cell
types during development and regeneration. A deeper under-
standing of these events in the salivary glands could lead to the
identification of specific molecular cell state(s) that could
potentially be used for drug targeting to stimulate endogenous
regeneration of damaged glands and promote the development
of cell plasticity-based regenerative therapy®*. Furthermore,
identifying the underlying epigenetic mechanisms triggered upon
injury to induce cell plasticity could allow the further development
of epigenetic engineering approaches in cellular model systems,
such as salivary gland-derived organoids. This could enhance or
potentiate the already proven potential of regenerative therapies
to rescue the radiation-induced hyposalivation phenotype.

Each cell in every organ/tissue of the adult body has evolved
different cues to meet the tissue-specific requirement, including
that of regeneration and repair. From this review, it is apparent
that salivary gland stem cells are not embodied in a HSC-like
hardwired “professional” stem cell system but likely are “faculta-
tive” stem-like cells®® that play a role in the regenerative response
of the salivary glands. While at present in vivo gene therapy
approaches provide encouraging results®®®” in the treatment of
salivary gland dysfunction, the characterization of a stem cell-like
functional state would open the possibility to combine ex vivo
stem cells and gene delivery to create an “optimal cell
population.” This approach would guarantee both the incorpora-
tion of the functional replacement gene(s) into the host DNA and
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the ability to ensure that the new information would be
permanently part of the new cell population of the tissue, thus
avoiding current problems with vector incompatibility, transduc-
tion efficiency, and short-term gene expression. Looking into the
future, taking advantage of computational modeling to integrate
multiomics single-cell data to understand cell-cell interaction
dynamics and the behavior through time of cell populations
within the regenerating salivary gland could be a unique
opportunity to unravel cell fate transition in salivary gland tissue
regeneration and the pathways by which they are specified. This
could lead to the possibility of pharmacologically controlling and/
or stabilizing a specific cellular state. Ultimately, these approaches
could subsequently be used as therapeutic strategy to rescue
radiation-induced hyposalivation and improve the quality of life of
many thousand head and neck cancer patients.

Received: 16 July 2020; Accepted: 3 December 2020;
Published online: 01 February 2021

REFERENCES

1. Pringle, S., Van, Os,R. & Coppes, R. P. Concise review: adult salivary gland stem
cells and a potential therapy for xerostomia. Stem Cells 31, 613-619 (2013).

2. Tsai, W. L. et al. Impact of late toxicities on quality of life for survivors of naso-
pharyngeal carcinoma. BMC Cancer 14, 856 (2014).

3. van Luijk, P. et al. Sparing the region of the salivary gland containing stem cells
preserves saliva production after radiotherapy for head and neck cancer. Sci.
Transl. Med. 7, 305ra147 (2015).

4. Emmerson, E. & Knox, S. M. Salivary gland stem cells: a review of development,
regeneration and cancer. Genesis 56, €23211 (2018).

5. Benderitter, M. et al. Stem cell therapies for the treatment of radiation-induced
normal tissue side effects. Antioxid. Redox Signal. 21, 338-355 (2014).

6. Voog, J. & Jones, D. L. Stem cells and the niche: a dynamic duo. Cell Stem Cell 6,
103-115 (2010).

7. Metcalfe, C, Kljavin, N. M., Ybarra, R. & de Sauvage, F. J. Lgr5+ stem cells are
indispensable for radiation-induced intestinal regeneration. Cell Stem Cell 14,
149-159 (2014).

8. Maimets, M. et al. Long-term in vitro expansion of salivary gland stem cells driven
by Wnt signals. Stem Cell Rep. 6, 150-162 (2016).

9. Takata, N. & Eiraku, M. Stem cells and genome editing: approaches to tissue
regeneration and regenerative medicine. J. Hum. Genet. 63, 165-178 (2018).

10. Orkin, S. H. & Zon, L. I. Hematopoiesis: an evolving paradigm for stem cell biology.
Cell 132, 631-644 (2008).

11. Suda, T, Suda, J. & Ogawa, M. Disparate differentiation in mouse hemopoietic
colonies derived from paired progenitors. Proc. Natl Acad. Sci. USA 81, 2520-2524
(1984).

12. Wilson, A. et al. Hematopoietic stem cells reversibly switch from dormancy to self-
renewal during homeostasis and repair. Cell 135, 1118-1129 (2008).

13. Mackenzie, I. C. & Bickenbach, J. R. Label-retaining keratinocytes and Langerhans
cells in mouse epithelia. Cell Tissue Res. 242, 551-556 (1985).

14. Potten, C. S. & Morris, R. J. Epithelial stem cells in vivo. J. Cell Sci. Suppl. 10, 45-62
(1988).

15. Potten, C. S, Hume, W. J,, Reid, P. & Cairns, J. The segregation of DNA in epithelial
stem cells. Cell 15, 899-906 (1978).

16. Potten, C. S. The epidermal proliferative unit: the possible role of the central basal
cell. Cell Tissue Kinet. 7, 77-88 (1974).

17. Braun, K. M. & Watt, F. M. Epidermal label-retaining cells: background and recent
applications. J. Investig. Dermatol Symp. Proc. 9, 196-201 (2004).

18. Cotsarelis, G, Sun, T. T. & Lavker, R. M. Label-retaining cells reside in the bulge
area of pilosebaceous unit: implications for follicular stem cells, hair cycle, and
skin carcinogenesis. Cell 61, 1329-1337 (1990).

19. Terskikh, V. V., Vasiliev, A. V. & Vorotelyak, E. A. Label retaining cells and cuta-
neous stem cells. Stem Cell Rev. 8, 414-425 (2012).

20. Lu, C. P. et al. Identification of stem cell populations in sweat glands and ducts
reveals roles in homeostasis and wound repair. Cell 150, 136-150 (2012).

21. Leung, Y., Kandyba, E., Chen, Y. B., Ruffins, S. & Kobielak, K. Label retaining cells
(LRCs) with myoepithelial characteristic from the proximal acinar region define
stem cells in the sweat gland. PLoS ONE 8, e74174 (2013).

22. Seidel, K. et al. Hedgehog signaling regulates the generation of ameloblast
progenitors in the continuously growing mouse incisor. Development 137,
3753-3761 (2010).

Published in partnership with the Australian Regenerative Medicine Institute

C. Rocchi et al.

23. Teng, C. et al. Identification and characterization of label-retaining cells in mouse
pancreas. Differentiation 75, 702-712 (2007).

24. Buczacki, S. J. et al. Intestinal label-retaining cells are secretory precursors
expressing Lgr5. Nature 495, 65-69 (2013).

25. Zajicek, G, Schwartz-Arad, D., Arber, N. & Michaeli, Y. The streaming of the
submandibular gland. IIl: Parenchyma and stroma advance at the same velocity.
Cell Tissue Kinet. 22, 343-348 (1989).

26. Amano, O., Mizobe, K., Bando, Y. & Sakiyama, K. Anatomy and histology of rodent
and human major salivary glands: -overview of the Japan salivary gland society-
sponsored workshop. Acta Histochem. Cytochem. 45, 241-250 (2012).

27. Martinez-Madrigal, F. & Micheau, C. Histology of the major salivary glands. Am. J.
Surg. Pathol. 13, 879-899 (1989).

28. Segawa, A, Shoi, N. & Yamashina, S. Function of myoepithelial cells in salivary
secretion: reevaluation of the expulsion theory. Kaibogaku Zasshi 70, 330-337
(1995).

29. Yagil, C, Michaeli, Y. & Zajicek, G. Compensatory proliferative response of the rat
submandibular salivary gland to unilateral extirpation. Virchows Arch. B 49, 83-91
(1985).

30. Man, Y. G, Ball, W. D., Marchetti, L. & Hand, A. R. Contributions of intercalated
duct cells to the normal parenchyma of submandibular glands of adult rats. Anat.
Rec. 263, 202-214 (2001).

31. Denny, P. C, Chai, Y., Klauser, D. K. & Denny, P. A. Parenchymal cell proliferation
and mechanisms for maintenance of granular duct and acinar cell populations in
adult male mouse submandibular gland. Anat. Rec. 235, 475-485 (1993).

32. Chibly, A. M., Querin, L., Harris, Z. & Limesand, K. H. Label-retaining cells in the
adult murine salivary glands possess characteristics of adult progenitor cells. PLoS
ONE 9, €107893 (2014).

33. Aure, M. H,, Konieczny, S. F. & Ovitt, C. E. Salivary gland homeostasis is maintained
through acinar cell self-duplication. Dev. Cell 33, 231-237 (2015).

34. Emmerson, E. et al. Salivary glands regenerate after radiation injury through
SOX2-mediated secretory cell replacement. EMBO Mol. Med. https://doi.org/
10.15252/emmm.201708051 (2018).

35. Maruyama, E. O. et al. Cell-specific Cre strains for genetic manipulation in salivary
glands. PLoS ONE 11, e0146711 (2016).

36. May, A. J. et al. Diverse progenitor cells preserve salivary gland ductal architecture
after radiation-induced damage. Development https://doi.org/10.1242/dev.166363
(2018).

37. Kwak, M. & Ghazizadeh, S. Analysis of histone H2BGFP retention in mouse sub-
mandibular gland reveals actively dividing stem cell populations. Stem Cells Dev.
24, 565-574 (2015).

38. Kwak, M., Ninche, N., Klein, S., Saur, D. & Ghazizadeh, S. c-Kit(+) cells in adult
salivary glands do not function as tissue stem cells. Sci. Rep. 8, 14193 (2018).

39. Lombaert, I. M. A. & Hoffman, M. P. Epithelial stem/progenitor cells in the
embryonic mouse submandibular gland. Front. Oral Biol. 14, 90-106 (2010).

40. Knox, S. M. et al. Parasympathetic innervation maintains epithelial progenitor
cells during salivary organogenesis. Science 329, 1645-1647 (2010).

41. Emmerson, E. et al. SOX2 regulates acinar cell development in the salivary gland.
Elife https://doi.org/10.7554/eLife.26620 (2017).

42. lismaa, S. E. et al. Comparative regenerative mechanisms across different mam-
malian tissues. NPJ Regen. Med. 3, 6 (2018).

43. Klein, A. M., Nakagawa, T., Ichikawa, R., Yoshida, S. & Simons, B. D. Mouse germ
line stem cells undergo rapid and stochastic turnover. Cell Stem Cell 7, 214-224
(2010).

44. Lopez-Garcia, C.,, Klein, A. M., Simons, B. D. & Winton, D. J. Intestinal stem cell
replacement follows a pattern of neutral drift. Science 330, 822-825 (2010).

45. Snippert, H. J. et al. Intestinal crypt homeostasis results from neutral competition
between symmetrically dividing Lgr5 stem cells. Cell 143, 134-144 (2010).

46. Doupe, D. P. et al. A single progenitor population switches behavior to maintain
and repair esophageal epithelium. Science 337, 1091-1093 (2012).

47. Leushacke, M., Ng, A, Galle, J., Loeffler, M. & Barker, N. Lgr5(+) gastric stem cells
divide symmetrically to effect epithelial homeostasis in the pylorus. Cell Rep. 5,
349-356 (2013).

48. Stine, R. R. & Matunis, E. L. Stem cell competition: finding balance in the niche.
Trends Cell Biol. 23, 357-364 (2013).

49. Klein, A. M. & Simons, B. D. Universal patterns of stem cell fate in cycling adult
tissues. Development 138, 3103-3111 (2011).

50. Kimura, M. & Weiss, G. H. The stepping stone model of population structure and
the decrease of genetic correlation with distance. Genetics 49, 561-576 (1964).

51. Bullen, T. F. et al. Characterization of epithelial cell shedding from human small
intestine. Lab. Invest. 86, 1052-1063 (2006).

52. Eisenhoffer, G. T. et al. Crowding induces live cell extrusion to maintain
homeostatic cell numbers in epithelia. Nature 484, 546-549 (2012).

53. Ohsawa, S., Vaughen, J. & Igaki, T. Cell extrusion: a stress-responsive force for
good or evil in epithelial homeostasis. Dev. Cell 44, 532 (2018).

npj Regenerative Medicine (2021) 4


https://doi.org/10.15252/emmm.201708051
https://doi.org/10.15252/emmm.201708051
https://doi.org/10.1242/dev.166363
https://doi.org/10.7554/eLife.26620

np)

C. Rocchi et al.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Kopp, J. L, Grompe, M. & Sander, M. Stem cells versus plasticity in liver and
pancreas regeneration. Nat. Cell Biol. 18, 238-245 (2016).

Stolp, B. et al. Salivary gland macrophages and tissue-resident CD8(+) T cells
cooperate for homeostatic organ surveillance. Sci. Immunol. https://doi.org/
10.1126/sciimmunol.aaz4371 (2020).

Boada-Romero, E., Martinez, J., Heckmann, B. L. & Green, D. R. The clearance of
dead cells by efferocytosis. Nat. Rev. Mol. Cell Biol. https://doi.org/10.1038/5s41580-
020-0232-1 (2020).

Vissink, A. et al. Clinical management of salivary gland hypofunction and xer-
ostomia in head-and-neck cancer patients: successes and barriers. Int. J. Radiat.
Oncol. Biol. Phys. 78, 983-991 (2010).

Blanco, A. I. et al. Dose-volume modeling of salivary function in patients with
head-and-neck cancer receiving radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 62,
1055-1069 (2005).

Roesink, J. M., Moerland, M. A, Battermann, J. J., Hordijk, G. J. & Terhaard, C. H.
Quantitative dose-volume response analysis of changes in parotid gland function
after radiotherapy in the head-and-neck region. Int. J. Radiat. Oncol. Biol. Phys. 51,
938-946 (2001).

Vissink, A., Jansma, J., Spijkervet, F. K, Burlage, F. R. & Coppes, R. P. Oral sequelae
of head and neck radiotherapy. Crit. Rev. Oral Biol. Med. 14, 199-212 (2003).
Dijkema, T. et al. Parotid gland function after radiotherapy: the combined
michigan and utrecht experience. Int. J. Radiat. Oncol. Biol. Phys. 78, 449-453
(2010).

Barazzuol, L., Coppes, R. P. & van Luijk, P. Prevention and treatment of
radiotherapy-induced side effects. Mol. Oncol. 14, 1538-1554 (2020).

Coppes, R. P, Zeilstra, L. J., Kampinga, H. H. & Konings, A. W. Early to late sparing
of radiation damage to the parotid gland by adrenergic and muscarinic receptor
agonists. Br. J. Cancer 85, 1055-1063 (2001).

Coppes, R. P., Vissink, A. & Konings, A. W. Comparison of radiosensitivity of rat
parotid and submandibular glands after different radiation schedules. Radiother.
Oncol. 63, 321-328 (2002).

Weng, P. L., Aure, M. H,, Maruyama, T. & Ovitt, C. E. Limited regeneration of adult
salivary glands after severe injury involves cellular plasticity. Cell Rep. 24, 1464.
e3-1470.e3 (2018).

Konings, A. W., Coppes, R. P. & Vissink, A. On the mechanism of salivary gland
radiosensitivity. Int. J. Radiat. Oncol. Biol. Phys. 62, 1187-1194 (2005).

Ninche, N., Kwak, M. & Ghazizadeh, S. Diverse epithelial cell populations con-
tribute to the regeneration of secretory units in injured salivary glands. Devel-
opment https://doi.org/10.1242/dev.192807 (2020).

Shubin, A. D. et al. Stress or injury induces cellular plasticity in salivary gland
acinar cells. Cell Tissue Res. https://doi.org/10.1007/s00441-019-03157-w (2020).
Karki, A. et al. Silencing Mist1 gene expression is essential for recovery from acute
pancreatitis. PLoS ONE 10, e0145724 (2015).

Nanduri, L. S. et al. Purification and ex vivo expansion of fully functional salivary
gland stem cells. Stem Cell Rep. 3, 957-964 (2014).

Ayyaz, A. et al. Single-cell transcriptomes of the regenerating intestine reveal a
revival stem cell. Nature 569, 121-125 (2019).

Srinivasan, P. P. et al. Primary salivary human stem/progenitor cells undergo
microenvironment-driven acinar-like differentiation in hyaluronate hydrogel
culture. Stem Cells Transl. Med. 6, 110-120 (2017).

Shackleton, M. et al. Generation of a functional mammary gland from a single
stem cell. Nature 439, 84-88 (2006).

Clevers, H. & Watt, F. M. Defining adult stem cells by function, not by phenotype.
Annu. Rev. Biochem. 87, 1015-1027 (2018).

Pringle, S. et al. Human salivary gland stem cells functionally restore radiation
damaged salivary glands. Stem Cells 34, 640-652 (2016).

Weng, P. L., Aure, M. H. & Ovitt, C. E. Concise review: a critical evaluation of criteria
used to define salivary gland stem cells. Stem Cells 37, 1144-1150 (2019).
Zhao, Q. et al. Transient activation of the Hedgehog-Gli pathway rescues
radiotherapy-induced dry mouth via recovering salivary gland resident macro-
phages. Cancer Res. https://doi.org/10.1158/0008-5472.CAN-20-0503 (2020).
Ratajczak, M. Z. et al. Pivotal role of paracrine effects in stem cell therapies in
regenerative medicine: can we translate stem cell-secreted paracrine factors and
microvesicles into better therapeutic strategies? Leukemia 26, 1166-1173 (2012).

npj Regenerative Medicine (2021) 4

79. Blaine, S. A. et al. Adult pancreatic acinar cells give rise to ducts but not endocrine
cells in response to growth factor signaling. Development 137, 2289-2296 (2010).

80. Pan, F. C. et al. Spatiotemporal patterns of multipotentiality in Ptf1a-expressing
cells during pancreas organogenesis and injury-induced facultative restoration.
Development 140, 751-764 (2013).

81. Houbracken, . et al. Lineage tracing evidence for transdifferentiation of acinar to
duct cells and plasticity of human pancreas. Gastroenterology 141, 731-741
(2011).

82. Raven, A. et al. Cholangiocytes act as facultative liver stem cells during impaired
hepatocyte regeneration. Nature 547, 350-354 (2017).

83. Atlasi, Y. & Stunnenberg, H. G. The interplay of epigenetic marks during stem cell
differentiation and development. Nat. Rev. Genet. 18, 643-658 (2017).

84. Macchi, F. & Sadler, K. C. Unraveling the epigenetic basis of liver development,
regeneration and disease. Trends Genet. 36, 587-597 (2020).

85. Wabik, A. & Jones, P. H. Switching roles: the functional plasticity of adult tissue
stem cells. EMBO J. 34, 1164-1179 (2015).

86. Baum, B. J. et al. Early responses to adenoviral-mediated transfer of the
aquaporin-1 ¢cDNA for radiation-induced salivary hypofunction. Proc. Natl Acad.
Sci. USA 109, 19403-19407 (2012).

87. Lombaert, I. M. A. et al. CERE-120 prevents irradiation-induced hypofunction and
restores immune homeostasis in porcine salivary glands. Mol. Ther. Methods Clin.
Dev. 18, 839-855 (2020).

ACKNOWLEDGEMENTS
This work was supported by a grant from the Dutch Cancer Society (RUG 2013-5792).

AUTHOR CONTRIBUTIONS

C.R. conceived and designed the manuscript and made the figures. L.B. and R.P.C.
supervised the development of the manuscript, they critically revised it, and
approved it for submission.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to C.R.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Published in partnership with the Australian Regenerative Medicine Institute


https://doi.org/10.1126/sciimmunol.aaz4371
https://doi.org/10.1126/sciimmunol.aaz4371
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1242/dev.192807
https://doi.org/10.1007/s00441-019-03157-w
https://doi.org/10.1158/0008-5472.CAN-20-0503
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The evolving definition of salivary gland stem cells
	Introduction
	Classical stem cell definition: the hard-wired dogma of the hematopoietic stem cell (HSC) as template for all other stem cells
	The quest for salivary gland stem cells
	Regenerative cells: &#x0201C;the usual suspects&#x0201D; or &#x0201C;shape-shifters&#x0201D;?
	Salivary gland organoids and niche signaling
	Future directions and therapeutic perspectives
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




