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Abstract

No permanent cure exists for salivary gland (SG) damage and consequent xerostomia (dry mouth) in patients
undergoing radiotherapy for head and neck cancers. The lack of commercially available healthy human SG-derived cell
lines has hindered in vitro studies of radiation-induced glandular injury. In this study, we successfully immortalized and
characterized two novel human major SG-derived cell lines. Leveraging these cell lines and hyaluronic-acid hydrogels,
we bioengineered distinct multicellular SG spheroids and microtissues expressing key acinar, ductal, myoepithelial, and
mesenchymal cell markers in long-term cultures. Further, using this platform, we developed a proof-of-concept radiation
injury model, demonstrating spheroid disruption characterized by actin depolymerization, DNA damage, apoptosis, and
loss of SG-specific markers following radiation exposure. Notably, these detrimental effects were partially mitigated
with a radioprotective agent. Our findings demonstrate that the bioengineered SG spheroids provide a scalable and
versatile platform with significant potential for disease modeling and drug testing, thereby accelerating the development
of targeted therapies for radiation-induced xerostomia.
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Introduction An undisputed outcome that arises due to SG dysfunction
is xerostomia or dry mouth. Xerostomia can range from
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overall health, dietary intake, and quality of life of affected
individuals.’ This debilitating disease is crucially experi-
enced by head and neck cancer (HNC) patients undergo-
ing radiotherapy for cancer treatments.® The parallel
induction of SG damage caused by ionizing radiation in
HNC patients continues to be a significant contributor to
the development of xerostomia.” According to global can-
cer statistics, HNCs are the seventh most common cancer
type, with an estimated 900,000 new cases and 450,000
deaths annually.® While treatments in the form of salivary
substitutes and artificial saliva exist, presently, there is no
known permanent therapeutic solution to treat severe
radiation-induced xerostomia.” Recently, stem cell ther-
apy for the treatment of radiation-induced xerostomia has
been introduced into clinical trials; however, there are
several potential obstacles to its effective and timely
implementation.!®!! Clinically approved drugs like ami-
fostine and pilocarpine result in substantial side effects in
patients and require surviving acinar cells (fluid-secreting
SG cells) to function, underscoring the urgency of accel-
erated preclinical research for the development of suc-
cessful therapeutics.'>!3

SG cell culture techniques have served as an essential
in vitro tool in our understanding of SG pathophysiology.
The first evidence of human SG cell culture surfaced in the
1980s with the establishment of a myoepithelial cell line
from a human pleomorphic adenoma arising in minor SG
and the human salivary/submandibular gland (HSG) cell
line, a neoplastic epithelial duct cell line derived from an
irradiated human SMG.'*!® Since then, there has been a
widespread use of the HSG cell line to study SG disorders
such as xerostomia, Sjogren’s syndrome, and radiation-
induced SG damage.!®?! However, more than three dec-
ades after the cell line establishment, our lab conducted a
short tandem repeats (STR) analysis on the HSG cell lines
obtained from three different research laboratories, and we
found that all sampled HSG lines were cross-contaminated
with the HeLa cell line.?> Other human SG cell lines that
were developed include the minor SG duct cell line,? the
SACC-83, a salivary cell line derived from adenoid cystic
carcinoma of minor SG?*, and several transformed ver-
sions of the above-mentioned cell lines.?* It was not until
1993, that a normal, non-neoplastic SG cell line was estab-
lished by Azuma et al.?® The group isolated four cell
clones, which were morphologically divergent and resulted
in the formation of four distinct cell lines, representing the
acinar, ductal, myoepithelial, and squamous cells, respec-
tively, immortalized using simian virus 40(SV 40).
However, these cell lines are not commercially available
and limited studies have been conducted on them.

Currently, due to a lack of readily available normal
(healthy, non-neoplastic) SG tissue-derived human cell
lines, most in vitro SG research utilizes primary human
and mouse SG cells.?” While primary cells offer better
physiological relevance, limitations with human SG tissue

procurement and marked differences in the molecular pro-
file of murine and human SGs cells may limit their long-
term, translational applications.?® Moreover, the slow and
limited growth of primary cells further limits the wide-
spread availability of human SG in vitro models for use in
therapeutic testing and disease modeling applications.
Conventional two-dimensional (2D) cell culture systems
rarely mimic the innate characteristics of SG cells, particu-
larly the secretory epithelial cells. To address these limita-
tions, substantial progress has been made in bioengineering
three-dimensional (3D) SG models using both natural and
synthetic extracellular matrices (ECMs).>** In line with
this effort, we recently optimized an expansion platform
for SG acinar cell reorganization using an alginate-gelatin-
hyaluronic acid (AGHA) hydrogel system.’! Our findings
demonstrate that AGHA hydrogels create favorable condi-
tions for spheroid formation and enhance the secretory cell
phenotype compared to conventional 2D culture systems.
These advancements in 3D biomaterials, when combined
with novel cell types, hold promise for developing physi-
ologically relevant SG spheroid and organoid models for
drug discovery and therapeutic applications.

In this work, we first successfully immortalized and
established two SG cell lines derived from two major
human SGs, the SMG and the SLG. Extensive characteri-
zation was performed to validate the authenticity of these
cell lines and their ability to recapitulate key SG cell-spe-
cific features. Next, we cultured these cell lines in our
recently optimized AGHA hydrogel system and estab-
lished a 3D SG spheroid model. These SG microtissues
exhibited the ability to maintain long-term viability,
formed sizeable and distinct spheroid structures and
expressed diverse proteins and gene profiles representing
features of native human SGs. Lastly, we demonstrate the
feasibility of using these SG spheroids as effective in vitro
tools for modeling radiation-induced SG injury, particu-
larly for use in drug screening applications.

Materials and methods

Human tissues: Human SG tissue samples were obtained
from the Department of Oral and Maxillofacial Surgery, the
Otolaryngology, McGill University Health Center, or
from Transplant Quebec in compliance with McGill’s
Institutional Review Ethics Board (IREB). For the develop-
ment of immortalized cell lines, we evaluated six human
samples of which, one successful cell line was obtained
from the SLG of a 62-year-old female patient, and another
cell line was developed from the SMG received from a
37-year-old male patient undergoing surgery for head and
neck cancer. The samples received weighed between 7 and
14 g on average.

Cell culture: The entire process starting from
the reception of human tissues to the isolation of primary
single SG cells is detailed in our recently published



Pillai et al.

protocol.??> NS-SV-AC (CVCL UD37), and the newly
immortalized cell lines SMG-Hu-0321, and SLG-Hu-1020
were grown using Epithelial Growth Media (Epi Max 1
containing growth factors, trace elements, and a supple-
ment containing bovine pituitary extract) with 1% Anti-
Anti (Gibco) containing 100 U/mL penicillin, 100 pg/mL
streptomycin, 0.25 pg/mL amphotericin B at 37°C and 5%
CO, until 70% confluency. Additionally, HuSMG and
HuSLG cell lines received 5%—10% fetal bovine serum
(FBS) depending on culture conditions.

Viral transduction and immortalization: Primary
salivary gland cells at passage 1 and with 70% conflu-
ency were transduced by lentiviral vector containing
simian virus 40T antigen (G203, Applied Biological
Materials Inc., BC, Canada) in the presence of polybrene
(Sigma Aldrich, H9268-5G) as per the manufacturer’s
instructions. The viral particles were incubated over-
night and diluted with culture medium (1:1) to avoid
toxicity to cells; then, incubated at 37°C and 5% CO,
before replacing with a fresh, complete serum-free
medium the next day. After 72h of culture, cells were
sub-cultured into new tissue culture plates and split in a
1:2 ratio to obtain clones. These clones were further iso-
lated using cloning rings and cultured until the cells
overcame senescence before testing the cells for SV40
transgene expression.

Polymerase chain reaction (PCR): Genomic DNA
(gDNA) was extracted from the cell lines using the Pure
Link Genomic DNA mini kit (Invitrogen, Canada). Then,
the DNA concentration was quantified, and samples were
prepared for PCR using the Platinum Taq DNA polymer-
ase Kit (Invitrogen, Canada). The PCR master mix was
prepared by combining gDNA and respective 10 uM prim-
ers adjusting a final volume of 20 uL, adhering to opti-
mized thermal cycles. A 1.2% agarose gel loaded with 3 pL.
of DNA Safe Stain (ThermoFisher, Canada) in 1X tris-
borate-EDTA buffer was used to validate the presence of
the SV40 gene. The DNA bands were separated by electro-
phoresis at 100V for 60min and visualized using the
molecular imager Gel Doc system (Bio-Rad).

Cell proliferation assay: Cell proliferation was meas-
ured using the WST-8 cell counting kit (Abcam, ab
228554) following the manufacturer’s instructions.
HuSMG and HuSLG cells were seeded at a concentration
0f 2000 or 4000 cells/ well in a 96-well plate and cultured
for 6days. For every measured point, the media was
replaced with 100 uL of fresh culture media containing
10uL of WST-8 reagent in each well and incubated at
37°C for 2 h. All standard and test samples were set as trip-
licates, with sampling every 24 h. Absorbance values were
measured at 460 nm wavelength using a microplate reader
(Bio Tech).

Reverse Transcription-quantitative Polymerase
Chain Reaction (RT-qPCR): Total RNA was isolated
using RNeasy Plus Mini Kit (Qiagen). The complementary

DNA (cDNA) was synthesized using 1 g of mRNA and a
high-capacity cDNA reverse transcription kit (Applied
Biosystems) according to the manufacturer’s instructions.
The qPCR reaction was set up using 5 ulL. 2X SYBR Green
master mix, 1L of cDNA, 0.5uL of each forward and
reverse primers (500nM), and 3 puL of nuclease-free water
to a final reaction volume of 10 uL. The reaction was run
using StepOnePlus real-time PCR (Applied Biosystems).
All qPCR reactions were performed as biological repli-
cates in three independent experiments and compared with
the housekeeping gene GAPDH. The relative gene expres-
sion was expressed as fold change and calculated using the
2742Ct method. The primer sequences used are listed in
Supplemental Table S1.

Immunofluorescence staining: Cells were cultured in
chamber slides for 2-3 days and fixed with 2% paraform-
aldehyde (PFA) for 10min at room temperature (RT).
Then, samples were washed three times with PBS at RT
with a washing time of Smin each and cell permeabiliza-
tion was done using 0.1% Triton X-100 for S5min at RT.
Cells were blocked using a 1X universal blocking solution
(Biogenex) for 1h at RT. Next, primary antibodies were
added and incubated overnight at 4°C, and samples were
washed as mentioned above. Secondary antibodies were
incubated for 1h at RT and samples were washed thrice
with PBS before adding 4',6-diamidino-2-phenylindole
(DAPI) as nuclei counterstaining (1:25,000) for 5min at
RT. Finally, after the final PBS-wash, chamber slides were
prepared for confocal imaging. For 3D whole-mount
immunostaining, hydrogel discs (see Hydrogel prepara-
tion and 3D cell culture) were collected from the culture,
rinsed twice with NaCI/HEPES buffer, and fixed with 4%
PFA in NaCl/HEPES buffer for 1h at RT. Subsequent to
three 15-min washes with NaCI/HEPES bufter, blocking
was performed with 5% bovine serum albumin (BSA) in
NaCl/HEPES buffer for 4h at RT. Primary antibodies
diluted in 3% BSA in NaCl/HEPES, were incubated over-
night at 4°C. After three 15-min washes with NaCI/HEPES
buffer, secondary antibodies were added and incubated
overnight at 4°C. Samples were washed as mentioned
above and counterstained with Hoechst 33342 (18 mM) for
20 min at RT. Z-stack images were acquired using a Nikon
Al laser confocal or Zeiss LSM 900 confocal microscope
with a z-step of 1-2 pm. For histology, spheroids were har-
vested from hydrogels using a 37°C -warmed 55 mM triso-
dium citrate solution, washed twice with DPBS, fixed with
4% PFA, and subsequently paraffin-embedded. Sections
of Sum thickness were obtained for H&E staining, and
images were captured using a Zeiss AxioObserver inverted
microscope. Supplemental Table S2 shows the list of anti-
bodies used in this study.

Short Tandem Repeats (STR) analysis: gDNA was
extracted as previously described. Samples were sent to
Genome Quebec, and the authentication was done using
the GenePrint 10 kit (Promega, B9510) with a DNA
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analyzer (Applied Biosystems). The kit amplifies STR
regions of 9 human loci. The STR profiles from the
GenePrint analysis results were matched with the ATCC
(American Type Culture Collection), DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen), and
CLAST (Cellosaurus) databases to determine cell line
authenticity.

Mycoplasma test: Mycoplasma testing was conducted
for all cell lines used in this study utilizing the Mycoplasma
PCR Detection Kit (G238, Applied Biological Materials
Inc., BC, Canada) following the manufacturer’s guide-
lines. Briefly, cell lines were cultured to approximately
80% confluency and maintained in culture for at least 72h
prior to sample collection. Culture media was collected
and processed according to the kit protocol for the PCR
reaction. The resulting PCR products were resolved on a
2% agarose gel stained with DN A Safe Stain (ThermoFisher,
Canada) and visualized using the Odyssey M Imaging
System (LI-COR, US).

Karyotyping: Metaphase slide preparations were made
from cultured salivary gland cell lines after mitotic arrest
with Colcemid (15ng/mL, 1-2h; GIBCO, Gaithersburg,
MD), hypotonic treatment (75 pmol/L KC1, 20 min, 37°C),
and fixation with methanol-acetic acid (3:1). Slides were
prepared by standard air-drying technique essentially as
described by Dutra et al.*> DAPI banding techniques were
performed to identify structural and numerical chromo-
some aberrations in the Karyotypes. Metaphases were ana-
lyzed with a fluorescent Microscope Zeiss M2 using
Applied Spectral Imaging software INC, Carlsbad, CA.

Transepithelial Electrical Resistance (TEER): The
ability of the new cell lines to maintain TEER was evalu-
ated by comparing TEER values with NS-SV-AC as a ref-
erence cell line. Cells were seeded at a concentration of
1 X 10* cells on 24.5 mm diameter, 0.4 um pore size, clear
transwell filters within a 6-well plate. The apical side,
housing the cells, received 1.5mL of culture medium,
while the basolateral side received 2.6 mL of medium.
Measurements were taken once the cells were attached and
at 70% confluency, with assessments conducted on days 1
through 5 utilizing an epithelial volt-ohmmeter (ERS,
Millipore). To establish baseline values, transwell inserts
without cells and with medium in both apical and basal
compartments were utilized as blanks. The resultant values
were subtracted from the TEER values of inserts with
cells. For each cell type, two transwell inserts and six inde-
pendent measurements were performed to facilitate com-
parative analysis.

Amylase activity assay: To evaluate the functionality
of the new cell lines by amylase secretion, we used the
amylase activity colorimetric assay kit (MAKO009, Sigma-
Aldrich) and followed a modified protocol from the origi-
nal manufacturer’s instructions. The cells were seeded at a
minimum concentration of 4 X 10° and stimulated with
50 uM isoprenaline for 2h at 37°C and 5% CO,. The cells

were trypsinized, mixed with the amylase assay buffer, and
homogenized; then, the amylase activity was measured at
a wavelength of 405nm using a spectrophotometer. The
cells without stimulation were used as negative control and
human saliva was used as positive control. The amylase
activity was presented as nmole/min/mL (milliunits),
where one unit is the amount of amylase that cleaves eth-
ylidene-pNP-G7 to generate 1.0 pumole of p-nitrophenol
per minute at 25°C.

Calcium assay: NS-SV-AC, HuSMG, and HuSLG cell
lines were seeded at a density of 4000 cells per well in an
8-well chamber slide and cultured until ~80% confluency.
Calcium influx in response to agonist stimulation was
assessed using the Fluo-4 Calcium Imaging Kit
(ThermoFisher, F10489). The Fluo-4 AM loading solution
was prepared according to the manufacturer’s instructions.
Cells were washed once with DPBS (Ca?*, Mg?*-free) and
incubated with the Fluo-4 AM dye for 30 min at 37°C, fol-
lowed by an additional 15min at RT to ensure complete
dye loading. The Fluo-4 solution was then removed, and
the cells were washed again with DPBS prior to live-cell
imaging. For stimulation, cells were exposed to either
100 uM carbachol, 100 uM isoprenaline, or DPBS (con-
trol). Time-lapse images were acquired every 2 s for 5 min
using a Zeiss LSM 900 confocal microscope. Fluorescence
intensity changes were quantified to measure calcium flux
in response to the respective treatments.

Hydrogel preparation and 3D cell culture steps were
performed following our previously published protocol.’!
Briefly, sodium alginate (1%, (w/v), FMC BioPolymer)
and bovine gelatin (7% (w/v), Sigma) powders (sterile)
were dispersed into sterile DPBS by mixing for 3h at
50°C/500rpm with a hot plate stirrer. Further, 10 mg of
hyaluronic acid (HA) vial (Glycosil thiol-modified hyalu-
ronan, Advanced Biomatrix) was dissolved into 1 mL of
degassed, deionized, sterile water. Then, HA solution was
added to alginate/gelatin (AG) solution and mixed for
30min at RT to obtain a final HA concentration of 7.5%
(v/v; namely, AGHA). HuISMG and HuSLG cells were
cultured until 80% confluency and isolated using 0.05%
trypsin (Gibco) and Cells at a concentration of 2 X 10°
were mixed with 1 mL of AGHA hydrogels and dispensed
as 30 uL hanging drops to form discs. The discs were ther-
mal-ionically crosslinked by settling them for 3 min at RT
to allow gelatin gelation followed by incubation with
100mM CaCl, solution for 3 min at RT; then, washed once
with PBS. Crosslinked hydrogels containing HuSMG and
HuSLG cells were transferred into agarose-coated 6-well
plates and cultured using Epi Max complete medium sup-
plemented with 10% FBS. All spheroids generated in this
study were derived from cells cultured between passages
P8 and P16.

Live/dead assay: Cell viability was determined using
Calcein-AM (AAT Bioquest) and Ethidium homodimer I
(Biotium). The working solution was prepared according



Pillai et al.

to manufacturer instructions. For every time point, 3—4
discs were transferred into a 24-well plate, rinsed twice
with DPBS, and 400 uL of Live/Dead working solution
was added. Nuclei were counterstained with Hoechst
33342. Samples were incubated at 37°C for 45 min; then,
the solution was removed, and discs were rinsed twice for
2min with DPBS at RT. Images were acquired using a
Nikon A1 laser confocal at magnifications of X4, X10,
and X20.

Irradiation experiments: HuSMG cells were cultured
in AGHA hydrogels for 14 days to form 3D spheroids. The
hydrogel discs containing spheroids were irradiated with a
single dose of 15Gy using an RS 2000 X-ray Biological
Irradiator, operating at 160kVp X-rays with a dose rate of
2 Gy/min. For the treatment group, hydrogel discs were
pre-treated with 4mM WR-1065 for 30 min prior to irra-
diation, followed by the 15 Gy dose, and then subjected to
a second 30-min WR-1065 treatment post-irradiation as
previously reported.>* The metabolic activity of the sphe-
roids was assessed using the WST-8 cell proliferation
assay, with measurements taken every 24h over 4days.
Spheroids were isolated and fixed 48 h post-irradiation for
immunostaining to detect YH2AX, Caspase-3, and Ki-67,
markers indicative of DNA damage, apoptosis, and prolif-
eration, respectively. Additionally, control, irradiated, and
WR-1065-treated spheroids were analyzed for the differ-
ences in the expression of SG-specific markers. Finally,
histological evaluation of the spheroids was performed
using H&E staining.

Confocal Image analysis: Z-stack images with step
thickness of 1-5 pm were acquired using Nikon A1 confo-
cal microscope and analyzed using ImageJ (FIJI) soft-
ware.® Manual thresholding was performed on a binary
(black and white) image to categorize cells/spheroids of
interest. Further, the “analyze particles” built-in plugging
feature was used to automate and count objects/areas of
interest. Background, noise, and objects not of interest
were eliminated by defining roundness values between 0
and 1 and the maximum and minimum pixel area size.
Circularity values were calculated using the for-
mula=(4n X Area)/(Perimeter)> and roundness values
using the formula=4X Area/(n X major axis?). Quantitative
data obtained from Imagel] analysis were plotted using
GraphPad Prism 9 (version 9.5.1) for Mac.

Statistical analysis: The data presented in this study
were obtained from three independent experiments and
analyzed using GraphPad Prism 10 (version 10.2.3) and
Microsoft Excel (version 16.8) for Mac. Statistical signifi-
cance was assessed using an unpaired two-tailed Student’s
t-test for comparisons between two groups. For multiple
group comparisons, one-way or two-way ANOVA was
performed with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons tests, as specified in the respective figure leg-
ends. A p-value of<0.05 was considered statistically
significant.

Results

Immortalization and establishment of new
human SG cell lines

Single primary cells were obtained from human SMG and
SLG using enzymatic dissociation and cultured in serum-
free conditions as described in our previously established
protocols.*? Isolated SG cells (containing a mixture of aci-
nar, ductal, myoepithelial, and mesenchymal cells) were
then seeded into 6-well plates at a concentration of 1 X 103
cells/well and subjected to varying the multiplicity of
infection (MOI) of SV40 T particles at 70% confluency for
optimal transduction. Successful transduction was
observed at an MOI of 7 infected for 12h with 5pg/mL
polybrene in serum-free Epi Max I complete culture
medium (Supplemental Figure S1(a)). After 72h post-
transduction, cells were trypsinized and plated into new
100 mm petri dishes. Due to limited population doublings
of the primary SG cells, no antibiotic selection was
required for isolating transduced cells. Surviving clones
were isolated using cloning rings and transferred into
48-well plates for expansion. We achieved immortaliza-
tion and established cell lines obtained from both SMG
and SLG tissues from two different patients, which were
further characterized (Figure 1(a)). The first cell line was
obtained from an SMG of a 37-year old male patient and
was named SMG-Hu-0321, while the second cell line
obtained from an SLG of a 62-year old female patient and
was named SLG-Hu-1020, hereafter annotated as HuSMG
and HuSLG cells respectively.

Morphologically, both cell lines appeared as polygonal-
shaped cells at early passages (P<<10) and in high conflu-
ency. Specifically, the HuSMG cells displayed a typical
cobblestone appearance resembling the SG primary epithe-
lial cells (Figure 1(b) and Supplemental Figure S1(b)).
However, at higher passages (P>25) while the HuSMG
cells maintained most of their phenotype, the HuSLG cell
line showed differences in cell phenotype, displaying the
presence of a few big and elongated cell types (Figure
1(b)). We successfully grew and expanded the immortal-
ized cell lines for over 25 passages and confirmed the SV40
transgene expression in the cells using PCR (Figure 1(c)).
To determine the cell proliferation rate and population dou-
blings in our cell lines, we used the WST-8 cell prolifera-
tion assay (Supplemental FigureS1(c) and (d)). The
HuSMG cells had a doubling time of ~25h, whereas the
HuSLG exhibited ~28 h to duplicate its population. In addi-
tion, we tested cell growth at low (P5) and high (P25) pas-
sages at different cell densities to determine if longer
passages affected proliferation rate in either cell line.
Naturally, higher absorbance values were obtained for cells
seeded at higher density, but no significant changes were
recorded in either cell lines cultured 20 passages apart
(Figure 1(d) and (e)). To further confirm the identity and
authenticity of the newly developed cell lines, we
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Figure |. Establishment of immortalized human SG cell lines. (a) Schematic workflow outlining steps in cell line development

and characterization. (b) Brightfield images showing morphologies of HuSMG and HuSLG cell lines at early (P < 10), intermediate
(P=10-20), and late (P> 25) passages. Magnification/scale: 5X/100 pm (zoom inset). (c) PCR-gel electrophoresis showing SV40 T
transgene expression in the newly immortalized SG cell lines. NS-SV-AC (Normal Salivary-SV40-Acinar Cells) cell line was used as
a positive control, and human primary SG cells were used as a negative control. (d and e) WST-8 cell proliferation assay comparing
the metabolic activity of HuSMG and HuSLG cell lines at low (P5) and high (P25) passages seeded at 2000 cells/well and 4000 cells/
well in 96-well plates. Values are plotted as mean OD (optical density) = SD, n=5, and recorded at the same time each day over
5days. Statistical analysis was done using two-way ANOVA and Sidak’s multiple comparisons test to compare values between
passages and different time points. *p <0.05, ¥**p < 0.01, ** < 0.001, *** <0.0001. (f) STR profiles of the immortalized cell lines
showing distinct alleles detected using 10 loci/markers confirming cell line origin from two different patients.
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conducted STR DNA profiling, which revealed distinct
alleles for both cell lines (Figure 1(f)). The STR profiles
were cross-referenced with the ATCC, DSMZ, and CLAST
STR databases, encompassing approximately 9000 human
cell lines, to ensure authenticity and verify that the profiles
were unique and did not match any existing cell lines
(Supplemental Excel File). We further tested the cell lines
for mycoplasma and found that all the cells, including the
new cell lines developed in this work, were free of myco-
plasma contamination (Supplemental Figure S1(e)). Lastly,
to assess chromosomal aberrations commonly incurred in
cell lines immortalized with SV40 gene, we performed
karyotyping using DAPI banding. While the majority of the
cells analyzed (~70%—80%) showed a normal karyotype in
both the cell lines (Supplemental FigureS2(a) and (b)), a
low population (~20%—-30%), ecither at early or late pas-
sages, displayed the presence of tetraploid chromosomes
and endoreduplication (Supplemental FigureS2(c)—(f)).
Additionally, translocation and single missing chromo-
somes were observed in a few cells (~5%) analyzed from
the HuSLG cell line (Supplemental Figure S2(g) and (h)).

Immortalized cell lines retain features of
human primary SG cells

We next evaluated whether the newly immortalized cell
lines expressed SG-specific genes and proteins. For gene
expression analysis via RT-qPCR, primary non-immortal-
ized SG cells were used as controls, and NS-SV-AC
served as the reference immortalized cell line. AQP-5
mRNA levels were comparable between primary cells and
HuSMG cell lines, whereas NS-SV-AC and HuSLG cells
exhibited lower expression levels (Figure 2(a)). Similarly,
the acinar cell marker NKCC1 was significantly upregu-
lated in HuSMG cells but showed comparable, non-sig-
nificant mRNA levels in both HuSLG and NS-SV-AC cell
lines (Figure 2(b)). We also examined the expression of
the epithelial tight junction protein ZO-1, which was low
and comparable in NS-SV-AC and HuSLG cells relative
to primary cells but markedly overexpressed in the
HuSMG cell line (Figure 2(c)). Additionally, ACTA-2, a
marker for myoepithelial cells, displayed a similar expres-
sion trend as ZO-1, indicating the presence of myoepithe-
lial cells in all cell lines, with a higher prevalence in
HuSMG cells (Figure 2(d)).

To further investigate the expression of key SG-specific
markers, we conducted a comprehensive immunocyto-
chemical analysis of the newly immortalized cell lines,
using primary SG cells and NS-SV-AC as reference cells.
As expected, primary SG cells exhibited robust expression
and proper localization of key markers, including acinar
(AQP-5), epithelial (E-Cad), myoepithelial (a-SMA), and
ductal (pan-CK) markers (Figure 2(e)—(h)). In contrast,
NS-SV-AC cells displayed weak overall expression and
poor localization of these markers (Figure 2(i)—(1)).

Consistent with the gene expression data, HuSMG cells
demonstrated relatively robust expression of acinar mark-
ers AQP-5 and NKCC1, with distinct localization patterns
of epithelial marker ZO-1(Figure 2(m) and (n)). Given that
immortalized epithelial cells frequently undergo epithe-
lial-to-mesenchymal transitions (EMTs), we co-stained
HuSMG cells with E-cadherin and vimentin. The staining
revealed an irregular pattern, with dot-like adherens pro-
teins distinct from vimentin expression (Supplemental
Figure S3(a)). Furthermore, HuSMG cells exhibited weak
staining for pan-cadherins, detecting both E-cadherins and
N-cadherins, consistent with dynamic EMT processes in
immortalized epithelial cells (Supplemental Figure S3(b)).
Sparse yet localized expression of myoepithelial (a-SMA)
and ductal (pan-CK) markers was also observed in HuSMG
cells (Figure 2(0) and (p), respectively). To further charac-
terize the positive pan-CK expression, we stained HuSMG
cells for CK-5, CK-7, and CK-14 markers. Robust CK-5
expression was observed at ecarly passages (P5-P10;
Supplemental Figure S3(c)), but its loss in later passages
suggests a decline in progenitor marker expression over
time. CK7+ luminal ductal cells and CK14+ stem-like
cells were detected even in cells cultured beyond passage
15, while the acinar progenitor marker Mist-1 was absent
(Supplemental Figure S3 (d) and (e)).

In contrast, HuSLG cells exhibited some expression of
the epithelial tight junction marker ZO-1 but showed poor
localization or absence of acinar markers AQP-5 and
NKCC1 (Figure 2(q) and (r), respectively). These cells
also showed high expression of vimentin and pan-cadher-
ins, with poorly distributed E-cadherin aligned along actin
bundles connecting the cells (Supplemental Figure S3(f)
and (g)). Interestingly, HuSLG cells displayed a distinct
and higher expression of the myoepithelial marker a-SMA
compared to both primary SG and HuSMG cells, along-
side sparse detection of ductal cell populations, as indi-
cated by a limited number of pan-CK-positive cells (Figure
2(s) and (t)). The pan-CK expression in early passages of
HuSLG cells could be attributed primarily to a small popu-
lation of CK-5-positive cells and a low percentage (<10%)
of CK-7 expressing cells (Supplemental Figure S3(h) and
(1)). Both CK-14 and Mist-1 markers were absent in
HuSLG cells, confirming a low presence of ductal epithe-
lial stem cells and the absence of acinar-cell-specific mark-
ers, respectively (Supplemental FigureS3(j)). These
findings highlight the differential expression profiles and
cellular compositions of the HuSMG and HuSLG cell
lines, providing insights into their unique characteristics
and potential applications in SG research.

Functional characterization of immortalized cell
lines reveals distinct features of native SGs

To assess the functional properties of the newly immortal-
ized cell lines, we evaluated their ability to maintain
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Figure 2. HuSMG and HuSLG cell lines show SG-specific markers at mRNA and protein levels. (a—d) Gene expression of new cell
lines compared to primary non-immortalized cells as control, and NS-SV-AC as reference cell line determined using RT-qPCR. Data
reported as relative fold change = SE and normalized to GAPDH, (n=3). Statistical analysis was performed using one-way ANOVA
and Tukey’s multiple comparisons test. N.S: non-significant, *p < 0.05, **p < 0.01, ***p <0.001, ***¥p < 0.0001. Representative
images showing immunofluorescence staining of diverse SG markers in (e-h) primary SG cells, (i-l) in NS-SV-AC cell line, (m—p) in
HuSMG cell line, and (g—t) in HUSLG cell line. Magnification/scale: 20X/100 pm.
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epithelial integrity by measuring TEER values. The
NS-SV-AC acinar cell line was used as an internal control
and reference. Both the HuSMG and HuSLG cell lines
consistently exhibited significantly higher TEER values
(210-2500hm cm?) over the first 3 days compared to the
NS-SV-AC cell line (195-215 Ohm cm?). However, by day
4, the HuSLG TEER values began to decline, with all cell
lines reaching comparable levels by day 5 (Figure 3(a)).
These findings indicate that the newly immortalized cells
possess the ability to polarize and regain epithelial charac-
teristics when cultured in a transwell system.

As exocrine organs, SGs produce different secretory
proteins which are specific to cell and gland types. Based
on our putative results on the predominant acinar-like
characteristics of the HuSMG cell line and a mixed popu-
lation in the HuSLG cells, we next investigated the extent
of amylase activity in the new cell lines. Our results show
that HuSMG cells were able to respond to stimulation by
B-adrenergic agonist isoprenaline (ISO) and secreted sig-
nificantly higher amylase proteins than NS-SV-AC cells
(Figure 3(b)). While the HuSLG cells also responded to
stimulation by ISO, they secreted lower levels of amylase
than the HuSMG cells. This could be attributed to the pres-
ence of serous demilunes as sole cells that are responsible
for producing amylase proteins in the SLGs. We confirmed
the amylase activity results by measuring the AMY-1
mRNA expression in the two new cell lines. As expected,
the HuSMG cells showed a ~11-fold increase in AMY-1
expression as compared to the NS-SV-AC and HuSLG cell
lines, corroborating the predominant acinar characteristics
possessed by HuSMG cells (Figure 3(c)). We further char-
acterized the cell lines by co-staining them for salivary a-
amylase (Amy-1) and mucin 19 (Mucl9) to differentiate
between serous and mucous acinar cell populations. The
NS-SV-AC cell line displayed low levels of amylase gran-
ules and an absence of Muc19 expression (Figure 3(d)). In
contrast, the HuSMG cell line exhibited a few Amy-17*
cells and sparsely stained Muc19 in some cells, indicating
the presence of seromucous acinar populations
(Figure3(e)). The HuSLG cell line, however, showed no
detectable Amy-1 staining but demonstrated robust expres-
sion of Mucl9 proteins (Figure 3(f)). The low Amy-1
expression observed in the NS-SV-AC and HuSMG cells
could be attributed to the absence of agonist stimulation.
Combined, these results confirm the presence of seromu-
cous acinar populations in the HuSMG cell line and a low
but predominantly mucous cell population in the HuSLG
cell line.

To evaluate agonist-induced functional responses in
the newly immortalized cell lines, we performed a Fluo-4
calcium assay to compare the intracellular Ca?* release
patterns of NS-SV-AC, HuSMG, and HuSLG cell lines.
Cells were stimulated with 100 uM carbachol (CCh), a
muscarinic receptor (M3) agonist, or 100 uM ISO, a B-
adrenergic receptor agonist, with DPBS (Ca?*, Mg2*free)
serving as a negative control. The NS-SV-AC cells

exhibited a moderate peak of intracellular Ca* release in
response to CCh, with activation observed in a subset of
cells. In contrast, stimulation with ISO elicited a higher
peak, indicating a more consistent Ca?* release across
multiple cells (Figure 3(g), Supplemental Videos 1 and 2).
The HuSMG cells demonstrated significantly higher
Fluo-4 dye loading efficiency, reflected in an elevated
baseline fluorescence intensity. These cells produced
excitation patterns similar to NS-SV-AC, with higher but
transient ISO-induced peaks in a few cells. However, they
displayed a lower yet sustained Ca2* release in response to
CCh, observed in most cells (Figure 3(h), Supplemental
Videos 3 and 4). In contrast, the HuSLG cells exhibited
the lowest Fluo-4 dye loading efficiency, consistent with
their reduced acinar cell population. Upon ISO stimula-
tion, the HuSLG cells showed a brief Ca?* release peak,
suggesting the presence of a limited number of functional
acinar cells. Notably, the HuSLG cells displayed no
response to CCh stimulation, indicating a negligible or
absent M3 receptor-mediated Ca?* release in this cell line
(Figure 3(i), Supplemental Videos 5 and 6). All cell lines
maintained resting Ca?* levels when stimulated with
DPBS alone. Overall, these findings highlight the cellular
heterogeneity of the new cell lines and their ability to
retain functional features representative of native SG
tissue.

HuSMG and HuSLG cells reorganize to form
3D microtissues in hyaluronic acid hydrogels

After the establishment and extensive characterization of
the new cell lines, we sought to test if they can expand and
reorganize in 3D cultures. We previously showed that
human SG cells can re-organize into 3D spheroids and
express functional markers representing native SG tissues
when cultured in biomimetic HA-based hydrogels.’! In
this work, using 3D hanging drop method, we tested the
potential of HuSMG and HuSLG cells to reorganize and
form 3D spheroids using alginate-gelatin-hyaluronic acid
(AGHA) hydrogels (Figure 4(a)). Live/dead assay and
confocal microscopy were used to track cell viability and
3D morphology through the function of time in 3D
cultures.

HuSMG cells expanded and reorganized into small 3D
spheroid-like structures starting day 3, further expanding
to form large, interconnected spheroids at day 14 (Figure
4(b) and Supplemental Figure S4(a)). Quantitative analysis
of confocal images indicated a ~4-fold increase in HuSMG
spheroid viability between days 0 and 14 (Figure 4(c)).
HuSMG spheroids showed a significant increase in sur-
face area at day 14 reaching a maximum of ~25,000 um? in
size compared to ~ 2,500 um? at the start of the culture
(Figure 4(d)) which is also seen as a rise in Corrected Total
Cell Fluorescence (CTCF) values at day 14 (Supplemental
Figure S4(b)). Further, to test the intactness of these sphe-
roids, we analyzed and calculated their circularity and
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Figure 3. Functional assessment of immortalized SG cell lines. (a) TEER (Transepithelial Electrical Resistance) was measured
across HuSMG and HuSLG cell lines cultured over 5days using transwell filters in six-well plates, NS-SV-AC cell line was used as
a control/reference cell line to compare new cell lines. Transwell filters without cells were used to measure blank TEER values.
Data is presented as mean + SD, (n=6). (b) Amylase activity assay in the human SG cell lines with or without stimulation with
o-adrenergic agonist isoprenaline (ISO-50 uM) for 2 h. Data is presented as mean = SD, (n=3). (c) Detection of AMY-| gene
expression in the human cell lines using RT-qPCR, data is presented as relative fold change * SE, and normalized to GAPDH, (n=3).
Statistical analysis was performed using one-way ANOVA with Tukey multiple comparisons for TEER, amylase activity and RT-
qPCR experiments, n.s: non-significant, *p < 0.05 *¥p <0.01, ¥**p <0.001, **** < 0.0001. (d—f) Immunofluorescence staining of
Amy-1 and Mucl9 proteins in NS-SV-AC, HuSMG and HuSLG cell lines, respectively. Magnification/scale: 20X/100 um. (g—i) Plots
showing Fluo-4 peaks obtained by agonist-induced calcium influx in NS-SVAC, HuSMG and HuSLG cell lines, respectively. Cells
were stimulated either with 100 uM CCh or 100 uM ISO and reference against Ca?+ and Mg?+ free DPBS as control.
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roundness values. HuSMG spheroids, although without
changes in roundness values (Supplemental Figure S4(c)),
showed a significant change in spheroid circularity at days
7—-10 (Figure 4(e)). This pattern may be attributed to the
inherent capacity of these spheroids to engage in inter-
spheroid crosstalk and establish interconnections with
neighboring spheroids, resulting in reduced circularity
values. This pattern is further corroborated by the analysis
of spheroid numbers over time, as extended culture dura-
tions naturally facilitate spheroid fusion, leading to the
formation of larger, interconnected structures, and a cor-
responding reduction in the total number of spheroids
(Supplemental Figure S4(d)).

In parallel, we used live/dead assays to test both the
morphologies and 3D reorganization of HuSLG cells
within the AGHA matrix. Compared to HuSMG spheroids,
HuSLG cells formed smaller, less spheroidal, and
show sparser distribution of 3D structures at day 3-10,
forming several large tubular/sheet-like microstructures
at day 14 (Figure 4(f) and Supplemental Figure S4(e)).
This difference can also be quantified as the low fluores-
cence intensity values observed during this culture period,
which significantly increases at day 14 (Supplemental
Figure S4(f)). A similar trend was observed with the sphe-
roid viability, with a significant increase only observed at
days 10-14 (Figure 4(g)). HuSLG microstructures also
showed a significant increase in size and surface area at
days 7-10, reaching a maximum of ~15,000 um? at day 14
(Figure 4(h)), but showed an overall lower size compared
to HuSMG spheroids. The lower cell viability and size
seen in HUSLG spheroids can be related to the observed
differences between HuSLG and HuSMG cell growth and
proliferation in 2D cultures. The changes in the spheroid or
laminar microstructure morphologies adopted by HuSLG
cells were confirmed by measuring the spheroid circularity
and roundness values. HuSLG microtissues showed a sig-
nificant difference in the circularity and roundness values
as the culture progressed due to the deviation from con-
ventional 3D spheroid morphology into large tubular,
sheet-like structures atday 14 (Figure 4(i) and Supplemental
Figure S4(g)) further resulting in reduced number of dis-
crete spheroids at day 14 (Supplemental FigureS4(h)).
Together, our results validate the potential of HuSMG and
HuSLG cell lines to undergo expansion and cellular re-
organization to form large, highly viable 3D microtissues
with distinct morphologies within the AGHA hydrogel
culture system.

Human salivary spheroids recapitulate markers
specific to native salivary gland tissues

Once we established the SG spheroid models, we next
verified if these spheroids retained the expression of key
genes and proteins as previously detected in 2D cultures.
Gene expression in HuISMG and HuSLG spheroids was

analyzed using RT-qPCR and compared to NS-SV-AC cell
spheroids. As expected, the HuSMG spheroids expressed
high levels of acinar cell-specific markers including
AQP-5 and NKCC-1, compared to the NS-SV-AC (acinar)
spheroids (Figure 5(a) and (b)). In addition, there was an
upregulation of NKCC-1 gene levels in HuSLG cells in 3D
as compared to their 2D counterparts. Although non-sig-
nificant, and unlike the 2D cultured cells, the HuSMG
spheroids showed a low expression of ZO-1, which was
also noted for the two other spheroid types (Figure 5(c)).
Based on our previous work, AGHA-based hydrogels
improved the secretory properties of NS-SV-AC cell line-
derived spheroids compared to 2D cultures.?' Since
HuSMG cells in 2D culture showed predominant acinar
phenotype and secretory functions, we tested if the 3D cul-
ture could improve these secretory

features. We found that HuSMG spheroids showed a
significant upregulation of AMY-1 gene compared to the
other cell lines (Supplemental FigureS5(a)); as well as
higher amylase activity with or without stimulation with
ISO in comparison with its 2D counterparts (Supplemental
Figure S5(b)). Furthermore, we found an upregulation in
the gene expression levels of ductal progenitor marker
CK-5 expressed by HuSMG spheroids, whereas the
HuSLG microstructures increased the expression levels of
luminal ductal cell marker CK7 (Supplemental Figure
S5(c) and (d)). Both HuSMG and HuSLG spheroids main-
tained a high ACTA-2 expression compared to NS-SV-AC
spheroids; however, the HuSMG spheroids showed a
~three-fold higher mRNA expression than HuSLG 3D
structures, consistent with results from the 2D cultured
cells (Figure 5(d)).

Next, we performed immunofluorescence analysis on
the HuSMG and HuSLG spheroids to test the extent and
location of different proteins. The HuSMG spheroids
exhibited a robust expression and characteristic cell mem-
brane co-localization of acinar markers AQP-5 and ZO-1;
however, with a low and cytoplasmic expression of
NKCC-1 (Figure 5(e) and Supplemental FigureS5(e)).
Additionally, cell polarization in the HuSMG spheroids
was further confirmed by the co-localization of pan-cad-
herins and ZO-1 tight junction proteins (Supplemental
Figure S5(f)). Noticeably, and since these are solid sphe-
roid models and lack a lumen commonly seen in cystic
organoids, the staining pattern often appears strongly on
the outer cell surface of the spheroids giving an “apical
out” appearance. To test if the HuSMG spheroids retained
myoepithelial and mesenchymal cell populations, we
stained them for o-SMA and vimentin respectively, both
showing a strongly positive staining pattern (Figure 5(f)
and Supplemental Figure S5(g)). Consistent with our 2D
staining results, the HuSMG cells stained positive for pan-
CKs (Supplemental FigureS5(h)). On investigating fur-
ther, the ductal populations in the HuSMG spheroids,
despite significant mRNA levels, we found a lack of CK5
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Figure 5. AGHA cultured HuSMG and HuSLG spheroids show diverse expression of SG tissue-specific genes and proteins.
Detection of (a) AQP-5 (b) NKCC-1 (c) ZO-I and (d) ACTA-2 genes in spheroids derived from NS-SV-AC, HuSMG, and HuSLG cell
lines. (e and f) Whole mount immunofluorescence staining of HuSMG spheroids at day 14 showing expression of acinar cell markers
AQP-5, NKCC-1, tight junction protein, ZO- 1, and myoepithelial marker c.-SMA, respectively and (g and h) of HuSLG spheroids

at day 14 showing acinar markers AQP-5, NKCC-1, ZO-| and myoepithelial marker a-SMA respectively. (i-l) Quantification of
percentage of AQP5, ZO-1, NKCC-1 and o.-SMA positive spheroids in HuSMG and HuSLG cell lines. (m) Immunofluorescence
staining showing the distribution of ECM proteins Collagen IV and Laminins in HuSLG and HuSMG spheroids and (n and o) their
percentage positive populations. Magnification/Scale: 20X/100 um. Statistical analysis was performed using one-way ANOVA with
Tukey multiple comparisons test for RT-qPCR and data is presented as mean = SE and normalized to GAPDH gene (n=3). A two-
tailed Student’s t-test was performed to compare between percentage spheroid populations between HuSMG and HuSLG groups
and data is presented as mean = SD for (n=3), ns: non-significant, *p <0.05, **p < 0.01,** < 0.001, ****p < 0.0001.
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expression, possibly due to loss of translation of
progenitor features in long-term cultures (Supplemental
Figure S5(i)). Nonetheless, the HuSMG spheroids showed
the presence of several CK7" cells and a few CKI14*
cells in distinct spheroids similar to the observed cellular
heterogeneity observed in the 2D cultures (Supplemental
Figure S5())).

In contrast, the HuSLG spheroids, while exhibiting co-
localization, displayed a significantly lower percentage of
AQP-5 and ZO-1 positive spheroids, and poorly localized
NKCC-1 marker (Figure 5(g)) consistent with results from
2D cultures (Supplemental FigureS5(k)). However, the
limited epithelial cell populations in HuSLG spheroids
were detected by co-localizing pan-cadherins and ZO-1
proteins (Supplemental FigureS5(1)). Interestingly, as
opposed to the mRNA expression, a greater percentage of
HuSLG spheroids expressed the SMA marker (Figure
5(h)) but showed comparable levels of mesenchymal
marker vimentin circumventing the outer surface of the
spheroids (Supplemental Figure S5(m)). Further, we found
a loss of pan-CKs in HuSLG spheroids which was con-
firmed by the lack of CK5 and CK14 markers with a neg-
ligible number of CK7* cells in the culture supporting 2D
culture results and further confirming the lack of major
ductal cell populations in HuSLG cell line (Supplemental
Figure S5(n)—(p)). The versatility of the hydrogel system
enabled us to stain hundreds of spheroids at once to quan-
tify the positive percentage of each cell marker tested in
both HuSMG and HuSLG spheroids (Figure 5(i)—(1) and
Supplemental Figure S5(q)—(v)). Finally, since we
observed different re-organization patterns of the HuSMG
and HuSLG cells, we tested for cell-secreted ECMs that
might contribute toward spheroid formation and matrix
remodeling. Notably, the HuSLG spheroids expressed
higher levels of salivary ECM proteins, such as collagen
IV and laminins compared to HuSMG spheroids (Figure
5(m)—(0)). Collectively, these results further reinforce the
heterogenous nature of immortalized cell lines expressing
key SG transcripts and proteins along with the ability to
distinctly re-organize to form multicellular spheroids
within the AGHA-culture system.

Modeling radiation-induced SG damage using
3D spheroids

The multicellular features of human salivary spheroids
instigated us to apply these cell models as tools to investi-
gate radiation injury and treatment response in vitro. To
this extend, as a proof-of-concept, and due to their pre-
dominant acinar-like properties, we tested the response of
HuSMG spheroids to irradiation (IR) damage and treat-
ment with the radioprotective agent WR-1065, an active
form of FDA-approved drug amifostine that is clinically
used to treat xerostomia. HuSMG cells were 3D cultured
for 14 days until spheroid formation and were subjected to

sham IR, a single dose of 15Gy IR or treated with 4mM
WR-1065 30min before and after radiation. Culture
medium was replaced post-treatment, and readouts were
taken at different time points to measure spheroid viability,
cell markers, and morphology (Supplemental Figure S6(a)).
Live/dead assay and confocal imaging were used to ana-
lyze the spheroids at 2 and 24h post IR (Supplemental
Figure S6(b)). Cell death was observed just after 2h in the
IR and the treated groups, leading to a decline in spheroid
viability in both groups compared to the control group
(Figure 6(a) and (b)). To observe the delayed effects of IR
and radioprotection on the HuSMG spheroids, we repeated
the Live/dead assay at 24h post-IR. Confocal images
showed significant cell death occurring in the outer cells of
the radiated spheroids, which were comparatively lower in
the treatment group (Figure 6(c)). Spheroid viability
dropped from ~75% at 2 h post-IR to nearly 50% after 24 h
in the radiation group compared to the treated spheroids,
which maintained cell viability owing to the radioprotec-
tive effects of WR-1065 (Figure 6(d)).

To further investigate the morphological differences
between spheroid samples at 24 h post-IR, we stained cells
for f-actin distribution to evaluate the spheroid cytoskeleton
(Supplemental FigureS6(e)). While the control group
showed the characteristic cell membrane localization of
f-actin distribution seen in HuSMG spheroids, the radiated
and treated spheroids showed disruption from the normal
staining pattern and associated fragmentation (Figure 6(¢)).
CTCF values showed a significant increase in spheroids
receiving 15Gy IR, which was lower in the WR-1065
treated groups (Figure 6(f)). Additionally, to confirm cell
disruptions and evaluate the loss of spheroid intactness, we
analyzed the spheroid circularity and roundness values.
Radiated HuSMG spheroids showed a significant decrease
in circularities both at 2 and 24h after IR and was not
reversed by the radioprotective effects of WR-1065 (Figure
6(g) and (h)). This can be due to the initiation of cell death
and, thereby disruptions on the outer surface of the sphe-
roids after IR, which remains after WR-1065 treatment.
While the radioprotective effects could prevent further dam-
age and cell death in the spheroids, the circularity values
remain unchanged, possibly due to a lack of clearance of the
dead cells in the outer core of the spheroids.. Although there
were significant differences in roundness values between
radiated and treated spheroids early after IR, no significant
changes were seen relative to control groups at 24 h (Figure
6(i) and (j)). In parallel, we used the WST-8 cell prolifera-
tion assay to track spheroid metabolic activity. A significant
decrease in the metabolic activity of 15 Gy IR and WR-1065-
treated spheroids was seen at 24and 48h after radiation,
which was followed by a decrease in all groups reaching
stable absorbance values at 96 h post-IR (Figure 6(k)).

To test how HuUSMG spheroids respond to radiation and
radioprotection by WR-1065, we fixed and stained the
spheroids 48h post-IR for detection of DNA damage
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response marker YH2AX, apoptotic marker caspase —3,
and cell proliferation marker Ki-67. HuSMG spheroids
receiving 15 Gy IR showed a robust expression of YH2AX
on the outer surface of several spheroids, resembling the
formation of nuclear apoptotic rings (Figure 7(a)).
However, the YH2AX expression was largely pan-nuclear
and, on quantification, showed significantly lower values
in the WR-1065-treated group, indicating DNA damage
protection (Figure 7(a) and (b)). Consequently, caspase 3,
a key marker of cell apoptosis was also seen to be signifi-
cantly elevated in the radiated spheroids, showing a strong
nuclear expression in addition to the spheroid borders,
which were seen to be lower in the treated groups (Figure
7(c)). Nonetheless, WR-1065-treated spheroids did not
show a significant decrease in caspase 3 positive cell num-
bers, possibly due to the static nature of the culture system,
where the previously dead cells remain in culture despite
radioprotection to neighboring cells (Figure 7(d)).

To establish a correlation between cell death and
remaining proliferating cells in our radiation injury sphe-
roid model, we next stained the spheroids for the Ki-67
marker (Figure 7(e)). We did not see any significant differ-
ences in the Ki67 index of control and 15 Gy IR spheroids;
however, there was a significant increase in the number of
Ki67 positive cells observed in the IR + WR-1065 group
(Figure 7(f)). The radioprotective effects of WR-1065, in
addition to the higher proliferation rate of HuSMG cells
compared to primary cells, may have contributed to the
high Ki67 index in this group.

Next, we evaluated changes in SG markers in response
to radiation injury and the radioprotective effects of
WR-1065. HuSMG spheroids exposed to a 15Gy single
dose of radiation exhibited a significant loss of AQP-5 and
Z0-1 markers. While AQP-5 expression showed partial
recovery in the WR-1065-treated group, ZO-1 expression
was completely lost and remained absent even after treat-
ment (Figure 7(g) and (h)). We further assessed the effect
of radiation on ductal populations by co-staining for CK7
and CK14 markers in the spheroids. As expected, control
HuSMG spheroids displayed several CK7* and a few
CK 14" spheroids. However, radiation exposure caused a
drastic decrease in these populations, leaving only a few
CK7* spheroids and resulting in a significant loss of
CK147 cells (Figure 7(i)). Notably, neither cell population
showed recovery in the WR-1065-treated group, suggest-
ing that WR-1065 does not provide radioprotection for
these specific cell types (Figure 7(j)). Finally, we fixed and
embedded our spheroids to test the histological differences
in the radiated and treated spheroids. H & E staining
revealed the presence of dark and condensed nuclei indica-
tive of pyknosis both in the 15Gy IR and the IR +
WR-1065 treated groups (Figure 7(k)). Collectively, we
used different tests and assays combined with confocal
image-based analysis and showed that AGHA-cultured SG
spheroids serve as novel tools for in vitro modeling

of radiation injury. Additionally, our experiments support
that these proof-of-concept radiation models can be
applied for drug screening applications to test different
therapeutic strategies for cell specific types for xerostomia
alleviation.

Discussion

In this study, we successfully immortalized and character-
ized two novel human SG cell lines derived from normal
(healthy, non-neoplastic) human major SGs. The first cell
line, SMG-hu-0321 (annotated as HuSMG), was estab-
lished from the SMG, while the second line, SLG-hu-1020
(annotated as HuSLG), was derived from the SLG. Both
cell lines were generated by infecting a mixture of pri-
mary SG cells obtained from SMG and SLG tissues using
SV40 lentiviral transduction. The polarized nature of sali-
vary epithelial cells, coupled with the high toxicity associ-
ated with lipofection methods, necessitated the use of the
SV40 lentiviral system for efficient immortalization.>®
Despite these challenges, we successfully cultured and
stably passaged these cell lines for over 25 passages.
Given the frequent occurrence of cross-contamination or
misidentification in immortalized cell lines,>> we per-
formed STR analysis to confirm the identity and unique-
ness of the newly established cell lines. STR profiles were
compared against global cell line STR databases such as
ATCC, DSMZ, and CLAST, which include approximately
9000 cell lines. The results confirmed the unique profiles
of the HuSMG and HuSLG cell lines, validating their
authenticity. To further assess potential genetic drift caused
by SV40 transduction, we conducted karyotyping of the
cell lines. Endoreduplication and resulting polyploidy
were observed in the new cell lines, likely induced by the
SV40 oncogene, which can bypass mitotic divisions and
increase DNA content in cells.’® Similar phenomena have
been reported in other immortalized cell lines transduced
with SV40 large T (LT) genes.* Interestingly, this mecha-
nism of endoreduplication is utilized by Drosophila SG
cells during gland development and for secretory func-
tion.** However, our findings emphasize the importance of
monitoring immortalized cell lines for potential genetic
transformations, especially during long-term culture.
Although cell lines cannot fully replicate the complex
features of primary cells, particularly in SGs, where func-
tional secretory cells are highly differentiated and chal-
lenging to maintain in vitro, these newly developed cell
lines provide a valuable alternative.*! They exhibit diverse
SG marker expression, encompassing acinar, ductal, and
myoepithelial origins, making them a promising resource
for protocol optimization and high-throughput assays. The
HuSMG cell line predominantly expressed acinar markers,
including AQP-5, ZO-1, and NKCC-1, alongside a subset
of ductal and myoepithelial markers such as CK7, CK14,
and a-SMA. In contrast, the HuSLG cell line displayed
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lower expression of acinar markers, with only a small sub-
set of cells positive for AQP-5 and ZO-1, likely reflecting
the limited number of primary SG acinar cells transduced
during establishment. Similarly, HuSLG cells exhibited
minimal ductal populations in 2D cultures, with only a few
CK7" cells but a prominent and distinct expression of
a-SMA, indicative of myoepithelial cells. Neither cell line
maintained lineage-restricted progenitor markers like
Mist-1 and CK-5, likely due to the loss of progenitor fea-
tures during extended SV40-mediated immortalization, a
phenomenon observed in other progenitor cell types.***
Interestingly, HuSMG cells retained noticeable levels of
the ductal progenitor marker CK 14, which appeared resist-
ant to SV40-induced transformations. As with other epi-
thelial cell types, extended culture passages can influence
phenotype, potentially inducing EMTs.** Co-staining the
cell lines with epithelial marker E-cadherin and the mesen-
chymal marker vimentin revealed a dynamic, dot-like dis-
tribution of cadherins along cell membrane-associated
actin bundles, alongside a cytoskeletal pattern of vimentin
expression. These observations align with patterns reported
in other transformed cell lines, where epithelial and mes-
enchymal phenotypes coexist in a dynamic interplay
driven by culture conditions and the extent of cellular
transformation.®

Reflecting their cellular heterogeneity and respective
tissue origins, the HuSMG and HuSLG cell lines demon-
strated distinct functional characteristics. Consistent with
the properties of native SG tissues, HuSMG cells exhibited
higher expression of amylase proteins, indicative of their
acinar-like features, while HuSLG cells predominantly
expressed mucin, aligning with their mucous-rich pro-
file.*® Further functional analysis of agonist-induced cal-
cium influx revealed that HuSMG cells responded to both
muscarinic and adrenergic agonists, showing robust intra-
cellular Ca?* release consistent with their acinar pheno-
type. In contrast, HuSLG cells exhibited limited Ca**
release in response to adrenergic stimulation, likely reflect-
ing their inherently lower acinar cell populations. These
findings underscore the functional diversity retained by
these cell lines, mirroring key aspects of native SG tissue.

Over the past decades, 3D culture techniques have
become a cornerstone of SG tissue engineering, demon-
strating promising results in preserving functional
markers and closely mimicking the native tissue environ-
ment.>**’ However, many of these advances have relied
on the use of complex matrices such as Matrigel, which is
derived from mouse tumors and poses challenges to the
translational potential of derived products.*® Moreover,
extracellular matrices like Matrigel or basement mem-
brane extract (BME) are characterized by lot-to-lot varia-
bility and a lack of tunability, limiting their suitability for
generating tissue-specific matrices.* We recently estab-
lished an AGHA-based biomimetic system, biomechani-
cally replicating human SG tissues, consisting of a blend

of alginate, gelatin, and HA for the expansion and culture
of SG acinar cells.>' By using AGHA-based hydrogel and
the new cell lines, we established SG spheroid models,
which exhibited the ability to proliferate and form large
3D microtissues within 14 days of culture. To evaluate the
shape and intactness of spheroids within 3D microenvi-
ronment, parameters such as surface area projection,
roundness, and circularity values are calculated.’®!
Additionally, these parameters may vary depending on the
ECM properties, the type of cells and their origin.*?

While the HuSMG re-organized as compact, circular
and smooth spheroids, the HuSLG cells showed a prefer-
ence to form tubular or sheet-like microtissues in addition
to spheroids. It is well known that cell-matrix reciprocity
within hydrogels relies on the cell type-specific signaling
and subsequent remodeling of ECM.>* We hypothesize
that since the HuSLG cells presented high expression of
SMA and vimentin, the cell-mediated remodeling of gela-
tin and HA would be different in HuSLG spheroids com-
pared to the acinar and ductal cells present in HuSMG
spheroids, which predominantly may reorganize via
CD44-mediated interactions with HA.* This model of
cell organization has been observed with other vascular
smooth muscle cells which reorganize to form vessel-like
structures owing to their contractile phenotype.>>* While
the ability of salivary gland epithelial, acinar or progeni-
tor cells to reorganize into 3D structures within HA hydro-
gels has been well established in previous works.>*%"3%
We confirmed the multicellular nature of both HuSMG
and HuSLG cell lines in a highly tunable 3D culture sys-
tem using AGHA hydrogels, by validating the expression
of acinar, ductal, myoepithelial, progenitor, and mesen-
chymal cell populations within the spheroids. Additionally,
supporting our previous work, salivary cell lines signifi-
cantly improved the expression of functional markers,
such as AQP5 and AMY-1, in 3D hydrogels compared to
2D cultures.

Radiation injury to SGs causes irreversible damage to
key salivary cell types and no therapeutic cure exists to
treat permanently damaged SGs.> Recently, tissue array
chips have been proposed as in vitro platforms to run high
throughput assays for SG therapeutic discovery.>* We
combined novel SG cell lines and tunable hydrogels and
employed the simple hanging-drop technique to produce
hydrogel domes forming several SG spheroids without the
hassle of 3D printing or other biofabrication requirements.
Using live cell imaging, immunodetection, and confocal
analysis, we demonstrated that salivary spheroids respond
to IR by inducing cell death, starting in the outer surface of
the 3D structures, and then spreading into the tightly
packed cells interior to the surface. Furthermore, similar to
other reports, we confirmed the efficacy of WR-1065, an
active form of amifostine, as SG spheroid radioprotector,
where SG microtissues were protected and rescued from
extensive damage due to IR injury.®® Damage to salivary
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cell membranes due to IR was evidenced by disruption and
an increase in expression of filamentous actin. This can
potentially be attributed to the polymerization and thicken-
ing of actin stress fibers also seen in other mammalian cell
types, including mice SG cells post radiation.®’:*> Further,
we observed that non-treated spheroids showed significant
DNA damage and cell death, as evidenced by high expres-
sions of YH2AX and caspase-3 markers, respectively. These
results correspond to results from other in vitro models
against radiation induced cell and DNA damage.>*% It has
been observed that high levels of Ki-67 marker in several
types of cancers and cell types are associated with radio-
sensitivity.*+% We observed elevated Ki-67 levels in the
radiated spheroids that received treatment with WR-1065,
potentially due to the radiosensitive nature of salivary
cells, partial radioprotection offered by WR-1065, and the
highly proliferative nature of cell lines as opposed to SG
primary or progenitor cells.

To assess the detrimental effects of radiation on
SG-specific markers, we performed immunostaining of
key acinar and ductal cell populations found in the HuSMG
spheroids. A 15 Gy single dose of radiation resulted in a
significant loss of AQP-5 and ZO-1, key markers of acinar
cell functionality and epithelial integrity, respectively.
Although WR-1065 treatment led to partial recovery of
AQP-5 expression, the ZO-1 proteins were completely lost
even after radioprotective intervention. This suggests that
while WR-1065 may offer some protection for specific
acinar features, it fails to restore epithelial polarity dis-
rupted by radiation, previously also confirmed by actin
disruptions. Radiation also severely affected ductal cell
populations, as indicated by the drastic reduction in CK7*
and CK 14" spheroids. The absence of recovery for these
markers in the WR-1065-treated group suggests the lim-
ited efficacy of WR-1065 in protecting ductal cell popula-
tions. Together, these results suggest that while WR-1065
provides partial protection for certain acinar characteris-
tics, it may be insufficient for comprehensive radioprotec-
tion of SG cells, particularly for epithelial integrity and
diverse cell populations. This underscores the need for
more effective radioprotective strategies to mitigate the
broad impact of radiation on SG cells and tissues.

Conclusions

In summary, we successfully established and characterized
two novel immortalized human SG cell lines through len-
tiviral transduction. These cell lines demonstrate the abil-
ity to recapitulate key characteristics and functional
features of native human SG cells, providing valuable
alternative cell sources for in vitro SG research.
Additionally, we utilized AGHA hydrogels to develop and
characterize distinct SG spheroid models capable of
expressing functional SG-specific markers. Finally, we
demonstrated that these bioengineered SG spheroids serve

as innovative tools for studying radiation-induced injury in
vitro and offer versatile platforms with a potential for eval-
uating the efficacy of therapeutic drugs and small
molecules.
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