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Abstract

Objective: Sjögren’s syndrome (SS) is a chronic autoimmune exocrinopathy characterized by 

lymphocytic infiltration of the salivary and lacrimal glands and decreased saliva and tear 

production. Previous studies indicate that the G protein-coupled P2Y2 nucleotide receptor 

(P2Y2R) is upregulated in numerous models of salivary gland inflammation (i.e. sialadenitis), 

where it has been implicated as a key mediator of chronic inflammation. Here, we evaluate both 

systemic and localized P2Y2R antagonism as a means to resolve sialadenitis in the 

NOD.H-2h4,IFNγ−/−,CD28−/− (NOD.H-2h4 DKO) mouse model of SS.

Design: Female 4.5 month old NOD.H-2h4 DKO mice received daily intraperitoneal injections 

for 10 days of the selective P2Y2R antagonist, AR-C118925, or vehicle-only control. Single-dose 

localized intraglandular antagonist delivery into the Wharton’s duct was also evaluated. 

Carbachol-induced saliva was measured and then submandibular glands (SMGs) were isolated and 
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either fixed and paraffin-embedded for H&E staining, homogenized for RNA isolation or 

dissociated for flow cytometry analysis.

Results: Intraperitoneal injection, but not localized intraglandular administration, of AR-

C118925 significantly enhanced carbachol-induced salivation and reduced lymphocytic foci and 

immune cell markers in SMGs of 5 month old NOD.H-2h4 DKO mice, compared to vehicle-

injected control mice. We found that B cells represent the primary immune cell population in 

inflamed SMGs of NOD.H-2h4 DKO mice that express elevated levels of P2Y2R compared to 

controls. We further demonstrate a role for P2Y2Rs in mediating B cell migration and the release 

of IgM.

Conclusion: Our findings suggest that the P2Y2R represents a novel therapeutic target for the 

treatment of Sjögren’s syndrome.

Keywords

Sjögren’s syndrome; purinergic receptor; nucleotide; B lymphocytes; autoimmune disease; 
alarmins

Introduction

SS is an autoimmune exocrinopathy manifested as dry mouth (i.e., xerostomia) and/or dry 

eye, where chronic exocrine dysfunction can lead to dental caries, swallowing and speech 

impairment, digestive disorders and vision deterioration that severely reduce the quality of 

life for patients, 90% of whom are women (Mariette & Criswell, 2018, Maarse et al., 2019). 

SS is characterized by significant lymphocytic infiltration of the salivary and lacrimal 

glands, where sustained accumulation of immune cells may lead to glandular destruction and 

tissue fibrosis (Leehan et al., 2018; Wynn & Ramalingam, 2012). SS patients are also at 

elevated risk for the development of co-morbidities (Pego-Reigosa et al., 2019), such as 

secondary autoimmune diseases (e.g., RA, SLE or systemic sclerosis) (Amador-Patarroyo et 
al., 2012) and lymphoma (Nocturne & Mariette, 2015). Current diagnostic criteria for SS 

include the presence of immune cell foci in salivary glands (minor salivary gland biopsy 

focus score of ≥ 1), serum autoantibodies against the ribonucleoprotein Ro/SSA and 

functional deficits, such as reduced ocular staining and tear and saliva production (Shiboski 

et al., 2017). Treatment options for xerostomia in SS are limited to symptom management 

with topical applications, including saliva substitutes and lubricants or cholinergic 

secretagogues (e.g., pilocarpine and cevimeline) aimed at stimulating secretion from residual 

functional acinar cells (Fox et al., 2019; Saraux et. al., 2016). These products provide 

inadequate symptom relief and their utility is further reduced by the incidence of systemic 

adverse events (Fox et al., 2019; Saraux et al., 2016). Thus, development of more effective 

SS therapies that treat the underlying chronic inflammation is essential.

Alarmins are endogenous signals released by damaged and dying cells that initiate immune 

responses involving both the innate and adaptive immune systems (Zindel & Kubes, 2020; 

Yang et al., 2017). Our laboratory has investigated how localized release of alarmins, such as 

the cytoplasmic nucleotide adenosine 5’-triphosphate (ATP) from damaged cells or tissues, 

act to initiate chronic inflammatory responses through activation of P2 purinergic receptors 
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(Khalafalla et al., 2020; Woods et al., 2018; Khalafalla et al., 2017; Woods et al., 2012). 

Importantly, blocking alarmin signaling may provide a means to ameliorate the damaging 

effects of chronic inflammation and preserve salivary gland function in SS (Cao et al., 2019; 

Khalafalla et al., 2017).

P2 receptors, including the ATP-gated ionotropic P2X receptors and G protein-coupled P2Y 

receptors, act as sensors for nucleotides released by damaged cells (Khalafalla et al., 2020; 

Riteau et al., 2012; Woods et al., 2012; Elliott et al., 2009). In salivary gland epithelial cells, 

the P2X7 receptor (P2X7R) for ATP promotes apoptosis, caspase activation and stimulation 

of the NLRP3 inflammasome leading to the release of pro-inflammatory cytokines, 

including IL-1β and IL-18 (Khalafalla et al., 2017; Woods et al., 2012). Previous studies 

demonstrate that pharmacological antagonism of the P2X7R reduces inflammation and 

improves salivation in the NOD.H-2h4,IFNγ−/−,CD28−/− (NOD.H-2h4 double knockout; 

DKO) mouse model of SS (Khalafalla et al., 2017). Notably, our studies have shown that 

IL-1β increases NF-κB-dependent expression of the G protein-coupled P2Y2 nucleotide 

receptor (P2Y2R) (Peterson et al., 2013; Degagne et al., 2009; Kong et al., 2009), a well-

accepted regulator of localized immune responses (Elliott et al., 2009; Chen et al., 2006) that 

is activated equipotently by uridine 5’-triphosphate (UTP) or ATP. An NF-κB binding site in 

the proximal P2Y2R promoter upregulates the P2Y2R, which stimulates pro-inflammatory 

responses in intestinal epithelial cells (Degagne et al., 2009). While not expressed in the 

salivary glands under physiological conditions, P2Y2Rs are upregulated in several models of 

sialadenitis, including submandibular gland (SMG) duct ligation-induced inflammation 

(Ahn et al., 2000) and the NOD.B10 (Schrader et al., 2005) and IL-14αTG mouse models of 

SS (Woods et al., 2018). Under inflammatory conditions, P2Y2R signaling has been 

implicated in the recruitment, migration and proliferation of immune cells (Elliott et al., 
2009; Chen et al., 2006) through the activation of numerous signaling pathways, including 

Src-mediated transactivation of growth factor receptors, interaction with and activation of 

RGD-binding integrins, activation of the matrix metalloproteases ADAM10 and ADAM17, 

MAPK activation and canonical Gqα signaling leading to increased intracellular Ca2+ levels 

(Woods et al., 2018; Ratchford et al., 2010; Bagchi et al., 2005; Liu et al., 2004). 

Furthermore, genetic ablation of P2Y2R attenuates sialadenitis in the IL-14αTG mouse 

model of SS (Woods et al., 2018), suggesting that targeting the ATP-P2X7R-P2Y2R axis 

may be an effective therapeutic approach to reduce inflammation and improve salivary 

function in SS. Here, we utilized the NOD.H-2h4 DKO mouse model of SS, which develops 

significant hyposalivation and sialadenitis by 4 months of age (Voynova et al., 2018; Kayes 

et al., 2016), to assess the effects of pharmacological P2Y2R antagonism on sialadenitis by 

comparing the responses to localized intraglandular versus systemic administration of the 

selective P2Y2R antagonist AR-C118925 (Rafehi et al., 2017). Similar to primary SS 

patients, approximately 50% of NOD.H-2h4 DKO mice develop autoimmune thyroid disease 

in addition to exocrinopathy by 5–6 months of age, whereas supplementation of drinking 

water with sodium iodide for 2–3 weeks induces severe thyroid disease in all NOD.H-2h4 

DKO mice (Kayes et al., 2016). Autoimmune thyroid disease is the most common co-

existing autoimmune disorder in SS patients (Baldini et. al, 2018).

In the IL-14αTG mouse model of SS, we have reported that P2Y2R expression and function 

are significantly increased in SMG-infiltrating B cells compared to controls and that global 
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P2Y2R knockout attenuates the infiltration of B and T lymphocytes into the salivary gland 

(Woods et al., 2018). Similarly, we report here that SMG-infiltrating B cells in female 

NOD.H-2h4 DKO mice express functional P2Y2Rs. We further demonstrate that P2Y2R 

antagonism diminishes B cell migration and IgM secretion in vitro. Through the nucleotide-

induced activation of P2Y2Rs on B cells of the SMG, we hypothesize that P2Y2Rs facilitate 

the recruitment of peripheral lymphocytes and initiate a chronic immune response in SS 

resulting in progressive salivary gland inflammation, hyposalivation and secondary effects 

(e.g., fibrosis, secondary autoimmune conditions and lymphoma). Our findings that systemic 

P2Y2R antagonist (i.e., AR-C118925) administration ameliorates sialadenitis and improves 

saliva flow in NOD.H-2h4 DKO mice supports future studies investigating the P2Y2R as a 

novel therapeutic target for the treatment of human SS.

Materials and Methods

Mice

C57BL/6 (Jackson Laboratories, Bar Harbor, ME) and NOD.H-2h4,IFNγ−/−,CD28−/− 

(NOD.H-2h4 DKO) mice (Mutant Mouse Resource & Research Center, Columbia, MO) 

were housed at the Christopher S. Bond Life Sciences Center Animal Facility of the 

University of Missouri (Columbia, MO), where they received daily welfare assessment by 

veterinary staff. Mice were housed in vented cages with 12 hr light/dark cycles and received 

food and water ad libitum. Previous studies indicate that female NOD.H-2h4 DKO mice 

develop more rapid and severe sialadenitis than male mice (Kayes et al., 2016), similar to 

human SS patients. Therefore, 4.5–5 month old female mice were used for all experiments. 

All experimental procedures were approved by the University of Missouri Animal Care and 

Use Committee (Protocol No. 9661) and conducted in accordance with National Institutes of 

Health guidelines.

Primary SMG B Cell Enrichment

Isolated SMGs from C57BL/6 and NOD.H-2h4 DKO mice were minced, placed in RPMI 

medium with 10% (v/v) FBS, 1% (w/v) penicillin/streptomycin, 4 mg/ml collagenase and 5 

mM CaCl2 for 1 hour at 37°C with shaking. Digested SMGs were filtered through a 40 μm 

nylon filter, centrifuged and resuspended in red blood cell lysis buffer (Miltenyi Biotec, 

Bergisch Gladbach, Germany). B cells were isolated from the resulting cell suspension by 

negative selection using the Pan B Cell II Isolation Kit with MACS MS columns (Miltenyi 

Biotec). Following enrichment, flow cytometry was used to determine that the resulting 

suspension contains approximately 80% B220+ B cells (REA755, Miltenyi Biotech 130–

110-710; 1:50 dilution).

Quantitative Real-Time PCR

For whole SMG tissue preparations, SMGs were excised from euthanized mice and 

homogenized in TRIzol reagent (ThermoFisher Scientific, Waltham, MA). Chloroform was 

added to the homogenized tissue (0.2 ml/ml TRIzol), which was then incubated at room 

temperature for 15 minutes followed by centrifugation at 10,000 x g for 18 minutes at 4°C. 

RNA was then isolated from the aqueous phase using the RNeasy Plus Mini Kit (Qiagen, 

Valencia, CA), according to manufacturer’s instructions. For enriched B cells, cell pellets 
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were suspended in Buffer RLT (Qiagen), homogenized by passing through an 18-gauge 

needle 10 times and RNA was isolated using the RNeasy Plus Mini Kit. cDNA was 

synthesized from purified RNA using the RNA to cDNA EcoDry Premix (Takara Bio, 

Mountain View, CA). Quantitative real-time PCR was performed on an Applied Biosystems 

7500 Real-Time PCR machine using specific Taqman primers for mouse P2Y2R, GAPDH, 

18S, CD3, CD20 or CD45. Target gene expression was normalized to either GAPDH or 18S 
ribosomal RNA. qRT-PCR data are shown as either relative expression (Figure 4) compared 

to a control mouse or ΔCt (Figure 2 and 3), where a higher ΔCt value indicates lower 

expression. ΔCt is calculated as the Ct of the target gene minus the Ct of the reference gene.

SDS-PAGE and Western Blot Analysis

Isolated B cells were suspended in serum-free RPMI media, incubated with or without 10 

μM AR-C118925 at 37°C and 5% CO2 for 1 hour, then stimulated with 100 μM UTP or 10 

μg/ml IgM for 5 minutes before lysis. B cell lysis was achieved using 5X Laemmli Buffer 

(50 mM sodium phosphate, pH 7.0, 25% (v/v) glycerol, 10% (w/v) SDS, 0.025% (w/v) 

bromophenol blue and 250 mM DTT). Samples were sonicated, subjected to SDS-PAGE 

using a 4–20% gradient gel and transferred to nitrocellulose membranes. Membranes were 

blocked in 5% (w/v) non-fat dry milk dissolved in Tris-buffered saline (pH 7.4) containing 

0.1% (v/v) Tween-20 (TBST) for one hour then incubated for 16 h at 4°C with primary 

antibodies against phosphor-ERK1/2 or total ERK1/2 (Cell Signaling Technology, Danvers, 

MA; diluted 1:1,000 in TBST). Membranes were washed three times in TBST then 

incubated with HRP-conjugated anti-mouse IgG antibody (Cell Signaling Technology) for 1 

hour at room temperature. Membranes were exposed to SuperSignal West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher Scientific) and visualized on a UVP 

BioSpectrum MultiSpectral Imaging System. Protein bands were quantified using Image J 

and phospho-ERK1/2 expression was normalized to total ERK1/2.

Intracellular Calcium Measurements by Flow Cytometry

SMGs were minced, digested and filtered (as above), then incubated for 20 minutes at 37°C 

in DMEM containing 10% (v/v) FBS and 3 μM fluo-4 AM (ThermoFisher), a cell-permeant 

Ca2+-sensitive dye. Cells were then washed with PBS and incubated for 10 minutes at 4°C 

with anti-B220 APC-conjugated fluorescent antibody (REA755, Miltenyi Biotech 130–

110-710; 1:50 dilution). After washing, cells were resuspended in PBS containing 1 mM 

CaCl2 and analyzed using a BD Biosciences Accuri C6 flow cytometer. After gating for 

B220+ B cells and obtaining baseline fluo-4 fluorescence (494 nm/516 nm) for 30 seconds, 

100 μM UTP was added and the increase in calcium-bound fluo-4 fluorescence 

corresponding to Δ[Ca2+]i was recorded. Where noted, cells were pre-treated with 10 μM 

AR-C118925 for 5 minutes prior to UTP addition.

Flow Cytometry

SMGs were minced, digested and filtered (as above). Cells were resuspended in PBS 

containing 0.5% (w/v) BSA and 2 mM EDTA. Single cells were quantified using a Countess 

II cell counter (Life Technologies) and stained with Viobility Dye 405/520 (Miltenyi 

Biotech) for 15 minutes at room temperature in the dark, washed, incubated for 5 minutes 

with FC Block (BD Pharmingen, Franklin Lakes, NJ) and then incubated for 30 minutes at 
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4°C with fluorophore-conjugated antibodies against CD45 (Vioblue, REA737, Miltenyi 

Biotech 130–110-664), CD19 (PE-Vio770, REA749, Miltenyi Biotech 130–111-885), F4/80 

(FITC, REA126, Miltenyi Biotech 130–102-327) and CD3 (APC, REA606, Miltenyi 

Biotech 130–109-240) for immunophenotyping by flow cytometry using a BD LSRFortessa 

Cell Analyzer. Spectral compensation was established with Ultracomp eBeads (Invitrogen, 

Carlsbad, CA). A representative gating strategy is shown in Supplementary Figure S1. 

Fluorescence minus one samples for all antibodies were used as gating controls. Data were 

analyzed using FlowJo v10.5.0 software.

Transwell Migration Assay

Isolated SMG B cells were treated with or without 10 μM AR-C118925 for 1 hour at 37°C 

and 5% CO2. Then, 2 × 105 cells in RPMI media containing 0.1% FBS were seeded in the 

upper well of a 5 μm pore Transwell chamber, while the lower chamber was filled with 

RPMI media containing 0.1% FBS and either UTP (100 μM) or CXCL12 (50 ng/ml). After 

4 hours, cells that migrated through the pores and entered the lower chamber were collected 

by centrifugation and enumerated.

IgM ELISA

Isolated SMG B cells (5 × 105 cells per sample) were plated in a 96-well plate with 100 μl 

complete RPMI medium and pre-treated with or without 10 μM AR-C118925 for 1 hour 

prior to treatment with either 100 μM UTP or 1 μM PMA for 72 hours at 37°C and 5% CO2. 

The 96-well plate was then briefly spun and 80 μl of supernatant collected. Forty μl of the 

undiluted supernatant was used to measure IgM concentrations using a mouse IgM uncoated 

ELISA kit (ThermoFisher).

In Vivo Antagonist Studies

For intraglandular delivery, mice were anesthetized with tribromoethanol (Avertin, 0.3 mg/g 

body weight). Then, 30 μl of either 100 μM AR-C118925 or vehicle (saline) was injected 

into the Wharton’s ducts using a 31-gauge syringe. Efficiency of delivery can be visualized 

in Supplementary Figure S2. Three days later, mice were anesthetized and an endotracheal 

tube (PE50 polyethylene tubing) was inserted through a midventral incision at the base of 

the throat. Whole saliva was collected from the oral cavity for 15 minutes following 

intraperitoneal (i.p.) injection of carbachol (0.25 mg/kg body weight), as previously 

described (Kayes et al., 2016). For systemic treatment, 1 mg/kg/day AR-C118925 or vehicle 

(corn oil) was administered daily via i.p. injection over 10 days before carbachol-induced 

saliva collection was performed. Mice were then euthanized by cervical dislocation and 

SMGs were excised and prepared for histological analysis, qRT-PCR or FACS analysis. For 

all experiments, littermates housed in the same cages served as controls.

Immunohistochemistry and Focus Score Measurement

Excised SMGs were fixed in 4% (w/v) paraformaldehyde in PBS at 4°C for 24 hours. 

Samples were then sent to IDEXX Laboratories (Columbia, MO), where formaldehyde-fixed 

paraffin-embedded sections were stained with hematoxylin and eosin or with anti-CD3 

(Agilent, Santa Clara, CA) or anti-B220 (Invitrogen) antibodies to identify T or B cells, 
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respectively. Stained sections were visualized on a Zeiss Axiovert 200M inverted 

microscope at the University of Missouri Molecular Cytology Core Facility. To generate 

images of whole SMG sections, multiple 10X bright-field images were stitched together 

using MetaMorph software. Lymphocytic foci were then enumerated and the total glandular 

area was determined using MetaMorph software. Focus scores were calculated as the 

number of lymphocytic foci per 4 mm2 of glandular area, as described (Daniels et al., 2011).

Statistics

Quantitative results are shown as mean ± S.E.M. and are representative of three or more 

independent experiments. Statistical significance was determined by standard Student’s t-

test. All statistical analyses were performed using GraphPad Prism 7 software.

Results

B and T lymphocytes are the predominant immune cell populations in NOD.H-2h4 DKO 
mouse submandibular gland

Compared to age-matched female C57BL/6 mice, 5 month old NOD.H-2h4 DKO mice 

develop substantial immune cell accumulation in the submandibular glands that is composed 

primarily of B and T lymphocytes (Figure 1). Flow cytometric analysis of CD45+ immune 

cells isolated from the SMG revealed that greater than 50% were CD19+ B lymphocytes 

with CD3+ T lymphocytes comprising nearly 40% (Figure 1A). The proportion of CD45+ 

immune cells that were F4/80+ macrophages was significantly decreased in NOD.H-2h4 

DKO mice compared to age-matched C57BL/6 mice, likely because of the robust 

accumulation of B and T lymphocytes (Figure 1A). Histological analysis of H&E-, anti-

CD3- or anti-B220-stained SMG sections revealed large lymphocytic foci with striking 

organization of B and T cells in 5 month old female NOD.H-2h4 DKO mice (Figure 1B and 

1C).

Systemic, but not localized, administration of AR-C118925 diminishes sialadenitis and 
improves salivation in NOD.H-2h4 DKO mice

To determine the in vivo effects of P2Y2R antagonism on sialadenitis and hyposalivation in 

NOD.H-2h4 DKO mice, we compared the local administration of AR-C118925 via 

intraglandular retrograde infusion of the submandibular gland (Figure 2) versus systemic 

administration via intraperitoneal injection (Figure 3). For intraglandular administration, 30 

μl of 100 μM AR-C118925 in saline was infused directly through the Wharton’s ducts of 4.5 

month old female NOD.H-2h4 DKO mice. After 3 days, histological analysis of H&E-

stained SMG sections revealed that intraglandular administration of AR-C118925 compared 

to saline had no effect on lymphocyte focus score (Figure 2A and 2B), which is defined as 

the number of lymphocytic foci per 4 mm2 of glandular area (Daniels et al., 2011). Also, 

qRT-PCR of cDNA prepared from whole SMGs showed no significant differences in 

expression of the immune cell markers CD45 (total immune cells), CD20 (B cells) or CD3 
(T cells) in the presence or absence of AR-C118925 (Figure 2C). While qRT-PCR did not 

identify a significant change in B and T cell markers, flow cytometric analysis of CD45+ 

immune cells isolated from the SMG revealed a significant decrease in the proportion of 

CD19+ B cells and a compensatory increase in CD3+ T cells with AR-C118925 compared to 
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saline treatment (Figure 2D). Intraglandular administration of AR-C118925 did not improve 

carbachol-induced saliva secretion (Figure 2E) and a significant inverse correlation between 

saliva volume and focus score was observed (Figure 2F) for both AR-C118925- and saline-

treated mice.

Systemic administration of AR-C118925 (1 mg/kg/day) via intraperitoneal injection for 10 

days significantly reduced focus score in 4.5 month old female NOD.H-2h4 DKO mice, as 

compared to corn oil (vehicle)-injected control mice (Figure 3A and 3B). Furthermore, qRT-

PCR of cDNA prepared from whole SMGs revealed a significant decrease in CD45, CD20 
and CD3 expression, indicating a reduction in total immune cells, B cells and T cells, 

respectively (Figure 3C). Whereas intraglandular AR-C118925 administration decreased the 

proportion of CD19+ B cells in SMGs compared to vehicle injection, i.p. AR-C118925 

administration had no effect on the relative proportions of B cells, T cells and macrophages 

(Figure 3D). While the total immune cell burden in the SMG decreased (Figure 3B and 3C) 

the composition of the immune cells that remain did not significantly change, at least in 

terms of the relative proportion of B cells, T cells, and macrophages (Figure 3D). Notably, 

carbachol-induced saliva production was significantly increased in systemic AR-C118925-

treated mice compared to vehicle-treated controls (Figure 3E) and a significant inverse 

correlation between saliva volume and focus score was observed for both AR-C118925- and 

vehicle-treated mice (Figure 3F).

Submandibular gland B cells express functional P2Y2Rs

As our previous studies using the IL-14αTG mouse model of SS demonstrated increased 

P2Y2R function in SMG-infiltrating B cells compared to controls (Woods et al., 2018), we 

assayed P2Y2R expression and function in B and T cells isolated from 5 month old female 

NOD.H-2h4 DKO or C57BL/6 mouse SMG. Quantitative real-time PCR revealed significant 

P2Y2R upregulation in SMG B cells isolated from NOD.H-2h4 DKO mice, as compared to 

age-matched C57BL/6 mice (Figure 4A). As P2Y2R activation by extracellular ATP or UTP 

stimulates canonical Gq signaling leading to Ca2+ release from intracellular stores, UTP-

induced changes in [Ca2+]i were assayed by flow cytometric analysis using the cell permeant 

Ca2+-sensitive dye Fluo-4 AM. Enzymatically-dispersed SMG cells were loaded with Fluo-4 

AM, labeled with fluorescent anti-B220-APC antibodies to detect B cells and continuous 

Fluo-4 fluorescence was measured in B220+ cells. UTP (100 μM) induced a marked, yet 

transient increase in [Ca2+]i that was abrogated by a 5 minute pre-treatment with the 

selective P2Y2R antagonist AR-C118925 (10 μM) (Figure 4B). In contrast, UTP-induced 

changes in [Ca2+]i were undetectable in SMG or splenic T cells isolated from NOD.H-2h4 

DKO mice (Supplementary Figure S3), suggesting that P2Y2Rs are not expressed in SMG-

infiltrating T cells.

Because P2Y2R activation stimulates MAPK (i.e., ERK1/2) phosphorylation (Ratchford et 
al., 2010), UTP-induced ERK1/2 phosphorylation was also determined to assess P2Y2R 

activity. B cells isolated from the SMG of 5 month old female NOD.H-2h4 DKO mice 

treated with 100 μM UTP for five minutes show significantly elevated ERK1/2 

phosphorylation that was attenuated by pre-treatment with AR-C118925 (10 μM) for one 

hour (Figure 4C). Interestingly, AR-C118925 caused a significant, though modest decrease 
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in basal activity, suggesting constitutive activation of P2Y2R, as well as UTP-induced 

ERK1/2 phosphorylation. To ensure the diminished ERK1/2 phosphorylation observed 

following AR-C118925 treatment was not a result of loss of cell viability, an XTT assay was 

conducted on primary B cells which demonstrated no loss of cell viability (Supplementary 

Figure S4). IgM (10 μg/ml), which crosslinks and activates the B cell receptor leading to 

ERK1/2 phosphorylation through activation of the Ras, phospholipase C (PLC) and 

phosphoinositide 3- (PI3)-kinase signaling pathways (Jacob et al., 2002), was used as a 

positive control for ERK1/2 activation.

UTP-induced B cell migration and IgM secretion is attenuated by AR-C118925

We hypothesized that P2Y2Rs expressed by SMG B lymphocytes contribute to SS 

pathogenesis by facilitating B cell recruitment or migration to the SMG. We demonstrate 

that UTP (100 μM) added to the lower chamber in a Transwell migration assay significantly 

enhanced B cell migration from the upper chamber that was attenuated by pre-treatment of 

the cells with 10 μM AR-C118925 (Figure 4D). CXCL12 (50 ng/ml), a well-accepted 

mediator of B cell migration, was used as a positive control. Although B lymphocytes fulfill 

a number of functions, including regulatory roles, the major function of a B cell is antibody 

production (LeBien & Tedder, 2008). To assess whether P2Y2R activity contributes to the 

secretion of immunoglobulin M (IgM), we measured IgM in the cell culture medium of 

isolated SMG B lymphocytes by ELISA (Figure 4E). We found that treatment with UTP 

(100 μM) for 72 hours significantly increased the secretion of IgM from isolated B cells, a 

response that was abrogated by a 1 hour pre-treatment with 10 μM AR-C118925. As 

expected, the protein kinase C (PKC) activator phorbol myristate acetate (PMA; 1 μM) 

significantly increased PKC-mediated IgM release.

Discussion

Among the ever-increasing list of endogenous alarmins, extracellular ATP released from 

damaged or dying cells promotes production of pro-inflammatory cytokines and 

chemokines, activation of macrophages and dendritic cells and leukocyte recruitment 

through P2 receptor signaling (Yang et al., 2017; Riteau et al., 2012; Woods et al., 2012; 

Elliott et al., 2009). P2 receptor antagonism has been investigated in pre-clinical studies and 

clinical trials for the treatment of a number of inflammatory and autoimmune conditions 

(Burnstock, 2017; Khalafalla et al., 2020). We have previously reported that antagonism of 

P2X7R or genetic ablation of P2Y2R resolves sialadenitis and improves salivary function in 

NOD.H-2h4 DKO (Khalafalla et al., 2017) and IL-14αTG (Woods et al., 2018) mouse 

models of Sjögren’s syndrome, respectively. Here, we demonstrate that systemic 

pharmacological blockade of the P2Y2R by AR-C118925 using multiple i.p. injections in 

NOD.H-2h4 DKO mice diminishes sialadenitis in SMGs and enhances carbachol-induced 

saliva secretion (Figure 3). In contrast, localized delivery of a single dose of AR-C118925 

via the Wharton’s duct had little effect on saliva secretion (Figure 2). Nonetheless, 

sialendoscopic irrigation of the salivary gland followed by intraductal administration of anti-

inflammatory drugs is a promising avenue for SS treatment (Karagozoglu et al., 2018), so 

future studies should examine whether multiple intraductal injections of AR-C118925 will 

be efficacious in diminishing sialadenitis, while minimizing off-target effects that are more 
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likely with systemic administration. NOD.H-2h4 DKO mice demonstrate variability in the 

extent of sialadenitis, which inversely correlates with saliva production, suggesting that the 

pathogenesis of hyposalivation in NOD.H-2h4 DKO mice is dependent on SMG 

inflammation. This relationship remains whether mice are treated with AR-C118925 or 

vehicle only, consistent with a mechanism by which AR-C118925 treatment improves saliva 

flow by reducing inflammation in the gland, which we report here.

Because SS is characterized by several indicators of B cell dysfunction (Ambrus et. al, 2016; 

Ibrahem, 2019), we investigated whether B cells that accumulate in the SMGs of 

NOD.H-2h4 DKO mice exhibit functional P2Y2R expression that contributes to SS 

pathogenesis. Indeed, isolated SMG B cells from NOD.H-2h4 DKO mice have increased 

P2Y2R expression, as compared to SMG B cells from non-inflamed C57BL/6 mice, and 

exhibit UTP-induced increases in [Ca2+]i and ERK1/2 phosphorylation that are blocked by 

AR-C118925 (Figure 4). We further show that UTP enhances B cell migration and secretion 

of IgM, responses that were abolished by P2Y2R antagonism (Figure 4). IgM is produced 

primarily by B-1 cells but is also secreted from activated conventional B-2 cells (Blandino & 

Baumgarth, 2019). The relevance of IgM in the pathogenesis of autoimmune conditions, 

including SS, is debated. While some have reported an important role for IgM in 

autoimmune pathogenesis in both humans and mice (Aziz et al., 2015; Duan & Morel, 2006; 

Morris et al., 2019), others have demonstrated a protective role for secreted IgM in 

autoimmunity (Blandino & Baumgarth, 2019; Boes et al., 2000).

The mechanisms by which P2Y2Rs expressed in SMG B cells contribute to SS pathogenesis 

may differ in various B lymphocyte subpopulations, although we did not investigate specific 

B cell subtypes. For example, it has been reported that specific in vivo depletion of marginal 

zone (MZ) B cells ameliorates SS-like symptoms in IL-14αTG mice (Shen et al., 2016). MZ 

B cells accumulate in the salivary glands of SS patients (Daridon et al., 2006) and most 

lymphomas that develop in conjunction with SS are derived from MZ B cells (Nocturne & 

Mariette, 2015), suggesting that these cells play an important role in SS pathogenesis. It 

would be interesting to determine whether P2Y2Rs are specifically expressed in MZ B cells 

and how P2Y2R antagonism affects this population of B cells in SS models. Despite the 

body of evidence implicating B cells in SS pathogenesis, B cell depletion using Rituximab 

has been largely ineffective as a therapeutic strategy (Letaief et al., 2018), possibly due to 

co-depletion of anti-inflammatory B regulatory cells that are elevated in human SS patients 

(Mielle et al., 2019). Another explanation for the lack of Rituximab efficacy may be that it 

fails to deplete long-lived plasma cells (Mahevas et al., 2013; Rosenberg et al., 2016).

The exciting in vivo findings that both P2X7R (Khalafalla et al., 2017) and P2Y2R 

antagonism (shown here) ameliorate SS-related hyposalivation and resolve lymphocytic 

infiltration in the salivary glands of NOD.H-2h4 DKO mice support targeting the ATP-

P2X7R-P2Y2R axis as a therapeutic strategy for the treatment of SS in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Systemic administration of the selective P2Y2 receptor (P2Y2R) antagonist, 

AR-C118925, resolves salivary gland inflammation and improves saliva flow 

in the NOD.H-2h4,IFNγ−/−,CD28−/− mouse model of Sjögren’s syndrome.

• Single-dose localized administration of AR-C118925 did not resolve 

inflammation or affect saliva flow in NOD.H-2h4,IFNγ−/−,CD28−/− mice.

• Functional P2Y2Rs are expressed in isolated salivary gland B lymphocytes

• P2Y2Rs expressed in salivary gland B lymphocytes promote migration and 

IgM secretion.
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Figure 1. B and T lymphocytes are the predominant immune cell populations in submandibular 
glands of NOD.H-2h4 DKO mice.
(A) Immune cells isolated from SMGs of 5 month old female NOD.H-2h4 DKO and 

C57BL/6 mice were stained with a panel of fluorophore-conjugated antibodies to identify B 

Cells (CD45+,CD19+), T cells (CD45+,CD3+) and macrophages (CD45+,F4/80+) by flow 

cytometric analysis. (B and C) Formaldehyde-fixed, paraffin-embedded SMG sections from 

5 month old NOD.H-2h4 DKO and C57BL/6 mice stained with H&E, anti-CD3 (T cell 

marker) or anti-B220 (B cell marker) antibodies. Data represent means ± S.E.M. for n = 4 or 

5 mice, where ****P < 0.0001.
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Figure 2. Intraglandular administration of the P2Y2R antagonist AR-C118925 does not resolve 
sialadenitis in SMGs of NOD.H-2h4 DKO mice.
AR-C118925 (30 μl of 100 μM antagonist in saline) or saline (control) was administered in 

the SMG by intraglandular infusion through the Wharton’s ducts of 4.5 month old female 

NOD.H-2h4 DKO mice. After three days, carbachol-induced saliva was collected and SMGs 

were subjected to histological, qRT-PCR and flow cytometric analyses. (A) Representative 

images of H&E-stained, formaldehyde-fixed and paraffin-embedded sections of treated 

SMGs showing lymphocytic foci. (B) Lymphocytic focus score quantification. (C) cDNA 

prepared from intraglandular AR-C118925- or saline-treated SMGs was subjected to qRT-
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PCR analysis using specific primers for the pan immune cell marker CD45, the B cell 

marker CD20 or the T cell marker CD3. A higher ΔCt value indicates lower expression. (D) 

Immune cells isolated from SMGs of female NOD.H-2h4 DKO mice were stained with a 

panel of fluorophore-conjugated antibodies to identify B cells (CD45+,CD19+), T cells 

(CD45+,CD3+) and macrophages (CD45+,F4/80+) by flow cytometric analysis. (E) Saliva 

was collected from control and AR-C118925-treated mice for 15 minutes following i.p. 

injection of 0.25 mg/kg carbachol. (F) Spearman correlation reveals an inverse relationship 

between the volume of saliva secretion and focus score in both the AR-C118925- and saline-

treated mice. Data are means ± S.E.M. for n = 3 or 5 experiments for qRT-PCR and n = 7 or 

8 mice for all other data, where *P < 0.05.
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Figure 3. Systemic P2Y2R antagonist AR-C118925 diminishes lymphocytic foci and improves 
salivation in NOD.H-2h4 DKO mice.
AR-C118925 (1 mg/kg/day) or corn oil (control) was administered by daily intraperitoneal 

injection for 10 days in 4.5 month old female NOD.H-2h4 DKO mice. (A) Representative 

images of H&E-stained, formaldehyde-fixed and paraffin-embedded sections of treated 

SMGs showing lymphocytic foci. (B) Lymphocytic focus score quantification. (C) cDNA 

prepared from SMGs of mice treated systemically with AR-C118925 or corn oil was 

subjected to qRT-PCR analysis using specific primers for the pan immune cell marker 

CD45, the B cell marker CD20 or the T cell marker CD3. A higher ΔCt value indicates 
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lower expression. (D) Immune cells isolated from SMGs of female NOD.H-2h4 DKO mice 

were stained with a panel of fluorophore-conjugated antibodies to identify B cells 

(CD45+,CD19+), T cells (CD45+,CD3+) and macrophages (CD45+,F4/80+) by flow 

cytometric analysis. (E) Saliva was collected from control and AR-C118925-treated mice for 

15 minutes following i.p. injection of 0.25 mg/kg carbachol. (F) Spearman correlation 

reveals an inverse relationship between the volume of saliva secretion and focus score in 

both the AR-C118925- and vehicle-treated mice. Data are means ± S.E.M. for n = 7 or 8 

mice, where *P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 4. SMG B cells express functional P2Y2R.
(A) Isolated B cells from SMGs of 5 month old female NOD.H-2h4 DKO and C57BL/6 

mice were subjected to qRT-PCR analysis using specific primers for P2Y2R. (B) Dispersed 

NOD.H-2h4 DKO SMG cells were loaded with the Ca2+-sensitive dye Fluo-4 AM and 

stained with anti-B220 APC-conjugated antibodies to identify B cells, then 100 μM UTP-

induced Δ[Ca2+]i was determined by continuous measurement of the change in Fluo-4 

fluorescence in B220-positive B cells using flow cytometric analysis. UTP-induced Δ[Ca2+]i 

was quantified in B cells treated with or without the P2Y2R antagonist AR-C118925 (10 
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μM) for 5 minutes. Data are shown as the fold change in mean fluorescence over baseline 

mean fluorescence. (C) Isolated NOD.H-2h4 DKO SMG B cells were pre-treated with or 

without AR-C118925 (10 μM, 1 hour), then treated for 5 minutes with 100 μM UTP or 10 

μg/ml IgM and Western analysis of phospho-ERK1/2 (Thr202/Tyr204) and total ERK1/2 

expression was performed. (D) B cells in RPMI media with or without AR-C118925 pre-

treatment were placed in the upper well of a Transwell chamber (5 μm pore) and 100 μM 

UTP or 50 ng/ml CXCL12 was added to the lower chamber. B cell migration into the lower 

chamber was quantified after 4 h. (E) Following a 1 hour pre-treatment with or without 10 

μM AR-C118925, SMG B cells were treated for 72 hours with 100 μM UTP or 1 μM PMA 

and IgM secretion into the media was measured by ELISA. Data represent means ± S.E.M. 

for n ≥ 3 experiments, where *P < 0.05, **P < 0.01 and ***P < 0.001.
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