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Stress or injury induces cellular plasticity in salivary gland acinar cells
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Abstract
Salivary gland function is severely disrupted by radiation therapy used to treat patients diagnosed with head and neck cancer and
by Sjögren’s syndrome. The resulting condition, which results in xerostomia or dry mouth, is due to irreversible loss of the
secretory acinar cells within the major salivary glands. There are presently no treatments for the resolution of xerostomia. Cell-
based approaches could be employed to repopulate acinar cells in the salivary gland but investigations into potential therapeutic
strategies are limited by the challenges of maintaining and expanding acinar cells in vitro. We investigate the encapsulation of
salivary gland cell aggregates within PEG hydrogels as a means of culturing secretory acinar cells. Lineage tracing was used to
monitor the fate of acinar cells isolated from murine submandibular gland (SMG). Upon initial formation in vitro, SMG
aggregates comprise both acinar and duct cells, with the majority cells of acinar origin. With longer culture times, acinar cells
significantly decreased the expression of specific markers and activated the expression of keratins normally found in duct cells. A
similar acinar-to-duct cell transition was also observed in vivo, following duct ligation injury. These results indicate that under
conditions of stress (mechanical and enzymatic isolation from glands) or injury (duct ligation), salivary gland acinar cells exhibit
plasticity to adopt a duct cell phenotype.
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Introduction

Salivary gland function is critical for oral health, and disrup-
tions in saliva secretion have adverse secondary effects.
Chronic salivary gland dysfunction is caused by radiation
therapy used to treat head and neck cancers, total body irradi-
ation for allogeneic stem cell transplantation and by systemic

autoimmune diseases, such as Sjögren’s syndrome. There is
presently no permanent treatment for restoring saliva secretion
in these patients.

Differentiated salivary gland acinar cells, like pancreatic acinar
cells and liver hepatocytes, are primarily maintained in the gland
through self-duplication (Aure et al. 2015a, b; Desai et al. 2007;
Emmerson et al. 2018). A major limitation for the design of
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cell-based strategies to regenerate the salivary glands is the diffi-
culty of maintaining and expanding acinar cells in vitro. Recent
evidence that acinar-like cells can be derived from human minor
salivary gland biopsies (Jang et al. 2015) indicates that in vitro
limitations may be overcome throughmodification of culture con-
ditions.We previously investigatedwhether enzymatically degrad-
able poly(ethylene glycol) (PEG)-based hydrogels could support
in vitro culture of primary acinar cells. SMG cells encapsulated as
aggregates into hydrogels exhibited lumen formation and cellular
organization of apical and basolateral tight junction markers, as
well as expression of the basement membrane proteins laminin
and collagen IV (Shubin et al. 2017). However, expression of
the critical acinar cell transcription factor Bhlha15 (Mist1), was
significantly reduced.

In response to tissue injury, or in vitro primary cell culture,
pancreatic acinar cells lose their secretory phenotype and acti-
vate expression of duct cell markers, a process known as acinar-
to-ductal metaplasia (Jensen et al. 2005; Means et al. 2005; Pan
et al. 2013). To investigate whether acinar-to-ductal metaplasia
explains the loss of the acinar cell phenotype in encapsulated
SMG aggregates, this study used a genetic labeling system
based on theMist1CreERT2;Rosa26tdTomatomouse strain to inves-
tigate the fate of acinar cells in vitro and in vivo in response to
environmental stress induced by duct ligation.

Materials and methods

Four-arm poly(ethylene glycol) (PEG)-norbornene
synthesis

Four-arm 20 kDa PEG-OH (Jenkem Technologies) was func-
tionalized with norbornene (PEG-OH-Norb) using N,N′-
dicyclohexylcarbodiimide (DCC) coupling as previously de-
scribed (Fairbanks et al. 2009; Shubin et al. 2015).

Peptide synthesis

The peptide GKKCGPQGIWGQCKKG (MMP degradable pep-
tide) was synthesized and characterized as previously described
(Shubin et al. 2017). Peptide purity was analyzed via 205 nm
absorbance measured in ddH2O with an Evolution UV/Vis detec-
tor (Thermo Scientific) and compared with predicted values
(Anthis and Clore 2013). Thiol-functionalization was determined
using Ellman’s reagent (Alexis Biochemical). Absorbance was
analyzed at 405 nm with a Tecan Infinite M200 plate reader and
compared with a cysteine (Alfa Aesar) standard curve.

Mice

Mist1CreERT2 mice (Pin et al. 2001) were crossed with the
Rosa26tdTomato (Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J)
strain (obtained from Jackson Laboratory) and maintained

on a C57BL/6L background. Standard genotyping was per-
formed. Mice were maintained on a 12-h light/dark cycle. Food
and water were provided ad libitum. All procedures and protocols
were conducted in accordancewith theUSPublicHealth Service’s
Policy onHumane Care andUse of Laboratory Animals andwere
approved by the University Committee on Animal Resources at
the University of Rochester Medical Center.

Duct ligation

Mist1CreERT2;R26tdTomato male mice (6–8 weeks, n = 3) were
given one dose of tamoxifen (0.25 mg/g body weight) (MP
Biomedicals) by gavage 3 days before duct ligation. On the
day of surgery, mice were pre-emptively given buprenorphine
SR (1 mg/kg, Wildlife Pharmaceuticals) subcutaneously as
analgesia and then anesthetized with an intraperitoneal injec-
tion of ketamine HCl (80 mg/kg, JPH Pharmaceuticals) and
xylazine (8 mg/kg, Lloyd Laboratories) in saline. A ventral
incision was made on the left side of the neck to isolate the main
secretory duct of the left SMG. The SMG main duct was ligated
using a titanium hemostatic clip (#R9180, Vitalitec Int.). The right
contralateral gland served as the sham-operated control. After
14 days, mice were re-anesthetized and the clip was removed.
Following the de-ligation, the SMGs were either immediately iso-
lated or allowed to regenerate for 14 days. Tissue was isolated and
fixed in 4% paraformaldehyde at 4 °C overnight. The tissue was
processed using aTissue-TekVIPTMprocessingmachine (Sakura
Finetek USA, Inc.) before paraffin embedding. Sections (5 μm)
were cut using a Leica RM2125 rotary microtome and collected
on Superfrost Plus slides (Thermo Fisher Scientific).

SMG cell isolation and aggregate formation

Primary SMG cells were isolated from Mist1CreERT2;R26tdTomato

male or female mice as described (Rugel-Stahl et al. 2012;
Shubin et al. 2015). Briefly, SMGwere surgically removed, finely
minced and dissociated in 5-mL Hank’s balanced salt solution
(GIBCO) with CaCl2 and MgCl2, 1 mg/mL collagenase type II
(GIBCO) and 5 μg/mL hyaluronidase (Sigma) at 37 °C for
40 min with shaking. Cells were washed in 5-mL Dulbecco’s
phosphate buffered saline (DPBS, GIBCO) and incubated in
0.05% trypsin (GIBCO) for 4min at room temperature. Cells were
passed through a 40-μm mesh filter and resuspended in 5 mL
complete media DMEM:F12 (1:1, GIBCO) with Glutamax (1x
GIBCO), antibiotic-antimycotic solution (100 I.U./mL penicillin,
100 μg/mL streptomycin, 0.25 μg/mL amphotericin B, GIBCO),
N2 supplement (1x Invitrogen), 10 μg/mL insulin (Life
Technologies), 1 μM dexamethasone (Sigma), 20 ng/mL epider-
mal growth factor (EGF, Life Technologies) and 20 ng/mL basic
fibroblast growth factor (bFGF, Life Technologies). Cells were
seeded at a density of approximately 1.2 × 106 cells/mL in 60-
mm non-tissue culture-treated petri dishes (5 ml total) and incu-
bated in 37 °C, 5%CO2 for 48 h to allow aggregate formation. For
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analysis of gene expression, aggregates were seeded into a 24-well
non-tissue culture-treated plate in 1 mL of media per well at a
concentration of 1.5 × 105 cells/mL.

SMG cell aggregate encapsulation

Primary SMG cells or SMG cell aggregates were encapsulated
within hydrogels using thiol-ene photopolymerization. The pre-
polymerization solution consisted of 2-mM norbornene-function-
alized 4-arm PEG-hydroxyl macromer and 4 mM of MMP-
degradable peptide, 0.028 wt% of the photo-initiator lithium phe-
nyl-2,4,6-trimethylbenzoylphosphinate (LAP), synthesized as de-
scribed (Fairbanks et al. 2009) and 0.1 mg/mL laminin in DPBS.
The total concentration of functional groups in the pre-
polymerization solution was 8-mM norbornene and 8-mM thiol.
SMG cell aggregates or primary gland isolates were resuspended
in the pre-polymerization solution at a concentration of ~ 5 × 106

cells/mL and pipetted in 30μLof aliquots into 1-mL syringeswith
the tips cutoff. Due to rapid sedimentation of the aggregates, each
syringe was immediately polymerized using 365-nm light (power
~ 5 mW/cm2). After 3 min of UV exposure, each polymerized
hydrogel was placed in 1 mL of aggregate media in a 24-well
plate. Media was exchanged every 2 days and fresh EGF and
bFGF were added to media stocks every 4 days.

RNA extraction, reverse transcription and qPCR

Primary SMG isolates (day 0) or SMG aggregates (day 2) were
pelleted by centrifugation and lysed in 350-μL TRK lysis buffer
(Omega Biotek) withβ-mercaptoethanol (β-ME, 20μL per 1mL
lysis buffer). Samples were transferred to a homogenizer column
(OmegaBiotek) and centrifuged at 10,000RCF for 2min. Sample
flow through was precipitated with an equivalent volume of 70%
ethanol (~ 350 μL) and transferred to an E.Z.N.A. RNA purifica-
tion column (Omega Biotek). RNAwas purified and isolated ac-
cording to manufacturer’s instructions. RNA concentration and
qualitywere determined using aNanoVueUV-vis spectrophotom-
eter. Samples were reverse transcribed into cDNA using the
iScript™ cDNA synthesis kit (BioRad). QPCR was performed
on a CFX96 real-time system (BioRad) using SsoFast Evogreen
Supermix (BioRad) according to the manufacturer’s instructions,
with 10 μM of forward and reverse primers (Supplemental
Table 1) and cDNA. Gene expression was analyzed using the
Pfaffl method with LE32 as the housekeeping gene (Pfaffl 2001).

Fixation, embedding and immunofluorescence
staining

Hydrogel fixation, embedding and sectioning

At specified time points, hydrogels were fixed in 4% PFA for
45 min at room temperature with shaking, then washed with
1-mL DPBS 3× for 5 min and incubated overnight at 4 °C in

1 mL of 1% poly(vinyl alcohol) (PVA, MW: 146,000-168,000,
Sigma-Aldrich) to improve cryosectioning (Ruan et al. 2013).
Hydrogels were embedded in optimal cutting temperature solution
(OCT, Tissue-Tek). Ten-micrometer sections were cut using a HM
550 cryostat (Micron) andmounted. Slideswere dried overnight at
37 °C and stored at − 20 °C prior to use.

Submandibular gland fixation, embedding and sectioning

Mist1CreERT2;R26tdTomato mice were administered tamoxifen
(0.25 mg/g body weight) by gavage daily for 4 days (Aure
et al. 2015b). Mice (n = 3) were sacrificed for gland removal
3 days after the last tamoxifen gavage. Mist1CreERT2;R26tdTomato

mice not treated with tamoxifen served as controls to detect non-
specific recombination. SMG were fixed overnight in 4% PFA.
For frozen sections, whole glands were transferred through a
sucrose gradient (5%, 10%, 15% sucrose for 30 min each) and
incubated in 30% sucrose: OCT (50:50) solution overnight.
Samples were embedded in OCT and sectioned at 10 μm using
a cryostat. For paraffin sections, SMGwas processed in a Tissue-
TekVIPTMprocessingmachine (Sakura FinetekUSA, Inc.) and
embedded in paraffin. Sections (5 μm) were cut using a Leica
RM2125 rotary microtome.

Immunofluorescence staining

Frozen sections were blocked in 5 vol% normal donkey serum
(Jackson Immunoresearch), 1 wt% bovine serum albumin
(Sigma) and 0.1 vol% Triton X-100 (Sigma) for 1 h at room
temperature and samples were washed in PBS for 5 min.
Sections were incubated with primary antibodies diluted in
1 wt% BSA at 4 °C overnight. Primary antibodies are aqua-
porin 5 (AQP5) (Santa Cruz), keratin 5 (K5) (Biolegend),
keratin 7 (K7) (Abcam), keratin 19 (K19) (Santa Cruz),
NKCC1 (Santa Cruz), pan-keratin (Dako) and red fluorescent
protein (RFP) (Rockland) (Supplemental Table 2). After over-
night incubation, sections were washed in PBS (3 × 5 min)
and incubated with corresponding secondary antibodies
(Supplemental Table 2) in 1 wt% or 0.1 wt% BSA for 1 h at
room temperature.

Paraffin sections were deparaffinized and rehydrated.
Sections were heated in antigen retrieval buffer (10 mM Tris
base, 1 mM EDTA) for 10 min. After cooling, sections were
blocked with 10 vol% normal donkey serum (Jackson
Immunoresearch) in PBS containing 0.1 wt% bovine serum
albumin (Sigma), before incubating in primary antibody over-
night at 4 °C. Primary antibodies are K7 (Abcam), K19 (Santa
Cruz) and RFP (Rockland). The following day, sections were
rinsed in PBS (3 × 5 min) and incubated with corresponding
secondary antibodies (Online Resource Table 2). Nuclei were
stained with DAPI (Thermo Fisher Scientific). Sections were
mounted in Shandon Immu-Mount (Thermo Fisher
Scientific).
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5-Ethynyl-2′-deoxyuridine (EdU) staining

Hydrogel-encapsulated SMGaggregateswere treatedwith 10-μM
EdU for 3 h prior to fixation with 4 wt% PFA for 45 min, washed
twicewith 3wt%BSA inDPBS and permeabilizedwith 0.5 vol%
of Triton X-100 for 30min. Samples were washed 2×with 3 wt%
BSA in DPBS and labeled with the Click-iT® Plus EdU
AlexaFluor® 647 imaging kit (ThermoFisher) and Hoechst
33342 as a nuclear counterstain. Hydrogel samples were imaged
using a FV1000 laser scanning confocal microscope (Olympus)
with a 40× objective. Each hydrogel was imaged in 3 separate
45-μmz-stacks consisting of 19 images each separated by 2.5μm.

Imaging

Whole hydrogel samples were placed in glass-bottom microwell
dishes (Maktech) and 45-μm z-stacks consisting of individual
images every 2.5 μm were taken using a 40× oil immersion ob-
jective lens, or 10-μm z-stacks with slices every 1 μm, using an
100× objective. For slides, single slices or 15-μm z-stacks with
2.5-μm spacing between slice were taken using a 40× or oil im-
mersion objective lens. All stainswere performed on sections from
at least 3 separate hydrogels or SMGs with 3 images per sample.
For tissue imaging, single sliceswere takenwith 40× objective and
3× zoomon anOlympus FV1000. Negative controls were imaged
to ensure low non-specific background staining.

Image analysis

The number of total cells and tdTomato+ cells was quantified
in z-stacks using VisioPharm software. Briefly, the total area
of DAPI and tdTomato signals was calculated using Bayesian

classification. The total area of DAPI and tdTomato fluores-
cence per slice was divided by average nuclear and cell size to
estimate the number of total cells and tdTomato+ cells, respec-
tively. The percentage of acinar cells was determined by di-
viding the number of tdTomato+ cells by the total number of
cells. Co-localization of tdTomato with AQP5, NKCC1, K7,
or K19 was quantified by manual counting using images from
2 to 3 mice or aggregate encapsulations.

Statistical analysis

Statistical analyses were performed via 2-way ANOVA with
Sidak’s multiple comparisons test with 95% confidence interval,
one-way ANOVA with Tukey’s post-hoc analysis for multiple
comparisons, or unpaired T test with Welch’s correction using
Prism software (Graphpad) with p< 0.05 as the threshold for sta-
tistical significance. All graphs are mean ± standard deviation.

Results

Salivary gland aggregates include acinar cells

We previously used the inducible Mist1CreERT2;R26tdTomato

mouse strain to label and track differentiated salivary gland acinar
cells and their descendants (Aure et al. 2015b). To evaluate the
fate of acinar cells in vitro, the tdTomato reporter allele was
activated by inducingMist1CreERT2;R26tdTomatomice with tamox-
ifen prior to SMG cell isolation. Dissociated, primary SMG cells
were cultured under non-adherent conditions for 2 days to allow
aggregates to form. Both tdTomato+ acinar cells and non-labeled
duct cells are present in day 2 aggregates (Fig. 1 and Online

Fig. 1 Aggregate formation and
PEG hydrogel encapsulation. a
Paraffin section of SMG from
Mist1CreERT2;R26tdTomato mouse
following tamoxifen
administration to activate
expression of fluorescent protein
tdTomato (red) in acinar cells. b
SMG cells were isolated,
dissociated and cultured to allow
aggregate formation. c At day 2,
aggregates were encapsulated in
poly(ethylene glycol) PEG
hydrogels. Timeline of cell
isolation, aggregate formation,
hydrogel encapsulation and
analysis of encapsulated
aggregates. Scale bars = 50 μm
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Resource S1). Aggregates were encapsulated in PEG hydrogels
after 2 days of culture.

Acinar cells exhibit low levels of proliferation in vitro

Acinar cells persist in culture for up to 16 days when encapsu-
lated as aggregates in hydrogels (Fig. 2), although numbers de-
crease with time (Shubin et al. 2015). The percentage of acinar
cells within encapsulated SMG aggregates was assessed by
counting the tdTomato+ cells using Visiopharm image quantifi-
cation over the 16-day culture period. As previously reported,
after encapsulation at day 2, approximately 90% of cells were of
acinar lineage (Online Resource S1c, f). However, the percentage
of acinar cells steadily decreased to approximately 35% of the
total population by day 9 (Online Resource S1d, f) and remained
low through day 16 (Online Resource S1e, f).

Cell proliferation within encapsulated SMG aggregates was
assessed through EdU labeling to investigate if expansion of non-
acinar cells contributes to the reduction in overall percentage of
acinar cells. Encapsulated aggregates were treated with EdU at
day 5, 12, or 16 of in vitro culture (Fig. 2a–c). Quantification of
EdU+ cells within SMG aggregates showed that most in vitro
proliferation occurs in non-acinar cells, although acinar lineage
(Mist1+) cells maintain a limited ability to proliferate (Fig. 2d).

Acinar cells downregulate cell-specific markers
in vitro after encapsulation in hydrogels

We first examined the fate of acinar cells within SMG aggregates
by measuring the expression of several acinar cell-specific
markers during aggregate formation. In the intact SMG,
MIST1 is expressed in differentiated acinar cells (Pin et al.
2000). The water channel, aquaporin 5 (AQP5), is localized at
the luminal surface of acinar cells and the sodium-potassium-
chloride channel (NKCC1) is localized on all acinar cell basal
membranes and a small subset of duct cells (Arany et al. 2011).
Within SMG aggregates, expression of Aqp5 and Mist1 was

markedly reduced after 48 h of culture (day 2), while Nkcc1
expression was not significantly changed (Fig. 3). Thus, even
during the initial stage of suspension culture, primary acinar cells
downregulate several key acinar cell genes.

To investigate the fate of acinar cells following hydrogel encap-
sulation, co-expression of tdTomato with AQP5 and NKCC1was
analyzed using immunofluorescence staining (Fig. 4). Two days
after cell isolation, a lower proportion (80%) of acinar lineage cells
within SMG aggregates expressed NKCC1 compared with native
SMG (94%) (Fig. 4b, Online Resource S2). By day 16, the SMG
aggregates had developed interior lumens lined by NKCC1+ cells
(Fig. 4c), as previously reported (Shubin et al. 2017). Although
there was an overlap between tdTomato and NKCC1 in the ag-
gregates, ~ 50% of tdTomato+ acinar lineage cells did not co-stain
for NKCC1 (Fig. 4c, arrowhead; Online Resource S2). Notably,

Fig. 2 Encapsulated aggregates incorporate EdU. Encapsulated SMG
aggregates from Mist1CreERT2;R26tdTomato mice were incubated with
EdU at day 5 (a), day 12 (b), or day 16 post-isolation (c). tdTomato
fluorescence (red) labels Mist1-positive acinar cells. Nuclei were
stained with Hoechst 33342. Arrowheads mark acinar cells positive for
EdU. The percentage of EdU-positive cells co-localized with tdTomato

(Mist1+) compared with EdU-positive cells of non-acinar cell lineage
(Mist1−) was quantified at days 5, 12 and 16 (d). Statistical analysis
was performed using 2-way ANOVA with Sidak’s multiple
comparisons. No significant differences were observed between days 5,
12 and 16. Scale bars = 50 μm. N = 3

Fig. 3 Primary acinar cells downregulate key cell-specific markers.
Relative gene expression of salivary gland acinar cell markers Mist1,
Aqp5 and Nkcc1 in SMG primary gland isolate (day 0) and in SMG
aggregates at 48 h post-isolation (day 2) was measured using quantitative
RT-PCR and normalized to ribosomal protein LE32. N = 6, ± standard
deviation, *p < 0.05
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by day 16, many NKCC1+ cells were of non-acinar cell origin
(Fig. 4c, arrows). These may represent expanded NKCC1+ cells
from the ducts.

Consistent with the gene expression data, there was also a
decrease in AQP5 levels in SMG aggregates compared with
native SMG tissue by day 16 post-encapsulation (Fig. 4d–f,
Online Resource S2). Furthermore, AQP5+ cells did not co-
localize with tdTomato (Fig. 4f, arrows) and ~ 78% of acinar
lineage cells did not express AQP5 (Fig. 4f, arrowheads;
Online Resource S2). Thus, expression of both NKCC1 and
AQP5 is dysregulated in primary SMG aggregates encapsu-
lated in PEG hydrogels.

Acinar cells activate expression of duct cell-specific
markers

Acinar-to-ductal metaplasia is a phenomenon observed in pri-
mary cultures of pancreatic acinar cells (Means et al. 2005)
and could explain the loss of key phenotypic traits by salivary

gland acinar cells encapsulated within PEG hydrogels. In par-
ticular, acinar-to-ductal metaplasia is associated with loss of
Mist1 expression (Karki et al. 2015; Means et al. 2005; Zhu
et al. 2004). To determine whether acinar-to-ductal metaplasia
occurs during primary culture of salivary gland cells, co-
expression of tdTomato with duct cell markers K5, K7 and
K19 was assessed. In vivo, K5, K7 and K19 are expressed in
duct cells of the SMG with no detectable expression in acinar
cells (Born et al. 1987) (Fig. 5a–d, i–l, Online Resource S3a).
Although very low levels of keratin expression were found in
freshly encapsulated aggregates (Shubin et al. 2017), both
pan-keratin and K5, a marker of myoepithelial and duct cells,
were increased in SMG aggregates at day 9 (Online Resource
S3b, d). At day 16, K19 and K7 were expressed in ~ 52% and
74%, respectively, of acinar lineage cells in encapsulated
SMG aggregates (Fig. 5e–h, m–p, arrowheads; Online
Resource S4). These data indicate that SMG acinar cells acti-
vate expression of duct cell-specific markers when cultured
in vitro.

Fig. 4 Expression of NKCC1 and AQP5 is dysregulated in SMG
aggregates encapsulated within hydrogels. Immunofluorescence
staining on frozen sections of Mist1CreERT2;R26tdTomato SMG with
antibodies to NKCC1 (a) and AQP5 (d) shows co-localization with
tdTomato-positive acinar cells in vivo. SMG aggregates at day 2 post-
isolation stained with antibodies to NKCC1 (b) and AQP5 (e). SMG

aggregates at day 16 post-isolation stained with antibodies to NKCC1
(c) and AQP5 (f). Arrows indicate NKCC1-positive cells and AQP5-
positive cells that are of non-acinar cell lineage at day 16 (c, f).
Arrowheads indicate cells from acinar lineage that are negative for
NKCC1, or for AQP5. Nuclei are labeled with DAPI. Scale bars =
50 μm (a, d) or 20 μm (b, c, e, f)
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Duct ligation injury induces acinar-to-ductal
metaplasia in salivary glands in vivo

Conditions of stress or inflammation induce acinar-to-ductal
metaplasia in the exocrine pancreas (Strobel et al. 2007). To

determine if salivary gland acinar cells exhibit this transition in
phenotype in response to in vivo injury,Mist1CreERT2;R26tdTomato

mice were used to follow acinar cell fate after duct ligation. The
ligation of the main SMG excretory duct in vivo results in atro-
phy and loss of acinar cells, which are regenerated if the ligation

Fig. 5 Acinar lineage cells in encapsulated SMG aggregates activate
expression of keratins. a–d Section of Mist1CreERT2;R26tdTomato SMG
stained with antibodies to tdTomato (RFP) and keratin 19. e–h SMG
aggregates in hydrogel at day 16 stained with antibodies to tdTomato
(RFP) and keratin 19. Nuclei are stained with DAPI. Individual
channels and merged images are shown. A, acinar cells; D, duct.
Arrowheads indicate acinar lineage (RFP+) cells co-localized with

keratin 19. i–l Section of Mist1CreERT2;R26tdTomato SMG stained with
antibodies to tdTomato (RFP) and keratin 7. m–p SMG aggregates in
hydrogel at day 16 stained with antibodies to tdTomato (RFP) and
keratin 7. Nuclei are stained with DAPI. Individual channels and
merged images are shown. A, acinar cells; D, duct. Arrowheads
indicate acinar lineage cells co-localized with keratin 7. N = 3, scale
bars = 20 μm

Cell Tissue Res (2020) 380:487–497 493
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is removed (Tamarin, 1971). Following tamoxifen gavage to
activate expression of tdTomato in acinar cells, unilateral duct
ligation was performed on Mist1CreERT2;R26tdTomato mice. After
14 days of duct ligation, immunofluorescence staining of SMG
sections showed tdTomato-positive acinar lineage cells organized
into duct-like structures and co-localized with the duct cell
markers K19 (Fig. 6e–h; Online Resource S6; 62%) and K7
(Fig. 6q–t; Online Resource S6; 70%). This co-localization was
observed as early as 9 days after duct ligation (Online Resource
S5). These data demonstrate that under conditions of stress
in vivo, salivary gland acinar cells undergo a phenotypic change
to express duct cell markers. After 2 weeks, the ligation was
removed and the glands were allowed to regenerate. Notably,
after 2 weeks of regeneration, fewer acinar lineage cells co-
localized with the ductal cell markers K7 and K19 (Fig. 6i–l,u–
x), suggesting that cells undergoing acinar-to-ductal metaplasia
may either revert to the acinar phenotype or undergo apoptosis.

Discussion

Continued proliferation of differentiated cells plays a major
role in maintaining salivary gland acinar cell populations
in vivo (Aure et al. 2015b; Emmerson et al. 2018). This
suggests that regenerative strategies for the salivary gland
could be based on the use of acinar cells for cell replacement.
However, it is well established that salivary gland acinar cells
quickly lose their secretory phenotype in vitro (Kanamura and
Barka, 1975), so that the isolation and expansion of cells for
therapeutic use is a limiting factor. Dissociated SMG acinar
cells undergo loss of polarization, changes in gene expression
and decreased secretion (Quissell et al. 1994, 1986;
Redman et al. 1988). Recent evidence shows that specific
culture conditions may retain the acinar cell secretory phe-
notype in vitro (Jang et al. 2015). Culture of SMG aggre-
gates in hydrogels also holds promise as a means to main-
tain regenerative cells in vitro, as well as to enable cell
transplantation for tissue engineering approaches. We and
others have reported that in PEG hydrogels, Matrigel, or
other natural hydrogels, primary salivary gland cells form

aggregates with polarized epithelial layers and increase
expression of duct cell markers, although expression of
acinar cell markers is decreased (McCall et al. 2013;
Pradhan et al. 2010; Pradhan-Bhatt et al. 2013; Shubin
et al. 2015, 2017). The in vitro loss of key acinar cell-
specific markers in previous studies precluded the investi-
gation of acinar cell fate. In this work, genetic labeling
was used to track acinar cell survival and fate after hy-
drogel encapsulation.

The MIST1 transcription factor is required for establishing
the secretory phenotype of pancreatic acinar cells (Johnson
et al. 2004; Lo et al. 2017; Pin et al. 2000, 2001). Loss of
MIST1 results in cellular disorganization, changes in polarity
and loss of secretory function (Johnson et al. 2004; Zhu et al.
2004). These changes are also observedwith in vitro culture of
pancreatic acinar cells (De Lisle and Logsdon, 1990; Githens
et al. 1994; Rooman et al. 2000; Sphyris et al. 2005). Upon
initial formation in vitro, SMG aggregates comprise both ac-
inar and duct cells, with the majority cells of acinar origin. By
day 9 in culture, the percent of acinar cells is decreased to ~
35% and remains at this level up to 16 days post-isolation.
Although hydrogel-encapsulated SMG aggregates exhibited
lumen formation and apical-basolateral cellular organization
(Shubin et al. 2017), gene expression analysis revealed that
acinar cells within the aggregates rapidly decreased expres-
sion of Mist1 and Aqp5. These changes in gene and protein
expression are consistent with the loss of the acinar cell phe-
notype. The use of MMP-degradable hydrogels partially re-
covered expression of Aqp5 and Nkcc1 in encapsulated SMG
aggregates, but did not prevent decreased Mist1 expression
during the 2-week culture period (Shubin et al. 2017).

In response to in vivo stress or injury, such as acute pan-
creatitis (Guerra et al. 2007), pancreatic acinar cells acquire
phenotypic characteristics of duct cells, a process known as
acinar-to-ductal metaplasia (Jensen et al. 2005; Means et al.
2005; Pan et al. 2013). Down regulation ofMist1 expression is
closely associated with this process and MIST1 inhibition in
pancreatic acinar cells also leads to activation of duct-specific
genes such as K19 (Zhu et al. 2004). Lineage tracing showed
that Mist1-expressing acinar cells in the SMG aggregates ac-
tivated expression of the duct-specific keratins K7 and K19.
Consistent with this, in vivo injury induced by duct ligation
also led to activated expression of keratins in lineage-traced
acinar cells. Together, these data indicate that salivary gland
acinar cells respond to stress or in vivo injury by undergoing
acinar-to-ductal metaplasia.

This work reveals evidence of cellular plasticity in the sal-
ivary gland in response to environmental cues. Silencing of
MIST1 is required for survival of pancreatic acinar cells sub-
jected to stress (Karki et al. 2015). Transient downregulation
of MIST1 in pancreatic acinar cells shuts down the secretory
machinery and permits cell proliferation. Once the stress is
removed, the cells regain the secretory phenotype (Karki

�Fig. 6 Acinar lineage cells activate expression of keratins in vivo after
duct ligation. a–d Section of Mist1CreERT2;R26tdTomato SMG control. e–h
Mis t1C r e ERT 2 ;R26 t d Tom a t o SMG af t e r duc t l i g a t i on . i– l
Mist1CreERT2;R26tdTomato SMG at 14 days after ligation removal and
regeneration stained for tdTomato and keratin 19. Nuclei are stained
with DAPI. Individual channels and merged images are shown. A,
acinar cells; D, duct. Arrowheads indicate acinar lineage cells co-
localized with keratin 19. m–p Section of Mist1CreERT2;R26tdTomato

SMG control. q–t Mist1CreERT2;R26tdTomato SMG after duct ligation. u–
x Mist1CreERT2;R26tdTomato SMG at 14 days after ligation removal and
regeneration, stained for tdTomato and keratin 7. Nuclei are stained
with DAPI. Individual channels and merged images are shown. A,
acinar cells; D, duct. Arrowheads indicate acinar lineage cells co-
localized with keratin 7. N = 3, scale bars = 20 μm
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et al. 2015). This suggests that downregulation of Mist1 ex-
pression in SMG aggregatesmay be necessary for maintaining
cell viability in vitro. The activation of K7 and K19 expression
in acinar lineage cells following duct ligation shows that
acinar-to-ductal metaplasia occurs in vivo. After the salivary
gland has recovered, some acinar lineage cells are still detect-
ed in the ducts (arrowheads, Figs. 6l, x), suggesting that not all
revert to secretory cells. Expression of Nkcc1 and Aqp5 by
cells of non-acinar origin in encapsulated SMG aggregates
may be due to expansion of NKCC1+ duct cells or AQP5+

intercalated duct cells, but could alternatively suggest that
duct and myoepithelial cell types also exhibit cell plasticity
(Tata et al. 2018; Weng et al. 2018).

Previous work in our laboratory (Shubin et al. 2017) and
others (Cantara et al. 2012; Kwon and Larsen 2015; McCall
et al. 2013; Nelson and Larsen, 2015; Pradhan et al. 2010;
Pradhan-Bhatt et al. 2013; Soscia et al. 2013) demonstrated
that modification of extracellular microenvironments can have
a major effect on salivary gland cell phenotype. The in vitro
expansion and culture of primary salivary gland cells using
innovative biomaterial designs may promote the acinar cell
phenotype. This work reveals previously uncharacterized re-
sponses of salivary gland acinar cells to primary culture and
injury. The long-term viability and proliferation of acinar cells
within encapsulated SMG aggregates has potential signifi-
cance for the development of regenerative therapies. Further
investigation will be necessary to determine if, under finely
tuned conditions, in vitro culture of whole gland isolates, in-
cluding acinar cells, may provide an expanded cell population
capable of regeneration.
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