
Introduction 

Saliva is one of the most indispensable substances for maintain-
ing oropharyngeal health. The various components of saliva, 
including anti-microbial peptides, mucus, and amylase, can pro-
tect the soft and hard oral tissues from invaders, promote tissue 
recovery, and help digestion [1–4]. 

Xerostomia, also known as dry mouth syndrome, is a patho-
logic condition of hyposalivation due to salivary gland (SG) 
dysfunction. This condition causes great discomfort in speak-
ing, chewing, swallowing, and wearing dentures, thereby signifi-
cantly lowering the quality of life of affected patients. Several au-
toimmune diseases (e.g., Sjögren syndrome [SS]) and medical 
interventions (e.g., radiotherapy for head and neck cancer) often 
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Xerostomia is a pathologic condition of hyposalivation due to salivary gland (SG) dysfunction. 
Although xerostomia significantly affects the quality of patients’ life, there is no satisfactory 
treatment for this disease. Importantly, the senior population is more susceptible to xerosto-
mia than younger individuals and the prevalence of the disease is much higher in elderly 
women than in men. However, the mechanisms underlying these clinical correlations have 
not yet been elucidated and further studies are required. Given that cell lines exhibiting sali-
va-producing abilities are not available, the generation and maturation of salivary gland or-
ganoids (SGOs) have been spotlighted as a modeling system to investigate the homeostasis 
of SG stem cells, as well as the pathophysiology of SGs in disease. In this review article, we 
will review the latest reports dealing with the generation and maturation of SGOs by defin-
ing the stem cells in SGs. We will also discuss the recent literature proposing strategies to 
model disease and regenerate damaged tissues. 
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lead to xerostomia; however, its etiology has not been fully elu-
cidated [5–7]. Up to 10% of the general population experiences 
dry mouth, while the senior population seems to be more sus-
ceptible to xerostomia. Histologically, the number of acinar cells 
decreases while the amount of fat and fibrous tissue increases in 
the SG with aging. The prevalence of the disease is much higher 
in women than in men. Moreover, according to recent reports, 
dry mouth syndrome is frequently diagnosed in menopausal 
women, implying a correlation between salivary function and 
sex hormones, such as estrogen [8,9]. It is well known that the 
decrease in estrogen levels after menopause correlates with vari-
ous complications such as facial flushing, headache, skin chang-
es, osteoporosis, and xerostomia. Importantly, more than 25% of 
elderly women complain of discomfort due to xerostomia after 
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menopause [10–12]. However, there is no cure available and 
the current treatment of xerostomia is limited to non-specific 
allopathic medicine with several side effects. Therefore, safe and 
effective therapeutic approaches should be developed. 

Recent advances in 3-dimensional (3D) culture technology 
allow pluripotent and multipotent stem cells to exhibit their 
remarkable self-organizing properties, and the resulting organ-
oids reflect key structural and functional properties of mature 
organs such as the kidney, lung and gut. Organoid technology 
can therefore be used to model human organ development “in 
a dish” with properties that closely resemble the real organ in 
its structure and function [13,14]. In addition, since organoids 
preserve tissue heterogeneity compared to single-cell cultures, 
various pathologic conditions and disease features can be sim-
ulated more efficiently than conventional approaches [15]. In 
addition, mature organoids can be used as transplantable tissue 
in the field of cell-based regenerative medicine [16,17]. In these 
aspects, understanding and treating xerostomia will necessitate 
the optimization of the culture method for salivary gland or-
ganoids (SGOs) and utilization of SGOs as a disease-modeling 
system for xerostomia. Therefore, this review summarized the 
cutting-edge technologies for the generation and maturation of 
organoids using SG stem cells, as well as their application for 
understanding the development of SG and modeling SG hypo-
function to treat the disease. 

Ethics statement: This study was a literature review of pre-
viously published studies and was therefore exempt from in-
stitutional review board approval.

Establishment of SSp and SGOs 

In the field of developmental biology, an ex vivo organotypic 
slice culture method has been widely applied to study SG organ-
ogenesis [18–21]. In this format, SG epithelial tissue, mesen-
chyme, and extracellular matrix (ECM) reconstitute 3D struc-
ture that reflects several aspects of developmental hallmarks 
including branching morphogenesis and acinar cell maturation 
as observed in vivo. With the combination of various chemical 
treatments and mesenchyme-free culture conditions, organo-
typic slice culture is useful to define essential signaling pathways 
and regulatory niche factors contributing to SG development; 
however, long-term maintenance and subculture, as well as ex-
perimental manipulation, are excessively limited because this 
technique requires naïve tissue slices. Organotypic slice culture 
is also generally optimized with embryonic- and neonate-de-

rived samples, while culturing adult tissue is still challenging. 
For these reasons, SGOs can be an excellent alternative to solve 
the current limitations of the organotypic 3D culture method 
[22]. Several attempts to culture salispheres (SSp) and SGOs 
have been conducted since the mid-2000s. SGOs can be derived 
from adult stem/progenitor cells (ASPCs), embryonic SG germ 
tissue, and pluripotent stem cells (PSCs) [23]. 

1. SGOs derived from SG tissue containing ASPCs 
Most SGOs established to date are generated from freshly dis-
sociated SG tissue-derived cells. In 2008, the Coppes group 
provided the first evidence of the regenerative capacity of 
SS-isolated salivary gland stem cells (SGSCs) for restoring the 
impaired SG function [24]. In this paper, dissociated murine 
submandibular gland (SMG) cells were prepared by mechanical 
dissection and collagenase/hyaluronidase treatment, and then 
applied to a floating culture system similar to other epithelial 
tissue-derived cells. Within a few days, this system generated 
SSp with proliferative progenitors (>9,000 SSp from 2 to 3×106 
cells) but prolonged culture over 10 days resulted in a loss of 
self-renewal ability due to spontaneous differentiation. Indeed, 
the expression level of putative stem cell markers Sca-1, c-kit, 
and Musashi-1 within the SSp gradually increased by days 3 
to 5 then declined; in contrast, periodic acid–Schiff-positive 
mucin-producing cells and SG duct-like cells were detected in 
long-term cultured SSp, implying that SSp with differentiation 
capacity can be derived from SGSCs in vitro. 

After the successful generation of human SSp from the pa-
rotid gland (PG) and SMG using the same protocol applied to 
murine samples [25], researchers have tried to optimize culture 
conditions for long-term maintenance and functional matura-
tion of SGOs. In general, floating culture and embedding into 
ECM material such as Matrigel are the most frequently utilized 
methods to generate SGOs and different culture conditions are 
required for SGSC expansion and induction of differentiation/
maturation (Table 1) [24–32]. Of note, Maimets et al. [29] ap-
plied well-defined culture conditions for intestinal epithelial or-
ganoids to establish SGOs and revealed that the canonical Wnt/
β-catenin pathway is required for the maintenance of SGSC 
self-renewal in vitro. The addition of R-spondin1 and Wnt3a to 
the traditional medium significantly improved sphere-forming 
efficiency with increased population doubling level, while dis-
ruption of Wnt signaling using chemical antagonists impaired 
SGO formation and SGSC expansion. Furthermore, the trans-
plantation of Wnt-induced SGOs into irradiated SG led to func-
tional recovery accompanied with morphological restoration 
partially by the incorporation of SGOs into recipient tissue, im-
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plying that Wnt activation is necessary for the long-term SGSC 
maintenance in vitro. 

Meanwhile, not only freshly dissociated SG cells but also 
long-term cultured cells can be applied to SGO formation. In a 
recent study conducted by Sui et al. [30], the authors isolated 
epithelial stem/progenitor cells from human SMGs (hSMGe-
piS/PCs) and applied them in an ECM-free monolayer culture 
condition before the induction of SGO formation with Fgf10 
treatment. Of note, SGOs derived from long-term cultured 
hSMGepiS/PCs could generate SG-like structures both in vitro 
and in vivo, implying that the stemness of SGSCs also can be 
maintained with a traditional 2-dimensional culture system for 
several passages. Since commercial media specialized for kerati-
nocyte expansion was used in this study, it would be interesting 
to investigate the optimized combination of growth factors and 
supplements for the culture of hSMGepiS/PCs that contributes 
to SGSC maintenance during the monolayer culture. 

Considering that dissociated cells from the SG consist of 
differentiated mature cells as well as SGSCs and progenitors, 
many attempts have been reported to distinguish the SGSC 
population for SGO establishment. Based on the previous 
findings in other glandular- and epithelial tissue biology, sev-
eral candidates such as c-kit, CD49f, CD24, CD29, CD133, 
and CD326 (EpCAM) have been suggested as SGSC markers 
(Table 1) [24–32]. Nanduri et al. [27] classified the potential 

SGSC population among primary SS-dissociated cells into 4 
groups according to their pattern of CD24/CD29 expression. 
Interestingly, each population displayed a distinctive difference 
in sphere-forming efficiency, and CD24hi/CD29hi cells exhibit-
ed the highest secondary-sphere formation capacity. They also 
could generate both lobular and ductal-type organoids upon 
induction of differentiation, while CD24hi/CD29lo and CD-
24lo/CD29hi groups predominantly differentiated into lobular 
organoids. In a similar study by Xiao and colleagues, the lineage 
marker (CD31/CD45)-negative, CD24highc-Kit+Sca1+-enriched 
population was suggested as putative stem cells in SMG since 
their stemness and differentiation capacity are much higher 
than other groups [33]. In addition, the pan-epithelial marker 
EpCAM can be utilized as an SGSC marker [29]. Although 
EpCAM is stably expressed throughout the SG epithelium, 
researchers have focused on regional differences in patterns of 
EpCAM expression. The protein level of EpCAM is relatively 
high and low in the SGSC-residing ductal compartment and 
fully matured acinus, respectively. Interestingly, most EpCAM+ 
ductal cells co-express β-catenin, a signal transducer in the Wnt 
signaling pathway, suggesting that EpCAM+ cells might repre-
sent Wnt-responsive SGSCs. Indeed, sorted EpCAMhigh cells are 
capable of self-renewal and generating differentiated SGOs with 
the lumen and secretory component. 

Table 1. Representative studies of SGO establishment
Cell origin Main culture method Suggested SGSC markers Key findings Reference
M: SMG cells Ex: floating c-kit The first proof of the potential use of 

SGSC transplantation to rescue SG 
injury

[24]
Df: embedding in collagen type I

H, M: PG and SMG cells Ex: floating & embedding in 
Matrigel Df: embedding in 
collagen type I

c-kit Human SGs contain a similar putative 
stem cell population as rodents

[25]

M: SMG cells Ex: floating c-kit CD24 CD29 CD49f 
CD133

Different stem cell-associated markers 
are expressed in mouse SGSCs

[26]

M: SMG cells Ex: embedding in Matrigel c-kit CD24 CD49f Organoid-derived SGSCs contribute to 
tissue homeostasis

[31]

M: SMG cells Ex: embedding in Matrigel CD24 CD29 Long-term functional activity of SGO-
derived single CD24hiCD29hi SGSC

[27]
Df: embedding in Matrigel: 

collagen type I
H: SMG cells Ex: embedding in Matrigel c-kit The first data exploring the potential of 

human SGSCs on in vivo engraftment 
and functionality

[28]
Df: embedding in Matrigel: 

collagen type I
M: Epcamhigh SMG cells Ex & Df: embedding in Matrigel Epcamhigh Wnt signaling is essential for SGSC 

maintenance in vitro
[29]

M: PG, SMG and SLG cells Ex: floating c-kit CK5 CK14 Sca-1 CD24 
CD29 CD49f

SGOs can be derived from different 
anatomic origins

[32]

H: epiS/PCs isolated from SMG Ex & Df: embedding in Matrigel K5 CD49f Ascl3 SGOs can be generated from 2D-cultured 
SG epithelial cells

[30]

SGO, salivary gland organoid; SGSC, salivary gland stem cell; M, mouse; SMG, submandibular gland; Ex, expansion; Df, differentiation; SG, 
salivary gland; H, human; PG, parotid gland; SLG, sublingual gland; CK, cytokeratin.
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2. SGOs generated from PSCs 
In contrast to ASCs, which possess lineage-restricted potential, 
PSCs including embryonic stem cells (ESCs) and induced 
PSCs can be differentiated into multiple tissue-specific cells 
upon appropriate manipulations of gene expression and signal-
ing pathways that mimic the developmental procedure [34]. 
Recently, Tanaka et al. [4] successfully generated orthotopically 
functional SG from ESCs by regulating morphogen signaling 
and transcriptional networks. To elucidate the key pathways 
contributing to SG organogenesis, the authors conducted RNA 
sequencing analysis with developing embryonic SMG tissues 
and found that 2 transcription factors, Sox9 and Foxc1, were 
crucial for the initiation of differentiation in ESCs into SG rudi-
ments. ESCs were applied to the consecutive induction of oral 
epithelium, and then developed as SG-like tissue called induced 
SGs (iSGs) in the presence of Fgf7/Fgf10 co-treatment. In vitro 
characterization revealed that iSGs express several functional 
markers of SGs and exhibit similar gene expression patterns 
with developing SMGs rather than post-natal SMGs. Of note, 
a reconstituted structure consisting of iSGs and supportive 
mesenchyme could be integrated and differentiated into mature 
SGs after in vivo transplantation, providing important preclinical 
proof-of-concept evidence regarding organ replacement therapy 
using organoids. 

Advanced techniques for improving the 
present SGO culture methods 

In general, the self-renewal of SGSCs should be maintained 
during long-term passaging and the organoid forming efficiency, 
doubling time and the proliferative capacity of SGOs are inves-
tigated to evaluate the SGSC population. In addition, cellular 
complexity and structural similarity to the naïve organ are im-
portant to determine the organoid quality, especially for differ-
entiated organoids. Therefore, matured SGOs should contain 
both polarity-organized ductal and functional acinar cells, as ob-
served in the epithelial region of SGs. Various functional tests, 
including a calcium (Ca2+) flux assay, amylase secretion assay, 
and lumen swelling assay, followed by cholinergic stimulation, 
have been applied to assess the functionality of mature SGOs. 

Several attempts have been conducted to fulfill these criteria 
(Table 2) [29,35–43]. Specifically, the regulation of signaling 
pathways associated with SG organogenesis is one of the com-
mon strategies to improve basic culture conditions. For instance, 
sustained activation of the Wnt-β-catenin axis significantly 
consolidates the self-renewal and organoid-forming efficiency 
of SGSCs [29]. Treatment of the Rho kinase inhibitor, Y27632, 
can increase the population of c-kit+ and CK5+ SGSC-like cells 
in SGOs under expansion conditions, while it accelerates the 
differentiation of pro-acinar Mist+ cells into aquaporin 5-posi-

Table 2. Various strategies for SGO improvement
Cell origin Modification Advanced features Reference
M: Epcamhigh SMG cells Wnt signaling activation Extensive in vitro expansion [29]
H: PG, SMG and SLG cells Alk inhibition by LDN193189 and SB431542 

treatment
Budding and/or branching morphology was 

significantly increased
[36]

M: SMG cells Rho kinase inhibition by Y27632 treatment Increased CK5 basal progenitor marker [35]
Increased acinar cell differentiation

M: SMG cells RA treatment Increased lumen formation in branching duct-like 
structures

[38]

H: PG epithelial cells Cultured in bioactive basement membrane 
peptide-modified HA 3D hydrogel systems

Higher mRNA transcript levels encoding the 
progenitor markers

[40]

Increased acinar cell differentiation
M: SMG cells Cultured with chitosan-fabricated biomaterials Stimulated cellular organization to maintain 

primitive spheroid structure
[41]

H: SG epithelial cells Cultured with hydrogel-micropatterned 
nanofibrous microwells

Stimulated acinar-like spheroid organization [42]

H: single clonal SGSCs Cultured with hydrogel-micropatterned 
nanofibrous microwells

Increased stemness of SGSCs [43]

Rat: SG stem/progenitor cells Cultured with decellularized ECM hydrogels Increased SG functional differentiation with  
α-amylase enzyme activity

[39]

M: SMG cells Embedded in neurturin-containing laminin-111 
ECM

Epithelial innervation and branching 
morphogenesis in vivo

[37]

SGO, salivary gland organoid; M, mouse; SMG, submandibular gland; PG, parotid gland; SLG, sublingual gland; Alk, anaplastic lymphoma 
kinase; RA, retinoic acid; H, human; HA, hyaluronic acid; SG, salivary gland; SGSC, salivary gland stem cell; ECM, extracellular matrix.
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tive (AQP5+) acinar cells during the Fgf2-mediated maturation 
process [35]. In addition, chemical inhibition of activin recep-
tor-like kinase signaling or treatment of morphogenic proteins 
such as the Fgf family can induce the development of acini-con-
taining budding structure in SGOs [30,36,37]. In addition to 
the branching morphogenesis, Kim et al. [38] focused on reca-
pitulating the lumen formation process during the maturation 
of SGOs. According to that study, the Fgf2/Fgf10 combination 
initiates the budding and branching elongation process, and the 
addition of retinoic acid (RA) enhances lumen formation with-
in this duct-like compartment. The authors further revealed that 
activation of RA signaling upregulates the vasoactive intestinal 
protein pathway, one of the essential mediators in ductal growth 
and contiguous lumen formation during the development, and 
directly stimulates CK7+ luminal cell differentiation. 

Early studies have documented the importance of the ECM 
in regulating the morphogenesis of developing SGs [44]. Thus, 
the ECM and ECM-mimicking substances in SGO culture not 
only function as a physical scaffold, but also provide biological 
interactions facilitating the generation and maturation of SGOs. 
Matrigel is the most commonly used hydrogel at present, but 
potential benefits of other natural- and synthetic biomaterials 
have been explored for organoid culture [38,44]. The natural 
ECM obtained from naïve SG tissue can be utilized as hydrogel 
or scaffold for SG-derived cell culture after decellularization 
[39,45]. Srinivasan et al. [40] fabricated hyaluronic acid (HA) 
hydrogels with the basement membrane peptides from laminin 
and perlecan to provide in vivo-like enriched cues and applied 
them in SGO culture. They found that SGOs embedded in 
peptide-modified HA hydrogel showed enhanced progenitor 
potential with increased differentiation capacity towards aci-
nar cell lineage compared to those cultured with naïve HA. In 
another study, researchers generated various concentrations of 
chitosan in the form of soluble or coating material and investi-
gated whether chitosan-based biomaterials would be applicable 
to SGO culture [41]. It was noted that both types of chitosan 
affected the morphology of SGOs significantly by suppressing 
spontaneous cavitation in a dose-dependent manner. Chitosan 
seems to affect the cellular adhesion and polarity establishment 
during the SGO organization process, contributing to the main-
tenance of SGOs in the primitive state. 

Meanwhile, bioengineering techniques have been applied to 
aid the 3D organization of dissociated SG cells. Lim and col-
leagues have studied the benefits of hydrogel-micropatterned 
nanofibrous microwells in the self-assembly of human PG-de-
rived epithelial cells (hPECs). They developed polyethylene 
glycol hydrogel-micropatterned polycaprolactone nanofibrous 

microwells to culture hPECs and found that microwell-cultured 
SG aggregates exhibit a higher level of acini phenotypic markers 
such as AQP5 and α-amylase with enhanced tight junction and 
structural protein expression [42]. This system is applicable 
to culture clonally expanded SGSCs, in which it contributes to 
the 3D organization of SGSCs followed by the generation of 
functional SGOs [43]. Considering the unstable quality due 
to batch-to-batch variation and xenogenic features of Matrigel, 
well-defined synthetic biomaterials would be an excellent al-
ternative to Matrigel for the therapeutic application of SGOs in 
regenerative medicine. 

Application of SGOs for understanding 
development, modeling disease, and 
regenerating tissues 

Increasingly many attempts have recently been conducted to 
apply organoid technology as an alternative for the conventional 
modeling systems represented by cell line culture and animal 
models in the field of biomedical research. Since the derivation 
of SGOs from SGSCs recapitulates several key aspects of the 
developmental process, including self-organization, budding 
formation, and duct elongation, SGOs have emerged as a mod-
el system to understand SG development and homeostasis. 
Several studies have been conducted to elucidate the putative 
SGSC population by evaluating the organoid forming capacity 
of SGSC candidates expressing single- or multiple SC markers 
as described above. Researchers also take advantage of SGOs 
to verify hypotheses extrapolated from organotypic cell culture 
and animal studies. For instance, the importance of the fibro-
blast growth factor family members in acini cell development 
and the role of the RA signaling pathway on lumen formation 
have been confirmed in the process of SGO differentiation. Or-
hon et al. [46] indicated the role of autophagy in regulating the 
self-renewal and regenerative response of SGSCs upon injury 
signals using SGOs. They treated SGOs with the autophagy 
blockers bafilomycin A1 and chloroquine and found that the 
organoid-forming capacity of SGSCs dropped significantly due 
to the impaired autophagy. This phenomenon was reproduced 
in an Atg5-deficient SGO line established from Atg5 knockout 
model mice. Of note, when the endogenous autophagy flux 
was activated in SGSCs by Tat-beclin 1 peptide treatment, the 
self-renewal efficiency of SGOs improved without affecting 
differentiation capacity. Based on these findings, the authors re-
vealed that basal autophagy levels in SGSCs might be regulated 
depending on their status (quiescence or active) and suggested 
the autophagy pathway as a key modulator in homeostasis and 
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regeneration of slowly self-renewing organs. 
SGOs possess excellent potential for modeling SG-associated 

diseases and elucidating their pathological mechanisms. Since 
xerostomia is the most common condition associated with 
the SG hypofunction, researchers have tried to recapitulate 
this condition in SGOs from different perspectives. A recent 
study demonstrated the modeling of radiotherapy-associated 
xerostomia by evaluating the radiation response of SGOs [47]. 
Maimets et al. [48] compared the characteristics of young-and 
old mouse-derived SGOs mainly focusing on the self-renewal 
of SGSCs. Although aged SMGs contain a higher number of 
CD24hi/CD29hi cells than young SMGs, SGSCs from old mice 
showed a lower organoid-forming capacity than that of young 
cells, indicating that stemness and self-renewal ability of SGSCs 
might be declined with aging. Meanwhile, hyposalivation is 
one of the major symptoms of the autoimmune disorder SS, 
although the causal relationship remains unclear. To explore the 
characteristics of SGSCs in primary SS, SGOs were established 
from PG biopsy samples of SS-affected patients and compared 
with healthy SGOs [49]. It was noted that both SGO gener-
ation efficiency and the yield of EpCAMhigh SGSCs were sig-
nificantly lower in SS samples compared to the control. RNA 
sequencing analysis of SGOs revealed that gene sets associated 
with cell cycle progression, cell division, and senescence phe-
notype were significantly upregulated in SS-SGOs; indeed, 
the average telomere length in control SGSCs was greater than 
that of SS-derived SGSCs, implying that SS-SGSCs might be 
subjected to replicative senescence-induced injuries. The au-
thors further found that a combination of pro-inflammatory 
cytokines (interferon-α, tumor necrosis factor, and interleu-
kin-6) induced an accelerated proliferation in normal SGOs, 
leading to premature aging. Since the organoid system is more 
physiologically relevant to naïve tissue than to established cell 
lines, SGOs can be applied to study cancer biology and Taka-
da et al. [50] reported the first approach utilizing SGOs as a 
salivary adenoid cystic carcinoma (ACC) model. In this study, 
several ACC organoid lines were generated then orthotopically 
transplanted into NGS mice to obtain a patient-derived tumor 
xenograft. Interestingly, cancer SGOs maintain the genetic and 
histological phenotypes of their original tumor tissues and 
their reactivity to chemotherapeutic agents can be evaluated by 
in vitro drug sensitivity assays. Therefore, these studies suggest 
the value of SGOs not only for investigating the mechanism of 
uncurable SG-associated disorders, but also for establishing a 
novel therapeutic strategy. 

Finally, organoids are regarded as promising tools in the 
field of cell therapeutics and regenerative medicine [22,51]. 

Since tissue-specific stem cells are stably maintained and ex-
panded within organoids, continuously cultured SGOs can 
provide SGSCs with high potential, and transplantation of these 
SGO-derived stem cells can improve radiation- or ligation-me-
diated SG damage in vivo [24,25,28,31]. Furthermore, not only 
isolated SGSCs but also SGOs themselves are capable of tissue 
restoration. Several attempts have been conducted to test the 
therapeutic impact of reconstituted SGO-mesenchyme-bioma-
terial complex [4,32,52]. After the orthotopic engraftment of 
bioengineered SG structures in vivo, they were integrated into 
the recipient tissue properly with a differentiated structure. No-
tably, transplanted artificial SGs could produce saliva, leading to 
the amelioration of dry mouth symptoms of the SG-deficient 
mice model, demonstrating the possibility of organ replacement 
therapy through the combination of biotechnology and organ-
oid technology. 

Conclusion and limitations of current 
technology 

Despite the remarkable achievements in the establishment of 
SGOs, current technology has several limitations. Compared 
to other well-defined epithelial organoid systems, culture con-
ditions for SGOs have not been optimized yet [14]. Of note, 
although the present expansion media can support SGSC en-
richment in vitro, the organoid differentiation protocol for the 
induction of both duct and acini compartments in SGOs still 
needs to be improved. Naïve SG tissue consists of an organized 
ductal system and produces multiple secretory proteins through 
the cooperative action of exocrine acini cells and contractile 
myoepithelial cells [53]. Furthermore, humans have 3 major 
SGs—the PG, SMG, and sublingual gland—with multiple mi-
nor SGs, and each gland has distinctive histological characteris-
tics and secretory profiles. Similar to other exocrine organs, the 
production of saliva is tightly regulated by the autonomous ner-
vous system via interactive crosstalk between receptor signaling 
[54–56]. In these aspects, Lee et al. [32] successfully generated 
region-specific SGOs with unique cellular composition, al-
though their secretory functions were not determined. There-
fore, it would be important to check the expression pattern of 
receptors (cholinergic and purinergic receptors) and to test the 
reactivity of differentiated SGOs to various stimuli for function-
al evaluation. In addition, current organoids mainly consist of 
epithelium-derived cells and ECM; thus, the establishment of 
a co-culture system with other components including mesen-
chyme, vascular structure, immune cells, and microbiota would 
provide an advanced SG platform to study the mechanisms un-
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derlying SG organogenesis, regeneration, and disease develop-
ment. Taken together, improved SGOs that overcome current 
limitations might critically contribute to the development of 
stem cell-based therapeutics for disease modeling and regener-
ation. 
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