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a  b  s  t  r  a  c  t

Dry  mouth  results  from  hypofunction  of  the  salivary  glands  due  to  Sjögren’s  syndrome  (SS), various
medications,  and  radiation  therapy  for head  and  neck  cancer.  In severe  cases  of  salivary  gland  hypofunc-
tion,  sialagogues  are  not  always  effective  due  to the  loss  of salivary  parenchyma.  Therefore,  regenerative
medicine  using  stem  cell  therapy  is a promising  treatment  for severe  cases.  Stem  cells  are classified
into  three  groups:  tissue  stem  cells,  embryonic  stem  cells,  and  induced  pluripotent  stem  cells.  Tis-
sue  stem  cells,  such  as  hematopoietic  stem  cells  (HSCs),  mesenchymal  stem  cells  (MSCs)  and  salivary
stem/progenitor  cells,  could  rescue  irradiation-induced  salivary  gland  hypofunction.  Both  HSCs  and
MSCs  can  rescue  salivary  gland hypofunction  through  soluble  factors  in  a paracrine  manner,  while
Cell therapy
Organoid

salivary  stem/progenitor  cells  can  reconstitute  the  damaged  salivary  glands.  In fact,  we  clarified  that
CD133-positive  cells  in  mouse  submandibular  glands  showed  stem  cell  features,  which  reconstituted
the  damaged  salivary  glands.  Furthermore,  we  focused  on the  challenge  of producing  functional  salivary
glands  that  are  three-dimensionally  induced  from  mouse  ES  cells.

© 2021  The  Authors.  Published  by  Elsevier  Ltd on behalf  of The  Japanese  Association  for  Dental
Science.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Table 1
Causes of dry mouth.

Side effect
Medications
Radiation therapy to the head and neck
Chemotherapy
Nerve damage from a head or neck injury

Diseases
Sjögren’s syndrome
IgG4-related disease
Diabetes mellitus
HIV infection
HCV infection/AIDS
Graft-versus-host disease
Psychogenic disorders

Dehydration
Impaired fluid intake
Vomiting/diarrhea
Physiological
Aging

Other conditions
Salivary gland agenesis or aplasia
1. Introduction

Dry mouth is a common disorder, and the estimated number of
people affected is increasing in Japan. Dry mouth results from hypo-
function of the salivary glands due to SS, various medications, and
radiation therapy for head and neck cancer (Table 1). In cases with
severe symptoms, dry mouth possibly causes various oral diseases,
including mucosal infections, dysphagia, and aspiration pneumo-
nia, and leads to a declining quality of life because saliva has various
important functions, such as antibacterial, mucosal protective, and
digestive effects, and plays important roles in maintaining not only
oral circumstances but also general health [1]. Artificial saliva and
sialagogues are typically used for the treatment of dry mouth but
are frequently ineffective in severe cases. In such cases, regenera-
tive medicine is expected to be a promising method; that is, stem
cells or differentiated cells derived from stem cells are supplied to
restore the damaged functions.
2. Hypofunction of the salivary glands

Hypofunction of the salivary glands, especially in elderly people,
is mainly caused by the side effects from drugs, such as anticholin-
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rgic, antidepressant, antihypertensive, and diuretic agents, which
re used to treat systemic diseases, although aging is also involved
n salivary gland hypofunction [1,2]. There is no salivary gland dam-
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age in drug-induced salivary hypofunction. On the other hand, the
salivary gland hypofunction due to an incurable autoimmune dis-
ease, SS or irradiation for the treatment of head and neck cancer is
caused by severe damage to the salivary glands. Therefore, regener-
ative medicine using cell transfer is a promising method to restore
salivary gland hypofunction by reconstituting the damaged salivary
glands.

The saliva of dry mouth patients decreases in volume and
becomes foamy and sticky. Oral symptoms in patients with dry
mouth include dry mucosa, burning sensation, and difficulties
in chewing, swallowing, tasting, or speaking. The dorsal surface
of the tongue is frequently fissured with atrophic filiform papil-
lae. Importantly, among elderly people, dry mouth patients suffer
from considerable morbidity, including dental caries, dysphagia,
mucosal infection, and aspiration pneumonia, which leads to a
significant decrease in QOL [3]. The use of sialagogues, such as
pilocarpine, effectively increases secretion in dry mouth patients.
However, the application of a sialagogue is not always satisfactory
because of its side effects, such as sweating, nausea, runny nose,
and diarrhea [4]. Here, we focus on two diseases causing severe
dry mouth as described below.

2.1. Irradiation for head and neck cancer

A majority of the salivary glands included in the fields of radi-
ation are irreversibly damaged, and salivary flow decreases from
6 weeks to 3 years after the treatment [5]. The mechanisms of
the irradiation-induced reduction of saliva secretion have been
examined in detail using animal models. In the early stage after
irradiation (until a week), there was no morphological change in
irradiated salivary glands, although salivary secretion was reduced.
The reduction of salivary secretion without morphological changes
in the salivary glands can be explained by three mechanisms: 1)
cell membrane damage through free radicals generated by irradia-
tion, 2) abnormal signaling pathways involved in saliva secretion,
such as calcium signaling, and 3) abnormal ion channels and trans-
porters, such as Aqp5 [6]. On the other hand, in the late stage after
irradiation, the volume of irradiated salivary glands is markedly
reduced. Histological findings also reveal atrophy and loss of acinar
cells, duct dilation, and infiltration of chronic inflammatory cells.
Fibrosis and fatty degeneration increasingly progresses. Irradiation
directly or indirectly damages DNA via free radicals in the nucleus
and mitochondria, which result in acinar cell death, blood flow
decrease by endothelial cell injury, and disordered epithelia organ
regeneration mediated through parasympathetic neurons [7–9].

2.2. SS

SS is a chronic autoimmune disease that results in dry mouth
and dry eye (keratoconjunctivis sicca). SS is predominantly found
in middle-aged adults at a female to male ratio of 9:1. SS is clas-
sified as primary or secondary. Primary SS occurs with no other
autoimmune disorder, while secondary SS presents with other
autoimmune disorders, including systemic lupus erythematosus.
Histologically, CD4-positive T lymphocytes predominantly infil-
trate the salivary gland with the destruction of acinar cells. A
lymphoepithelial lesion is a characteristic finding. Lymphocyte
infiltration surrounds intralobular ducts and diffusely spreads to
whole salivary glands (Fig. 1). Lymphocyte infiltration also occurs
in minor salivary glands, which are biopsied for the diagnosis of
this disease. Secretory hypofunction is mainly caused by the loss of
acinar cells. In contrast, secretory hypofunction occurs not only in

the late stage with the loss of acinar cells but also in the early stage
without the loss of acinar cells. In the early stages, anti-muscarinic
acetylcholine receptor antibodies inhibit the translocation of Aqp5
and anti-Aqp5 antibodies inhibit the saliva secretion pathway
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ig. 1. Lip biopsy specimen of minor salivary glands in SS patient. Lymphocyte infil-
ration surrounds intralobular ducts and diffusely spreads to whole salivary glands.
cale bar: 100 �m.

10,11]. The frequency of anti-muscarinic acetylcholine receptor
ntibodies and anti-Aqp5 antibodies in patients with Sjogren syn-
rome is ranged from 9 to 90% and 73.2%, respectively.

.3. IgG4-related disease

The igG4-related disease is a newly described fibroinflamma-
ory disorder and characterized by lymphoplasmacytic infiltration
nd fibrosis in multiple organs accompanied by high serum IgG4
evels [12,13]. Mikulicz’s disease, which was  likely associated with
S, is now classified as IgG4-related disease. Masaki et al. has com-
ared IgG4-related disease including Mikulicz’s disease with SS
14]. They raised several points:(1)IgG4-related disease occurs in
oth men  and women whereas SS occurs mainly in women; (2)The
atients with IgG4-related disease show significant enlargement
f the lacrimal and salivary glands but relatively mild xerostomia
nd xerophthalmia; (3)Complications such as autoimmune pan-
reatitis frequently occurs in IgG4-related disease; (4)The level of
erum IgG4 and IgG4 + plasma cell infiltration in tissues increased
n patients with IgG4-related disease compared with SS patients;
5)The patients with IgG4-related disease show a better response to
lucocorticoid therapy compared with SS patients. Besides, IgG4-
elated disease is known to predominantly occur in middle-aged
nd older people who are a little younger than SS patients [15].

Histologically, IgG4-related sialadenitis is usually found in the
ubmandibular gland, but not in parotid and minor salivary glands.
here is chronic sclerosing sialadenitis consisting of a heavy

ymphoplasmacytic infiltrate including IgG4+ plasmacytes, hyper-
lastic lymphoid follicles, and acinar atrophy.

. Application of stem cells for regenerative medicine

Cell transfer therapy with stem cells is expected to be the only
ethod for the compensation of lost parenchymal cells in damaged

rgans. Stem cells have been used as sources of cell therapy because
hese cells have common functions of self-renewal and multipo-
ency and are capable of generating the daughter cells constituting
n organ for a lifetime. Stem cells are classified into three types: tis-
ue stem cells, embryonic stem (ES) cells, and induced pluripotent
tem (iPS) cells.

.1. Tissue stem cells
Tissue stem cells are organ-specific cells that reside in a tissue
nd have the potential to compensate for lost cells by turnover
ith new cells to maintain tissue homeostasis. In addition, tissue
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stem cells can proliferate and supply new cells when the tissue is
injured. Tissue stem cells are located at a niche, which is necessary
to maintain stemness. Stem cells divide asymmetrically to give rise
to two daughter cells: one cell is the original stem cell, and the
other cell is a daughter cell that can differentiate into tissue cells.
In contrast, terminally differentiated cells also possess self-renewal
activity and supply new cells in adult tissues. �-cells in the pancreas
have the potential to self-renew [16]. Surprisingly, the acinar cells
in salivary glands also have the potential to self-renew [17]. There-
fore, the functions of tissue stem cells are still controversial and
will need to be precisely examined in future studies.

The advantage of using tissue stem cells for cell therapy is that
tissue stem cells can be individually obtained from the patient and
there is no rejection of their transplantation. In addition, there are
no ethical issues for transplantation.

HSCs and MSCs are representative tissue stem cells that have
been well characterized. The transplantation of HSCs has been
widely applied not only for patients with leukemia and hematologic
disorders but also for those with myocardial infarction and autoim-
mune diseases [18,19]. Friedenstein is the first to isolate MSCs as
adherent fibroblast-like cells with the ability to grow rapidly in vitro
from bone marrow. The International Society for Cellular Therapy
(ISCT) defined the criteria of MSCs as follows: (1) the growth of cells
as a population adhering to a substrate in vitro; (2) the presence of
surface antigens for clusters of differentiation (CD) 73, CD90, and
CD105, and the lack of CD45, CD34, CD14, CD11b, CD79a or CD19 or
class II histocompatibility complex antigens; (3) the potential to dif-
ferentiate into bone, cartilage, and adipose tissue [20]. Tissue stem
cells reside in adipose tissue, synovial tissue, and umbilical cord tis-
sue. In the oral region, tissue stem cells reside in dental pulp and the
periodontal ligament [21]. Although the characterization of MSCs is
different among organs, MSCs can be differentiated into bone, car-
tilage, adipose tissue, myoblast, and neuronal cells under specific
conditions. Furthermore, MSCs secrete soluble factors, including
cytokines, chemokines, growth factors and exosomes, which con-
tain cytokines and growth factors, signaling lipids, mRNAs, and
regulatory miRNAs [22]. Remarkably, MSCs secrete immunomod-
ulatory proteins, such as TSG6[23]. Furtheremore, MSCs possess
homing capacity toward injured tissue. Thus, MSCs have multi-
therapeutic functions and have already been applied to over 1,000
clinical trials for various diseases, including bone and cartilage
defects, liver cirrhosis, chronic inflammatory diseases, systemic
lupus erythematosus, Crohn’s disease, and spinal cord injury [24].

3.2. ES cells

ES cells were initially established from the inner cell mass of a
mouse blastocyst in 1981[25]. Subsequently, human ES cells were
derived in 1998. ES cells have pluripotency and can be differenti-
ated into three germ layers: ectoderm, mesoderm, and endoderm.
As ES cells proliferate infinitely with a normal euploid karyotype in
undifferentiated conditions, these cells are a promising cell source
for regenerative medicine [26]. In Japan, the Ministry of Education,
Culture, Sports, Science, and Technology established guidelines for
the derivation and utilization of human ES cells in 2001. Nakatsuji
and his research team at Kyoto University obtained approval to pro-
duce human ES cell lines in 2002 and have succeeded in establishing
the first human ES cells in Japan. The Riken BRC cell bank and the
JCRB cell bank supply human ES cells for only basic research.

Clinical trials using human ES cells have been reported since
human ES cell-derived oligodendrocyte progenitor cells were
transplanted into patients with acute spinal cord injury by the

Geron Corporation (USA). Human ES cell-derived retinal pig-
ment epithelium has been applied to clinical trials in patients
with macular degeneration of the retina, and human ESC-derived
cardiac-committed progenitors have been transplanted into the
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picardium of infarcted areas [27]. Indeed, the genetic stability
f human ES cells is advantageous for clinical application. How-
ver, several complications, such as clinical issues and rejection at
ransplantation, have remained unsolved.

.3. iPS cells

iPS cells were first created from adult mouse tail-tip fibroblasts
y Yamanaka at Kyoto University in 2006, and then human iPS
ells were established from adult human fibroblasts in 2007[28,29].
uman iPS cells have been an attractive cell source for regenerative
edicine because human iPS cells possess ES cell-like prolifer-

tion ability and pluripotency and can be established from the
atient’s own  somatic cells. iPS cells were established by introduc-

ng four reprogramming factors (Sox2, Oct3/4, c-Myc, and Klf4) into
omatic cells. As the original reprogramming protocol used viral
ectors and oncogenes, the risk of tumorigenesis from iPS cells has
een seriously addressed in clinical use. Thereafter, nonintegrating
iral (adenovirus and Sendai virus) and nonviral (protein and com-
ound) reprogramming methods have been successfully developed
30]. Thus, iPS cells suitable for clinical use have been developed,
nd the technical issues have been solved. Indeed, Takahashi at
IKEN initiated a clinical trial to treat neovascular age-related mac-
lar degeneration by transplanting iPSC-derived retinal pigment
pithelial sheets [31]. This author also recently presented confir-
ation that eye surgery using iPS cells from third-party donors can

e safely performed. The iPS cells from HLA-homozygous donors at
he iPS cell bank or iPS cells with artificial HLA molecules may  pre-
ede the clinical application of the patient’s own iPS cells because
t costs too much and takes too much time to establish autologous
PS cells. Furthermore, disease-specific iPS cells may  be a promising
ool for disease investigation and drug discovery [32].

. Regenerative medicine for salivary gland hypofunction

.1. Therapeutic experiments using animal models with salivary
land hypofunction

.1.1. Application of salivary gland stem cells
Transplantation of salivary gland stem cells has been reported to

estore the function of salivary glands in irradiated mice, suggest-
ng that cell transfer therapy using stem cells may  be useful for the
reatment of dry mouth patients. Nanduri et al. demonstrated that
alivary gland stem cells isolated from mice formed neurosphere-
ike structures, referred to as salispheres (Fig. 2), in floating culture
33,34]. Moreover, these authors reported that c-Kit-positive cells
oncentrated in the salisphere showed a stem cell-like ability to
econstitute salivary glands and had therapeutic potential for sali-
ary gland hypofunction induced by irradiation. On the other hand,
isatomi et al. reported that c-Kit + Sca-1+ cells, which appeared in

alivary glands after duct ligation, showed multipotency and could
e differentiated into salivary gland cells [35,36]. Consistent with
nimal models, c-Kit+ cells also exist in human salivary glands, and
hese cells could produce salispheres and be cultured in vitro [37].
uman salivary gland stem cells express several cell surface mark-
rs in addition to c-Kit: CD44, CD29, CD49f, CD90, CD117, CD166,
nd ALDH [33,37,38,39,40,41,42,43,44,45,46]. Thus, c-Kit seems to
e a reliable marker to purify salivary gland stem cells, though
his still remains controversial. Kwak et al. examined whether
sing c-KitCreERT2-based genetic labeling and lineage tracing, c-
it-positive cells possess stem cell property, such as multipotency
47]. Long-term in vivo lineage tracing studies reveal that c-Kit
arks ductal cell lineages, but not acinar cells. Therefore, they con-

lude that c-Kit is not a reliable marker for salivary gland stem cells.
his conclusion is contradictory to previous reports which indicate
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Fig. 2. Salisphere formation in vitro. Salivary galnd cells were cultured in DMEM/F12
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medium containing 20 ng/ml of EGF, 20 ng/ml of FGF2, N2, 10 mg/ml  of insulin for
14  days. Salisphere was formed. Scale bar: 50 �m.

that c-Kit is a marker for the adult salivary gland stem cells. How-
ever, Kwak et al. have also recently reported that c-Kit-positive cells
can be differentiated ductal and acinar cells and contribute to the
regeneration in injured salivary glands by ductal ligation [48]. Thus,
c-Kit-positive cells can acquire multipotent stem cell-like property
in the course of regeneration after injury, although the mechanisms
remain unclear [49].

We  recently identified CD133 as a stem cell marker of mouse
salivary glands [50]. CD133+ cells are sparsely distributed in the
intercalated and exocrine ducts and possess the stem cell proper-
ties, such as the ability of colony and sphere formation. Crucially,
transplantation of CD133+ cells isolated from mouse submandibu-
lar glands into the submandibular gland can reconstitute gland
structures, including functional acinar. Also, we clarified that the
stem cell potential of CD133+ cells is mediated through Sox9.

Salivary gland stem cells might be isolated from lip biopsy
specimens of the minor salivary glands using these markers, and
these stem cells could be expanded using the salisphere technique.
Patel et al. reported that bioengineered 3-O-HS binds to FGFR2b
and stabilizes FGF10/FGFR2b complexes in a receptor and growth
factor-specific manner. Therefore, 3-O-HS may  be used to expand
salivary gland stem cells in vitro for regenerative therapy [51].

4.1.2. Application of other stem cells
Sumita et al. reported that bone marrow–derived cells had the

potential to reconstitute salivary glands. Interestingly, in his study,
the transplanted bone marrow-derived cells were directly differ-
entiated into salivary gland epithelial cells, which rescued the
irradiation-induced hypofunction of mouse salivary glands [52].
Furthermore, MSCs derived from both bone marrow and adipose
tissue were also reported to have therapeutic potential in ani-
mal  models [53]. In SS model mice (NOD), treatment with bone
marrow-derived MSCs suppressed autoimmunity and restored sali-
vary gland secretory function [54,55]. Consistent with this result,
we reported that dental pulp stem cells isolated from mice had
the same effects [56]. However, it is still controversial whether
these mesenchymal cells are directly differentiated into salivary
gland epithelial cells or whether their soluble factors induce resid-

ual cell regeneration. Our study demonstrated that endothelial-like
cells isolated from mouse salivary glands were involved in the
mitigation of irradiation-induced hypofunction through the solu-
ble factor, clusterin [57]. Therefore, it should be clarified whether
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SCs derived from mesoderm can truly be differentiated into sali-
ary gland epithelial cells derived from ectoderm. Further study is
eeded to answer this question.

.2. Current clinical applications

Salivary gland stem cells have never been applied to clini-
al trials, while MSCs have been applied to several clinical trials.
dipose-tissue derived stem cells (ADSCs) have been used for clini-
al trials of irradiation-induced salivary gland hypofunction in head
nd neck cancer patients [58]. A Phase I/II Study to assess the
afety and activity of cell therapy using ADSCs has been started.
n addition, allogenic umbilical cord-derived MSCs suppressed
utoimmunity and restored salivary gland secretory function in
atients with primary SS [54]. Thus, although there have been few
linical trials using stem cells for the treatment of patients with dry
outh, cell therapy using MSCs will be promoted for the treatment

f these patients.

. Future perspectives

The majority of trials to generate salivary gland epithelial cells
rom stem cells have focused on using two-dimensional mono-
ayer cultures. However, three-dimensional cultures are expected
o recapitulate in vivo salivary glands and have been developed with
xtracellular matrix, such as Matrigel [53].

Sasai et al. at Riken was  the first to obtain prepatterned 3D-like
orebrain organoids by combining the SFEB system with free-
oating and coated-dish culture (SFEBq) [59]. Various organoids,

ncluding pituitary, optic cup, inner ear, thyroid, intestine, liver,
nd kidney, have recently been generated from ES, iPS and tis-
ue stem cells in specific three-dimensional cultures [60]. These
rganoids have been recently reported to retain physiological func-
ions similar to those of the original organs. Therefore, organoids
ave great potential to model development and disease as a tool

or drug screening and therapeutic approaches. In addition, these
rganoid techniques may  make it possible to replace whole organs
61,62]. To date, several studies have generated salivary gland cells
rom ES and iPS cells [63,64]. However, there have been no reports
bout the organoids derived from these pluripotent stem cells.
ence, we  tried to differentiate mouse ES cells into salivary gland
rganoids by recapitulating embryonic salivary gland development

n vitro. The development of one of the major salivary glands, the
ubmandibular gland (SMG), in mice begins with epithelial thick-
ning of oral mucosa at E11.5, and then, the epithelial invaginates
nto the underlying mesenchyme (Fig. 3). Therefore, transcription
actors related to epithelial thickening at the initial stage of salivary
land development are expected to be useful for inducing salivary
land rudiment from oral epithelium differentiated from ESCs. To
dentify transcription factors that can induce SMG  rudiment from
S-cell derived primitive oral epithelium, we  investigated the tran-
cription factors that were strongly expressed in the SMG rudiment
nd oral epithelium continuing to SMG  rudiment compared with
istant oral epithelium. The mandibles of E12.5 mice were sepa-
ated into SMG  epithelium, invaginating oral epithelium connected
o the SMG, and oral epithelium distant from the SMG  through
aser microdissection, and the gene expression profiles of these
hree specimen types were then compared via RNA sequencing
RNA-seq). As a result, Sox9 and Foxc1 were selected as candi-
ate genes to enable ES-cell-derived OE to differentiate into SMG
udiment, because both of them were confirmed to be strongly

xpressed in the SMG  rudiment and oral epithelium connected to
he SMG  rudiment. Thus, we identified a specific combination of
wo  transcription factors (Sox9 and Foxc1) responsible for the dif-
erentiation of mouse embryonic stem cell-derived oral ectoderm
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Fig. 3. Submandibular gland development. The development of one of the major salivary
of  oral mucosa at E11.5, and then, the epithelial invaginates into the underlying mesench
and  the canalicular stage from about E15.5. Terminal buds are formed at E17.5.

Fig. 4. Generation of the salivary gland organoid in 3D ESC cultures. Bright-field

t
s

C

A

1

R

[

[

[

[

[

lymphoproliferative syndrome: analysis of 64 cases of IgG4-related disorders.
view of the aggregate showing the epithelial branching structure that resembled to
salivary gland primordium (arrow head). Scale bar: 300 �m.

into the salivary gland rudiment in an organoid culture system [65].
We referred salivary gland organoid generated by organoid culture
system using these genes to induced salivary gland primordium
(iSG) (Fig. 4). Actually, �-SMA-single-positive cells appeared in
the outer layer of the branching structures in iSG. Moreover, a
stem/progenitor cell marker, c-Kit; two-lumen markers, Zo-1 and
CD133 were detected in branching structures. AQP5-positive sig-
nals were observed in the cytosol and basolateral membrane of the
end bud-like cells. In contrast, several acinar markers, such as PSP
and Mist1, were not expressed, suggesting that the structure of iSG
corresponded to normal SMG  development between E15 and E18
in mice. Following the orthotopic transplantation of iSG into mice
whose salivary glands have been removed, the induced salivary
gland rudiment not only showed a similar morphology and gene
expression profile to those of the embryonic salivary gland rudi-
ment of normal mice but also exhibited characteristics of mature
salivary glands, including saliva secretion.

The current study provides evidence of the successful replace-
ment of a functional organ through orthotopic transplantation of
a self-organized organ rudiment generated from pluripotent stem

cells [66]. This study will contribute to the future development
of next-generation organ replacement regenerative therapy using
PSCs. The generated salivary glands are expected to be a promising

[

58
 glands, the submandibular gland (SMG), in mice begins with epithelial thickening
yme. The epithelium branching starts at E13.5. The ducts develop lumen at E15.5

ool for regenerative medicine and drug discovery in patients with
alivary gland hypofunction.
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