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SUMMARY
b-Adrenergic signaling blockade is a mainstay of hypertension management. One percent of patients taking b-blockers develop reduced

salivary gland (SG) function. Here we investigate the role of SG progenitor cells in b-blocker-induced hyposalivation, using human SG

organoid cultures (SGOs). Compared with control SGs, initial low SG progenitor cell yield from patients taking b-blockers was observed.

When passaged, these SGOs recovered self-renewal and upregulated Notch pathway expression. Notch signaling was downregulated in

situ in b-adrenergic receptor-expressing luminal intercalated duct (ID) cells of patients taking b-blockers. Control SGOs treated with

b-adrenergic agonist isoproterenol demonstrated increased proportion of luminal ID SGO cells with active Notch signaling. Control

SGOs exposed to isoproterenol differentiated into more mature SGOs (mSGOs) expressing markers of acinar cells. We propose that

b-blocker-induced Notch signaling reduction in luminal ID cells hampers their ability to proliferate and differentiate into acinar cells,

inducing a persistent hyposalivation in some patients taking b-blocking medication.
INTRODUCTION

Inhibiting b-adrenergic signaling using b-blockers is

commonly employed to treat hypertension, resulting in

heartbeat slowing and blood vessel widening. Dependence

on b-blockers for hypertension management increased be-

tween 2000 and 2010 by 5%, with the b-blockermetoprolol

being the sixth most prescribed drug in the United States in

2018 (Bloch, 2016; Kane, 2019). Although effective in hy-

pertension management, b-blocker use is accompanied by

a plethora of side effects; for example, headaches, diarrhea,

and fatigue. Data suggest that 1% of patients taking metro-

polol will suffer from xerostomia as a result of salivary gland

(SG) function loss, with metropolol monotherapy leading

to a 2.86-fold increased risk of dry mouth development

(Djuki�c et al., 2015; Glick et al., 2020; Wolff et al., 2017).

Although perhaps sounding inconsequential, persistent

dry mouth leads to difficulties with speaking, eating, and

swallowing; persistent dental issues; and dramatically

reduced patient quality of life. This hyposalivation would

seem to result initially from a direct b-blocker-induced

reduction in SG acinar cell function. b-blocker administra-

tion reduces sympathetic-nerve-mediated glandular stimu-

lation, causing reduced secretion of total salivary protein

and a-amylase, and can reduce unstimulated whole/parotid

gland specific saliva flow (Cowman et al., 1994; de Matos

et al., 2010; Speirs et al., 1974; van Stegeren et al., 2006).

Similar results have been found in animal models studying

the acute effects of b-blockers or loss of sympathetic auto-
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nomic signaling through b-adrenergic blockade (Johnson

andCortez, 1988;Matsuo et al., 2000). The resultant dimin-

ished volume and protein content culminates in less lubri-

cation, and accompanying difficulties such as speaking

and swallowing (Nederfors, 1996; Speirs et al., 1974; van

Stegeren et al., 2006). Any effect of b-blockers on other SG

cell types is not known.

Stimulation of b-adrenergic receptors by isoproterenol

increases cyclic adenosine monophosphate (cAMP), and

subsequent activation of cAMP-dependent protein kinase

A signaling triggers amylase secretion (Purushotham et al.,

1992; Selye et al., 1961). In rats, the parotid SG swells to

five times its size within 2–3 weeks of isoproterenol

administration with concurrent increased proliferation

of acinar cells (Humphreys-Beher et al., 1987). Second, a

less well-explored effect is that of adrenergic signaling

on SG ductal cells. Isoproterenol administration, interest-

ingly, also induced ductal cell proliferation in rat SGs

(Hand and Ho, 1985). Expression of diverse cell growth,

proliferation, and survival genes in rat SG has also been re-

ported post isoproterenol treatment (Yeh et al., 2012;

Zhou et al., 2015), although whether these pertain to

the acinar or ductal cell compartment is unclear. Chronic

loss of sympathetic autonomic innervation leads to signif-

icant atrophy of parotid glands (Proctor et al., 1988), but

the effect of chronic application and withdrawal of

b-blockade on function of the SG is not substantiated.

These data leave a substantial gap in our understanding

of the permanence of b-blocker-induced hyposalivation.
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The homeostasis of the SG is likelymaintained by hetero-

geneous populations of SG progenitor cells (SGPCs). Cur-

rent literature would suggest their residence in the basal

layers of the striated ducts (SDs), in the intercalated ducts

(IDs), and within the acinar cell population themselves

(Aure et al., 2015; Maimets et al., 2016; Xiao et al., 2014).

Considering the effect of b-adrenergic signaling on ID cells

in the rat, a role for b-adrenergic signaling in human SGPC

dynamics is feasible. Although activity of glial-derived neu-

rotrophic factor (GDNF), Wnt, Notch, and Yap/TAZ path-

ways is crucial for SGPC function, the intricacies of SGPC

control have not yet been fully resolved (Dang et al.,

2009; Hwang et al., 2014; Maimets et al., 2016; Peng

et al., 2017; Xiao et al., 2014). The importance of neuronal

stimuli formaintenance of SGPC populations in themouse

has previously been clearly demonstrated, and the para-

sympathetic nervous system (PNS) specifically shown to

maintain a population of epithelial progenitor cells in the

embryonic mouse SG (Knox et al., 2010).

Probing progenitor cell involvement in disease contexts

can be achieved using organoids (Clevers, 2016). Organo-

ids are formed by proliferation of tissue-specific progenitor

cells, for example SGPCs, which differentiate into cell line-

ages comprising the organ in question (Clevers, 2016).

Generation of SG organoids (SGOs) from human SG bi-

opsies has been employed to demonstrate the likely replica-

tive senescence of SGPCs in primary Sjögren syndrome

(pSS), an autoimmune disease also partly characterized by

SG function loss (Pringle et al., 2019; Wang et al., 2020a;

Wang, et al., 2020b).

In this study, we aimed to investigate the effect of

b-adrenergic signaling on SGPC dynamics, with a view to

understanding the development of SG dysfunction

following b-blocker use, and also improving our compre-

hension of SGPC biology.
RESULTS

b-Adrenergic signaling release of blockade increases

SGO formation efficiency and upregulates Notch

pathway activity

To perform preliminary assessment of the effect of adren-

ergic signaling blockade on SGPCs, we cultured primary

SGOs from parotid gland biopsies of patients taking

b-blockers (n = 4) (clinical characteristics in Tables S1 and

S2). No primary SGOs reaching our minimum size criteria

of 50 mm diameter could be isolated from these biopsies,

although single and small clusters of cells were present (Fig-

ures S1A and S1B). This is in contrast to SGOs from parotid

gland tissue of control individuals, fromwhich the primary

organoid efficiency was 1.3 ± 0.58 SEM organoids/mg bi-

opsy tissue (Figures S1A and S1B). SGPC ability to prolifer-
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ate after this stage can be assessed by calculating organoid

formation efficiency. Primary cultures from patients taking

b-blockers and control cultures were further maintained in

culture conditions promoting SGPC proliferation (self-

renewal assay) until passage 2, which we considered a pre-

sumptive b-blocker wash-out period (�3weeks). By the end

of this period, SGPCs from patients taking b-blocking drugs

recovered organoid-forming potential (13% ± 2% standard

deviation), surpassing that of organoids from control

glands (4% ± 4% standard deviation; Figure 1A).

The transcriptome of these bulk passage 2 SGOs from a

patient taking a b-blocking drug (13% organoid formation

efficiency in vitro at passage 1, 10% at passage 2); see clinical

characteristics in Tables S1 and S2) was compared with that

of six control biopsies unexposed to b-blockers (mean orga-

noid-forming efficiency at passage 2 of 3%). A total of

13,154 differentially expressed genes was detected. These

genes belonged to 160 Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways. Eighty-two of these 160 path-

ways were upregulated in organoids from subjects on

b-blockers compared with mean expression in controls.

The first 19 upregulated pathways comprised a majority

of metabolic processing pathways (top three were retinol

metabolism, cytochrome p450 metabolism, and meta-

bolism of xenobiotics by cytochrome p450). The 22nd upre-

gulated pathway, and the first pathway with connections

to stem and progenitor cells, was the Notch pathway (Fig-

ure S1C). Of the 47 genes comprising the KEGG Notch

signaling pathway gene set list, 24 (51%) were upregulated

in organoids derived from the patient taking a b-blocker,

compared with mean of organoids from six control bi-

opsies (Figure 1B). These 24 genes included three Notch li-

gands (DLL1, JAG1, JAG2), three Notch receptors (Notch1,

Notch3, Notch4) and two Notch downstream targets

(HES1, HEY1), and 15 other regulatory elements of the

Notch pathway (Figure 1B). A known important progenitor

cell pathway, the Wnt pathway, was also enriched in SGO

cultures after b-blocker wash-out, at upregulated KEGG

pathway position 44 (Figure S1D). Compared with passage

2 organoids from the patient using b-blocker, no stem/pro-

genitor cell pathways were upregulated in organoids

without b-blocker use (Figure S1E). From these preliminary

data and previous animal studies, we suggest that SGPCs

may be at least partially controlled by b-adrenergic

signaling, via the Notch pathway.

b-Adrenergic agonist isoproterenol increases Notch

signaling in SGOs

SGO cultures derived from control SGs and exposed in vitro

to the b-adrenergic agonist isoproterenol (Iso) demon-

strated a significant increase in relative organoid formation

efficacy compared with untreated cultures (Figures 1C and

1D). A maximum of 2.5-fold ±0.5 SEM increase was



Figure 1. Effects ofb-adrenergic signaling on SGO proliferation and Notch signaling. Luminal ID cells express ADRB1 andmembers
of the Notch signaling pathway
(A) Quantification of organoid-forming efficiency in passages 1 and 2. Each data point represents a separate patient. Bars represent mean.
Kruskal-Wallis non-parametric statistical testing was used; raw p value is given.
(B) Relative expression of 47 members of KEGG Notch signaling pathway gene set in passage 2 SGOs from a patient taking b-blockers,
compared with mean of expression in six no-medication controls. Notch ligand, receptors, and downstream targets are highlighted in
colors stated.
(C) Representative phase contrast microscopy of SGPC culture as SGOs, at passages 2 and 4. Control SGOs were maintained under control
conditions or with Iso (Iso) or Met, stimulation conditions. Scale bar represents 200 mm.

(legend continued on next page)
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observed following 1 mM Iso exposure, compared with un-

treated control cultures without Iso (Figures 1C and 1D;

adjusted p values 0.02, 0.047, and 0.047 at passages 1, 2,

and 4 respectively). Higher Iso dosing (100 mM), similar

to that used in the literature, appeared to be toxic to SGO

cultures (Figures S1F and S1G) (Srinivasan et al., 2016).

Interestingly, when SGOs from control SGs were incubated

with 1 mM b-blocker metropolol (Met), no significant effect

on organoid formation efficiency was observed (Figures 1C

and 1D), potentially due to the lack of stimulation of adren-

ergic receptors in absence of Iso.

In order to examine the direct effect of b-adrenergic

signaling on the Notch pathway, we performed qPCR for

expression of members of the Notch pathway, on SGOs

from healthy SGs, following Iso exposure. These Notch

pathway members comprised four Notch ligands (JAG1,

JAG2, DLL1, DLL4), four Notch receptors (Notch1–4),

and four Notch downstream targets (RBPJ, NRARP, HES1,

HEY1; Figure S1H) Expression of each gene in Iso-exposed

SGO cultures was normalized to itsmatched untreated con-

trol SGO culture (given a value of 1). A Notch score of these

relative expression values was generated by summing all 12

relative gene expressions. Iso exposure resulted in a 1.8-fold

significant upregulation in Notch pathway activity when

comparing control (by definition a Notch score of 12)

with Iso-treated SGOs at p2 (Notch score of 21 ± 8 standard

deviation; Figure 1E). TheNotch score was not significantly

changed following Met addition to control SGOs, in line

with an inactive b-adrenergic signaling system (Figure 1E).

In our RNA sequencing (RNA-seq) data, members of the

Wnt pathway, which also plays a role in stem/progenitor

cell dynamics, were present among the top 50 upregulated

genes in organoids, after a b-blocker wash-out period in cul-

ture. Addition of Iso to the SGO cultures, however, did not

affect activity of the Wnt pathway in our SGOs system,

whereby a Wnt score (sum of relative expression of three

Wnt pathway genes, Axin2, TCF1, and LEF1) of 3.5 ± 3

standard deviation was found in Iso-treated SGOs at p2,

compared with a Wnt score of 3 in controls (Figure S1I).
(D) Quantification of relative SGO formation efficiency in presence o
control set at 1 (gray dashed line). Minimum biological replicates (SGO
as follows: Iso = 10, Met = 5. Statistical analysis was performed with
group. *p < 0.05.
(E) qPCR data showing the Notch score in control passage 2 SGO culture
t test. Each pair of data points represents a separate patient isolatio
(F) Control human parotid gland tissue immunostained for the ADRB1
ID cell; BSD, basal SD cell; LSD, luminal SD cell. Arrowheads denote A
(G) Double immunohistochemical staining of ADRB1 and Keratin 7 (K
positive cells.
(H) DLL1, Notch1, HES1, and NICD expression in control parotid SG t
(I and J) DLL1, Notch1, HES1, and NICD expression in two patients tak
image for each patient and protein examined represents high-resolu
cells. Asterisk highlights basal ID cells.
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b-blocker use downregulates Notch signaling in

luminal intercalated duct cells of the parotid SG

To determine which cells in the human parotid SG may be

capable of processing b-adrenergic signals, we performed

immunostaining for the b1 adrenoreceptor (ADRB1) in tis-

sue sections from control parotid glands. ADRB1 is a recep-

tor for the neurotransmitter norepinephrine and also the

receptor to which commonly prescribed b-blockers, such

as Met, bind. ADRB1 immunopositivity was observed, as

expected, in acinar cells, considering the role of b-adren-

ergic stimulation in saliva secretion (Figure 1F). Luminal

intercalated duct (ID) cells cells also expressed ADRB1, in

contrast to lack of expression in basal ID cells, basal SD,

and luminal SD cells (Figure 1F). Keratin 7 (K7) can be

used to label luminal ID cells (basal ID cells are KRT7 nega-

tive) (Pringle et al., 2020b). Colocalization of ADRB1 and

K7 expression in luminal ID cells confirmed expression of

ADRB1 by luminal ID cells (Figure 1G). In tissue from a pa-

tient taking b-blocker medication, ADRB1 expression was

maintained in some luminal ID cells, and appeared reduced

in others (Figure S2A). Our RNA-seq and qPCR results sug-

gest that b-adrenergic signaling may influence the activity

of the Notch pathway. In order to map expression profiles

of members of the Notch signaling pathway, we performed

immunostaining for the Notch pathway members DLL1

(ligand for Notch1), Notch1 (receptor for DLL1, DLL3,

JAG1, and JAG2), and HES1, and Notch intracellular

domain (NICD; bothNotch downstream targets) in control

SG tissue of patients that did not use b-blocker. Luminal

and basal ID and SD cells all robustly expressed DLL1,

Notch1, HES1, and NICD (Figures 1H and S2B). Acinar cells

rarely expressed these Notch signaling markers. Non-

epithelial cell populations, including stromal and endothe-

lial cells, also expressed members of the Notch signaling

pathways (Figure S2B). Interestingly, only weak expression

of DLL1, Notch1, HES1, andNICDwas observed in luminal

and basal ID cells from age-matched patients taking

b-blockers (Figures 1I and 1J; clinical characteristics in Ta-

ble S1). Expression of Notch pathway members did not
f b-adrenergic stimulation (Iso) or blockade (Met). Compared with
s derived from separate patients) at each passage for each group are
mixed effects ANOVA. Asterisk indicates analysis relative to control

s, and those incubated with Iso or Met. Statistical analysis is paired
n.
adrenergic receptor. Ac, acinar cells; LID, luminal ID cell; BID, basal
DRB1+ LID cells. Scale bars represent 50 mm.
7). Scale bars represent 50 mm. Arrows denote ADRB1/K7 double-

issue (minus b-blocker).
ing the b-blocker drug Met (plus b-blocker). In (H)–(J), the second
tion magnification of boxed inset. Dashed line denotes luminal ID



seem to be as affected in luminal or basal SD cells, where

DLL1 and NICD expression was still present following

b-blocker use. b-Blocker use thus seems to coincide with

reduced Notch signaling in both luminal and basal ID cells

of the human parotid SG.
b-Adrenergic signaling promotes proliferation of

luminal ID-like cells via activation of the Notch

signaling pathway

SGOs represent a heterogeneous culture of SG ductal pro-

genitors. According to our immunohistochemical data,

the only ductal cells expressing b-adrenergic receptors are

luminal ID cells. In order to unravel the importance of

ADRB1 signaling for luminal ID cells, we probed our SGO

system. Although K7 and KRT14 can distinguish luminal

ID cells from basal ID cell in tissue sections, they cannot

distinguish these cells from their counterparts in the SDs,

where basal SD cells also express K14, and luminal SD cells

K7 (Figure 2A). Luminal ID cells in parotid SG tissue, how-

ever, express the growth factor and iron chelator lipocalin 2

(LCN2), whereas basal ID and both luminal and basal SD

cells do not (Figure 2B, summarized in Figure 2C). We

also detected the presence of K7+ADRB1+ cells in control

SGO cultures and those treated with Iso, suggesting the

presence of luminal ID cells in our SGO cultures (in relation

to histology in Figures 1G) and a potential of SGOs to

respond to adrenergic stimulation (Figure 2C). To probe

the response of the Notch pathway in luminal ID cells to

Iso stimulation in SGOs, we used LCN2 as a marker of

luminal ID cells, and the downstream Notch target NICD

as a readout of Notch pathway activity. Iso treatment

induced a 3.6-fold increase in the proportion of

LCN2+NICD+ cells in SGOs to 20% ± 8% SEM, compared

with untreated controls (6% ± 1% SEM; Figures 2E and

2F). The proportion of LCN2+NICD+ cells following Iso

treatment was approximately 50% less than following

treatment with the Notch ligand JAG1, used as a positive

control (42% ± 12% SEM; Figures 2E, 2F, and S2C–S2E).

The proportion of LCN2+NICD� cells in control SGOs

was 7% ± 3% SEM, while in the Iso and JAG1 treatment

groups it was 13% ± 7% SEM and 26% ± 8% SEM, respec-

tively, suggesting also that luminal ID cells may proliferate

directly in response to adrenergic signaling, in addition

to initiating Notch signaling in neighboring cells (Fig-

ure S2E). Inhibition of the Notch pathway in SGOs by

incubation with the g-secretase inhibitor (N-[N-(3,5-di-

fluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester)

(DAPT) decreased organoid forming to 0.49 ± 0.26 SEM of

untreated cultures at passage 2 (Figures S2C and S2D).

These data suggest that Notch pathway activation may be

transiently activated by Iso and JAG1, and potentially ex-

erts an effect on luminal ID cell proliferation.
The Notch signaling pathway functions through cell-cell

contact. In serial SGO section immunostaining (5 mm

thickness), we detected K7+ADRB1+ potential Notch

signal-giving cells (cell 1; Figure 2G) adjacent to putative

HES1+Ki67+ Notch signal-receiving cells (cell 2; Figure 2G).

Based on co-expression of K7 and ADRB1 in tissue (Fig-

ure 1G), this signal-giving cell is likely to be a luminal ID

cell, signaling to a neighboring SGO cell to induce Notch

signaling. Interestingly, cell 2 was K7�ADRB1�, suggesting
that other SGO cell types apart from luminal IDs are

capable of interacting with luminal ID cells.

These data combined suggest that LCN2+ luminal ID-like

cells in parotid SGOs undergo Iso stimulation and upregu-

late Notch signaling in neighboring cells.

b-Adrenergic signaling primes SGO cells for

differentiation intomature SGOs containing secretory

units

In order to investigate the effect of b-adrenergic signaling

on SGO cell differentiation, we employed our mature

SGO (mSGO) formation assay. SGOs from control individ-

uals were first generated in control or Iso-exposed self-

renewal conditions, where, as we have shown above, the

Notch pathway is upregulated in luminal ID-like cells.

SGOswere then transferred into differentiation conditions.

In control conditions, large, multi-branched structures

formed spontaneously after 14 days in differentiation (Fig-

ure 3A). True differentiation of SGOs into a secretory unit

containing mSGOs was shown first by qPCR for NKCC1

and a-amylase (acinar cell genes). Expression of NKCC1

and a-amylase mRNA increased in mSGOs compared

with SGOs (p = 0.0043 for NKCC1 expression; Figure 3B).

No expression ofNKCC1 or a-amylase proteinwas detected

in SGOs from self-renewal culture when analyzed using

whole-mount staining (Figure 3C). In contrast, both

NKCC1anda-amylasewere detected inmSGOs (Figure 3D).

mSGOs were quantified, with minimum criteria for an

mSGO being at least three branches with end buds. Fig-

ure 3E shows an overview of wells in representative differ-

entiation assay in different medium combinations, where

large structures are visible. Following Iso pre-treatment in

self-renewal assays, significantlymoremSGOswere formed

when Iso was also added to differentiation medium (Iso-

Iso), compared with control medium (passage 2, p =

0.0012; passage 3, p = 0.0015; Figure 3F). AddingMet to dif-

ferentiation cultures previously exposed to Iso in self-

renewal conditions generated significantly less mSGOs

than Iso-Iso conditions (passage 2, p = 0.0008; Figure 3F).

mSGOs were formed in Iso-Iso conditions with a mean ef-

ficiency of 7% ± 13% standard deviation of organoids

seeded, with a tendency to demonstrate greater mSGO for-

mation in earlier passages (Figure 3G). For comparison,

mSGOs formed spontaneously in conditions with control
Stem Cell Reports j Vol. 16 j 2813–2824 j November 9, 2021 2817



Figure 2. b-Adrenergic signaling induces proliferation of luminal ID-like cells in SGOs via activation of the Notch pathway
(A) Double immunofluorescence staining of healthy parotid SGs for Keratin 7 (K7) and Keratin 14 (K14). White dotted line demarcates the
intercalated or SD outlines as appropriate. Scale bars represent 50 mm.
(B) Double immunohistochemical staining of healthy parotid gland for K7 and the luminal ID cell marker LCN2. Black dashed lines outline
intercalated or SDs as appropriate. Scale bars represent 50 mm.
(C) Table summarizing K7, K14, and LCN2 expression profiles of cell types in the adult human parotid gland.
(D) Immunostaining for ADRB1 and K7 in SGOs from healthy SGO cultures using control medium or with Iso supplementation. Scale bar
represent 25 mm.
(E) LCN2 and the Notch pathway downstream target NICD immunofluorescence staining of SGO cells in control, Iso, or JAG1 stimulated
conditions. Insets show LCN2+NICD+ cells from area in white box, as examples of cells quantified. Scale bar for inset boxes represents
25 mm.
(F) Quantification of proportion of LCN2+NICD+ cells following Iso or JAG1 exposure, compared with matched controls. n = 4 separate
patient isolations.
(G) Serial sections of Iso treated SGOs, immunostained for K7, ADRB1, the Notch pathway downstream target HES1, and Ki67. Putative
Notch signal sending cells (cell 1) is outlined in yellow, and Notch signal receiving cells (cell 2) in white. Nuclei are counterstained with
Hoechst in (D)–(F). Scale bar represents 25 mm.
medium in both self-renewal and differentiation steps at a

frequency of 0.7% ± 1.7% standard deviation. In condi-

tions where no Iso was administered in self-renewal condi-

tions, a trend for increase mSGO formation efficiency with

Iso in differentiation conditions was observed, but this was

not significant (Figure S3A).

We noticed that some mSGO cultures generated from

exposure to Iso in both self-renewal and differentiation con-

ditions expressed higher levels of acinar cell marker proteins

(Figure S3B). The Notch score calculated via qPCR from dif-

ferentiation cultures correlated with summed expression of

the acinar cell genes NKCC1 and a-amylase from the same

cultures (r = 0.72; p < 0.0001), suggesting, together with

the immunostaining, that an active Notch signaling

pathway is associated with differentiation of SGPCs in

mSGO assays (Figure 3J). Interestingly, no correlation was

found between the Notch score of differentiation cultures
2818 Stem Cell Reports j Vol. 16 j 2813–2824 j November 9, 2021
andAQP5 expression, another gene expressed by acinar cells

(r = 0.26; p = 0.1339; Figure S3C). This finding implies that

AQP5 may mark a pro-acinar cell population or a subset of

cells not responsive to Notch signaling, or a population of

cells downstream of b-adrenergic signaling but b-adrenergic

signaling and not activated by the Notch pathway in the

same manner. Pro-acinar cells have indeed been suggested

to exist by other groups (Aure et al., 2015; Weng et al.,

2018). Expression of AQP5 increased in self-renewal cultures

following Iso administration, suggesting a progenitor or pro-

acinar step-like function of AQP5+ cells in an organoid cul-

ture system (Figure S3D). Active Notch signaling in mSGOs

was further confirmed by whole-mount staining, where

expression of the Notch downstream target HES1 colocal-

ized with the acinar markers a-amylase and NKCC1 and

structures (Figure 3I). ADRB1 expression in mSGOs also co-

localized with a-amylase and NKCC1, mirroring ADRB1



(legend on next page)
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expression in acinar cells in parotid tissue (Figure 3J). These

data suggest that b-adrenergic signaling leads to differentia-

tion of SGOs intomSGOs, requiring activation of the Notch

pathway.
DISCUSSION

Reduced salivary volume, protein content, and a-amylase

activity following blockade of b-adrenergic signaling is

well established (Cowman et al., 1994; de Matos et al.,

2010; Speirs et al., 1974; van Stegeren et al., 2006) and

has been attributed to inhibition of saliva production by

acinar cell. Earlier studies demonstrated that both the

PNS and sympathetic nervous system (SNS) play roles in

the long-term maintenance of SGs, since chronic loss of

each nerve supply leads to glandular atrophy (Proctor

and Carpenter, 2007). The cholinergic-signal-based PNS,

which provides the main drive for salivary secretion, has

been demonstrated convincingly by several groups to

occupy a central role in SG progenitor cell dynamics. In

the murine embryonic setting, stimulation of epithelial

Keratin 5+ progenitor cells by the PNS maintains the

epithelial stem/progenitor cell population and embryonic

SG development (Knox et al., 2010). Treatment using neu-

rotrophic factor neurturin can protect and restore the PNS

function and increase murine SG epithelial regeneration

(Knox et al., 2013). Studies detailing the involvement of

the SNS branch are limited to one. In human parotid SG

cells in culture, expression of acinar cell differentiation

markers increased following exposure to Iso (sympathetic

signaling agonist) and carbachol (parasympathetic agonist)

(Srinivasan et al., 2016). These initial cultures were charac-

terized as expressing Keratins 5 and 14, implying a possible

ductal cell type, although which exactly is not clear. Cells

were also stimulated simultaneously with Iso and carba-
Figure 3. b-Adrenergic-mediated Notch signaling primes SGOs fo
(A) Phase contrast microscopy of representative mSGO. Scale bar rep
(B) Acinar marker genes NKCC1 and a-amylase expression in SGOs an
(C) Whole-mount immunostaining of SGO for NKCC1 and a-amylase. S
(D) NKCC1 and a-amylase whole-mount immunostaining in mSGO, incl
50 mm.
(E) Photographs of differentiation assays in conditions with and witho
or Met conditions in subsequent differentiation assay. White arrows i
(F) Quantification of mSGO formation efficiency with Iso in self-renew
conditions. nR 4 biological replicates (separate patients) per conditi
at 100%.
(G) mSGO formation efficiency in Iso-Iso conditions. Each data point
(H) Correlation of summed a-amylase and NKCC1 expression at qPC
formation assay.
(I) Whole-mount immunostaining of mSGOs for Notch downstream ta
(J) Whole-mount immunostaining of mSGOs for ADRB1 plus acinar mar
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chol, prohibiting the isolation of the effect purely of Iso

(Srinivasan et al., 2016). Our data build on this work and

demonstrate the ability of b-adrenergic receptor signaling,

a constituent of the SNS, to induce proliferation of a poten-

tial population of luminal ID progenitor cells and to

enhance differentiation of SGOs into mSGOs.

The complete system supporting SG homeostasis has yet

to be fully resolved, with progenitor cells residing poten-

tially in the basal SD, ID, and acinar cell niches (Aure

et al., 2015; Kwak et al., 2018; Maimets et al., 2016; van

Luijk et al., 2015; Weng et al., 2018). Both the SDs and

IDs are comprised of two layers of cells: a basal and a

luminal layer. This study is the first to separate the two

often-combined layers of the ID and define a role for the

luminal ID layer in human parotid gland homeostasis.

We observed a subtle increase in SGO formation efficiency

with Iso stimulation, in line with the minimal numbers of

luminal ID-like cells present. As Notch pathway compo-

nents are also expressed by basal SD cells, which are likely

to comprise a large proportion of SGO cells, we expected

to find a more sizable increase of proliferation when

SGOs were stimulated with the Notch ligand JAG1. This

was not the case. This observation may imply that Notch1

expression does not necessarily reflect functionality, and

that more robust stimulation is needed for the full activa-

tion of Notch pathway, or indeed combined stimulation

with the b-adrenergic pathway. Broad inhibition of Notch

signaling with DAPT all but obliterated our SGO cultures,

implying indeed that the Notch pathway must be both

active and salient to SGPC functionality. Although not

capable of inducing large-scale SGO proliferation, JAG1 in-

cubation did appear to induce a switch in identity of the

cells toward Notch-activated luminal ID-like cells

(LCN2+NICD+), from 6% to 42% of total cells.

Some debate exists as to the identity of cells contained in

SGO cultures, which we acknowledge is also applicable to
r differentiation into mSGOs containing acinar cells
resents 200 mm.
d mSGOs. Each data point represents a separate patient culture.
cale bar represents 50 mm.
uding low-resolution view of the stained mSGO. Scale bar represents

ut Iso exposure in self-renewal (top row), followed by control, Iso,
ndicate mSGOs.
al conditions and further presence of Iso or Met in differentiation
on and passage mSGO formation efficiency in Iso-Iso conditions set

is colored relative to the passage from which it was harvested.
R level with Notch score. Each point represents a different mSGO

rget HES1 and acinar markers a-amylase and NKCC1.
ker a-amylase and NKCC1. Scale bars in (I) and (J) represent 50 mm.



this study. Literature would suggest, however, that murine

and human SGO cultures contain a sizable proportion of

basal SD cells (Pringle et al., 2019). Our data suggest that

a degree of plasticity between basal SD and luminal ID cells

can be observed within SGO cultures. Plasticity of the SG

has been suggested by ourselves previously in the clinical

context of immune checkpoint inhibitor use, where an

abundance of ID-like structures was observed, in place of

classical saliva-producing acinar cells (Pringle et al.,

2020a, 2020b). Plasticity within the acinar cell-ID axes

has also been demonstrated (Shubin et al., 2020; Weng

et al., 2019). Using lineage tracing in the mouse, the au-

thors suggest that, under homeostatic conditions, acinar

cells are replenished mainly by self-renewal of acinar pro-

genitor cells, and subsidized by ductal progenitor cells

(Shubin et al., 2020; Weng et al., 2019). However, under

conditions of stress (e.g., radiation or injury inducing se-

vere acinar cell loss), acinar cells can be replaced by both

acinar and Keratin 7+ and Keratin 19+ luminal ductal cells,

althoughwith amorphologymore reminiscent of SDs than

IDs (Shubin et al., 2020;Weng et al., 2019). This suggests an

acinar cell-ID axis plasticity (Shubin et al., 2020; Weng

et al., 2019). A recent paper employing extensive single-

cell sequencing of murine SGs through embryonic and

adult time points highlighted a proportion of Keratin 14+

basal SD cells that were predicted as precursors to ID cells

(Hauser et al., 2020). Although by no means conclusively

shown in the current study, we suggest that exposure to

the Notch ligand JAG1 in human parotid SGO culture in-

duces not only proliferation of luminal ID cells but a

possible lineage switch of basal SD into luminal ID cells.

Our data raise two interesting questions. First, we have

observed that luminal ID cells remain present in SG tissue

of patients taking b-blockers, together with the fact that

there was no decrease in SGO formation following addition

of the b-blocker Met to healthy SGO cultures. We also saw

reduced ADRB1 expression in luminal ID cells in a patient

taking b-blockers, suggest perhaps its downregulation un-

der long-term b-blocker use.Wehypothesize from these ob-

servations that luminal ID cells remain present under

b-blocker exposure but are not functional. Second, this un-

changed SGO formation efficiency of healthy SGOs with

b-blocker addition is in stark contrast to the low yield of pri-

mary SGOs obtained from biopsies of patients taking

b-blockers. If only luminal ID cells are affected, one could

expect the remaining SGO cells to culture as normal.

Long-term b-blocker use may affect other SG ductal cell

populations, in a manner that remains to be determined.

Third, after the wash-out period of b-blockers, the organoid

formation efficiency (OFE) was higher than the controls.

One can speculate that the Notch pathway, once released

from b-blocker-induced blockade, responds with height-

ened activation status, and therefore OFE. Relatedly, the
reversible nature (or not) of b-blocker-induced sicca re-

mains wholly uninvestigated, due to the severe cardiac dis-

turbances often experienced when patients cease taking

b-blockers (the b-blocker rebound effect).

The parotid SGs of patients taking b-blockers also still

contain acinar cells, even in the face of reduced luminal

ID progenitor cell activity. Perhaps, in an effort to

compensate for both suppression of acinar cell activity

induced via b-blocker use and b-blocker-induced luminal

ID progenitor cell inactivity, acinar compartment-based

progenitors proliferate to maintain acinar cell number

(Aure et al., 2015; Ingalls et al., 2019). Following a similar

train of thought, we also acknowledge that only 1% of pa-

tients taking b-blockers will experience persistent hyposa-

livation under b-blocker administration. A multiple-hit

model may account for this 1%, whereby not only are

the luminal ID cells compromised but additional SGPC

populations are too; for example, through chronic inflam-

mation, the effects of hormones, an unknown genetic pre-

disposition, or a natural decline in SG production ability

with age (Wiener et al., 2010). In individuals where no

additional hit is present, counterpart SGPCs, for example

those in the basal SDs, may compensate for the lack of

activity of the luminal ID cells, and saliva production

continues.

Continuing with the theme of inflammation, b-adren-

ergic signaling control of luminal ID progenitor cells may

prove clinically useful, for example in pSS, for the treat-

ment of hyposalivation. We have recently demonstrated

increased potentially senescent (p16+) cells in the basal

SD progenitor cell niche in the parotid SG in pSS, and their

correlation with pSS patient clinical parameters (Pringle

et al., 2019; Wang, et al., 2020b). Stimulation of the

luminal ID progenitor cell niche via the Notch pathway,

which demonstrates potentially only mild abnormalities

in relation to control parotid SGs, and generation of new

acinar cells, may provide pSS patients with relief from their

xerostomia complaints (Pringle et al., 2020b). Recent re-

ports have demonstrated that adenoviral vectors trophic

for SG acinar cells may facilitate delivery of Notch ligands,

for example, to the desired cellular niche (Di Pasquale et al.,

2020).

We acknowledge that this study may be limited by un-

avoidable simultaneous patient use of multiple drugs

potentially affecting the SG, which may cloud the true na-

ture of the b-adrenergic receptor signal blockade (Tables S1–

S3). Additionally, by coincidence, all biopsies analyzed

from patients taking medication affecting the b-adrenergic

signaling system were female, which may possibly have

skewed our results toward a sex-based bias. Through appli-

cation of b-adrenergic signaling agonists to SG organoids

from healthy SGs from male and female donors, we hope

to have negated this pitfall.
Stem Cell Reports j Vol. 16 j 2813–2824 j November 9, 2021 2821



In summary, we show that the Notch signaling pathway

is intricately involved in control of luminal ID cell dy-

namics in the human parotid SG and promotes the differ-

entiation of SGOs into mSGOs containing acinar cells.
EXPERIMENTAL PROCEDURES

Source of SG tissue
For control biopsies, parotid SG tissue was obtained from donors

after written informed consent who were treated for a squamous

cell carcinoma of the oral cavity, in which an elective head and

neck dissection procedure was performed. During this procedure,

parotid SG is exposed and partly removed as part of the dissection

procedure. The donors did not register complaints of sicca symp-

toms, and their parotid gland function was assessed by salivary

secretion after 2% citric acid stimulation. Three out of 12 patients

from whom control biopsies were taken took medications associ-

ated with >10% chance of developing sicca complaints, although

salivary secretion after 2% citric acid stimulation did not reflect

SG dysfunction (Table S1). The parotid tissue was normal by histol-

ogy and did not containmalignant cells, in linewith lack ofmetas-

tases of oral squamous cell carcinoma into the parotid SG. The

parotid tissue of these individuals was considered healthy. The

number of biopsies in each experiment is indicated in the legend

of graphs.

Parotid biopsies from patients taking b-blockers were taken dur-

ing routine diagnosis work-up trajectory from patients experi-

encing sicca complaints of eyes and mouth. After completing the

trajectory, these patients were established not to fulfill the Amer-

ican College of Radiology European League Against Rheumatism

classification criteria for pSS. The number of biopsies in the corre-

sponding experiment is indicated in the legend of graphs. All pa-

tients gave institutional review board consent and approval (med-

ical ethical testing committe [METc] 2016/010). These patients

experienced dry mouth complaints (need to drink water to swal-

low food, frequently awake in night due to dry mouth, avoidance

of dry food). Clinical details of these patients can be found in Ta-

bles S1 and S2. In essence, these patients did not reveal anti-Sjög-

ren’s syndrome antigenA/B (SSA/B) autoantibodies in serum and

did not show signs of focal sialadenitis in the SGs.
Human parotid SGO cultures
Themethod for SGPC isolation from parotid SG biopsies, and gen-

eration and maintenance of SGOs, and the medium used, was as

described in our previous publication (Pringle et al., 2019). For

drug treatment of SGOs in self-renewal assays, single SGPCs were

seeded into Matrigel as previously described (Pringle et al., 2019),

and 1 mM Iso (Sigma), 1 mMMet (Sigma), 100 ng/mL JAG1 (Sigma),

or 1 mM DAPT (Sigma) were added into SGPC medium where

appropriate (Dang et al., 2009). Organoids appeared 2–3 days

post seeding of single cells inMatrigel. Mediumwas supplemented

with 0.5 mL of extra medium every 2–3 days of culture. No extra

stimulationwas administered to SGO cultures frompatients taking

b-blocker drugs. Ten days after seeding, Matrigel was dissolved by

incubation with Dispase enzyme as above. Organoids over 50 mm

in diameter were enumerated, cells were processed to a single-cell
2822 Stem Cell Reports j Vol. 16 j 2813–2824 j November 9, 2021
suspension using 0.05% trypsin-EDTA, and cell number deter-

mined. These data were used to generate the organoid formation

efficiency, using the following formula:

OFE ½%� =
Number of organoids harvested at the end of the passage

Number of single cells seeded at the beginning of the passage
x 100

Encapsulation inMatrigel was repeated to generate the next pas-

sage. This cycle was repeated four times (four passages). At the end

of each passage, an image was captured of the cells, using the

Olympus CKX53 microscope and DP2-SAL software. The volume

of Iso and Met (both Sigma) were added to form no more than

1% of total media volume, while still maintaining the desired final

concentration. Medium was refreshed every 3–4 days (0.5 mL of

relevant medium added).
Human parotid mSGO differentiation
mSGOs are structures derived from SGOs, containing differenti-

ated cells of the SG. In order to make mSGOs, SGOs were first

generated in self-renewal conditions, either in control SGPC me-

dium or with additional 1 mM Iso. At the end of the passage, gels

were dissociated using Dispase, collected by centrifugation, and

re-suspended in 25 mL of SG medium. This suspension was then

mixedwith 50 mL of growth-factor-reducedMatrigel and deposited

as a drop in the center of a 12-well plate. After incubation for

20min at 37� to solidify, 1mL of enhanced SGmediumwas added,

with 1 mM Iso, or 1 mMMet, as required. Enhanced SGmediumwas

composed of 20 ng/mL epidermal growth factor (EGF) (Sigma-Al-

drich), 20 ng/mLfibroblast growth factor 2 (FGF2) (Sigma-Aldrich),

N2 (Invitrogen), 10 mg/mL insulin (Sigma-Aldrich), 1 mM dexa-

methasone (Sigma-Aldrich), and 10 mM Rho Kinase Inhibitor (Ab-

cam). Cultures were maintained for 14 days, and medium was

supplemented at day 3 and day 6 (0.5 mL of medium volume

added). mSGO formation efficiency was calculated by quantifying

the number of structures with at least three branches terminating

in round end buds. mSGOs were enumerated as a proportion of

seeded number of SGOs.
Further methods
Quantification and statistical analysis, qPCR, RNA-seq analysis,

paraffin section staining, whole-mount staining, frozen section

staining, cell smear staining protocols, and antibody sources can

be found in the supplementary file.
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