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SUMMARY

Functional integration of transplanted cells with host tissue remains a major challenge in cell-based therapies for tissue damage in organs
with complex structures, such as exocrine glands. In this study, we investigated whether salivary gland organoids derived from human
induced pluripotent stem cells (hiPSCs) could be integrated into injured salivary glands using cell sheet engineering. Cell sheet engineer-
ing has demonstrated therapeutic potential in a range of organs, including the heart, retina, and lungs. We found that hiPSC-derived
salivary gland organoids contain long-term maintainable progenitor cells, and the resulting cell sheets exhibited heterogeneity, including
acinar, ductal, and myoepithelial cells. Furthermore, transplantation of the organoid-derived salivary gland cell sheets into immunode-
ficient mice resulted in partial integration with the host salivary ducts, leading to the formation of structures that included xenogeneic
chimeric ducts. These findings suggest that salivary gland cell sheet transplantation represents a promising strategy for functional salivary

gland regeneration.

INTRODUCTION

Salivary gland dysfunction caused by radiotherapy for head
and neck cancer or Sjogren syndrome leads to xerostomia,
resulting in significant oral dysfunction (Jensen et al.,
2019). Cell therapy shows potential as a novel therapeutic
approach for these conditions to restore the glandular tis-
sue, with ongoing clinical trials focusing on adult stem-
cell-derived salivary gland organoids (Verstegen et al.,
2025). Proper maintenance of the ductal structures neces-
sary for salivary secretion into the oral cavity remains a ma-
jor challenge for the development of effective regenerative
therapies for salivary gland dysfunction. Transplanted cells
must not only engraft but also establish a functional
connection with the host ductal system to contribute to
salivary flow. Effective coordination between host tissue ar-
chitecture and transplanted cells remains a universal chal-
lenge in organoid-based transplantation therapies (van den
Berg et al., 2025; Qi et al., 2024; Thompson and Takebe,
2021). Recently, functional integration of human cells
into the mouse liver has been reported (Igarashi et al.,
2025; Reza et al., 2025). However, in the context of cell
transplantation into salivary glands, the mechanisms by
which transplanted cells integrate with the host tissue
structures to ensure functional recovery remain unclear.
Previously, we successfully generated human salivary
gland organoids from induced pluripotent stem cells
(iPSCs) and transplanted them into immunodeficient
mice following the removal of parotid glands, thereby

maintaining a salivary secretion pathway into the oral cav-
ity (Tanaka et al., 2022). However, this transplantation
method requires the complete removal of the host salivary
glands (Ogawa et al., 2013; Tanaka et al., 2018). Clinically,
new methods are urgently needed for the transplantation
of donor cells, while preserving the host salivary glands
and facilitating their integration. To date, functional inte-
gration through expansion and transplantation of organo-
ids derived from mouse salivary gland tissue has been
demonstrated (Hong et al.,, 2022; Maimets et al., 2016;
Xiao et al., 2014). However, reports on the transplantation
outcomes of salivary gland organoids derived from human
salivary gland tissue remain limited (Jeon et al.,, 2024;
Pringle et al., 2016). A recent study reported the transplan-
tation of organoids derived from dissociated human sali-
vary gland tissues into immunodeficient mice (Jeon et al.,
2024). It has been reported that, following transplantation
of human salivary gland organoids into immunodeficient
mice, the transplanted organoids produce mucin within
the mouse salivary gland tissue. However, the transplanted
cells formed structures independent of the recipient ductal
system.

Cell sheet technology using temperature-responsive
dishes is a potential method for cell transplantation into
injured tissues (Yamato and Okano, 2004). A major advan-
tage of temperature-responsive dishes is that the cultured
cells are harvested as intact sheets along with their extracel-
lular matrix by simply lowering the temperature, without
the need for proteolytic enzymes. This non-invasive
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harvesting method has been shown in studies of other or-
gans to allow transplantation while preserving cell-cell
junctions and extracellular matrix proteins of the cultured
cells (Sekine et al., 2011). Moreover, cell sheets generated
from dissociated mouse salivary gland tissues restore the
damaged salivary gland tissues (Dos Santos et al., 2020;
Nam et al., 2019). However, the precise mechanisms by
which the transplanted cells influence the host salivary
gland remain unclear. While salivary gland cell sheet trans-
plantation represents a promising strategy for the repair of
damaged salivary tissues, further investigation is needed to
clarify the direct contribution of the transplanted cells and
validate this approach using human cells.

In this study, we successfully generated salivary gland cell
sheets containing both ductal and acinar cells using the or-
ganoids. Furthermore, transplantation of these cell sheets
into the damaged salivary glands of mice revealed the
seamless integration of human salivary gland structures
with the host ductal structures.

RESULTS

hiPSC-derived salivary gland organoids contain
continuous organoid-forming cells

We investigated whether the functionality of the human
iPSC (hiPSC)-derived salivary gland organoids generated us-
ing our previously reported 80-days differentiation protocol
(Tanaka et al., 2022) can be maintained over time. To
monitor the salivary gland architecture, we established
aquaporin 5 (AQPS) reporter hiPSCs using the CRISPR/
Cas9 system. We designed single guide RNAs (sgRNAs) tar-
geting the region upstream of the stop codon in AQPS
and synthesized donor ssDNA (Figure 1A). Genomic PCR
analysis of the clones isolated from these neomycin-resis-
tant colonies confirmed the insertion of EGFP downstream
of AQPS, and Sanger sequencing further validated this in-
frame insertion (Figure S1A). The generated AQPS5::EGFP
hiPSCs enabled the differentiation of AQPS-positive proac-
inar cells during salivary gland organoid induction
(Figure 1B). Indeed, salivary-gland-like structures with
branched morphology developed at the periphery of
AQPS-EGFP hiPSC-derived organoids at day 60 (D60) of dif-
ferentiation, and EGFP signals were observed in these re-
gions (Figure 1C, arrowhead). Salivary gland organoids
derived from AQPS reporter iPSCs showed highly overlap-
ping patterns of HA and AQPS5 antibody-positive cells
upon fluorescence staining, confirming the proper func-
tioning of the reporter cells (Figure S1B). Additionally, in
the salivary gland-like structures showing E-cadherin
(E-Cad)-positive epithelial branching morphology, keratin
(K)-5- and K14-positive basal cells and a-smooth muscle
actin (SMA)-positive myoepithelial cells were arranged
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with clear polarity, with Ki67-positive proliferating cells pri-
marily detected in the bud region (Figure S1C). Notably, no
signal was detected for PAX6, a marker of the lacrimal gland,
which is similar to the salivary glands (Figure S1C). Further-
more, after isolation, the entire organoid was purified into a
branched structure with EGFP on D80 (Figure 1C).

Next, to examine whether functional stem cells were
maintained within the induced gland organoids on D80,
we isolated the distal regions and repeatedly passaged
them to assess the feasibility of long-term expansion cul-
ture (Figure 1D). Even after distal region isolation, the orga-
noids continuously branched and increased in size
(Figure 1E). AQPS5::EGFP signals corresponding to the end
buds were also detected (Figure 1E). Histological analysis re-
vealed that the D120 organoids exhibited a distinct
branching structure composed of pan-cytokeratin (Pan-
CK)-positive epithelium, with AQPS5::HA-positive cells in
the distal end buds (Figure 1F). Notably, intracellular local-
ization of AQPS did not follow the expression patterns
observed in mature acinar cells, in which AQPS aggregated
on the luminal side. Instead, it exhibited a developmental
pattern characteristic of immature acinar cells, and its
expression was also observed on the basolateral cell mem-
branes (Figure 1F). Furthermore, a-SMA-positive myoepi-
thelial and K14-positive basal cells were localized to the
spindle-shaped cells on the basal side of the end buds,
whereas K19-positive ductal cells were arranged on the
luminal side. Ki67-positive proliferating cells were local-
ized to the distal end buds (Figure 1F).

These findings suggest that a cell population capable of
continuously forming salivary gland organoids is preserved
with embryonic features, even after D80. Moreover, distal
region isolation prevents central necrosis and supports
the long-term expansion of salivary gland organoids.

Human salivary gland cell sheet generation from iPSC-
derived salivary gland organoid

As the induced organoids contained cell populations
capable of forming glandular structures, they were dispersed
via enzymatic treatment and seeded onto temperature-
responsive dishes for cell sheet production for transplanta-
tion (Figure 2A). The seeded cells adhered to the dish
without the need for special coating and proliferated into
sheets, reaching confluency 5 days after seeding
(Figure 2B). Upon decreasing the temperature of the
confluent culture dish, the cells detached from the dish in
a sheet-like form and were subsequently collected
(Figure 2B). Fluorescence images revealed that some cells
formed AQPS5::EGFP-positive clusters despite flat culture
conditions (Figure 2C). Histological analysis was performed
to examine the cell types in the sheets. The cell sheets con-
sisted of approximately three cell layers, including a popula-
tion of AQPS-positive cells (Figures 2D and 2E). Almost all
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Figure 1. Long-term expansion culture of human induced pluripotent stem cell (hiPSC)-derived salivary gland organoids

(A) Establishment of aquaporin 5 (AQP5) reporter hiPSCs using the CRISPR/Cas9 system. Endogenous AQP5 tagged with hemagglutinin
(HA) and enhanced green fluorescent protein (EGFP) was linked to AQP5 using a P2A peptide.

(B) Differentiation protocol for salivary gland organoids derived from hiPSCs. On D60, D80, and D100, branching structures were manually
isolated for long-term culture.

(C) Comparison before and after the isolation of the branching region of AQP5::EGFP hiPSCs (D60). Arrowheads indicate the regions of
branching structures and their magnified views (top). After isolation, EGFP signals were observed throughout the entire bud region
(middle). At D80, the salivary gland organoids consisted exclusively of branching structures with AQP5::GFP-positive terminal buds
(bottom left). A magnified view of the branching structure is shown (bottom right). Scale bars, 500 pm.

(D) Schema for the long-term culture of human salivary gland organoids: the organoids on D80 were manually divided and continued in
floating culture, after which division was performed once every 20 days for long-term expansion culture.

(E) Divided salivary gland organoids on D100 (left). Organoids on D120 of continuous floating culture after dividing are shown (middle and
right). Scale bars, 500 pm.

(F) Immunofluorescence analysis of salivary gland marker protein and HA for AQP5 detection in organoids on D120. Scale bars, 500 pm
(left) and 50 pm (others; n = 3 biological replicates from three individual experiments).
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cells comprising the sheets were positive for pan-cytokeratin
(Pan-CK) and E-Cad, indicating their epithelial identity
(Figure 2F). These cells expressed SOX9, a transcription fac-
tor found in the salivary glands, and were predominantly
positive for K5, a basal cell marker, and K14 (Figure 2G).
However, some cells expressed K19, K13, and K8, which
are typically found in luminal cells of the duct (Figures 2G

and S2A). The majority of cells in the salivary gland cell
sheet express K5 and K14, with a subset also expressing
K19, suggesting that these cells exhibit a gene expression
pattern resembling that of embryonic salivary gland ducts
(Hauser et al., 2020; Lombaert et al., 2013; Sekiguchi et al.,
2020). Only a few cells expressed the myoepithelial marker,
a-SMA, and Ki67 staining revealed that both AQPS5-positive
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and AQP5-negative cells retained their proliferative capacity
(Figure 2F). Although the salivary gland cell sheets con-
tained the salivary gland constituent cells, no ZO-1-positive
lumen formation was detected (Figure S2A). RT-qPCR re-
vealed that the acinar markers SOX10 and AQPS5, ductal
marker keratin 19 (KRT19), basal cell marker KRTS, and my-
oepithelial marker ACTA2 maintained similar expression
patterns in the cell sheets and salivary gland organoids
(Figure S2B). However, expression levels of the undifferenti-
ated markers, POUSF1 and NANOG, were significantly
lower than those in hiPSCs (Figure S2B). Collectively, these
results suggest that salivary-gland-organoid-derived cell
sheets composed of heterogeneous salivary gland epithelial
cell populations support glandular tissue reconstruction
post-transplantation.

Human salivary gland cell sheet transplantation
reconstructs the ductal structures in continuity with
the host mouse ductal system

To evaluate their ability to integrate with the host tissues af-
ter transplantation, the cell sheets were transplanted into
immunodeficient mice with damaged salivary glands
(Figure 3A). The transplantation procedure and the timing
of analysis were determined based on previously published
studies, and the analysis was conducted one month after
transplantation (Dos Santos et al.,, 2020; Nam et al.,
2019). Briefly, a cervical skin incision was made to expose
the salivary glands, and 2-mm hole was created in the sub-
mandibular glands using a tissue punch to induce damage.
In the transplantation group, salivary gland cell sheets
were transplanted into the openings created by the punch
(Figure 3B). Under our experimental conditions, no
obvious differences in the gross morphology of salivary
glands were observed between the sham and injured
groups (Figure 3C). In contrast, histological analysis re-
vealed that the injured group exhibited acinar atrophy in
the lobule units compared to the sham group (Figure 3D).

This atrophy was possibly due to the disruption of ductal
continuity caused by the punch procedure. Histological
analysis via immunofluorescence staining revealed that
the salivary glands in the injured group exhibited lobules
with markedly reduced AQPS levels, consisting predomi-
nantly of conduit structures (Figure 4A). Similar atrophic
lobules were observed in the transplantation group
(Figure 4A). To determine the origin of these irregular gland
duct structures observed, staining was performed with
mouse-specific EpCAM and human-specific mitochondrial
antibodies or human-specific nuclear antibodies (Figure 4B
and S3A). Notably, the ductal structures exhibited continu-
ity with regions comprising host-derived salivary gland
epithelial cells and human cells originating from the trans-
planted cell sheets, forming E-Cad-positive interspecific
chimeric ducts. Therefore, the transplanted human cells
did not engraft as autonomous structures in the host sali-
vary glands but rather contributed to ductal reconstruction
in cooperation with the host mouse epithelial cells.
Furthermore, human cells within this chimeric duct ex-
hibited double positivity for basal cell marker K5 and ductal
cell marker K19. In contrast, luminal cells were negative for
K14, whereas basal cells were positive for K14, with some
also expressing a-SMA (Figure 4C and S3B). Furthermore,
both human and mouse cells within this structure included
Ki67-positive proliferating cells (Figure 4C). These findings
indicate that human cells were transplanted as salivary
gland cell sheets within injured mouse salivary glands. In
addition, the engraftment of acinar cell clusters composed
of transplanted AQPS5::HA-positive cells were infrequently
observed (Figure S4A) (one out of eight transplanted
mice). These clusters were located near the transplantation
site adjacent to K19-positive ductal structures and were
accompanied by a-SMA-positive myoepithelial cells
(Figure S4B). Moreover, expression of amylase, a digestive
enzyme found in saliva, was not detected in these struc-
tures (Figure S4C). These findings suggest that the salivary

Figure 2. Generation of salivary gland cell sheets from hiPSCs
(A) Schema for the generation of salivary gland cell sheets.

(B) Phase contrast images of cells derived from the decentralized salivary gland organoids on D2 (left) and D5 (center). Stereomicroscopic
image of a detached cell sheet is shown (right). Scale bars, 500 pm (left) and 1 mm (right; n = 12 biological replicates from at least three
individual experiments).

(C) Immunofluorescence images of the cell sheets, including a population of AQP5-positive cells. Scale bars, 200 pm (n = 12 biological
replicates from at least three individual experiments).

(D) Histological analysis of cell sheets via hematoxylin and eosin staining. Scale bars, 50 pum (n = 3 biological replicates from three
individual experiments).

(E) Fluorescence images of AQP5::EGFP reporter hiPSC-derived salivary gland cell sheets after 4’,6-diamidino-2-phenylindole (DAPI)
staining. Scale bars, 50 pm (n = 3 biological replicates from three individual experiments).

(F) Immunofluorescence images of the cell sheets, including a population of Pan-CK-positive epithelial cells. Scale bars, 50 pm (n =3
biological replicates from three individual experiments).

(G) Immunofluorescence analysis of salivary gland marker protein and HA for AQP5 detection in cell sheets. Scale bars, 50 um (n = 3
biological replicates from three individual experiments).
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Figure 4. Engrafted human salivary gland cell sheets
form glandular structures in coordination with the
injured mouse salivary glands

(A) Immunofluorescence images of the sham group
(left), injured group (middle), and transplanted group
with punching treatment and cell sheet transplantation
(right) stained with antibodies against E-cadherin
(E-Cad) and AQP5. The arrowhead indicates the region
of atrophic lobules. Scale bars, 500 pm.

(B) Immunofluorescence images of human salivary gland
cell sheets transplanted into the injured submandibular
glands of immunodeficient mice stained with antibodies
against mouse-specific epithelial cell adhesion molecule
(EpCAM), human-specific mitochondria, and E-Cad. Scale
bars, 50 pm.

(C) Immunofluorescence images of human salivary gland
cell sheets transplanted into the injured submandibular
glands of immunodeficient mice stained with antibodies
against salivary gland marker proteins. Scale bars, 50 pm
(n = 4 mice/group from three individual experiments).
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gland cell sheets may contribute to the regeneration of
acinar cells; however, further strategies are needed to pro-
mote their maturation.

Overall, transplanted hiPSC-derived salivary gland cell
sheets integrated well with the injured host salivary gland
ducts at the cellular level, serving as effective transplanta-
tion tools for exocrine glands, where ensuring continuity
with the host duct system is crucial.

DISCUSSION

In this study, we demonstrated that hiPSC-derived salivary
gland organoids retained the ability to form acinar-cell-
containing branching structures over the long term.
Furthermore, we generated cell sheets containing salivary
gland constituent cells from these organoids using temper-
ature-responsive culture dishes and observed human cell
engraftment upon xenotransplantation into immunodefi-
cient mice. The transplanted human cells maintained
cellular polarity and formed ductal structures that were his-
tologically integrated into the host mouse ducts.
Long-term cultures of organoids derived from tissue stem
cells via self-renewal have been established for various or-
gans, such as the intestine, significantly contributing to
regenerative medicine and disease research (Sachs et al.,
2019; Sato et al., 2009). Several studies have generated hu-
man salivary gland organoids from tissue stem cells (Jeon
et al.,, 2024; Lu et al.,, 2025; Pringle et al., 2016; Yoon
etal., 2022). However, unlike mouse salivary gland organo-
ids, human organoids exhibit solid or cystic structures and
lack distinct branching phenotypes. These morphological
characteristics are consistent with those reported in other
stem-cell-derived human exocrine gland organoids
(Richards et al.,, 2019; Rosenbluth et al., 2020). In this
study, iPSC-derived human salivary gland organoids were
successfully maintained for a long time while retaining
their branching phenotype via mechanical passaging.
The observed differences in organoid morphology possibly
reflect the functional differences between fetal and adult
salivary gland stem cells. Consistently, a recent study on
pancreas, another organ with a branched structure,
demonstrated that organoids retaining a branched
morphology can only be established from embryonic
pancreatic tissues, whereas those derived from adult
pancreatic tissues lack this structure (Andersson-Rolf
et al.,, 2024). These findings suggest the presence of fetal
stem cells with tissue-forming potential within iPSC-
derived human salivary gland organoids, explaining their
resemblance to embryonic salivary glands (Tanaka et al.,
2022). However, further research is necessary to elucidate
the functional differences between fetal and adult stem
cells and their implications for therapeutic applications.
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The salivary-gland-organoid-derived cell sheets gener-
ated in this study consisted of heterogeneous cell popula-
tions, including acinar, ductal, and myoepithelial cells. A
previous study developed cell sheets derived from mouse
salivary gland tissues and reported limited AQPS-positive
cells under monoculture conditions (Nam et al., 2019).
This difference was possibly because mature acinar cells
are generally vulnerable to stress, such as cell dissociation,
and exhibit low engraftment efficiency (van den Brink
et al., 2017). Here, hiPSC-derived organoids contained a
high proportion of immature proacinar cells, which
contributed to their enhanced survival. Histological anal-
ysis post-cell sheet transplantation revealed the integration
of human salivary gland cell sheets with the host mouse
ducts, forming interspecies chimeric ducts. In these human
ductal cells, polarity was re-established in both basal and
luminal cells. Although previous studies have reported
the orthotopic transplantation of organoids derived from
human salivary gland tissues, the transplanted cells gener-
ally form independent structures within the host salivary
glands (Jeon et al., 2024; Lu et al., 2025). The cellular inte-
gration observed in this study underscores the advantage of
salivary gland cell sheet transplantation, which serves as a
novel strategy to combine salivary gland organoids with
cell sheets. A limitation of this study is that the engraft-
ment of AQPS-positive acinar-like cells derived from the
transplanted hiPSC-derived organoid cell sheets was
limited, and no amylase expression was detected. To restore
salivary secretion, efficient reconstruction of functional
acinar structures after transplantation is essential. Given
the difficulty in maintaining differentiated acinar cells in
culture, future studies should focus on modifying the cul-
ture conditions to develop cell sheets containing cells in
a progenitor-like state to enhance acinar cell engraftment.

METHODS

Differentiation of salivary gland organoid from
human iPSCs

hiPSCs were dissociated using StemPro Accutase, resus-
pended in StemFit AKO2N medium supplemented with
20 pM Y27632, and seeded at a density of 5,000 cells per
well in PrimeSurface 96-well V-bottom plates (Sumitomo
Bakelite) with 100 pL per well. On D2, aggregates were
transferred to chemically defined medium (CDM) and
cultured in Nunclon Sphera 96-well U-bottom low-attach-
ment plates (Thermo Fisher Scientific). CDM consisted of
1% chemically modified lipid concentrate (Thermo Fisher
Scientific), 450 pM monothioglycerol (MERCK), 5 mg/mL
crystallized bovine serum albumin (MERCK), 2% growth
factor-reduced Matrigel (BD Biosciences), and a 1:1 mixture
of Iscove’s modified Dulbecco’s medium and Ham's F-12



(Thermo Fisher Scientific), supplemented with 10 pM
SB431542 (Stemgent) and 10 ng/mL BMP4 (PeproTech).
On D6 and D8, 25 pL or 75 pL of medium was added,
respectively. On D12, aggregates were washed and trans-
ferred to 6-cm low-attachment dishes (Nunc) containing
organoid maturation medium (OMM). OMM included
0.5% N2 supplement, 1% B27 supplement minus vitamin
A, 1 mM penicillin-streptomycin, 1% GlutaMAX (all from
Thermo Fisher Scientific), 1% growth-factor-reduced Matri-
gel, and advanced DMEM/F-12 supplemented with 100 ng/
mL FGF7 (R&D Systems) and 200 ng/mL FGF10 (Qkine).
On D60, branching structures were manually isolated us-
ing a 29-G needle. On D80, AQP5-GFP-positive structures
were dissected into smaller fragments using the same
method. OMM was refreshed every other day during
floating culture. The distinction between EGFP and auto-
fluorescence in the induced organoids was confirmed by
histological analysis.

Cell sheet preparation

Organoids were washed with cold PBS, and six organoids
were collected and digested in 2 mL of pre-warmed
TrypLE Express at 37°C for 60 min with pipetting every
20 min. Digestion was stopped by adding 2 mL of
DMEM +10% FBS, and cells were pelleted (300 x g,
3 min). Cells were resuspended in medium containing
100 ng/mL FGF7, 200 ng/mL FGF10, 10 ng/mL EGEF, and
10 pM Y27632 and seeded into two wells of a 12-well Up-
Cell temperature responsive plate (Thermo Fisher Scienti-
fic). Cultures were maintained at 37°C in 95% air and 5%
CO,, with medium changed every other day. After 5 days,
the temperature was lowered to below 25°C, and a cell
shifter was applied to harvest intact cell sheets.

Statistics

Statistical analysis was conducted using one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons.
All analyses were performed using R Studio. Immunofluo-
rescence experiments were independently repeated at least
three times with consistent results. No statistical method
was used to predetermine sample size, and experiments
were not randomized.
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