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The salivary gland (SG) is vital for oral function and overall health through secretion of saliva. However
salivary dysfunction due to aging, medications, autoimmune disorders, and cancer treatments poses
significant challenges. We established the first diverse and clinically annotated salivary regenerative
biobank at Mayo Clinic to study salivary gland stem/progenitor cells (SGSPCs). Optimization of cell
isolation and progenitor assays revealed SGSPCs enriched within the CD24/EpCAM/CD49f+ and
PSMA- phenotypes of both submandibular and parotid glands, with clonal differentiation assays
highlighting heterogeneity. Induction of PSMA/FOLH1 expression was associated with SGSPC
differentiation. Using mass spectrometry-based single cell proteomics, we identified 2461 proteins in
SGSPC-enriched cells, including co-expressed cytokeratins, expressed in rare salivary ductal basal
cells. Additionally, PRDX, a unique class of peroxiredoxin peroxidases enriched in SGSPCs,
demonstrated H2O2-dependent growth, suggesting a role in salivary homeostasis. These findings
provide a foundation for SGSPC research and potential regenerative therapies for salivary gland
dysfunction.

Themajor salivary glands (SG), namely parotid (PG), sub-mandibular
(SMG), and sublingual, play an important role in oral health. These
glands comprise multiple epithelial cell types contributing to the
dynamic composition of saliva1. The watery secretion of PG, the
mucous richness of sublingual, and the versatile watery/mucousmix of
SMG highlight their unique contribution to an individual’s quality of
life. Salivary dysfunction leading to xerostomia or hyposalivation
(persistent dry mouth due to reduced saliva flow) arises from damage
to salivary epithelial cells and/or its microenvironment and a

blockade of its normal function resulting in a wide range of health
consequences.

Salivary dysfunction increases the risk of dental caries, gum disease,
and oral infections (e.g., candidiasis), and halitosis, while impairing
fundamental activities like chewing and swallowing, speech and causing
discomfort. altered taste, and digestive issues. Given the wide-ranging
effects on effects on both oral and overall health, it is important to
address salivary dysfunction for improving patients’ quality of life and
well-being2.
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Salivary dysfunction can result from conditions, including auto-
immune disorders like Sjögren’s Syndrome, rheumatoid arthritis, and sys-
temic lupus erythematosus, cancer treatments like head and neck radiation
therapy3, Prostate Specific Membrane Antigen (PSMA)-targeted radio-
nuclide therapy4 and immunotherapies5, and certain medications. Other
contributing factors include diabetes, viral infections (mumps, human
immuno-deficiency virus, hepatitis), aging, trauma, surgery-related nerve
damage, dehydration, and salivary gland tumors. Despite decades of
research in salivary gland function using animal models6, a curative treat-
ment for salivary dysfunction remains elusive7.

Emerging studies focus on leveraging stem cells (SC) and tissue engi-
neering approaches to regenerate damaged or irradiated salivary glands.
Transplantable cells capable of restoring saliva function have been identified
in recent years, paving the way for regenerative therapies8–10. These
approaches aim to address the consequences of salivary dysfunction, such as
xerostomia, by promoting the repair and restoration of functional salivary
tissues, but lack of community accessible clinically annotated salivary spe-
cimen suitable for SC investigation, which is a major impediment to
development of salivary regenerativemedicine. To address this gap, we have
established a salivary regenerative biobank at theMayoClinic frompatients
undergoing head and surgery as well as from autopsies and clinical data and
from individuals contributing to our biobank.

The stemness, plasticity and transplantability of salivary cells are not
well understood. Studies in exocrinemammary glandwith similar epithelial
structures suggest that non-transplantable differentiated myoepithelial and
luminal cells following short-term in vitro culture or genetic manipulation
exhibit stemness, displaying both transplantability and lineage
regeneration11–13. Studies in mouse salivary glands indicate the heightened
proliferation potential of lineage-committed differentiated cells, such as
acinar cells14, and upon radiation injury, various ductal progenitor cells play
a role in maintaining tissue homeostasis15. Therefore, human specimen
resources and protocols to investigate these diverse salivary cell types and
their regenerative activities and transplantabilities are essential to develop
salivary regenerative medicine. Herein, we describe an optimal protocol to
isolate, expand, and quantitatively investigate salivary cell immunopheno-
types and growth properties in both 2D and 3D-matrigel assays. We
developed rigorous methods to isolate salivary gland stem and progenitor
cells (SGSPC) by flow cytometry using CD24/CD49f/EpCAM+ and
PSMA- phenotypes. We further generated the first known single-cell pro-
teomic map of 271 SGSPC-enriched EpCAM+ cells from PG and SMG
usingmass spectrometry. This single-cell proteomicmap identified distinct
protein co-expression of keratins, which are found in rare, scattered salivary
gland basal duct cells suggesting their potential role as the tissue origin of
SGSPC. Our unique tissue-organoid biobank and novel quantitative
approach to study SGSPC provide a robust framework for advancing per-
sonalized regenerative medicine research targeting salivary gland
dysfunction.

Results
Establishmentofacomprehensive livingsalivary tissue-organoid
biobank
Herein, we utilized previously established method from living mammary
tissue-organoidbiobanking for stemandprogenitor cell investigation16–30, to
establish clinically annotated salivary biobanking protocol involving sali-
vary gland tissue. Surgical resections of SMGandPGglandswereperformed
on consenting patients aged 18 andolderundergoing head andneck surgery
atMayo Clinic Jacksonville. Tissue samples from deceased individuals were
obtained during autopsies atMayoClinic Rochester. In brief, each specimen
received in the laboratory, was weighed and manually minced (mechani-
cally) into fine pieces and subsequently subjected to gradual enzymatic
dissociation with collagenase and hyaluronidase. The resulting epithelial
enriched 2–4mm salivary tissue fragments (referred to as ‘salivary tissue-
organoids’) were cryopreserved in basal media containing serum and
DMSO (see Methods). For each specimen, the biobank also generates two
tissue fragments: one snap-frozen tissue and another for formalin-fixed

paraffin-embedded block preparation; and all specimens were annotated,
tracked and stored using the Mayo Clinic’s Research Laboratory Informa-
tionManagement System (RLIMS), a web-based application available at all
Mayo locations. (Fig. 1A).Quality control assessments for the cryopreserved
salivary organoids are performed to evaluate cell viability (Supplementary
Fig. S1A, B), microbial contamination and epithelial content by FACS. Any
signs of microbial contamination were documented.

In total of 304 specimens were collected from 208 donors, with 45.7%
obtained from female individuals representing diverse age, race, ethnicity,
medical history, various exposures and mortality status, all of which con-
tributed to the biobank (Table 1, and Fig. 1B–E).We generated 2044 tissue-
organoid cryovials including 1148 frommale and 896 from female donors.
Organ-related issues were the primary cause of death (40.2%), followed by
cardiovascular conditions (32.0%). Notably, 14.9% were current smokers,
and 38.0% were former smokers. Various chronic conditions, such as
cancer, head and neck radiotherapy, and chemotherapy treatment, were
prevalent among donors. The biobank included samples from patients with
salivary gland neoplasms, diabetes mellitus, and other conditions including
Sjögren’s disease. A significant portion had a history of COVID-19 (for
details refer to Table 1).

The hematoxylin and eosin (H&E) staining reveals a level of dis-
organization in the cryopreserved tissue-organoids compared to intact
salivary gland tissue sections (Fig. 1F). This could be the result of the
mechanical and enzymatic dissociation process used to prepare the orga-
noids. Specifically, theuseof enzymessuchas collagenase andhyaluronidase
during tissue dissociation helps to remove stromal and fat tissues, resulting
in enrichment of epithelial tissues. These tissue-organoids were subse-
quently dissociated into single cells and were evaluated for the presence of
primitive cells with proliferative activity using 2D culture and 3D-matrigel
organoid culture system that supported clonal development (seeMethods).
In particular, single cell-derived organoids have emerged as systems to
approximate progenitor activity in vitro inmany tissue types31 including SG8

and represent a valuable tool to evaluate the developmental activities of
salivary cells32.

In 2D cultures, the majority of cells exhibited a typical epithelial
morphology (Fig. 1G). In 3D Matrigel organoid cultures, we observed
heterogeneous morphologies (Fig. 1H), including solid structures with
branching and budding features, as well as organoids with cystic appear-
ances. These observations are consistent with previous studies on salivary
and other exocrine tissues, suggesting a luminal origin for cystic organoids
and a basal origin for solid organoids21,33. Additionally, these 3D organoids
expressed acinar and ductal differentiation markers, supporting their epi-
thelial lineage (Fig. 1I, J). Using the 3D-matrigel organoid-initiating cell (3D
OIC) assay system the frequency of SGSPCs was estimated to be ~1 in 1700
isolated single cells from cryopreserved salivary tissue-organoids (Fig. 1K).
This comprehensive biobanking protocol establishes a valuable resource for
advancing research in salivary regenerative medicine. For details on acces-
sing biobank specimens and data, kindly refer to the Methods section.

Immunophenotyping reveals rapid selection of salivary epithelial
cells in vitro
Wenext employed FACS to immunophenotype cells.Hereto,we conducted
an in-depth analysis of epithelial biomarker expression in single cells
obtained from freshly dissociated PG and SMG tissue-organoids. Addi-
tionally, we examined cells from 2D cultured derivatives across various
passages inmedia-1 andmedia-2.Using cell surfacemarkers reported in the
literature and human protein atlas, we developed an antibody cocktail tar-
geting endothelial CD31, hematopoietic CD45, stromal CD34, epithelial
markers EpCAM,CD24, andCD49f, and FOLH1-encoded prostate specific
membrane antigen (PSMA), somatostatin receptor (SSTR)2, andDAPI.We
performed FACS, depleting endothelial, hematopoietic, and dead cells, and
subsequently gated viable cells for epithelial biomarker expression8,18,34–38

(Fig. 2A).
The cell surface epithelial marker expression profiles of freshly dis-

sociated salivary tissue-organoids (CD49f: SMG= 23.58%, PG = 16.48%;
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CD24: SMG= 10.68%, PG = 16.48%; EpCAM: SMG= 6.84%, PG = 2.37%;
PSMA: SMG= 1.38%, PG= 2.87%, SSTR2: SMG= 0.28%, PG= 0.29%)
were not significantly different suggesting that the dissociation protocol
enabled purification of primary salivary epithelial cells with shared immu-
nophenotypes in the two major salivary gland (Fig. 2B). The expression of

these markers remained consistent between genders (Supplementary
Fig. S2).

In 2D culture, salivary cells from SMG and PG exhibited robust
expansion for up to four passages. FACSbased co-expression analysis across
passage (P)1 to P4 demonstrated ~90% cells expressing epithelial markers
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CD24, CD49f and EpCAM, and lacking expression of PSMA ( ~ 5%) and
SSTR2 (<1%) across PG and SMG cultures. Hematopoietic (CD45+ ) and
non-epithelial stromal (CD31/CD34+ ) cells were found to be poorly
detected in cultured cells, indicating rapid selection for epithelial cells under
these conditions (Fig. 2C). Notably, an initial increase in PSMA+ cells was
observed in culture, reaching approximately 10% at passage 2 before
declining in subsequent passages. SSTR2 expression remained consistently
low throughout the culture period, suggesting enrichment of a subset of cells
likely to be ductal in origin (Fig. 2C, D and Supplementary Fig. S3-S4A–C).
Consistent with our FACS analysis, cells in media-1 and media-2, main-
tained their characteristic epithelialmorphology and expressionof epithelial
markers as shown by E-cadherin immunofluorescence throughout the
culture period (Fig. 2E–G, Supplementary Fig. S4D, E). It is worth noting
that majority of cultures reached passage 3 by three weeks. Taken together,
this comprehensive flow cytometry analysis provides insights into the
dynamic expression patterns of salivary epithelial biomarkers in cryopre-
served tissue-organoids within the biobank and after in vitro expansion,
revealing a significant bias toward the selection of ductal epithelial cells.

Functional analysis reveals distinct salivary progenitor popula-
tions in vitro
We performed a comprehensive assessment of the cryopreserved tissue-
organoids to test the proliferative epithelial cells in 2D culture enriched for
SGSPC.We fractionated salivary cells based onCD24, PSMA, EpCAM, and
CD49f markers and subjected bulk cells or distinct phenotypic fractions to
optimized 2D colony-forming cell (2D CFC) and 3D-matrigel organoid-
initiating cell (3D OIC) assays by seeding cell densities that generate clonal
outgrowths (see Methods)21. To further understand the growth dynamics,
we derived primary salivary cells from cyropreserved salivary tissue-
organoids and cultured using media-139, both with and without fetal calf
serum (FCS), or in N2 media9. Cultures were conducted in dishes with or
without collagen-coated surfaces17. Notably, collagen coating had little or no
impact on growth in media-1, while cells in N2 media demonstrated sen-
sitivity to collagen coated surfaces (Supplementary Fig. S5A–C). Despite
marginal improvements with the inclusion of FCS, we opted for media-1
with FCS and no collagen coating for this study.

The 2D CFC assays revealed three distinct colony morphologies, each
representing unique characteristics—spindle (myoepithelial-like), epithelial
(ductal-like), andbridge-forming (squamous-like) colonies (Fig. 3A,B).The
presence of three distinct clonotypes implies three distinct progenitor ori-
gins. The persistence of all clonotypes indicates that these progenitors not
only consistently cryopreserved in salivary tissue-organoids but also thrive
under in vitro culture conditions. Presence of all three 2D CFC types in
FACS-purified cells expressing CD24, EpCAMorCD49f and lack of PSMA
and SSTR2 indicated that these distinct progenitor types have common
immunophenotypes. A prior study utilizing primary human salivary cells
immortalized with origin defective DNA of SV40 has reported similar cel-
lular morphologies in cultures40.

Furthermore, our investigation revealed detection of up to 18% of 3D-
matrigel organoid-initiating cell (OIC) population for PG cells at passage 3.

The average OICwas 3.3% across diverse tissue sources and in vitro culture
passages (Fig. 3C and Supplementary Fig. S4C). Notably, the progenitor
frequencies observed in the 3D-matrigel OIC assay were consistently higher
compared to the 2D colony-forming cell (CFC) assay. Similarly, we detected
a maximum of 5% in 2D CFC population within EpCAM+ fraction of PG
cells and on average 1.6% across diverse tissue sources and in vitro culture
passages (Fig. 3C and Supplementary Fig. S4C).

Interestingly, the lack of distinct growth patterns in 3D organoid
cultures (Fig. 3D and Supplementary Fig. S6), compared to the distinct
clonotypes observed in 2D CFC assays does not preclude the presence of
diverse progenitor populations. Instead, it may suggest that the 3D
environment supports a convergent growth pattern41 or that the phe-
notypic differences are more subtle and not readily apparent. Addi-
tionally, the significant association among salivary gland stem/
progenitor cell (SGSPC) markers, including CD24, EpCAM, and CD49f
(p-value < 0.0001), was evident (Supplementary Fig. S7). In-depth
examination of cells derived from 3D-matrigel organoids, as opposed
to those expanded in 2D culture, revealed distinct expression patterns of
biomarkers, underscoring the intricate and dynamic nature of the dif-
ferentiation process within the 3D-matrigel environment (Fig. 3E).
Additionally, it is noteworthy that the progenitor yield per starting single
PG and SMG cell remained comparable over time in culture (Fig. 3F).
Together, this implies that the methodologies outlined in this study
consistently generate salivary gland stem/progenitor cell numbers,
emphasizing the robust selection of the proliferative CD24/EpCAM/
CD49f+ SGSPC subset by the specific culture environment.

Induction of PSMA expression during salivary progenitor cell
differentiation
The significance of PSMA is underscored by the emergence of PSMA-
targeted cancer therapies, which are known to cause salivary dysfunction.
Therefore, there is a topical interest in understanding the role of PSMA
during salivary development. First, we FACS-purified both PSMA+ and
PSMA- cells from bulk cultures (N = 15) and assessed their growth prop-
erties in2DCFCand3DOICassays (Fig. 4A–CandSupplementaryFig. S6).
Notably, amaximumof 2.75% (average 1.15%) and 22% (average 3.74%) of
PSMA- cells exhibited robust 2D CFC and 3D OIC activities respectively,
while PSMA+ cells were devoid of any growth potential. The PSMA
expression is restricted to acinar secretory cells in situ (Fig. 2D).Remarkably,
PSMA expression was exclusively localized to the apical membrane of
secretory cells within terminal acinar structures, and conspicuously absent
from ductal regions (Fig. 2D). Together, these findings imply a plausible
hierarchical differentiationmodel, proposing that PSMA-SGSPCmay serve
as progenitors for non-cycling (differentiated) PSMA-positive cells with an
acinar fate (Fig. 4D). To investigate this hypothesis, PSMA- cells (N = 7)
were FACS-purified and cultured in 2D or 3D conditions (Fig. 4E–H).
Subsequent FACS analysis revealed a gain in PSMA expression in both 2D
culture-expanded and 3D-matrigel organoid-derived cells, supporting the
notion of PSMA- cells transitioning to a PSMA+ phenotype. Additionally,
RT-PCR analysis of 3D organoids (N = 2) reveals that the expression of the

Fig. 1 | Salivary tissue-organoid biobanking preserves primitive salivary cells.
A Schematic workflow outlining the steps involved in the processing of PG and SMG
tissues to generate tissue-organoids, aswell as their cryopreservation and biobanking
from living or deceased male and female donors (created using Biorender.com).
B Plot showing the age distribution among PG and SMG donors, considering both
living and deceased individuals of both genders in the biobank.C) Plot depicting the
weight distribution of PG and SMG tissues received at the laboratory, considering
both living and deceased donors of both genders. D Plot illustrating the quantity of
patient-derived tissue-organoid cryovials obtained from PG and SMG tissue masses
received at the laboratory, considering both living and deceased donors of both
genders. E Bar plot illustrating the distribution of PG and SMG tissue-organoids in
the biobank, considering donors from both living and deceased individuals of both
genders. F H&E staining of SMG and PG tissues and their corresponding tissue-

organoids show characteristic ductal and acinar structures (100x magnification).
G Representative brightfield images of cultured SMG and PG cells isolated from
respective cryopreserved tissue-organoids (100x magnification). H Representative
brightfield images of SMG and PG organoids cultured in 3D-matrigel (40x and 100x
magnification) derived in culture following dissociation of respective tissue-
organoids. I Representative immunofluorescence staining of 3D-matrigel-derived
PG organoids with DAPI, Aquaporin 5, NKCC1, SMA, KRT5, KRT7, KRT8 and
KRT14 antibodies. J Agarose gel (2%) image showing expression of AMY1A
(162 bp), AQP5 (178 bp) in two consecutive 3D organoid cultures but not in 2D
SMG and PG cultures by Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR).Gene expressionwas normalized toACTB (494 bp).Uncropped gel images are
supplied as Supplementary Fig. S12. K) Plot showing 3D OIC frequency from
cryopreserved salivary gland tissue-organoids.

https://doi.org/10.1038/s41536-025-00410-5 Article

npj Regenerative Medicine |           (2025) 10:23 4

www.nature.com/npjregenmed


Table 1 | Characteristics of Donors in the Mayo Clinic Salivary
Regenerative Biobanking

Characteristics All Patients
N = 208 (100%)

Male
N = 113 (100%)

Female
N = 95 (100%)

Menopausal Status
(Female only)

Premenopausal — — 5 (5.3%)

Perimenopausal — — 0 (0.0%)

Postmenopausal — — 57 (60.0%)

Unknown — — 33 (34.7%)

Pregnancy

Never — — 14 (14.7%)

1–2 — — 19 (20.0%)

> 2 — — 21 (22.1%)

Unknown — — 41 (43.2%)

BMI

< 16 4 (1.9%) 3 (2.6%) 1 (1.1%)

16–25 63 (30.3%) 31 (27.4%) 31 (33.7%)

25–30 56 (26.9%) 35 (31.0%) 21 (22.1%)

> 30 76 (36.5%) 39 (34.5%) 37 (38.9%)

Unknown 10 (4.8%) 5 (4.4%) 5 (5.3%)

Race/Ethnicity

White 185 (88.9%) 101 (89.4%) 84 (88.4%)

Hispanic/Latino 4 (1.9%) 2 (1.8%) 2 (2.1%)

Black/African American 4 (1.9%) 2 (1.8%) 2 (2.1%)

Native American/American Indian 2 (1.0%) 1 (0.9%) 1 (1.05%)

Asian/Pacific Islander 3 (1.4%) 2 (1.8%) 1 (1.05%)

Other 1 (0.5%) 0 (0.0%) 1 (1.05%)

Unknown 9 (4.3%) 5 (4.4%) 4 (4.2%)

Surgery (N = Total Alive) 111 64 47

Unilateral partial parotidectomy 70 (63.1%) 39 (61.0%) 31 (66.0%)

Unilateral total parotidectomy 30 (27.0%) 18 (28.1%) 12 (25.5%)

Unilateral submandibulectomy 8 (7.2%) 5 (7.8%) 3 (6.4%)

Bilateral submandibulectomy 3 (2.7%) 2 (3.1%) 1 (2.1%)

Autopsy (N = Total Deceased) 97 49 48

Bilateral submandibulectomy 93 (95.9%) 49 (100%) 44 (91.7%)

Unilateral submandibulectomy 4 (4.1%) 0 (0.0%) 4 (8.3%)

Cause of Death (N = Total
Deceased)

97 49 48

Cardiovascular 31 (32.0%) 16 (32.7%) 15 (31.3%)

Other organs* 39 (40.2%) 17 (34.7%) 22 (45.8%)

Cancer 29 (29.9%) 12 (24.5%) 17 (35.4%)

CNS 24 (24.7%) 16 (32.7%) 8 (16.7%)

Infections (excluding Covid) 14 (14.4%) 5 (10.2%) 9 (18.8%)

Diabetes 16 (16.5%) 9 (18.4%) 7 (14.6%)

Covid 6 (6.2%) 4 (8.2%) 2 (4.2%)

Unknown# 4 (4.1%) 2 (4.1%) 2 (4.2%)

Blunt force injuries 5 (5.2%) 3 (6.1%) 2 (4.2%)

Sialagogue Usage

Pilocarpine 1 (0.5%) 1 (0.9%) 0 (0.0%)

Cevimeline 0 (0.0%) 0 (0.0%) 0 (0.0%)

No 202 (97.1%) 109 (96.5%) 93 (97.9%)

Unknown 5 (2.4%) 3 (2.7%) 2 (2.1%)

Chronic Diseases

Rheumatoid arthritis 7 (3.4%) 4 (3.5%) 3 (3.1%)

Sjögren’s syndrome 1 (0.48%) 0 (0.0%) 1 (1.05%)

Systemic lupus erythematosus 1 (0.48%) 0 (0.0%) 1 (1.05%)

Amyloidosis 2 (1.0%) 0 (0.0%) 2 (2.1%)

Table 1 (continued) | Characteristics of Donors in the Mayo
Clinic Salivary Regenerative Biobanking

Characteristics All Patients
N = 208 (100%)

Male
N = 113 (100%)

Female
N = 95 (100%)

Primary biliary cirrhosis 5 (2.4%) 3 (2.6%) 2 (2.1%)

Diabetes mellitus 44 (21.3%) 24 (21.3%) 20 (21.0%)

Thyroiditis 1 (0.5%) 0 (0.0%) 2 (2.0%)

None 146 (70.2%) 81 (71.7%) 65 (68.4%)

Unknown 5 (2.4%) 3 (2.6%) 2 (2.1%)

History of Cancer

Yes 88 (42.3%) 48 (42.5%) 40 (42.1%)

No 115 (55.3%) 62 (54.9%) 53 (55.7%)

Unknown 5 (2.4%) 3 (2.7%) 2 (2.1%)

History of Head & Neck
Radiotherapy

Yes 20 (9.6%) 13 (11.5%) 7 (7.4%)

No 181 (87.0%) 96 (85.0%) 85 (89.5%)

Unknown 7 (3.4%) 4 (3.5%) 3 (3.2%)

History of Chemotherapy

Yes 34 (16.3%) 18 (15.9%) 16 (16.8%)

No 168 (80.8%) 92 (81.4%) 76 (80.0%)

Unknown 6 (2.9%) 3 (2.7%) 3 (3.2%)

Number of Medications

None 6 (2.9%) 2 (1.8%) 4 (4.2%)

1-3 28 (13.5%) 17 (15.0%) 11 (11.6%)

4-6 29 (13.9%) 12 (10.6%) 17 (17.9%)

>6 139 (66.8%) 79 (69.9%) 60 (63.2%)

Unknown 6 (2.9%) 3 (2.7%) 3 (3.2%)

Salivary Gland Neoplasm

Warthin’s tumor 3 (1.4%) 3 (2.6%) 0 (0.0%)

Mucoepidermoid carcinoma 1 (0.5%) 0 (0.0%) 1 (1.05%)

None 199 (95.7%) 108 (95.6%) 91 (95.8%)

Unknown 5 (2.4%) 2 (1.8%) 3 (3.2%)

History of Covid-19

Yes 41 (19.7%) 18 (15.9%) 23 (24.2%)

No 127 (56.9%) 71 (62.9%) 56 (59.0%)

Unknown 40 (19.2%) 24 (21.2%) 16 (16.8%)

Neuropathy

Parkinson 4 (1.9%) 4 (3.5%) 0 (0.0%)

Alzheimer 6 (2.9%) 4 (3.5%) 2 (2.1%)

Multiple sclerosis 1 (0.5%) 0 (0.0%) 1 (1.05%)

None 193 (92.8%) 103 (91.1%) 90 (94.7%)

Unknown 5 (2.4%) 2 (1.8%) 3 (3.1%)

Chronic Infections

HCV 2 (1.0%) 1 (0.9%) 1 (1.05%)

HIV 0 (0.0%) 0 (0.0%) 0 (0.0%)

EBV 0 (0.0%) 0 (0.0%) 0 (0.0%)

CMV 0 (0.0%) 0 (0.0%) 0 (0.0%)

None 200 (96.1%) 109 (96.5%) 91 (95.8%)

Unknown 6 (2.9%) 3 (2.6%) 3 (3.2%)

Smoking

Current 31 (14.9%) 18 (15.9%) 13 (13.7%)

Former 79 (38.0%) 50 (44.2%) 29 (30.5%)

Never 88 (42.3%) 42 (37.2%) 46 (48.4%)

Unknown 10 (4.8%) 3 (2.6%) 7 (7.4%)

*Other organs include Lung, kidney, liver, and pancreas.
#Cause of death unknown at the time of the autopsy
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acinar marker AQP5 is limited to PSMA expressing cells (Figs. 1J and 4F).
The inductionofPSMAexpression in cells generated in 2Dand3D-matrigel
cultures was observed in all patient samples tested (Supplementary Fig.
S8A–C) suggesting spontaneous but poor differentiation in these culture
environments.

Gene promoter DNA methylation during cellular differentiation,
involving the addition of methyl groups to cytosine nucleotides adjacent
to guanines (CpGdinucleotides), is a widespread epigenomicmechanism
of gene regulation.A careful examination of the PSMApromoter revealed
that it contains a CpG island (Fig. 4H). Thus, we asked whether PSMA is

Fig. 2 | Immunophenotypic analysis of salivary tissue-organoids. A Experimental
design of FACS-based characterization of cryopreserved salivary gland tissue and
culture-expanded salivary cells derived from previously cryopreserved tissue (cre-
ated using Biorender.com). B FACS-based biomarker characterization of unmani-
pulated salivary gland tissue. C T-distributed stochastic neighbor embedding (t-
SNE) plots of PG and SMG tissue by biomarker of interest. Coloring correlates with
expression intensity. Red indicates high expression, while blue signifies the absence

of the cell marker expression. D Representative immunohistochemical staining
shows expression of various biomarkers in salivary glands (Source: Human Protein
Atlas, https://www.proteinatlas.org/). E FACS-based biomarker characterization of
2D-culture expanded cells derived from cryopreserved tissue. F Salivary cells in
culture system can be expanded through four passages. G Brightfield image of
salivary cell morphology in culture system.
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targeted formethylation-mediated silencing in human salivary tissue.We
devised a methylation-specific PCR assay to examine PSMA promoter
methylation, followed by bisulfite sequencing to validate the hyper-
methylation of CpG islands within the PSMA promoter in DNA from
snap-frozen living SMG tissue (Fig. 4I). Our experiments validated the

presence of PSMA promoter hypermethylation in salivary tissue. Our
investigation reveals a compelling association between PSMA- primitive
salivary cells and the emergence of differentiated PSMA+ salivary acinar
secretory cells, suggesting a potential regulatory role for DNA methyla-
tion during acinar differentiation.
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Unbiased mass spectrometry-based single-cell proteomic pro-
filing of primitive salivary cells
Togainmolecular insights into SGSPC,weperformedproteomeprofilingof
single cells using trapped ionmobility spectrometry (TIMS) in conjunction
with a time-of-flight mass spectrometer operated in parallel accumulation-
serial fragmentation (PASEF) mode42,43 (Fig. 5A). To accomplish this, we
used our strategy to enrich for progenitors FACS sorting viable (DAPI-)
CD45/CD31-EpCAM+ progenitor-enriched cells (referred hereafter as
progenitor-enriched single cells) through stringent gating procedures.
Subsequently, these single cells were isolated into a 384-well plate and
underwent peptide digestion. This approach consistently enabled the
detection of ~675 proteins per progenitor-enriched single cell on an average
from both PG (n = 42, N = 1) and SMG (n = 29) in the Run1. Following
methodological improvements, as described in the previous study44, Run2
achieved the detection of ~1200 proteins on average per 100 progenitor-
enriched cells from each of PG and SMG. Across both runs, no significant
difference in the number of proteins detectedwas observed betweenPG and
SMG cells (Fig. 5B and Supplementary Data 1). Further, about 93.4% and
99.7% of all identified proteins in Run1 and Run2 were highly enriched and
shared between both PG and SMGprogenitor-enriched single cells (Fig. 5C
and Supplementary Fig. S9A, B). Additionally, our analysis identified pep-
tides with post-translational modifications including phosphorylation on
serine/threonine/tyrosine (64 sites), lysine methylation (28 sites), di-
methylation (16 sites) and tri-methylation (8 sites) (Supplementary Data 2)
across both the runs. Further, we also identified top 20 proteins expressed in
combined PG and SMG cells as well as those specifically expressed in PG
and SMGcells (Fig. 5D and SupplementaryData 3). Subcellular localization
of proteins revealed that most of the identified proteins were located in the
cytoplasm and nucleus in both SMG and PG cells (Fig. 5E, Supplementary
Fig. S9C and Supplementary Data 1). Notably, a significant proportion of
these proteins were classified as enzymes, aligning with the characteristic
salivary phenotype of the analyzed cells (Fig. 5F, Supplementary Fig. S9D
and Supplementary Data 1). Therefore, our findings substantiate the exis-
tence of shared protein expression patterns among SGSPC, underscoring a
common functional profile for these primitive salivary cells irrespective of
origin.

Single-cell proteomics identifies putative origin of primitive
salivary cells
Cytokeratins are structural proteins specific to epithelial cells, and their
expression patterns can be used to identify and characterize different cell
typeswithin epithelial tissues45. Therefore, we analyzed PGand SMGsingle-
cell proteomics data to identify cytokeratins distinctly associated with
SGSPC. Our comprehensive analysis identified a total of 37 cytokeratins
expressed in SMG and PG cells. However, KRT6A, KRT7, KRT8, KRT14,
KRT19, KRT23, KRT74 and KRT80 were found to be enriched in PG cells
compared to SMG cells (Fig. 6A). We validated expression of these cyto-
keratins in salivary glands using the human protein atlas andmany of these
cytokeratins were localized in ‘scattered’ basal cells within salivary ducts
(Fig. 6B, C) with some overlap withmyoepithelial cells within salivary acini
(Supplementary Fig. S10). Our approach reveals developmental inter-
connections and proteomic heterogeneity within salivary glands, providing
a strong foundation for further study.While the data is strongly indicative of
developmental proximity, validation through developmental assays is
essential.

We next searched for murine analogs of these human cytokeratins in
publicly available single-cell transcriptome databases and consistently
found their association with the ductal-basal cell compartment of salivary
cells with multiple cytokeratins overlapping with basal/myoepithelial cell
clusters providing supplementary evidence supporting their probable
development proximity (Fig. 6D, E)46.

Our findings reveal a remarkably conserved cytokeratin profile in
salivary glands acrossmammalian species, enabling the identificationof rare
primitive cells. Although comprehensive keratin profiling via single-cell
proteomics and scRNA-seq suggests an intricate developmental inter-
connection among ductal basal and acinar myoepithelial cells, these cells
may exhibit niche-specific functions47. However, further lineage tracing
studies are needed to fully establish the origin of these cells. Moreover, our
data suggests that a rare subset of scattered basal cellswithin ducts, similar to
mammary gland, may harbor more primitive functionalities, accessible
through our in vitro culture conditions, which are vital for future studies48.

Primitive salivary cells display oxidative signaling
To identify differentially expressed proteins, we first performed partial least
squares discriminant analysis (PLS-DA), which successfully distinguished
PG and SMG cells into separate clusters, suggesting inherent biological
divergence between these two cell types (Fig. 7A). Further, variable
importance in projection (VIP) of PLS-DA identified proteins that were
significantly different between PG and SMG cells. (Fig. 7B). Further,
unsupervised hierarchical clustering of the top 50 proteins successfully
separated the cells into distinct PG and SMG clusters. However, some PG
cells were found to cluster with SMG cells, suggesting potential overlap in
protein expressionprofiles or shared characteristics between these cell types,
possibly due to similar functional or molecular properties (Fig. 7C and
Supplementary Data 1). Taken together, these observations suggest that
protein profiles segregate PG and SMG cells into distinct clusters, while the
cells with overlapping profiles are indicative of shared molecular pathways
and developmental trajectories between these cells.

Cellular peroxiredoxins (PRDX) are important components of the
cellular defense system against oxidative stress, contributing to the main-
tenance of cellular redox balance and the prevention of oxidative damage49.
Dysregulation of peroxiredoxins or increased oxidative stress in the SG can
potentially contribute to conditions such as inflammation, dry mouth
(xerostomia), or other oral health issues50. Single-cell proteomics detected
several components of the oxidative stress pathway including PRDX1,
PRDX4, PRDX3,CAT, andTXN in bothPGand SMGcells. Several of these
non-glutathione antioxidants were significantly enriched in PG cells com-
pared to SMGcells (Fig. 8A). To functionally validate the role of antioxidant
pathways,we treatedculturedPGcells (N = 3patients) andSMGcells (N = 1
patient) with hydrogen peroxide (H2O2) at various concentrations and
evaluated their viability by MTT assay. We observed significant increase in
MTTabsorbance, indicativeof enhanced cellularmetabolic activity, atH2O2

concentrations as high as 50 µM (Fig. 8B) suggesting that oxidative stress
levels may stimulate metabolic responses or cell proliferation in salivary
gland progenitor cells. To further investigate oxidative stress levels, we
performed the CM-H2DCFDA assay to measure intracellular reactive
oxygen species (ROS) generation. We observed a progressive increase in
DCF fluorescence intensity of treated cells with increasing H2O2 con-
centrations up to 50 µM, indicating a dose-dependent elevation in ROS
production. Taken together, these observations suggest that H2O2

Fig. 3 | Characterization of salivary progenitor activity in 2D and 3D assays.
A Giemsa staining of salivary colonies obtained in 2D colony-forming cell (CFC)
assay showing three distinctmorphologies under themicroscope.BPlot showing the
proportions of each of the three distinct colony types in 2DCFC assays when cells are
plated, based on salivary gland type, immunophenotype, or in successive passages.
C Plot showing the frequency of CFC and 3D-matrigel OIC when plated based on
salivary gland type, immunophenotype, or in successive passages in the 2DCFC and
3D-matrigel organoid assays. D Brightfield microscopy images showing 3D-

matrigel organoids obtained from FACS-purified CD24+ and EpCAM+ salivary
cells, but not from CD24- and EpCAM- salivary cells. E Immunophenotypic char-
acterization of single cells obtained from 3D-matrigel organoids and 2D culture
expanded cells from human patient salivary gland tissue-organoids. F Plot showing
progenitor yield per starting single PG and SMG cell in culture over time. (*, **, and
*** indicate p-values < 0.05, 0.005, and 0.0005, respectively. #, ##, and ### represent
p-values < 5 × 10−7, 5 × 10−10, and 5 × 10−13, respectively).
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Fig. 4 | PSMA is a SGSPC differentiation marker. A Design of 2D CFC and 3D-
matrigel organoid Matrigel experiments to assess clonogenicity of PSMA- and
PSMA+ cells. B PSMA- cells demonstrate clonogenic capacity in 2D CFC and 3D-
matrigel organoid assays, while PSMA+ cells do not. C PSMA- cells purified from
15 salivary gland patient samples, unlike PSMA+ purified cells, generate organoids
in 3D culture. D Proposed hierarchical lineage model by which PSMA+ cells dif-
ferentiate from the more primitive, stem/progenitor-like, self-renewing PSMA-
cells. E Experimental design of 2D and 3D FACS-based characterization of growing
PSMA- salivary cells to gauge PSMA+ cell generation. F Agarose gel (2%) image
showing expression of FOLH1(PSMA, 182 bp) in two consecutive 3D organoid

cultures but not in 2D SMG and PG cultures by RT-PCR. Uncropped gel images are
supplied as Supplementary Fig. S12. G PSMA- cells plated in 2D culture generate
PSMA+ cells at confluence.H 3D-matrigel organoids derived fromPSMA- cells give
rise to PSMA+ cells through multiple passages. I Illustration of CpG islands in
human PSMA promoter region. J Schematic workflow of bisulfite conversion of 35
of 38 CpG, PCR and sanger sequencing of DNA obtained from SMG.
KHypermethylation ( ~ 70%) of CpG in PSMA promoter in SMG tissue. Each circle
indicates individual CpG dinucleotides. White and dark circles represent unme-
thylated and methylated CpG, respectively.
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modulates oxidative signaling pathways in SGSPCs, potentially influencing
the oxidation of cellular signaling proteins through peroxiredoxins. These
findings highlight the adaptive capacity of SGSPCs to moderate oxidative
stress and their potential role in redox-mediated cellular processes.

Discussion
We have developed a research protocol for the first clinically annotated
salivary gland biobank at the Mayo Clinic to address the current gap in
accessible resources for regenerativemedicine research in the United States.
Notably, our biobank includes PG and SMG samples from both living and
deceased donors, providing diversity in terms of age, race, gender, and
medical conditions. Our biobank encompasses specimens from various

chronic salivary conditions, includingSjögren’s disease, andneoplasms such
asmucoepidermoid carcinoma51,52 andWarthin’s tumor53. Significantly, our
collection includes salivary specimens from patients with a history of
COVID-19 infection, that may model and help understand SARS-CoV-2
viral replication in the salivary glands and its potential role in oral trans-
mission and COVID-19-associated xerostomia32,54,55. While samples from
deceaseddonorsmaynot fully represent physiological states, they remain an
invaluable resource for salivary gland research.

Despite advancements in the understanding of SG development and
maintenance, effectively managing SG hypofunction and dysfunction
remains a significant clinical challenge. Current treatments are primarily
palliative and involve the use ofmoisturizers such as artificial saliva or saliva

Fig. 5 | Unbiased LC-MS/MS-based single-cell proteomic profiling of purified
primitive salivary cells. A Overall workflow for single cell proteomics. Single cells
(P1) from PG and SMG cells were isolated by FACS using DAPI-CD45-CD31-
EpCAM+ immunophenotype, lysed and digested in 384-well plate using cellenONE
platform. Mass spectrometry data of each single cell were acquired in diaPASEF
mode using the timsTOF SCP mass spectrometer. A total of 2461 proteins across
271 single cells were identified (created using Biorender.com). B Number of iden-
tified proteins per cell from SMG and PGP1 cultures. On average, 1143 proteins and
1270 proteins per single cell were identified from PG and SMG, respectively. C A
Venn diagram showing number of shared and unique differentially expressed

proteins within the progenitor-rich single cells of both SMG and PG. D Dot plot
showing protein counts per cell of 20 most abundantly detected proteins in pro-
genitor rich cells in total salivary gland, SMG and PG. E Pie chart showing the sub-
cellular location of proteins detected in PG (N = 2, n = 142) and SMG cells (N = 2,
n = 129). G Pie chart showing the molecular type of proteins detected in PG (N = 2,
n = 142) and SMG cells (N = 2, n = 129).N represents the number of patient samples
and n represents number of SGSPC analyzed. Ingenuity pathway analysis was used
for categorizing subcellular localization and function of proteins (QIAGEN Inc.,
https://digitalinsights.qiagen.com/IPA). N denotes the number of patients; n
denotes the number of single cells.
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Fig. 6 | Unbiased single cell proteome profiling identifies salivary stem/pro-
genitor-specific cytokeratin profile. A A plot showing the relative abundance of
cytokeratins detected per individual cells (P1) from PG and SMG cells isolated by
FACS using DAPI-CD45-CD31-EpCAM+ immunophenotype enriching for
SGSPC activity. B The relationship between the keratin expression profile identified
through single-cell proteomics in SGSPC and the salivary epithelial cell-type specific
expression patterns in the immunohistochemistry-based map of human protein

expression profiles explored through the Human Protein Atlas (https://www.
proteinatlas.org/).C SGSPC-expressed keratinsmap to scattered ductal basal cells in
salivary glands (Source: Human Protein Atlas, https://www.proteinatlas.org/).
D UMAP-based cluster analysis of mouse SMG scRNA-seq data showing salivary
cell clusters. EDot plot showing the expression ofmurine analogs of human SGSPC-
expressed cytokeratins (and EpCAM) across mouse salivary cell types (*, ** ***
indicate p-values < 0.05, 0.005 0.0005, and 0.0001 respectively).
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Fig. 7 | Single-cell proteomic analysis discriminates PG and SMG cells. A Partial
least squares discriminant analysis (PLS-DA) plot separates PG and SMG cells into
distinct clusters. Proteins identified≥50%of each cell typeswere used for the analysis
after batch effect correction. Each circle represents data from an individual single
cell. B Variable importance in projection (VIP) score plot of top 15 proteins dis-
criminating PG and SMG cells. C Heatmap showing the hierarchical clustering of

PG and SMG cells based on their protein expression. Red color represents up-
regulated and blue color represents down-regulated. The differentially expressed
proteins are mentioned on the y-axis, and PG and SMG cells on the x-axis. Meta-
boAnalyst (https://www.metaboanalyst.ca/docs/About.xhtml) was used to gener-
ated PLS-DA plot, VIP score plot and heatmap.
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Fig. 8 | Single-cell proteomics reveals floodgate oxidative signaling in
salivary cells. A Antioxidant enzyme counts per individual cell, illustrating pre-
dominantly glutathione-independent peroxiredoxin system in salivary cells.
B Cellular metabolic activity in proliferative PG (P1, N = 3) and SMG (P1, N = 1)

cells was assessed using the MTT assay, measuring absorbance changes to evaluate
cell viability after treatment with varying concentrations of H2O2 over a 72 h
duration. C illustration showing distribution of cell markers and keratins in the
salivary glands (created using Biorender.com).
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substitutes, as well as systemic medications (e.g., pilocarpine or cevimeline)
to stimulate salivary secretion56 However, these synthetic agents often fall
short in adequately compensating for the reduction in saliva production and
alleviating associated symptoms, particularly in cases of severe SGdamage57.
Various therapeutic approaches are currently under assessment to address
salivaryflow restoration in xerostomia patients,with gene therapy beingone
of them.Ongoing clinical trials are exploring the use of AQP1 gene therapy,
employing adeno-associated viruses (AAVs) known for their lower
immunogenicity and longer-lasting gene expression compared to
adenoviruses58,59. However, it is worth noting that tissue damaged by
radiation therapy may pose greater challenges for gene therapy, as the
fundamental cause of SG dysfunction involves extensive disruption or
destruction of the gland at both cellular and extracellular matrix (ECM)
levels60.

Recent clinical observations indicate that irradiated areas containing
the highest concentration of SG progenitor cells result in the most sub-
stantial reduction in saliva production61. These findings suggest that the
potential therapeutic approach of SC replacement holds promise for
addressing IR-induced xerostomia. One promising avenue of research
entails the cultivation of progenitor (or stem) cells in vitro to facilitate the
production of SG structures, such as salispheres or organoids. These engi-
neered constructs can then be transplanted or infused into compromised
tissue to initiate the development of a new functional gland within its native
site62. However, despite a substantial body of literature investigating the
feasibility of various cell populations for the restoration of SG function, the
quest for an abundant and readily accessible source of SGprogenitor or stem
cells remains ongoing9,15,62,63. Nevertheless, a noteworthy development is the
first-in-human clinical trial (clinicaltrials.gov identifier: NCT04593589) on
autologous SG stem-cell transplantation started inMay 2022 undertaken by
the University Medical Center Groningen in The Netherlands adding
momentum for this research.

While preserving the heterogeneity of the parental tissue, the bio-
bank exhibits enrichment for epithelial cells, thus facilitates the isolation
and characterization of transplantable cells with stem/progenitor activity
crucial for salivary gland homeostasis. Ongoing studies are exploring
these aspects. Viable bulk single cells, purified from cryopreserved spe-
cimens, consistently generated organoid structures in matrigel cultures,
indicating the presence of cells with primitive activity in our biobanked
samples. The lineage hierarchy within SG tissues remains incompletely
understood, posing a challenge for the translation and regenerative
application of SGSPC62.

Our identification of markers, including CD24/EpCAM/CD49f as a
primitive and PSMA as a differentiation marker, contributes to addressing
this gap (Fig. 8C). In fact, CD24 expressing salivary cells have been reported
to be enriched with stem and progenitor cell activities, exhibiting self-
renewal and multipotent differentiation potential and have the ability to
form organoids in vitro, which recapitulate salivary gland architecture64.
Furthermore, CD24+ cells have been shown to restore salivary gland
function in damaged glands in radiation-induced xerostomia mouse
models65,66. EpCAM is an epithelial cell adhesion molecule, and it has been
shown to play an important role in ductal morphogenesis and regeneration
in mouse salivary glands8. Furthermore, EpCAM+ cells have been exten-
sively studied in other epithelial tissues like the liver, where they mark
human hepatic stem/progenitor cells involved in tissue turnover and
repair67. Similarly, stem cell activity is enriched in EpCAM+ cells of the
mammary glands68. Notably, recent reports have identified CD49f as a
reliable strategy for humanSGSPCenrichment by FACS [33; validated in our
study (Fig. 2C, D)]. SSTR2 expression is detected in glandular cells of sali-
vary glands69.While PSMA is best known for its role in prostate cancer70, it’s
expression in salivary glandshas beenobservedprimarily inductal epithelial
and endothelial cells71. It’s folate hydrolase and glutamate carboxypeptidase
activities suggest a role in amino acid metabolism and nutrient transport
regulation within ductal cells72. Additionally, PSMA-expressing ductal cells
may play a role inmaintaining ductal integrity through cell signaling or cell
adhesion mechanisms.

In this study, we generated the first proteomic map at single-cell
resolution of SGSPC-enriched cell population. Our analysis revealed com-
monandunique proteins in SMGandPGcells, includingKRT5 andKRT14
associated with salivary progenitor cells73,74. These keratins serve as essential
markers for identifying and isolating stem/progenitor cells in the salivary
gland. Notably, KRT5 and KRT19 are recognized progenitor markers in
developing salivary glands75. KRT14+ progenitor cells are crucial for
maintaining ductal homeostasis in submandibular glands15,76. Our findings
also include KRT7, marking differentiated luminal ductal cells, and KRT76
associated with differentiating layers in stratified epithelia. Understanding
these keratins’ roles in various tissues indicates their diverse functions,
influencing progenitor cells, ductal homeostasis, and differentiation within
salivary glands. Similarly, PRDXwere amongcommonlyhighlyupregulated
proteins in SGSPC of SMG and PG except for PRDX4, which was almost
exclusively expressed in PG suggesting role for these proteins in regulating
floodgate oxidative signaling in salivary glands. Our salivary tissue-
organoids provide a valuable resource for further exploration of these roles.

We have utilized both SMG and PG samples in most experiments.
However, the limited availability of tissue-organoids from living SMG
donors restricted our ability to perform analyses directly comparing living
SMG and PG tissues in every experiment including CM-H2DCFDA assay.
For the scRNA-seq analyses, data from mouse SMG tissues were included,
while data from mouse PG cells were not available due to the lack of high-
quality scRNA-seq datasets for mouse PG in public databases. This lim-
itation highlights an unmet need for comprehensive molecular datasets for
PG cells. Future efforts will focus on generating and publishing scRNA-seq
data for PG to support more detailed analyses of these cell types.

It is noteworthy that ourbiobankoffers adiverse rangeof salivary gland
organoid samples, but it predominantly represents white and aged indivi-
duals, reflecting the demographic distribution of the population sampled.
We have reported this demographic limitation in Table 1 and it may affect
the generalizability of our findings to other populations. However, the
standardized protocols and robust analytical approaches employed ensure
that the biobank remains a valuable resource for salivary gland research.
Additionally, we collected samples from donors with wide range of health
conditions, including samples from individuals with a history of COVID-
19.Whilewedidnot analyze this variable in the current study, it underscores
the potential for future investigations of how specific health conditions
might influence salivary gland biology.We acknowledge these demographic
limitations and are actively working to increase diversity in future
collections.

In summary, the Mayo Clinic’s salivary tissue-organoid biobanking
and research approach to investigate SGSPC, combined with their pro-
teomic maps, represent a novel resource for salivary regeneration research.

Methods
Donor eligibility, informed consent process, specimen collection
sites and access
TheMayoClinic SalivaryTissue-OrganoidBiobank (referred to as biobank)
is an opt-in biobank for whichwritten informed consent was obtained from
the participants. The informed consent was reviewed and approved by the
Mayo Institutional Review Board to ensure that the consenting process
meets all ethical and legal requirements (IRB#17-003710 and 20-002773).
Biobank participants agreed to permit the use of samples and/or data from
multiple studies, provide access to questionnaires anddata from themedical
record (including past, present and future details). Moreover, for the bio-
bank, participants allowed access to stored clinical samples, and permit the
sharing of deidentified data with other researchers. Participants were not
contacted for additional studies. The consent document discusses privacy
protections and risks involved in participation in the study. Further, the
consent discusses the potential for receiving results from projects that use
the sbiobank as a resource. It also provides 2 check boxes (included at the
suggestion of the community members), allowing the participant the
options of (1) not allowing access to stored clinical specimens for research
and (2) not allowing family members access to samples after their death.
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Patients at Mayo Clinic who are 18 years or older, who can commu-
nicate in English or use interpreters if needed, and are able to consent, were
enrolled in the biobank. Study materials were provided in English only.
Recruitment to the biobank was primarily conducted in person for pro-
spective participants scheduled for a pre-surgical appointment at The
Department of Otorhinolaryngology, Mayo Clinic, Jacksonville, Florida.
The enrollment started atMayo Clinic Jacksonville in September 2020 with
active ongoing collections. All experiments and procedures involving
human participants were conducted in accordance with relevant ethical
regulations, including the Declaration of Helsinki.

All requests for specimens and data will be thoroughly reviewed in
accordance with institutional policy and alignment with collaborative goals
to advance salivary gland regeneration research. For further details, please
email corresponding authors.

Viable salivary specimen processing, quality control and
derivatives
Tumor-free clinical residual SG specimens from living donors were
obtained from the anatomic pathology laboratory at Mayo Clinic Jack-
sonville, and SMGtissue fromdeceaseddonors is obtained from the autopsy
laboratory at Mayo Clinic Rochester. The specimen from living donor was
collected in a buffered media containing DMEM (Corning), 5% FCS
(Gibco), and 1x penicillin-streptomycin (Gibco) and transported overnight
on ice (FedEx) to the Stem and Cancer Biology Laboratory at Mayo Clinic
Rochester for furtherprocessing andbiobanking. Specimenswereprocessed
using the mechanical and enzymatic dissociation method. Specimens were
finely minced using sterile blades and transferred into conical, ridged
Erlenmeyerflask anddissociatedovernight ( ~ 16-18 hours) inDMEMF-12
(Ham’s, Gibco) supplemented with 2% wt/vol BSA (Fraction V; Life
Technologies), 300 U/mL collagenase (Sigma-Aldrich), and 100U/mL
hyaluronidase (Sigma-Aldrich, Supplementary Table S1) at 80 rpm, 37 °C
and 5% CO2. Enough dissociation media was added to immerse the tissue
(4ml dissociation media per 1 g of tissue). Subsequently, the material was
transferred to a 50ml conical centrifuge tube, the flask was washed with
warm DMEM F-12 and added to the centrifuge tube. Further, tubes were
centrifuged at 100 × g for 5min and supernatant was discarded. The tissue
pellet was highly enriched in epithelial organoids and was resuspended in
freezing media containing 50% DMEM (Corning), 44% FCS (Gibco), and
6% DMSO (Invitrogen). The tissue-organoids were then divided into
appropriate number of aliquots based on its size. The tissue-organoid ali-
quotswere frozen in−80 °C in a freezing container (ThermoScientific™Mr.
Frosty™ Freezing Container) and transferred next day to temperature
monitored cryostorage tanks supported by Mayo Clinic’s Center for
Regenerative Biotherapeutics (CRB).

Each tissue-organoid cryovialwas barcodedwith sample attributes and
are assigned storage using RLIMS (Research Laboratory Information
Management System). RLIMS is a web-based application utilized by Mayo
Clinic research laboratories to create, annotate, and track samples. More-
over, RLIMS can seamlessly integrate with laboratory sample processing,
storing, and delivering structured data on samples. Further, for each spe-
cimen, a fraction of tissue-organoids was dropped into basal media and
tested for microbial contamination for 7 days at 37 °C and 5% CO2 and
results were recorded.

Microscopy
Organoids were then stained as previously described6 with primary and
secondary antibodies described in Supplementary Table S2. Nuclei were
counterstained with DAPI Fluoromount-G® (Southern Biotech, Birming-
ham, AL, USA). All stained slides were imaged with Cytation5 (BioTek
Instruments Agilent Technologies, USA).

Primary salivary cell isolation and expansion
The cryopreserved tissues were partially thawed in a water bathmaintained
at 37 °C and retrieved by centrifugation at 300 g for 5min in HBSS buffer
supplemented with 2% FCS and 1x penicillin-streptomycin. Single-cell

suspensions were then obtained from tissue-organoids by serially dis-
sociating with trypsin-EDTA (0.25%, STEMCELLTechnologies), 5mg/mL
dispase (STEMCELL Technologies), supplemented with 100 µg/mL
DNase1 (Sigma-Aldrich). The cell suspension was passed through a 40-µm
strainer into a 50ml centrifuge tube17.Subsequently, the tubes were cen-
trifuged to pellet the cells and resuspended in appropriate buffered media.
Viable cells were counted following trypan blue (0.4%, Gibco) staining in
Neuber’s chamber and subsequently, cells were 2D cultured in media-1 as
described elsewhere21.

3D-matrigel salivary organoid-initiating cell (OIC) assay and
organoid analysis
Freshly dissociated salivary cells from cryopreserved organoids were eval-
uated for OIC activity in a 3D-matrigel culture as described previously for
humanmammary cells21. In brief, a suspension of 25,000 freshly dissociated
cells or culture-expanded/FACS-sorted cells ranging from 625 to 5000 cells
were prepared in growth factor reducedMatrigel (R&DSystems) andplated
in 96-well plates as domes. The domes were allowed to solidify for
15–30min. Subsequently, 200 μL of pre-warmedmedia-1 andmedia-2 was
added.media-1 is preparedusingDMEM/F12 (Ham,Gibco), supplemented
with 5% FCS, 10 ng/ml EGF, 10 ng/ml cholera toxin (Sigma), 1 µg/ml
insulin (Sigma) and 0.5 µg/ml hydrocortisone (Sigma)21. Limited studies
were carried out using media-2 but was prepared using Advanced DMEM/
F12 (Gibco) supplemented with 1% B27, 10 ng/mL EGF, and SB431542 as
published elsewhere77. The frequency of 3D organoid-initiating cells (OIC)
was calculated by dividing the number of organoids formed by the number
of cells plated.

2D colony-forming cell (CFC) assay
The culture-expanded or FACS purified salivary cells with distinct pheno-
types were seeded at densities of 200, 600 and 1800 in a 6-well plate and
cultured for 10 days in media-1. The media was removed and cells were
rinsed with PBS, fixed using acetone:methanol (1:3), and then stained with
Giemsa stain (Sigma-Aldrich) for colony visualization. Colony morpholo-
gies were visualized using microscope and classified into various types as
described elsewhere19,20,40. The frequency of colony-forming or progenitor
cells was calculated by dividing the number of colonies formed by the
number of cells plated.

Flow cytometry
Salivary cells from cryopreserved tissue-organoids, cultured 3D-matrigel
organoids or 2D culture expanded cells at different passages were analyzed
by FACS. In order to isolate cells from organoids, the organoid-matrigel
pellet was resuspended in 100 μL of Cell Recovery Solution (Corning) and
incubated on ice for 30min. The solution was centrifuged at 2500 x g for
10min and the supernatant removed to isolate salivary cells fromMatrigel.
500 μLof 0.05%Trypsinwas added and the solutionwasmixed by pipetting
up and down. 1mL of HBSS (Gibco) supplemented with 2% FBS was then
added prior to a 5min incubation at 37 °C and subsequent centrifugation to
yield single cells. The cells were stained with anti-human fluorochrome-
conjugated antibodies listed in Supplementary Table S3, and DAPI to
identify dead (DAPI+ ) cells. Stained cells were analyzed using FACS-
Melody cell sorter/analyzer (BD Biosciences), as described elsewhere21. The
FCS data files were analyzed using FlowJo data analysis software package.
We typically sorted 50,000–200,000 cells in an experiment.

MTT-based cell proliferation assay
The PG cell suspension of passage 1 was prepared and dispensed at density
of 2000 cells/well of a 96 well plate in 90 μl of media-1. The plates were
incubated at 37 °C, 5% CO2 for 24 hours. A serial dilution of H2O2 ranging
from 0 to 1000 μM in DMEM (Gibco) basal media was prepared in a
separate 96 well plate. Subsequently, 10 μl of each dilution was transferred
respective towells of platewith cells (0–100 μM)and incubated for 48 hours.
Subsequently, 10 μL MTT (5mg/ml tetrazolium salt 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) was added to
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each well and kept in a dark for 4 h at 37 °C. The MTT crystals were
solubilized overnight in solubilization solution (10% SDS in 0.01 N HCl)
and absorbancewasmeasured at 570 nmand 660 nmusingCytation 5 plate
reader (BioTek)21.

PSMA gene promoter CpG methylation analysis
DNA samples 1 μg obtained from living SMG tissue underwent bisulfite
conversion using the Epitect Bisulfite Kit (Qiagen). Genomic DNA was
denatured by sodium hydroxide treatment, followed by bisulfite conversion
to selectively modify unmethylated cytosines to uracils, while preserving
methylated cytosines. The resulting bisulfite-converted DNA was purified
using Epitect spin columns. Desulfonation was carried out to remove sul-
fonate groups, and after successivewashes, the bisulfite-convertedDNAwas
eluted with an appropriate buffer. Primers targeting the PSMACpG islands
from the bisulfite-converted DNA were designed using Meth Primer
software78. PCR amplification was performed using Q5 high-fidelity poly-
merase (NEB) to amplify the targeted regions. The resulting ampliconswere
subjected to Sanger sequencing. Sequencing data were analyzed using the
web-based tool QUMA (QUantification tool for Methylation Analysis).
QUMA facilitated bisulfite sequencing analysis of CpG methylation, pro-
viding essential data-processing functions and ensuring consistent quality
control throughout the analysis process79.

RNA extraction, cDNA synthesis and RT-PCR
Total RNAwas extracted from2Dand3Dcell cultures usingTRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol. The
RNA concentration and purity were determined using a nanophotometer,
and 200 ng of RNA was used for cDNA synthesis, using the Superscript III
First-Strand Synthesis System (Invitrogen) with random hexamers follow-
ing the manufacturer’s instructions. Gene-specific primers for RT-PCR
were designed using the NCBI Primer-BLAST tool (Supplementary Table
S4). RT-PCR was performed using the Q5 Hot Start High-Fidelity PCR
Master Mix (New England Biolabs). Amplified products were verified by
agarose gel electrophoresis.

Salivary single-cell RNA sequencing analysis
Adult C3H Mus musculus SMG single-cell RNA sequencing (scRNA-seq)
data (GSM4546898) from Hauser et al.46 was analyzed in R and R-Studio.
Data analysis and visualization were performed using Seurat v5.0.1, tidy-
verse v2.0.0, and ggplot2 v3.4.4. Cells with fewer than 200 features, less than
1% of UMIs mapping to ribosomal genes, or greater than 10% UMIs
mapping to mitochondrial genes were considered non-viable and excluded
from analysis. Cells with greater than 2500 features were removed as an
extra precaution against cell doublets. Additionally, cells with greater than
0.5%ofUMIsmapping to hemoglobin geneswere removed fromanalysis to
exclude blood cells. Normalization and scaling were performed following
Seurat’s default pipeline. 30 PCs from principal component analysis were
computed to perform dimensionality reduction for clustering. Cell types
were annotated based on protein and gene expression signatures cross-
referenced throughHumanProteinAtlas immunostaining,MouseGenome
Informatics80, Enrichr81, Hauser et al. 202046, and additional literature
review. Murine analogs of human proteins were manually evaluated
through cross-referencing Mouse Genome Informatics80 and HUGOGene
Nomenclature Committee82 databases.

Sample preparation for salivary single-cell proteomics
Following FACS-based separation of viable progenitor-rich salivary single
cells from SMGand PG, cells were sorted, and reactions were performed on
a 384-well plate using the cellenONE system (Cellenion, France)83. Lysis
buffer was prepared with the concentration of 0.2% DDM (324355-1GM,
Millipore,USA), 100mMTEAB (T7408-500ML, Sigma-Aldrich,USA) and
2 ng/µl trypsinprotease (90057,ThermoScientific,USA). Prior to single-cell
deposition, 1000 drops ( ~ 350 nl) of lysis buffer were dispensed into each
well of 384-well plate. Single cells were then isolated and deposited into the
wells containing lysis buffer. The plate was incubated on the heating deck

inside the cellenONE at 37 °C for 1 h. Digestion was then quenched by
adding 300 drops (~100 nl) of 5% formic acid. Digested samples from each
well were reconstituted in 4 µl of 0.1% formic acid containing 0.05x iRT
peptides (Biognosys, Ki-3002-1). For generation of a spectral library, 20 cells
were collected and processed following the same procedures.

Liquid chromatography-tandemmass spectrometry (LC-MS/
MS) data acquisition and analysis
Peptide sampleswere directly injected from the 384-well plate and separated
on an analytical column (15 cm x 75 µm, C18 1.7 µm, IonOpticks, AUR3-
15075C18-CSI) using nanoElute 2 liquid chromatography system (Bruker
Daltonics, Bremen, Germany). Solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetonitrile) were used to generate linear
gradient over 38min using a flow rate of 250 nl/min; 2–27% solvent B in
20min, 27–40%solvent B in 5min, 30–60% solvent B in 5min,maintaining
at 60–80% solvent B for 5min, and 5% solvent B for 5min. Separated
peptides were analyzed using timsTOF SCP mass spectrometer (Bruker
Daltonics, Bremen, Germany) in diaPASEF mode84. Ions in the range of
400–1000m/z were monitored with isolation window of 25m/z and 8
PASEF scans per cycle along with 3 steps per PASEF scan. To generate a
spectral library, DDA-PASEF data were acquired with 10 PASEF scans as
described previously44.

The raw mass spectrometry data were analyzed using DIA-NN (ver-
sion 1.8) using the following settings: protein inference=genes, quantifica-
tion strategy=Robust LC (high accuracy) and cross-run
normalization=global. The DDA-PASEF data from 20 cells were search
against the UniProt human protein database (20,430 entries) using
MSFragger (version4.0) embedded in theFragPipe suite (version21.1).Two
missed cleavages were considered with a fully tryptic option. Oxidation of
methionine, acetylation of protein N-terminal/lysine, phosphorylation of
serine/threonine/tyrosine and methylation, dimethylation and trimethyla-
tion of lysine were considered. Batch effect between data of Patient #1 and
Patient #2 was corrected using Combat85 available at https://www.guomics.
com/BatchServer/

Statistical analysis
All analyses were performed using GraphPad Prism 8.0. Differences were
considered significant at p-value < 0.05. Data is displayed as mean ± SEM
unless otherwise stated.

Data availability
The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE86 partner repository with the
dataset identifier PXD055869.
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