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A B S T R A C T

Objectives: G protein-coupled receptors (GPCRs) participate in various pathophysiological pro-
cesses in Sj€ogren’s disease (SjD); in particular, autoantibodies against muscarinic acetylcholine
receptor 3 (M3R) inhibit the secretion of saliva and tears by exocrine glands. We aimed to iden-
tify autoantibodies targeting other muscarinic receptors in SjD and assess their potential func-
tional relevance to signalling pathways.
Methods: Autoantibodies against all muscarinic acetylcholine receptor subtypes were investi-
gated in the serum of patients with SjD (n = 347) using enzyme-linked immunosorbent assays
(ELISAs). Healthy controls (HCs; n = 50), patients with non-Sj€ogren’s sicca syndrome (NSS;
n = 44), and patients with other autoimmune diseases (AIDs; n = 67) served as controls. To
analyse the functional role of muscarinic receptor autoantibodies against muscarinic acetylcho-
line receptors 1 to 3 and 5 (M1R, M2R, M3R, and M5R, respectively), purified immunoglobulin
(Ig) G fractions from patients with SjD (n = 10) and HCs (n = 10) were examined in Chinese
hamster ovary (CHO) cells transfected with the specific receptor using calcium mobilisation and
cyclic adenosine monophosphate (cAMP) accumulation assays.
Results: IgG autoantibodies against M1R to M5R were significantly increased in patients with SjD
compared with HCs (p ≤ .05) and detected in up to 30% of patients. A combination of anti-M2R,
anti-M3R, and anti-M5R identified up to 31% of Ro/SSA-negative SjD cases, with 96% and 75%
specificity for SjD vs HCs and SjD vs NSS, respectively. Functionally, purified IgG from SjD serum
reduced calcium flux by up to 30% in M1R-, M3R-, and M5R-expressing CHO cells, whereas its
effects on cAMP accumulation in M2R-transfected cells were absent.
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Conclusions: The association between autoantibodies targeting M1R to M5R in patients with SjD
and their functional quantification provides strong evidence that autoantibodies against all mus-
carinic receptor isotypes may have pathogenic relevance in SjD.
INTRODUCTION

Sj€ogren’s disease (SjD) is a chronic inflammatory autoim-
mune disorder characterised by lymphocytic infiltration of the
lacrimal and salivary glands, resulting in their dysfunction.

What is already known about this topic

� Muscarinic acetylcholine receptors 1 to 5 (M1R-M5R) are G pro-
tein-coupled receptors found on human labial cells.

� Autoantibodies targeting M3R suppress intracellular calcium
flux and lead to reduced tear and salivary flow in patients with
Sj€ogren’s disease (SjD).

What this study adds

� Enzyme-linked immunosorbent assays detected autoantibodies
against M1R to M5R in patients with SjD.

� Purified immunoglobulin (Ig) G from patients with SjD signifi-
cantly inhibited calcium flux via Gαq-coupled muscarinic ace-
tylcholine receptors.

How this study might affect research, practice or policy

� Detection of muscarinic autoantibodies, combined with func-
tional analysis, enhances understanding of the pathogenesis of
SjD and provides a basis for new therapeutic strategies aimed
at inhibiting the activity of these functional autoantibodies in
order to reduce their suppressive effect and potentially allevi-
ate symptoms in patients with SjD.
As a result, patients with SjD complain about ocular and oral
dryness. Furthermore, 40% of patients with SjD develop extra-
glandular manifestations, including lung involvement, and they
also have an increased risk of developing B-cell non-Hodgkin
lymphoma [1]. The exact pathophysiological mechanism of SjD
is poorly understood. Histopathological findings of the salivary
glands of patients with SjD indicate that exocrine glands may
retain their structural integrity despite pronounced secretory
dysfunction. In addition, acinar tissue may regain its function in
vitro [2]. Therefore, impaired glandular secretion in SjD cannot
be solely a consequence of tissue destruction; other factors must
interfere with the secretory process.

Autoantibodies against muscarinic acetylcholine receptor 3
(M3R) were discovered decades ago [3]. In SjD, autoantibodies
targeting the second extracellular loop of M3R exert an antago-
nistic effect on human salivary gland cells, suppressing the
increase in intracellular calcium. Consequently, tear and sali-
vary flow are reduced in patients with SjD [4−6]. Antibodies
against M3R are not found in all patients with SjD and reduce
gland control via muscarinic nerves only partially; therefore,
they cannot be the sole cause of glandular hypofunction.

M3R belongs to the G protein-coupled receptor (GPCR) fam-
ily, a group of 7-transmembrane receptors that form the largest
class of integral membrane proteins in humans [7,8]. The mus-
carinic acetylcholine receptor subclass consists of 5 members
(muscarinic acetylcholine receptors 1-5 [M1R-M5R]). Subtypes
of muscarinic receptors are found on human labial cells from
both healthy and SjD individuals. However, M2R has been
reported at very low levels in both groups [9,10].
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The present study aimed to investigate autoantibodies
against M1R to M5R and to analyse their functional activity in
SjD.

METHODS

Study subjects

Serum samples from a total of 347 patients with primary SjD
were recruited from the Department of Rheumatology and
Immunology at the Hannover Medical School, Germany
(n= 171), the Department of Respiratory Medicine at Hannover
Medical School, Germany (n = 46), the Department of Medi-
cine/Rheumatology and Clinical Immunology at Charit�e in Ber-
lin, Germany (n = 72), and the Department of Medicine/
Rheumatology Clinic at the University of Udine, Italy (n = 58).
Additional serum samples from patients with rheumatoid arthri-
tis (RA; n = 33), systemic lupus erythematosus (SLE; n = 34),
non-Sj€ogren’s sicca syndrome (NSS; n = 44) who did not fulfil
the 2016 American College of Rheumatology/European Alliance
of Associations for Rheumatology (ACR/EULAR) classification
criteria for SjD, and healthy controls (HCs; n = 48-50) were
obtained from the Department of Rheumatology and Immunol-
ogy at the Hannover Medical School. None of the controls with
other autoimmune diseases was diagnosed with secondary SjD;
only individuals confirmed to be negative for Ro/SSA antibodies
and without sicca symptoms (as verified by Saxon and Schirmer
tests) were included. All study participants fulfilled the ACR/
EULAR classification criteria for their respective diseases [11
−13]. Serum samples were aliquoted and stored at −80°C until
use.

The clinical and demographic characteristics of the 289
patients with SjD from Hannover and Berlin, and the controls
(RA, SLE, NSS, and HCs), are shown in Table 1. The characteris-
tics of the SjD samples from Udine were not registered.

Quantification of autoantibodies against muscarinic
acetylcholine receptors by enzyme-linked immunosorbent assay

Human immunoglobulin (Ig) G autoantibodies against M1R
to M5R were detected in serum samples using enzyme-linked
immunosorbent assays (ELISAs; CellTrend GmbH) according to
the manufacturer’s instructions. Briefly, GPCR-coated polysty-
rene plates were incubated with a 1:100 serum dilution for
2 hours at 4°C, followed by incubation with horseradish peroxi-
dase (HRP)-labelled goat anti-human IgG for 1 hour. The auto-
antibody concentration was quantified in arbitrary units (U)
per millilitre using a 5-point standard curve, ranging from 2.5 to
40 U/mL.

Quantification of autoantibodies against muscarinic
acetylcholine receptors by Western blot

Recombinantly expressed and purified M1R to M5R proteins
were provided by CellTrend GmbH. These were separated by
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto nitrocellulose membranes
along with a molecular weight marker (YesBlot Western Marker



Table 1
Characteristics of Sj€ogren’s disease patients and healthy controls in autoantibody quantification and functional analysis, as well as control groups, includ-
ing non-Sj€ogren’s sicca syndrome, rheumatoid arthritis, and systemic lupus erythematosus, in autoantibody screening.

Autoantibody quantification Functional analysis

HC n = 50 SjD n = 289 Other AIDs n = 67 NSS n = 44 HC n = 10 SjD n = 10

Hannover
n = 217

Berlin n = 72 RA n = 33 SLE n = 34

Female, (%) 63.6 77.3 94.3 66.7 76.5 90 70.0 90.0
Age (y) at visit 46.8 61 47 57.8 47.3 54.7 39 64
Age (y) at onset 56 NA 48
Laboratory values, (%)
ANA ≥ 1:160 77.2 NA 48.5 100.0 52.3 100.0
Rheumatoid factor-positive 31.8 64.2 72.7 2.9 4.5 80.0
Presence of Ro/SSA antibodies 61.6 80.6 0.0 35.3 0.0 60.0
Presence of La/SSB antibodies 21.4 45.8 0.0 5.9 0.0 10.0
Oral and ocular tests, (%)
Saxon test pathological 49.3 100.0 54.5 20.0
Schirmer test pathological 68.5 33.3 65.9 60.0
Salivary gland biopsy, (%)
Biopsy performed 42.3 11.4 45.5 80.0
Chisholm-Mason grade ≥3 58.8 62.5 0.0 87.5
ESSDAI, (%)
Constitutional symptoms 9.7 50.0 10.0
Lymphadenopathy 2.7 1.4 0.0
Glandular involvement 5.3 51.4 0.0
Articular involvement 26.9 31.4 40.0
Cutaneous involvement 3.4 8.6 0.0
Pulmonary involvement 57.2 4.3 10.0
Renal involvement 4.0 0.0 10.0
Muscular involvement 3.4 2.9 10.0
Peripheral nervous system involvement 11.1 5.7 50.0
Central nervous system involvement 2.9 0.0 0.0
Haematological involvement 30.2 42.9 50.0
Biological involvement 15.7 21.4 10.0

AID, autoimmune disease; ANA, antinuclear antibody; ESSDAI, EULAR Sj€ogren’s Syndrome Disease Activity Index; HC, healthy control; NA, not available; NSS,
non-Sj€ogren’s sicca syndrome; RA, rheumatoid arthritis; SjD, Sj€ogren’s disease; SLE, systemic lupus erythematosus.
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I, SMOBio Technology). Membranes were blocked (ROTI
Block, Carl ROTH) and incubated overnight at 4°C with 1:50
dilutions (in ROTI Block) of purified IgG isolated from either
HC sera or SjD patient sera (see ‘Purification of IgG from
patient serum’). Following the washing steps, bound antibod-
ies were detected using HRP-conjugated anti-human IgG
(Jackson ImmunoResearch, 1:2000 dilution in ROTI Block)
and Westar ECL substrate (Cyanagen). Signal acquisition of
chemiluminescent immunoreactive bands was performed
using exposure times of 5 and 15 seconds on a Chemostar
Plus imager (Intas).
Cell culture of Chinese hamster ovary cells

Chinese hamster ovary (CHO) cells were stably transfected
with human muscarinic acetylcholine receptors obtained from
the European Collection of Authenticated Cell Cultures (ECACC;
CHO-CHRM1, CHO-CHRM2, T02J-7/10 [CHO-CHRM3], and
CHO-CHRM5). Cells were cultivated in Ham’s F12 medium (Bio-
&Sell) supplemented with 10% fetal bovine serum (FBS; Bio-
&Sell), 1% glutamine (Bio&Sell), and 0.5 mg/mL G418 (Gibco).

Cell-surface expression of the muscarinic acetylcholine recep-
tors was verified by a commercial supplier (InSCREENeX
GmbH), as described by Schucht et al. [14]. Unpublished data
from InSCREENeX GmbH showed that nontransfected CHO cells
did not endogenously express muscarinic acetylcholine recep-
tors. In CHO cells transfected with M4R, receptor expression
could not be verified; therefore, no further functional analyses
were performed.
3

Purification of IgG from patient serum

IgG was isolated from patient sera using immobilised Pierce
Protein A Agarose (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The purified IgG was buffered with
phosphate-buffered saline (PBS; Bio&Sell) and diluted to a final
concentration of 3 g/L.
Calcium mobilisation assay

Intracellular calcium flux was assessed by incubating Gαq-
coupled muscarinic acetylcholine receptor-transfected cells with
Calbryte 520 AM (4 µM; AAT Bioquest) in calcium-free Hanks’
balanced salt solution (HBSS) buffer (Sigma-Aldrich) containing
20 mM HEPES (Carl ROTH) for 1 hour at 37°C. After staining,
cells were washed, resuspended in HBSS buffer containing puri-
fied human IgG, and incubated for 15 minutes at 37°C. The mus-
carinic receptor agonist carbachol (Merck Millipore) was added
at a cell line-specific concentration corresponding to the half-
maximal effective concentration (EC50). The EC50 values were
determined from prior dose-response experiments (CHO-M1R: 7
nM; CHO-M3R: 2 nM; CHO-M5R: 10 nM). Changes in intracellu-
lar calcium concentrations were determined using a Synergy
HTX reader (BioTek) at 520 nm and calculated from baseline,
minimum, and maximum fluorescence intensity signals obtained
after the subsequent addition of ethylene glycol tetraacetic acid
(EGTA; 600 mM; Sigma-Aldrich) and 30% Triton X-100 (Sigma-
Aldrich). All conditions were tested in technical triplicate and
validated in 3 independent experiments.



Table 2
Prevalence of muscarinic autoantibodies in Sj€ogen’s disease patients at the study centres Hannover, Berlin, and Udine.

% Positive patients

SjD (n = 347)

Antigen P valuea P valueb HC n= 50 All Ro/SSA-negative H n= 217 B n = 72 U n = 58 NSS n = 44 AID n = 67

IgG_M1R 3.52.10−05 1.60.10−03 3.8 10.4 6.7 6.5 22.2 10.3 2.3 11.9
IgG_M2R 2.98.10−05 1.00.10−04 3.8 29.7 23.3 21.7 52.8 31.0 15.9 14.9
IgG_M3R 3.24.10−02 1.00.10−04 3.8 13.8 12.2 14.7 15.3 8.6 9.1 6.0
IgG_M4R 3.22.10−04 1.00.10−04 3.8 16.4 8.8 12.9 26.4 17.2 15.9 11.9
IgG_M5R 2.03.10−02 1.00.10−03 1.9 16.7 7.8 12.4 16.7 32.8 0.0 13.4

HCs and patients with NSS, as well as patients with AIDs, including those with rheumatoid arthritis (RA; n = 33) and systemic lupus (SLE; n = 34), served
as controls. Patients with a positive status are reported as a percentage and defined using the receiver operating characteristic (ROC) curve, with the opti-
mal likelihood ratio serving as the cutoff.
AID, autoimmune disease; B, Berlin; H, Hannover; HC, healthy control; IgG, immunoglobulin G; M1R to M5R, muscarinic acetylcholine receptors 1 to 5;
NSS, non-Sj€ogren’s sicca syndrome; U, Udine.

a Comparison of P values for patients with SjD vs HCs using the Mann-Whitney U test.
b Comparison of P values for patients with SjD vs HCs using Fisher’s exact test.
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Cyclic adenosine monophosphate accumulation assay

Cells with Gαi-coupled muscarinic acetylcholine receptors
were preincubated with purified human IgG for 15 minutes at
37°C and then stimulated with a mixture of carbachol and 5 µM
forskolin (Sigma-Aldrich) for 10 minutes at room temperature
(RT). Forskolin was used to increase intracellular cyclic adeno-
sine monophosphate (cAMP) levels, thereby providing a measur-
able signal for inhibition. Meanwhile, carbachol acted as an
agonist at muscarinic receptors, counteracting the effects of for-
skolin-induced cAMP accumulation. The half-maximal inhibi-
tory concentration (IC50) value of carbachol in the presence of 5
µM forskolin was quantified in initial dose-response experiments
(CHO-M2R: 5 nM). The concentration of forskolin was selected
based on previous studies in CHO cells [15]. This setup allowed
assessment of whether IgG interferes with the inhibitory effect
of carbachol on forskolin-stimulated cAMP signalling. Following
stimulation, the cells were lysed in acetonitrile (Th. Geyer
GmbH & Co. KG), methanol (Avantor Performance Materials),
and water (2:2:1), supplemented with 25 ng/mL tenofovir
(internal standard [IS]; National Institutes of Health). Intracellu-
lar cAMP concentrations were analysed by high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS; Shimadzu Nexera, Shimadzu Scientific Instruments; Sciex
QTRAP 5500 System). All conditions were tested in technical
triplicate and validated in 3 independent experiments.
Data analysis

The antigen profiles of patients with SjD and HCs were com-
pared using the Mann-Whitney U test, and p values of <.05 were
considered statistically significant. In addition, the data were
binarised using the receiver operating characteristic (ROC)
curve based on the optimal likelihood ratio for SjD classification,
and further statistically tested with Fisher’s exact test. The anti-
gen profile results were visualised using heatmaps and violin
plots.

For a comparative analysis of mobilised calcium across meas-
urements, the calcium concentrations observed in the calcium
mobilisation assay were normalised to the maximum signal
from carbachol-only stimulation. The percentage of calcium in
carbachol-activated CHO cells, in the presence of purified IgG
from HCs and patients with SjD, was plotted as a scatter plot.
Statistical analysis was performed using the Mann-Whitney U
test. ROC analysis was used to determine inhibitory reactivity
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by comparing patients with SjD with HCs. Correlation analyses
were performed using Pearson’s correlation coefficient to exam-
ine the relationship between the calcium assay and ELISA con-
centrations. The results were visualised as scatter plots with
linear regression lines and 95% CIs.

Regarding the data analysis of the cAMP accumulation assay,
the observed cAMP concentrations were normalised to the maxi-
mum cAMP concentration induced by forskolin, expressed as a
percentage, and plotted as a scatter plot. A Kruskal-Wallis test
was conducted to compare cAMP concentrations between HCs
and patients with SjD.
RESULTS

Autoantibodies against muscarinic receptors in SjD

Autoantibodies against M1R to M5R were measured in
patients with SjD (n = 347), HCs (n = 48-50), NSS (n = 44),
and patients with other autoimmune diseases (AIDs; n = 67)
using ELISA.

The concentrations of muscarinic autoantibodies were signif-
icantly higher in patients with SjD than that in HCs (Mann-Whit-
ney U test; Table 2). The prevalence of autoantibodies in the
study groups was determined using antigen-specific cutoffs
defined by the ROC curve and the optimal likelihood ratio. Auto-
antibodies against M1R to M5R were found in 10% to ∼30% of
patients with SjD (Figs 1 and 2A-E, Table 2, and Supplementary
Fig S2).

Using principal component analysis, comparative studies of
autoantibody reactivity in patients with SjD across the study
centres revealed similarities in global distribution (Supplemen-
tary Fig S3). Minor differences were found in anti-M2R autoanti-
bodies across the study centres. The Berlin cohort had
approximately twice as many autoantibodies as the Hannover
cohort (Table 2). Furthermore, the autoantibody profiles of
patients with SjD and controls (HCs, NSS, and AIDs) showed dis-
tinct yet overlapping patterns.

Notably, autoantibodies against muscarinic receptors were
more prevalent in patients with SjD than in HCs. Specifically,
anti-M1R, anti-M2R, anti-M3R, and anti-M5R were more frequent
in patients with SjD than in patients with NSS, with distinct
overlap observed across groups, including shared anti-M4R reac-
tivity, while anti-M1R and anti-M5R were largely absent in
patients with NSS (Table 2 and Supplementary Fig S2).



Figure 1. Unsupervised hierarchical cluster analysis of autoantibody
reactivity of the muscarinic acetylcholine receptors 1 to 5 (M1R-M5R) as
antigen targets in Sj€ogren’s disease (SjD; n = 347) compared with
patients with healthy individuals (HC, n≤50), non-Sj€ogren’s sicca syn-
drome (NSS, n=44) and other autoimmune disease patients (AID,
n=67). Each column represents an individual patient, and each row cor-
responds to a specific muscarinic autoantibody. The colour code indi-
cates whether individuals are positive (red) or negative (blue) for the
specific autoantibody. The bar chart on the right shows the overall prev-
alence of each muscarinic autoantibody among all patients with SjD,
expressed as the percentage of patients with detectable immunoglobulin
(Ig) G against that antigen.
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Given the diagnostic challenges in identifying Ro/SSA-nega-
tive patients with SjD, we investigated the presence of musca-
rinic autoantibodies in this subgroup (n = 90). These
Figure 2. A-E, Violin plots of autoantibody concentration (in U/mL) of m
M5R]) are shown for the individual sample groups (patients with Sj€ogren’s di
Sj€ogren’s sicca syndrome [NSS], n = 44; and patients with other autoimmun
the Mann-Whitney U test. *p ≤ .05; **p ≤ .01; ***p ≤ .001.
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autoantibodies were found in up to 23% of patients in this sub-
cohort, with anti-M2R demonstrating the highest IgG reactivity
(Table 2). Combining all muscarinic autoantibodies enabled the
detection of 33% of patients with SjD who were negative for Ro/
SSA, with specificities of 92% and 64% are for SjD vs HCs and
SjD vs NSS, respectively. The specificity improved when the
detection panel consisted only of anti-M2R, anti-M3R, and anti-
M5R, enabling the detection of 31% of patients with SjD, with
specificities of 96% and 75% are for SjD vs HCs and SjD vs NSS,
respectively.

Furthermore, associations between the presence of antibod-
ies against M1R to M5R and antinuclear antibodies (ANA),
hypergammaglobulinemia, rheumatoid factor and complement
depletion, markers of glandular involvement (pathological
saliva and tear production and salivary gland biopsy results),
and clinical manifestations (selected European Alliance of Asso-
ciations for Rheumatology Sj€ogren’s Syndrome Disease Activity
Index (ESSDAI) domains, disease activity, duration, and onset)
were investigated using Fisher’s exact test; the 289 patients
with SjD from Hannover and Berlin were included in the analy-
sis (Supplementary Table S1). Notably, a positive rheumatoid
factor result was associated with the presence of anti-M2R, anti-
M4R, and anti-M5R antibodies. Higher IgG concentrations
showed a significant positive correlation with anti-M2R,
whereas the haematological domain was positively associated
with anti-M5R. However, none of these associations remained
statistically significant after accounting for multiple testing
using the Benjamini-Hochberg procedure. Furthermore, the
presence of inhibitory autoantibodies was not associated with
clinical manifestations, including dryness, as assessed by the
Saxon and Schirmer tests.
uscarinic autoantibodies (muscarinic acetylcholine receptors 1-5 [M1R-
sease [SjD], n = 347; healthy controls [HCs], n ≤ 50; patients with non-
e disease patients [AIDs], n = 67). Statistical analysis was performed by



Figure 3. Relative cytosolic calcium concentrations in carbachol-activated Chinese hamster ovary (CHO) cells preincubated with purified human
immunoglobulin (Ig) G from Sj€ogren’s disease (SjD; n = 10) patients and healthy controls (HCs; n = 10). Normalisation was performed to the individ-
ual maximal calcium concentration in CHO cells (A: CHO-M1R; B: CHO-M3R; C: CHO-M5R) induced by carbachol without preincubation. The mean of
3 replicate experiments per patient or control is represented by a data point. Red dotted lines indicate the inhibitory cutoff. Statistical analysis was per-
formed by the Mann-Whitney U test. *p ≤ .05; **p ≤ .01 compared with HCs.
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The specificity of the ELISA was confirmed by inhibition and
cross-inhibition assays performed with well-characterised anti-
body-positive and antibody-negative sera, thereby enabling dis-
crimination between specific and nonspecific signal
contributions. Preincubating SjD sera on separate ELISA plates
coated with identical muscarinic receptor antigens resulted in
lower optical densities for the receptor-specific antibodies (anti-
M1R to anti-M5R) in question (Supplementary Fig S1). Addition-
ally, supplementing the sera with a 10-fold higher concentration
of soluble M3R antigen almost completely inhibited binding to
M3R-coated ELISA plates. This decrease in signal intensity indi-
cates that antigen-specific Igs present in the sera were competi-
tively absorbed during the preincubation step. Cross-inhibition
was ruled out, as preincubation with any of the other 4 musca-
rinic receptor subtypes did not significantly reduce the optical
densities.

Despite the demonstrated specificity of the ELISA, a second
independent method was established to further verify the pres-
ence of muscarinic receptor autoantibodies in SjD sera. To this
end, purified recombinant muscarinic receptor proteins were
subjected to Western blot analysis and probed with purified IgG
fractions from either patients with SjD or HCs. Immunoreactive
bands at ∼70 kDa were readily detectable in lanes where M3R
and M4R proteins were loaded. In contrast, in lanes loaded with
M1R, M2R, and M5R, only very faint bands appeared at 70 kDa,
whereas stronger immunoreactivity was observed at ∼15 kDa.
However, consistent with the ELISA findings, IgG from patients
with SjD, on average, exhibited stronger M3R- and M4R-immu-
noreactive bands compared with IgG from HCs (Supplementary
Fig S4), indicating increased antibody reactivity against musca-
rinic receptor proteins in patients’ samples. Thus, Western blot
6

analysis independently confirmed the presence of muscarinic
receptor autoantibodies in SjD patient sera, probably at a higher
titre and/or reactivity than in HC samples.

Impact of purified serum IgG on CHO cells transfected with Gαq-
coupled muscarinic acetylcholine receptors

To address the functional relevance of autoantibodies against
Gαq-coupled M1R, M3R, and M5R in SjD, calcium mobilisation
was quantified by measuring cytosolic calcium concentration in
CHO cells in the presence of purified IgG from patients with SjD
(n = 10) or HCs (n = 10; Table 1). SjD sera were selected based
on their positivity in the ELISA. A detailed overview of these
results can be found in Supplementary Table S2. Notably, none
of the 10 patients tested positive for all muscarinic receptor
autoantibodies. Rather, each patient tested positive for only a
subset of the antibodies tested.

No intrinsic activity was observed when cells were stimulated
with purified IgG alone. Preincubation with purified IgG (final
concentration 1.5 g/L) from patients with SjD or HCs, followed
by stimulation with carbachol at an EC50 concentration, showed
that IgG from patients with SjD significantly inhibited calcium
flux through all Gαq-coupled muscarinic acetylcholine receptors,
in contrast to IgG from HCs (Fig 3). Depending on the receptor,
calcium flux was inhibited by up to 30% (M1R: 20%; M3R: 30%;
M5R: 10%) relative to the mean calcium flux in HC samples. Cal-
cium concentrations ≤75% to 84% were determined as inhibi-
tory with a specificity of 100% using ROC analysis (M1R: ≤80%;
M3R: ≤84%; M5R: ≤75%). Accordingly, 60% to 80% of patients
with SjD had inhibitory antimuscarinic autoantibodies (M1R:
60%; M3R: 80%; M5R: 70%).



Figure 4. Correlation-based comparison of the muscarinic autoantibody concentration derived from enzyme-linked immunosorbent assay (ELISA)
and the relative calcium concentration determined by the calcium mobilisation assay. (A) CHO-M1R, (B) CHO-M3R, and (C) CHO-M5R. M1R, M3R, and
M5R, muscarinic acetylcholine receptors 1, 3, and 5, respectively.

Figure 5. Relative cyclic adenosine monophosphate (cAMP) accumula-
tion in CHO-M2R cells preincubated with purified immunoglobulin (Ig)
G from patients with Sj€ogren’s disease (SjD; n = 10) or healthy controls
(HCs; n = 10). To test the effects of IgG, the cells were subsequently
stimulated with a mixture of forskolin and carbachol, with forskolin
increasing intracellular cAMP levels and carbachol at its half-maximal
inhibitory concentration (IC₅₀) confirming M2R-mediated inhibition.
Data were normalised to the maximum forskolin-induced cAMP
response. The mean of 3 replicate experiments per patient or control is
represented by a data point. Statistical analysis was performed by the
Kruskal-Wallis test. *p ≤ .05; **p ≤ .01.
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Furthermore, the correlation between the autoantibody con-
centration determined by ELISA and the inhibitory activity of
autoantibodies in the calcium mobilisation assay was assessed
(Fig 4). A nonsignificant negative association between the 2
assays was observed for M3R and M5R, suggesting that increased
inhibitory activity in the calcium mobilisation assay was related
to a higher autoantibody concentration in the ELISA. In contrast,
a nonsignificant positive correlation was observed between the
2 M1R assays, indicating that a greater inhibitory effect was
associated with a lower autoantibody concentration.

Impact of purified serum IgG on CHO cells transfected with Gαi-
coupled M2R

The functional relevance of autoantibodies against Gαi-cou-
pled M2R in SjD was examined using a cAMP accumulation
assay. No intrinsic activity of purified IgG alone was observed in
CHO-M2R. To evaluate the impact of IgG fractions on M2R sig-
nalling, forskolin was used to increase intracellular cAMP levels.
Carbachol acts as an agonist at muscarinic receptors and inhibits
forskolin-induced cAMP accumulation. It was used at its IC₅₀
concentration as a positive control to verify receptor-mediated
7

inhibition, thereby providing a functional readout to assess
whether IgG interferes with inhibitory signalling. In this system,
IgG from HCs partially restored cAMP levels above the minimum
induced by carbachol, indicating agonistic or synergistic activity
(Fig 5). By contrast, IgG from patients with SjD did not modify
cAMP accumulation, which remained at the level suppressed by
carbachol.
DISCUSSION

In this study, we systematically investigated autoantibodies
targeting all muscarinic acetylcholine receptor subtypes in a
large cohort of patients with SjD and in individuals with sicca
symptoms. To our knowledge, this is the first study to compre-
hensively analyse the presence of autoantibodies against multi-
ple muscarinic receptors in patients with SjD, whereas previous
reports have focused primarily on M3R and M5R [5,16,17].
Additionally, we conducted functional analyses to evaluate the
effect of these autoantibodies on receptor activity. While previ-
ous studies have primarily focused on M3R, our work extends
these findings by providing the first functional data on M1R and
M5R.

In the muscarinic autoantibody reactivity study, autoantibod-
ies against M1R to M5R were significantly more common in
patients with SjD than in HCs. This observation extends previous
studies reporting the presence of autoantibodies against M3R
and M5R in patients with SjD. In addition, anti-M3R were also
found in patients with other AIDs, including systemic sclerosis
(SSc) and SLE [18,19]. Since autoantibodies against M1R to M5R
were also found in the Ro/SSA-negative SjD patient group, they
could be used to improve the identification of these patients,
which currently relies on invasive salivary gland biopsy. Com-
bining 3 of the 5 muscarinic autoantibodies (anti-M2R, anti-
M3R, and anti-M5R) enabled the detection of approximately
one-third of Ro/SSA-negative patients with SjD. Furthermore,
this study revealed that autoantibodies against M2R, M3R, and
M4R were also more common among individuals with sicca
symptoms who did not meet the classification criteria for SjD
than in HCs. SjD was excluded in these patients because they
had no Ro/SSA autoantibodies, and the salivary gland biopsy
did not meet the Chisholm-Mason grade 3 or higher criteria. In
our cohort, 33/35 biopsies from Ro/SSA-positive patients with
SjD revealed a Chisholm-Mason grade of at least 3, indicating a
biopsy sensitivity of 94.3% at our institution. However, a
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proportion of NSS individuals may have SjD that is not detected
on salivary gland biopsy. There may, however, be an additional
subset of NSS individuals in whom autoantibodies against mus-
carinic acetylcholine receptors may contribute to the pathogene-
sis of reduced glandular function.

In our functional analysis, purified IgG from patients with SjD
was found to significantly inhibit calcium flux in CHO-M3R cells,
resulting in a reduction of approximately 30% in calcium signal-
ling. Similar inhibitory effects were observed in CHO-M1R and
CHO-M5R cells, demonstrating for the first time that autoanti-
bodies against these receptor subtypes can impair Gαq-coupled
receptor signalling. These results corroborate previous studies
indicating reduced calcium responses in CHO-M3R cells and
human submandibular gland (HSG) cells when exposed to SjD
IgG and support the notion that autoantibodies can interfere
with agonist binding to salivary gland membranes [4,20,21]. To
the best of our knowledge, this is the first study to show that
autoantibodies have an antagonistic effect on M1R and M5R,
thereby inhibiting their activity and subsequent signalling. As
both M1R and M5R have been identified in salivary gland tissue,
these findings suggest a possible mechanistic link to glandular
hypofunction in SjD. Beyond the classical focus on M3R, which
has been extensively studied in the context of impaired calcium-
dependent secretion, our data suggest that other muscarinic
receptor subtypes may contribute to pathogenesis. Antagonistic
autoantibodies against M1R and M5R could reduce intracellular
signalling via Gαq-coupled pathways, leading to diminished
secretory responses. Furthermore, we assume that glandular
hypofunction in SjD is unlikely to result from a single receptor-
antibody interaction but rather from a broader imbalance in
muscarinic receptor signalling. Antagonistic autoantibodies that
target multiple receptor subtypes can simultaneously impair dis-
tinct calcium-dependent pathways, leading to reductions in
secretory function that are either additive or synergistic. This
multifaceted disruption of receptor signalling could explain why
clinical manifestations vary among patients, as different combi-
nations or concentrations of autoantibodies may affect glandular
activity in distinct ways.

In contrast, no functional role for autoantibodies targeting
Gαi-coupled M2R in modulating cAMP signalling was
observed. While IgG fractions from HCs occasionally showed
minor effects on cAMP accumulation, these were likely
attributable to background reactivity or nonspecific IgG
interactions rather than to disease-related autoantibodies.
This is consistent with previous reports showing that M2R is
only minimally expressed in labial salivary gland tissue and
is not predominantly localised to secretory epithelial cells,
suggesting that this receptor subtype is unlikely to play a
physiologically meaningful role in glandular dysfunction.
Transfection of M4R did not result in cell-surface expression;
therefore, functional analysis was not possible.

Studies on anti-M3R autoantibodies have produced conflict-
ing results, with some researchers failing to detect antibodies
[22]. These discrepancies may be due to differences in the detec-
tion techniques used. Notably, ELISA using intact GPCR pro-
teins, as employed in our initial experiments, is likely to have
limited sensitivity to these antibodies, highlighting the chal-
lenges in this area of research [23]. Consistent with this, we also
observed discrepancies between our ELISA results and those of
the functional assays, supporting the view that ELISA is poorly
correlated with functional assay positivity. Importantly, this
underscores the need to analyse both ELISA-positive and ELISA-
negative SjD sera in functional assays to obtain a more reliable
assessment of antibody activity.
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However, to confirm receptor-binding specificity in ELISA,
inhibition and cross-inhibition assays were performed. Preincu-
bating SjD sera with identical muscarinic receptor antigens on
separate plates markedly reduced the corresponding optical den-
sity values, indicating specific antibody-antigen interactions.
Interestingly, preincubation of the sera with a 10-fold excess of
soluble M3R antigen almost completely inhibited subsequent
binding to M3R-coated ELISA plates. By contrast, preincubation
with heterologous muscarinic receptor subtypes did not affect
the optical density, indicating that the autoantibodies recog-
nised only their respective receptor subtypes and showed no
cross-reactivity between different muscarinic receptors.

Despite the demonstrated specificity of the ELISA, as evi-
denced by inhibition and cross-inhibition experiments, we vali-
dated the presence of muscarinic receptor autoantibodies using
a second, independent detection method. This was particularly
important due to inconsistent findings in anti-M3R autoantibody
detection and the challenges of using ELISA to analyse mem-
brane-bound GPCRs.

To address this, we established a modified Western blot
approach. Recombinant muscarinic receptor proteins were sepa-
rated by SDS-PAGE, transferred onto nitrocellulose membranes,
and probed with purified serum IgG fractions serving as primary
antibodies. Consistent with the ELISA findings, immunoreactive
bands were observed, providing independent evidence of auto-
antibody reactivity against muscarinic receptor proteins in SjD
sera. Moreover, the Western blot approach also confirmed
increased reactivity against M3R and M4R in SjD patient-derived
sera compared with HCs. However, this Western blot system has
not yet been fully established and should therefore be inter-
preted with caution. For M1R, M2R, and M5R, major bands were
detected at lower molecular weights than expected, a finding
that was also evident in Ponceau S and Coomassie staining of
the recombinant protein preparations (data not shown). These
low-molecular-weight species may represent degradation prod-
ucts or partial recombinant proteins; however, no detailed infor-
mation regarding the composition of the protein preparations
was available from the manufacturer. Nevertheless, the Western
blot approach supports the conclusion that muscarinic receptor
autoantibodies are present in SjD sera.

Correlation analysis of oral and ocular dryness, as assessed by
the Saxon and Schirmer test, revealed no association with the
presence of muscarinic autoantibodies, not even with anti-M3R.
This may be partially explained by the heterogeneity of our
cohort. We included both patients with a recent diagnosis of
SjD, in whom glands are probably still largely intact and func-
tional autoantibodies are likely relevant, and patients with a
long disease duration, in whom glands are likely mostly
destroyed and functional autoantibodies will no longer affect
glandular secretion. Furthermore, not all muscarinic autoanti-
bodies detected by ELISA may be functionally relevant, since
antibodies against the complete proteins, rather than only the
acetylcholine-binding domain, are measured. Finally, additional
autoantibodies against other water channels involved in glandu-
lar secretion, such as aquaporin-5, have been described in SjD
and may also be functionally relevant [24].

It will be interesting to see in ongoing studies whether B-cell-
directed drugs, such as Ianalumab, or IgG-reducing drugs such
as nipocalimab or efgartigimod, improve salivary and lachrymal
gland function in patients with SjD with M1R, M3R, or M5R, or
with antibodies against water channels, to a greater extent than
in patients without these autoantibodies.

This study was strengthened by a 2-step selection and quanti-
fication of autoantibodies targeting the muscarinic acetylcholine
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receptor, thereby enhancing the reliability of the findings. Fur-
thermore, validation was carried out on a large SjD cohort
recruited from 3 different study centres, as well as on disease
controls, including individuals with other AIDs and sicca symp-
toms. Furthermore, CHO cells, as a model system, are well estab-
lished in in vitro studies and allow standardisation through
defined cell numbers and uniform environmental conditions,
compared with smooth muscle from the bladder or colon as a
model system for demonstrating functional antibodies [25]. In
addition, unpublished data from InSCREENeX GmbH showed
that no endogenous muscarinic acetylcholine receptors were
present in the nontransfected CHO-K1 cells. Accordingly, the
observed calcium and cAMP signals were entirely generated by
the specific transfected receptor.

With regard to the autoantibody quantification, the limita-
tions of this study include that the autoantibody concentration
may be affected by drugs such as immunosuppressants, which
induce B lymphocyte depletion and thus may alter autoantibody
concentrations. Approximately 5% of patients in our study had
received rituximab therapy, which may have contributed to
reduced antibody levels. In addition, all study participants were
recruited from university hospitals, where disease activity and
manifestations were more severe than in medical practice,
which may introduce a bias into autoantibody reactivity or cor-
relation analyses. Future studies should examine the consistency
of autoantibodies over time and include patients from medical
practice. In addition, we observed that autoantibody levels can
differ between patient groups. These differences could be influ-
enced by preanalytical factors, such as sample collection, proc-
essing, and storage conditions. This underscores the importance
of including local control groups when interpreting autoanti-
body measurements to account for potential procedural variabil-
ity and ensure reliable comparisons across studies. Regarding
the functional analysis of muscarinic autoantibodies, this study
lacks an age-matched control group, which is an important con-
sideration for future research. Furthermore, it should be noted
that functional experiments conducted on CHO cells may not
accurately reflect signalling dynamics, eg, in primary human sal-
ivary gland cells. Differences in receptor density, expression pat-
terns, and coupling efficiency can affect the magnitude of
calcium or cAMP responses and other downstream signalling
events. In addition, in vitro systems cannot fully replicate the
complex in vivo environment, in which additional regulatory fac-
tors, cell-to-cell interactions, and tissue architecture influence
muscarinic receptor function. Therefore, while these experi-
ments provide valuable mechanistic insight, the observed effects
may differ under physiological conditions.

A further limitation of the current study is that receptor sub-
type expression was not systematically assessed at the RNA or
signalling levels in minor salivary gland tissue. Importantly, pre-
vious studies investigating muscarinic receptor expression in
minor salivary glands were limited by small cohort sizes, incon-
sistent findings, and methodological challenges, particularly
regarding the specificity and validation of antibodies against
individual muscarinic receptor subtypes. Future studies using
transcriptomic or spatial RNA-based approaches may therefore
provide a more comprehensive and reliable characterisation of
receptor expression patterns and downstream signalling path-
ways in salivary gland tissue from patients with SjD.

However, a deeper understanding of the functional proper-
ties of autoantibodies is crucial for developing and optimising
therapeutic approaches for patients with SjD. For instance, pilo-
carpine, an M3R agonist, is used to stimulate saliva and tear
secretion for symptomatic relief. The efficacy of pilocarpine
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may be limited in patients with functionally blocking M3R anti-
bodies, as the receptor is blocked by these antibodies. Without
functional characterisation of autoantibodies, resistance to ther-
apy would remain unrecognised. Therefore, analysing antibody
function is essential for understanding the disease, planning
individualised therapies, and developing targeted treatment
strategies.

In conclusion, autoantibodies against muscarinic receptors
(M1R-M5R) are present in patients with SjD and may be impli-
cated in the pathogenesis of the disease. These findings, along
with further functional analysis, could lead to new therapeutic
strategies aimed at targeting functional muscarinic autoantibod-
ies and reducing their inhibitory activity, thereby improving
symptom outcomes in SjD.
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